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GEOLOGY AND ORE DEPOSITS OF THE CUYUNA NORTH RANGE, MINNESOTA

By RoeerT GoRDON SCHMIDT

ABSTRACT

The Cuyuna North range in central Minnesota produces
iron ore and manganiferous iron ore from several types of
sedimentary iron-formation of probable Animikie age. The
iron-formation is in a tightly folded weakly metamorphosed
sequence of generally argillaceous rocks.

The Cuyuna district is divided into two or three smaller
areas. The study described here was limited to an area of
about 50 square miles called the North range in which most
of the ore has been produced, and in which all the currently
operating mines are located. A much larger part of the dis-
trict, the South range, was only briefly studied. The Emily
district, which is 8 to 20 miles north of the North range and
is included in the Cuyuna district by most other authors, lies
between the Cuyuna and the Mesabi districts. The Emily dis-
trict has been extensively explored, but no mines have been
opened there.

The Cuyuna district was discovered in 1904 when the first
merchantable ore was penetrated during exploratory drilling
that was prompted by many conspicuous magnetic anomalies.
Ore shipments were begun in 1911 and have generally in-
creased, except during the pronounced economic depression
periods in the early 1920’s and 1930’s. A record of 3,875,125
gross tons was produced in 1958. Total shipments from the
district through 1954 were 82,783,778 tons of all types of
direct-shipping ore and concentrates; production at present is
2 to 3 million tons per year.

The rocks in the North range consist of a sequence of three
sedimentary formations, tightly folded and intruded locally by
large dikes of mafic composition. The sedimentary rocks and
intrusives have been metamorphosed into the biotite and chlo-
rite zones. The bedrock in the Cuyuna district is covered by
Pleistocene glacial drift, except for natural outcrops in two
places in the South range. The paucity of outcrops makes it
very difficult to study the relation of the Cuyuna rocks to
other rocks of central Minnesota. The three Cuyuna North
range formations probably also occur in the South range and
occupy a northeastward-trending basin, more than 70 miles
long and about 15 miles wide, surrounded by older granites
and metamorphosed sedimentary rocks. They are probably
equivalent to the sedimentary rocks in the Emily district which,
in turn, are probably correlative with the Animikie rocks of
the Mesabi district. Lower or middle Precambrian granites
occur along most of the southeast side of the basin; informa-
tion is sparse or lacking in the other directions.

The metamorphosed sedimentary rocks in the North range
have been divided into three conformable formations; from
oldest to youngest, they are the Mahnomen, Trommald, and
Rabbit Lake. Neither the bottom nor the top of the succession
has been found. The Mahnomen formation is at least 2,000
feet thick and consists of generally well sorted fine clastic

material that is low in iron, and locally includes quartzitic
lenses near the top.

The Trommald formation consists almost entirely of iron-
formation of varied mineral composition and texture, and it
ranges in thickness from 45 to more than 500 feet. The for-
mation has a thin- and thick-bedded facies which have char-
acteristic compositional and textural differences. In parts of
the North range, the entire Trommald formation is the thin-
bedded facies; in others, the formation is all the thick-bedded
facies; and in about one-third, the thin-bedded underlies the
thick-bedded and grades upward into it. The thin-bedded
facies generally corresponds to the carbonate or silicate-
carbonate facies, and the thick-bedded facies resembles the
oxide facies as described by James in 1954. The thin-bedded
facies includes a few Iocal thin layers containing abundant
quartz sand and local argillaceous lenses that are probably
tuffaceous.

The Rabbit Lake formation is largely gray and black partly
ferruginous argillite and slate at least 2,000 feet thick and
contains lenses of lean siliceous argillaceous iron-formation.
The lowermost 300 feet of the formation contains about 2.0
percent titania in contrast with 0 to 1.0 percent in the rest
of the formation and averages of 0.5 percent in the Mahnomen
formation and 0.2 percent in the Trommald formation. The
titaniferous zone at the base of the Rabbit Lake formation
has been found in almost all parts of the North range and at
the northeast end of the South range, which was the only
place tested in that range. In part of the North range, the
base of the formation includes as many as three basaltic
flows or sills and probably also beds of water-laid tuff.

Thin horizontal Keweenawan flows have been reported in
a small area of the South range, but have not been observed
in the North range. If their assumed age is correct, the flows
indicate that the generally horizontal bedrock erosion surface
was formed during or before Keweenawan time. The suri{ace
was subjected to deep weathering, and thick saprolites includ-
ing iron ores were developed on those rocks that were pro-
foundly affected by surface conditions; the argillites and slates
were little changed. The relationship of the Keweenawan
flows to this period of weathering was not studied.

Horizontal conglomerates overlying the eroded Precambrian
surface have been called Cretaceous in the past because of
their resemblance to conglomerates of Cretaceous age in the
Mesabi district, but are actually consolidated Pleistocene grav-
els. The deeply weathered low-relief surface of the Precam-
brian rocks was vigorously scoured by Pleistocene continental
glaciation, which was followed by the deposition of stratifled
and unstratified drift to depths of 15 to more than 200 feet
in the North range. The present topographic surface is en-
tirely the result of the last Pleistocene deposition and does
not seem to reflect the gentle configuration of the underlying
bedrock surface.
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Clastic sedimentation of clay and silt, which was relatively
free of iron, preceded deposition of the Cuyuna iron-formation
and produced the Mahnomen formation, which is probably
more than 2,000 feet thick. A sharp contact separates the
chemical sediments of the Trommald formation, which con-
sists of chert and iron oxides, silicates, and carbonates. The
iron-fich chemical precipitates were deposited in two general
marine or lacustrine environments, Deep quiet reducing wa-
ter yielded the thin-bedded facies that consists of chert, car-
bonates, and silicates corresponding to the carbonate and
carbonate-silicate facies defined by James. Shallower, prob-
ably agitated, oxidizing water yielded the thick-bedded facies
that consists of chert and iron oxides, the oxide facies of
James. The thick-bedded facies covered about one-third of
the area of Trommald formation deposition in the North range
at the beginning of deposition and gradually spread over the
thin-bedded facies as iron-formation accumulated until® it cov-
ered about two-thirds of the area of deposition at the end of
Trommald time. Manganese was deposited most abundantly
in a zone near the transition between the facies.

The deposition of the Trommald formation was terminated
abruptly by an infiux of clay and silt and, locally, tuff and
flows into the sedimentary basin. The bottom waters became
stagnant and the Rabbit Lake formation, which consisted of
more than 2,000 feet of gray and black muds, was laid down.
Iron deposition continued, probably as siderite and pyrite.
Locally, chert and iron minerals were precipitated in sufficient
abundance to produce lenses and layers of lean argillaceous
iron-formation.

Study of the North range has produced a stratigraphic col-
umn and an areal geologic map different in many respects
from those of previous authors, particularly Grout and Wolff.
The proposal that nearly all the Cuyuna ores occur in one
unit, the Trommald formation, which is less than 45 feet to
more than 500 feet in thickness and generally from 100 to
400 feet, is in sharp contrast to the 2,575- to 3,465-foot ore-
bearing unit described by Wolff.

