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Chapter 1

OVERVIEW OF GEOLOGIC STUDIES IN THE VIRGINIA HORN AREA

G.B. Morey and Mark A. Jirsa

and faults produced the high-grade (hematitic) iron
ores of the Mesabi range.  The earliest faults were
probably reactivated several times during
subsequent mineralizing events in both Archean
and Proterozoic times, and evidence for
reactivation is given in this report.

Although land-use and environmental issues
were not the focus of this project, the information
obtained through geologic mapping will apply to
those concerns.  These issues promise to become
increasingly important as tourism and diversified
economic development compete with mining for
land and water resources.

HISTORY OF MAPPING AND
EXPLORATION

Efforts to understand the geology of the
Virginia horn span more than 150 years and have
involved numerous exploration, mining, academic,
and government geologists.  Iron-formation was
first described in Minnesota in the Gunflint district
(Norwood, 1852) along the Canadian border in
northeastern Minnesota.  Although well exposed,
the rocks there were never productive.
Ferruginous quartzite was also described 250 miles
southwest of the Gunflint district, on the Prairie
River, near the present city of Grand Rapids
(Eames, 1866).  At about the same time, Whittlesy
(1866) reported on his explorations in northern
Minnesota during the years 1848, 1859, and 1866,
and further refined early geologic observations.
He used the term "Mesabi range" in a vague way,
apparently including areas that are now known
as the Giants and Vermilion ranges.

The first iron-formation discoveries along what
is now known as the Mesabi range were made in
1869 near the present town of Babbitt.  Like that
of the Gunflint district, this hard iron-formation
was of no value at the time.  Most of the
exploration work on the Mesabi range for the next
20 years (for example Winchell, 1878, 1881; Chester,
1884) was confined to the easternmost and poorest
(from the standpoint of direct-shipping ore) part
of the range.  In his monograph on the copper-
bearing rocks of the Lake Superior region, Irving

INTRODUCTION

This report summarizes the findings of a study
of bedrock geology in the area known as the
Virginia horn (Fig. 1.1).  The term "Virginia horn"—
used at least since the time of Grout (1937)—
applies to an area near the town of Virginia where
the generally east-trending Paleoproterozoic (Early
Proterozoic) Biwabik Iron Formation makes an
abrupt bend to the southwest, creating a horn
shape.  The iron-formation unconformably overlies
well-exposed Neoarchean bedrock; both the
Archean and Proterozoic rocks are unconformably
overlain locally by remnants of Cretaceous marine
and fluvial sedimentary rocks (not shown on Fig.
1.1).

The Archean rocks in the core of the Virginia
horn are analogous in rock type and structural
attributes to terranes in Canada that contain shear–
zone-hosted gold deposits.  However, until this
study, no systematic mapping had been done in
the Virginia horn to establish the critical
relationships among characteristics of structure,
alteration, and gold mineralization.  The
subeconomic gold deposits identified by earlier
work are associated with, and inferred to be
directly related to bodies of felsic porphyry (Grout,
1937).  Shearing presumably facilitated the
movement of gold-bearing fluids through the rock
mass, but the degree to which shearing controlled
gold mineralization, the extent to which other rock
types were mineralized, and the relative timing
of events associated with alteration and gold
mineralization were not fully known.

Faulting and fracturing were key processes in
the geologic evolution of the Virginia horn (Fig.
1.2).  Fracture-controlled hydrothermal systems
operative in Neoarchean time presumably were
responsible for the subeconomic gold
mineralization recognized in previous cycles of
exploration.  An episode of diagenetic activity in
the Paleoproterozoic involving significant fluid
flow is inferred to have caused the reduction of
primary hematite to magnetite, and silicification
of the Biwabik Iron Formation.  Later oxidation
and leaching of the iron-formation along fractures
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(1883) correlated the iron-bearing rocks exposed
on the Prairie River with those exposed near the
Babbitt deposits, and extended the correlation
eastward through Gunflint Lake to Thunder Bay
in Canada.  He called these rocks "Animikie," a
name Hunt (1873) suggested for the series at
Thunder Bay.

The first geologic map of what was to become
the Mesabi range was produced by Winchell and
Winchell (1891); it crudely delineated the
distribution of Animikie strata and indications of
iron ore.  The report was prepared before discovery
of high-grade ore, but was not published until after

ore had been found.  Nonetheless, it is noteworthy
because it predicted that significant quantities of
iron ore would be found in the area.  Iron ore was
discovered in 1890, just north of what became
known as the Mountain Iron Mine (Fig. 1.3).  This
was followed in 1891 by the discovery of ore in
the area of the Biwabik Mine and the underground
Cincinnati mine.  The discovery of ore near the
present cities of Virginia, Eveleth, and McKinley,
all in the vicinity of the Virginia horn, and Hibbing,
some 30 miles to the west, followed in rapid
succession.  This led to considerable exploration
activity and rapid development of the ore reserves
of this prolific iron-ore district.
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A second, more detailed map of the range was
published by Winchell (1899a–e) as part of the Final
Report of the Geological and Natural History of
Minnesota.  That map contained more detail than
any available at the time, and was especially
accurate regarding the position of iron-formation.
Because exploration of the iron-formation was
done largely by test pitting and drilling through
variably thick glacial drift, any regional mapping
by a government agency was impossible without
access to the exploration results of the mining
companies.  J.U. Sebenius of the Lake Superior
Consolidated Iron Mines, a division of the United
States Steel Corporation, was instrumental in
providing data for mapping efforts.  With his
assistance, a third and somewhat more detailed
map of the range was published by Clements
(1903).

A fourth general map of the Mesabi range
delineating the broad outline of the Biwabik Iron
Formation and some of its stratigraphic attributes
was published by the Minnesota Geological Survey
in 1924 (Gruner, 1924), again with the help of the
iron-mining industry and especially J. Wolff of the
Oliver Iron Mining Company.  In that tradition,
Great Northern Iron Ore Properties privately
produced a series of maps of the Mesabi range in
1934, 1945, 1954, and 1959.  Although only a few
copies were distributed, these maps were
invaluable at the time.  In addition to showing the
general distribution of iron-formations, these maps
delineated the status of various mines, stockpiles,
tailings ponds, strip piles and related mining
information.  The series was reactivated in 1986
with publication of the Minnesota Mesabi Range
Maps (Iron Range Resources and Rehabilitation
Board and others, 1986) at a scale of 1:24,000 by
several governmental agencies.  Although valuable,
all of the above-mentioned maps lacked structural
detail—an omission that was rectified by the
regional map of Meineke and others (1993, 1999),
which portrayed the presence of numerous faults
for the first time.

The present round of geologic mapping of iron-
formation in the vicinity of the Virginia horn was
built in part on the works described above, but it
also incorporated unpublished archives.  These
include the field notes of Leith and his associates
(early 1900s), the drill records collected by J.W.
Gruner (early 1920s and 1940s), and the pit maps
and drill records collected by D.A. White (early
1950s), all maintained in the files of the Minnesota
Geological Survey.  These sources were augmented

in many places by more recent data provided by
various state agencies, especially the Minnesota
Department of Revenue, Minerals Tax Office,
Eveleth, Minnesota; modern mining companies;
and by field mapping.  The distribution of mine
pits shown on Figure 1.3b was compiled separately,
mainly from data contained in the Minnesota
Mesabi Range Maps (Iron Range Resources and
Rehabilitation Board and others, 1986).

J.W. Gruner's discovery of visible gold in what
was termed rhyolite along the railroad tracks near
Virginia (Grout, 1937) prompted sporadic
exploration and mapping of the Archean bedrock
since that time.  That same locality still produces
small samples of visible gold from quartz veins
in altered quartz-feldspar porphyry intrusions and
graywacke.  Most notable among the early
mapping efforts is that of Sutton (1963), who
produced a detailed geologic map of the western
part of the Virginia horn area.  Sutton recognized
two limbs of Archean volcanic rocks in contact with
an intervening sedimentary unit composed of
graywacke, slate, and volcanic conglomerate.
Based on a few stratigraphic younging directions
taken from graywacke, Sutton interpreted that
sedimentary rocks underlie the volcanic sequences,
and he defined a broad anticline to explain the
regional structural pattern.  Sutton used the term
"Timiskaming-like sediments" for sedimentary
rocks in the core of this anticline, and assigned both
the conglomeratic strata and the enclosing
graywacke-slate units to the Timiskaming.
Although the term had a somewhat different
meaning at the time (Goldich and others, 1961),
its use apparently implied similarities with rocks
of the Timiskaming Group in Ontario, and what
are now called the Knife Lake Group, exposed in
extreme northeastern Minnesota, and the Seine
Group in the International Falls area.  All of these
groups contain conglomeratic sequences deposited
unconformably on older greenstone and granite
of the Keewatin Group.

The clastic and volcaniclastic sequences in the
Virginia horn were also studied by Levy (1991),
who concluded that both the conglomeratic strata
and graywacke-slate are the products of submarine
turbiditic deposition.  The conglomeratic rocks
were interpreted to be the product of proximal
fans; whereas, the graywacke and slate were
considered to represent distal and medial fan
deposits.  This report will demonstrate that an
erosional unconformity separates the older, twice-
deformed graywacke-slate sequence from the
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younger conglomeratic strata that was affected by
only the more recent of two major deformation
events.  At about the same time as Levy, J. Welsh
(1989, 1991; Welsh and others, 1989) mapped and
described regional structural and stratigraphic
relationships.  He identified the Pike River fault,
a significant strike-slip fault that cuts the
graywacke-slate sequence, and recognized that
some component of sinistral slip on that fault was
necessary to explain the distribution of major rock
units.  We interpret that the Pike River fault, which
is the site of conglomeratic deposits, had a
protracted history of multiple offsets that will be
further explained in this report.

During the late 1980s, exploration was
conducted more or less simultaneously by three
companies: Newmont; Rhude and Fryberger; and
Resources Limited.  Each performed outcrop
mapping, sampling, assay, geophysical, and
drilling programs.  The first two companies
focused on the large, carbonate- and sericite-altered
quartz-feldspar porphyry body, informally named
the Viking porphyry, which was emplaced into
graywacke and is exposed at the former site of the
Viking Explosives factory.  In contrast, the
Resources group surveyed grids in several more
scattered areas, and drilled mainly within
alteration zones adjacent to structurally modified
lithologic contacts.  Collectively, the efforts
produced 41 drill holes, totaling more than 20,000
feet (6,096 meters) of drilling.  All three exploration
programs report assays having significant, but
somewhat erratic, gold values that vary from a few
parts per billion to as large as 50,000 parts per
billion, the largest of which were acquired from
quartz veins in the porphyry.  None of the
programs established sufficient thicknesses of rock
at mineable grades to justify further development
at the time.

As part of the geochemical study by Englebert
and Hauck (1991), 75 samples from outcrop and
newly acquired exploration drill cores were
analyzed.  Those analyses provide a thorough
representation of the major rock types within the
area, and augment stratigraphic comparisons based
on field and petrographic observations.  Relogging
and study of those exploration drill cores—now
archived at the Minnesota Department of Natural
Resources, Division of Lands and Minerals core
library in Hibbing, Minnesota—was essential to
the stratigraphic and structural interpretations
presented in this report.

CURRENT MAPPING ENDEAVOR

The products of this study include two
published bedrock geologic maps at scales of
1:48,000 (Jirsa and others, 1998) and 1:12,000 (Jirsa,
1998), in addition to this report of investigations.
The mapping was part of a multi-disciplinary
study by both the Minnesota Geological Survey
and the Natural Resources Research Institute, and
involved the integration and interpretation of
outcrop, drill hole, geophysical, petrographic, and
geochemical data.  The Natural Resources Research
Institute had primary responsibility for the
geochemical aspects of the study that pertain to
mineralization and alteration, and their results will
be published separately.  Electron microprobe
analyses, conducted by Peter McSwiggen, formerly
of the Department of Geology and Geophysics at
the University of Minnesota, will also be published
separately. In addition, this report incorporates
interpretations from ongoing mapping projects of
the Biwabik Iron Formation funded in part by the
Iron Range Resources and Rehabilitation Agency.

The primary goal of this research is to provide
information that might encourage and facilitate
exploration for and development of mineral
resources in the area.  The Minnesota Geological
Survey's contribution is to map and understand
the bedrock geology, and to convey that
information.  This framework geology is necessary
to examine a broad range of scientific and land-
use issues.  A critical focus has been to evaluate
the role of deformation in localizing alteration and
mineralization in all rock types.  Some specific
objectives related to gold include placing the
mineralization into a regional geologic context and
comparing characteristics of the Archean rocks to
those of gold-producing districts in order to
establish structural, stratigraphic, and mineral
deposit analogs.

The following is a summary of data used in
the preparation of this report, and the location
within this volume of discussions of each data set.
• Extensive outcrop, which provided several

hundred new bedrock samples and thousands
of structural measurements (Chapter 2).

• Drill core and related data acquired in the
1980s and early 1990s by explorers assessing
the area's potential for gold and other precious
metals (Chapter 2).

• Archived and newly acquired pathfinder-type
and whole-rock geochemical analyses of
outcrop and core samples (Chapter 2).
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• Microprobe study of Archean and Proterozoic
rock samples, referenced as "McSwiggen,
unpub. data" (Chapter 2).

• The archived records of thousands of drill
holes, test pits, and mine geology acquired
from the iron-mining companies (file data of
the Minnesota Geological Survey; Chapter 3).

• New gravity data acquired along several
profiles that cross the outcrop belt (Chapter
4).

• Derivative gravity and aeromagnetic maps
(Chapter 4).

• Previous mapping and related studies
(Chapters 1 through 4).

• Information provided by representatives of
mining and mining-related companies
(Chapters 1 through 4).
Each chapter in this report includes

recommendations for further exploration,
development, and research.
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Chapter 2

GEOLOGY AND MINERALIZATION OF ARCHEAN BEDROCK IN THE VIRGINIA

HORN

Mark A. Jirsa and Terrence J. Boerboom

ABSTRACT
The Archean rocks of the Virginia horn lie within the Wawa subprovince of the

Superior Province.  They are inferred to be Neoarchean in age based on similarities
with rocks to the north in the Vermilion district; however, no geochronologic dates
exist from rocks within the Virginia horn.  The rocks are subdivided into northern
and southern panels on the basis of metamorphic grade and deformation style.  The
northern panel, immediately south of the Giants Range batholith, contains intensely
lineated, amphibolite-grade schists having volcanic, intrusive, and clastic protoliths.
The southern panel contains lithologically similar rocks that were metamorphosed to
much lower grades, ranging from prehnite-pumpellyite to low greenschist.  The two
panels are separated by the east-trending, post-metamorphic, Laurentian fault.  The
metamorphic cleavage-forming event in both panels was the second (D2) of three major
deformations—no metamorphic effects are recognized from the other two deformation
events.  The first (D1) involved upright folding, soft-sediment deformation, and complex
faulting.  Strata of the southern panel form a broad, southwest-plunging syncline that
is cored by graywacke, slate, and minor felsic tuff, and has outer limbs of calc-alkalic
and tholeiitic strata.  All of these rocks were cut by variably porphyritic,
quartzofeldspathic intrusions prior to D2.  The syncline is bisected by a fault- and
unconformity-bounded, alluvial fan-fluvial-volcanic succession inferred to represent
largely subaerial deposition in localized pull-apart basins.  The third major deformation
event (D3) produced localized semi-brittle crenulation of D1 and D2 structures, brittle
fractures, and selective reactivation of earlier-formed faults.

The Virginia horn has a long history of gold "shows," and some visible gold can
still be found locally in altered rocks in and adjacent to quartz veins.  All of the gold
prospects identified to date lie within rocks of the southern, low-grade panel.  Sampling
conducted by exploration companies has focused on the quartzofeldspathic intrusions
and left the country rocks largely unanalyzed.  From those data and the current study,
it is apparent that gold is most abundant in altered and veined quartzofeldspathic
dikes; however, it is also present in lesser amounts in nearly all other rock types.  The
carbonate-sericite alteration associated with gold mineralization varies from pervasive
and not obviously related to metamorphic fabric (S2), to having textures that imply
strong involvement in shearing that is synchronous with and postdates D2.  Pyrite
typically is associated with carbonate and sericite; and arsenopyrite and chalcopyrite
occur locally.  Alteration is inferred to have taken place during or just after D2
deformation, as metamorphic minerals are variably altered, and alteration minerals
are locally affected by shearing that occurred late in D2.  The alteration is best developed
along major fault zones, lithologic contacts, and adjacent to and within the
quartzofeldspathic intrusions.

The surface and shallow subsurface bedrock has been evaluated in some detail,
both by exploration companies and this study, and sufficient quantities of mineable-
grade gold ore have not been identified.  However, comparisons with analog deposits
in Canada imply that unexplored potential exists, largely because of the association
of Timiskaming-type rocks, major shear structures, and rocks of contrasting metamorphic
grade.
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INTRODUCTION
Several subeconomic gold deposits occur

within Archean bedrock in the area known as the
Virginia horn.  Three prospects were worked to
varying degrees by exploration companies in the
late 1980s, and one of these prospects was
extensively drilled; this provided a large drill core
database.  Recent mapping by the Minnesota
Geological Survey (Jirsa, 1998a; Jirsa and others,
1998) using the drill core, together with outcrop
and geophysical data, geochemical work by the
Natural Resources Research Institute, and a
microprobe study by the University of Minnesota
Department of Geology and Geophysics, provided
the lithologic, structural, mineralogic, and
geochemical framework for the prospects of the
surrounding area.  This chapter summarizes all but
the detailed geochemical work, and provides
recommendations for further research, exploration,
and development of the Archean bedrock.

The Neoarchean bedrock of the Virginia horn
lies near the southern edge of the Wawa
subprovince of the Superior Province, and
constitutes the southwesternmost exposures of the
terrane (Fig. 2.1).  Archean supracrustal rocks in
the horn are separated from the well-known
Vermilion district to the north by the Giants Range
batholith, a large, composite body consisting of
granitoid rocks of several generations and
compositions.  The Archean rocks are covered to
the south, east, and west by Paleoproterozoic
(Early Proterozoic) strata, including iron-formation
of the Mesabi Iron Range.  The Archean
supracrustal rocks are subdivided into northern
and southern panels on the basis of contrasting
metamorphic grade and deformation style (Fig.
2.2).  The northern panel, adjacent to the Giants
Range batholith, contains intensely lineated,
amphibolite-grade schists of volcanic, intrusive,
and clastic protolith.  The southern panel contains
a similar stratigraphic sequence, but has minerals
that indicate it underwent metamorphism to much
lower grades, ranging from prehnite-pumpellyite
to low greenschist.  The southern panel displays
only a vague metamorphic foliation in most areas.
The two panels are separated by the east-trending,
post-metamorphic, Laurentian fault.  The
metamorphic cleavage-forming event was the
second (D2) of three major deformations—
metamorphic effects associated with the other two
deformation events are not recognized.  The first
event (D1) involved upright folding, soft-sediment
deformation, and complex faulting; the third event

(D3) produced localized semi-brittle crenulation of
D1 and D2 structures, brittle fractures, and
reactivation of earlier-formed faults.  In this
discussion metamorphism (M2), folding (F2), and
cleavage (S2) all related to and presumably
synchronous with D2 deformation all carry the
subscript "2," even if no earlier metamorphism,
folding, or cleavage has been identified.

STRATIGRAPHY

Because supracrustal rocks in the Virginia horn
are not continuous with those of adjacent terranes,
formational names cannot be formally extended
to them.  Instead, the Archean stratigraphic units
are grouped into three informally named volcanic
and clastic sequences (a method similar to that
used by Jirsa, 1990; Southwick, 1993; and
Southwick and others, 1998 for strata north of the
Giants Range batholith).  Amphibolite-grade rocks
of the northern panel (north of the Laurentian
fault) comprise the Minntac sequence; the low and
sub-greenschist-grade strata within the southern
panel are subdivided into the Mud Lake and
Midway sequences (Fig. 2.2).  The Minntac
sequence contains locally strongly banded schists
having geochemical and outcrop-scale
characteristics of volcanic, intrusive, and turbiditic
protoliths.  Although the possibility of tight folding
is high in rocks of the Minntac sequence, relict
grading and bedding indicate consistent
southward stratigraphic facing.  In contrast, the
Mud Lake sequence forms a broad, southwest-
plunging syncline (the Mud Lake syncline) defined
by outer limbs of calc-alkalic and tholeiitic strata,
and cored by graywacke, slate, and minor felsic
tuff.  The Mud Lake strata are unconformably
overlain by, and locally lie in fault contact with,
fluvial and alluvial conglomerate, subaerially
deposited trachyandesitic flows, and pyroclastic
rocks that comprise the Midway sequence.

Minntac sequence
The Minntac sequence is named for extensive

exposures near the U.S. Steel Minntac East Taconite
Pit.  The sequence is composed of strongly layered,
amphibole-, biotite-, garnet-, and plagioclase-
bearing schists having protoliths that include mafic
and intermediate volcanic and volcaniclastic strata,
gabbro, graywacke, and lean iron-formation—all
metamorphosed to middle amphibolite-grade.
Despite the strong overprint by deformation and
metamorphism, relict graded bedding and pillow
shapes indicate consistent southward stratigraphic
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facing.  The sequence is broadly gradational from
interlayered calc-alkalic, basaltic to andesitic flows
and associated volcaniclastic rocks on the north;
to increasing amounts of intercalated tholeiitic
flows to the south.  The southernmost outcrops
are biotite-hornblende-plagioclase schist of
graywacke protolith; however, the contact between
the graywacke and the volcanic rocks to the north
is not exposed.  Although evidence of deformation
and metamorphism is strong, depositional features
such as lava pillows, clastic textures, and graded
bedding are preserved locally.  Coarsely
recrystallized tholeiitic units are abundantly
interlayered with volcanogenic schist, but are
absent from the metagraywacke.  These are
inferred to be basaltic meta-intrusions with relict
porphyritic textures in which large pyroxene
crystals were pseudomorphically replaced by
hornblende.  The Minntac sequence is
discontinuously exposed along the southern edge
of the Giants Range batholith; it was partially
consumed and displaced by various components
of the batholith.  The post-metamorphic Laurentian
fault separates Minntac sequence rocks from the
similar, but less metamorphosed, Mud Lake
sequence rocks to the south.  The relative timing
of deposition of these two sequences is unknown.
Their compositional and stratigraphic similarity
implies they are equivalent in age.

Mud Lake sequence—volcanic rocks
The Mud Lake sequence consists of two limbs

of a composite volcanic package that lie on either
side of an east-trending unit of graywacke-slate.
The sequence is named for a small lake east of
Eveleth that lies atop graywacke and slate near the
center of the syncline.  Both volcanic limbs have
stratigraphic facing directions oriented toward an
east-trending fold axis within the graywacke, and
both limbs record a general upward stratigraphic
progression from calc-alkalic to tholeiitic
compositions (Fig. 2.3).  In detail, the calc-alkalic
flows constitute more of the volcanic pile in the
east and north near Biwabik than in the west and
south near Eveleth (Fig. 2.2).  Calc-alkalic flows
are massive to irregularly pillowed at their bases,
and typically have thick volcaniclastic caps.  The
more massive flows contain oligoclase phenocrysts
(9.5 to 13 weight percent anorthite; McSwiggen,
unpub. data) and mafic phenocrysts composed of
pyroxene, replaced in part by chlorite and dusty
oxides, all in a gray, microlitic groundmass.
Fragmental units that cap most flows grade
sequentially from poorly bedded, pyroclastic or

hydroclastic breccia in lower parts, to more
rounded and planar bedded in upper parts of
individual flow units; this implies that the upper
parts were variably reworked.  The fragmental
strata commonly contain scoriaceous and fine-
grained volcanic clasts that have abundant small
quartz amygdules.  These clasts weather white due
to epidote (clinozoisite) and silica alteration.  The
light color and fragmental nature of these rocks
misled earlier geologists to interpret them as felsic.
Geochemical study indicates that none of the
volcanic rocks in the area are more felsic than calc-
alkalic andesite.  The tholeiitic flows are massive
to pillowed, to variably fragmental.  They are
composed of pyroxene, plagioclase, and abundant
leucoxene after ilmenite; ilmenite is very diagnostic
in hand samples.

At map scale, the distribution of volcanic rocks
in both limbs of the Mud Lake syncline represents
a transition from shallow-water (amygdaloidal and
fragmental-textures) calc-alkalic volcanism at the
base, to deeper-water (massive and pillow textures)
tholeiitic volcanism in the upper parts of the
volcanic pile.  Nevertheless, these two disparate
rock types are intimately intercalated in the
transition zone, indicating synchronous
development of the two magma types.  It is likely
that they erupted from somewhat different source
areas, as their distribution is polarized: tholeiitic
strata make up a greater thickness of the package
on the west than on the east.

Dikes and sills of leucoxene-bearing gabbro are
common in the volcanic parts of both the northern
and southern limbs of the Mud Lake sequence.
These intrusions are mineralogically and
chemically identical to the associated finer-grained,
leucoxene-bearing, tholeiitic flows.  This similarity,
and the fact that mafic dikes and sills are never
found in graywacke (they were not emplaced
stratigraphically above the tholeiitic flows), imply
that the mafic dikes are hypabyssal feeders of
tholeiitic basalt flows.  This, in turn, lends support
to the overall stratigraphic and structural
interpretation that the two volcanic limbs are
centrally facing, and formed during the same
magmatic event.  Furthermore, it presents the
possibility that volcanic rocks are continuous
beneath the Mud Lake sedimentary strata—an
interpretation that is consistent with geophysical
modeling studies (see Chapter 4) and one that
carries implications for mineral deposit models.

Contacts between volcanic units and overlying
graywacke are somewhat perplexing, as evidence
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exists locally for both structural and stratigraphic
boundaries.  Further complicating the nature of
this transition to graywacke is the observation that
calc-alkalic rocks grade to graywacke in some
areas, and in other areas the transition is made
from tholeiitic flows to graywacke.  In many areas
the boundary is a fault, locally showing significant
offset evidenced by extreme differences in bedding
trend across the contact.  However, several drill
cores (notably VH-20, Appendix A) record a
transitional contact from massive calc-alkalic flows,
to breccia composed of white epidote and silica-
altered volcanic rock of the same original
composition that has graphitic matrices, to
graphitic argillite with pebbly beds of altered
volcanic fragments, pyrite clasts, and mixed-source
sand, and eventually giving way stratigraphically
upward to typical graywacke having thin beds of
graphitic slate.  This transition implies a
progressive decrease in volcanism, and a
corresponding increase in clastic sedimentation,
as calc-alkalic highlands provided detritus to an
adjacent subsiding clastic basin now represented
by graywacke.  Drill core DBH-1 (Appendix A)
shows that a similar progression occurs in the
eastern part of the map area; however, intense
shearing along the border reduced much of the
rock to ultramylonite, which obscures the
sedimentologic details.

Mud Lake sequence—turbiditic rocks
Metagraywacke, slate, and rare tuff occupy the

core of the Mud Lake syncline.  Although all of
these rocks are metamorphosed to greenschist to
prehnite-pumpellyite facies, the prefix "meta" will
be omitted in this discussion for brevity.  Planar
bedded, medium- to fine-grained sandy graywacke
is the most common rock type.  Most units are
remarkably parallel-bedded, and channels are
exceedingly rare.  Coarse, sandy, and pebbly
graywacke occurs in only a few localities, in what
are inferred to be basal sedimentary strata near
the contact with underlying volcanic rocks.  Slate
occurs as thin drapes on sandy beds, and the
transition between sandstone and slate in most
units is relatively abrupt.  Most of the turbiditic
rocks fall into Bouma classification ABD: they have
thick A and B (sandy) divisions, variable D (slaty)
divisions, and typically lack or contain only thin
cross-laminated and rippled subunits of division
C.  Soles of graywacke beds are straight and planar,
as though tectonic; yet, delicate bedding features,
such as microlaminations and convolute intrafolial
folds, are locally well preserved.  Bulbous

channelized bases, flame structures, and shale clast
"rip-up" textures are only rarely developed (and
preserved), and no paleocurrent data could be
extracted from the sedimentary structures.  The
near absence of pebbly beds, the typically fine- to
medium-grain size, and the dominance of planar-
laminated bedding all imply deposition in
relatively quiet water at some considerable
distance from the source terrane.  In the
terminology of turbiditic submarine fans (Walker,
1984), these are characteristics of a medial-fan
position.

Volumetrically minor amounts of
intraformational conglomerate that contain clasts
of siltstone, fine-grained graywacke, and graphitic
slate occur locally.  The most notable of these was
intersected by drill core VH-18 (Appendix A),
which bisects the axis of a tight F1 syncline
immediately south of volcanic rocks in the north
limb of the Mud Lake syncline.  The presence of
locally derived conglomerate in this structural
position indicates the presence of bathymetric
relief, probably related to basin tectonism
synchronous with turbidite deposition.

Petrographically, graywacke is altered nearly
everywhere by varying amounts of carbonate
minerals and sericite.  This makes positive
identification of matrix and some detrital grains
impossible.  Feldspar grains are the most altered:
they contain 3 to 95 percent sericite and carbonate
replacements.  Samples of the least-altered
graywacke contain a mixture of round to angular
clasts of plagioclase (~40 percent), quartz (~20
percent), and rock fragments (~30 percent).  Rock
fragments coarse enough to preserve diagnostic
source-rock textures (greater than 1 to 2
millimeters) indicate that calc-alkalic volcanic clasts
are nearly twice as abundant as tholeiitic basalt
clasts.  Fragments of iron-formation, chert, and
siltstone are rare.  The presence of matrix is
variable, and many of the graywacke units consist
of tightly packed grains having a full range of grain
sizes from medium sand to very fine silt, and
contain a very small percentage of true matrix.
Where matrix is well developed, it is a
recrystallized intergrowth of sericite, carbonate
(ankerite and calcite), and chlorite, together with
very finely comminuted grains of quartz and dusty
oxides.

Tuffaceous rocks are rare, largely confined to
a 50- to 80-meter-thick unit of felsic tuff (unit Avs
of Jirsa, 1998a; and Jirsa and others, 1998) that
occurs in the uppermost part of the sequence
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exposed in the hinge of the Mud Lake syncline
(Fig. 2.3).  The tuff is white-weathered, thinly
bedded to laminated, and composed of
recrystallized quartz and minor amounts of
sericitic slate.  Because of its fine lamination and
a siliceous composition unlike any of the potential
volcanic source rocks in the Mud Lake sequence,
it may represent distal felsic volcanism.

The thickness of sedimentary strata in the Mud
Lake sequence can only be approximated, given
the accordion-like folding that is evident (Jirsa and
others, 1998).  Furthermore, the extent to which
parts of the section are repeated or excised by faults
cannot be quantified with certainty.  Nevertheless,
reconstruction based on observed fold geometries
indicates that the aggregate thickness probably
does not exceed 2,000 meters, and may be
considerably less.

Mud Lake sequence—hypabyssal
intrusions

Two suites of intrusions are inferred to be
related to volcanic rocks of the Mud Lake sequence.
One suite consists of mafic sills and dikes
(leucoxene-bearing) emplaced into the
compositionally identical tholeiitic flows and is
inferred to be subvolcanic.  The other suite consists
of variably porphyritic quartzofeldspathic dikes
emplaced into and metamorphosed along with
Mud Lake volcanic and clastic strata.  The "Viking
porphyry" is a provisional name given to the
largest of these quartzofeldspathic dikes.  It is a
tabular intrusion that extends westward from, and
is in unconformable contact with the Midway
sequence described below.  The body is 100- to 300-
meters-wide, but this width varies considerably.
The dike is bordered by graywacke that contains
local apophysial intrusions of quartz-feldspar
porphyry.  The main body extends some 3
kilometers west of its contact with the Midway
sequence, where the dike disappears beneath
glacial drift and Paleoproterozoic strata.  In the
east, the Viking porphyry is thick and continuous,
but in the west, it forms a series of vertical
intrusions of variable thicknesses.  Because early-
formed structures all plunge westward at shallow
angles, it is possible that the western exposures
represent the intrusion's roof zone, where the main
body plunges southwestward (D. England, unpub.
data).  Based on outcrop and drill hole data at the
eastern end of the unit, geologists of Newmont
Exploration inferred that the porphyry body thins
significantly at depth (case history files of the

Minnesota Department of Natural Resources,
Division of Lands and Minerals, Hibbing).

The Viking porphyry consists of quartz
phenocrysts as large as 2 centimeters in diameter,
euhedral albite phenocrysts (confirmed by
microprobe; McSwiggen, unpub. data), and very
minor mica pseudomorphically replaced by
aggregates of fine-grained sericite, in a
quartzofeldspathic groundmass.  Quartz
phenocrysts are monocrystalline and ornately
embayed; they have fine groundmass in the
resorbed parts of crystals.  The result is a very
diagnostic, cauliflower-like morphology for quartz
that is not seen in any other quartz type in the
region, and it is preserved in detrital grains shed
from the pluton into Midway strata.  Albite
phenocrysts constitute 20 to 50 percent of the rock,
and they typically are finer-grained than quartz
within the same sample.  Phenocrysts are set in a
groundmass that consists of quartz and feldspar
where unaltered.  In most areas, the groundmass
is crossed by anastomosing shear planes, and is
thoroughly altered to some combination of quartz,
sericite, dolomite, iron-carbonate, and pyrite.
Cataclasis and nearly complete alteration to
secondary products is common in some samples;
in the more altered rocks, calcite and ankerite
replace the plagioclase phenocrysts.  Veins of
quartz ± calcite ± ankerite ± barite are widespread.
Xenoliths of sedimentary strata as large as 10-
meters-wide occur locally within the porphyry
body.  These typically lack metamorphic (S2) fabric,
presumably because they were protected from D2
compressional deformation by the enclosing,
competent porphyry.  Together, these relationships
establish a pre-D2 timing for emplacement of the
Viking porphyry.

Other quartzofeldspathic dikes vary in
thickness from a few centimeters to many meters,
and in texture from equigranular to
microporphyritic.  These cut all rock types within
the Mud Lake sequence.  The dikes are assumed
to have been emplaced as part of the same
magmatic event as that which formed the Viking
porphyry, because they are petrographically similar
and exhibit the same relationship to S2.  The largest
and most unusual of these dikes is an east-trending
intrusion approximately 80-meters-thick that lies
within the Mud Lake turbidites north of the city
of McKinley (Fig. 2.2).  It is chemically identical
to other pre-D2 felsic intrusions in the area, but
differs petrographically because it is equigranular
to plagioclase-phyric, and contains 2 to 4 percent
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biotite and its alteration products.  Furthermore,
the intrusion is only slightly altered to sericite and
carbonate minerals, in contrast to the other felsic
bodies that are variably, but mostly strongly
altered.  Like the Viking porphyry, this intrusion
cuts F1 folds and contains weak D2 fabric.  Its
compositional and temporal similarity with the
Viking porphyry implies that the two may once
have been continuous, but now are sinistrally offset
several kilometers along the Pike River fault.

Midway sequence
The Midway sequence is composed of

conglomerate and lithic sandstone derived from
the older volcanic rocks, graywacke, and quartz-
feldspar porphyry of the Mud Lake sequence, with
which it lies in unconformable and fault contact.
In addition, the sequence contains flows, sills,
dikes, and clasts composed of green, red, and
purple, hornblende- and plagioclase-phyric
trachyandesite.  The sequence is named for
outcrops in the area near Midway, which is located
between Eveleth and Virginia (Fig. 2.2).  It extends
northeast from Midway, and defines a steeply
dipping wedge of strata less than 500-meters-thick
that is bounded by volcanic and turbiditic rocks
of the Mud Lake sequence.  Sedimentary structures

and the distribution of clast types all indicate that
the Midway sequence youngs to the south.
Although the basal (northern) contact against
graywacke, mafic to intermediate volcanic rocks,
and quartz-feldspar porphyry is not exposed and
is variably affected by shearing, some drill cores
indicate that it is largely an unconformity.  Cores
from holes that penetrated the contact show
infilling of fractures in underlying quartz-feldspar
porphyry with fine-grained sandstone and
gritstone, and quartz-feldspar porphyry clasts are
abundant in several parts of the Midway strata.
The unexposed southern boundary of the sequence
against Mud Lake graywacke is an abrupt
lithologic and structural contact inferred to be a
fault.  It can be tightly constrained by the
distribution of outcrops, and was penetrated by
one drill hole (hole VH-19, Appendix A).  The
unconformable northern contact and the faulted
southern one truncate the east-trending contact
between volcanic and clastic rocks of the Mud Lake
sequence, and the axes of earliest-formed (F1) folds
in graywacke.