The three sedimentary formations have been intruded by
mafic rocks that appear sill-like in limited areas but that gen-
erally cut across all the stratigraphic units to form a dis-
continuous group of dikes in a belt at least 6 miles long and
half a mile wide along the southeast edge of the North range.
The dikes roughly parallel the fold axial planes and were
probably injected during or after folding.

The sedimentary rocks of the district have been tightly
folded into northeastward-trending folds that are generally
overturned to the northwest and are locally isoclinal. The
folds plunge both northeast and southwest. About half of
the bedrock in the North range is Mahnomen formation; the
Trommald and Rabbit Lake formations occur as synclines
downfolded into it. A few minor faults were mapped in the
mines and a larger fault was inferred at the southwest end
of the Sagamore mine, but no major faults were detected.
Evidence was not found to substantiate the major faults de-
scribed by Wolff.

The argillaceous sedimentary rocks, iron-formations, and
mafic dikes have been metamorphosed in the chlorite or bio-
tite zone in most of the North range, and definitely in the
biotite zone in a few places along the southeast edge of the
range. The most abundant minerals in the argillites and
slates are muscovite and quartz; in the thin-bedded facies of
the Trommald formation, quartz, ferrous and manganous car-
bonate, minnesotaite, and stilpnomelane; in the basalt fiows,
chlorite and epidote; and in the mafic dikes, chlorite, epidote,

clinozoisite, albite or oligoclase, and calcite. The grain size
of recrystallized chert was used as an index of metamorphic
grade in the thick-bedded facies of the Trommald formation
and in the upper iron-formation within the Rabbit Lake for-
mation, both of which generally contained no minerals indica-
tive of metamorphic grade.

The iron ore and manganiferous iron ore of the North
range occur almost entirely in the Trommald formation; only
a minor amount has formed in the upper iron-formation of
the Rabbit Lake formation, and the stratigraphic position of
the ore in the small Snowshoe mine could not be determined.
The ore occurs as residual concentrations of porous or vuggy
iron and manganese oxide minerals and quartz that remain
after carbon dioxide, magnesia, and part of the quartz have
been removed by oxidizing and leaching waters. Both direct-
shipping ores and those requiring treatment to remove some
of the remaining quartz are produced in the district, and the
production of concentrates somewhat exceeds direct-shipping
ore at present. The type of ore is related to the formation
and facies in which it is developed. Direct-shipping ores oc-
cur mostly in the thin-bedded facies of the Trommald for-
mation; concentrating ores are also abundant in this unit,
but constitute most of the production from the thick-bedded
facies and from the upper iron-formation in the Rabbit Lake
formation. Manganiferous iron-formation occurs in both the
Trommald and Rabbit Lake formations, but it is more abun-
dant in the Trommald formation. In the Trommald it is gen-
erally within or close to the area in which the thin- and
thick-bedded facies overlap; locally, it is most abundant in a
particular stratigraphic zone, though the zones are in differ-
ent positions in different parts of the district. The highest
grade manganese ores, which formerly were selectively mined
by underground methods, were within or near the zone of
transition from the thin- to the thick-bedded facies.

The phosphorus in the Cuyuna ores was largely or wholly
derived from the parent iron-formation rather than introduced
during or after the development of ore. In some places, chem-
ical analyses showed that the phosphorus is greater in the
ore than in the original iron-formation; in other places, less
phosphorus is present. The range of phosphorus content in
the iron-formation is from a trace to several percent in un-
oxidized and in oxidized and leached phases. Low phos-
phorus analyses in the unoxidized rock correspond to low
analyses in adjacent oxidized iron-formation and ore; simi-
larly, where the parent rock is high in phosphrous, oxidized
iron-formation derived from it is also high in phosphorus.

Most of the information regarding the origin of the North
range ores was obtained from the thin-bedded facies of the
Trommald formation, and the discussions of origin apply
principally to that unit. The ores in the thin-bedded facies,
and perhaps in all the iron-formation, formed in two stages.

During the first stage, warm or hot water, which was pos-
sibly mostly ground water heated and caused to circulate with
greater vigor by the admixture of magmatic emanations,
widely oxidized the iron-formation in part of the district and
leached some of the oxidized iron-formation to ore. The re-
sultant ore bodies are red brown and largely hematitic; they
are tabular or lenticular, generally in the plane of the bed-
ding, and some of them are known to extend many hundreds
of feet below the bedrock surface. These ore bodies, which
seem to be accompanied by a relatively large amount of oxi-
dized hematitic marginal ore, contain consistently more boron
than the ores formed in the second stage and more boron than
occurs in the unaltered iron-formation. All the largest mines
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in the district include or consist entirely of ore bodies of this
type.

The second stage of ore concentration occurred when all
the rocks were subjected to very deep surface weathering.
Goethitic ores were formed as irregular blankets over expo-
sures of the thin-bedded facies, and possibly most of the
ores in the thick-bedded facies and in the upper iron-forma-
tion lenses of the Rabbit Lake formation were also formed at
this time. Brown iron oxides and ore were formed on al-
most all residual masses of unoxidized iron-formation that
remained within the earlier altered hematitic iron-formation.
‘Where the porous hematitic ores extended downward for sev-
eral hundred feet and unoxidized iron-formation remained
nearby, the existent ore served as a channelway for the
weathering solutions to form brown ore at seemingly anom-
alous great depths. Some of the large ore- bodies, of which
the best example is at the Sagamore mine, formed in this two-
stage manner. Weathering solutions also oxidized and leached
the iron-formation preferentially where joints perpendicular
to the fold axes were abundant and to a minor extent along
the sides of shattered mineral-filed veins.

The Trommald formation deserves further exploration for
ore in certain limited areas in the North range. The thick-
bedded facies may be explored for local bodies of wash ore
any place the facies is known to occur. The thin-bedded
facies occurs more extensively than the thick-bedded facies,
but should be explored for wash ores and direct-shipping ores
only in a mile-wide belt along the southeast edge of the range.
No further exploration of iron-formation within the Rabbit
Lake formation is recommended.

Manganiferous ores are most apt to be found where the.

thin-bedded facies occurs alone and in both facies near the
facies overlap. The rich ferruginous manganese ores, which
were largely mined selectively by underground methods, oc-
curred near the facies transition.

The marginal ores and the unoxidized iron-formation of the
Cuyuna district have been considered as a source of large
quantities of manganese, particularly in a national emergency.
In 1951, Lewis made an estimate of 500 million minable tons
that contained more than 2 percent manganese, including un-
oxidized iron-formation and marginal ores in the North range
and ferruginous slate in western Aitkin County.

The last part of the report is a series of descriptions of
individual mines in the Cuyuna North range.

INTRODUCTION

The Cuyuna iron-ore district is near the geographic
center of Minnesota in Morrison, Crow Wing, and
Aitkin Counties (fig. 1). The district is about 68
miles long, and extends from Randall in Morrison
County northeastward to a point 11 miles east of the
small community of Hassman in Aitkin County. The
width of the district ranges from less than 1 mile near
the northeast end to more than 10 miles where the
North and South ranges are continguous, or to more
than 25 miles if the Emily district in northern Crow
Wing County is included.

The Cuyuna district is traditionally divided into
three general subdistricts or ranges—the South range,
the North range, and the area that the writer prefers
to designate as the separate Emily district. The

Cuyuna South range is a long narrow area (fig. 1)
extending the full length of the district; it is less
than 1 mile to 7 miles or perhaps 11 miles wide, de-
pending upon the validity of some of the little-known
outlying belts of iron-formation. The South range
was the site of much early exploration and several
underground mines, now all abandoned. Recently one
small open-pit mine, the Gorman, was operated near
Randall in Morrison County. The South range has
attracted a moderate amount of exploratory drilling
in recent years, but most exploration has been con-
centrated in the North range and in the Emily dis-
trict.

The North range (fig. 1), a much smaller area about
12 miles long and 5 miles wide, is near the villages
of Crosby and Ironton in Crow Wing County, in-
cludes all current mining activity, and is the area
studied in this survey.

Northwest of the Mississippi River in the northern
part of Crow Wing County is the Emily district (fig.
1), where small amounts of exploration had been car-
ried on for many years, and a large amount of both
drilling and geophysical exploration have been con-
ducted since about 1950. Geographic boundaries can
scarcely be placed on the Emily district, for the con-
tinuance of exploration has steadily expanded the area
known to be underlain by iron-formation; and it is
possible that future exploration will connect the dis-
trict with the Cuyuna North range at the south and
the Mesabi district at the northeast (pl. 1).

Iron-bearing rock possibly related geologically to the
rocks of the Cuyuna district has also been found
near Philbrook in Todd County to the west.

The Cuyuna district, unlike other iron-bearing dis-
tricts in the Lake Superior region, is in a generally
flat area almost entirely covered by a thick mantle of
Pleistocene glacial drift. Outcrops occur in the near
vicinity of the iron-formation only in Todd and Mor-
rison Counties and at one place in Aitkin County.
The topography of the district is dominated by fea-
tures developed by the retreating continental glacial
ice and is a poorly drained morainic surface of ir-
regular hills and many lakes and swamps. Part of
the area is relatixely level outwash plain. The area
is drained by the Mississippi River, which passes
directly through the district from near the northeast
end at Hassman southwestward past Aitkin, Riverton,
and Brainerd to Fort Ripley. The extremes in altitude
in the area are 1,150 and 1,450 feet above sea level.
Natural altitudes in the North range are from 1,172
to 1,390 feet above sea level, but most of the bigger
hills have less than 100 feet of relief. In contrast with
the natural topography, some of the open-pit mines
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are more than 350 feet deep, and some stripping and
lean ore dumps are more than 150 feet high, which
has resulted in a manmade relief of 500 feet. Of
course the open pits lack natural drainage, and when
pumping of ground water stops they soon fill to with-
in a few tens of feet below the surface.

All the communities in the North range are in-
corporated as villages. Crosby and Ironton are im-
mediately adjacent and form the most important
business and residential center of the area studied.
Cuyuna, Manganese, Trommald, and Riverton, like
Crosby and Ironton, have been built since the devel-
opment of mining in the district, but they have de-

clined in population and in importance as more rapid

transportation has permitted consolidation of most of
the mining and business community into one center at
Crosby and Ironton. According to 1950 census figures,
the population of Crosby was 2,777; Ironton, 828;
Cuyuna, 112; Manganese, 41; Trommald, 117; and
Riverton, 148.

The area south of Crosby and Ironton is farmland
and second-growth forest; north of the villages farm-
ing is less important and much of the land is included
within State forests. Timber products are an im-
portant source of income. Many of the lakes are
surrounded by summer homes and cottages, and serv-
ices for tourists form a thriving industry in the area.

The North range is served by good highways and
railroads capable of handling the heavy freight load
imposed by the shipping of the Cuyuna iron ores
(fig. 1). The main highway, U.S. 210, is a modern
concrete road extending generally east-west. From
Crosby it leads 15 miles southwest to Brainerd, a city
of 12,637. Eastward it passes through Deerwood and
Aitkin and extends to Duluth, 102 miles distant; at
Aitkin it connects with U.S. 169, the main road link-
ing this area with the Mesabi district. State High-
way 6 extends northward from Crosby and southward
from Deerwood. In earlier years, the range was
served by separate lines of the Northern Pacific Rail-
way and the Minneapolis, St. Paul & Sault Ste. Marie
RR. At present the railroads within the range are
jointly operated by the two companies, and all trains
serve Crosby and Ironton over the Northern Pacific
tracks through Deerwood.

HISTORY OF THE DISTRICT

The Cuyuna district, its iron-formatien hidden by
glacial drift, was the last major iron-ore district dis-
covered in the part of the Lake Superior region in
the United States. In 1859, land surveyors laying out
section lines in the northern part of T. 45 N., R. 29 W,
noted deflection of the magnetic compass and wrote

that “there was very great local attraction caused by
Bog Iron in the low marshes” (Himred, 1940, p. 3).

Eli Griffin is reported to have been the first person
to trace systematically the lines of magnetic attrac-
tion in the district. He spent much time doing this
during 1875 and 1876, but he was unable to obtain
capital for subsurface exploration (Himrod, 1940, p.
4).

In 1882, Henry Pajari saw pieces of iron ore in the
glacial drift along the railroad near Deerwood. He
had had experience in the iron mines near Michi-
gamme, Mich., and as a compassman for C. R. Van
Hise in Michigan and Wisconsin. Convinced that
iron ore was nearby, Pajari began explorations with
a dip needle, and is said to have found areas of mag-
netic anomaly on both the North and the South ranges
(Zapffe, 1938, p. 24). He tried to reach bedrock by
sinking test pits, seemingly only in an area midway
between the ranges; but the pits all went below the
water table long before reaching bedrock, and he was
forced to abandon the venture (Himrod, 1940, p. 4-7,
149-150).

On July 9, 1889, C. R. Van Hise made the follow-
ing entry in his field notebook! at St. Paul, Minn.:

Mr. Hopewell Clark, Land Commissioner of the St. Paul
and Duluth Ry. informs me that an outcrop of granite has
been found upon the northeast shore of Mille Lacs. Some
distance northeast of this point, well up towards Rice Lake,?
he also reports that there are numerous large angular blocks
of a rock which he calls a quartzite, which he believes to
represent an exposure, He also reports that between Mille
Lacs and the line of the Northern Pacific3 is a line of mag-
netic attractions which has been traced for miles. Another
line of attractions has been formed north and east of Mille
Lacs and north of the Pacific road. Is it possible that these
lines of attraction represent lower horizons of the Animikie
formations which have not yet been discovered? If the sup-

posed quartzite exposure is a bona fide one, this, combined
with the attractions, would seem to indicate this.