The Midway sequence is divided into several
distinct facies, each having variable thickness and
lateral continuity (Fig. 2.4).  The basal sandstone
facies consists of lithic sandstone and pebbly

Mud Lake sequence
graywacke and slate

Upper conglomerate facies
(diverse clastic content)

Lower conglomerate facies
(trachyandesite clasts dominant)

Volcanic facies (trachyandesite)

Basal sandstone facies
fault and unconformity

fault

Mud Lake sequence
volcanic strata and graywacke-slate,
cut by quartz-feldspar porphyry
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Figure 2.4.  Schematic composite cross-
section of the Midway sequence.  Dark
polygons represent trachyandesitic
volcanic flows and clasts; quartz-feldspar
porphyry clasts are shown as white
polygons.
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conglomerate that varies from near zero to 30-
meters-thick, and coarsens up-section to the
southeast.  It contains detritus derived from
tholeiitic and calc-alkalic volcanic rocks,
graywacke, slate, and the quartz-feldspar porphyry
that intruded the older rocks (Fig. 2.5a).  The unit
is planar-bedded, and quartz clasts derived from
the porphyry are concentrated into layers (Fig.
2.5b).  Macroscopically, the well sorted sandy parts
of the basal facies appear much like sandy-textured
graywacke of the older Mud Lake sequence.
However, they differ from graywacke in that they:
lack matrix; display irregular, commonly lenticular
bedding surfaces; typically do not contain
associated slate beds; contain interbedded,
lenticular units of conglomerate dominated by
quartz-feldspar porphyry clasts and grains of
quartz phenocrysts derived from Viking porphyry;
and locally contain outsized clasts, such as isolated
pebble- to cobble-size clasts, supported by a sandy
matrix.  In thin section, some of the more altered
and sheared rocks contain only quartz grains, the
remainder consist of relict grains of feldspar and
rock fragments that are pseudomorphed by
varying amounts of calcite and iron carbonate,
sericite, and chlorite, and cut by a pervasive,
anastomosing shear fabric.  Laminated shale, mud
chip conglomerate, and channel-bedded sandstone
occur in drill cores taken from near the base of the
sequence.  These features may indicate deposition
in ponds that were locally and intermittently
disturbed by stream flow.  In general, the overall
upward-coarsening of the basal unit implies a
progressive increase in the rates of basin
subsidence and basin-margin uplift with time.

The volcanic facies lies conformably atop the
basal sandstone and contains thin flows and
hypabyssal sills of hornblende-rich trachyandesite.
Thin, massive to layered trachyandesite flows are
exposed in several areas, and pyroclastic deposits
of the same composition are widely distributed.
The volcanic flows are characterized by trachytic
fabric in which hornblende and plagioclase
phenocrysts are aligned parallel to the flow
direction.  Tightly packed breccia containing
trachyandesite clasts and unbroken hornblende
crystals in a matrix of broken hornblende crystals
and lithic fragments probably represent pyroclastic
flows (Fig. 2.5c).  Peperite was observed in several
localities where irregular intrusions of
trachyandesite were emplaced into pyroclastic or
hydroclastic breccia of the same volcanic
composition.  The trachyandesite is mineralogically

and texturally distinct from all other volcanic rocks
of the district.  Although trachyandesite flows are
not present everywhere along the strike of the unit,
the appearance and dominance of trachyandesite
clasts in volcanic breccia and conglomerate is an
important marker horizon that signals the onset
of trachyandesitic volcanism.  The lack of pillowed
lava and the abundance of volcanic breccia implies
subaerial deposition, at least of the eastern part
of the section where these features abound.  All
gradations exist, from nearly first cycle volcanic
deposits, to completely reworked conglomerate
containing trachyandesitic volcanic clasts; the latter
forms the upper and lower conglomerate facies.

The conglomerate facies contains both matrix-
and clast-supported conglomerates, commonly
interbedded as irregular and poorly defined beds.
Significant variations in clast content and internal
organization of bedding characterize this unit, and
these attributes vary gradationally with
stratigraphic height.

The lower conglomerate facies consists largely
of disorganized and poorly sorted beds composed
of hornblende trachyandesite clasts (Fig. 2.5d).
Both normal and reversed grading are preserved
locally, and changes in grading are transitional.
Diamictites are common in this facies.  They consist
of thick sections of gritty to pebbly lithic sandstone
that contains a few outsized clasts, in some places
as large as one meter.  The upper conglomerate
facies contains more diverse clast types—locally
dominated by quartz-feldspar porphyry—and
varies from crudely bedded to well bedded and
graded (Fig. 2.5e).  Clasts of nearly all Mud Lake
sequence rock types occur in the conglomerate,
together with clasts derived from the Midway
sequence itself; however, no exotic clasts have been
identified.  This indicates the "Midway basin" had
a narrowly confined watershed.  Generally, the
conglomeratic part of the Midway sequence fines
and contains more organized bedding and grading
stratigraphically upward.  A similar but more
pronounced gradation from less to more organized
beds occurs from east to west across the exposure
belt, as noted by Levy (1991).  This implies that
volcanic highlands that shed trachyandesite
magma and detritus were located on the east, and
that the paleoslope may have dipped toward the
west and southwest within the elongate basin.

Intrusions of fine-grained, hornblende- and
pyroxene-phyric diorite, petrographically and
chemically similar to the trachyandesite flows, cut
nearly all rock types of the Mud Lake sequence
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A.

B. C.

Figure 2.5.  Photographs of quartz-feldspar porphyry and facies of the Midway sequence.
A. Photomicrograph of delicately embayed quartz phenocryst in quartz-feldspar porphyry intrusion.
B. Detrital clast of quartz in the basal sandstone facies of the Midway sequence showing delicate
embayment structure like those in porphyry (quartz phenocryst and clast are approximately 4 millimeters).
C. Breccia composed largely of trachyandesite clasts in volcanic facies.
D. Trachyandesite-rich conglomerate in lower conglomeratic facies.  Outlined clasts include several
of trachyandesite, and one of quartz-feldspar porphyry (light).
E. Upper conglomeratic facies containing abundant volcanic clasts (medium- to dark-gray), and rare
quartz-feldspar porphyry clasts (light-colored).  Note that bedding is well developed, in contrast to
the previous photograph.
F. Dike of hornblende-rich diorite cutting Mud Lake graywacke and slate.  Note trachytoid fabric of
dark hornblende phenocrysts.
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and the quartz-feldspar porphyry.  They vary from
narrow dikes a few centimeters wide to larger
plutons more than 80-meters-wide.  They trend
variably, and typically contain minerals indicative
of the low greenschist grade of metamorphism.
These intrusions vary from aphanitic and dark
colored; to finely porphyritic, with phenocrysts of
euhedral hornblende, diopside, and plagioclase in
an aphanitic matrix; to samples filled with
hornblende or plagioclase, or both.  The
ferromagnesian minerals are now mostly altered
to chlorite and iron oxides, and plagioclase is
variably replaced by sericite and carbonate
minerals.  Trachytoid textures having phenocrysts
oriented parallel to dike walls are locally well
preserved.  Interestingly, these dikes also cut
conglomerate of the Midway sequence, implying
that volcanism and associated plutonism were
synchronous with deposition of breccia and
fluvial–alluvial deposits.  A few dikes cut the older
Mud Lake rocks several kilometers east of and
along strike with the Midway exposures, and a
small, stock-like body is exposed at one locality
on the east side of the map area.  This distribution
indicates that the magmatic event was moderately
widespread, even though the preserved
supracrustal strata are restricted.  The Midway
sequence dikes display an almost continuous
gradation of texture and composition from that
identical to flows (and volcanic clasts) of
hornblende trachyandesite, to dikes of
hornblende-, pyroxene-, and biotite-bearing
lamprophyre.  The apparent magmatic connection
between the two rock types raises the possibility
that many of the lamprophyric dikes within
Archean greenstones in adjacent districts (for
example Sims and Mudrey, 1972) were produced
by localized extension during early deformation,
similar to that responsible for the Midway
magmatic and sedimentary event.

Depositional interpretation
The distribution of volcanic strata in the Mud

Lake sequence indicates that the calc-alkalic rocks
stood with some relief when the more fluid
tholeiitic flows were deposited.  Judged from
geochemical and petrologic attributes (see
Geochemistry section, below), the calc-alkalic flows
provided much of the detritus to turbidites that
occupy the core of the Mud Lake syncline.  The
contact between volcanic and turbiditic strata is
locally conformable, although it has been modified
in many places by subsequent faulting.  At one
locality near the Viking porphyry, calc-alkalic rocks
having graphitic amygdules grade directly into

graphitic slate and graywacke rich in calc-alkalic
detritus, which eventually gives way to graywacke
and slate of mixed parentage.  These attributes
indicate that Mud Lake deposition occurred in a
basin undergoing synchronous subsidence, which
is consistent with a back-arc basin setting.

Previous geologists have attempted to link
deposition of the Midway conglomerate with that
of the enclosing graywacke and slate of the Mud
Lake sequence (Sutton, 1963; Levy, 1991).  This is
logical, considering the two sequences contain
some units that are macroscopically similar, the
contacts between sequences are not well exposed,
and drill cores that cross the contacts were not
available at the time of the earlier studies.
Furthermore, the rocks of both sequences were
strongly affected by cleavage, shearing, and
alteration associated with phases of D2
deformation.  Levy (1991) inferred that the
conglomerate represented proximal channel
deposits within submarine fans that fed the more
distal turbidites of the Mud Lake sequence.
Similarly, Sutton interpreted graywacke and
conglomerate as part of the same depositional
regime.  Although some parts of the Midway and
Mud Lake sequences do look similar at the hand
sample-scale, several lines of evidence indicate that
the Midway sequence is quite distinct from the
Mud Lake turbidites:
• The trend of the Midway sequence truncates

east-trending F1 folds and bedding in turbidite
and the contact between volcanic and turbiditic
rocks in the Mud Lake sequence.

• Quartz-feldspar porphyry cuts F1 folds in the
turbidite and contains xenoliths of graywacke
and slate; yet, Midway conglomerate contains
clasts of the porphyry.  This implies that the
intrusion was uplifted and eroded during
deposition of the conglomeratic strata.

• Within the Virginia horn rocks, the presence
of hornblende is unique to the Midway
sequence.  A hornblende-bearing sandstone
described by Levy (1991, p. 64) near the Fayal
fault in T. 58 N., R. 17 W., sec. 28 SE NE, was
not found by the authors; but, because
hornblende is not found elsewhere in
graywacke, we speculate that Levy's discovery
may be a local, structural remnant of Midway
strata down-dropped along the fault.

• The association of flows and breccias that have
unusual hornblende trachyandesite
composition and contain evidence of subaerial
deposition (no pillows, coarse volcanic
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breccias) implies that the Midway rocks
represent first cycle, probably continental
volcanism.

• Although D2 deformation and associated
cleavage and faulting complicate interpretation
of the contacts, drill cores indicate that the
boundaries between the Midway and Mud
Lake sequences are unconformable on the
north—against several different rock types—
and faulted on the south.
The Midway sequence displays many

attributes of deposits formed in pull-apart basins;
however, the evidence is fragmentary due to
discontinuous outcrop and structural complexities.
Attributes of pull-apart deposition include the
presence of a structural and lithologic mismatch
with the enclosing rocks, a depositional package
that is bounded by unconformities and faults, the
presence of unique flows and derived clastic rocks,
abrupt lateral facies variations, thick, locally
disorganized units of coarse clastic strata indicating
steep slopes, and proximity to a regional-scale
strike-slip fault—the ancestral Pike River–Fayal
fault system (for comparison see Christie-Blick and
Biddle, 1985).  Evidence for topographic relief and
variable and rapid subsidence during deposition
of the Midway sequence can be inferred from the
presence of coarse conglomerate having abrupt
lateral facies changes, as depicted in Figure 2.6.
Although other factors, such as post-depositional
erosion and faulting, have affected the distribution
of facies, drill core along approximately 1.5
kilometers of strike-length (Fig. 2.6a) indicates that
the thickness of facies varies abruptly (Fig. 2.6b).

Complicating the depositional interpretation
of the Midway sequence is the fact that much of
the deposit consists of conglomerate—a rock type
that typically does not lend itself to definitive
paleoenvironmental assignment where poorly
exposed and deformed.  The main distinction
between two likely depositional interpretations for
conglomerate—fluvial–alluvial fan and
"resedimented" conglomerate in turbidite channel
settings—involves the long-axis orientation of
imbricate clasts (Walker, 1984).  Although
imbrication was observed locally in the Midway
conglomerate, deformation hinders its utility.  The
presence of matrix-supported conglomerate can be
interpreted as evidence for submarine mass flow
(flysch); however, deposits containing "outsized
clasts" can also represent hyperconcentrated flood
flow that is common in subaerial volcaniclastic
regimes (Smith, 1986).  Given those ambiguities,

the broader stratigraphic context becomes critical
to determining the environment of deposition.  The
association of Midway conglomerate with
subaerial lava flows, and its varied provenance that
includes both deep marine volcanic and clastic
rocks (Mud Lake sequence) and exhumed
hypabyssal plutons (Viking porphyry), implies that
considerable uplift and subaerial erosion occurred
during Midway sequence deposition.  This
stratigraphic setting makes a fluvial–alluvial fan
model appropriate for much, but not necessarily
all of the deposit (Jirsa, 2000).  Figure 2.7 compares
the turbidite fan model (A) proposed previously,
with a more likely model (B) that depicts
deposition of the Midway sequence in a northeast-
trending, pull-apart basin developed along the
ancestral Pike River fault.  We infer that the basin
developed as a half-graben tilted to the south (Fig.
2.7b, inset cross-section).  Subsequent
compressional deformation further tilted the
deposits to their present "on-end" structural
attitude.

The Midway strata contain many
characteristics of "Timiskaming-type" sequences
exposed in the Timmins (Pyke, 1982; Troop, 1989)
and Thunder Bay areas (Borradaile and Brown,
1987), and rocks of the Timiskaming Group in the
Kirkland Lake area of Ontario (Cooke and
Moorehouse, 1969).  Like the Timiskaming Group
of Ontario, the Midway sequence was deposited
after an initial period of folding (D1), but before
metamorphism and cleavage development
associated with D2 deformation.  In Canada,
sequences like this are interpreted to have formed
within narrow, pull-apart basins along major
strike-slip deformation zones—some extending
several hundred kilometers in strike length
(Thurston and Chivers, 1990).  An additional
attribute of classic pull-apart basins that applies
to the Timiskaming-type rocks is the juxtaposition
of rocks that record an abrupt contrast in
depositional style.  This is manifest in the Virginia
horn by the juxtaposition of fluvial and alluvial
conglomerate and subaerial trachyandesitic flows
and pyroclastic rocks of the Midway sequence,
against Mud Lake turbidites deposited by
submarine fans in a deep, distal environment.
Volcanism associated with many Canadian
Timiskaming-type sequences varies in
composition, and commonly is transitional
stratigraphically upward from calc-alkalic to
alkalic.  The blue-green to purplish-red color of
the trachyandesite is uncommon for other Archean
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Figure 2.6.  Geology and exploration drilling in the "Viking prospect" area (see inset map for location,
and Appendix A for detailed lithologic information).
A. Simplified geologic map showing locations of drill holes.  Holes drilled by two companies were
both prefixed by "VH."  To distinguish them here, holes drilled by Newmont Exploration are numbered
1-20; those drilled by Rhude and Fryberger are labeled #1-#11.  Hole numbers DLF-1 and 2, and DG-1
were drilled by Resources Exploration.
B. Stratigraphic section based on drill core, and "suspended" from the stratigraphic horizon representing
the first appearance of trachyandesite-bearing rocks in the Midway sequence.  Some thickness variations
can be attributed to the position of the northeast-trending cross-fault shown in Figure 2.6a.
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Figure 2.7.  Contrasting depositional models for the Midway sequence.
A. Submarine fan model (modified from Walker, 1984) inferring conglomeratic strata developed in
feeder channels at approximately the same time as the deposition of enclosing graywacke and slate.
B. Strike-slip basin model depicting clastic deposition and associated volcanism in a "half-graben"
pull-apart basin.
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volcanic rocks, but is diagnostic of some
Timiskaming-type strata.  A slightly larger
magnesium content than most older calc-alkalic
rocks may account for the color difference.
Alternatively, the association of these lavas with
fluvial conglomerate derived in part from the lavas
implies subaerial deposition, and the exposure to
Archean atmosphere (whatever composition that
may have been) may also have contributed to the
unique color (Shegelski, 1980).  This interpretation
is further supported by the observation that clasts
in a single sample of conglomerate vary from green
to red.  This implies detritus was mixed from both
oxidized and unoxidized parts of trachyandesitic
flows, and thus, that oxidation pre-dates deposition
of the conglomerate.

Probably not by coincidence, these unusual
colors also typify the Shebandowan conglomerate
near Thunder Bay, which is considered
Timiskaming-type on the basis of its lithologic
attributes (Borradaile and Brown, 1987) and
geochronologic setting (Corfu and Stott, 1998).
Corfu and Stott (1998) established that a number
of fault- and unconformity-bounded Timiskaming-
type sequences exposed discontinuously within the
several hundred-kilometer-long Shebandowan
greenstone belt were deposited more or less
synchronously at about 2,690 Ma—approximately
30 m.y. younger than the enclosing volcanic and
clastic rocks.  They also correlate these strata with
hornblende trachyandesite- and tonalite-bearing
conglomeratic units that extend southwestward
from the Shebandowan area into the Vermilion
district of Minnesota, including parts of the
Ogishke conglomerate of the Knife Lake Group.
Vinje (1978) described subaerially deposited, red
and green, hornblende- and augite-bearing
trachyandesite-latite flows, pyroclastic rocks,
agglomerate, and hornblende-rich tuff—similar to
the Shebandowan Group—in the Eddy Lake area.
This sequence comprises the Kekekabic Lake
member of the Knife Lake Group (Gruner, 1941).
These strata lie in fault bounded segments, making
correlation with surrounding strata difficult;
however, they are considered generally equivalent
with parts of the Ogishke conglomerate.  Although
separated by about 60 kilometers from the Virginia
horn by the intervening Giants Range batholith,
the Knife Lake Group lies on strike with the trend
of the Midway sequence (Fig. 2.1).  On the basis
of geochronology (Corfu and Stott, 1998), the
tectonic and magmatic correlation of lithologically
similar strata is carried nearly 250 kilometers

farther eastward from the Shebandowan area to
the Winston Lake and Manitouwadge greenstone
belts that lie within the northern boundary rocks
of the Wawa subprovince.  This implies that the
tectonic and magmatic history, although subtly
different between regions, is nearly synchronous
over a broad expanse of the subprovince.
Therefore, correlation between the Knife Lake
Group and the Virginia horn is possible.  In order
to establish equivalence beyond the speculations
above, geochronologic analysis of the Minnesota
rocks is necessary.

INTRUSIVE ROCKS

The plutonic rocks can be classified on the
basis of composition, form, and relative temporal
setting deduced from textural evidence.  The
earliest intrusions are the deformed mafic and
felsic units described above as hypabyssal
(subvolcanic) sills and dikes emplaced into
supracrustal sequences.  Later intrusions were
emplaced as large plutonic masses that collectively
form the Giants Range batholith.

Giants Range batholith
The Giants Range batholith is composed of

many lithologic components (for example Green,
1970; Sims and Viswanathan, 1972; Boerboom and
Zartman, 1993).  The part of the batholith exposed
in the Virginia horn area is subdivided into four
intrusions on the basis of textural and
compositional attributes.  From earliest to latest
emplacement, these are the Lookout Mountain
tonalite, Pike Mountain monzodiorite, Mesabi
granite, and a ferrogabbroic body that may or may
not be related to the granitoid rocks.

Lookout Mountain tonalite
The Lookout Mountain tonalite is a suite of

tonalitic to quartz dioritic rocks and hornblendite
exposed near the Lookout Mountain wayside on
U.S. Highway 53, north of Virginia.  The unit is
modally layered to uniform; gray, black, and white
in color; and contains varied percentages of biotite,
hornblende, plagioclase, and quartz.  Although the
majority of the unit is tonalite, it comprises a
complex mixture of mafic and felsic subunits that
are inferred to be comagmatic.  In the wayside
outcrop, for example, light gray tonalite contains
xenolithic blocks of black diorite in one locality
(Fig. 2.8a), and is cut by dioritic dikes in another
(Fig. 2.8b).  Over the extent of the outcrop, nearly
all rock types representing the modal transition



27

Figure 2.8.  Photographs of representative outcrops of the Giants Range batholith.
A.  Lookout Mountain tonalite at the wayside north of Virginia showing hornblende-rich dioritic phases
(dark) intruded by tonalitic dikes (light), and diorite xenoliths surrounded by tonalite.
B.  Outcrop near (A) showing foliated tonalite (light) intruded by hornblende diorite (dark).
C.  Pike Mountain monzodiorite having a well developed trachytoid texture of hornblende crystals.
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from tonalite to hornblendite can be found; this
suggests that magma mixing greatly influenced its
evolution and emplacement.  Rare
(metamorphosed) amphibolite xenoliths—
presumably rafted from the adjacent Minntac
sequence—occur in the main part of the tonalite
that contains little textural evidence for
metamorphic recrystallization.  This implies that
D2 metamorphism had already affected the
Minntac sequence by the time the Lookout
Mountain tonalite was emplaced.  However, thin
dikes of tonalite in the Minntac sequence are
deformed along with the host rocks, which
indicates that some component of D2 deformation
continued after tonalite emplacement in the
rheologically weaker supracrustal rocks.  These
relationships indicate that the Lookout Mountain
tonalite is syn- to late-tectonic with respect to D2
deformation and metamorphism.

Pike Mountain monzodiorite
The larger part of the southern Giants Range

batholith is here named the Pike Mountain
monzodiorite, and is typified by outcrops on Pike
Mountain along the Laurentian Divide, several
miles north of the town of McKinley.  The body
consists of coarse- to very coarse-grained, pinkish-
gray to dark greenish-gray, quartz-hornblende
monzonite, monzodiorite, and diorite.  The Pike
Mountain monzodiorite is variably porphyritic,
and typically has a trachytoid fabric defined by
aligned phenocrysts of microcline and hornblende
(Fig. 2.8c).  Cognate mafic enclaves and layers of
dark green hornblende diorite and hornblendite
are present locally, particularly along the southern
margin of the body.  The Pike Mountain
monzodiorite lacks indications of involvement in
D2 deformation; however, it is cut by numerous
faults and is pervasively silicified at several
localities, presumably due to post-D2 events.
Previous geologists inferred that the contact
between the Pike Mountain monzodiorite and
adjacent supracrustal rocks is a fault (Welsh and
others, 1989).  Although the Laurentian fault does
form the contact locally, several outcrops show that
the monzodiorite is intrusive into high-grade schist
of the Minntac sequence and the Lookout
Mountain tonalite.  At one locality, monzodiorite
fines slightly at the contact (a chilled contact) and
sharply transects flattened and lineated pillow
structures in the schist.  In several areas, the
monzodiorite contains xenoliths of schist that
include blocks of schistose iron-formation like that
found within the Minntac sequence.  These field

relationships, together with the lack of
metamorphic fabric, indicate that the intrusion
postdates D2 deformation.

Mesabi granite
Mesabi granite is an informal name given to

exposures that lie west of the Minntac taconite
processing plant at a place shown on mining maps
as the "Mesabi Quarry."  The Mesabi granite is
orange-pink, medium-grained, and contains
variable percentages of quartz, microcline,
plagioclase, biotite, and muscovite.  It differs
significantly from the Pike Mountain granite: it
contains numerous aplitic and muscovite-bearing
pegmatitic dikes, a feature completely absent from
the Pike Mountain rocks.  Muscovite-rich
pegmatite dikes also cut high-grade rocks east of
the exposed granite.  They occur in schist that lies
near the shallowly east-dipping contact with the
Mesabi granite.  In this zone, the D2 lineation in
schist is much shallower (5° to 15°) than elsewhere
(20° to 45°), implying that the pegmatite-bearing
exposures represent a part of the roof zone of
Mesabi granite.  Interestingly, small showings of
molybdenite occur locally within the pegmatite
dikes.

Although no geochronologic data exist from
samples within the Virginia horn area (Fig. 2.2),
some conclusions can be drawn from
geochronologic study to the north.  Recent U-Pb
dating on zircons from felsic volcanic rocks
generally establish the age of volcanism in the
lower Ely Greenstone at approximately 2,720 Ma
(Peterson and others, 2001).  The Ely Greenstone
is lithologically, geochemically, and
stratigraphically similar to rocks of the Virginia
horn, but is separated from it by the Giants Range
batholith.  In an attempt to define the age of D2
deformation, U-Pb dates were acquired from two
plutonic components of the batholith: the Britt
granodiorite that is synchronous with D2
deformation, and the Shannon Lake granite that
postdates D2 (Boerboom and Zartman, 1993).  The
Britt granodiorite yielded an age of 2,685 ± 4 Ma;
whereas the Shannon Lake granite produced an
age of 2,674 ±  5 Ma.  These dates produce a
bracketed age for D2 deformation in the range of
2,674 to 2,685 Ma.  This is consistent with a date
of 2,683 ±  1.4 Ma for a syn-D2 porphyry intrusion
in volcanic rocks of the Newton Lake Formation
north of Lake Vermilion (Peterson and others,
2001), and with the 2,680 to 2,685 Ma dates
established by Corfu and Stott (1998) for D2 in the
adjacent Shebandowan district in Ontario.  This
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implies that what is called D2 deformation in
Minnesota is a regional marker event.  Based on
the extent to which the various units were affected
by D2, we infer that the Lookout Mountain tonalite
is probably equivalent in age to, or older than the
Britt granodiorite, and the Pike Mountain
monzodiorite is equivalent in age to, or older than
the Shannon Lake granite.  Both the Shannon Lake
and Mesabi granites are muscovite-bearing and
contain abundant pegmatite.  We thus infer that
they may be magmatically related and were
emplaced at higher crustal levels than the
pegmatite-poor Pike Mountain monzodiorite,
perhaps during late-phase unroofing of the
batholithic complex.

Unnamed ferrogabbro
An intrusion of medium-grained ferrogabbro,

large enough to be depicted as a separate map unit
(unit A�d on Jirsa and others, 1998), lies north of
the Inland Steel Company processing facility along
the southernmost edge of the Giants Range
batholith.  The unit contains altered relict grains
of prismatic ferroaugite replaced by pumpellyite;
subophitic pyroxene altered to chlorite; tabular and
zoned plagioclase; apatite; and abundant oxide
minerals and pyrrhotite.  The rock is cut by a
multitude of chlorite-lined fractures in nearly all
orientations.  It lacks metamorphic fabric and
differs markedly in composition and texture from
mafic phases within both the Pike Mountain
monzodiorite and Lookout Mountain tonalite.
Because contacts between the ferrogabbro and
surrounding rocks are not exposed, its relative
temporal setting is unknown.  It may be
Neoarchean like the enclosing rocks, or as young
as Mesoproterozoic (Middle Proterozoic,
Keweenawan Supergroup).

GEOCHEMISTRY

The large number of geochemical analyses
reported in Englebert and Hauck (1991) augment
stratigraphic and lithologic descriptions given
above.  In addition, several other samples were
analyzed to provide a more complete
representation of rock types, and those analyses
are reported in Appendix A.  We review here only
those elements of both sets of geochemical data
that bear on characterization of the rocks.  The
following specific lithologic observations can be
deduced from Figures 2.9 and 2.10, and Appendix
A:

• Geochemical analyses of the volcanic and
hypabyssal intrusive rocks define distinct fields
on the basis of major element and rare earth
element (REE) compositions.  Both the Jensen
plots in Figure 2.9 and the summary of REE
compositions in Figure 2.10 clearly define the
two fields of Mud Lake sequence volcanic
rocks: calc-alkalic—varying from dacitic to
basaltic; and tholeiitic—having both Fe- and
Mg- types.  The compositional similarity
between tholeiitic flows and associated sills
and dikes of ophitic gabbro is shown in both
diagrams, and supports the contention from
field and petrographic observations that the
two are comagmatic.  Although not specifically
shown here, there are no significant and
systematic chemical differences between
volcanic successions of the northern and the
southern limbs of the Mud Lake syncline.

• As inferred from field and petrographic
observations, the Minntac and Mud Lake
sequences contain nearly identical
chemostratigraphic units.

• The chemical similarity of calc-alkalic volcanic
strata with graywacke of the Mud Lake
sequence implies that calc-alkalic rocks were
the dominant source of graywacke detritus—
a conclusion supported by petrographic
observations.  The slope of REEs (Fig. 2.10) of
some graywacke analyses is slightly flatter
than that of the calc-alkalic rocks—perhaps
flattened by the minor and local contribution
of tholeiitic volcanic detritus to the Mud Lake
basin.

• The Viking porphyry and other felsic dikes that
are inferred to be magmatically related all plot
as rhyolite on a Jensen diagram, and typically
have steep REE plots.  These intrusions and
the felsic tuff that lies in the stratigraphically
uppermost Mud Lake graywacke are the only
felsic rocks in the Virginia horn that are not
part of the Giants Range batholith.

• The chemical composition of sedimentary
rocks in the Midway sequence is similar to that
of the enclosing Mud Lake calc-alkalic rocks
and graywacke.  However, the Midway rocks
are more chromium-rich and have slightly
steeper REE patterns than the Mud Lake strata.
This supports the field and mineralogic
observations that the Midway rocks represent
a very different magmatic source from that of
the Mud Lake sequence.
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Figure 2.9.  Representative analyses of Virginia horn rock samples plotted on cation diagrams of Jensen
(1976).  Analyses of Englebert and Hauck (1991) and Appendix Table 2.2.

METAMORPHISM

Most of the supracrustal rocks were affected
by metamorphism (M2), cleavage development (S2),
and folding (F2) during D2 deformation, but to
varying degrees.  South of the Laurentian fault,
supracrustal rocks were metamorphosed to grades
ranging from prehnite-pumpellyite, to the chlorite
isograd of greenschist facies.  The greenschist facies
assemblages include chlorite, sericite, clinozoisite,
calcite, and quartz.  The prehnite-bearing rocks
typically occur within broad areas of poorly
cleaved, calc-alkalic volcanic strata surrounded—
so far as can be determined—by rocks of
greenschist facies.  These low-grade (prehnite)
zones are far removed from major lithologic
contacts, faults, and intrusions, which would tend
to focus metamorphic fluids and localize stress.

Intuitively, this condition may have served to
insulate them from higher grades of regional
metamorphism.  The low-grade rocks may, in fact,
represent isolated relicts of burial metamorphism
related to subsidence during D1 deformation, as
these strata contain only faint metamorphic fabric,
and microprobe analyses of low-grade assemblages
by McSwiggen (unpub. data) indicate maximum
temperatures of 350° C—consistent with burial
metamorphic conditions.

By contrast, amphibolite-grade assemblages
occur in volcanic, intrusive, and clastic rocks of
the Minntac sequence that lies north of the
Laurentian fault.  Metamorphic minerals, including
hornblende, biotite, albite, and garnet, have a
strong paragenetic link to the well developed D2
tectonic fabric, and most samples show nearly
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Figure 2.10.  Summary of rare earth element analyses.  Analyses taken from the same sources as in
Figure 2.9, and are chondrite-normalized (Taylor and McLellan, 1985).

complete recrystallization.  The amphibolite-grade
rocks lack evidence of pervasive metamorphic
retrogression, and therefore are inferred to have
been metamorphosed during the same event that
affected the lower-grade strata south of the
Laurentian fault.  Presumably, the high-grade rocks
underwent M2 metamorphism at a deeper crustal
level than the low-grade strata.

Metamorphic effects that pre-date and postdate
D2 deformation are absent from both the low- and
higher-grade terranes.  Contact metamorphic
effects are observed only locally adjacent to quartz
and feldspar porphyry intrusions.  For example,
graywacke and slate near the Viking porphyry
contain 2- to 7-millimeter tabular porphyroblasts
that were rotated in the S2 cleavage.  The origin
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of these is unclear, as they are now completely
pseudomorphed by carbonate minerals; however,
their apparent temporal setting (pre-D2) and
occurrence near the porphyry implies that they
were contact metamorphic minerals.  The bulk
composition of host rocks and the shapes of the
pseudomorphs are consistent with an andalusite
protolith.  Interestingly, drill cores that intersect
thin, now vertical, quartz-feldspar dikes emplaced
into sedimentary strata near the edge of the main
Viking porphyry contain porphyroblasts that lie
selectively on the north side of each intrusion.  In
those cores, stratigraphic younging is northward,
implying that the intrusions may have been
emplaced as flat-lying sills that affected the
overlying sediments more than the underlying
ones.  If this interpretation is correct, it would
indicate that significant tilting occurred after
porphyry emplacement, and that the porphyries,
therefore, predate or are synchronous with D1
deformation.  This contrasts with structural
evidence presented below that indicates the trend
of the Viking porphyry crosses F1 fold axes locally,
and therefore leaves the exact timing of porphyry
emplacement unknown.

STRUCTURE

As stated in the introduction, three major
Archean deformation events are recognized in the
Virginia horn.  The first, D1, produced the broad,
southwest-plunging Mud Lake syncline and
sympathetic upright folds, but no metamorphic
fabric.  The second deformation event, D2, involved
minor folding, development of pervasive
penetrative metamorphic cleavage, and locally
produced a shallow to moderately east-dipping
mineral lineation.  The area is divided into two
structural domains separated by the Laurentian
fault on the basis of the intensity of development
of the D2 structures and corresponding
metamorphic grade.  The southern, low-grade
domain encompasses strata of both the Mud Lake
and Midway sequences.  It is characterized by rare,
nearly vertically dipping, tight to isoclinal F2 folds
and axial planar cleavage—both of which are
strongly developed in graywacke and slate, but
barely noticeable in much of the volcanic strata.
By contrast, in the high-grade domain north of the
Laurentian fault, D2 produced strong flattening and
an intense lineation within all rocks of the Minntac
sequence.  All of the rocks, including the post-D2

granitoid intrusions, were affected by brittle
deformation assigned to D3, the third deformation
event.

Folds
Folding, like metamorphism, is strongly

domainal.  The northern, high-grade Minntac
sequence is dominated by very strong, east-
trending metamorphic foliation, and an intense,
shallowly east-dipping (35° to 45°) lineation.
Recorded stretching lineations of clasts and pillows
locally are as much as 20:1, and flattening observed
in the plane perpendicular to lineation is
commonly 4:1.  Although flattening and strong
metamorphic recrystallization obscure primary
features; bedding, pillow shapes, and volcanic
sequence grading can be locally discerned.
Collectively, these features indicate a general
southward younging of the volcanic and
volcaniclastic package; however, given the intense
lineation, it is probable that localized isoclinal folds
have been undetected in our mapping.

By contrast, the southern panel forms the Mud
Lake syncline, which is defined by the volcanic
limbs facing inward, and an array of folds in
turbiditic strata that are sympathetic to the main
Mud Lake structure (Fig. 2.11).  Folds are displayed
by reversals in the stratigraphic younging direction
(stratigraphic facing) established from grading and
bedding contacts in turbiditic strata.  Because fold
hinges are rarely observed in outcrop, the overall
trend of fold axes, the plunge of folds, and other
structural details are best portrayed on
stereographic projections (Fig. 2.12).  Figure 2.12a
is a projection of poles to the planes of north-
younging versus south-younging beds.  By using
great circles to show average strike directions, the
diagram shows that the strike of north-topping
units is more northerly than that of south-topping
beds, which indicates that folds plunge to the west-
northwest.  Figure 2.12b compares cleavage and
bedding, and demonstrates that the plane of
cleavage (S2) in most outcrops of graywacke and
slate trends left of bedding (B), regardless of the
stratigraphic younging direction.  If folds were of
D2 generation, cleavage would be axial planar to
the fold hinges, and bedding planes would be
symmetrically disposed alternately left and right
of the cleavage plane.  Figure 2.12c is a schematic
illustration of the cleavage–bedding relationships
on a regional scale.  There are a few localities where
cleavage "right of bedding" was observed, but this
would be expected in isolated parts of the F1 hinge
zones.  The distribution of stratigraphic facing, the
morphology of rare traceable units, and the
stereoplots all indicate that the Mud Lake syncline
and its sympathetic folds are northwestward-
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facing, upright to slightly inclined, and of D1
generation.  The major F1 folds commonly are
linked to specific lithologic units, implying that
folding began during or shortly after deposition.
For example, the syncline axis that lies north of
the Viking porphyry (Fig. 2.6) is not marked by
an axial planar cleavage; this suggests that it is
of D1 generation.  This D1 timing for the fold is
further supported by the presence of soft-sediment
deformation features and intraformational ("rip-
up") conglomerate in its axis, indicating that
synclinal folding was initiated by subsidence that
was synchronous with turbidite deposition, and
probably continued for some time afterward.

The position of the central axis of the Mud
Lake syncline is inferred from a combination of
factors.  On the west side of the Pike River–Fayal

fault system, the syncline axis is inferred to bisect
the west-plunging, upright fold defined by felsic
tuff (unit Avs on Jirsa and others, 1998).  Rocks of
this type do not occur elsewhere in the
stratigraphic sequence, and the axis of this fold
marks a major change in the facing direction of
the strata.  Although there is little strata of the
north-facing limb exposed in that area, the
westward plunge of F1 folds throughout the
turbidite sequence indicates that these
southwesternmost exposures should represent the
youngest exposed strata in the syncline.  The
position of the syncline axis on the east side of the
Pike River–Fayal fault system is only broadly
constrained by outcrop, but as drawn, it is
consistent with 6 kilometers of sinistral offset along
the faults—an amount substantiated by the
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MUD LAKE SYNCLINE
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Figure 2.11.  Outline map of Virginia horn geology showing axial surface traces of folds in Archean
and Paleoproterozoic strata.  See Figure 2.2 for details of geologic units.
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Folds inferred to be of D2 origin are recognized
locally; however, they do not cause a reversal of
the facing direction in large sections of strata such
as F1 folds, and instead are minor asymmetric
structures formed in response to northwest-
directed, oblique compression.  Cleavage in
graywacke and slate of the Mud Lake sequence
typically cuts bedding at angles of 10º to 45°
(measured on a horizontal plane); yet, delicate
bedding surfaces are rarely displaced in or
destroyed by the cleavage.  In turbiditic strata

elsewhere, such as the Lake Vermilion Formation
north of the Giants Range batholith (Jirsa and
others, 1992), a similar angular difference between
bedding and cleavage accompanies abundant and
widespread sympathetic folds of bedding surfaces.
This implies that S2 was more or less uniformly
"imposed" on the turbidites of the Mud Lake
sequence by northwest compression that was not
sufficiently intense in most locations to produce
dislocations of bedding surfaces and widespread
F2 folds.