A group of Brainerd men led by P. G. Fogelstrom
drilled 1 hole 50 feet deep near Brainerd in 1893, but
their hope of finding iron ore was unfulfilled (Him-
rod, 1940, p. 9-10). '

About 1895 Cuyler Adams became interested in
exploring for iron ore near Deerwood (Zapffe, 1938,
p- 24). -Adams made extensive surveys with a dip
needle and mapped lines of maximum deflection. In
May 1903, with W. C. White and W. D. Edson, he
began drilling in the SE14 sec. 16, T. 46 N., R. 28 W,
and located lean ore later that year. H. B. Ayres
began drilling in November 1903 and found lean ore
in sec. 35, T. 47 N., R. 256 W., near Dam Lake in

1 C. R. Van Hise, unpublished field notes.

2 Probably the same Rice Lake shown on plate 1.
3 See fig. 1.
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Aitkin County. By this time a great many people
were interested in the search for ore in the area.

The first merchantable ore seems to have been dis-
covered on the South range in the SE14NE1, sec. 20,
T. 46 N,, R. 28 W, in May 1904 (Himrod, 1940, p. 18).
The drilling had been conducted by a partnership in-
cluding Cuyler Adams, R. C. Jamieson, W. D. Edson,
and others. Drilling was started on the North range
in July 1904, in sec. 30, T. 47 N., R. 28 W., near what
was to become the Kennedy mine. The first hole was
stopped by a boulder and the second penetrated good
ore (Himrod, 1940, p. 18).

The name of the district, according to Himrod
(1940, p. 20-21), was suggested by Mrs. Cuyler Adams
from the first syllable of Cuyler and the name of
Adams’ dog Una, who was a companion on his ex-
plorations. Leith publicized the name very soon after-
ward in September 1904 (Leith, 1906, p. 149-150).

Shaft sinking was begun by the Hobart Iron Co.
of Pickands Mather & Co. in 1905. This shaft, the
Sigma mine, was on the South range in the SWi,
SEY, sec. 8, T. 45 N., R. 29 W. It was abandoned
after a few months in 1906. More drilling and shaft
sinking came quickly. By 1909, about 2,000 drill
holes had been completed, and the general limits of
the district had been established. The new townsites
of Cuyuna, Crosby, and Ironton were established in
1908, 1909, and 1910.

The first shaft of the Kennedy mine reached bed-
rock in April 1908, and construction of the Cuyuna
Range Railroad (later purchased by the Minneapolis,
St. Paul & Sault Ste. Marie RR) to serve the mine
and the new towns was begun in 1909. The tracks
reached the mine in January 1911, where a stockpile
of ore was waiting. The first ore shipped from the
district left the mine on April 11 of that year.

Stripping of overburden for open-pit mining was
started at the Rowe mine in 1912 and at the Penning-
ton, Armour No. 1, and Thompson mines in 1913.

The demand for manganiferous ores during the war
years of 1914-18 exerted a tremendous influence on
the Cuyuna district. At the height of this boom 32
mines were operated, most of them in the North range.
Activity then diminished until only seven mines were
operating in 1921. Mining increased and decreased
again following the course of prosperity and depres-
sion. From four mines in 1934, the number of opera-
tions has increased steadily; the production of the in-
dividual properties also increased until 1953, when
3.9 million gross tons of ore was produced. Open-pit
mining has replaced underground mining except at
the Armour mines, and large trucks and conveyor
belts now entirely supplant the railroads in the open

pits. About 20 mines are operating, but several of
these include more than one of the earlier mines now
consolidated for efficiency of operation.

Production of iron ore in the Cuyuna district has
decreased since 1953 and may very likely continue at
a reduced rate. The marketing of high-grade man-
ganiferous iron ores from the Labrador-Quebec dis-
trict is expected to continue to be serious competition
to the Cuyuna ores.

The prosperity of the villages of Riverton, Trom-
mald, Manganese, Cuyuna, Crosby, and Ironton has
risen and fallen regularly with the activity of the
mines. All except Crosby and Ironton have been
greatly reduced in importance by this fluctuation of
income. Crosby has developed some other industries,
especially businesses serving summer vacationers, and
is no longer so completely dependent on the operation
of the mines.

The history of mining in the Cuyuna district in-
cludes one great mine disaster. The Milford mine
was suddenly flooded by mud and water on February 5,
1924, and 41 men were killed ; only 6 of those working
underground escaped (Holbrook, 1939, p. 142-149).

Five companies are now active in the mining op-
erations of the Cuyuna district: Inland Steel Co.,
M. A. Hanna Co., Pickands Mather & Co., Rhude and
Fryberger, and Zontelli Division of Pittsburgh Pa-
cific Co. Many other persons and companies control
significant amounts of property in the North range:
George H. Crosby, Adams Bros. Co., W. S. Moore,
Snyder Mining Co., Oliver Iron Mining Division of
the United States Steel Corp., Ernest- Amberg, Louis
Knudson, J. W. Van Evera, E. R. Burns, Cleveland-
Cliffs Iron Co., Gust Carlson, Northern Pacific Rail-
way, the State of Minnesota, and many more. Addi-
tional companies and persons have been active in the
district in the past.

The land in the Cuyuna distriet is divided into
General Land Office townships and sections. Most
sections are subdivided into the smallest standard unit,
the sixteenth of a section (40 acres) and partial sec-
tions of irregular size are called lots and designated
by numbers. Only a few sixteenth sections and lots
of mineral land are further subdivided in the dis-
trict. Property ownership is sometimes separated into
“surface rights” and “mineral rights,” either or both
or which are owned or leased by the iron-mining com-
panies, and there are many complex arrangements of
leases and successive subleases. The many lakes in
the district further complicate the ownership of min-
eral rights. Subsurface proprietorship is bounded by
planes extending vertically downward from the prop-
erty lines.
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PREVIOUS GEOLOGIC INVESTIGATIONS

The first reference to the geology of the district was
by Upham (1888, p. 580-611), who briefly described
the surficial geology. Owing to the lack of outcrops
and deep wells, he knew nothing of the nature of the
bedrock in the area that is now the Cuyuna range.

Irving and Van Hise (1892) showed this area on
a preliminary geologic map of the Lake Superior
region, though they did not discuss it. An area ex-
tending from Duluth southwestward to include most
of the Cuyuna district and swinging more nearly
southward along the Mississippi River to beyond Little
Falls was shown as underlain by “Huronian” rocks,
the “St. Louis slates.”

A similar map accompanied a later publication by
Van Hise (1896) in which he discussed (p. 790) con-
temporaneity of “the greater part of the Penokee-
Gogebic iron-bearing series of Michigan and Wiscon-
sin; the Chippewa and Baraboo quartzites of Wis-
consin; the St. Louis slates of Minnesota; and the
newly developed Mesabi range of Minnesota. That
most and perhaps all of these areas were once con-
nected, there can be no reasonable doubt.”

Later, Leith (1903, p. 202-204) showed a sketch of
a possible connection of the iron-bearing rocks in the
Mesabi with those in the Penokee-Gogebic district.
The suggested belt passed north of Dam Lake, in T.
47 N., R. 25 W., and through the general area of the
North range. There is no indication that this map
was published in time to have any influence on the
search for iron ore in the area.

After the discovery of iron ore in the district,
Leith (1907) was the first to publish a lucid geologic
report. Many short papers by other persons followed.
The section of Monograph 52 (Van Hise and Leith,
1911) on the Cuyuna district is a good review of the
knowledge about the district at that time.

The district was first described in detail by Harder
and Johnston (1918). They studied the rocks pene-
trated in drilling and published detailed maps of sev-
eral of the mines. Many structural features were
briefly discussed, and a map of the known belts of
iron-formation was the best available for many years
afterward. Along with Leith, Zapffe, and other
geologists of the time, Harder and Johnston believed
that the Cuyuna iron-formation occurred as discon-
tinuous lenses scattered through a slate sequence. Lack-
ing more specific data on correlation with the Mesabi
district, Harder and Johnston hesitated to give names
to the Cuyuna strata and preferred general terms. De-
tailed mine maps, descriptions of the individual prop-
erties, and complete chemical analyses of ores and
wallrocks from Harder and Johnston’s bulletin were

extensively used in the preparation of this report.

One of the most profuse authors on the Cuyuna
district was Carl Zapffe, whose contributions appeared
in many short articles rather than in a long report.
Undoubtedly Zapffe was as important for his influ-
ence on the interpretations of others—for example,
Leith, and Harder and Johnston—as he was for his
own publications. He was an enthusiastic champion
of the district as a source of manganese. In earlier
years, he considered the iron ores to occur in discon-
tinuous, sometimes overlapping, lenses of iron-bear-
ing rock (the “Deerwood iron-bearing member”) at
one general “horizon” in the Virginia slate (Van
Hise, and others, 1911, p. 219; Zapffe and Barrows,
1912, p. 3, 4; Zapfle, 1925a, p. 372). Later, Zapffe
argued strongly that the Cuyuna iron-formation was
younger than the Animikie rocks of the Mesabi dis-
trict (1925b) and proposed that the Cuyuna rocks
were Upper Huronian, the Mesabi rocks Middle Hu-
ronian. Most of his arguments depended on debatable
interpretations:

1. The presence of soft, unconsolidated sericitic
shale above the Virginia slate at the west end of the
Mesabi district, which material Zapffe correlated with
the slate abundant in the Cuyuna district.

2. The Cuyuna rocks were probably younger than
the St. Louis slate (now called Thomson formation)
which had been correlated with the Virginia slate by
Van Hise and Leith (1911, p. 611). The Cuyuna
rocks were thought to be younger because they seemed
to occupy the center of a syncline in which the St.
Louis slate and its correlative at Little Falls were on
the south and the Virginia slate of the Mesabi dis-
trict on the north.

3. One drill hole about 30 miles north of Brainerd
(probably the hole in the NW1j, sec. 5, T. 136 N,
R. 29 W., Cass County, near Jenkins) in whlch after
going through “considerable typical soft, light green,
slaty material with steeply inclined schistosity, an un-
doubted Cuyuna rocks, the drill penetrated flat-lying,
banded greyish-black slates, breaking readily and the
core parting like poker chips,” (Zapffe, 1925b, p. 99).
A sample of the dark slaty rock that was probably
from the same hole was identified by this writer as
quartz-biotite schist, but Zapffe thought “it is ex-
actly like phases:of the Mesabi (Virginia) slate for-
mation.”

Thiel (1927, p. 788), remarked in reference to the
above statement, “Such a structure is difficult to vis-
nalize and more difficult to explain if the upper bed
is considered the younger.”

Zapffe’s first point pertaining to the soft light-
colored sedimentary rock overlying the Virginia for-
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mation at the west end of the Mesabi district was
developed at great length in a later paper (Zapffe,
1926). The existence of the soft sediments and, in
many places, basal conglomerates in the Mesabi, was
established beyond a doubt, but no good reason was
given for supposing them to be correlatives of the
Cuyuna slates. Furthermore, Zapffe himself describes
“horizontal beds of soft gray, green, and reddish shaly
material, containing conglomerate at the base or above
the base” overlying the bedrock in part of the South
range (1933. p. 78) which he called post-Keweena-
wan. These seem a more reasonable correlative of the
soft post-Virginia beds of the Mesabi than the Cuyuna
slates.

In 1928, Zapffe described the division of the iron-
bearing rock in the district into a lower and an upper
layer. Much of his reasoning probably depended on
the interpretation that a large structure was an anti-
cline, even though his own map (Zapffe, 1928, fig. 6)
showed it to be synclinal. Had this structure been
properly described as a syncline, it is difficult to
visualize how Zapffe might have maintained his theory
that the ores occurred at two main horizons.

Zapffe later (1930) prepared a general stratigraphic
section for the district, dividing the Upper Huronian
rocks into a lower Aitkin formation and an upper
Crow Wing formation, the latter consisting of an
Emily member and a Cuyuna member. The Deer-
wood iron-bearing member comprised two separated
layers of iron-bearing rock enclosed in the Cuyuna
member. The iron-formation and ores of the Emily
district were believed to be numerous but short lenses
of iron-bearing rock.

Zapffe’s contribution to the Guidebook of the 16th
International Geological Congress, 1933, contained
practically the same information as his 1930 publica-
tion.

Royce studied the district over a long period of
time and knew parts of the district very well, but
unfortunately he published only short general papers
without detailed maps (Royce, 1938, 1942). In these
he proposed a stratigraphic sequence which, except
for omission of the upper iron-formation, was very
similar to that proposed in this report.

Wolff collected data in the Cuyuna district from
1908 to 1917, spent most of 1918 in the area, and
subsequently visited the district many times. He was
particularly familiar with the geology of the Mesabi
district, and on the basis of lithologic similarities, he
correlated parts of the iron-formation in the Cuyuna
district with iron-formation in the Mesabi district
(Wolff, 1919) and applied the Mesabi formational
names, Pokegama, Biwabik, and Virginia, to the

CUYUNA NORTH RANGE, MINNESOTA

Cuyuna rocks. Much later the same general ideas,
but with considerable revision in details, were pre-
sented with a detailed geologic map of the North
range and a small part of the South range (Wolff,
1951). The same map appeared later as plate 2, of
Bulletin 36 of the Minnesota Geological Survey, of
which Wolff and Grout were joint authors. Specific
correlations were made by Wolff without much regard
to the structure and the changes in sedimentary facies
in the district; then faults were inserted where the
geology of the adjacent areas seemed incompatible.

Geologic investigations have been conducted over the
years by geologists and engineers of many of the
mining companies in the district. Detailed maps and
the interpretations and deductions resulting from some
of these unreported studies are of very high quality
and surpass much of the material that has been pub-
lished. The author was privileged to see some of
these maps and to discuss the geology at great length
with the mining company personnel.

PRESENT INVESTIGATION

The fieldwork of this investigation was begun in
1951 and completed in 1954, except for a month in
1955 and a few days in 1956. C. E. Dutton worked in
the field with the writer for 2 months during the
summer of 1951 and gave the benefit of his broad
experience at the beginning of the project. He also
remained project adviser until this report was com-
pleted.