Cleavage (S2)
Cleavage development varies from intense in

the Minntac sequence and in some graywacke of

Figure 2.12.  Stereographic projections (lower hemisphere) of poles to planes and best fit of great
circles for cleavage and bedding in graywacke-slate units of the Mud Lake sequence.
A.  Comparison of bedding planes in north-younging (circles) and south-younging (squares) strata.
Arrow indicates mean plunge direction.
B.  Comparison of all bedding trends (squares) with the strike of S2 cleavage (black triangles and
dashed great circle).
C.  Fold and cleavage model derived from field observations and vector averages of strike of bedding
and S2.  The bold line approximates a bedding surface; teeth point toward stratigraphic younging
direction.  No scale is implied.
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and bedding in various terranes.  Patterns correspond to those used in Figure 2.2.

the Mud Lake sequence, to almost undetectable
in some calc-alkalic volcanic rocks near Biwabik,
and in tholeiitic flows near Gilbert.  Metamorphic
fabric in the Minntac sequence is east-trending and
in sharp contrast to the northeasterly trend of
cleavage in lower-grade rocks south of the

Laurentian fault (Fig. 2.13).  South of the fault in
both the Mud Lake and Midway sequences, fabric
orientation varies with intensity of deformation.
As might be expected, areas of low metamorphic
grade also lack or contain only a poorly developed
cleavage.  In those areas, bedding is the dominant
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planar feature; it dips steeply and trends more or
less easterly.  This can be seen in Figure 2.13 by
the contrasting trends on stereographic diagrams
from data in the volcanic limbs, against those in
graywacke.  In those parts of the Mud Lake
sequence where the expression of cleavage is
greater, the overall trend of bedding is more
northeasterly.  From this we infer that domains of
low metamorphic rank, weak cleavage, and east-
trending bedding, largely reflect the effects of D1
deformation, and have little overprint by D2.
Metamorphic foliation in the northern and
southern volcanic limbs of the Mud Lake sequence
is most intense near contacts with the intervening
graywacke and slate, and near major shear zones.
Although the volcanic strata in both limbs dip
steeply, folds of any generation are rare.  Both
bedding and locally developed cleavage in the
northern limb of the volcanic rocks trend
consistently N. 70º to 75º E., dipping steeply north
and south.  The most intensely deformed part of
the northern sequence lies near the Viking
porphyry, where a strong N. 50º to 60º E. cleavage
crosses the contact between volcanic and
sedimentary strata at an oblique angle.  The
southern volcanic sequence similarly contains only
locally developed metamorphic fabric, and
preservation of bedding and other primary
structures is typical.  In the volcanic rocks of that
limb, bedding and the trend of mafic sills define
a broad arc from a N. 70º E. trend in the
northeastern part near Gilbert, to a westerly (N.
85º W.) trend in the southwestern exposures near
the old Genoa town site.  At the Genoa end, the
contact between volcanic and sedimentary rocks
is the N. 30º E.-trending Fayal fault that sharply
cuts the west-trending bedding in volcanic rocks.

The expression of S2 in quartz feldspar
porphyry intrusions is extremely variable.  A
pervasive planar fabric exists only locally, and
instead, most of the rock contains anastomosing
brittle fractures and veinlets that are likely the
manifestation of D2 deformation.  By contrast, some
of the thinner felsic dikes contain a pervasive,
annealed, cataclastic fabric that is parallel to the
regional cleavage in adjacent rocks.

Faults
The faulting history of the Virginia horn is

complex and its interpretation is largely inferential,
as few exposures exist within fault zones.  The
kinematic interpretations presented here are based
on: the trend of topographic lineaments; apparent
offset of rare markers, such as fold axes and

lithologic units; and measurements of hundreds
of small faults observed in outcrop that are inferred
to mimic the larger unexposed structures.  For
simplicity, Archean faulting events are subdivided
temporally into first, second, and third generation
structures (Fig. 2.14, numbers 1, 2, and 3).  In
general, these represent fault movements that
occurred during the late phases of the D1 and D2

deformations, and during the D3 event,
respectively.  A fourth generation that presumably
occurred during and after deposition of
Paleoproterozoic strata is also depicted (Fig. 2.14,
number 4).  Many, if not most, of the early-formed
fault zones are inferred to have experienced
reactivation during subsequent deformation; and
thus, early kinematic indicators are obscured by
later offsets.  Therefore, assignment of faults on
Figure 2.14 to specific episodes represents the
events that are inferred to have produced the most
significant offsets.  An approximation of the
relative timing of offset and kinematic sense along
significant known faults follows.

The earliest faults (Fig. 2.14, number 1)
probably were initiated during deposition of the
volcanic and clastic strata, and movement along
them continued intermittently during D1.  Major
offsets of geologic units are attributed to this
faulting event, yet strain evidence at the outcrop-
scale is minor, possibly because the rocks were not
yet fully lithified, and because later events masked
the effects of earlier ones.  The orientation and
offset sense varies, but northeast-trending, sinistral
structures, and east-trending normal faults that are
more or less parallel to contacts, are most
commonly inferred to explain the observed offsets.
The orientation and kinematic sense of these
structures imply north–south-directed compressive
deformation during D1, followed by late-phase
extension and regional uplift.  It is this series of
faults that controlled deposition of the Midway
sequence.

Faults inferred to be related to D2 deformation
(Fig. 2.14, number 2) are semi-brittle to ductile,
most commonly N. 50º E.- to N. 80º E.-trending,
and are dextral almost everywhere—as indicated
by offset of markers, rotation fabrics, and C-S
structures.  Because D2 faults formed during and
late in the main metamorphism when the rocks
presumably were more ductile, they tend to affect
a broader zone of rock than ones formed during
earlier and later events.  Their collective orientation
and offset sense reflect northwest–southeast
compression of D2 that is consistent with the
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1.  D1 faults—Initiated during
     deposition, continued through D1.
     Most were reactivated during D3.

2.  D2 faults—Syn- to late D2
     movement.

3.  D3 faults—Offset D2 metamorphic
     fabric.

4.  Proterozoic and younger faults.
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POST-METAMORPHIC FAULTS
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Figure 2.14.  Outline map of geology showing first, second, third, and fourth generations of faulting
in the Virginia horn, and a stereographic projection of poles to the planes of the Neoarchean (D3)
post-metamorphic faults.  Most offset along Proterozoic faults is inferred to have been vertical.  See
Figure 2.2 for details of geologic units.

regional D2 deformation event that affected the
Vermilion and Shebandowan districts.

Faults that postdate metamorphism are labeled
3 on Figure 2.14, and show some consistent trends
in the stereoplot.  Movement along these faults is
inferred to have occurred from very late in D2, into
D3 deformation.  Many northeast-trending

topographic breaks in the Mud Lake rocks mark
zones of apparent left-lateral offset; however, the
structures themselves are only rarely exposed, and
fold axes and bedding do not lend themselves to
conclusive interpretation of the relative offset
across these lineaments.  Nevertheless, outcrop-
scale, brittle and semi-brittle structures imply that
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most of the lineaments represent faults trending
N. 25º E. to N. 45º E., and most are left-lateral.  This
supports the map-scale interpretations based on
the offset of lithologic units (Fig. 2.2; Jirsa and
others, 1998).  The latest Archean structures are
crenulation or kink folds and faults of small offset,
here assigned to D3.  These are conjugate structures
that trend north–northeast and north–northwest,
and form an acute angle to the northeast.  Faults
mapped within the Giants Range batholith are of
this type.  Their orientation and offset sense imply
formation during northeast–southwest-directed
compression.  Many of the northeast-trending D1

faults were reactivated during this D3 event.
The forth generation of faults—those that

mainly affect the Paleoproterozoic strata—is
discussed in more detail in Chapter 3.  Notice from
Figure 2.14, number 4, that many of those faults
are continuations of structures that formed earlier.
Although the orientation of the late faults is similar
to the older structures, they differ from their
Archean "parents" by having indications of largely
vertical movement.  Knowledge of these structures
comes from communication with mining company
geologists and inference from the map distribution
of lithologic units; no systematic field study of the
faults has been conducted.

The more significant faults are named on
Figure 2.14 and are described below.

Pike River fault
A complex history of movement occurred

along the N. 50° E.-trending Pike River fault and
related structures.  A broad zone of shear fabric
is documented in outcrops along the Pike River,
and most show dextral kinematics associated with
D2 metamorphic fabric.  Yet, the offset of the
boundary between volcanic strata and graywacke
in the northern limb of the Mud Lake syncline, and
the main axis of the syncline itself, are displaced
4 to 6 kilometers in a left-lateral sense across the
fault.  We infer that the sinistral offset represents
D1 deformation along a duplex that connects part
of the Pike River fault with the Fayal fault.  We
propose that offset began along the Pike River fault
(Fig. 2.15a), and the Midway sequence is inferred
to have been deposited along a releasing or
extensional bend of that fault during the late stages
of D1 deformation (Fig. 2.15b).  At some stage in
the movement, most of the horizontal (sinistral)
displacement shifted southward from the
extensional bend and was taken up through a
complex series of sympathetic structures by offset
along the Fayal fault (Fig. 2.15c).

Fayal fault
Most of the strike-length of this N. 30° E.-

trending structure can be tightly constrained by
outcrop, and it was penetrated by one drill core
(DML-3, Appendix A).  The fault is likely a
southwestward continuation of the early-formed
Pike River–Fayal fault system (described above),
as east-trending mafic flows of the southern limb
of the Mud Lake syncline are juxtaposed against
the main axis of the F1 syncline in adjacent
graywacke.  Drill hole DML-3 intersects the Fayal
fault, and the core shows only a narrow zone of
mild, brittle cataclasis.  Small, asymmetric folds
in this zone indicate a sense of displacement in
which the volcanic block on the southeast is
uplifted relative to the graywacke-slate on the
northwest.  The fact that no envelope of shear
fabric exists implies that little movement occurred
during the major metamorphic event associated
with D2 deformation (as more ductile structures
would be anticipated).  We infer that the major
offset along the fault occurred during D1, and that
the narrow zone of cataclastic texture developed
during D3, or even later, during Proterozoic
faulting events.  The latter interpretation is likely,
as the Fayal and related faults extend south–
southwestward into the Fayal (iron ore) Mine and
form a quartz-filled fault breccia in
Paleoproterozoic iron-formation.  The fault
presumably played a role in localizing the leaching
and oxidizing fluids that formed the natural
(hematitic) ores mined from the Fayal, Troy, and
Pearsall Mines.

Laurentian fault
The generally east-trending Laurentian fault

juxtaposes strata of low metamorphic rank on the
south, against amphibolite facies schist and the
post-metamorphic Giants Range batholith on the
north.  It truncates the Pike River fault, and is offset
in a right-lateral sense by the Biwabik fault.  The
Laurentian fault is not exposed, but occupies a
topographic depression with outcrops along its
edges that constrain the boundary to within a few
hundred meters.  Because no metamorphic
zonation can be detected in rocks on either side
of the fault, it is inferred to be a narrow, brittle
structure along which as much as several
kilometers of vertical displacement occurred after
regional metamorphism.  The fact that
lithologically similar, yet metamorphically
contrasting sequences are juxtaposed across the
Laurentian fault invites an interpretation of
structural repetition of the stratigraphic sequence
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Figure 2.15.  Schematic drawing of the
inferred sequential development of the
Pike River–Fayal fault system and
associated Midway sequence during D1
deformation.

by uplift on the north.  If this inference is correct,
it requires that the Laurentian is a normal fault
dipping southward at a shallower angle than that
of the metamorphic foliation.

Although the greatest offset along the
Laurentian fault probably occurred during Archean
time, the fault appears to have affected later
development of the horn structure defined by the
Paleoproterozoic rocks.  The paired anticline–
syncline structure of the Virginia horn is an

anomaly in the regional, linear, east–northeast
trend of iron-formation and associated strata.  The
horn is bounded by the north-trending Dorr fault
on the west, an unnamed northwest-trending fault
on the east that intersects iron-formation at the
Arne Mine between Biwabik and Aurora, and the
Laurentian fault on the north.  Those three faults
bound what has been inferred to be a large horst,
tilted up on the north edge along the Laurentian
fault, and interrupt the regional easterly strike of
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Paleoproterozoic rocks (see Chapter 3).  Thus,
evidence exists for two major periods of movement
along the Laurentian fault that have contrasting
offset sense: north side-up during D3, and south
side-up subsequent to lithification of the
Paleoproterozoic strata.

Biwabik fault
The temporal setting of offset along the

northwest-trending Biwabik fault is poorly
constrained.  A fault breccia forms the north wall
of the Biwabik Mine, where kinematic indicators
in iron-formation show that the north side was
uplifted relative to the south (J. Welsh, unpub.
data).  Thus, some movement apparently occurred
during Early Proterozoic time or shortly thereafter.
However, significant differences in the lithologic
and structural character of Archean rocks across
the fault imply that the Proterozoic movement may
have reactivated earlier—perhaps D3—dextral
faulting.

Structural interpretation
The structural attributes are strongly domainal.

D1 deformation—best preserved in parts of the
southern, low-grade domain—was dominated by
vertical tectonism.  Subsidence may have begun
during deposition of graywacke-slate in what
eventually evolved into the Mud Lake syncline.
Evidence in the Mud Lake sequence for this
includes local soft-sediment deformation features;
the presence of rip-up intraformational
conglomerate in the synclinal axes of some F1 folds;
and the apparent depositional progression toward
deepening water recorded by the supracrustal
sequence from pyroclastic and hydroclastic flows,
to deep submarine mafic flows, to graphitic
graywacke.  This subsidence continued into the
compressional phase of D1, which involved the
tilting of volcanic strata toward the axis of the
syncline, and produced secondary folds in the
graywacke and slate that are sympathetic to the
main, west-plunging Mud Lake syncline.  Major
lithologic boundaries were probably faulted during
D1 as well, although much of the details were
obscured by subsequent D2 and D3 structures.  The
fact that D1 produced upright structures in the
Virginia horn contrasts sharply with the thrust- and
nappe-forming style inferred for early deformation
elsewhere in the Wawa (Hudleston, 1976; Arias and
Helmstaedt, 1990; Jirsa and others, 1992) and
adjacent Quetico subprovinces (Bauer, 1985;
Zaleski and others, 1994), and implies that the
rocks of the Virginia horn represent a different

tectonic setting, perhaps that of a back-arc basin.
D2 mainly involved horizontal shortening because
it had a compressive axis oriented northwest–
southeast.  This overprinted D1 effects; it
obliterated them in the amphibolite-grade rocks,
produced penetrative fabric with localized simple
shear in lower-grade Mud Lake and Midway
strata, yet caused little effect to isolated parts of
the lowest metamorphic grade volcanic rocks of
the Mud Lake sequence.  The supracrustal package
was further steepened during and after
emplacement of intrusions such as the syn-D2, the
tonalitic magmas north (Lookout Mountain
tonalite) and south (unnamed pluton inferred from
geophysical maps to be present beneath
Proterozoic strata) of the supracrustal sequences,
and the Pike Mountain monzodiorite.  The brittle
deformation features that cut metamorphic fabric
and all plutonic rocks are assigned to D3.  Some
part of this generation of structures is inferred to
represent north–south compression, as evidenced
by widespread, northeast-trending, left-lateral
faults, and brittle, conjugate structures.  However,
a late component of the D3 deformation probably
involved region-wide relaxation, and caused
differential uplift—such as that along the
Laurentian fault—and east–west-directed
extension.

In a detailed structural study of the
Shebandowan district some 150 to 250 kilometers
to the northeast in Ontario, Stott and Schnieders
(1983) subdivided the district into domains
characterized by the abundance of D1 and D2
structures.  They found that in the D1 domains,
lineations are poorly developed and folds plunge
to the west.  By contrast, the D2 domains show well
developed and shallowly east-plunging
metamorphic lineations.  This observation is
identical with that in the Virginia horn (described
above) and in the Vermilion district (described by
Jirsa and others, 1991).  In the Vermilion district,
the west-plunging Tower–Soudan anticline formed
during D1 deformation (Hudleston, 1976); whereas,
the enclosing graywacke of the Lake Vermilion
Formation contains a strong, shallowly east-
plunging D2 lineation (Jirsa and others, 1991).  In
the Virginia horn, evidence from stereonet
projections and fold geometries in outcrop
indicates that the Mud Lake syncline is a west-
plunging D1 structure, which contrasts with the
intense easterly plunge of D2 lineations in the
Minntac sequence.  Interestingly, structural details
in the Virginia horn are nearly identical with those
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in parts of the Knife Lake area, which lies between
the Shebandowan and Virginia areas.  Vinje (1978)
described folds (F1) in greenschist-grade clastic
rocks that plunge S. 45° W., and are cut by N. 62º
to 70° E. cleavage.  Structural analogy between the
Shebandowan, Vermilion, Knife Lake, and Virginia
horn areas, in tandem with their lithologic
similarities described above, links the geologic
setting across a very broad swath of the Wawa
subprovince, and has obvious implications to
mineral potential.

REGIONAL GEOLOGIC CORRELATION

Rocks of the Virginia horn are structurally and
lithologically similar to those of the Soudan belt,
in the southern part of the Vermilion district, that
lies just north of the Giants Range batholith (Fig.
2.1).  Both areas preserve a stratigraphic succession
that grades irregularly from calc-alkalic to tholeiitic
volcanic rocks, to graywacke.  The structure of both
areas is characterized by broad, typically west-
plunging folds that predate D2 deformation.
Clearly, there are differences in the structural
details: early deformation of the Soudan belt
produced large nappe folds (Jirsa and others, 1991);
whereas, D1 in the Virginia horn produced the Mud
Lake syncline and other upright structures.
Nevertheless, the supracrustal rocks of both areas
experienced an early D1 folding that did not
produce cleavage, followed by D2, which was a
metamorphic and dextral transpressive event.  The
metamorphic grade in both areas ranges from
greenschist facies away from the Giants Range
batholith, to amphibolite facies near it.  Although
the correlation between the Soudan belt and
Virginia horn is provisional, its implication to
mineral potential is significant.  Southwick and
others (1998) stated that rocks of the Soudan belt
lack many of the lithologic and geochemical
characteristics commonly associated with the
geology of volcanogenic massive sulfide (VMS)
and lode gold camps.

ECONOMIC GEOLOGY

 We present here a general description of
veining, alteration, and mineralization based on
field and petrographic observations.  This is not
intended to be a thorough treatise on the subject,
as the details of economic geology in the Virginia
horn will be provided by publications in
preparation by the Natural Resources Research
Institute.

Veins
In general, veins occur in nearly all rock types

in the Virginia horn, and span the three major
periods of deformation.  Quartz, calcite, and Fe-
and Mg-carbonates are the most abundant vein
minerals; chlorite, sericite, barite, K-feldspar,
pyrite, chalcopyrite, arsenopyrite, and visible gold
are less common.  Veins are most numerous and
complex in and near the quartz-feldspar dikes,
although they occur in nearly all rock types,
including the high-grade Minntac sequence.  The
earliest veins are quartzose, best developed in the
pelitic (slaty) units of graywacke sequences.  Their
orientation varies from bedding-parallel to slightly
left of bedding (as measured in a horizontal plane),
and they typically show evidence for involvement
in D2 deformation: they contain pinch and swell
textures and local dextral fold hooks.  Pyrite is
rarely present in these early veins, and carbonate
alteration occurs only where the rocks have been
affected by subsequent veining and alteration.
Where veins of this early suite cut units of well-
sorted, medium- to coarse-grained graywacke, the
wallrock is silicified; this creates resistant, tabular
and dike-like bodies crossed by abundant later
veins, presumably emplaced due to rheologic
contrast with the enclosing un-silicified strata.

The majority of veins in the low-grade rocks,
including those containing gold, were emplaced
after or late in the D2 deformation and shearing
event, and after much of the carbonate and sericite
alteration.  From crosscutting relationships, we
infer that these veins are associated with east–west-
directed relaxation, prior to and during D3
deformation.  Veins of this generation are best
developed in and adjacent to the quartz-feldspar
porphyries, and in the silicified graywacke beds.
Gash veins of this suite have N. 30º E. to N. 60º
E. trends, and are composed of quartz, calcite,
ankerite, ferroan dolomite, pyrite, axinite, and rare
chalcopyrite, barite, feldspar, and arsenopyrite.  A
nearly horizontal to shallowly north-dipping set
is commonly associated.  Axinite—a boron-rich
calc-silicate—is one of the more interesting vein
minerals discovered during this study
(McSwiggen, unpub. data).  It occurs in late veins
and vesicle fillings in high-grade metabasalt of the
Minntac sequence.

Alteration and mineralization
The terms alteration and mineralization refer

to the processes of changing the structure or
composition of existing minerals, or introducing
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new minerals, largely by hydrothermal action.  In
this publication, the term "alteration" refers to the
process where the newly formed minerals typically
do not possess economic value.  The term
"mineralization" refers to the process of introducing
minerals that are valuable or potentially valuable,
even though they may not be present in mineable
quantities.  Therefore, mineralization is a specific
type of alteration and, in this context, a single zone
may be characterized as having both carbonate
alteration and gold mineralization.  Carbonate-
sericite alteration is widespread and locally
abundant in the low-grade rocks (Fig. 2.16), but
is surprisingly absent from the high-grade schists
of the Minntac sequence.  The following comments

are based on observations from the low-grade
strata.

Three major alteration types exist in Archean
rocks of the Virginia horn: 1. White-weathering,
quartz and epidote alteration of the calc-alkalic
basalt and andesite in both high- and low-grade
terranes; 2. Silicification of medium- and coarse-
grained graywacke beds; and 3. Carbonate-sericite
alteration associated with quartz veins in all rock
types, but most abundant in and adjacent to the
quartzofeldspathic dikes.  We interpret the first
type of alteration to be a syndepositional feature
formed at the lava flow–sea water interface,
because the alteration is restricted to
stratigraphically upper fragmental parts of flows

V
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PIKE RIVER
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Viking porphyry

Zones of moderate to
intense carbonate and
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Figure 2.16.  Outline map of Virginia horn geology showing the distribution of carbonate and sericite
alteration.  See Figure 2.2 for details of geologic units.
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and the detritus reworked from them.  This type
of alteration commonly occurs in clasts and the
upper parts of flows that contain abundant, tiny,
quartz-filled ("ant-egg") amygdules.  Many of the
calc-alkalic volcanic rock fragments in
conglomerate of the Mud Lake sequence display
this white alteration, as do some of the clasts in
the coarsest of graywacke units.  Pyrite and
graphite are associated with some of these zones—
in all cases they were deformed by the D2 cleavage-
forming event.  Together, these characteristics
indicate that type of alteration is an early-formed
phenomenon.

The silicification of graywacke beds (alteration
type 2, above) is a localized alteration that
presumably was controlled by permeability.  The
coarser-grained graywacke beds are more altered
than the associated fine-grained strata.  At several
locations, 1- to 2-meter-thick sandy graywacke
units stand in relief compared with mixed slate-
sandstone units, and the silicified beds responded
in a brittle fashion to later deformation that
produced veining.  During this and earlier
mapping and core logging endeavors, silicified
graywacke beds were occasionally mistaken for
altered quartzofeldspathic dikes, as they possess
similar characteristics of competency, alteration,
and veining, and the alteration commonly includes
fine-grained pyrite.  Petrography resolves the
question of protolith in most instances.

Carbonate-sericite alteration is the most
pervasive and regionally significant of the three
types described here; however, it is considerably
more diverse and complicated in its distribution
and composition than the other alteration types.
It varies from pervasive and not obviously related
to rock fabric, to textures implying strong
involvement in shearing.  Pyrite typically is
associated with carbonate and sericite, and
arsenopyrite and chalcopyrite occur locally.  Minor
amounts of arsenic, cobalt, nickel, and lead occur
in pyrite in all rock types (McSwiggen, unpub.
data).  Strongly altered rocks vary in color from
buff to yellow-green ("apple green") on freshly
broken surfaces.  Weathering produces a rusty
yellow-brown color.  In most of the altered
samples, nearly all mineral components except
quartz are replaced by some combination of
carbonate minerals and sericite.  Very minor
amounts of rare earth element phosphate are
widespread.  The carbonate minerals vary from
pure calcite, to Fe-rich dolomite (Fe + Mn = 6 to
7 weight percent), Fe-poor dolomite (Fe + Mn =

2 weight percent), to ankerite.  Most samples from
within alteration zones contain more than one
carbonate phase, which implies disequilibrium in
the hydrothermal system, and multiple alterations
that were episodic and incomplete (McSwiggen,
unpub. data).  The relative timing of introduction
of the various carbonate minerals is complex;
however, most assemblages imply the temporal
sequence (from earliest to most recent): 1. ankerite,
2. dolomite, 3. calcite.  Calcite is commonly the
phase involved in the latest mineralization in all
samples: it fills veins, pressure shadows, and D3
crenulation structures.  Carbonate and sericite
alteration is inferred to have formed during or just
after D2 deformation, as metamorphic minerals are
altered, yet the alteration products were variably
affected by S2.  Both the Mud Lake (pre-D1) and
younger Midway (post- to syn-D1) sequences
contain similar alteration zones.  Secondary (not
volcanogenic) pyrite cubes that have locally
asymmetrical pressure shadows of banded
chalcedony and calcite, indicate that some
transpression occurred subsequent to the
mineralizing event or events.

Although carbonate-sericite alteration is
widespread, it is focused at both map- and
outcrop-scale (Fig. 2.16) in the following manner:
• Near and within quartzofeldspathic dikes.

This is mostly due to their relative competence
in contrast to more ductile graywacke during
D2 deformation.  Alteration of the dikes is
likely a product of microporosity created along
crystal boundaries and mineral cleavages
during the later phases of D2 deformation.
Figure 2.16 shows well developed alteration
along and within the east-trending Viking
porphyry.  The segmented but generally east-
trending zone that lies within graywacke of
the Mud Lake sequence is associated with
numerous, narrow, quartzofeldspathic dikes.

• Near major lithologic boundaries.  This, like
the association of dikes, is probably the result
of competency contrasts.  The most notable
example of this type of alteration is the east-
trending contact between volcanic and
sedimentary strata in the north limb of the
Mud Lake sequence and the offset continuation
of that contact near Biwabik.  Another
significant zone of alteration of this type lies
along the faulted boundary (the Fayal fault and
related structures) between volcanic rocks and
adjacent graywacke and slate of the southern
Mud Lake sequence.
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• Within graywacke and conglomerate.  These
rock types tend to be more affected by
alteration than volcanic rocks.  This is possibly
the result of lateral permeability along bedding
and S2 cleavage planes, intergranular
paleoporosity, and the fact that many faults
occur in sedimentary rocks.

• Along major shear zones.  This occurs
regardless of the host-rock type, most notably
along the Pike River fault and similar
northeast-trending structures.

Gold and other metals
The Virginia horn has a long history of gold

"shows" recorded since the days of J.W. Gruner and
F.F. Grout (for example Grout, 1937).  Although
some visible gold can still be found in altered rocks
in and adjacent to quartz veins at several locations,
most of what is known about the distribution of
gold in the area is inferred from chemical analyses
made by exploration companies and the data of
Englebert and Hauck (1991).  Analyses of gold in
the exploration drill cores (Minnesota Department
of Natural Resources case history files) are shown
on Figure 2.17.  Company sampling focused largely
on the quartzofeldspathic intrusions, and the
country rocks were rarely analyzed.  As a result
of this sampling bias, it is difficult to extrapolate
their findings to the sedimentary and volcanic
strata that enclose the intrusions.  Nevertheless,
the following generalizations about gold
distribution can be made:
• Gold is most abundant in the

quartzofeldspathic dikes.
• The greatest gold contents occur in rocks that

are pervasively altered and cut by quartz-rich
veins.

• Anomalous quantities of gold exist locally in
sedimentary and volcanic strata.

• Analyses greater than the "mineable" cutoff of
about 0.029 ounces per ton (1,000 parts per
billion—indicated by arrows on Figure 2.17)
occur exclusively within quartzofeldspathic
dikes.

• Gold occurs in rocks affected by carbonate-
sericite alteration, commonly within zones of
anomalous arsenic content.
To complement the exploration data, a suite

of samples representing a broader range of rock
types and structural settings was assayed for this
study (Appendix A).  In the new suite of analyses,
the greatest gold assays (11 to 49 parts per billion)
are from samples of altered, sheared, and quartz-

veined graywacke and calc-alkalic volcanic rocks.
In addition, arsenic values that range from 12 to
27 parts per million were returned from samples
of some high-grade metavolcanic rocks of the
Minntac sequence, altered quartzofeldspathic
dikes, and Midway conglomerate.  A molybdenum
content 8 to 10 times greater than background
amounts occurs in one sample of altered and
sheared calc-alkalic volcanic rocks from within the
Pike River fault zone.  All of these illustrate the
coincidence between alteration, shear fabric, and
anomalous metal content.  In addition, anomalous
values of chromium, nickel, copper, and zinc
occur—apparently as magmatic components—in
the ferrogabbro presumably emplaced into the Pike
Mountain monzodiorite (see Intrusive rocks,
above).

Veining and alteration timing
Shear and alteration zones in most, but not all

cases are coincident and cross lithologic boundaries
and F1 fold axes.  Together, these attributes indicate
that alteration and gold mineralization are
relatively late phenomena—clearly postdating
deposition of all supracrustal sequences and the
intrusion of quartzofeldspathic and mafic dikes
(Fig. 2.18a).  The absence in the Midway
conglomerate of altered clasts in unaltered matrix,
and the fact that the Midway rocks are themselves
altered in some areas, indicate that alteration
postdates deposition of the Midway sequence.
Alteration affected metamorphic minerals,
suggesting that alteration is post- or late-D2.  The
presence of pyrite and ankerite porphyroblasts that
have asymmetrical pressure shadows of
chalcedony and carbonate further constrains the
alteration event to the late stages of D2 deformation
(Fig. 2.18b), and indicates secondary movement
within alteration zones.  Northeast-trending,
calcite-filled fractures in pyrite crystals also imply
compression and remobilization of carbonate
subsequent to the major alteration event
(presumably during D3 deformation).  In many
locations, there is a close link between shear fabric
and alteration (Fig. 2.18c); in some cases, the
sheared rocks themselves are altered, in others,
altered zones lie in proximity to shears.

The possibility exists that gold and other
metals were introduced by felsic magmas now
represented by the quartzofeldspathic dikes, and
were subsequently remobilized to positions
selectively within shear and alteration zones.  To
address this possibility, Englebert and Hauck
(1991) compared Au-rich to Au-poor samples, and
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Figure 2.17.  Gold assays from selected exploration drill cores.  Data were acquired by the companies
and are on file at the Department of Natural Resources, Division of Lands and Minerals, Hibbing,
Minnesota.  Hole numbers VH#3 and VH#7 were drilled and analyzed by Rhude and Fryberger; other
holes labeled in "VH-1" format were acquired by Newmont Exploration.  Where no line occurs in the
analyses column, no analysis was completed.  Drill hole locations are shown on Figure 2.6a, and more
detailed core logs appear in Appendix Figure 2.1.
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Figure 2.18.  Photographs and photomicrograph of representative alteration features.
A. Drill core DG-1 showing carbonate-altered quartz-feldspar porphyry intrusion (white quartz
phenocrysts) cut by a narrow intrusion of hornblende trachyandesite (dark-colored phenocrysts).
B.  Anastomosing alteration-rich shears in quartz-feldspar porphyry.
C. Porphyroblast of chalcopyrite surrounded by a chalcedonic pressure shadow that was deformed
and rotated during post-alteration deformation.

C.B.

A.
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found no systematic variations in the content of
arsenic, sulfur, chromium, and copper between the
two suites of samples.  More importantly, the
variations cannot be related to particular areas of
large porphyry bodies, or more broadly, to any
individual or set of intrusions.  This implies that
mineralization was not controlled by primary
magmatic processes; rather, it was due to
secondary alteration deposited in sites that were
structurally controlled.  The comparison between
Au-bearing and Au-poor felsic porphyry shows
that the most mineralized (Au-rich) rocks are those
that contain the greatest proportion of the
alteration minerals carbonate, sericite, and
arsenopyrite.

Field and petrographic evidence places the
temporal setting of carbonate alteration of Mud
Lake and Midway rocks in late D2.  Perhaps not
coincidentally, this corresponds broadly with the
syn-tectonic emplacement of the Lookout
Mountain tonalite into high-grade schist of the
Minntac sequence.  The suggested equivalence
between the Minntac and lower-grade Mud Lake
sequences raises the possibility that the Virginia
horn exposures provide two contrasting views of
the same event: emplacement of tonalite into the
Minntac sequence at some considerable depth, and
alteration of higher-level, low-grade rocks (now
represented by the Mud Lake and Midway
sequences) by CO2-rich fluids derived from the
degassing of tonalitic magma.  This scenario may
explain the lack of carbonate alteration in the
Minntac rocks, as they were too deeply buried
during alteration.

Considerations of potential gold source
rocks

In this section, we discuss geologic and
geophysical considerations that may relate to the
source and transport of the hydrothermal fluids.
Gravity profiles show that the lithologic
boundaries that are mainly structural in nature are
typically vertical.  However, evidence from
geophysical models (see Chapter 4) indicate that
depositional contacts may reflect the synclinal
structure of the Mud Lake volcanic and clastic
sequence.  For example, gravity models of the east-
trending contact between basalt and the overlying
graywacke-slate near Gilbert indicate that the
boundary dips to the north–northwest at angles
of 50º to 60°.  Although the same contact to the
southwest in the Genoa area has been complicated
by faulting, the geophysical model shows that
dense strata having a moderate west dip lie

beneath graywacke within fault-bounded blocks.
The implication that boundaries dip toward the
axis of the Mud Lake syncline, together with the
regional Bouguer data that implies the syncline is
underlain by dense material (such as basalt),
indicates that volcanic rocks of the Mud Lake
sequence probably are continuous beneath the
graywacke-slate and Midway strata in the core of
the syncline.  This interpretation implies that
hydrothermal solutions may have passed along
crustal-scale faults—such as the Pike River, Fayal,
and related structures—through a significant
thickness of volcanic crust on the way to
depositional sites in higher-level crust.  Thus, the
leaching of volcanic rocks (that typically contain
a greater concentration of metallic elements) may
have affected the abundance and distribution of
mineralized rock.  However, background gold
values in the volcanic rocks are relatively low
(Englebert and Hauck, 1991), like those of the
Soudan belt in the Vermilion district to the north
(Southwick and others, 1998).

Some of the most altered and mineralized rocks
are those within the Viking prospect, which lies
near the junction of Mud Lake volcanic and clastic
strata, Midway conglomeratic and volcanic strata,
and the Viking quartz-feldspar porphyry intrusion.
The contact between volcanic rocks and graywacke
at this location is transitional, largely conformable,
and marked by abundant graphitic and pyritic
slate.  Pyrite clasts in volcanic pebble
conglomerate, and layers and amygdule-fillings of
graphitic material, are considered primary
depositional components that indicate the
contribution of submarine effusive activity during
the transition from volcanic to turbiditic
deposition.  Although these strata are relatively
barren with respect to gold content, the proximity
of the apparently fumarolic deposit to
subsequently altered and mineralized rocks
deserves further consideration for exploration.

DISCUSSION

Analog comparisons

To date, exploration for lode gold deposits in
the Virginia horn appears to have focused on two
primary models: shear zone-hosted gold, and
porphyry vein-type gold.  The fact that no mining
is underway implies that neither model succeeded
at the present level of effort.  Nevertheless, the
association of these subeconomic deposits with a
major shear zone and Timiskaming-type strata has
potential.  Evaluating that potential in the absence
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of continuous bedrock exposure, deep drilling, and
geochronologic data requires analog comparison.
Several stratigraphic, structural, and mineral
deposit models can be applied to these rocks by
analogy.