Fieldwork consisted of detailed mapping of all ac-
cessible mines. Up-to-date company mine maps were
used in the field for plotting geologic information.
The maps of open pits, which were at a scale of 1
inch equals 50 feet, showed details of benches and
banks, which made it possible to locate any point in
a mine quickly and accurately to within a few feet.
Geologic mapping in the Armour underground mines
was likewise done on prints of the company maps at
a scale of 1 inch equals 30 feet. Maps of the whole
North range were prepared on a base provided by the
M. A. Hanna Co.

Much of the work necessary for the preparation of
detailed maps was the examination and classification
of many thousands of samples consisting of drill cores
and cuttings from about 2,000 exploratory holes. These
included samples from holes drilled from 1905 to 1956.
In addition, the company logs of 8,000 drill holes were
scanned, and those yielding pertinent information were
used in the development of the geologic details. Sam-
ples were collected in the mines for 38 complete
chemical analyses of representative ores and related
rocks, for 120 thin sections, and for many mineralogic
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determinations, partial chemical analyses, heavy min-
eral separations, and semiquantitative spectrographic
analyses.

A group of preliminary geologic maps of the ac-
cessible mines was prepared and placed on open file
in 1952 (Schmidt and Dutton, 1952). Detailed geo-
logic maps of the entire North range were published
in 1957, 1958, and 1959 (Schmidt and Dutton, 1957;
Schmidt, 1958a, 1959).

Much geophysical work has been done by the Geo-
logical Survey in the area by using a variety of geo-
physical methods closely coordinated with the results
of the geological study provided by the writer. A
later report will describe the geophysical investigation.
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GENERAL GEOLOGY
REGIONAL SETTING

The strata of the Cuyuna district are a tightly
folded sequence of slightly metamorphosed Precam-
brian rocks consisting of argillite, slate, phyllite, and
iron-formations, and lesser amounts of coarser clastic
rocks and volcanic tuff and flows. The bedrock is
covered by Pleistocene glacial drift to depths of 15
to more than 200 feet throughout the area studied,
except where exposed by mining operations. Only
beyond the southwest and northeast limits of the
mapped area have a few scattered outcrops been
found, and the relation of these to the Cuyuna rocks
is not adequately known.

The trend of the Cuyuna folds is about N. 65° K.
and parallels the axis of the Lake Superior syn-
clinorium. Previous writers (Harder and Johnston,
1918, p. 112; Zapffe, 1928, p. 625) have considered
that the Cuyuna district is near, or somewhat north
of, the axis of the geosyncline, which was thought
to explain the intensity of the folding and perhaps
also the degree of metamorphism.

There is very little information on the relation of
the sequence of metasedimentary rocks in the Cuyuna
district to the other Precambrian rocks of Minnesota.
The geology has been determined in detail, however,
for areas of extensive exploration in the Mesabi dis-
trict, in part of the Emily district, in the Cuyuna
North range, and in small parts of the Cuyuna South
range. The general geology of the area southeast of
the Cuyuna district has been described in a report on
the Thomson formation by Schwartz (1942) and one
on the intrusive igneous rocks by Woyski (1949). In
other directions from the Cuyuna district and in the
areas east and west of the Emily district, outcrops
and drill-hole data are exceedingly sparse, and the
relation of the various outcrops and the drill-hole
samples to each other are as unknown as their rela-
tion to the Cuyuna rocks.

The areas of various rocks adjacent to the Cuyuna
district are shown on plate 1, on which the available
geologic data have been compiled from many sources
with adaptations by the writer, and the sources of
various data are shown on the accompanying index
map. The rocks occurring near the Cuyuna district
are discussed in the following paragraphs.

Only widely scattered drilling has been done on
the north side of the Mississippi River in the 8-mile
gap that separates the Cuyuna and Emily districts.
Drilling has been insufficient to establish or disprove
a direct connection between the iron-formation of the
two areas, but the writer believes that the connection
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probably exists. White (1954) has described simi-
larities between the rocks of the Emily and Mesabi
districts, which are generally believed to be correla-
tive, but between which no actual connections have
been made.

Very little is known of the rocks west of the Emily
district and northwest of the Cuyuna North range.
Grout and Wolff (1955, pl. 1) show scattered small
areas of dolomite, greenstone schist, and granite in
the northwestern part of Crow Wing County and in
the adjacent part of Cass County. They assumed
these to be pre-Animikie, but no specific relationships
are known.

Thirteen holes were drilled in secs. 23 and 33, T.
134 N, R. 28 W,, and in sec. 1, T. 183 N., R. 29 W,
north and west of Brainerd in 1909. The holes pene-
trated light-gray and light-green argillite and silt-
stone and chloritized gabbroic igneous rock. Some of
the siltstone contained small magnetite or martite octa-
hedra and was similar to the magnetic siltstones in
the Mahnomen formation associated with areas of
magnetic anomaly in the North range; the writer as-
sumes, therefore, that the sedimentary rocks are part
of the Mahnomen formation (pl. 1), the lowest of the
three sedimentary formations in the North range.

Various granites crop out 20 miles west of Brainerd
near Staples (Harder and Johnston, 1918, p. 30-31)
and farther south in Todd County near Browerville
(p. 31). Gabbro and anorthosite crop out near Phil-
brook in Todd County rather close to places where
iron-formation has been located by exploratory drill-
ing (pl. 1) (Grout and Wolff, 1955, p. 16). The iron-
formation near Philbrook is more highly meta-
morphosed than most iron-formation of the Cuyuna
district and is some distance from the nearest South
range iron-formation at Randall, and possible corre-
lation with the Cuyuna district should be considered
only tentative at this time.

Dark gray-green chlorite schist is exposed in out-
crops at the railroad station in Randall and for about
half a mile south. These outcrops are about 1.5 miles
southeast of iron-formation of the South range which
has been traced by drilling for a short distance near
Randall (pl. 1). The schist at Randall was consid-
ered by Harder and Johnston (1918, p. 58-59) to be
similar to schist in the operating mines near Brainerd
and Crosby. It is probably more highly metamor-
phosed than the North range schists, but the iron-
formation in the Gorman mine near Randall is also
more highly metamorphosed than North range rocks.

Outerops of the Thomson formation, locally a phyl-
lite and a staurolite-biotite schist, and of hornblende
granodiorite and hornblende gabbro have been re-

ported near Little Falls (Woyski, 1949, p. 1010, 1013,
1015). (See pl. 1.)