Association of Timiskaming-type rocks
Structural, lithologic, and stratigraphic

evidence indicates an apparent relationship
between the Midway sequence and parts of the
Knife Lake and Shebandowan Groups (Fig. 2.19).
Using geochronology, Corfu and Stott (1998)
extended the correlation nearly 250 kilometers
farther eastward from the Shebandowan area to
the Winston Lake and Manitouwadge greenstone
belts.  Recent geochronologic work in the Hemlo
gold district also indicates formation within a
sheared, highly metamorphosed, Timiskaming-
type sedimentary basin (Davis and Lin, 2003).  The
potential genetic and temporal link between
Timiskaming-type rocks of the Virginia horn, Knife
Lake, Shebandowan, Manitouwadge, and Hemlo
areas is significant because the latter three contain
important gold deposits associated with
Timiskaming-type rocks, and base-metal deposits
in several felsic volcanic centers.  For example,
Lavigne and Scott (1994) identified the Matawin
gold belt—an area where more than 40 gold
deposits and shows (both economic and

subeconomic) were discovered between 1983 and
1993.  Most deposits are associated with the
Shebandowan Group and other fault-bounded,
Timiskaming-type deposits.  Several base-metal
deposits of both VMS and intrusion-hosted nickel
sulfide types occur in the Shebandowan–Schreiber
mineral belt (Card and Poulsen, 1998).

The Seine Group is a Timiskaming-type deposit
that lies along the boundary between the Wabigoon
and Quetico subprovinces in the Rainy River
district of north-central Minnesota and adjacent
Ontario (Ojakangas, 1972; Poulsen, 1984; Jirsa,
1998b).  It consists of cross-bedded, feldspathic-
lithic quartzite and conglomerate containing
abundant clasts of granitic provenance (Ojakangas
and Olson, 1982).  The Rainy Lake–Seine River
fault forms the boundary on one side of the unit,
and an inferred unconformity forms the other
(Poulsen, 1984).  Interestingly, the only gold mine
in Minnesota—the Little America Mine—operated
from 1893 to 1894 along the faulted southern edge
of the Seine Group.

Deformation domains in the Shebandowan
district

Mapping in the Shebandowan greenstone belt
by Stott and Schnieders (1983) defined two major
deformation domains: one characterized by broad
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Figure 2.19.  Simplified geology of the northern Wawa subprovince of Minnesota and adjacent parts
of Canada showing the location of inferred Timiskaming-type strata within the Virginia horn, Knife
Lake, and Shebandowan areas (modified from Corfu and Stott, 1998).  Although the Knife Lake Group
is dark—implying it is all Timiskaming-type rocks—in detail it contains both an older graywacke
sequence and inferred Timiskaming-type strata.  The two are interlaminated along faults and difficult
to distinguish at this scale.
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zones in which steeply west-plunging folds of D1
generation occur; the other dominated by a strong
metamorphic lineation (D2) that trends shallowly
eastward.  Stott and Schnieders tabulated gold
deposits and showings, and found that nearly all
occur in the D2-dominated domain or along the
boundaries between the D1 and D2 domains.
Equivalent rocks in Minnesota also contain large
fold structures inferred to be west-plunging F1
folds, such as the Tower–Soudan anticline in the
Vermilion district (Hudleston, 1976; also Fig. 2.19),
and the Mud Lake syncline in the Virginia horn.
Areas containing these structures display a strong
overprint by, or interdigitation with zones of
shallow, east-plunging D2 lineations, as in the
Cook–Side Lake area (Jirsa and others, 1992) and
the Minntac sequence.  By analogy, the D2-
dominated Minntac sequence is a favorable target
area for further exploration, and as far as we know,
those rocks are untested except for the few samples
analyzed for this study that show anomalous metal
contents.

Association with deep regional structures
and hypabyssal intrusions

Timiskaming-type deposits have been
identified in nearly all of the Superior Province.
All deposits do not share the same age or
stratigraphy, but they are all fault- and
unconformity-bounded, and in their respective
belts, the deposits are temporally late (Thurston
and Chivers, 1990).  The Timiskaming Group in
the Kirkland Lake area of the Abitibi subprovince
in Ontario and adjacent Quebec is apparently
somewhat younger than Timiskaming-type rocks
in the Shebandowan area; yet, it contains all the
attributes of other Timiskaming-type deposits.  The
Timiskaming Group contains conglomerate and
breccia composed of extrabasinal detritus and
intrabasinal calc-alkalic and alkalic volcanic rocks
that form lenticular relict basins.  From a mineral
deposits prospective, the Timiskaming Group is
important because it is associated with major
structural boundaries, along which lie some of the
largest lode gold deposits and most productive
mines in the world—notable among them is the
Macassa Mine (Fig. 2.20).  Gold ore at Macassa is
concentrated at depth along the Kirkland Lake
fault that cuts conglomerate and volcaniclastic
rocks of the Timiskaming Group, and a multiphase
syenite (Kerrich and Watson, 1984).  The most
productive levels at Macassa occur at depths
between 914 and 1,737 meters.  Like the Pike River
fault that bounds the southern contact of the

Midway sequence in the Virginia horn, the
Kirkland Lake fault is relatively inconspicuous at
the surface: it occupies a 30-centimeter-wide gap
in outcrop.  At depth, this structure forms a broad
zone of cataclasis that localized mineralization.
Specifically, the ore zone occurs as dilational
fillings in syenite that is inferred to be the intrusive
equivalent of volcanic rocks in the Timiskaming
Group.  The intrusion is narrow at the surface, but
widens at depth.  Surface samples in the vicinity
show very little gold, although pervasive carbonate
alteration exists—similar to the Virginia horn.
Mineralization and alteration is thought to have
been in large part the result of involvement of
meteoric waters during a period of uplift and
erosion—again, similar to what has been inferred
in the Virginia horn during fluvial–alluvial fan
deposition and subaerial volcanism of the Midway
sequence.  By contrast with the deep workings of
the Macassa Mine, drilling in the Virginia horn has
penetrated true depths of less than 152 meters.
Deeper extensions of the zone have not been tested.

The presence of deep, subvolcanic intrusions
in the Midway sequence has not been substantiated
by drilling, but some potential exists.  Dikes of
hornblende trachyandesite (unit Ahi on Jirsa, 1998a;
and Jirsa and others, 1998) occur in nearly all
Archean rock types throughout the area.
Geophysical data imply that a magnetic body lies
buried beneath graywacke of the Mud Lake
sequence north of the town of McKinley (see
Chapter 4).  Because samples of hornblende
trachyandesite dikes are mildly magnetic, this
buried anomaly may represent a large intrusion
of similar composition.

SUMMARY OF SIGNIFICANT
FINDINGS

Our results differ from previous interpretations
in many respects.  This is not intended to criticize
earlier works, as each has contributed
incrementally to the overall geologic picture of the
Virginia horn, and we have borrowed heavily from
them.  The differences are largely due to the fact
that this study included all available data—both
exploration and scientific—together with thorough
remapping of outcrops, geophysical modeling, and
the application of sedimentological, stratigraphic,
and structural models derived from well-
documented analogs.  The more significant results
of the study of Archean rocks are listed below.
• Definition of a complex and long history of

faulting that extends temporally from
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structures initiated during deposition of the
earliest Archean rocks, to those that postdate
deposition of the Proterozoic strata.  One
example is the Fayal fault that is inferred to
have developed in the Archean, and then
experienced reactivation during several
subsequent deformational events.

• Identification of the Archean Timiskaming-type
clastic and volcanic sequence that
unconformably overlies older volcanic strata.
Deposition of this sequence required uplift,
subaerial erosion, and continental volcanism
along a major structural break—similar in
many respects to the rocks of such gold-

producing districts as the Timmins camp in
eastern Ontario, and parts of the Shebandowan
district near Thunder Bay.

• Recognition that the distribution of major
Archean rock units is controlled largely by a
pre-cleavage deformation event (D1).  Folds
formed during this event are truncated by the
Timiskaming-type sequence.

• Recognition of contrasting structural and
metamorphic domains, dominated by rocks
alternately displaying D1 and D2 effects.

• Recognition of an Archean depositional
sequence (the Mud Lake sequence) in which
volcanic rocks grade from calc-alkalic to
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tholeiitic, and eventually to graywacke and
slate.  This, together with structural data, imply
that much of the deposition occurred in a back-
arc basin setting.

• Evidence for very low-grade (prehnite-
pumpellyite) metamorphism in the least
deformed parts of the Archean volcanic rocks.
This is unique among known Archean
sequences in Minnesota, and rare elsewhere
in the Superior Province.  It implies
preservation of a relatively high crustal level,
which may explain the presence of a precursor
(Timiskaming-type) basin sequence.

• Identification of a thick volcanic, volcaniclastic,
and rare iron-formation-bearing sequence that
has high metamorphic rank (the Minntac
sequence), and that is in fault contact with
lower-grade sequences.  Analogy with the
Shebandowan district, where mineralization
is almost exclusively within D2 overprint,
makes this terrane a promising exploration
target, and it is relatively untested.

• Recognition that the major alteration and gold
mineralization event occurred relatively late
in D2, and is focused along late structures that
are more or less coincident with lithologic
boundaries.  This is substantiated by the fact
that mineralization occurs in all rocks, and thus
is not necessarily restricted to such rock types
as the felsic dikes.

• Little evidence currently exists in the Archean
rocks for the presence of mineral deposits other
than lode gold.  Exhalative deposits at the
contact between volcanic and turbiditic parts
of the Mud Lake sequence carry abundant
sulfide minerals, but analyses to date are
barren of metals.  The occurrence of
molybdenite locally in pegmatitic dikes that
cut the Minntac sequence merits further
investigation.

• Although the geologic setting of Archean rocks
in the Virginia horn implies considerable
prospectivity, this assessment would be
incomplete without consideration of features
that might counter-indicate the potential for
significant lode gold deposits.  Below is a list
of several such features.
a.  Many gold camps have a close spatial

association with silica-undersaturated
magmas (syenites, monzonites, and
sanukitoid suite rocks).  Intrusions of that
composition are rare in surface exposures
in the Virginia horn area.

b.  The quartzofeldspathic porphyry intrusion
that is associated with the greatest
mineralization at the surface is thought to
narrow at depth.

c.  Analysis of host rocks from which gold
might have been hydrothermally extracted
during extensive carbonitization show
relatively small background metals
contents.

d.  Both komatiitic and highly evolved felsic
rocks are common in the local geology of
many gold camps, but are lacking from
volcanic sequences in the Virginia horn.

e.  The apparent correlation of the relatively
unproductive Soudan belt with rocks of the
Virginia horn may indicate a similarly small
potential for significant mineral deposits.

f.  The surface bedrock in most of the area has
now been thoroughly sampled and
analyzed for gold content, and no mineable
deposits have been identified.

RECOMMENDATIONS

The following is a list of recommendations for
additional work in the Virginia horn that have
implications to the search for lode gold deposits:
• Investigate the area surrounding the

Timiskaming-type Midway sequence at depth.
Some data (drill hole DG-1, Appendix A) imply
that the Viking porphyry thins at depth;
however, mineralization is not restricted to the
intrusion, and the body crosses an F1 anticline
that may have been conducive to channeling
fluids beneath the unit in graywacke wallrock.
A potential analog to the Macassa Mine area
of Kirkland Lake, which has a similar geologic
setting, implies that mineralization might be
encountered at considerably greater depths
than were penetrated by previous rounds of
exploration drilling.

• Moderate alteration occurs in thin
quartzofeldspathic dikes and adjacent rocks of
the Mud Lake sequence along the main break
and several N. 30º E.-trending splays of the
Fayal fault.  Resources Exploration trenched
an area in this zone, and drilled 3 holes to
investigate (drill holes DML-1, 2, and 3,
Appendix A).  The zone continues to the
northeast for several kilometers, and, to our
knowledge, has received little exploration
effort.
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• Drilling along the Pike River fault from its
intersection with the Laurentian fault
southwestward to the wedge of Midway strata
might be productive.  The only exposure of the
fault lies south of the Midway sequence, where
it splays into an area of pervasively, but
relatively mildly altered graywacke and slate.
The possibility that this alteration was more
focused along the main fault zone should be
evaluated.

• Further work is warranted in the high-grade
rocks of the Minntac sequence.  Minor pyrite,
chalcopyrite, and molybdenite mineralization,
and some lean iron-bearing strata have been
found, and anomalous gold values were
returned from recent analyses.
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APPENDIX A

Appendix Table 2.1.  Summary of drill cores in Archean bedrock.  See Figure 2.6 for selected sample
locations.

         Core
Name MUN Company T R S ABCD Quad AZI ANG From To

VH-1 21583 Newmont 58 17 22 ABAADA MQ 320 45 13 572
VH-2 21574 Newmont 58 17 22 ABADBB MQ 315 45 25 492
VH-3 20225 Newmont 58 17 22 ABBDDA MQ 320 45 16 383
VH-4 20230 Newmont 58 17 22 ABCBAA MQ 320 45 19 429
VH-5 21588 Newmont 58 17 22 ABDABC GQ 320 45 23 572
VH-6 21593 Newmont 58 17 15 AABBAA MQ 320 45 19 650
VH-7 21592 Newmont 58 17 15 DCDBBA MQ 136 45 14 405
VH-8 21589 Newmont 58 17 22 AABBDB MQ 327 45 29 550
VH-9 21584 Newmont 58 17 22 AABCBD MQ 320 60 19 624
VH-10 21596 Newmont 58 17 22 ABADDB MQ 320 60 22 739
VH-11 22005 Newmont 58 17 15 DCDDDB MQ 140 60 74 602
VH-12 22006 Newmont 58 17 15 DDCBCA MQ 140 60 50 528
VH-13 22007 Newmont 58 17 15 DDCABB MQ 140 50 70 519
VH-14 22026 Newmont 58 17 15 DCDCBD MQ 116 75 81 1216
VH-15 22016 Newmont 58 17 16 DDDACB MQ 345 50 16 635
VH-16 22008 Newmont 58 17 16 DDDAAD MQ 0 50 17 716
VH-17 22045 Newmont 58 17 15 CCCCDD MQ 0 45 36 740
VH-18 22046 Newmont 58 17 15 CCCBAD MQ 0 45 72 587
VH-19 22047 Newmont 58 17 14 CAABCC MQ 134 45 30 625
VH-20 21598 Newmont 58 17 15 DCCBCD MQ 175 65 21 1150
VH-20A 22002 Newmont 58 17 15 CCD MQ 175 65 21 87
VH#1 20215 Rhude+Fryberger 58 17 21 BCDADB EQ 360 46 35 302
VH#2 20218 Rhude+Fryberger 58 17 21 BDCABC EQ 350 45 9 342
VH#3 20219 Rhude+Fryberger 58 17 22 BADABC GQ 330 45 6 312
VH#4 20221 Rhude+Fryberger 58 17 22 BADBBA MQ 330 45 11 402
VH#5 20220 Rhude+Fryberger 58 17 22 BACAAB GQ 330 45 14 502
VH#6 20217 Rhude+Fryberger 58 17 22 BBADDD MQ 330 45 12 551
VH#7 20216 Rhude+Fryberger 58 17 22 BBDBAD GQ 330 45 24 233
VH#8 20224 Rhude+Fryberger 58 17 22 BADBAA GQ 330 45 31 624*
VH#9 20223 Rhude+Fryberger 58 17 22 BACABB GQ 330 45 17 623*
VH#10 20222 Rhude+Fryberger 58 17 22 BBAADC MQ 330 45 30 604*
VH#11 22082 Rhude+Fryberger 58 17 22 BBDABB MQ 330 70 13 243*
DG-1 21984 Resource Exp. 58 17 15 DCDDCA MQ 145 45 74 487
DML-1 21852 Resource Exp. 58 17 28 DCBBCB EQ 315 45 14 170
DML-2 21981 Resource Exp. 58 17 28 CDCDAA EQ 315 45 20 233
DML-3 21982 Resource Exp. 58 17 28 CDDCDA EQ 135 45 30 310
DLF-1 21855 Resource Exp. 58 17 21 AAABCD VQ 330 45 11 332
DLF-2 21856 Resource Exp. 58 17 21 AADDAC EQ 330 45 18 302
DBH-1 21858 Resource Exp. 59 16 34 CCCBAD BQ 150 45 15 537
DBH-2 21985 Resource Exp. 59 16 33 DDDDBC BQ 360 45 33 423
DBH-3 21983 Resource Exp. 58 16 4 AABABA BQ 360 45 21 100
VH-45-CL American Shield 58 17 15 CDCB MQ 300 45 19 420

(MUN) Municipal unique number assigned by the Minnesota Department of Health.
(T, R, S, ABCD) Hole location by township, range, section, and quarter sections (largest to smallest).
Quads:  BQ = Biwabik quadrangle, EQ = Eveleth quadrangle, GQ = Gilbert quadrangle, MQ = McKinley quadrangle,

VQ = Virginia quadrangle
(AZI) Azimuth of drill hole (ANG) Angle in degrees from horizontal
(Core) Footage from top to bottom of core and cuttings (*) Cuttings only
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Appendix Table 2.2.  Geochemical analyses of Neoarchean rocks from outcrop in the Virginia horn
area, St. Louis County, Minnesota.  Map units correspond to those used on Jirsa and others, 1998.

Analyses performed by Activation Laboratories, Ltd., Wheat Ridge, Colorado.

(*) Fe2O3
c calculated from FeO and Fe2O3

t (total iron as Fe2O3).

(**) Total is the sum of all elements reported in weight percent, excluding Fe2O3
c and FeO.

Sample V108A V119A V134A V145A V146 V166B V166C V619B V640A V645 Method
Map unit Aim Aqd Ahi Ags Aim Ahc Ahv APd Atd Amd

SiO2 59.56 73.16 53.22 59.13 47.56 51.61 52.04 47.53 71.76 63.82 1
TiO2 0.61 0.28 0.74 0.51 0.7 0.7 0.78 2.32 0.19 0.52 1
Al2O3 14.55 15.05 13.49 14.49 12.27 14.98 13.15 13.77 15.69 15.59 1
CaO 7.48 0.53 8.19 5.13 6.95 6.26 6.8 5.1 2.86 3.63 1
MgO 4.28 0.57 5.43 3.11 6.48 7.09 8.63 5.83 0.66 2.67 1
Na2O 3.95 4.47 3.11 3.36 1.97 4.61 3.08 2.29 5.72 4.64 1
K2O 0.57 2.61 1.55 2.14 1.94 1.58 1.68 0.57 0.9 2.29 1
Fe2O3

c* 2.15 0.85 1.89 0.78 1.52 2.60 2.76 3.11 0.66 1.61
FeO 4.31 1.28 5.45 4.49 6.64 5.54 6.22 12.32 1.1 2.68 NR
Fe2O3

t 6.94 2.27 7.95 5.77 8.9 8.76 9.68 16.81 1.88 4.59 1
MnO 0.12 0.02 0.13 0.09 0.16 0.14 0.15 0.22 0.02 0.07 1
P2O5 0.14 0.09 0.44 0.19 0.2 0.26 0.26 0.19 0.06 0.2 1
C 0.166 0.065 1.26 1.06 2.84 0.265 0.102 0.136 <0.003 0.004 6
S 0.012 0.045 0.305 0.02 0.006 0.121 0.008 0.261 0.004 0.003 6
H2O

+ 0.65 0.39 0.86 1.2 1.45 1.08 1.79 2.59 0.37 0.72 NR
H2O

- 0.65 0.39 0.86 1.2 1.45 1.08 1.79 2.59 0.37 0.72 NR
total** 99.678 99.94 97.535 97.4 92.876 98.536 99.94 100.207 100.481 99.467

Rb 14.21 100.06 51.86 73.47 75.43 32.87 37.08 34.09 27.45 56.06 4
Sr 166.89 231.31 658.57 458.78 188.98 471.11 591.34 158.77 666.33 857.95 4
Ba 202.64 720.06 389.13 537.55 250.94 612.59 278.25 353.61 391.63 873.85 4
Zr 122.85 112.87 131.43 118.53 83.62 117.61 90.11 127.97 92.72 143.31 4

Rare earth elements

La 17.21 21.55 34.78 37.64 22.81 29.97 16.65 7.12 10.21 34.91 4
Ce 33.99 37.58 75.57 75.65 47.05 68.71 35.81 18.16 17.89 69.62 4
Nd 15.13 12.11 37.11 31.37 21.05 33.72 19.73 12.32 6.16 31.71 4
Sm 3.21 2.23 7.3 5.55 4.26 6.06 4.14 4.2 0.71 5.45 4
Eu 0.879 0.673 1.892 1.405 1.152 1.676 1.171 1.918 0.506 1.498 4
Tb 0.53 0.24 0.82 0.61 0.57 0.74 0.54 0.97 0.08 0.49 4
Dy 2.68 0.9 2.97 2.15 2.44 2.79 2.96 7.02 0.29 2.11 4
Yb 1.74 0.33 1.38 0.96 1.27 1.26 1.69 4.28 0.14 0.88 4
Lu 0.288 0.055 0.208 0.169 0.226 0.213 0.292 0.731 0.033 0.164 4

Minor elements

Ag 1.0 0.6 1.1 0.6 0.7 1.1 0.6 1.1 1.1 <0.5 1
As 2.7 4.5 3.6 11 1.6 12 7.5 <0.5 0.9 <0.5 2
Au (ppb) 23 <2 <2 6 4 3 <2 7 <2 <2 2
B 7 15 5 15 17 15 19 14 10 34 3
Ba 202.64 720.06 389.13 537.55 250.94 612.59 278.25 353.61 391.63 873.85 4
Be <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 1
Bi <0.1 <0.1 0.2 <0.1 <0.1 0.2 0.1 1.1 <0.1 <0.1 1
Cd 2.0 <0.5 2.5 1.6 3.1 2.8 3.4 6.2 <0.5 1.5 1
Cl <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 2
Co 24 4 26 12 33 29 38 49 4 12 2
Cr 100 18 150 130 460 190 470 74 9 56 2
Cs 0.52 3.96 3.46 3.14 3.25 1 0.93 11.27 0.8 0.59 4
Cu 61 7 89 32 35 43 74 49 3 17 2
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Sample V108A V119A V134A V145A V146 V166B V166C V619B V640A V645 Method
Map unit Aim Aqd Ahi Ags Aim Ahc Ahv APd Atd Amd

Minor elements, continued

Er 1.73 0.43 1.78 1.21 1.47 1.59 1.78 4.4 0.14 1.05 4
F 390 450 1370 610 810 870 870 690 290 970 5
Ga 24 23 18 20 17 20 17 23 19 19 4
Ge 1.4 1.1 1.5 1 1 1.1 1 1.5 0.4 0.6 4
Hf 3.01 3.2 3.24 3.04 2.26 3.1 2.4 3.51 2.32 3.49 4
Ho 0.59 0.18 0.57 0.41 0.49 0.51 0.56 1.44 0.05 0.35 4
Mo 0.64 0.17 0.42 0.83 8.78 0.33 0.28 0.57 0.19 0.25 4
Nb 6.74 3.98 5.97 4.43 4.06 5.7 4.57 8.15 1.43 41.75 4
Ni 130 14 41 61 142 83 87 49 4 34 1
Pb <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 1
Pr 3.4 3.255 7.98 7.457 4.866 7.528 3.618 2.057 1.426 6.551 4
Rb 14.21 100.06 51.86 73.47 75.43 32.87 37.08 34.09 27.45 56.06 4
Sb 0.4 0.4 1.8 0.4 2 3.2 6.5 <0.1 <0.1 <0.1 2
Sc 16 3.4 21 11 22 16 27 42 1.1 8 2
Se 0.2 0.2 0.1 <0.1 0.1 <0.1 0.1 <0.1 0.3 <0.1 1
Sn 1.5 1.7 3.4 1.2 1.4 1.1 0.5 0.7 <0.2 <0.2 4
Sr 166.9 231.31 658.57 458.78 188.98 471.11 591.34 158.77 666.33 857.95 4
Ta 0.456 0.41 0.345 0.276 0.234 0.305 0.266 0.443 0.062 0.421 4
Te 0.3 <0.2 0.2 0.4 0.2 <0.2 0.2 <0.2 <0.2 <0.2 1
Th 3.223 6.636 6.465 5.997 3.705 5.341 2.713 0.99 0.914 3.706 4
Tm 0.263 0.049 0.196 0.144 0.21 0.209 0.225 0.653 0.018 0.12 4
U 0.756 2.369 1.73 1.184 0.726 1.227 0.729 0.261 0.149 1.006 4
V 129 28 154 89 149 135 186 435 22 69 4
W 0.93 1.32 2.4 1.43 0.55 0.67 1.01 0.32 0.24 0.24 4
Y 17.3 5.3 16.7 10.9 13.8 14.6 16.3 37.9 1.1 11.4 4
Zn 58.46 29.877 78.541 82.831 75.245 86.412 81.184 106.69 40.121 84.354 1
Zr 122.85 112.87 131.43 118.53 83.62 117.61 90.11 127.97 92.72 143.31 4

Analytical methods:

1.  Inductively coupled plasma emission spectrometry (ICP)
2.  Instrumental neutron activation analysis (INAA)
3.  Prompt gamma neutron activation (PGNAA)
4.  Inductively coupled plasma–mass spectrometry (ICP/MS)
5.  Fusion ICP (FUS-ICP)
6.  LECO Carbon-Sulfur Analysis
NR–method not reported by analytical company
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Appendix Table 2.2.  Continued

Rock types and locations:

V108A .... Andesitic basalt, fine-grained, grayish-green, part of Mud Lake sequence.  T. 58 N., R. 17 W., sec. 1 BACD
V119A .... Quartz-feldspar porphyry dike, cuts Mud Lake graywacke-slate sequence.  T. 58 N., R. 17 W., sec. 29 DDD
V134A .... Biotite-bearing lamprophyre dike of Midway sequence.  T. 58 N., R. 16 W., sec. 5 CDBB
V145A .... Graywacke, sandy-textured, relatively unaltered, from Mud Lake sequence.  T. 58 N., R. 17 W., sec. 23 BDB
V146 ....... Mylonite, probable andesitic basalt protolith, from Pike River fault zone.  T. 58 N., R. 17 W., sec. 14 AACC
V166B .... Volcanic conglomerate, part of Midway sequence.  T. 58 N., R. 17 W., sec.  21 DABAC
V166C .... Hornblende andesite porphyry flow, part of Midway sequence.  T. 58 N., R. 17 W., sec. 21 ADCD
V619B .... Ferrogabbro, medium-grained, leucoxene-bearing, unknown age.  T. 59 N., R. 17 W., sec. 29 DADAD
V640A .... Tonalite gneiss, Lookout Mountain tonalite, part of Giants Range batholith.  T. 59 N., R. 17 W., sec. 29 ABDA
V645A .... Pike Mountain monzodiorite, part of Giants Range batholith.  T. 59 N., R. 17 W., sec. 29 DBDD
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Appendix Table 2.3.  Geochemical analyses of selected Neoarchean rocks from outcrop in the Virginia
horn area, St. Louis County, Minnesota.  Map units correspond to those used on Jirsa and others,
1998.

Analyses performed by Activation Laboratories, Ltd., Wheat Ridge, Colorado.

Methods: Inductively coupled plasma emission spectrometry (ICP) for all samples except Cr, Co, As,
Sb, W, and Au, which were analyzed by instrumental neutron activation analysis (INAA).

Sample
V001A V016X V018A V026A V026B V041A V055B V072A V075X V077C V086B V099C

Map
  unit Aim Avc Avc Aqp Ags Aim Aqp Avc Avc Avc Aim Ags

TiO2 0.41 0.35 0.22 0.12 0.37 0.50 0.13 0.34 0.39 0.42 0.92 0.54
Al2O3 16.38 16.64 13.61 8.61 21.18 13.03 14.30 19.71 26.71 15.10 18.33 18.37
Fe2O3 4.52 4.05 4.59 3.17 5.68 10.80 1.69 3.50 7.29 5.41 8.21 5.36
MnO 0.10 0.11 0.05 0.08 0.17 0.05 0.04 0.06 0.08 0.12 0.25 0.08
MgO 2.55 1.84 1.40 1.02 2.07 2.35 0.27 2.75 4.31 4.03 5.93 3.25
Na2O 2.50 4.12 0.89 1.07 2.24 1.76 4.62 2.13 3.70 4.52 2.40 4.17
K2O 2.77 2.27 3.92 1.57 3.96 1.78 2.99 5.18 4.19 1.59 2.03 3.47

V 96 60 27 44 146 77 32 64 152 97 277 103
Cr 120 31 16 70 260 56 15 74 210 89 99 130
Co 16 10 8 8 18 15 4 9 23 15 43 17
Ni 53 23 19 30 78 23 8 28 103 44 53 76
Cu 47 36 39 6 62 23 7 32 42 25 102 29
Zn 72 81 50 49 134 293 37 50 109 75 90 74
Ba 440 620 1600 330 680 480 370 760 730 480 260 790
As 5 11 24 20 52 20 32 5.9 30 7.2 70 3.5
Sb 0.5 1.1 1.4 1.3 1.7 3.4 1.3 2.1 1.3 1 1.8 0.8
Mo <2 <2 3 <2 <2 <2 <2 2 <2 <2 <2 <2
Cd <0.5 <0.5 <0.5 <0.5 <0.5 1.1 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
W <1 <1 <1 <1 <1 <1 <1 <1 5 <1 <1 <1
Pb 13 6 11 13 12 149 8 <5 16 9 5 8
Au (ppb)<2 14 52 7 <2 37 8 6 7 <2 3 6
Ag 0.9 <0.5 <0.5 0.5 <0.5 1.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Appendix Table 2.3.  Continued
Sample

V105B V119C V122A V126B V129B V132B V137C V149A V155 V176A V182C V182E
Map
  unit Aav Ags Aqd Ags Aqd Aqp Ags Ags Aqp Aag Atd Aav

TiO2 0.75 0.59 0.12 0.51 0.21 0.13 0.29 0.20 0.15 1.47 0.31 0.50
Al2O3 21.88 21.26 21.09 17.12 20.82 15.60 16.45 18.37 18.78 18.94 14.41 18.45
Fe2O3 11.44 5.03 0.09 5.02 2.42 2.23 12.81 2.92 1.54 14.87 3.98 6.56
MnO 0.24 0.06 0.04 0.12 0.06 0.04 0.05 0.07 0.04 0.25 0.04 0.13
MgO 8.72 3.45 0.58 4.04 1.22 1.04 3.52 2.50 0.67 8.43 3.82 3.92
Na2O 3.12 2.85 5.83 3.86 4.62 4.10 1.19 4.20 5.52 2.57 4.37 2.24
K2O 2.55 4.07 2.93 3.00 3.74 3.42 2.76 3.21 3.19 0.63 1.39 2.23

V 260 107 13 104 44 32 84 61 26 368 38 125
Cr 360 130 10 150 10 17 86 76 12 28 7 130
Co 51 16 2 16 5 4 12 11 3 43 8 20
Ni 177 71 7 69 10 8 49 38 6 43 13 52
Cu 150 44 <1 33 4 22 104 29 7 98 33 125
Zn 59 101 24 70 21 48 78 44 24 78 59 101
Ba 520 670 510 630 730 770 520 850 610 180 370 350
As <0.5 15 130 5 6 7.4 4.9 92 7.7 <0.5 <0.5 <0.5
Sb 0.2 0.6 0.5 1 0.7 0.4 0.8 2.1 1 <0.1 <0.1 0.3
Mo <2 <2 <2 <2 <2 <2 3 <2 <2 <2 6 <2
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
W <1 <1 <1 <1 <1 <1 <1 <1 2 <1 <1 <1
Pb 9 12 7 5 10 7 11 7 6 <5 11 <5
Au (ppb) 8 <2 <2 4 <2 <2 <2 <2 9 <2 <2 6
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Sample
V183C V204B V207B V208 V500C V503A V520C V530A V547B V555A V561C V566R

Map
  unit Aai Aqd Avc Ags Aim Ags Aim Aim Aim Aim Aim Aim

TiO2 0.64 0.18 0.68 0.24 2.62 0.67 0.73 0.75 0.88 0.96 0.52 0.93
Al2O3 22.16 19.99 21.50 21.63 22.99 23.22 13.95 18.13 23.31 18.34 16.57 19.06
Fe2O3 1.57 2.66 6.88 4.13 9.97 6.66 7.22 11.25 6.66 7.74 5.52 9.84
MnO 0.00 0.05 0.09 0.08 0.28 0.12 0.10 0.16 0.08 0.15 0.17 0.20
MgO 0.39 1.16 5.07 3.09 4.89 6.18 5.19 7.18 3.36 5.92 4.27 5.29
Na2O 0.95 4.95 4.00 4.47 3.29 2.17 4.06 2.24 1.20 5.29 0.36 1.35
K2O 4.67 3.09 2.87 1.66 0.39 2.75 0.34 3.84 3.10 0.41 4.36 1.96

V 136 41 178 76 431 126 123 159 192 207 132 246
Cr 44 <5 330 120 190 99 130 93 240 250 72 180
Co 3 6 27 11 34 15 22 24 24 24 17 39
Ni 22 9 88 50 101 66 107 92 209 196 75 142
Cu <1 45 48 26 139 25 45 31 62 26 58 101
Zn 29 46 109 59 62 61 84 122 95 81 45 36
Ba 480 750 800 500 <50 520 320 930 620 <50 330 250
As 0.9 3.2 41 22 1.6 3 16 8.1 4.6 8.1 18 85
Sb <0.1 0.4 2 1 0.4 0.4 0.3 <0.1 3.5 0.8 1.7 2
Mo <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 2 <2
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
W 2 4 <1 <1 <1 <1 <1 6 <1 <1 <1 <1
Pb 7 7 10 11 6 7 7 <5 6 18 <5 7
Au (ppb)<2 <2 <2 <2 <2 <2 8 <2 <2 8 4 <2
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.7 <0.5 <0.5
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Appendix Table 2.3.  Continued
Sample

V572R V603C V606B V615B V619A V642A V660A V668A V668B V678A V685 V695
Map
  unit Aim Ags Ags Aim APd Aai Aai Aav Aai Aav Aai Aai

TiO2 0.69 0.30 0.34 0.49 0.36 0.04 0.67 0.56 0.54 0.33 0.72 0.53
Al2O3 12.28 14.93 16.31 16.83 2.76 1.50 16.15 13.85 17.46 10.23 9.91 19.13
Fe2O3 22.45 2.04 3.15 3.35 5.92 12.56 4.19 10.20 11.91 21.02 7.42 5.09
MnO 0.13 0.04 0.06 0.17 0.47 0.26 0.08 0.47 0.29 0.24 0.08 0.08
MgO 5.15 0.93 2.01 2.96 2.42 2.45 0.78 2.20 3.96 9.34 3.55 3.64
Na2O 1.81 3.11 2.20 0.89 0.11 0.20 2.93 0.69 1.20 0.38 0.97 2.84
K2O 0.12 3.13 3.79 2.81 0.18 0.11 3.00 2.23 2.80 0.59 0.93 2.43

V 122 39 91 129 79 22 66 94 87 86 188 83
Cr 62 16 70 100 8 8 23 41 28 48 2400 30
Co 51 2 10 15 23 8 6 19 13 17 110 12
Ni 115 9 43 100 17 28 10 33 18 40 753 19
Cu 172 9 2 31 2100 107 37 118 67 92 384 72
Zn 67 41 52 51 3748 100 45 81 76 184 105 80
Ba 100 720 390 350 4100 79 530 340 270 170 240 220
As 85 19 1.7 26 <0.5 1.3 1.9 5.5 <0.5 1.2 <0.5 <0.5
Sb 0.9 0.2 0.5 2.2 0.2 0.1 0.4 0.8 <0.1 0.3 <0.1 <0.1
Mo <2 22 <2 2 3 <2 3 <2 <2 <2 2 <2
Cd <0.5 <0.5 <0.5 <0.5 12.3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
W <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Pb 25 20 9 <5 8 6 10 16 18 14 8 20
Au (ppb)13 <2 3 5 38 <2 <2 82 6 <2 <2 <2
Ag <0.5 0.6 <0.5 <0.5 1.8 <0.5 <0.5 1 <0.5 <0.5 0.6 0.7
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Rock types and locations:

V001A ..... Ankerite, quartz, sericite schist, calc-alkalic volcanic protolith, Mud Lake sequence.  T. 59 N., R. 16 W.,
sec. 33 DDC

V016X ..... Clast of altered felsic porphyry dike in conglomerate, Midway sequence.  T. 58 N., R. 17 W., sec. 29
AAA

V018A ..... Quartz-eye schist, conglomerate protolith, Midway sequence.  T. 58 N., R. 17 W., sec. 21 CDD
V026A ..... Ankerite, chlorite, quartz, sericite schist, felsic dike protolith, Mud Lake sequence.  T. 58 N., R. 17 W.,

sec. 27 BAB
V026B ..... Graywacke, sheared, carbonate-altered, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 27 BAB
V041A ..... Calc-alkalic volcaniclastic rock, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 33 BDB
V055B ..... Felsic dike, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 15 CDA
V072A ..... Sericite, carbonate schist, sandstone protolith, Midway sequence.  T. 58 N., R. 16 W., sec. 33 DDC
V075X ..... Sheared conglomerate, Midway sequence.  T. 58 N., R. 17 W., sec. 21 DAA
V077C ..... Blastomylonite, conglomerate protolith, Midway sequence.  T. 58 N., R. 17 W., sec. 21 DBD
V086B ..... Carbonate, chlorite, sericite schist, tholeiitic volcanic protolith, Mud Lake sequence.  T. 58 N., R. 17

W., sec. 15 CDD
V099C ..... Altered graywacke and slate, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 14 CCD
V105B ..... Amphibolitic schist cut by calcite-pyrite alteration, Minntac sequence.  T. 59 N., R. 17 W., sec. 30 DDC
V119C ..... Graywacke, ankerite-altered, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 33 BBB
V122A ..... Felsic dike, carbonate-altered, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 28 BCA
V126B ..... Graywacke, ankeritic and pyritic, veined, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 28 ADA
V129B ..... Felsic dike, pervasive ankerite and pyrite, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 28 ADA
V132B ..... Quartz-feldspar porphyry dike, altered, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 28 ACA
V137C ..... Graywacke, ankerite and sericite altered, Mud Lake sequence.  T. 58 N., R. 16 W., sec. 5 BAC
V149A ..... Graywacke, altered, in area of multiple veins, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 16 DDD
V155 ........ Quartz feldspar porphyry dike, thoroughly altered to carbonate, Mud Lake sequence.  T. 58 N., R. 17

W., sec. 21 ABD
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Appendix Table 2.3.  Continued

Rock types and locations, continued

V176A ..... Metagabbro, trace percentage of chalcopyrite, Minntac sequence.  T. 59 N., R. 18 W., sec. 27 CDA
V182C ..... Metagranodiorite dike cutting Minntac sequence, similar to Lookout Mountain tonalite.  T. 59 N., R. 18

W., sec. 27 CAC
V182E ..... Metabasalt, abundant pyrite, Minntac sequence.  T. 59 N., R. 18 W., sec. 27 CAC
V183C ..... Mylonite of yellow-green sericite, Minntac sequence.  T. 59 N., R. 18 W., sec. 28 DAD
V204B ..... Felsic dike, pervasive ankeritic alteration, Mud Lake sequence.  T. 58 N., R. 17 W., sec. 28 ADC
V207B ..... Conglomerate containing bands of carbonate and pyrite, Midway sequence.  T. 58 N., R. 17 W., sec. 21

DCB
V208 ........ Graywacke, intensely altered to carbonate and sericite, Mud Lake sequence.  T. 58 N., R. 17 W., sec.