Granitic rocks were described from several places
south of Mille Lacs Lake (Woyski, 1949, pl. 1; Hen-
derson and Meuschke, 1953a). McGrath gneiss crops
out near McGrath, in sec. 6, T. 43 N., R. 23 W., and
near Denham in T. 45 N., R. 21 W. Granite or gneiss
was drilled in the well at Malmo, T. 45 N., R. 25 W.
Iron-formation, slate, and a large pyrite-pyrrhotite
body were drilled in the southwestern part of T. 46
N, R. 25 W, near Glen (Harder and Johnston, 1918,
p. 128; Schwartz, 1951b; Henderson and Meuschke,
1958b; Grout and Wolff, 1955, p. 86-87; Han, 1958,
p- 24). Quartzite forms several low outcrops north-
west of Dam Lake in sec. 84, T. 47 N., R. 25 W., and
drilling north of the outcrops penetrated iron-forma-
tion underlain by a schistose quartzite (Adams, 1910,
p. 734) ; presumably these are part of the Cuyuna se-
quence. South of Dam Lake, in secs. 9 and 10, T.
46 N, R. 25 W., diorite and diabase crop out in sev-
eral places.

In sec. 1, T. 47 N, R. 25 W, and sec. 6, T. 47 N.,
R. 24 W., near Kimberly, iron-formation and slate
were drilled in two explorations totaling 32 holes.

Schwartz (1942) has described the Thomson forma-
tion occurring in Carlton County, many miles east of
the last Cuyuna-type rocks. He considers it to be
pre-Animikie and relates the southwestward-increasing
metamorphic grade to intrusion of Algoman McGrath
gneiss. The Thomson formation is also slightly meta-
morphosed along the contacts of diabase dikes and
sills.

Northeast of the Cuyuna district, especially in north-
ern Aitkin County, outcrops are entirely lacking, the
drift cover is 75 to more than 300 feet thick, and
drilling is very sparse. The underlying rocks are
generally slate and what was called schist, in places
black or “graphitic,” locally overlain by soft Creta-
ceous shales (Henderson and Meuschke, 1953c). The
age of the slates has not been established, but Wolff
thinks that they are equivalent to the Virginia slates
(Grout and Wolff, 1955, p. 83).

Outcrops have been reported on the west side of
Waukenabo Lake, in T. 49 N., R. 26 W, and on the
north side of Esquagamah Lake (pl. 1), probably in
the same township (Himrod, 1940, p. 4). The writer
has not confirmed this. The drift cover penetrated
by drill holes in the same township ranges from 173
to 242 feet.

The U.S. Bureau of Mines drilled 7 holes in sec.
23, T. 48 N., R. 27 W., Aitkin County, in mangani-
ferous argillite (Grosh and others, 1953). The cores
are faintly foliated gray and red-brown sericitic argil-
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lite. None of the material is considered to be iron-
formation by the writer. The argillite is not greatly
unlike parts of the Mahnomen formation in appear-
ance, though its iron content is more nearly like that
in the Rabbit Lake formation.

By tentatively accepting the correlation of the
Cuyuna rocks with those of the Mesabi district, as
suggested by Cheney (1915), Wolff (1919), and others,
one may deduce some general relationships by analogy
with that district. The sequence of three formations
in the Cuyuna district may be assumed to rest un-
conformably on a surface of Algoman granite and
various other older rocks. These older rocks probably
include most or all of the granitic rocks mentioned
above occurring near the Cuyuna distr ct, and the
Thomson formation occurring to the east and to the
south. Some of the gabbroic and dioritic intrusives
outside the district resemble rocks intrusive into the
Cuyuna rocks and are probably younger than the
Cuyuna sequence.

CUYUNA DISTRICT

In a simple interpretation the sequence of meta-
morphosed argillaceous rocks and iron-formations in
the Cuyuna district is probably of Animikie age and
occupies a much folded northeast-trending synclin-
orium (pl. 1) bounded by older rocks, except at the
northeast end where the structure apparently widens.
The sequence probably connects northward with the
Animikie rocks of the Emily and Mesabi districts and
disappears eastward under a thick cover of Pleisto-
cene and perhaps Cretaceous materials.

The base and the top of the threefold sequence of
sedimentary rocks in the synclinorium have not been
seen. The lower unit is the Mahnomen formation,
which consists of at least 2,000 feet of light-colored
argillite or slate and quartz siltstone and includes
local quartzite lenses and layers near the top. The
middle unit is the Trommald formation, which is al-
most wholly an iron-rich chemical sediment known as
iron-formation and contains only local thin layers of
clastic sediments; an iron-oxide-rich thick-bedded fa-
cies of this formation is confined to part of the North
range and overlaps an iron silicate- and iron carbon-
ate-rich thin-bedded facies which occurs in part of the
North range and probably all of the South range.
The Trommald formation generally ranges in thick-
ness from 45 to more than 500 feet. The highest unit
is the Rabbit Lake formation which is argillite and
slate, partly carbonaceous and ferruginous; it has
lenses of lean cherty iron-formation distributed
throughout and local basaltic flows or sills and prob-
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ably tuffs near the base. The Rabbit Lake formation
is at least 2,000 feet thick.

The sedimentary rocks in this synclinorium have
been tightly folded, probably by forces acting from
the southeast, and subjected to metamorphism which
increased gradually toward the south or southeast.
In the North range the strata were intruded by diorite
or gabbro dikes during or after folding. These in-
trusive rocks were metamorphosed with the sedimen-
tary rocks.

The rocks of the Cuyuna district and older rocks
were eroded to a surface of low relief. Van Hise and
Leith (1911, p. 215) described an amygdaloidal silicic
extrusive occurring locally in the South range in hori-
zontal layers 15 to 25 feet thick resting on the eroded
surface of the steeply dipping iron-formation and
slate in sec. 2, T. 44 N, R. 31 W, sec. 6, T. 44 N,
R. 30 W., and sec. 7, T. 45 N, R. 29 W. (pl. 1). They
believed this extrusive to be Keweenawan.

Cretaceous fossils have been identified in soft shales
overlying folded slates in northern Aitkin County
(Grout and Wolff, 1955, p. 83). No Cretaceous sedi-
ments have been identified in the Cuyuna district.
Horizontally stratified conglomerates on the Precam-
brian surface are probably all Pleistocene, though they .
generally resemble some Cretaceous rocks of the Me-
sabi district.

The iron ores have developed within the Trom-
mald formation, except for a few small ore bodies
within iron-formation lenses in the Rabbit Lake for-
mation. The ores are residual, having formed by
leaching of the original minerals of the iron-forma-
tion: quartz and one or more iron oxides, silicates,
or carbonates. The ores form by the removal of car-
bon dioxide, silica, and magnesia; the removal re-
sults in porous and vuggy ore. The ores were prob-
ably formed in two stages—the first involving ground
waters that possibly were partly hydrothermal and
affecting the iron-formation to great depths, the sec-
ond being a shallower alteration related to ordinary
surface weathering.

The time of the formation of the Cuyuna ores has
not been established. It is probable that the land
surface has remained relatively stable since Precam-
brian time. The flat-lying Keweenawan flows, if the
assigned age is correct, suggest that there has been
very little subsequent erosion of the pre-Keweenawan
rocks. The ores may have formed at any time since
the formation of the general plain, or they may have
been forming during most of the intervening time.