21 CBA
V500C ..... Basalt, phyllitic and quartz-veined, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 33 DDD
V503A ..... Slate, pyritic, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 34 CCC
V520C ..... Calc-alkalic volcaniclastic rock, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 33 DBB
V530A ..... Tuff, calc-alkalic, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 34 DCD
V547B ..... Calc-alkalic volcaniclastic rock, sheared, stained, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 34 DAD
V555A ..... Calc-alkalic volcaniclastic rock, pyritic, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 31 CAA
V561C ..... Sericitic schist of calc-alkalic volcanic affinity, ankeritic veins, Mud Lake sequence.  T. 58 N., R. 15 W.,

sec. 6 BBC
V566R ..... Calc-alkalic basalt, carbonate altered, Mud Lake sequence.  T. 59 N., R. 16 W., sec. 36 CDD
V572R ..... Pyritic contact zone between calc-alkalic volcanic rock and ophitic leucoxene-bearing gabbro, Mud Lake

sequence.  T. 59 N., R. 16 W., sec. 36 CAA
V603C ..... Siliceous dike, Minntac sequence.  T. 59 N., R.15 W., sec. 29 BAA
V606B ..... Slate, sheared and silicified, Minntac sequence.  T. 59 N., R. 15 W., sec. 30 CDB
V615B ..... Calc-alkalic volcanic rock, sheared, carbonate-altered, Mud Lake sequence.  T. 58 N., R. 15 W., sec. 6

BBC
V619A ..... Ferrogabbro containing pyrrhotite, chalcopyrite, unknown age.  T. 59 N., R. 17 W., sec. 28 CBC
V642A ..... Amphibolitic schist, magnetic, xenolithic block in Pike Mountain monzodiorite.  T. 59 N., R. 17 W., sec.

29 ADB
V660A ..... Siliceous schist of tuffaceous graywacke protolith, pyritic, Minntac sequence.  T. 59 N., R. 18 W., sec.

25 BBA
V668A ..... Schist of volcanogenic protolith, pyritic, Minntac sequence.  T. 59 N., R. 18 W., sec. 24 CCD
V668B ..... Siliceous garnet, biotite, amphibole schist, pyritic, Minntac sequence.  T. 59 N., R. 18 W., sec. 24 CCD
V678A ..... Amphibolitic schist of volcanic protolith, pyritic, Minntac sequence.  T. 59 N., R. 18 W., sec. 24 CCA
V685 ........ Siliceous schist, inferred iron-rich sedimentary protolith, Minntac sequence.  T. 59 N., R. 18 W., sec. 26

ABB

V695 ........ Biotite, amphibole schist, pyritic, Minntac sequence.  T. 59 N., R. 18 W., sec. 23 DAA
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APPENDIX B

of Paleoproterozoic seas onto paleo-outcrop
during deposition of iron-formation; this
represents an unconformity spanning some 850
million years.

Next: Return to downtown Gilbert and Highway
37, turn left (northeast) and drive to the
junction of Highway 37 with Highway 135.
Turn left (west) and drive about 1.7 miles (2.7
kilometers) to the gravel access road on the
right (north) side of Highway 135.  Turn onto
the gravel road and park at Stop 3.

Stop 3.  Graywacke, folds, and Timiskaming-type
conglomerate

Location: Off Highway 135 at the gated entrance
to the old Viking Explosives Company (gate
is not labeled).  Three sub-stops are accessible
from here.

Description:
  3a.  Immediately to the right (south) of the gate

is well foliated graywacke and slate of the Mud
Lake sequence.  Notice grading indicating
stratigraphic top to the northwest.  In the
northernmost part of the exposure (variably
visible), there is an isoclinal F1 fold.

  3b.  Walk past the gate along the gravel road to
the northeast for a short distance (100 to 200
feet [30 to 61 meters]) to a small outcrop on
the left (north) side of the road.  Here, Mud
Lake graywacke and slate beds are folded into
a chevron-like, or box fold.  This is a good
example of graded graywacke (here having
south stratigraphic younging).  Careful
examination reveals that weak metamorphic
cleavage (S2), formed during D2 deformation,
is to the left of bedding regardless of the
position on fold hinges.  Because the cleavage
is thus folded, the fold is considered part of
the latest Archean deformation event known
in this area (D3).  Also note the channel cut
sample taken from the axis of an F3 fold at this
location.  Presumably the sampler was
evaluating the potential that D3 might have
localized mineralization.  Samples from 0.5
mile (0.8 kilometer) to the northeast contain
as much as 50,000 parts per billion gold
(commonly between 50 and 1,000 parts per
billion), and visible gold has been found in
many places, most commonly in quartz veins
cutting carbonate and sericite-altered rock.

Field trip for the Virginia horn area

The following field trip locations include both
Archean and Paleoproterozoic rocks, and are
arranged for easy travel, rather than stratigraphic
or geochronologic order.  For stratigraphic position,
refer to the map (Ap. Fig. 2.2), cross section (Ap.
Fig. 2.3), and texts in the main body of Chapter
2.  Further information and additional field trip
locations are available in Meineke (1993).

Stop 1.  Basal Paleoproterozoic strata—Pokegama
Quartzite

Location:  South edge of the city of Eveleth, east
side of Highway 53, just north of the junction
with Highway 37.

Description:  Paleoproterozoic Pokegama
Quartzite—the unit basal to iron-formation.
Three outcrops expose the uppermost part of
the unit.  Because the strata dip southward
steeper than topography, the southernmost
outcrops are stratigraphically highest.  Most
of the outcrop is quartzite, deposited in what
has been described as a tidal flat environment
(Ojakangas, 1993).  The southernmost outcrop
in the ditch just north of Highway 37 contains
chamosite and greenalite granules, which mark
the beginning of chemical sedimentation of
iron-formation.  Large outcrops in the
cloverleaf to the south consist of
Paleoproterozoic Biwabik Iron Formation that
overlies the Pokegama Quartzite.

Next:  Travel northeast on Highway 37 into the
city of Gilbert.  Turn left on Iowa Avenue and
travel northwest about 4 blocks to Gilbert High
School.

Stop 2.  Archean pillowed basalts
Location: Gilbert High School.  Outcrops lie just

north of the high school athletic field.
Description:  Archean basalts—part of the Mud

Lake sequence metamorphosed to low
greenschist-grade.  Pillow shapes indicate
stratigraphic top to the northwest.  The pillow
structures and absence of amygdules indicate
that the basalt was extruded at considerable
water depth.  Note several large "mattress"
pillows or hypabyssal sills trending
northeastward (parallel to foliation), well
preserved glacial faceting, and the presence of
red hematitic chert (jasper) in surface fractures.
The presence of chert is related to the onlap
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Although it is impossible to determine
from this outcrop, the graywacke–slate
sequence was deposited by turbidity currents
at considerable water depth, similar to that
envisioned for deposition of the
stratigraphically underlying Gilbert basalt
flows.

  3c.  Return to Highway 135 and cross westward
to the outcrops closest to the highway and just
beneath the power line.  This small outcrop
exposes the Midway sequence, a package of
conglomerate, lithic sandstone, and calc-alkalic
volcanic rocks that is inferred to have formed
after earliest deformation (D1) of the enclosing
graywacke, but before the cleavage-forming D2
deformation that affected both the Midway
and Mud Lake sequences.  The rock contains
clasts of Mud Lake sequence, including basalt
similar to that at Stop 2, and graywacke and
slate similar to that in the north and south.  It
also contains clasts of unique hornblende
trachyandesite (red, purple, and green clasts).
Fluvial features are commonly preserved in
many outcrops of the Midway sequence.  At
this location, pebbly channel-fill is the best
evidence for fluvial deposition.  The fact that
these presumably subaerially deposited
sedimentary rocks are juxtaposed against deep
marine turbidite requires investigation.  The
boundary between these disparate units is not
exposed, but both fault and unconformable
relationships are preserved in drill core.

Next:  Continue on Highway 135 to the west–
northwest about 0.95 mile (1.5 kilometers), and
turn left (south) onto Bourgin Road.  Drive
around the corner and up the hill about 0.15
mile (0.25 kilometer) to a large road cut on the
left (east) side of Bourgin Road.

Stop 4.  Graywacke and slate cut by quartz-
feldspar porphyry

Location: Road cuts, east side of Bourgin Road.
Description:  Outcrops all along this side of the

road expose quartz-feldspar porphyry (QFP)
cutting variably deformed graywacke and slate
of the Mud Lake sequence.  The weathered top
surface of the outcrop is the best for viewing
intrusive relationships and bedding in the
graywacke.  Both graywacke and QFP are
intensely altered to some combination of iron-
carbonate minerals (ankerite, ferroan dolomite)
and sericite.  Regionally, the alteration is
commonly, though not always associated with
QFP—presumably because the QFP remained

more structurally sound than the enclosing
graywackes during the shear-related
deformation event that accompanied alteration
(late in D2).  Most gold mineralization in the
area is closely allied to this alteration, yet these
outcrops are surprisingly barren.  The QFP is
large and continuous to the east, but at this
location it appears to be "shred" into many
dikes.  This, together with structural evidence
that the QFP lies within a west-plunging
anticline, implies that the Bourgin outcrops
may represent a roof zone of the larger body.

Next:  Continue south and west on Bourgin Road
for about 1.2 miles (1.9 kilometers) until its
junction with a frontage road on the east side
of Highway 53.  Turn right (north) onto the
frontage road (near a gas station) and drive a
little more than 0.2 mile (0.3 kilometer) to a
small outcrop in the woods on the right (east)
side of the frontage road.

Stop 5.  Paleoproterozoic—Neoarchean
unconformity

Location:  East side of frontage road to Highway
53, north of its junction with Bourgin Road.

Description:  This outcrop represents a 600-million-
year-long unconformity.  To the west are bluffs
of Paleoproterozoic Pokegama Quartzite (just
above the level of Highway 53) and Biwabik
Iron Formation (higher on the bluff).  You are
standing on the base of the Pokegama
Quartzite, where Paleoproterozoic seas washed
onto the post-Archean bedrock topography.
The outcrop shows scattered remnants of
Pokegama Quartzite, including a conglomerate
containing clasts of foliated Archean bedrock.
Beneath the Pokegama conglomerate is
Archean conglomerate of the Midway
sequence, similar to that seen at Stop 3c.

Next:  Turn around and head south on the frontage
road, then make the first left (east) turn and
travel up the hill to Stop 6.

Stop 6.  Driveway outcrop
Location: Driveway to house at #7 Mesabi Lane.

This is private property; authorization is
required.

Description:  Midway sequence conglomerate and
lithic sandstone.  This is the same unit exposed
at Stop 3c and at the base of Stop 5.  Here, the
unit is well-bedded and contains coarse,
cobble-sized clasts of basalt, graywacke,
porphyritic hornblende trachyandesite, and
white QFP.  This provenance indicates that the
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older Archean rocks were intruded by QFP,
deformed, and uplifted to provide detritus into
what was probably a "pull-apart" basin.
Trachyandesitic volcanoes shed detritus over
a broad area within the elongate basin.  All the
rocks were then deformed and metamorphosed
during D2.  Note a few fractures filled with red
jasper (Paleoproterozoic), similar to that at Stop
2.

Next:  Return to Highway 53 and proceed
northward toward the city of Virginia.
Continue on Highway 53, about 0.5 mile (0.8
kilometer) north of the interchange with
Highway 135 and turn right (northeast) into
the drive for the Rouchleau Mine Overlook.
Follow the road and signs to the overlook and
a park.

Stop 7.  Rouchleau Mine overlook
Location: Near city of Virginia.
Description:  The Rouchleau Mine was in operation

from the early 1900s until the mid 1900s, and
was classified as a "natural-ore mine."  Natural
ores contain oxidized iron-formation composed
of hematite, goethite, and limonite.  Ores of
this type formed by oxidation of precursor
magnetite, accompanied by the leaching of
silica.  The result is a concentrated product that
can be directly melted in blast furnaces.  The
natural ores occur along faults that presumably
provided a plumbing system for the oxidizing
fluids.  The narrow, mined valley to the north
follows the oxidized ore along such a fault.  In
the distance to the northwest, the Minntac Pit
is visible.  It is a mammoth, open-pit mine in
magnetite ore, from which the product known
as taconite is derived.

Next: Return to Highway 53 and travel north
through Virginia and out of town.  On the
outskirts of Virginia, the road goes up a long
hill toward the Laurentian Divide.  Part way
up the hill there is a railroad trestle.  Continue
north on Highway 53 about 0.4 mile (0.6
kilometer) past the railroad trestle to outcrops
on the right (east) side of the highway.

Stop 8.  Amphibolite-grade basalt
Location: Highway 53 roadcuts north of Virginia.
Description:  These are pillowed and massive

metabasalt flows of the Minntac sequence that
are inferred to be the deeper crustal
equivalents of flows seen at Gilbert High
School (Stop 2).  Uplift of several kilometers
along the Laurentian fault is required to

explain the contrast in metamorphic grade
between the two groups of rocks.  In contrast
to those at Gilbert, pillow structures are barely
discernible here, and the rock contains a strong,
east-trending foliation and an intense, shallow,
east-plunging lineation.  Nearly all the
mineralogic content is metamorphic, and
hornblende is the most abundant mineral.
Clearly, the rocks here responded differently
to D2 deformation than those at Gilbert.

Next: Continue 0.5 mile (0.8 kilometer) north on
Highway 53 and exit at the wayside rest.

Stop 9.  Giants Range batholith/Laurentian Divide
Location:  Roadside outcrops at the wayside on

the east side of Highway 53, north of Virginia.
Description:  Students have aptly named this

outcrop area "Confusion Hill."  Exposed here
is an array of variably layered intrusions
having both tonalitic (white) and dioritic
(black) compositions.  A detailed look shows
intrusive relationships that conclusively
demonstrate that diorite was emplaced into
tonalite at one locality, and at another locality,
tonalite was emplaced into diorite.
Emplacement of this unit, now known as the
Lookout Mountain tonalite, probably involved
some degree of magma mingling.  Although
the dioritic component is abundant here, the
bulk of the unit is tonalitic.  Dikes of tonalite
that cut the enclosing high-grade supracrustal
rocks of the Minntac sequence contain
metamorphic fabrics, yet little evidence of
metamorphic origin can be seen in the interior
of the body, implying it is syntectonic with
respect to D2.  This unit is a small part of the
Giants Range batholith that forms the core
bedrock of the Laurentian Divide.  The Giants
Range is a 40-mile-wide (64 kilometers) belt
of intrusions that can be traced on geophysical
maps to extend eastward to the Keweenawan
Duluth Complex, and westward beyond the
western border of Minnesota.
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Chapter 3

PALEOPROTEROZOIC ANIMIKIE GROUP, RELATED ROCKS, AND ASSOCIATED
IRON-ORE DEPOSITS IN THE VIRGINIA HORN

G.B. Morey

ANIMIKIE GROUP

The Animikie Group of Paleoproterozoic age
in northern Minnesota comprises part of the
Penokean orogen, which, in Minnesota, involved
the progressive growth and ultimate destruction
of a rifted continental margin within a plate
tectonic framework (Fig. 3.1).  The history of the
Penokean orogen can be broadly divided into two
phases (Fig. 3.2): an early extensional phase, when
sedimentary rocks were deposited on an evolving
continental margin; and a subsequent
compressional phase, when the continental margin
deposits were folded, metamorphosed, and partly
overridden by thrust masses (Southwick and
others, 1988).  The thrusts originated south of the
continental margin and were overlapped
stratigraphically by turbiditic sedimentary rocks
derived from a newly formed tectonic highland
that also lay to the south.  The rocks of the upper,
turbiditic sequence were deposited in several
northward-migrating foredeep basins.  Both the
continental margin (or extensional sequence) and
the foredeep basins (or compressional sequence)
contain major units of iron-formation.

The terms "Mesabi Iron Range" or "Mesabi
range" designate the pre-glacial outcrop belt of the
Biwabik Iron Formation along the northern or
distal edge of the Animikie basin (Fig. 3.1).  The
belt measures 4- to 4.8-kilometers-wide and 192-
kilometers-long.  Along much of the Mesabi range,
the iron-formation defines a monocline that strikes
about N. 75° E., and typically dips 6° to 12° SE.
The only major change in direction of strike takes
place near Virginia and Eveleth, where the iron-
formation strikes somewhat west and south to
form the so-called "Virginia horn."  Structural
studies by Gruner (1924), White (1954), and Jirsa
and others (1998) showed that the iron-formation
in the vicinity of the Virginia horn is also deformed
by numerous small anticlines, synclines, and
monoclines, and is broken by several generations
of near-vertical reverse and normal faults.  Most
of these features are related to reactivated
structures in the Archean basement.

INTRODUCTION

The post-Archean rocks in the Virginia horn
area comprise a variety of sedimentary and
igneous rocks, mostly of Paleoproterozoic and
Mesoproterozoic age.  They include the Kenora–
Kabetogama dike swarm and unconformably
overlying stratified rocks of the Animikie Group,
both of Paleoproterozoic age.  Rocks of the
Animikie Group in turn are cut by the Aurora sill,
a syenitic intrusion, and at least two sets of
miscellaneous diabasic gabbro dikes of
Paleoproterozoic and/or Mesoproterozoic age.  The
youngest rocks in the area occur in small, patchy
areas and are assigned to the Coleraine Formation,
a non-marine to marine sedimentary sequence of
Late Cretaceous age.  These rocks are briefly
described in this chapter.  Particular emphasis is
given to the proposed origins of the various iron
ores extracted from the Biwabik Iron Formation,
the middle unit of the Animikie Group.

KENORA–KABETOGAMA DIKES

Several dikes that are part of the Kenora–
Kabetogama dike swarm (Southwick and
Chandler, 1989) crop out in railroad cuts north of
the city of Virginia (Jirsa and others, 1998).  They
are part of a major dike swarm that fans from
trends of about 300º to 340º across north-central
and northwestern Minnesota.  The swarm contains
many hundreds to several thousand dikes that
were emplaced into Archean crust about 2,080 Ma
(Wirth and others, 1995).

According to Southwick and Day (1983), who
first described them, the dikes are iron-rich quartz
tholeiites that are differentiated toward a dioritic
composition.  Some dikes are compositionally
layered parallel to contacts; layering is defined by
different proportions of primary hornblende,
clinopyroxene, and plagioclase.  Late alteration to
hydrous phases including blue-green amphibole,
chlorite, and sericite, together with lesser amounts
of prehnite and epidote, is widespread but variable
in intensity, and is regarded as a deuteric
phenomenon.
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Figure 3.1.  Sketch map showing how rocks of the Animikie Group along the Mesabi Iron Range are
related to various tectonic elements of the Penokean orogen; modified from Morey (1999).

A depositional age for the Animikie Group has
not been established.  However, Fralick and others
(1998) have shown that volcanism,
precontemporaneous with iron-formation
sedimentation on the Gunflint range, occurred at
1,878 ± 2 Ma.  Inasmuch as iron-formations on the
Gunflint and Mesabi ranges have been considered
correlative units for more than 150 years, that age
also reflects the time of iron-formation
sedimentation on the Mesabi range.  The 1,878 ±
2 Ma age is somewhat older than the ~1,870 Ma
age from an ash-fall tuff in the Virginia Formation,
and somewhat younger than the 1,930 ± 20 Ma age
from quartz veins that cut Archean detritus in the
Pokegama Quartzite (both ages reported by
Hemming and others, 1990).  The 1,878 ± 2 Ma age
is also considerably younger than the Sm-Nd
whole-rock isochron age of 2,100 ± 52 Ma reported

by Gerlach and others (1988) for units in the
Biwabik Iron Formation.  The latter probably
represents a mixing age involving both Archean
and Paleoproterozoic components.  As judged from
an Rb-Sr whole-rock isochron age (Keighin and
others, 1972), graywacke and shale along the south
side of the Animikie basin were folded and
metamorphosed before 1,770 Ma.

Descriptive stratigraphy
In the Virginia horn area, the Animikie Group

overlies Archean rocks that are cut by dikes of the
Paleoproterozoic Kenora–Kabetogama dike swarm.
The Animikie Group consists of a basal quartz
arenitic sequence, the Pokegama Quartzite; an
intermediate iron-rich sequence, the Biwabik Iron
Formation; and an upper, thick, graywacke-shale
sequence, the Virginia Formation.
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Pokegama Quartzite
The Pokegama Quartzite has been studied

intermittently since 1893, when H.V. Winchell so
named the exposures at the west end of the Mesabi
range (Winchell, 1893).  In the Virginia horn, it is
exposed in outcrops and road cuts in the vicinity
of Eveleth (Fig. 3.3).  Additionally, two drill holes,
one located just south of Eveleth (NE, NE, sec. 5,
T. 57 N., R. 17 W.), and the other located southwest
of the map area (SE, SE, sec.  8, T. 58 N., R. 18 W.),
are known to intersect the entire formation, which
is 51-meters-thick and 26-meters-thick, respectively,
at the two localities (Dolence, 1961).

Stratigraphic relationships in the Pokegama
Quartzite have been described by Ojakangas
(1983), who showed that the formation consists
mostly of siltstone and shale.  Silica-cemented
quartz arenite is confined to an interval a few
meters thick beneath the overlying Biwabik Iron
Formation.  Ojakangas (1983) used gross
stratigraphic relationships to subdivide the
Pokegama Quartzite into three informal members:
a basal member consisting dominantly of thin-

bedded to laminated shale and lesser amounts of
siltstone; a middle member consisting of shale and
siltstone and scattered thin beds of quartz arenite;
and an upper member consisting mostly of quartz
arenite.

The Archean surface, upon which the
Pokegama Quartzite lies, appears to have
significant local relief.  Fractures and depressions
on the Archean basement are filled with well
indurated sedimentary rocks considered to be part
of the Animikie Group.  Conglomerate is most
abundant; it contains a poorly sorted array of clasts
derived from the underlying bedrock set in a
matrix of fine-grained sandstone to siltstone that
is petrographically similar to that within the
overlying Pokegama Quartzite.  Other patches of
conglomerate are cemented by medium-gray, light-
greenish-gray, or light-reddish-gray chert similar
to that found in the Biwabik Iron Formation.
Elsewhere, fractures in basement rocks are filled
with dark-reddish-gray hematitic chert or jaspilite
featuring rare oncolitic or stromatolitic structures
similar to those in the basal part of the Biwabik
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Iron Formation.  Although a common feature on
many outcrops of Archean rock, none of the
conglomeratic patches are large enough to be
mapped.  These occurrences, in addition to the
map pattern portrayed on Figure 3.3, imply that
clastic sedimentation in what is now the interior
of the Virginia horn was confined to topographic
depressions on the Archean bedrock surface that
were subsequently overstepped in places by
chemical sedimentary processes that produced
strata now assigned to the Pokegama Quartzite and
Biwabik Iron Formation.

Basal strata are marked by a second
conglomerate that has angular to sub-rounded,

pebble- and granule-size clasts of chert, jasper,
algal fragments, and vein quartz.  This implies that
Pokegama-like clastic sedimentation and Biwabik-
like chemical precipitation were contemporaneous
events.  At most localities, the contact between the
Pokegama Quartzite and the overlying Biwabik
Iron Formation is conformable and gradational;
however, locally the contact is marked by a third
conglomeratic unit dominated by chert fragments.
This surface has been interpreted by some as a
major unconformity, although the conglomeratic
material appears to be intraformational in origin.
The presence of beds of chert 6 to 12 meters
beneath the Biwabik–Pokegama contact has been



78

cited as evidence for a gradational sedimentary
regime between the two formations (Dolence, 1961;
Ojakangas, 1983).

Biwabik Iron Formation
Van Hise and Leith (1901) used the name

"Biwabik Iron Formation" to describe exposures
at the Biwabik Mine, near the city of Biwabik (Fig.
3.3).  This was one of the earliest and largest iron-
ore mines located on the Mesabi range.  "Biwabik"
is the Ojibwa word for iron.  In the Virginia horn
area, the Biwabik Iron Formation ranges in
thickness from 105 to 212 meters.  Strata have been
classified by texture into two fundamentally
different kinds of iron-formation: cherty materials,
which are granular, massive, and rich in quartz
and iron oxides; and slaty materials, which are
generally fine-grained, finely laminated, and
composed mostly of iron silicates and iron
carbonates.  Beds or groups of beds having cherty
or slaty attributes are interlayered on all scales.
Despite the heterogeneity, the formation has been
divided into four lithostratigraphic entities.  From
bottom to top, they are: 1. Lower Cherty, 2. Lower
Slaty, 3. Upper Cherty, and 4. Upper Slaty.  Wolff
(1917) originally defined these entities and coined
them "divisions," and that usage is still followed
by some of the mining companies operating
around the Virginia horn.  However, since the work
of White (1954), the cherty and slaty units also have
been informally referred to as members.  Except
for the presence of an ash-fall tuff called the
Intermediate Slate near the Lower Cherty–Lower
Slaty contact, contacts between adjacent members
are gradational and somewhat arbitrary.
Stratigraphic units in the slaty members generally
contain 40 percent or more slaty material, whereas
the cherty members contain 10 to 30 percent.

Although several mining companies operating
around the Virginia horn retain the four-entity
classification scheme, they commonly use different
kinds of criteria to subdivide the entities into
subunits (Meineke and others, 1993b).  Those
criteria are based mostly on the economic needs
of individual companies.  Thus, while it is possible
to map each member at each locality according to
the nomenclatural scheme used by the company
working in that area, it is not always easy to
interpolate stratigraphic nomenclatural schemes
between mining operations.  Consequently, no
attempt has been made here to either correlate the
individual schemes or use them as part of a
regional mapping program, or apply them to
subsequent sedimentological analyses.

The Biwabik Iron Formation contains relatively
few diagnostic marker units.  These include the
previously mentioned Intermediate Slate, and a
stromatolite-bearing, conglomeratic interval
several meters to decimeters thick in the middle
part of the Upper Cherty member.  Although the
stromatolite-bearing conglomerate is a time-
transgressive feature, it has relatively sharp
boundaries and consequently forms an easily
recognizable marker bed in limited areas around
the Virginia horn.  A second stromatolite-bearing
interval occurs near the base of the Lower Cherty
member and is known as the "Basal Red Taconite."
This persistent stratigraphic unit has been
intersected many times, and it clearly delineates
proximity to the Biwabik–Pokegama contact.  This
stromatolitic unit contains nested, thimble-like
structures that occur in original growth positions
or as intraformational fragments of laminated red
and white chert set in a jasper matrix that also
contains granules, oolites, and other
intraformational conglomerate clasts.

Around the Virginia horn, the Biwabik Iron
Formation–Virginia Formation contact is marked
by beds of limestone or dolomite about 9-meters-
thick in the uppermost 10 to 13.5 meters of the
Upper Slaty member.  The calcareous rocks are
intercalated with iron-rich slaty strata toward the
bottom of the interval, and with iron-poor shale
toward the top.  The unit clearly delineates
proximity to the Biwabik Iron Formation–Virginia
Formation contact.  However, the position of the
contact is poorly constrained because of sparse
data.

Virginia Formation
The Virginia Formation conformably overlies

the Biwabik Iron Formation on the south side of
the Mesabi range, and is inferred to extend
southward beneath glacial cover for an unknown
distance.  Presumably, it reappears in east-central
Minnesota as a folded and metamorphosed
sequence called the Thomson Formation.  The
Virginia Formation originally was named the
"Virginia Slate" by Van Hise and Leith (1901), for
typical exposures of intercalated "slate and
argillaceous siltstone" in numerous test pits and
drill holes just west of the town of Virginia (Fig.
3.3).  Because it is characterized by shale or
claystone rather than argillite or true slate, the
name was changed to Virginia Formation by White
(1954), and that terminology is still in use.



79

There are no known natural exposures of the
Virginia Formation in the vicinity of the Virginia
horn.  However, the lower few meters of the
formation were once exposed in several mines
developed in iron-formation just to the east of the
area mapped in Figure 3.3.  One drill hole (SW,
SE, sec. 22, T. 58 W., R. 16 W.), continuously cored
to a depth of 688 meters and located south of the
city of Biwabik, represents the most continuous
record of the Virginia Formation anywhere on the
range.  For this reason, Pfleider and others (1968)
suggested that this drill site be designated a
reference section for the Virginia Formation in lieu
of a described and accessible type section.

The 450 meters of Virginia Formation
penetrated at the site south of Biwabik have been
described in considerable detail in Lucente and
Morey (1983).  The lower 120 to 150 meters consist
predominantly of three regularly alternating rock
types: light-gray, argillaceous siltstone that is thin-
bedded or, less commonly, in beds as much as one-
meter-thick; dark-gray, silty mudstone that is
mostly very thin-bedded; and black, fissile
carbonaceous shale consisting dominantly of
lamellae less than one-centimeter-thick.  These rock
types generally occur in a regular sequence with
a basal siltstone bed grading upward to a silty
mudstone, and finally to a carbonaceous shale.  The
lower part of the formation is composed almost
entirely of alternating beds of dark-gray, silty
mudstone and black carbonaceous shale.  A fourth
rock type, consisting of coarse silt-size, and very
fine- to fine-sand-size detritus, becomes more
abundant in stratigraphically higher beds in the
drill hole.  Much of the siltstone is quartz-rich, and
the sandstone is mostly lithic graywacke.

The basal part of the Virginia Formation
contains several beds of coarse-grained feldspathic
graywacke and volcaniclastic or volcanogenic
rocks, as well as many lenses and irregular beds
of limestone and dolomite.  Dolomite-rich
concretions of various sizes and shapes, some with
well developed cone-in-cone structures, also
characterize the lower several hundred meters of
the formation.

The lower, mostly very fine-grained succession
is transitional upward into a series of intercalated
beds of mudstone and sandstone, with the
sandstone beds becoming coarser-grained and
more abundant upward in the drill hole.  The
sandstone beds are thin- to medium-bedded, and
range in thickness from less than 15 centimeters
to more than 1.5 meters.  The texture of each

sandstone bed, either in whole or in part, is much
coarser-grained than that of the associated siltstone
or mudstone.  Much of the sandstone is dark-gray
or medium-dark-gray in color, poorly sorted, and
composed of angular grains of quartz and feldspar
in a matrix of muscovite and chlorite.  Much of
the matrix consists of diagenetically altered rock
fragments of generally lithic composition.

Beds of shale or mudstone in the upper part
of the drill hole range in thickness from less than
a centimeter to more than 3 meters.  Even though
they have a greater silt-size content and
consequently a lighter color, they are quite similar
to those in the lower part of the hole.

AURORA SILL

The Aurora sill, an igneous intrusion consisting
mostly of dark-red, coarse-grained syenite, cuts the
Upper Cherty member of the Biwabik Iron
Formation near the town of Aurora.  The sill is
exposed in one of the LTV mines and has been
traced by drilling from the center of the Aurora
quadrangle (sec. 4, T. 58 N., R. 15 W.) to the east
for approximately 6.5 kilometers to the vicinity of
NE, NE, sec. 36, T. 58 N., R. 15 W.  According to
White (1954), the sill is essentially concordant to
weakly discordant and is more than 36-meters-
thick.  It feathers out to zero thickness along the
strike directions and appears to split into two or
more thin sheets in an updip direction.  The
irregular northern boundary apparently resulted
from the irregular advance of magma in that
direction.

The Aurora sill and its offshoots typically have
dark-greenish-gray, very fine-grained, chilled
margins approximately one-centimeter-thick that
pass into a red-orange, fine-grained interval 1- to
2.5-meters-thick, and are characterized by variably-
sized phenocrysts of sodic plagioclase set in a
tracytic matrix.  However, much of the sill consists
principally of dark-red, medium- to coarse-grained,
equigranular syenite.

Summarized by Phillips (2000) and Phillips
and others (2000), modal analyses imply that the
sill consists principally of 40 to 60 modal percent
feldspar, mainly albite, and 5 to 20 modal percent
K-feldspar; minor amounts (1 to 7 modal percent)
of microcline; orthoclase, or anorthoclase also are
present.  Mafic minerals include euhedral aegirine
in finer-grained samples, whereas fibrous
amphibole and chlorite are common in coarse-
grained samples.  Alteration products include
abundant sericite, calcite, and chlorite.  CIPW



80

normative compositions of the coarse-grained
rocks include 68 to 82 percent alkali feldspar (Or
+ Ab), 5 to 10 percent plagioclase (An), and as
much as 5 percent nepheline; these rocks are
classified as nepheline-bearing alkali syenite or
nepheline-bearing syenite.  Fine-grained margin
material contains 74 to 84 percent normative alkali
feldspar (Or + Ab) and small amounts (less than
4 percent) of normative quartz; these rocks are
classified as alkali feldspar syenite.  All of the
samples exhibit large Al2O3 concentrations and are
peraluminous to metaluminous.  Geochemical data
summarized by Phillips (2000) exhibit little
geochemical variation, which implies that the
intrusion has undergone relatively little internal
fractionation.

Emplacement of the Aurora sill had little
apparent effect on adjacent iron-formation other
than the development of clumps and aggregates
of crocidolite in adjacent wall rock (White, 1954).
The sill itself seems to have been the source of soda
in the crocidolite, which further implies an unusual
bulk composition.

MISCELLANEOUS DIKES OF MAFIC
COMPOSITION

The Aurora sill is cut by a northwest-trending
fault, the trace of which is occupied by a dike of
fine-grained diabasic gabbro less than one-meter-
thick.  According to White (1954), the dike was
once exposed in the Hudson Mine (NW, NW, sec.
4, T. 58 N., R. 15 W.).  A similar dike, too small to
be shown on Figure 3.3, also was described from
the Belgrade Mine (NW, NE, sec. 9, T. 58 N., R.
16 W.; White, 1954).  This near-vertical dike ranges
in thickness from 1 to 1.5 meters and trends N.
25° to 30° W.  Both dikes are essentially unaltered
and are thought to be part of a mafic dike swarm
associated with an early phase of Mesoproterozoic
igneous activity during the growth of the
Midcontinent rift system.

A northwest-trending mafic dike about 15-
centimeters-thick and completely altered to a red
clay was described in the Mary Ellen Mine (SW,
NE, sec. 9, T. 58 N., R. 16 W.) by Gruner (1946).
Clearly, more than one period of post-
Paleoproterozoic igneous activity is recorded in the
area of the Virginia horn.

COLERAINE FORMATION

Stauffer and Thiel (1941) first applied the name
Coleraine Formation to a sequence of Upper
Cretaceous (Cenomanian) iron-bearing shale,

sandstone, and conglomerate deposited atop the
Biwabik Iron and Virginia Formations.  A section
near the town of Coleraine at the western end of
the Mesabi range was identified as the type locality,
but subsequent mining has removed most of it.
Rocks of the Coleraine Formation in the vicinity
of the Virginia horn have been described from the
Enterprise Mine (SW, NW, sec. 5, T. 58 N., R. 17
W.), east of the town of Virginia, where they
unconformably overlie the Biwabik Iron Formation
(Wolff, 1917; Owens, 1956).  About 30 meters of
conglomerate, sandstone, siltstone, claystone, and
lignite, generally all of non-marine to marginally
marine origin, have been recognized.  The
conglomeratic units were once the source of
appreciable iron ore.  The ore zone consisted
mostly of well-rounded pebbles and cobbles of
polished hematite, goethite, and magnetite as much
as 7.5 centimeters in diameter.  The pebbles and
cobbles were set in a reddish-brown clay-rich
matrix that also contained appreciable pyrite.

Rocks of Cretaceous age also were penetrated
in a drill hole located about 5 kilometers south of
the now abandoned town of Sparta (NE, SE, sec.
5, T. 57 N., R. 17 W.).  In this hole, about 5 meters
of Cretaceous strata overlie highly decomposed
and bleached Virginia Formation.  The basal meter
is conglomerate and is marked by angular, pebble-
sized clasts of altered Virginia Formation.  The
conglomeratic beds are overlain by units of
carbonaceous black shale that contain scattered
euhedral grains and concretions of pyrite.  These
are intercalated with beds of lighter-colored silty
claystone that lacks pyrite.  The uppermost meter
or so consists of light-greenish-gray, clayey
siltstone.

DESCRIPTIVE STRUCTURAL GEOLOGY

Paleoproterozoic strata along the Mesabi range
strike on average to the east–northeast, a trend
disrupted only by the Virginia horn.  The regional
dip west of the Virginia horn is about 6° to the
southeast, whereas to the east of Gilbert, it is about
12° to the southeast.  Still farther east, near Aurora,
along the east side of the area mapped in Figure
3.3, the iron-formation is nearly flat-lying.  Between
Virginia and Eveleth, the iron-formation turns
abruptly to the southwest and dips to the
northwest.  Thus, the iron-formation forms what
appears to be a paired syncline and anticline—the
Virginia syncline and Eveleth anticline—that
collectively define the Virginia horn.  Deformation
of the northeast-trending limb (from Virginia to
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Eveleth) was accompanied by considerable
bedding-plane slippage, as evidenced by well
developed slickensides oriented in a downdip
direction.

The origin of the Virginia horn has never been
satisfactorily established.  Spurr (1894), and later
Wolff (1915, 1917) speculated that the Archean
basement had been up-faulted along essentially
north-trending faults by compressive forces
associated with focused igneous activity to the east
in Mesoproterozoic time.  In contrast, Winchell
(1897), Leith (1903), and Van Hise and Leith (1911)
viewed the Virginia horn as a primary
paleogeographic feature, where the rocks of the
Animikie Group simply wrapped around a
topographic high of Archean granite.
Subsequently, Gruner (1924) showed that units of
iron-formation and quartz arenite were once
continuous across the core of the Virginia horn.
Since that time, the horn has been viewed as a
"regional drag fold" (Royce, 1942) or a "large,
gentle, cross fold" (Marsden and others, 1968).
Neither Royce nor Marsden and others expanded
on their ideas, but given the presence of nearby
igneous basement rocks that seemingly are too
competent to accommodate compression, it is
unlikely that the horn formed by simple flexure
folding associated with compressive or coupled
stresses.

Early work by White (1954) and subsequently
redocumented by Morey (1973, 1983) implied that
several faults that crosscut the Biwabik Iron
Formation, such as the Fayal and Alpena faults,
were in fact growth faults that must have been
associated with reactivated Archean structures.
However, neither White nor Morey recognized
appropriate faults in the basement.  Since that time,
many large Archean faults have been identified in
the basement (see Chapter 2), and it is probable
that the horn itself formed by near-vertical
movement along several of them.  That theme is
developed more completely in a conceptual model
illustrated in Figure 3.4, where movement along
north–northeast- to northeast-trending faults, such
as the Alpena, Dorr, Fayal, and Pine River faults,
as well as along the east-trending Laurentian fault,
can account for the structural attributes observed
in the overlying iron-formation.

The conceptual model in Figure 3.4 also shows
that although the iron-formation is broken by many
small, normal and reverse faults oriented more or
less perpendicular to strike, those faults were not
particularly important in the overall structural

evolution of the horn.  The cross faults, however,
were of considerable importance in the
development of high-grade iron-ore deposits once
located around the Virginia horn.  Figures 3.5 and
3.6 show that there is a close spatial correlation
between pits, faults, and aeromagnetic lows (see
Chapter 4) considered indicative of oxidized, and
in places leached, iron-formation.  Much of what
is known about the distribution of the cross faults
was compiled in the early 1950s, mainly by White
(1954).  Many faults have displacements of as much
as 60 meters and are as wide as 15 meters.  Fault
zones that transect unaltered iron-formation are
marked by angular fragments of unaltered,
oxidized, and leached iron-formation and are
cemented by quartz and by lesser amounts of
stilpnomelane.  Faults that cut ore also are marked
by angular fragments of oxidized iron-formation
and ore, but are cemented by quartz and kaolinite.
Much of the quartz is simple bull quartz, but some
occurs as large, translucent crystals 6- to 8-
centimeters-long and 2 to 4 centimeters in
diameter.  Quartz veins also occur as bedding
plane-parallel features in the ore bodies.  Some
veins were deformed subsequently by slumpage
associated with the ore-forming process.  Many of
these veins cracked and the resulting voids filled
with goethite.  Manganese oxides—mainly
pyrolusite and manganite—and native copper and
chalcopyrite are ubiquitous but minor phases in
faults that cut ore.

DESCRIPTIVE ECONOMIC GEOLOGY

The Biwabik Iron Formation was a principal
source of ore for the American steel industry
during the twentieth century.  The unaltered iron
deposit, locally called taconite, contains
approximately 30 percent iron and 50 percent silica.
About 75 percent of the iron in taconite resides in
the mineral magnetite.  The remainder is largely
in iron carbonate and iron silicate minerals.
Benefaction plants currently treat unaltered
taconite to produce high-grade pellets that are
subsequently utilized to produce iron and steel.
This type of material is abundant in the Biwabik
Iron Formation, and total resources amount to
billions of tons.  However, the original iron ore
production from the Mesabi range was exploited
from localized, altered, high-grade ore bodies
within the taconite protore.

High-grade ore was first discovered in 1890,
near the present city of Mountain Iron.  Other
deposits of iron ore were subsequently found in
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1891, in what became the Biwabik Mine near the
town of Biwabik, and in the Fayal Mine near the
town of Eveleth in 1892.  Since those discoveries,
more than 500 mines on the Mesabi range have
shipped 2.3 billion tons of iron ore extracted from
hematite- or goethite-rich deposits (greater than
50 percent iron, less than 10 percent silica),
generally referred to as "high-grade," "natural," or
"red" ores (Fig. 3.5).  For many years, these high-
grade deposits were somewhat selectively mined
to meet the iron, silica, sulfur, and phosphorus

requirements of smelting furnaces.  Inasmuch as
no benefaction other than rare crushing and
screening was required, these deposits were called
"direct-shipping ores."

Associated with the high-grade, direct-
shipping ores were substantial tonnages of less
altered iron-formation having iron contents
ranging from 40 to 50 percent (Fig. 3.7).  Deposits
within this compositional range include the so-
called "wash" and "heavy media" ores (Table 3.1).
In these materials, oxidation and incomplete
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leaching produced an ore that contains appreciable
quantities of partly decomposed silica that must
be removed to create a merchantable ore.  Nearly
400 million tons of wash ore have been shipped
from the Mesabi range since 1910.  Other, even less
decomposed ores require heavy media separation
methods, such as jigging spirals and tabling, to

remove silica.  About 185 million tons of gravity
concentrate have been shipped from the range
since the first concentrator was constructed in 1924.

Wolff (1917) showed that is was possible to
equate different layers of the original iron-
formation with various kinds of ore deposits.
Magnetite-rich cherty rocks yield blue or brown,
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martite-rich ores; whereas intercalated intervals of
slaty rocks yield brown or yellow ores composed
mostly of goethite and some hematite.  Much of
the blue or brown ore was shipped directly, but
a gravity concentrate designed to remove chert and
quartz was produced from some of the leaner
brown or yellow ores before shipment.  Lean
yellow ore, especially that from the thick package

of slaty rocks in the upper part of the Biwabik Iron
Formation, was rarely of economic grade.

A small amount of high-grade ore, averaging
57 to 60 percent iron, 6 to 9 percent silica, and 5
to 8 percent alumina, also was produced from
conglomeratic parts of the Coleraine Formation.
For example, the Enterprise Mine (SW, NW, sec.
5, T. 58 N., R. 17 W.) produced nearly 7 million

OPEN PIT

Lower Slaty
Upper Cherty

Direct-shipping ore

Pokegama Quartzite

Archean

Lo
w

er
 C

he
rt

y

Original 
iron-formation

Semi-
taconite

Wash ore

Oxidized iron-formation

Figure 3.7.  Hypothetical open-pit mine illustrating geometric relationships between various types
of iron ore on the Mesabi range.

Table 3.1.  Chemical and mineralogical relationships between original iron-formation, oxidized iron-
formation, semi-taconite, wash and heavy-media ore, and direct-shipping ore.

original oxidized semi-taconite wash & heavy- direct-

iron-formation iron-formation media ore shipping ore

Fe wt% 30–33 33–35 35–50 45–55 >55
SiO2 wt % 50 50 50–20 25–12 <12

Oxidation Fe++——————→ Fe+++ ———————Oxidation complete——————→
Major Loss of CO2 ———————Loss of CO2 complete—————→
chemical Redistribution of iron Minor————————————————–→ major
changes Characterized by oxidation and Characterized by build up of coarse secondary

  pseudomorphic replacement of   iron layers and extensive removal of SiO2 in
  original iron minerals   solution

Magnetite—————–→ martite Martite stable, some alteration to hematite
Mineral Hematite——————→ hematite Hematite stable
changes Iron carbonate—–——→ goethite Goethite stable, some alteration to hematite

Iron silicates———–—→ limonite Some alteration to goethite and hematite
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tons of this type of ore between 1952 and 1966.
These conglomeratic ores were derived from
reworked high-grade ore in the Biwabik Iron
Formation (Owens, 1956).

High-grade ore deposits
Some 60 mines produced high-grade iron ore

in the vicinity of the Virginia horn (Fig. 3.5).
Descriptions of the high-grade ore bodies are
widely available in previous studies (for example
Marsden and others, 1968 and references therein).
The ore bodies have a variety of shapes and sizes,
but in general can be classed into one of three types
(Wolff, 1917): 1. Fissure ore bodies are small
features (Fig. 3.8) that are particularly well
developed between Gilbert and the east side of the
area mapped in Figure 3.3.  They are typically 15-
to 20-meters-wide, 15-meters-deep, and generally
less than 60-meters-wide.  2. Trough ore bodies,
such as those in the Rouchleau Annex (E 1/2, SE,
sec. 17, T. 58 N., R. 17 W.) near the town of Virginia,
are larger features, typically as much as 1,500-
meters-long, 33-meters-wide, and 60- to 120-
meters-deep (Fig. 3.9).  Both fissures and troughs
form tabular ore bodies that have steep and
sharply defined walls.  They occur in parallel
swarms, or as discrete fissures and troughs that
tend to converge or diverge so as to leave
numerous islands or "horses" of unaltered or
oxidized iron-formation.  3. A third type of ore
body recognized by Wolff (1917) has blanket-like
shapes that more or less parallel bedding

directions.  Individual flat-lying bodies are
separated by layers of oxidized iron-formation
broken by fissures or small troughs of ore that
transect bedding.  The Leonidas–Nelson–Hull–
Spruce complex (E 1/2, sec. 36, T. 58 N., R. 18 W.,
and W 1/2, sec. 31, T. 58 N., R. 17 W.) south of
Eveleth, may be a flat-lying ore body (Fig. 3.10).

Most ore bodies east of Gilbert are fissures that
trend to the northwest, parallel to the strike of a
major fault system, and perpendicular to the strike
of the iron-formation.  A few of the ore bodies have
roots in the Pokegama Quartzite, and extend from
variable depths upward to the present bedrock
surface.  A few of those have caps of unaltered or
oxidized iron-formation, and one ore body has a
partial cap of Virginia Formation.

Ore bodies between Gilbert and the western
border of the map in Figure 3.3, and for some
distance westward, are mostly of the trough type.
Geologic mapping around the Virginia horn (Jirsa
and others, 1998) showed that the ore bodies there
follow diversely oriented faults that trend to the
east–northeast, northwest, and west–northwest.
Ore bodies occupy the full stratigraphic extent of
the iron-formation and commonly are very deep,
extending from the bedrock surface to the
underlying Pokegama Quartzite, the upper few
feet of which may be altered, mainly by the
dissolution of a silica cement.  Individual ore
bodies contain large horses of unaltered iron-
formation at depth, and locally are capped by beds
of kaolinized and bleached Virginia Formation.
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Figure 3.8.  Map showing fissure ore bodies
(shaded) that formed in the Malta Mine (modified
from Gruner, 1924; Meineke and others, 1993a).
See Figure 3.9 for map location.
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Production of high-grade ore all but ceased in
the late 1970s to early 1980s.  Today only the
Auburn Mine (SE–SW, sec. 17, T. 58 N., R. 17 W.)
continues to ship modest quantities of high-grade
ore (237 thousand tons in 1999).  Most of the ore
today is shipped as pellets that contain 61 to 65
percent iron.

Taconite ore
Three companies—U.S. Steel, Eveleth Taconite,

and Ispat-Inland, Inc.—operating in the vicinity
of the Virginia horn collectively produce about 22
million tons of magnetite taconite ore annually.
That ore is produced from thick, magnetite-rich
layers in the Biwabik Iron Formation, which can
be concentrated by magnetic methods after fine
grinding.  In the vicinity of the Virginia horn, those
layers occur in the middle part of the Lower Cherty
member and in parts of the Upper Cherty member.
A cherty layer in the Lower Slaty member in the
Mountain Iron to Eveleth area also contains ore-
grade material, as do certain other units in the
Lower Cherty member.  These taconite ore bodies
are tabular stratigraphic units that range widely
in extent and thickness; some of the larger deposits
are mined from pits 3.2-kilometers-long.  The ore
bodies may have lithologic boundaries, but more
typically they have assay-defined boundaries that
transgress lithologic contacts, both vertically and
laterally.  In other places, the ore bodies are
terminated by oxidized zones associated with the
formation of high-grade ore bodies.  Magnetite is
the sole ore mineral, but the ore bodies also contain
variable amounts of chert or quartz, stilpnomelane,
minnesotaite or greenalite, and carbonate minerals.

COMMENTS ON THE ORIGIN OF
MAGNETITE

Magnetite occurs throughout the Biwabik Iron
Formation in varying amounts and paragenetic
settings.  Although widely distributed, it is most
abundant in the quartz-rich cherty members
(Gruner, 1946, p. 72).  Consequently, thick,
magnetite-rich ore zones are mined mostly from
the middle part of the Lower Cherty member and
in the Upper Cherty member.  However, ore is
produced from a cherty, magnetite-rich layer in the
Lower Slaty member in the vicinity of the Virginia
horn (Fig. 3.11), and ore-grade material also has
been mined at scattered places along the range
from various other parts of the Lower Cherty
member (Marsden and others, 1968).

Some very fine-grained magnetite, which
occurs as disseminated and diffuse grains five
microns or less in size in orthochemical (directly
precipitated) strata, could be a primary phase.
However, textural studies (Gruner, 1946; White,
1954; Perry and others, 1973) indicated that the vast
majority of the magnetite in allochemical
(mechanically reworked precipitate) strata is
secondary.  For example, LaBerge (1964) showed
that the development of magnetite, and the
minnesotaite and stilpnomelane that commonly
accompany it, characteristically obliterate small-
scale primary or depositional features in the iron-
formation.  Such magnetite occurs as disseminated
octahedra, not much greater than 0.10 millimeter
and typically smaller in diameter (Fig. 3.12).
However, clusters of these octahedra commonly
form larger aggregates that appear as continuous
units to the unaided eye (Fig. 3.13).  Many of the
aggregates occur as ovoid structures known as
granules, and as irregular patches known as
mottles; whereas other aggregates define both
straight and wavy to irregularly-shaped layers.
Some layers have sharply defined boundaries;
others have gradational boundaries that pass into
strata containing only disseminated magnetite.

Although the magnetite is widely distributed
in both cherty and slaty strata, there is no definitive
textural or compositional evidence from either kind
of iron-formation to distinguish whether the
magnetite reflects diagenetic or regional
metamorphic processes.  Given the lack of textural
evidence, it is not surprising that magnetite has
been considered by some geologists to be a
diagenetic product altered or modified from some
initial precipitate (Goodwin, 1956; Gundersen and
Schwartz, 1962; Perry and Tan, 1973; Perry and
others, 1973), and by others as the product of a
low-grade regional metamorphic event (LaBerge,
1964; French, 1968) that occurred prior to
emplacement of the Duluth Complex in
Mesoproterozoic time.

The general consensus in current geologic
studies is that magnetite is a metamorphic phase.
This belief dates back to the work of James (1955).
He observed that units of minnesotaite- and
stilpnomelane-bearing iron-formation in Michigan
were enclosed in clastic strata metamorphosed to
at least the chlorite grade of the greenschist facies.
Thus, minnesotaite and stilpnomelane, which are
abundant phases in the Biwabik Iron Formation,
were considered to be diagnostic indicators of a
regional metamorphic event.  The presence of



89

1

2
3

4
5

6 7
8

9
10

11

12

C
yp

ru
s 

N
or

th
sh

or
e

LT
V

 S
te

el

LT
V

 S
te

el
 (

D
un

ka
)

In
la

nd
 S

te
el

E
ve

le
th

 T
ac

on
ite

M
in

nt
ac

H
ib

bi
ng

 T
ac

on
ite

N
S

P
C

B
ut

le
r T

ac
on

ite
(c

lo
se

d)

G
ra

nd
 R

ap
id

s

B
ab

bi
tt

H
oy

t L
ak

es
A

ur
or

a

B
iw

ab
ik

E
ve

le
th

V
irg

in
ia

B
uh

l

C
hi

sh
ol

m

H
ib

bi
ng

K
ee

w
at

in
N

as
hw

au
k

C
al

um
et

C
ol

er
ai

ne

A
.

3

11

1
2

4
5

6

7

8

9
10

12

B
.

U
pp

er
 S

la
ty

U
pp

er
 C

he
rt

y

Lo
w

er
 S

la
ty

Lo
w

er
 C

he
rt

y

N

60
0

40
0

20
0 0

-2
00

-4
00

60
0

40
0

20
0

-2
00

-4
00

0

18
70

00
E

19
20

00
E

19
70

00
E

20
20

00
E

20
70

00
E

21
20

00
E

21
70

00
E

22
20

00
E

22
70

00
E

23
20

00
E

V
irg

in
ia

 h
or

n 
ar

ea

G
en

er
al

iz
ed

 s
tr

at
ig

ra
ph

ic
 s

ec
tio

ns

L
oo

ki
ng

 n
or

th

M
in

ed
 ta

co
ni

te
 in

te
rv

al
s

U
pp

er
 S

la
ty

U
pp

er
 C

he
rt

y

Lo
w

er
 S

la
ty

Lo
w

er
 C

he
rt

y

U
pp

er
 S

la
ty

U
pp

er
 C

he
rt

y

Lo
w

er
 S

la
ty

Lo
w

er
 C

he
rt

y

0
6

12
18

24
 M

IL
E

S

Fi
gu

re
 3

.1
1.

  G
en

er
al

iz
ed

 m
ap

 o
f 

th
e 

M
es

ab
i 

R
an

ge
.

A
.  

A
er

ia
l 

d
is

tr
ib

u
ti

on
 o

f 
ta

c o
n

it
e 

m
in

es
.

B
.  

A
 lo

ng
it

u
d

in
al

 s
ec

ti
on

 o
f 

th
e 

B
iw

ab
ik

 I
ro

n 
Fo

rm
at

io
n 

sh
ow

in
g 

th
e 

st
ra

ti
gr

ap
hi

c  
p

os
it

io
n 

of
 m

in
ed

 t
ac

on
it

e 
in

te
rv

al
s 

(c
om

p
il

ed
by

 H
. D

je
rl

ev
, 1

99
3)

.



90

Figure 3.12.  Photomicrographs illustrating typical occurrences of magnetite in the Biwabik Iron
Formation (Bleifuss, 1964).
A.  Crystalline magnetite (light gray) in a chert matrix (dark gray)—euhedral outlines are typical.
B.  Magnetite in a carbonate matrix (darker gray).  Note that the aggregates define a vague layering.

Disseminated Diffuse Granules Patches

Regular,
Sharp

Irregular,
Sharp

Regular,
Diffuse

Mottled

Irregular,
Diffuse

Shaly,
Thin-bedded

Textures associated with laminated rocks

Textures associated with granular rocks

Figure 3.13.  Textural characteristics
of magnetite in the Biwabik Iron
Formation from a classification
scheme developed by geologists of
the Hanna Mining Company
(modified by Pfleider and others,
1968).  Although developed initially
to characterize magnetite, the scheme
has been used subsequently to
describe the distribution of other
mineral phases.

A. B.
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relatively large magnetite octahedra that
apparently surround and replace granules
composed of greenalite or minnesotaite, or form
layers along the edges of siderite-rich beds, led
LaBerge (1964) to suggest that magnetite in the
Biwabik Iron Formation formed under
metamorphic conditions by processes involving the
oxidation of iron in either siderite or greenalite
(Fig. 3.14).  Suggested reactions include:

1.  6FeCO3 + O2 → 2(FeO + Fe2O3) + 6CO2

 siderite + oxygen → magnetite + carbon dioxide

  and

2. Fe3Si2O5 (OH)4 + O2 → (FeO + Fe2O3) + 2SiO2 + 2H2O

greenalite + oxygen → magnetite + quartz + water

Han (1978, 1982, 1988) recognized that
octahedral grains of magnetite, regardless of
textural setting, typically had cores of
scalenohedral hematite (Fig. 3.15).  The presence
of extensive overgrowths of magnetite on hematite
nuclei required either the substantial reduction of
ferric iron to ferrous iron, or the large-scale
addition of ferrous iron to the growing magnetite
crystals.  Han (1978) first suggested that this
transformation was controlled by the availability
of carbonaceous material in the iron-formation, a
reaction akin to that proposed by Perry and Tan
(1973), and Perry and others (1973):

3.  6Fe2O3 + C → 4(FeO + Fe2O3) + CO2

  hematite + carbon  → magnetite + carbon dioxide

Figure 3.14.  Photomicrographs illustrating typical textural relationships between magnetite and other
mineral phases in the Biwabik Iron Formation (Bleifuss, 1964).
A.  Magnetite commonly found as granules (upper) and replacing parts of granules composed of chert
(lower left) and carbonate (lower right).
B.  Fine magnetite encircling a granule composed of minnesotaite and chert.  The occurrence of magnetite
rims on silicate granules is a common feature of the cherty members.

A. B.
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However, Han (1982) subsequently concluded
that the magnetite formed neither by the reduction
of hematite, as he first proposed, nor by the
oxidation of siderite or iron silicates, as LaBerge
(1964) proposed, but rather by "diffusive processes"
that moved ferrous iron from place to place within
the iron-formation.  This mechanism may be
illustrated by a reaction involving hematite and
ferrous iron in a reducing solution:

4.   Fe2O3 + Fe++ + H2O → (FeO + Fe2O3) + 2H+

hematite + ferrous iron → magnetite + hydrogen

Reactions 1, 2, and 3 are reactions that reflect
essentially isochemical processes that involve
interactions between constituents already present
in the iron-formation.  Reaction 4, as envisioned
by Han (1982), also is an isochemical reaction that
involves the large-scale diffusion of ferrous iron
that he assumed to be already present in the iron-
formation.  Without providing supporting
evidence, LaBerge and others (1987, p. 92) believed
that conversions of the type illustrated by reaction

4 appear "...to have required elevated
temperatures."

What is the evidence for "elevated
temperatures" in the Biwabik Iron Formation?
Following the methodology of James (1955), it is
logical to infer that if the Biwabik Iron Formation
was subjected to regional metamorphic conditions,
the overlying and underlying epiclastic strata
should also contain a record of that event.  X-ray
diffraction studies of very fine-grained shaly
phases from the lower part of the Virginia
Formation yield mineral assemblages that contain
quartz, muscovite, chamosite, ankerite, trace
amounts of quartz, and a feldspar, most likely
albite or oligoclase.  Similarly, fine-grained shaly
siltstone from the lower part of the Pokegama
Quartzite contains quartz, feldspar, calcite,
chamosite, and sericite.  French (1968) reported that
at least one sample of "greenish sandstone" from
"unaltered Pokegama" contains only chamosite.
However, he noted that sandstone interlayered
with iron-formation a meter or so above the

Figure 3.15.  Photomicrographs of magnetite octahedra surrounding and replacing hematite scalenohedra
(photographs by T.M. Han).
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Pokegama–Biwabik contact contains both
chamosite and chlorite.  Of particular interest here
is the mineral chamosite, a phase characterized by
a crustal structure that repeats every 7Å, or half
that of chlorite, which repeats every 14Å.  Chlorite
is typically a metamorphic mineral whereas
chamosite is typically found in unmetamorphosed
marine ironstone of Phanerozoic age (James, 1966).
It has also been reported from a number of other
places including the "unmetamorphosed" Gunflint
Iron Formation in Canada (Floran and Papike,
1975) and "ultra-low metamorphic-grade" iron-
formation of Paleoproterozoic age in the Nabberu
basin, Australia (Goode and others, 1983).  Because
it is structurally related to kaolin, Carroll (1958)
regarded chamosite to be the result of a diagenetic
interaction between marine mud and ferrous iron
in solution.  However, according to Nelson and
Roy (1954), 7Å chamosite may be converted into
a 14Å chlorite in one situation, or remain as a 7Å
mineral in another situation.  Nonetheless,
chamosite appears to be more indicative of a
diagenetic rather than a metamorphic
environment.

Problems associated with chamosite and
chlorite transformations show how difficult it is
to precisely define the physical conditions and
especially the temperatures that separate a
diagenetic environment from one of low
metamorphic grade.  Winkler (1976) originally
defined metamorphic reactions as those that
occurred above approximately 180° to 200°C.  More
recently, Cho and others (1986) determined
pressure–temperature conditions for the transition
from "diagenetic" to metamorphic mineral
assemblages to be at 150° to 200°C and 1 to 1.5
kbars.  From a sedimentological perspective, Boggs
(1995, p. 187) stated "...we commonly consider
diagenesis to occur at temperatures below about
300° C."  Clearly, mineral transformation in the
temperature range from 100° to 150°C would be
considered by most sedimentologists to be
diagenetic rather than metamorphic in origin.

It is noteworthy that oxygen-isotope
thermometry done on quartz-magnetite pairs in
the Biwabik Iron Formation from around the
Virginia horn yielded equilibration temperatures
in the range of 120° to 150°C.  For example, a single
sample collected from the Auburn pit (SE, SW, sec.
17, T. 58 N., R. 17 W.) produced a temperature of
130°C (James and Clayton, 1962), and three
samples from a drill core located 4 kilometers south
of Biwabik (Perry and others, 1973) yielded an
average temperature of 135°C (range 120° to

150°C).  These values, when revised using the
expression of Clayton (1991), indicate equilibration
temperatures of 160° to 170°C.  Such temperatures
are well within the range of diagenetic conditions,
and when combined with the lack of true
metamorphic minerals in the Virginia Formation
and Pokegama Quartzite, are consistent with
diagenetic rather than metamorphic processes.

There are two other sets of data that imply that
the Biwabik Iron Formation was subjected to
relatively low temperatures in the range of 130°
to 150°C, and pressures in the range of 1 or 2 kbars.
First, there is considerable textural evidence for
the partial transition of greenalite to minnesotaite
(for example Gruner, 1946; French, 1968).  Using
experimental data, Miyano (1987) estimated that
the transition occurs at a temperature of about
130°C and a pressure of 1 kbar.  Second,
microprobe studies by Morey and McSwiggen
(unpub. data) show that arsenopyrite in iron-
formation at several places around the Virginia
horn have compositions that lie along the solid-
solution join between pyrite and loellingite.
Applying the arsenopyrite geothermometer of
Sharp and others (1985), an average composition
of Fe32.97 As30.19 S36.67 yields an apparent maximum
temperature of less than 150°C.

A last line of evidence involves mineralogical
relationships between the Biwabik Iron Formation
and its correlative equivalent in Canada, the
Gunflint Iron Formation.  The Gunflint Iron
Formation is regarded by many as the prototypical
unmetamorphosed Paleoproterozoic iron-
formation (Goodwin, 1956; Barghoorn and Tyler,
1965).  The silicates in it are dominated by
chamosite and greenalite, and the principal oxide
is hematite.  However, even there, early-formed
greenalite is replaced locally by minnesotaite, and
stilpnomelane is a minor but widespread phase
(Floran and Papike, 1975).  In contrast,
minnesotaite and stilpnomelane are important
phases in the Biwabik Iron Formation, and the
principal oxide is magnetite.  Consequently, many
metamorphic petrologists infer that the Gunflint
Iron Formation represents a pre-metamorphic
protolith to the Biwabik Iron Formation.  It follows
that if magnetite ±  minnesotaite ±  stilpnomelane
in the Biwabik Iron Formation formed from
hematite ± greenalite ± siderite (as in the Gunflint
Iron Formation) by essentially isochemical
processes, then the two must have had similar
original bulk compositions.  However, Table 3.2
shows that the Biwabik Iron Formation contains
almost twice as much total iron as does the
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Gunflint Iron Formation (38 percent vs. 18 percent),
an attribute that implies the presence of abundant
magnetite in the former, but not the latter.

Two conclusions emerge from this discussion.
First, there is no compelling evidence that the
Biwabik Iron Formation was subjected to a regional
metamorphic event, and consequently magnetite
in the Biwabik Iron Formation must have formed
by some other process or processes.  Second, if the
Biwabik and Gunflint Iron Formations had similar
original bulk compositions, and if the transference
of hematite to magnetite occurred as surmised by
reaction 4 above, the magnetite could only have
formed by the wholesale incursion of a ferrous
iron-bearing solution into a sequence of
unconsolidated, or only partly consolidated,
hematite-rich strata.  Furthermore, that solution
must have been derived from a source beyond the
limits of the sedimentary prism in which those
strata occur.

An alternative diagenetic model
The mechanism by which ferrous iron was

introduced into the Biwabik depositional system
is somewhat problematic.  Depositional models
assume that silica, ferrous iron, and carbon dioxide
accumulated as dissolved phases in deeper parts
of the Animikie basin to the south, offshore from

the shelf upon which the iron-rich sediments were
deposited (described in Morey, 1999).  Upwelling
of that deep water onto the shelf led to the
precipitation of iron-formation, deposited by two
separate but interrelated processes.  First, the water
warmed and carbon dioxide was lost, triggering
the precipitation of siderite.  Second, nutrients
including phosphorous in the upwelling water
stimulated the growth of protoalgae and
cyanobacteria, organisms that existed through
photosynthetic processes involving the production
of oxygen.  The presence of that oxygen in shallow-
water parts of the shelf led to the conversion of
ferrous iron to ferric iron, and to the precipitation
of insoluble ferric hydroxide, which ultimately was
converted to hematite.  Thus, slaty or
orthochemical varieties of iron-formation
containing mixtures of siderite and chert are
characteristic of deeper-water parts of the shelf,
where quiet-water conditions prevailed; whereas
cherty or allochemical varieties of iron-formation
containing mixtures of hematite and chert are
characteristic of a shoreface, where agitated
conditions prevailed.  Although other models may
differ in detail from that outlined above, there is
a consensus that the formation of iron-formation
resulted from the cumulate storage of ferrous iron
in a once extensive anaerobic marine basin.

As previously discussed, magnetite is
preferentially concentrated in the cherty members.
There are two reasons for this observation.  First,
given the depositional model, there is a broad
equivalency between rocks that have allochemical
attributes, and those that contain appreciable
hematite.  Second, the allochemical textures are
marked by sand-size grains as well as granules and
pebbles of admixed chert and carbonate, fragments
of algal structures, ooids, and detrital quartz.  The
admixed material commonly occurs in strata that
have graded bedding or cross bedding, indicating
that the clasts behaved as particulate detritus,
much as in the arenaceous clastic rocks (Mengel,
1965).  In contrast, slaty or orthochemical iron-
formation has textural attributes that are similar
in many respects to siltstone or shale (LaBerge,
1967).

Like any strata consisting predominantly of
reworked sandy materials, the cherty or
allochemical rocks originally had considerable
intergranular porosity—open pathways where
through-flowing, ferrous iron-bearing solutions
could come in contact with previously precipitated
hematite.  In contrast, slaty or orthochemical rocks
were generally impervious, and flow paths through

Table 3.2.  Average bulk-rock chemical
compositions of the Biwabik (Morey, 1992) and
Gunflint Iron Formations (Goodwin, 1956).  Values
given in weight percent.

Biwabik Gunflint

SiO2 43.61 56.7 52.16
TiO2 0.12 0.24 0.3
Al2O3 1.24 3.16 3.54
Fe2O3 16.74 5.9 4.59
FeO 19.28 11.4 12.11
Fe2O3

T 38.2 19.7 18.07
MnO 0.88 0.32 0.37
MgO 3.04 2.35 2.8
CaO 2.71 4.8 5.76
Na2O 0.07 0.26 0.26
K2O 0.19 0.28 0.94
P2O5 0.09 0.25 0.30
CO2 10.42 9.1 11.11
H2O 1.74 2.6 2.67
S 0.05 1.63 1.99

Fe2O3
T denotes the total iron as Fe2O3
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them were restricted to interstratified bedding
planes.  Consequently, magnetite would have
formed in only a few places.

Both Gruner (1946) and Marsden and others
(1968) emphasized the fact that magnetite, even
that in the cherty members, is unevenly distributed
in outcrop along the strike length of the Biwabik
Iron Formation.  Very little data were available at
that time to show how magnetite was distributed
in a downdip direction south of the range (Pfleider
and others, 1968).  Since then, aeromagnetic data
acquired from the eastern part of the range
(Chandler, 1983) illustrate the presence of a number
of northwest-trending magnetic highs that form
linear zones several kilometers wide, and that
extend for considerable distances south of the
range (Fig. 3.6).  A limited number of drill holes
of poor quality (mostly drilled before 1905) show
that areas having magnetic highs are related to
areas where magnetite is more abundant than in
surrounding areas marked by comparatively flat
magnetic signatures.  These data are consistent
with indications from the outcrop that magnetite
is unevenly distributed in the downdip direction.

The precise origin of the northwest-trending,
magnetite-bearing magnetic highs is uncertain, but
they may correspond with channelways filled with
allochemical strata that cut across a broad
depositional shelf composed mostly of
orthochemical strata.  The channelways may have
formed in at least two ways.  First, they could
represent intertidal channels cut into a mudflat of
orthochemical (slaty) iron-formation.  The channels
were then filled with allochemical strata that were
subsequently buried by shifting depositional
processes (Fig. 3.16).  An intertidal channel deposit
model has been used to explain magnetite-bearing
cherty strata in the so-called "interbedded chert
unit" (IBC), which occurs locally in the Lower Slaty
division at U.S. Steel's Minntac Mine (Pezzutto,
1993; see also Ojakangas, 1988).  Alternatively, the
channels could have been cut-and-fill structures
formed by rip tides flowing across the depositional
shelf as illustrated in Figure 3.17.  Both models
would have resulted in reworked sandy deposits
filling linear depression channels cut into
otherwise very fine-grained, slaty strata.
Regardless of its origin, the channel system in turn
would have served as a pathway for the movement
of ferrous iron-bearing solutions from deeper parts
of the depositional shelf to the shoreface, where
hematite was abundant in a sequence of
incompletely lithified sediments.  The magnetite
formed when interstitial fluids depleted in ferrous

iron were replaced by fluids relatively enriched
in ferrous iron.  Furthermore, such channel
systems, once formed, were capable of supporting
long-lived flow systems that in turn were capable
of repeatedly recycling enriched subsurface
solutions through the sedimentary prism.  This
introduced more ferrous iron to the system and
further enhanced the possibility of more hematite
being converted to magnetite.  Lastly, the
transformation of hematite to magnetite must have
occurred early in the diagenetic scheme, as most
of the intergranular pore space is filled with an
early-formed quartz cement (Simonson, 1987).

COMMENTS ON THE ORIGIN OF
HIGH-GRADE ORES

Leith (1903) recognized that the high-grade
ores formed by oxidation, hydration, and
subsequent leaching of the Biwabik Iron Formation
by through-flowing solutions long after the iron-
formation had lithified.  Oxidation and hydration
of primary or diagenetic minerals to various iron
oxides resulted in a loss of volume and the
development of secondary porosity and
permeability (Leith, 1903; Van Hise and Leith, 1911,
p. 187).  The resulting oxidized iron-formation was
not of ore grade, but the increased porosity and
permeability greatly enhanced the ability of
through-flowing solutions to leach silica,
phosphorous, magnesium, and calcium, to produce
a residual ore-grade concentrate.

There was, in the early to mid-twentieth
century, considerable debate as to the nature of the
channelways utilized by the ore-forming solutions.
Because of political difficulties, no substantive
geologic information about the structural attributes
of the Biwabik Iron Formation was published
between 1930 to about 1980.  An additional
problem involved the source of the ore-forming
solutions.  To many geologists, the formation of
the high-grade ores required nothing more
complicated than weathering by descending
solutions (Leith, 1903; Van Hise and Leith, 1911;
Leith and others, 1935).  However, other geologists,
such as Wolff (1915, 1917) and especially Gruner
(1924, 1930, 1937, 1946), recognized geologic
features they believed were better explained by the
action of ascending solutions.  Unfortunately,
neither Wolff nor Gruner could reconcile their
geologic observations with a reasonable source for
ascending solutions.  Consequently, it was
generally accepted by the late 1970s that the ores
formed by descending solutions, most likely
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Adjacent marine

Supratidal zone, dominantly cherty strata

Figure 3.16.  Intertidal model for the development of channels filled with magnetite-bearing cherty
strata south of the Mesabi range.

during late Jurassic to pre-Late Cretaceous time—
a time when a quartz- and kaolinite-rich
weathering profile (Setterholm and Morey, 1995)
was formed over much of western Minnesota (for
example Morey, 1983).

Hypotheses involving descending ground
waters are consistent with the upward continuation
of most ore bodies and associated oxidized areas
to the pre-Cretaceous bedrock surface.  That
surface corresponds to the present bedrock surface
in most places.  As an example, Leith (1903)
proposed that descending water entered the
northern edge of the iron-formation and was
driven downdip to the south by a hydraulic head

associated with the Laurentian Divide, a
topographic highland underlain by the Giants
Range batholith north of the Mesabi range.

Early objections to the meteoric ground-water
model focused on two issues: the assumed
inadequacy of cold water to dissolve large amounts
of chert; and the inability of surface-derived
ground water to circulate effectively to the depth
at which oxidization and leaching are known to
have occurred.  Consequently, Gruner (1930)
suggested that thermally driven fluids derived
from a magmatic source could stimulate hydraulic
circulation and thus dissolve and remove large
quantities of chert.  Although he was unable to
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identify an adequate source of the hydrothermal
solutions, he nonetheless extended his
hydrothermal model to all of the iron-ore deposits
in the Lake Superior region.  Because he could not
find the solution source, combined with a general
absence of typical hydrothermal minerals or
assemblages in the ore bodies, Gruner (1937)
proposed that the ores formed from meteoric
waters heated by "igneous emanations."

Gruner never demonstrated a satisfactory
source of fluids for his ascending-solution model.
Today however, we recognize that regional ground-
water flow systems that had lateral flow paths
extending over distances of hundreds of kilometers
existed in Phanerozoic time.  Furthermore, many
Phanerozoic systems were capable of extending to
depths of as much as several kilometers (Garven,
1986; Bethke and others, 1991).

Garven and others (1993) have shown that such
regional flow systems involve topographic or
gravity-driven mechanisms associated with the

tectonic uplift of foreland basins.  By analogy,
Morey (1999) proposed a conceptual model where
the high-grade ore deposits of the Mesabi range
are the product of a similar regional ground-water
flow system associated with a period of tectonic
uplift of the Animikie foreland basin in
Paleoproterozoic time (Fig. 3.18).  In this model,
the ground-water recharge is concentrated in the
elevated foreland in front of the Penokean fold-
and-thrust belt south of the present-day Mesabi
range, where meteoritic solutions entered the
ground-water system and descended to
considerable depths, possibly acquiring heat along
their flow paths.  A hydraulic gradient created by
topographic relief drove the deeply buried ground
water toward the distal edge, where flow was
confined between the Archean igneous rocks below
and the relatively impervious rocks of the Virginia
Formation above.  Although lateral flow
dominated in the deeper parts of the Animikie
basin, pronounced vertical flow was accentuated

Off-shore marine

Supratidal zone, dominantly cherty strata

Figure 3.17.  Rip-tide model  for the development of channels (alternative to that in Fig. 3.16).
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along the Mesabi range itself where overlying
cover rocks were thin, and open fractures or faults
extended from the Archean basement to the
bedrock surface.  Such fractures served as escape
routes for water that discharged from deeper parts
of the basin, perhaps as artesian springs.  These
fractures also served to focus ground-water flow
into vertically oriented regimes where the flow was
continuously supplied with newly charged water,
thus promoting ongoing oxidization and leaching.

Regional hydrogeologic models of the kind
proposed by Garven and others (1993) have
emphasized the necessary presence of a regional
aquifer that focused lateral ground-water flow.
Again by analogy, Morey (1999) suggested that the
arenitic rocks of the Pokegama Quartzite acted as
such an aquifer in the Animikie basin.  There is a
broad equivalency between the presence of ore
deposits and the thickness of the underlying
Pokegama Quartzite.  High-grade deposits are
small or lacking in much of the east Mesabi district,
where faults are abundant, but where the
Pokegama Quartzite is very thin or absent.  In
contrast, ore deposits are not well developed on
the far western Mesabi range, where the Pokegama
Quartzite is thick, but where faults are not as
prevalent.  Thus, both the thickness of quartzite
beneath the iron-formation and the presence of
faults are important components of the model.
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Chapter 4

GRAVITY AND MAGNETIC STUDIES IN THE VIRGINIA HORN AREA

V.W. Chandler, Mark A. Jirsa, and R.S. Lively

ABSTRACT

Detailed gravity and magnetic studies are used to augment geologic mapping of
Archean and Proterozoic bedrock in the Virginia horn area.  Although the bedrock is
moderately well exposed, geophysical data were used to interpolate between and
extrapolate beyond the outcrop areas.  Unfiltered and derivative-enhanced grids of
gravity and aeromagnetic data delineated features that are poorly exposed, and model
studies were used to investigate geologic structure at depth.  The area includes Archean
granitic (Giants Range batholith) and supracrustal (Minntac, Mud Lake, and Midway
sequences) rocks, which are onlapped to the south and west by Paleoproterozoic strata
of the Animikie Group (Pokegama Quartzite, Biwabik Iron Formation, and the Virginia
Formation).

Derivative-enhanced aeromagnetic data were used in the area underlain by the
Giants Range batholith to help delineate separate intrusions and several crosscutting
and bounding faults.  A few isolated magnetic highs over non-magnetic supracrustal
rocks of the Mud Lake sequence may reflect intrusive stocks.  The Archean supracrustal
rocks in the Virginia horn area correlate with a broad gravity high that extends well
beyond the present study area, indicating that they are part of an extensive greenstone
belt that is almost completely covered by Animikie strata.  A gravity low over Animikie
strata in the eastern part of the study area may reflect a granite pluton within this
buried greenstone belt.  Belt-like highs in second vertical derivative gravity data
delineate the northeast-striking volcanic limbs of the Mud Lake syncline that enclose
a trough of less dense metasedimentary rocks.

Irregular, east–northeast-trending highs in the derivative-enhanced magnetic data
over the Biwabik Iron Formation correlate with unoxidized iron-formation.  Linear,
northwest-trending lows delineate oxidized iron-formation, many of which correlate
with mapped faults and fractures, indicating that these structures controlled alteration
of the iron-formation.  Some of the crosscutting lows continue for several kilometers
into the Animikie basin, where iron-formation is buried beneath the Virginia Formation;
this implies that at least part of the alteration occurred at depth due to geofluids, as
opposed to alteration by a process involving subaerial weathering.  An isolated magnetic
anomaly over a fresh outlier of Biwabik Iron Formation resting on the Giants Range
batholith (Pike Mountain monzodiorite) produces a magnetic polarization that is directed
steeply downward to the northwest, implying a significant component remanent
magnetization.

Gravity and magnetic modeling along one 50-kilometer-long profile, and gravity
modeling along seven shorter profiles indicate that most Archean contacts and faults
are sub-vertical to vertical, and extend to maximum depths of about 5 kilometers.  The
Archean metasedimentary rocks along the axis of the Mud Lake syncline are interpreted
to be 1- to 2-kilometers-thick, and appear to terminate abruptly against segments of
the Fayal, Pike River, and related faults.

Several features delineated by this study warrant investigation for economic mineral
deposit potential.  For example, some faults delineated in part by gravity and magnetic
data may host shear-zone gold deposits.  Because small alkalic intrusions are associated
with shear-zone-hosted gold camps, a few small intrusions inferred from magnetic
highs within metasedimentary rocks of the Mud Lake sequence may be exploration
targets.  Beyond the present study area, gravity data indicate that the greenstone belt
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exposed in the Virginia horn area extends laterally to several other greenstone outcrops
along the rim of the Animikie basin.  Given the favorable gold criteria observed in
the Virginia horn, these outliers may also warrant further investigation.

Biwabik Iron Formation and associated strata of
the Animikie Group (Fig. 4.1).  Archean rocks of
the Superior Province are well exposed in the
northern part of the area, and form the basement
to the low-dipping Animikie strata.  The geologic
framework provided below is summarized from
geologic mapping by Jirsa and others (1998b); the
reader is referred to that map and the rest of this
volume for more detail.

Archean supracrustal rocks are subdivided into
two panels of contrasting metamorphic grade,
separated by the post-metamorphic Laurentian
fault.  North of the fault are volcanic and clastic
rocks of amphibolite-grade known as the Minntac
sequence.  Rocks of the southern and larger area
of Archean exposure were metamorphosed to
much lower grades (greenschist and prehnite-
pumpellyite facies) and form the complexly faulted
Mud Lake syncline (Fig. 4.1).  The volcanic limbs
of the syncline record an upward progression in
volcanism from calc-alkaline (unit Aim on Fig. 4.1)
to tholeiitic (unit Amv), and enclose an axial trough
of metasedimentary rocks (unit Ags).  The
metavolcanic and metasedimentary rocks in the
syncline, and a metamorphosed quartz-feldspar
porphyry (unit Aqp) comprise the Mud Lake
sequence.  A sequence of conglomerate, lithic
sandstone, and trachyandesite flows and sills,
collectively called the Midway sequence (unit Avc),
lies in fault and unconformable contact with the
older Mud Lake rocks.  The Midway sequence is
inferred to represent deposition in a linear half-
graben basin formed by syndepositional wrench
faulting.  It has been interpreted to be
"Timiskaming-type" by Jirsa (1996) because of its
similarity to the Timiskaming Group in the Abitibi
subprovince, and other Timiskaming-type rocks of
Canada.  The Mud Lake sequence contains
evidence for early, pre-metamorphic deformation
(D1) including the Mud Lake syncline.  The rocks

INTRODUCTION

During the period from 1995 to 1997, the
Minnesota Geological Survey conducted geologic
mapping of the Archean and Paleoproterozoic
(Early Proterozoic) rocks in the Virginia horn area
of northeastern Minnesota (Fig. 4.1; Jirsa and
others, 1998b).  Although bedrock exposures are
locally abundant, glacial deposits, marshes, and
stockpiles (including tailings basins, overburden
piles, and rock dumps) preclude direct observation
of the bedrock surface in some areas.  Furthermore,
little can be discerned from existing outcrop and
drill hole data regarding structure at depth.
Consequently, geophysical methods supplemented
geologic mapping.  Gravity and magnetic methods
are favored over other geophysical techniques
because of their well-established utility for
investigating Precambrian terranes (Sims, 1972a,
b; Hinze and Zietz, 1985), and because high-quality
gravity and aeromagnetic data sets are readily
available for the Virginia horn area.  Areal
interpretation of gravity and magnetic data were
conducted using grid images of unprocessed and
derivative-enhanced data, whereas investigation
of subsurface structure was facilitated by gravity
and magnetic modeling along selected profiles.
Density and magnetic susceptibility data from
representative rock samples constrain the geologic
interpretation of both the grids and the models.
The area of geophysical study corresponds to that
of the geologic map shown in Figure 4.1, except
that the study area has been "squared off" to the
southeast to include pertinent anomaly features
in the southeastern (Palo) quadrangle, which is
missing from most geologic images in this report.

GEOLOGIC FRAMEWORK

The Virginia horn is a broad, low-dipping
anticline–syncline couplet in the Paleoproterozoic

Figure 4.1.  Generalized geologic map of the Virginia horn area (modified from Jirsa and others, 1998b)
showing the location of geophysical model profiles.  Map unit abbreviations correspond with those
used in the text and on Table 4.1.  The map area encompasses the Virginia, Eveleth, McKinley, Gilbert,
and Biwabik 7.5-minute quadrangles.  All corresponding geophysical images to follow are made square
by adding the Palo 7.5-minute quadrangle to the southeast corner.



105

Virginia
Biwabik

Eveleth Biwabik Iron Formation (e�if)

0

0 5 km

5 mi

Virginia Formation (e�v)

Pokegama Quartzite (e�p)

Pike Mountain monzodiorite (Amd)

Lookout Mountain tonalite (Atd)

Trachyandesite flows
and conglomerate (Avc)

Felsic dikes
(Aqp, Aqd)Graywacke and slate (Ags)

Tholeiitic dikes and sills (Aog)

Tholeiitic flows (Amv)

Calc-alkalic flows and volcaniclastic rocks (Aim)

Schist of graywacke protolith (Aas)

Schist of mafic intrusive protolith (Aag)

Schist of mafic volcanic protolith (Aav)

Schist of calc-alkalic protolith (Aai)

PALEOPROTEROZOIC
Animikie Group

Giants Range batholith

Midway sequence

Mud Lake sequenceMinntac sequence

N
or

th
er

n 
pa

ne
l

S
ou

th
er

n 
pa

ne
l

92°15'00"92°22'30"92°30'00"92°37'30"
47°37'30"

47°30'00"

Genoa

Midway

unconformity

unconformity

NEOARCHEAN

FAYAL FAULT

DORR FAULT

Gilbert

BIWABIK    FAULT

G7

G1

G2

G3

G4 G5

G6

GM

PI
KE

 R
IV

ER
 F

AU
LT

MUD LAKE SYNCLINE

G1
Gravity
profile

GM Regional gravity and
magnetic profile

FAULT

LAURENTIAN

McKinley



106

of all three sequences record a subsequent major
deformation event (D2) that involved north–south
compression, cleavage development, and
greenschist- to amphibolite-facies metamorphism
(see Chapter 2).

The supracrustal strata were intruded by
Neoarchean granitic rocks and Paleoproterozoic
diabasic dikes.  The major Archean granitoid is the
Giants Range batholith (Fig. 4.1), which in the
study area consists chiefly of the Lookout
Mountain tonalite (unit Atd) and the younger Pike
Mountain monzodiorite (unit Amd).  Emplacement
of the Lookout Mountain tonalite has been inferred
to be synchronous with D2 deformation of the
supracrustal rocks, whereas the Pike Mountain
monzodiorite postdates this deformation.  The
Lookout Mountain tonalite is complexly
interleaved with, and contains abundant schist
xenoliths of amphibolite-grade metavolcanic (units
Aai and Aav) and metasedimentary rocks (unit Aas)
of the Minntac sequence.  Based on compositional
and stratigraphic similarity, the Minntac rocks
appear be the deeper equivalent of the lower-grade
Mud Lake sequence (see Chapter 2).  If that
equivalence is correct, the close association of
tonalitic intrusions and Minntac strata may
represent an exposed example of greenstone in a
structural "near-floor" position.  The Archean rocks
are cut by northwest-striking, 2,120 million-year-
old diabase dikes (not shown on Fig. 4.1), which
are part of the Kenora–Kabetogama dike swarm
of northern Minnesota and western Ontario
(Southwick and Day, 1983; Southwick and Halls,
1987; also see Chapter 3).

The gently-dipping Animikie strata lap
northward onto the Archean rocks (Fig. 4.1), and
are inferred to have been deposited at about 1,850
Ma during the Penokean orogeny (Hemming and
others, 1996), perhaps in a foreland basin that
formed in response to tectonic loading in east-
central Minnesota (Southwick and others, 1988;
Southwick and Morey, 1991).  The Pokegama
Quartzite (unit e�p) forms the basal unit of the
Animikie Group, and is conformably overlain by
the Biwabik Iron Formation (unit e�if).  In the study
area, these formations are about 7- to 15-meters-
thick and 210-meters-thick, respectively (White,
1954; Morey, 1972).  Graywacke and argillite of the
Virginia Formation (unit e�v) comprise the
uppermost part of the Animikie Group.  Unlike
its counterparts to the south and east, the Animikie
strata in the Virginia horn area are essentially
unmetamorphosed (Southwick and others, 1988).
The Biwabik Iron Formation in the Virginia horn

area has been extensively mined in the past for
its high-grade natural ores, and low-grade taconite
extraction continues on several properties within
the map area and elsewhere along the range.

PREVIOUS GEOPHYSICAL
INVESTIGATIONS

Although numerous geologic studies have
been conducted in the area, comparatively little
geophysical work has been published.  Jones (1946)
investigated several properties along the Mesabi
Iron Range using a Hotchkiss Superdip (a modified
dip-needle).  The magnetic anomaly signature and
magnetization of the Biwabik Iron Formation were
investigated by Bath (1962), although his primary
interest was to the east and west of the present
study area.  In his regional gravity study of east-
central Minnesota, Adams (1957) presented highly
generalized model sections that crossed the Mesabi
range.  Symons (1966) sampled several fresh and
oxidized iron ores in the Virginia horn area during
a paleomagnetic study.  To evaluate a magnetic
susceptibility logging device, Zablocki (1974) tested
portions of the Biwabik Iron Formation near the
Minntac mine.  Chandler (1982) and Chandler and
others (1982) used magnetic depth estimates and
magnetic modeling of the Biwabik Iron Formation
to infer a structural relief of a few hundred meters
across the downdip projection of the Virginia horn
structure into the Animikie basin.

During the last fifteen years, a considerable
amount of geophysical work has been conducted
by exploration company personnel over Archean
rocks of the Virginia horn area in search of lode
gold deposits.  This work included ground-based
magnetic surveys, Induced Polarization (IP)
surveys, and various types of electromagnetic (EM)
surveys.  The case histories of some of these studies
are available at the Minnesota Department of
Natural Resources, Division of Lands and Minerals
office in Hibbing, Minnesota.

METHODS AND RESULTS OF THE
PRESENT STUDY

During the recent geologic mapping efforts,
332 density determinations and 374 magnetic
susceptibility determinations were made on
collected samples.  Table 4.1 summarizes those
data, together with determinations made during
previous studies.  Magnetic susceptibility
determinations were made with a hand-held, EDA
model K-2 magnetic susceptibility meter, with the
sensing element placed on the flattest available
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Table 4.1.  Density and magnetic susceptibility data for rocks of the Virginia horn area.  Units refer
to those used on Figure 4.1.  Density is measured in grams/cubic centimeter (1.0 g/cm3 = 1,000 kg/
m3).  Magnetic susceptibility (k) is measured in SI units.

Lithostratigraphic unit unit ave. min.  max. d# ave. k min. k max. k k# ref.
density density  density

PALEOPROTEROZOIC
  Animikie Group

Virginia Formation e�v 2.78 2.65 2.93 20 0.0006 0.0003 0.0010 20 4
Virginia Formation e�v 2.64 28 3
Virginia Formation e�v 2.74 59 3
Biwabik Iron Formation e�if 3.03 10 3
Biwabik Iron Formation e�if 3.20 29 3
Biwabik Iron Formation e�if 3.06 2.67 3.92 16 0.4969 0.0004 1.6486 30 2
Biwabik Iron Formation e�if 0.0821 0.0163 0.2011 3 1
Pokegama Quartzite e�p 2.67 2.61 2.82 8 0.0002 0.0000 0.0008 9 1

  Minor intrusions
Mafic dikes* e�d 2.88 2.76 3.04 7 0.0046 0.0003 0.0314 11 1

NEOARCHEAN
  Giants Range batholith

Diorite* A�d 2.85 2.81 2.89 4 0.0002 0.0001 0.0004 4 1
Mesabi granite* Amg 0.0014 0.0000 0.0038 3 1
Pike Mountain monzodiorite Amd 2.79 2.61 3.14 33 0.0076 0.0000 0.1005 33 1
Lookout Mountain tonalite Atd 2.71 2.62 3.01 28 0.0062 0.0000 0.0754 28 1

  Midway sequence
Flows and conglomerate Avc 2.76 2.67 3.00 22 0.0005 0.0000 0.0033 30 1
Midway intrusions* Ahi 2.87 2.76 2.93 3 0.0021 0.0001 0.0058 3 1
Miscellaneous intrusions* Ahi? 2.73 2.71 2.75 2 0.0004 0.0001 0.0006 5 1

  Mud Lake sequence
Quartz-feldspar porphyry Aqp 2.69 2.64 2.71 7 0.0000 0.0000 0.0004 10 1
Felsic dikes Aqd 2.70 2.62 2.78 15 0.0001 0.0000 0.0004 16 1
Graywacke and slate Ags 2.74 2.56 2.90 25 0.0002 0.0000 0.0004 33 1
Ophitic gabbro Aog 2.92 2.71 3.07 27 0.0043 0.0000 0.0603 28 1
Mafic volcanic rocks Amv 2.93 2.79 3.07 10 0.0004 0.0003 0.0010 12 1
Sheared volcanic rocks* Av 2.76 2.65 2.84 5 0.0001 0.0000 0.0003 5 1
Calc-alkalic volcanic rocks Aim 2.81 2.46 3.09 88 0.0006 0.0000 0.0138 94 1

  Minntac sequence (amphibolite-grade schists of protoliths)
Sedimentary Aas 2.75 2.60 3.14 37 0.0008 0.0000 0.0138 37 1
Gabbroic Aag 3.00 2.97 3.05 4 0.0005 0.0004 0.0008 4 1
Mafic volcanic Aav 2.98 2.85 3.07 4 0.0005 0.0001 0.0009 6 1
Intermediate volcanic Aai 2.84 2.73 2.91 3 0.0848 0.0006 0.1634 3 1

(d#) number of density determinations

(k) magnetic susceptibility

(k#) number of magnetic susceptibility determinations

* Units do not appear on Figure 4.1.  See Jirsa and others (1998b) for detailed descriptions.

References:
1.  Minnesota Geological Survey, this project
2.  Minnesota Geological Survey open-file data, rock properties database
3.  Adams, 1957
4.  Mooney and Bleifuss, 1953
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surface of each hand sample.  Density
measurements were made with a jolly balance
using sawed chips.  Samples used for magnetic
susceptibility measurements were typically several
hundred cubic centimeters, whereas those used for
density measurements were typically about 5 to
15 cubic centimeters.

The density of Archean rocks in the study area
varies widely (Table 4.1).  Metabasaltic rocks (units
Amv and Aav on Fig. 4.1) and comagmatic
metagabbroic rocks  (units Aog and Aag) have high
densities, averaging between 2.92 and 3.00 g/cm3

(1 g/cm3 = 1,000 kg/m3).  In comparison,
volcaniclastic rocks and intermediate volcanic
rocks (units Aim and Aai, respectively) have
somewhat lower average densities between 2.81
and 2.84 g/cm3.  A tholeiitic to calc-alkaline
volcanic unit (Av, not shown on Fig. 4.1) has an
average density of only 2.76 g/cm3; however, this
value is based on only 5 samples.
Metasedimentary rocks (units Ags and Aas) average
approximately 2.75 g/cm3.  Rocks of the Midway
sequence (unit Avc) have an overall average density
of 2.76 g/cm3, although the range of 2.67 to 3.0
g/cm3 reflects the lithologic diversity of the
sequence, which includes conglomerate, sandstone
and alkaline lava flows, and breccia.  The felsic
intrusions, including quartz-feldspar porphyry
(unit Aqp) and felsic dikes (unit Aqd), have average
densities of 2.69 g/cm3 and 2.70 g/cm3,
respectively.  The Lookout Mountain tonalite (unit
Atd) and the Pike Mountain monzodiorite (unit
Amd) of the Giants Range batholith are associated
with average densities of 2.71 g/cm3 and 2.79
g/cm3, respectively.  Both units produce a broad
range of values, indicating highly diverse
compositions.  A minor dioritic unit of the Giants
Range batholith (A�d, not shown on Fig. 4.1) has
a high average density of 2.85 g/cm3.

The Paleoproterozoic rocks of the area also are
associated with a wide range of density values
(Table 4.1).  The average density of 30 samples of
relatively unaltered Biwabik Iron Formation from
the Minnesota Geological Survey files is 3.06
g/cm3, which essentially agrees with the average
values of 3.03 and 3.20 g/cm3 reported by Adams
(1957) from drill cores near Aurora and Eveleth,
respectively.  No data are available for the oxidized
natural ores of the Biwabik Iron Formation, but
Leney (1966) estimated that oxidized ores typically
have densities between 2.50 and 2.90 g/cm3.
Average densities for the overlying Virginia
Formation were reported by Adams (1957) to be
2.64 and 2.74 g/cm3 from drill cores near Aurora

and Eveleth, respectively; whereas, determinations
by Mooney and Bleifuss (1953) for the Virginia
Formation (unit e�v) average 2.78 g/cm3.

Most of the Archean supracrustal rocks are
non-magnetic, although some units have moderate
to high magnetic susceptibilities locally (Table 4.1).
Among the typically non-magnetic rock types are
low-metamorphic-grade basaltic (Amv) and
sedimentary (Ags) units, strongly metamorphosed
basaltic (Aav) and gabbroic (Aag) units, and the
quartz-feldspar porphyry dikes (units Aqp and
Aqd).  Much of the diverse Midway sequence (unit
Avc) is also non- to weakly magnetic, having a
maximum observed susceptibility of 0.0033
Système Internationale (SI) for a volcanic sample.
Low-metamorphic-grade, intermediate volcanic
rocks (unit Aim) and high-metamorphic-grade
sedimentary rocks (unit Aas) typically have low
magnetic susceptibilities, although some individual
samples have susceptibilities as large as 0.0138 SI.
One sample, taken from a narrow layer of Archean
iron-formation within strongly metamorphosed
volcaniclastic strata (unit Aai), yields a high
magnetic susceptibility of 0.1634 SI.  Low-
metamorphic-grade gabbroic rocks (unit Aog) have
a moderate average susceptibility of 0.0043 SI, with
individual determinations as large as 0.0603 SI.

The Archean granitic rocks give a wide range
of magnetic susceptibilities (Table 4.1), and the
larger values are associated with more mafic
(denser) phases.  The Lookout Mountain tonalite
(unit Atd) has an average susceptibility of 0.0062
SI, with tonalitic members having values as high
as 0.0754 SI.  The Pike Mountain monzodiorite
(unit Amd) has a slightly higher average
susceptibility of 0.0076 SI, and some individual
determinations of dioritic members are as high as
0.1005 SI.

The Pokegama Quartzite and Virginia
Formation of the Animikie Group are essentially
non-magnetic, but the intervening Biwabik Iron
Formation is very magnetic in some samples, and
weakly magnetic in others (Table 4.1).  A suite of
30 samples of fresh Biwabik Iron Formation
acquired by the Minnesota Geological Survey
yields an average susceptibility of 0.4969 SI, having
a range of 0.0004 to 1.6486 SI.  By comparison, Bath
(1962) used drill hole assays and modeling of
aeromagnetic anomalies to estimate a
magnetization of the Biwabik Iron Formation that,
if induced, would correspond to a magnetic
susceptibility of about 0.25 SI (not presented in
Table 4.1).  No magnetic susceptibility data are
available for oxidized natural ores of the Biwabik
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Iron Formation, but because of the inherent
destruction of magnetite, the values are generally
assumed to be low (Leney, 1966).

Relatively little Natural Remanent
Magnetization (NRM) data exist for rocks of the
Virginia horn (not shown on Table 4.1).  Symons
(1966) proposed a primary "Animikie" direction
that is essentially vertical, and a somewhat
scattered secondary direction that is generally
directed steeply towards the northwest.  The NRM
data for other Proterozoic and Archean rocks are
sparse, but indicate that NRM components in these
rocks tend to be weak, and the directions are
scattered to nearly vertical (Sims, 1972a).  For this
reason, the rocks are assumed to be polarized
essentially parallel to the steeply inclined earth's
field: an inference that will simplify the reduction
of magnetic data to vertical polarization in the
following sections.

DESCRIPTION OF THE GRAVITY AND
MAGNETIC DATA

Gravity Data
The older gravity data used in this study are

part of a statewide database that was compiled
from various sources by Chandler and Schaap
(1991).  Gravity stations typically are located at
spot elevations on 7.5-minute topographic sheets
and are spaced from 0.5 to 1.0 mile apart along
all drivable public roads and trails.  These roads
are spaced approximately from 1 to 2 miles apart
in developed areas, and from 3 to 6 miles apart
in remote areas.  An additional 203 gravity stations
were added to the database by the authors during
September through November, 1996, in order to
fill several large gaps in data coverage.  The new
stations were acquired at intervals as close as 0.25
mile, using LaCoste Romberg gravity meter
number 320, and elevation control relied on a
variety of sources including spot elevations on 7.5-
minute topographic maps, base elevations of
power line towers, elevation profiles of railroad
lines, elevation maps provided by mining
companies, and differential mode Global
Positioning System (GPS) surveying.

Because all previously established gravity base
stations in the vicinity of the Virginia horn had
been destroyed, three new field bases were
established, starting from a previously existing
base near Palo.  Pertinent information for the field
bases is provided in the Appendix.  Drift
corrections on both the new and old data were
conducted by assuming linear segments between

base checks, which were generally taken every 2
to 4 hours.  The gravity data were converted to
milligals and reduced according to the 1967
Geodetic Reference System (International Union
of Geodesy and Geophysics, 1971), assuming a sea-
level datum, a Bouguer reduction density of 2.67
g/cm3, and correction for earth curvature.

The error in the Bouguer anomaly gravity data
is assessed by comparing values at reoccupied
stations.  Of the 7 stations that were acquired and
reoccupied during the 1996 data collection, the
maximum differences were +0.08 and -0.09 milligal,
with a mean difference of +0.0057 milligal, and 5
of these reoccupations were within ± 0.05 milligal.
Because the 1996 reoccupations used precisely the
same locations for each measurement, the observed
differences strictly reflect tying (reading + drift)
errors.  In comparison, of the sixteen 1996 stations
that overlapped with those of the older data, the
maximum differences were +0.22 and -0.26 milligal,
with a mean difference of +0.01625 milligal, and
11 of those reoccupations were within ±  0.10
milligal.  The differences between recorded and
reported values for old stations reflect combined
tying errors of the two data sets, and errors in
latitude and elevation.  For example, the 1996
stations are located at least to the nearest 0.013
minute, which corresponds to an error of ±  0.02
milligal, whereas the earlier data were only located
to the nearest 0.10 minute, which corresponds to
an error of ± 0.08 milligal.  Furthermore, most spot
elevation data used in the older data are accurate
to ± 0.30 meter, but road improvements since the
1950-1951 publication dates of topographic maps
in the study area could easily double this error for
some stations, resulting in an error of ±  0.12
milligal in the Bouguer anomaly.  All things
considered, the maximum error in the Bouguer
anomaly is probably around ±  0.3 milligal, and
most stations probably have an error of less than
± 0.10 milligal.

Because of the low relief in most of the area,
terrain corrections were not included as a part of
data reduction, but they were estimated at several
of the most topographically rugged locations.
Terrain effects were based on Hubbert's (1948)
standardized curves for two-dimensional (strike-
infinite) ridges, and a rock density of 2.67 g/cm3.
The gravity station with the largest observed
terrain effect is located on Lookout Mountain in
the NW 1/4 sec. 29, T. 59 N., R. 17 W., where an
effect of nearly 1.5 milligals was estimated.
Elsewhere, the effect is much less: estimates for
stations atop ridges in sec. 13, T. 58 N., R. 17 W.
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and in the NW 1/4 sec. 2, T. 58 N., R. 17 W. were
around 0.2 milligal.  Several hundred feet beyond
the base of one of these ridges, the effect was
estimated to decrease to less than 0.1 milligal.  A
terrain effect of 0.4 milligal was estimated for a
gravity station at the bottom of a narrow canyon
in the SE 1/4, SW 1/4 sec. 28, T. 58 N., R. 17 W.;
terrain effects of 0.2 milligal were estimated for
stations atop the flanking ridges.  Estimates near
the Minntac Mine in the southeastern part of T.
59 N., R. 18 W. indicate that terrain effects could
exceed 1.0 milligal at the edges of large stockpiles
and pits; however, the effects were found to
decrease to 0.30 milligal or less at distances
exceeding 150 meters from the features.
Consequently, stations were selected away from
the edges of pits and stockpiles wherever possible.
Because most interpretations that follow are based
on anomalies having amplitudes that are at least
several times greater than most terrane effects, the
omission of terrain corrections will not introduce
significant errors.

The combined principal fact Bouguer gravity
anomaly data were transformed to a 200 meter-
spaced UTM grid using the minimum curvature
program (Cordell and others, 1992).  The part of
the gridded data that corresponds to our study area
is shown in Figure 4.2.  The UTM-based grid,
which extends beyond the boundaries of the
geologic mapping area, has a southwest origin at
UTM 5,232,800 meters N. and 519,000 meters E.
(500,000 meters false easting), and has 350 rows
and 350 columns.  The gridded gravity data were
enhanced by calculating the second vertical
derivative of the anomaly data.  Such a procedure
sharply attenuates the regional-scale contributions
arising from deep-seated sources, and strongly
amplifies the short-wavelength features reflecting
near-surface sources.  Prior to derivation, the
Bouguer anomaly gravity grid was slightly
smoothed for minor errors and irregularities by
upward continuation to 2 kilometers above surface.
The second vertical derivative gravity data for our
study area are shown in Figure 4.3.  Continued and
derivative data grids were generated using the Fast
Fourier Transform Filtering (FFTFIL) program,
included in the U.S. Geological Survey's potential
field software package (Cordell and others, 1992).

Aeromagnetic data
The aeromagnetic data used in this study were

derived from the high-resolution aeromagnetic
survey of Minnesota (Chandler, 1991).  All data
used in this study were acquired at a 75-meter

interval along north–south lines that were flown
400 meters apart and 150 meters above the ground
surface.  East–west tie lines were spaced 4
kilometers apart.  Regional geomagnetic field
removal was initially based on the American World
Charts (AWC) model and was subsequently
readjusted to the base level of the International
Geomagnetic Reference Field (IGRF).  All data were
composited into a statewide, 213.36-meter-spaced
Lambert Conformal grid, which has a central
meridian at 93° W., a base latitude of 33° N., and
parallels of 33° N. and 45° N.  Additional details
on survey and compilation specifications are given
by Chandler (1991).  The grids for this study were
converted to a 200-meter-spaced UTM grid with
a central meridian of 93° W., and base latitude of
0° N., using the programs G2XYZ, GENPROJ, and
MINC (Cordell and others, 1992).  The UTM-based
magnetic grid registers with the previously
discussed Bouguer gravity anomaly grid, and the
part corresponding to our study area is shown in
Figure 4.4.  The gridded total field aeromagnetic
anomaly data were enhanced for geologic mapping
by reduction to vertical polarization and by
applying first and second vertical derivatives.
Reduction to vertical polarization places the
magnetic anomalies more directly over their
sources.  For this operation we assumed an
induced magnetization, including the earth's field
declination of 3° E. and inclination of 75°.  These
declination and inclination values were calculated
from the program GEOMAG (National Oceanic
and Atmospheric Administration, 1995), which
assumes a location of 47.50° N./92.25° W., an
elevation of 2,000 feet (610 meters), and a date
approximating the midpoint time of the surveying
(1980.00).  The signatures of near-surface sources
were then enhanced by computing first and second
vertical derivatives of the reduced-to-pole data
(Figs. 4.5 and 4.6, respectively).  Reduction to pole
and derivative data grids were generated using
a Fast Fourier Transform Filtering (FFTFIL)
program  (Cordell and others, 1992).

INTERPRETATION OF GRAVITY AND
AEROMAGNETIC DATA

Bouguer gravity anomaly signatures
The Bouguer gravity anomaly signature in the

Virginia horn area (Fig. 4.2) is dominated by
sources associated with Archean rocks.  The large
area of negative signature in the northwestern part
of the study area corresponds to granitic rocks of
the Giants Range batholith.  The gravity highs that
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characterize the Archean supracrustal rocks in the
Virginia horn area are part of a much more
extensive gravity high that Chandler (1985)
interpreted to be an Archean greenstone belt lying
almost wholly beneath Animikie strata.  An ovoid
low at the east-central margin of the area may
reflect a granite pluton within the greenstone belt,
both of which are covered here by Animikie strata;

similar ovoid granitic plutons have been reported
within greenstone belts elsewhere in the Superior
Province (Jirsa, 1990; Jirsa and Boerboom, 1990;
Jirsa and others, 1994).  Although metavolcanic
rocks of the Minntac sequence have high densities,
their area of distribution in the northwest corner
of Figure 4.1 correlates with only a subtle gravity
high that is dominated by the much broader
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gravity low associated with the adjacent Giants
Range batholith (Figs. 4.1, 4.2; note the cluster of
gravity stations located over the Minntac sequence
in the northwest corner of Fig. 4.2).  This implies
that granitic rocks may underplate the Minntac
sequence at a fairly shallow depth—an
interpretation that is consistent with the high-
metamorphic-grade of the sequence and its
intimate association with granitoid intrusions.

In spite of its high density (Table 4.1) and broad
extent, the Biwabik Iron Formation produces no

obvious gravity signature (Figs. 4.1, 4.2).  Using
simple models, Adams (1957) estimated a
maximum effect of about 4 milligals for the iron-
formation.  However, because of the formation's
shallow dip, the gravity increase is gradual and
probably obscured by the stronger anomaly
background associated with underlying Archean
rocks.  Furthermore, alteration of the iron-
formation and the effect of thickness variations in
the glacial overburden may also obscure the
signature.
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Figure 4.3.  Second vertical derivative of the Bouguer gravity anomaly data.  Data slightly smoothed
by upward continuation to 2 kilometers above the surface.
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Second vertical derivative of gravity
signatures

The second-derivative-enhanced gravity
anomaly data (Fig. 4.3) reveal considerable detail
of some Archean structures, especially for the large
greenstone belt that is inferred to extend beneath
the Animikie strata.  Prominent highs delineate
volcanic rocks that form limbs of the Mud Lake
syncline, and a pronounced low characterizes
metasedimentary rocks along its axis (Figs. 4.1, 4.3).

On the basis of these signatures, the syncline is
interpreted to widen and extend westward beneath
Animikie strata, at least to the western margin of
the study area (Fig. 4.3).  The westward plunge
of the Mud Lake syncline is consistent with that
inferred from structural analyses of outcrop data
(see Chapter 2).  The high associated with the
northern limb attenuates to the east, reflecting the
thinning of the volcanic belt against the Laurentian
fault (Figs. 4.1, 4.3).  The high reappears in the east-
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4.9).
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central part of the area where the volcanic belt
thickens.  The southern volcanic limb of the Mud
Lake syncline is inferred to extend eastward
beneath Animikie strata to near 47°30’00"N.,
92°22’30"W., where the associated gravity high
becomes a pronounced, nodular high (Fig. 4.3) that
might reflect a mafic pluton lying beneath
Animikie strata.  The nodular high is truncated
to the east by an ovoid low that was previously
inferred to reflect a granitoid intrusion within the
buried greenstone belt.  Anomaly signatures along
the southern margin of Figure 4.3 probably reflect
the continuation of the greenstone belt deep

beneath Animikie strata; a narrow negative
anomaly may reflect a belt of metasedimentary
rocks, whereas an adjacent positive anomaly to the
south may reflect a belt of metavolcanic rocks.

The derivative gravity anomaly signature in
the northern part of the study area consists of
subdued highs and lows that largely reflect density
variations within the Pike Mountain monzodiorite
and the Lookout Mountain tonalite (Figs. 4.1, 4.3).
In their principal areas of exposure, much of the
Lookout Mountain tonalite and the southernmost
Pike Mountain monzodiorite correlate with
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generally low derivative values.  The highs in the
northeastern and northwestern corner of the
detailed study area are inferred to reflect mafic
components of the Pike Mountain monzodiorite,
although outcrop control is very poor in these
areas.  The high associated with the Minntac
sequence in the northwest corner of the study area
implies a wedge-like mass that might be bounded
along northwest-striking faults that are inferred
to cut the rocks of the area (Figs. 4.1, 4.3).  The
pronounced low immediately west of the Minntac
sequence correlates with granite.  As with the

Bouguer gravity anomaly data, very little signature
can be attributed to the Biwabik Iron Formation
from second vertical derivative data.

Total field magnetic anomaly signature
The Archean supracrustal rocks in the Virginia

horn area typically have very subdued magnetic
signatures (Fig. 4.4), consistent with their generally
low magnetic susceptibilities (Table 4.1).  Scattered,
isolated highs occur over the Minntac sequence
(units Aav, Aai, and Aog) in the northwestern part
of the study area (Figs. 4.1, 4.4).  These can be
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attributed to magnetite in some mafic intrusions
and thin lenses of Archean iron-formation seen
locally in outcrop.  An isolated magnetic high,
referred to here as the "Pike River anomaly" (Figs.
4.4, 4.7a), lies within an area surrounded by
outcrops of Archean metasedimentary rocks.  It
may reflect a thin outlier of Biwabik Iron
Formation; however, prismatic models (Andreasen
and Zietz, 1969) indicated that the relative
weakness of lows flanking the central magnetic
high (Fig. 4.7a) is more consistent with a deep-
rooted source.  Thus, a more likely source for the
anomaly is an intrusive stock within the
metasedimentary rocks.  Given the existing
geologic and rock properties data, a dioritic
intrusion similar to those associated with the
Midway sequence might be an appropriate source
for the anomaly.  Alternative intrusions, including
quartz feldspar porphyries that are consistently

non-magnetic (Table 4.1), and gabbroic rocks that
are stratigraphically older than the
metasedimentary rocks, are unlikely sources.

A complex and somewhat varied magnetic
signature characterizes both the Lookout Mountain
tonalite and the Pike Mountain monzodiorite (Figs.
4.1, 4.4).  A belt of magnetic highs across the
northern part of the area may be a mafic phase
of the Pike Mountain monzodiorite, as supported
by correlative highs in the derivative gravity data
(Figs. 4.3, 4.4).  A magnetic high north of the
Laurentian fault in the eastern part of the study
area correlates with low gravity derivative values
(Fig. 4.3), indicating that some felsic phases of the
Pike Mountain monzodiorite may also be
magnetic.  In contrast, the large mass of Lookout
Mountain tonalite in the western part of the study
area (Fig. 4.4) corresponds with generally more
subdued magnetic signatures, although magnetic
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highs occur locally within this zone, and may be
attributed to the presence of xenolithic greenstone
blocks or relatively more mafic intrusive phases.

The Paleoproterozoic Pokegama Quartzite and
Virginia Formation are essentially non-magnetic,
but the intervening Biwabik Iron Formation
produces the strongest magnetic signatures in the
study area, commonly having amplitudes greater
than 1,000 nanoTeslas (Figs. 4.1, 4.4).  Despite the
stratiform, shallow-dipping character of the iron-

formation, the associated anomaly signature along
the main belt is surprisingly complex.  It consists
of irregular, strong-amplitude highs that are
crosscut by north- and northwest-trending,
irregular to sublinear lows.  Comparison of the
magnetic data (Fig. 4.4) with a detailed map of the
Biwabik Iron Formation (Fig. 4.8) reveals that the
magnetic highs reflect zones of relatively fresh
magnetite iron-formation, whereas the crosscutting
lows reflect areas where the magnetite in the iron-
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formation has been converted to hematite and
other ferrous oxides through alteration, forming
the natural ores (Bath, 1962; Morey, 1972).  The
alteration appears to have been localized along
faults (Figs. 4.1, 4.8).  Historically, this alteration
has been attributed to descending meteoric waters,
ascending hydrothermal fluids, or some
combination of the two processes.  Details of these
hypotheses and a new model for the conversion
of iron-formation to the natural ores are given in
Chapter 3.

A small, exposed outlier of Biwabik Iron
Formation that rests unconformably upon Pike
Mountain monzodiorite in the central part of
Figure 4.1 produces a sharp, isolated anomaly,
referred to here as the Pike Mountain anomaly
(Figs. 4.4, 4.7b).  Using standardized, prismatic
models of Andreasen and Zietz (1969), the relative
placement and amplitudes of the anomaly
minimum and maximum indicate a polarization
that is inclined about 60° to the northwest.  This
differs somewhat from the current geomagnetic
direction (inclination 75°/declination 3° E.) and
implies a remanent magnetization.  In his
paleomagnetic study of the main part of the Mesabi
range, Symons (1966) proposed a primary
"Animikie" direction that was essentially vertical,
and a somewhat scattered or "streaked" secondary
direction that was generally directed steeply
towards the northwest, which he attributed to
Mesozoic to Cenozoic alteration of the iron-
formation.  The secondary, alteration-related
component of Symons (1966) is most consistent
with the northwestward-directed polarization
inferred from the Pike Mountain anomaly;
however, iron-formation of the Pike Mountain
outlier is extraordinarily fresh (Morey, unpub.
data).  Further paleomagnetic work on the Biwabik
Iron Formation using modern methods is justified.

The magnetic signature south of the iron-
formation is more subdued, due in large part to
the southward thickening of the non-magnetic
Virginia Formation (Table 4.1).  Anomaly variations
observed over the Virginia Formation most likely
reflect magnetic variations within the underlying
Biwabik Iron Formation or the Archean basement
(Chandler and others, 1982; Chandler, 1985).
Magnetic anomalies immediately south of the
Mesabi Iron Range in the east-central part of the
area form a sub-circular pattern 10 kilometers in
diameter (Fig. 4.4), which may reflect part of the
sub-Animikie granitoid body that was inferred
from gravity anomaly data.

Derivative-enhanced magnetic signature
The reduced-to-pole first and second vertical

derivative maps of aeromagnetic data (Figures 4.5
and 4.6, respectively) delineate several Archean
features.  The positions of the northwest-striking
faults that cut the Giants Range batholith, as well
as parts of the Laurentian fault (Fig. 4.1), are based
largely on the derivative magnetic data (Figs. 4.5,
4.6).  Subtle variations in anomaly patterns in the
derivative data were also used to help outline the
Lookout Mountain tonalite as depicted in Figure
4.1.  A string of very weak magnetic highs that lie
within metasedimentary rocks extends 3 kilometers
west–southwest from the Pike River anomaly (see
small arrows in Figs. 4.5 and 4.6).  These might
represent one or more small intrusive bodies
similar to that proposed for the Pike River
anomaly.  The subtle magnetic highs just northeast
of 47°30'00"N., 92°30'00"W. (Figs. 4.5, 4.6) correlate
spatially with stockpiles shown on the McKinley
7.5-minute topographic map.  The quiet magnetic
background afforded by the weakly magnetic
metavolcanic rocks (Fig. 4.1) allows the subtle
anomalies associated with the stockpiles to be
detected here.  The sub-circular ring of magnetic
anomalies in the east-central part of the study area,
inferred to represent a granitoid body beneath
Animikie strata, is significantly enhanced by the
derivative magnetic data (Figs. 4.5, 4.6).

The first and second vertical derivative data
(Figs. 4.5, 4.6) clarify several anomaly signatures
associated with the Biwabik Iron Formation.
Particularly noteworthy is the close relationship
between magnetic lows, northwest-striking faults,
and the distribution of natural-ore mines in the
Virginia and Eveleth areas (Figs. 4.1, 4.5, 4.6, 4.8);
this implies that the faults controlled at least some
of the iron-ore alteration (see Chapter 3).  The
relationship is less clear in the Gilbert to Biwabik
area, but several of the natural-ore mines are
crosscut by northwest-striking faults or by
northwest-striking magnetic lows (Figs. 4.1, 4.5,
4.6, 4.8); this implies a relationship between some
natural ores and northwest-striking faults or
fractures.  Some of the northwest-striking magnetic
lows in the Gilbert to Biwabik area extend as far
southward as 5 kilometers into the Animikie Basin,
where several hundred meters of Virginia
Formation presently overlie the Biwabik Iron
Formation.  Assuming that these northwest-
striking lows reflect alteration of the iron-formation
along faults and fractures, their extension into the
Animikie basin implies that at least some of the
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ore alteration was due to geofluids and not
subaerial weathering.

GRAVITY AND MAGNETIC MODEL
STUDY

The subsurface structure of the Virginia horn
area was initially investigated through a regional-
scale gravity and magnetic model along a north–
south profile that transected most of the major
units in the study area (profile GM on Figs. 4.1
and 4.9).  To gain a regional perspective and to
insure reliable modeling out to the margins of the
study area, the profile actually extended several
kilometers beyond the northern and southern
boundaries of the area shown in Figure 4.1.
Interpretations were constrained by geologic
control at the surface and by density and magnetic
susceptibility data for representative rock types
(Table 4.1).  Gravity and magnetic values along the
model profile were interpolated from the grids of
Bouguer gravity anomaly data and the total
magnetic intensity anomaly data using the
programs PROGGRID and PROF2SAK, and the
two-dimensional modeling program SAKI,
included in the U.S. Geological Survey's potential
field software package (Cordell and others, 1992).

The maximum probable depth extent of
anomaly sources was tested by running several
preliminary gravity models using geologic control
and density data as constraints.  Magnetic
modeling was not included in these tests because
of its relative insensitivity to depth extent.  Gravity
models having source depth extents of 2.5
kilometers, 5.0 kilometers, and 10.0 kilometers
were run iteratively until a close fit with the
observed gravity data was obtained.  Although the
models having 2.5 and 10.0 kilometer depth extents
produce geologically plausible interpretations, the
model having a 5.0 kilometer depth extent provides
the best overall agreement between surface
geology and the average densities of the respective
units (Table 4.1).  On this basis, a maximum depth
extent of 5 kilometers was assigned for the
construction of all models.  Such an estimate is
obviously approximate, and the maximum depth
extent of sources need not necessarily be constant
over the entire profile (as presented by our
models).  Nonetheless, depth extents around 5
kilometers are commonly reported in other gravity
model studies of Superior Province rocks in
Minnesota  (Adams, 1957; Chandler and others,
1997) and Ontario (Gupta and Wadge, 1986).

Consistent with structural observations at the
surface, the regional-scale gravity and magnetic
models (Fig. 4.9) indicate that Archean units dip
steeply.  The Giants Range batholith is modeled
by a series of near-vertical sources that have
intermediate to high densities (2.75 to 2.87 g/cm3)
and magnetic susceptibilities (0.012 to 0.046 SI),
implying that the denser and more magnetic
phases of the Pike Mountain monzodiorite may
dominate this area.  The Archean supracrustal
rocks just north of the Animikie strata are modeled
as nearly vertical sources that have moderately
high densities (2.82 and 2.94 g/cm3) and strong
magnetic susceptibilities (0.018 to 0.042 SI).

The Biwabik Iron Formation is modeled to
have an induced magnetization of 7.68 SI
(geomagnetic field of 59900 nanoTeslas and an
apparent susceptibility of 0.161 SI).  This is
significantly less than the overall average
magnetization of 12 SI estimated from the model
study of Bath (1962), but he did not conduct any
models in this area.  The good fit of the model
assuming induced magnetization for the iron-
formation implies that if natural remanent
magnetization is present, it appears to be
essentially co-directional with the induced
magnetization.  The Biwabik Iron Formation is
covered by a southward-thickening wedge of non-
magnetic Virginia Formation, and the entire
Animikie Group is interpreted to be about 1-
kilometer-thick at the south end of the profile.

The sources lying beneath the northern part
of the Animikie basin represent the underlying
Archean granitoid pluton that was inferred on the
basis of gravity data.  Moderate densities (2.78 to
2.79 g/cm3) and high magnetic susceptibilities
(0.013 to 0.021 SI) imply a somewhat intermediate
composition for this inferred intrusion.  Dense (2.85
to 2.92 g/cm3) and moderately magnetic (0.005 to
0.014 SI) sources further south beneath Animikie
strata probably represent Archean greenstone.

DETAILED GRAVITY MODELS

Although the aeromagnetic data are of little
value in discriminating the non-magnetic
supracrustal rocks in the Virginia horn area,
significant variation in densities (Table 4.1) indicate
that use of the gravity method should be able to
discriminate several geologic units.  Most geologic
contacts and structures are located at the surface
with reasonable precision due to locally abundant
outcrop.  Therefore, the primary interest in



120

Observed
Model

0

5

E
le

va
tio

n
in

 k
m

0 10 20 30 40 50
Surface distance in kilometers

M
ill

ig
al

s

-55

-70

0

500

250

-250

-500

na
no

T
es

la

NORTH SOUTH

0

5

GM—REGIONAL GRAVITY AND MAGNETIC PROFILE

LAURENTIAN FAULT

GEOLOGIC INTERPRETATION Paleoproterozoic (Animikie Group) strata

MAGNETIC MODEL

GRAVITY MODEL

BIWABIK FAULT

2.82

2.81 2.79

2.75

2.87
2.

85 2.79
2.88

2.82

2.80

2.75
3.20

2.80 2.87 2.94

Mud Lake
sequence

Giants Range

Minntac
sequence

0.033

0.036

0.028

0.024

0.021

0.024

0.012

0.027

0.042

0.046

0.032

0.018

0.026

Area of Figure 4.1 

0

10 20 30 40 50

batholith

metasedimentary
rocks Virginia Formation

Biwabik Iron Formation
and Pokegama Quartzite

metavolcanic rocks granitoid rocks

0.021

0.013

0.005

0.014
0.010

0.008

0.006

2.872.82
2.92

2.85
2.76 2.77

47°37'30" 47°30'00"

Lat. 47°15'00"
Lon. 92°18'25"

Lat. 47°44'48"
Lon. 92°18'20"

Observed
Model

Surface distance in kilometers

0 10 20 30 40 50
Surface distance in kilometers

E
le

va
tio

n
in

 k
m

Figure 4.9.  Gravity and magnetic models and geologic interpretation for north–south profile GM.
The shaded area corresponds to the part of the profile lying within Figures 4.1, 4.2, and 4.4.  Densities
are in g/cm3; magnetic susceptibilities are in SI.



121

applying the gravity data lies in modeling the
structure at depth.  Much of the new gravity data
are located along 7 corridors that approximate
profiles across the Archean supracrustal rocks (Fig.
4.2).  Gravity data (both old and new) along these
corridors are projected onto the plane of 7 profiles
(profiles G1 through G7 on Fig. 4.1), which were
modeled using the program SAKI (Cordell and
others, 1992).  Geologic control (Fig. 4.1) and rock
property data (Table 4.1) constrain the models, and
end corrections for finite length sources are used
when needed (so-called "2 1/2 dimensional
modeling").  As with the gravity and magnetic
modeling of the previous section, the granite–
greenstone belts in the area are assumed to have
a maximum depth extent of 5 kilometers.  Unlike
the regional-scale models on Figure 4.9, the
detailed models account for surface topography
and all vertical dimensions are expressed relative
to mean sea level with negative values indicating
elevation above mean sea level.

Profile G1
Profile G1 is based primarily on stations

located along a power line extending from Eveleth
to just west of Gilbert (Figs. 4.1, 4.2).  It crosses
the Fayal fault that separates Archean
metasedimentary rocks (unit Ags) to the northwest
from mafic metavolcanic rocks (units Aim and Amv)
to the southeast (Fig. 4.1).  Because of abundant
outcrop and drill core, the surface position of the
Fayal fault on the profile is known to within a few
meters.  Using density values that are consistent
with metasedimentary and mafic metavolcanic
rocks (Table 4.1), the model (Fig. 4.10) implies that
the Fayal fault extends sub-vertically, but the
density contrast associated with the fault at the
surface extends no deeper than about 0.74
kilometer (0.24 kilometer below mean sea level);
below this depth the fault is inferred in Figure 4.10
to pass sub-vertically into mafic metavolcanic rocks
having no across-fault contrast.  Alternatively, the
Fayal fault and the sub-parallel faults to the
northwest (see the vertical structures between 1.25
and 1.50 kilometers surface distance in Fig. 4.10)
merge at depth into a single fault that forms the
steeply dipping base of the metasedimentary
sequence to the northwest (beneath distance 1.0
kilometer on Fig. 4.10).  In either case, the Fayal
and related faults appear to be associated with an
abrupt northwestward-thickening of the
metasedimentary rocks.  At the northwestern end
of the profile, the metasedimentary strata (density
= 2.73 g/cm3) are interpreted to be nearly 1.5-
kilometers-thick (cropped off on Fig. 4.10) and rest

on mafic rocks (density 2.93 g/cm3).  Some volcanic
rocks of intermediate composition (unit Aim) are
mapped just northwest of the onlap of Animikie
strata (between 2.5 and 3.0 kilometers surface
distance on Fig. 4.10).  These rocks are interpreted
as a near-vertical wedge of intermediate density
(2.83 g/cm3) that extends to 2.73 kilometers in
depth (cropped off on Fig. 4.10).  Intermediate
volcanic rocks are inferred to extend beneath the
Animikie strata out to about 1 kilometer southeast
of the Animikie onlap.  Farther southeast, high-
density rocks (2.93 g/cm3) are interpreted beneath
the Animikie Group, and may reflect either
metabasaltic or metagabbroic rocks.

Profile G2
Most of the stations forming profile G2 (Figs.

4.2, 4.11) are located along an abandoned railroad
grade between the town of Gilbert (the southeast
end), and an abandoned mining complex (the
Rouchleau Mine) near the east edge of Virginia.
The contact between the metabasalts at Gilbert
(units Amv and Aim, density = 2.85 g/cm3) at the
southeast end of the profile and the
metasedimentary rocks (unit Ags, density = 2.76
g/cm3) to the northwest is interpreted to dip
steeply northwestward (Fig. 4.11).  The
metasedimentary rocks are interpreted to overlie
metabasaltic rocks (density = 2.93 g/cm3) and
increase in thickness to the northwest (Fig. 4.11).
Contacts in the vicinity of the Midway sequence
(unit Avc) are inferred to be essentially vertical, and
the interpreted density of 2.88 g/cm3 implies that
high-density rocks, such as volcanic rocks, may
constitute a greater part of the Midway sequence
than is implied from the rock property samples
(Table 4.1).  The interpreted densities and
thicknesses for the metasedimentary rocks in the
northwestern part of profile G2 must be regarded
with considerable caution because much of the
railroad grade lies near and subparallel to a contact
with mafic metavolcanic rocks (Figs. 4.1, 4.2).  This
probably explains why the interpreted densities
(2.80 and 2.81 g/cm3) are somewhat high for
metasedimentary rocks.  Near and west of the
onlap of Animikie strata, the underlying Archean
rocks are interpreted to be nearly vertically dipping
rocks of mafic to intermediate composition (units
Amv and Aim), and the model implies densities of
2.83 to 2.93 g/cm3.

Profile G3
Most of the stations for profile G3 were

acquired along the haul road between the Inland
Steel processing plant and its Laurentian Mine.
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The northwestern end of the profile passes off the
area underlain by supracrustal rocks and onto the
Giants Range batholith (Figs. 4.1, 4.2, 4.12).  Using
densities that are plausible for the various rock
types (Table 4.1), the Giants Range batholith and
the adjoining supracrustal rocks are inferred to
extend to 5 kilometers depth (4.5 kilometers below
mean sea level), and have essentially vertical
contacts (total depth not shown on the model).  The
Animikie strata at the southeast end of the profile
are inferred to be underlain by dense (2.93 g/cm3)
metavolcanic or metagabbroic rocks.  Immediately
to the west, a 2.83 g/cm3 body that is only partially
covered by Animikie strata is interpreted as a
synclinal mass of intermediate and mafic volcanic
rocks.  The limbs of the syncline are inferred to
dip steeply northwestwards to near-vertical.
Metasedimentary rocks of unit Ags lie along the
axis of this syncline, and form a 1.5-kilometer-thick
wedge (density = 2.75 g/cm3) that has a nearly
vertical contact along the Pike River fault (Fig.
4.12).  A vertically dipping sequence of mafic and
intermediate volcanic rocks having densities of 2.73
to 3.03 g/cm3 is interpreted to lie just southeast
of the Laurentian fault, although outcrop
confirmation is lacking.  The Giants Range
batholith consists chiefly of Pike Mountain
monzodiorite along this profile, and is inferred to
have a nearly vertical, 5-kilometer-deep (4.5
kilometers below mean sea level) contact along the
Laurentian fault.  The inferred average density of
2.80 g/cm3 is somewhat high compared to
measured densities of the Pike Mountain
monzodiorite, but it lies within the range of
densities recorded for the unit (Table 4.1).  The
Lookout Mountain tonalite of the Giants Range
batholith lies at the northwestern end of the profile
(0 to 2.5 surface kilometers on Fig. 4.12) where 5-
kilometer-thick bodies having densities of 2.66,
2.70, and 2.97 g/cm3 are interpreted.  Although
outcrop confirmation is lacking, the high-density
material may reflect a sliver of mafic igneous
protolith within the granitic rocks, such as
observed in outcrops near Lookout Mountain.

Profiles G4 and G5
Profiles G4 and G5 (Figs. 4.13 and 4.14,

respectively) are interpolated from gravity stations
in the vicinity of McKinley (Figs. 4.1, 4.2).  The
two profiles complement one another: gravity
station control is best for profile G4 southeast of
the Mesabi Iron Range, whereas stations for profile
G5 are best to the northwest (Figs. 4.2, 4.13, 4.14).
On profile G4, the 2.67 and 2.73 g/cm3 bodies

between 2.0 and 4.3 kilometers surface distance
are interpreted to be largely metasedimentary
rocks, which correlates with the mapped surface
geology.  The intervening body of slightly higher
density (2.82 g/cm3) may represent the effects of
a buried intermediate intrusion.  Southeast of the
4 kilometer surface distance on profile G4, nearly
vertically dipping bodies with densities of 2.93 and
2.83 g/cm3 reflect metavolcanic rocks (units Amv
and Aim) beneath the Animikie strata.  On profile
G5, the 2.74 and 2.78 g/cm3 bodies between 0.90
and 3.3 kilometers are interpreted to be
metasedimentary rocks.  The Pike River fault is
inferred at 0.90 kilometer along profile G5.  The
2.61 and 2.69 g/cm3 bodies north of the fault imply
that the bulk composition of metavolcanic rocks
in this area is more felsic than anticipated, possibly
reflecting alteration along the fault.  Anomaly
sources on the best constrained parts of profiles
G4 and G5 are interpreted to extend about 2.5
kilometers below the surface (2.0 kilometers below
mean sea level) and are assumed to be underlain
by mafic rocks.

Profile G6
Profile G6 is based on stations taken along St.

Louis County Road 715 that runs northward from
its junction with State Highway 135 just west of
Biwabik (Figs. 4.2, 4.15).  Sources in this area are
inferred to extend sub-vertically to about 5.0
kilometers below the surface (4.5 kilometers below
mean sea level).  Metasedimentary rocks are
exposed immediately northwest of the Animikie
onlap, and the 2.76 g/cm3 body on the profile
implies that these rocks extend southward beneath
the Animikie sequence to about 5.7 kilometers
surface distance on the profile.  Between 5.7
kilometers and 6.5 kilometers distance, a 2.84
g/cm3 body most likely represents an intermediate
to mafic volcanic sequence beneath the Animikie
strata.  Sub-vertical bodies beneath Animikie strata
with densities of 2.65 and 2.71 g/cm3 represent the
granitic body that was proposed to intrude the
greenstone.  Northwest of the Animikie onlap at
about 3.6 kilometers to 4.5 kilometers surface
distance (Fig. 4.15), a 2.83 g/cm3 body is
interpreted to represent intermediate volcanic
rocks that are exposed in the area (unit Aim, Fig.
4.1).  These volcanic rocks are bounded to the north
by the Laurentian fault, which is interpreted to dip
vertically.  The sliver of 2.79 g/cm3 material to the
immediate northwest of the fault is interpreted to
be strongly metamorphosed metasedimentary
rocks of the Minntac sequence.  The 2.72, 2.79, and
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Figure 4.14.  Detailed gravity model and geologic interpretation along profile G5 (see Figs. 4.1 and
4.2 for location).  Model has been cropped; sources may extend to maximum depths of 5 kilometers
(2.0 kilometers depth relative to mean sea level).  Densities are in g/cm3.
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2.76 g/cm3 bodies at the northwest end of profile
G6 are interpreted to be part of the Pike Mountain
monzodiorite.

Profile G7
The stations for profile G7 lie mainly along

State Highway 135 near Aurora, and follow the
highway to the south (Figs. 4.1, 4.2, 4.16).  As in
the previous model, the Archean sources are
essentially vertical and extend to a depth of 5
kilometers (4.5 kilometers below mean sea level).
Beneath the rim of the Animikie strata at the south
end of the profile, a body with a 2.73 g/cm3 density
is consistent with the sub-Animikie granite pluton
inferred above from the gravity data.  Intermediate
to high densities (2.77 to 2.85 g/cm3) and vertical
contacts characterize the metavolcanic rocks (unit
Aim) that lie along and north of the rim of the
Animikie basin.  A thin outlying basin of Biwabik
Iron Formation between 1.8 and 3.6 kilometers
surface distance is consistent with geologic data
(Fig. 4.1), although it has little apparent gravity
effect.  The Laurentian fault is inferred to be
vertical, and the 2.76 g/cm3 material immediately
to the north represents high-metamorphic-grade
metasedimentary rocks of the Minntac sequence.
The north end of the profile is underlain by granitic
rocks, presumably of the Pike Mountain
monzodiorite, with a density of 2.79 g/cm3.

SUMMARY INTERPRETATION OF
ARCHEAN BEDROCK

For the first time, the geophysical models and
derivative maps permit construction of a
generalized interpretation of Archean bedrock
beneath the cover of the Animikie Group.  The
geologic image that has emerged is somewhat
speculative (Fig. 4.17), but depicts the exposure
area of Archean supracrustal rocks in the Virginia
horn as a small window into a much more
extensive greenstone belt.  The morphology of the
belt appears to be that of a westward-plunging,
metasediment-cored, structural keel—the Mud
Lake syncline—having volcanic limbs shouldered
against large plutonic masses, including the Giants
Range batholith on the north and unnamed
granitoid bodies on the south.  Several major fault
zones are evident, including the largely post-
metamorphic Laurentian fault; the long-lived Pike
River–Fayal fault system, along which nearly 4
kilometers of left-lateral offset are inferred; and
the Biwabik fault that affected strata ranging in
age from Neoarchean to Paleoproterozoic.

CONCLUSIONS AND
RECOMMENDATIONS

Gravity and magnetic studies have
supplemented traditional geologic mapping of
Precambrian rocks in the Virginia horn area of
northeastern Minnesota.  Although the Archean
and Paleoproterozoic rocks of the area are well
exposed locally, the diverse gravity and magnetic
signatures observed in the area are helpful in
mapping features in the intervening areas that lack
outcrop.  Moreover, gravity and magnetic methods
provide the only readily available means for
investigating the geologic structure at depth.  This
study demonstrates that gravity and magnetic
studies are valuable tools in geologic mapping of
Precambrian rocks, even in areas having relatively
abundant outcrop.

Gravity and magnetic studies should be useful
to any future mapping of Archean rocks along the
Mesabi Iron Range.  Faults that transect and bound
the Giants Range batholith, which as a rule are
poorly exposed, are readily recognized in the
derivative magnetic data, and variations in
magnetic anomaly patterns help discriminate
between various phases and individual plutons
that comprise the batholith.  Magnetic data are
useful in locating small stocks that intrude Archean
supracrustal rocks.  At a somewhat lower
resolution, gravity and second vertical derivative
gravity data depict gross structures and
compositional variations within the Giants Range
batholith, as well as within non-magnetic Archean
supracrustal rocks.

The Paleoproterozoic Biwabik Iron Formation
of the Mesabi Iron Range presents some
particularly intriguing problems for future
magnetic studies.  Mapping of the iron-formation
is greatly facilitated by the use of magnetic data
and its derivatives, where irregular highs reflect
relatively fresh iron-formation and crosscutting,
and linear lows reflect oxidized iron-formation
along faults and fractures.  The downdip
continuation of some of the northwest-striking
lows for several kilometers into the Animikie basin,
where several hundred meters of Virginia
Formation overlie the iron-formation, imply that
at least part of the oxidation of iron-formation to
natural ores occurred at depth due to geofluid
movement along northwest-striking fractures, as
opposed to subaerial weathering.  Thus, by
mapping crosscutting magnetic lows within and
south of the entire Mesabi Iron Range, and
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comparing this with iron-formation mineralogy in
outcrop and drill holes, one might be able to gain
a basin-wide perspective on possible geofluid flow
and its ultimate effect on the iron-formation.
Finally, more paleomagnetic work is needed for
the Biwabik Iron Formation; a small outlier of very
fresh iron-formation at Pike Mountain warrants
particular attention.  The magnetic signature of the
outlier implies a remanent magnetization that is
directed downwards to the northwest, which is
somewhat at odds with an earlier paleomagnetic
study of the Biwabik Iron Formation (Symons,
1966; Chandler and Morey, 2001).  The high-
resolution age of 1,878 ±  2 Ma, established by
Fralick and others (1998) for the Gunflint Iron
Formation (the Canadian equivalent to the Biwabik
Iron Formation), presents an opportunity for
establishing a well-constrained paleopole for the
lower part of the Animikie Group.

 Gravity and magnetic modeling indicate that
most Archean sources are vertical to sub-vertical,
and that the Archean supracrustal rocks and the
Giants Range batholith extend downward as
distinct units to maximum depths of about 5
kilometers.  Similar depth estimates have been
reported by other gravity model studies of
Superior Province rocks in Minnesota (Adams,
1957; Chandler and others, 1997) and Ontario
(Gupta and Wadge, 1986).  In the Superior
Province, it appears that the roots of the greenstone
and granite belts are shallow, which is surprising
considering their surface dimensions and near-
vertical geometry.  What happens to the greenstone
and granite below about 5 kilometers is uncertain.
The Minntac sequence, which may be the deep-
seated equivalent of the Mud Lake sequence that
has been post-metamorphically uplifted along the
Laurentian fault, may yield some clues.  Locally,
the Minntac sequence is extensively invaded by
tonalitic and other early (syndeformational) phases
of the Giants Range batholith, implying that the
supracrustal rocks may become progressively
assimilated by granitoid rocks at depth.  This
inference is consistent with observations of uplifted
Superior Province crust along the well-exposed
Kapuskasing thrust of eastern Ontario (Percival
and Card, 1983).  There, greenstone–granite belts
give way downwards to undulating and steeply
dome-like amphibolite-facies mafic gneiss,
migmatite, and concordant bodies of tonalite,
granodiorite, and quartz monzonite.  The details
of such a transition, and its ultimate origin, remain
obscure, and further geologic and geophysical
work is needed.

The geophysical work presented here has
several implications to the search for gold deposits
in the Virginia horn and adjoining areas.  Perhaps
most importantly, geophysical studies have been
effectively combined with detailed surface
mapping to help create an improved geologic
framework that should guide future exploration
in the Virginia horn area.  Among the potential
exploration targets in the Virginia horn are two
small intrusive stocks inferred from magnetic
anomalies (the Pike River anomaly and a string
of subtle anomalies extending about 3 kilometers
to the west–southwest).  Small stocks locally may
have produced a rheological discontinuity during
deformation that may favor fracturing and veining
in the stock and surrounding country rock.  On a
broader scale, the Bouguer gravity anomaly data
indicate that supracrustal rocks exposed in the
Virginia horn area, as well as greenstone
occurrences in T. 54–55 N., R. 26–27 W.; T. 58 N.,
R. 21 W.; T. 57 N., R. 22–23 W.; and T. 59 N., R. 14
W. (Sims and others, 1970), are a small part of a
much larger greenstone belt (Chandler, 1985).
Given the abundance of favorable gold criteria
observed in the Virginia horn area (Jirsa and others,
1998a), the entire greenstone belt could have
significant gold potential.  Unfortunately, the
Animikie strata that cover most of this greenstone
belt may present an insurmountable barrier to
current exploration technologies.  In the meantime,
the Virginia horn area and other greenstone
outliers along the rim of the Animikie basin
provide some promising prospects.
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APPENDIX

Description of gravity base stations

PALO BASE
(Previously established as DoD 2372-1)

Latitude / Longitude 47°24.9'N. / 92°13.1'W.
Elevation 1,412 feet (430 meters)

above mean sea level
Gravity value 980694.82 milligals
Estimated accuracy ± 0.1 milligal

Located 2 miles (3.2 kilometers) east of Palo,
at a road crossing; SW corner sec. 14, T. 57 N., R.
15 W.; at NE corner of the intersection on the
blacktop, straight off the fence to the north.

GILBERT FIELD BASE
Latitude / Longitude 47°29.94'N. / 92°30.29'W.
Elevation 1,649 feet (503 meters)

above mean sea level
Gravity value 980690.63 milligals
Estimated accuracy ± 0.1 milligal

Located approximately 2.2 miles (3.5
kilometers) west of Gilbert, along the secondary
road north of State Highway 135; NW 1/4 NE 1/
4 sec. 21, T. 58 N., R. 17 W.  Located approximately
80 feet (24 meters) southwest of the road on a low
outcrop of bedrock.  Station located over a brass
benchmark that is embedded into the bedrock.
Tied to Palo base using three full loops and one
single-ended loop.

MCKINLEY FIELD BASE
Latitude / Longitude 47°30.30'N. / 92°24.45'W.
Elevation 1,422 feet (433 meters)

above mean sea level
Gravity value 980713.40 milligals
Estimated accuracy ± 0.1 milligal

Located approximately 0.5 mile (0.8 kilometer)
south of McKinley, along St. Louis County Road
20; NE corner, SW 1/4, SW 1/4 of sec. 17, T. 58
N., R. 16 W.  Station located on the west shoulder
of the road over a small culvert, at a spot elevation
given on the McKinley 7.5-minute topographic
map.  Tied to Gilbert base using six single-ended
loops.

HOYT LAKES FIELD BASE
(Lies east of the study area)

Latitude / Longitude 47°32.72'N. / 92°07.05'W.
Elevation 1,495 feet (456 meters)

above mean sea level
Gravity value 980710.91 milligals
Estimated accuracy ± 0.1 milligal

Located approximately 2 miles (3.2 kilometers)
northeast of Hoyt Lakes, at the intersection of the
Hoyt Lakes–Mesaba Road and a U.S. Forest Service
road; SE corner, NE 1/4, SE 1/4, SE 1/4 sec. 33,
T. 59 N., R. 14 W.  The station is located 5 feet (1.5
meters) from the east edge of the county road in
the middle of the intersection with the Forest
Service road.  Tied to McKinley field base using
4 single-ended loops.
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