The kind and distribution of the ores differ consid-
erably according to the areas within the district and
according to the facies of the Trommald formation

GEOLOGY
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that is present. The most important ore bodies have
formed along the southeast edge of the North range
in the thin-bedded facies. Other important deposits
have formed in the thick-bedded facies in the North
range. A smaller number of minable ore bodies oc-
cur in the thin-bedded facies on the northwest side
of the North range, in the South range, and in the
iron-formation lenses of the Rabbit Lake formation.

SEDIMENTARY ROCKS

Precambrian sedimentary rocks comprising three
formations make up most of the bedrock of the Cuyuna
district. A stratigraphic sequence of perhaps 4,500
feet is suggested, and new names are proposed for
the formations. The distribution of these—the Mah-
nomen, Trommald, and Rabbit Lake formations—is
shown on plate 2. The relation to other Precambrian
rocks of Minnesota cannot be definitely established
at this time, although it is probable that the three
formations correlate with the Animikie group of the
Mesabi district. No contact of Mahnomen formation
and an older rock has been found, and no sedimentary
rock younger than the Rabbit Lake formation occurs
in the North range, except the glacial drift that every-
where covered the bedrock on the North range before
mining began.

The stratigraphic sequence proposed in this report
differs from the sequences described by Van Hise and
Leith (1911), Zapffe (1930), and Wolff (1919, 1951)
in many ways, and the areal distribution of each unit
is generally unlike that of any unit formerly de-
scribed. This is most noticeable for the units mapped
by Wolff. The three sedimentary formations described
here are considered to be the probable correlatives
of the three Mesabi district formations, but the corre-
lation is far from definitely proved. The Cuyuna
formations resemble their Mesabi counterparts in only
the most general ways, and because definite evidence
regarding correlation is lacking, the names of the
Mesabi formations were rejected for the Cuyuna strata.
Other unit names formerly used were rejected because
they were vaguely defined and because the map areas
assigned to each were unlike any of the units mapped
in this study; these old stratigraphic names would
add too much confusion to the literature on the dis-
trict.

In this report the new names—Mahnomen, Trom-
mald, and Rabbit Lake formations—are proposed for
the three sedimentary units. Type sections of the
new formations were impractical, for no natural out-
crops occur in the area studied. The entire Trom-
mald formation is exposed in several open-pit mines,
but such places are exposed only when the mine is

kept dewatered. Only the very top of the Mahno-
men formation and the base of the Rabbit Lake for-
mation are exposed in mines, and most information
regarding them comes from drill-hole samples. Type
areas were chosen to include as many lithologic types
as possible, as well as good mine exposures or many
drill samples.

Determining the stratigraphic sequence in the
Cuyuna district has been complicated by relatively
abrupt facies changes in all formations, which sug-
gests that currents in the basin of deposition were
shifting and perhaps the bottom gradients were
steeper than those commonly associated with the depo-
sition of iron-formation in other Lake Superior dis-
tricts. The writer believes that rocks analogous to
each of the lithologic types found in the Cuyuna are
common in other Lake Superior districts, but the
great variety of lithologic types is not found in such
a small area elsewhere. The solution of the strati-
graphic sequence has been further complicated by
tight folding that has resulted in the overturning of
beds in many places. In studying and mapping the
geology of the Cuyuna North range, it was necessary
to resolve the problems of structure and stratigraphy
simultaneously, as neither could be deciphered without
the other. Extensive alteration that may be generally
likened to saprolitization, regardless of the source
ascribed to the leaching solutions, has changed the ap-
pearance of the rocks to various degrees and has com-
plicated correlation. Metamorphism in the North
range is low grade (chlorite and biotite zones) and
uniform, and has caused only local correlation prob-
lems.

Structural information to supplement lithologic ob-
servations was obtainable only from mine openings
and drill cores because there are no outcrops. Most
of the rock exposed in mining is iron ore, and the
cost of removing overburden generally restricts the
size of exposures of less altered iron-formation and
especially wallrocks. The wallrock exposed in min-
ing is mostly less than 100 feet stratigraphically above
or below the iron-formation. Likewise, most explora-
tory drill holes are in or close to iron-formation, and
the number of drill holes in wallrocks decreases sharply
as the distance from the iron-formation increases.
Logs of about 8,000 drill holes in the North range
were assembled during this study, more than 6,000
of which were furnished by the U.S. Bureau of Mines.
It was found that most existent logs of drill holes are
of little use, for most wallrocks and even many parts
of the iron-formations have been called schist in the
old drill logs, therefore, the original samples were
reclassified if possible. Samples were examined from
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about 2,000 drill holes, including many drilled during
the early years of exploration as well as many of those
drilled during the period of the study. The writer
was fortunate that many samples from old drillings
are still available.

It was found that almost all the cores of the Cuyuna
North range occur in one well-defined stratigraphic
unit, designated in the field as the main iron-forma-
tion, for which the name Trommald formation is here
proposed. Most of the rocks in the mines are part of
this formation, and more drill holes penetrate it than
any other; it is therefore generally well known in
most of the North range. The top and bottom of the
Trommald formation are the only very clearly de-
fined and widespread stratigraphic horizons found
during this study, and they have been used throughout
for stratigraphic measurements.

Interpretation of the stratigraphy of the iron-forma-
tion presented here differs considerably from that of
some previous workers. Many of the structures
mapped in detail during the fieldwork has been known
in a general way, and the lithologic characteristics of
the thick- and thin-bedded facies of the Trommald
formation were recognized many years ago. Inter-
pretations of the relation of the facies of the Trom-
mald formation and the several lenses of upper iron-
formation in the Rabbit Lake formation have been
exceedingly divergent, and these have considerably
affected stratigraphic correlation and large-scale struc-
tural interpretation within the North range. The
stratigraphic relations of the Trommald formation,
because that formation has been most thoroughly ex-
plored in drilling and the most exposed in mining, is
the heart of the controversy regarding Cuyuna strati-
graphy.

Very little was known of the geology of the Cuyuna
. district until exploration for iron ores was begun;
diamond drilling first brought samples of concealed
bedrock to the surface for observation in 1903 (Him-
rod, 1940), about 1 year before merchantable ore was
discovered.

In 1907 Leith published the first description of a
stratigraphic succession, probably based on materials
derived from both North and South ranges. Leith’s
stratigraphic succession, strikingly similar to the suc-
cession proposed in this report, was as follows, from
bottom to top (Leith, 1907, p. 146):

Quartzite and its altered equivalents, quartzese, micaceous
and hornblende schists.

Iron formation, consisting principally of iron carbonate
where unaltered, but largely altered to amphibole-magnetite

rock, ferruginous slates, and iron ore. The ores thus far
found are soft, reddish, slightly hydrated hematite, reddish

slaty hematite, and hard, blue, banded, siliceous magnetite
and hematite.

Chloritic and carbonaceous slate, interbedded in its lower
part with iron formation. -

Intrusive granite and diorite, principally the latter.

Cretaceous sediments.

Glacial drift, 80 to 350 feet.

A similar sequence was inferred by Cheney (1915),
and the Cuyuna-Mesabi equivalence was argued by -
him. The order of deposition described by him was
generally quartzite and slate, succeeded by iron-for-
mation, which was succeeded by Virginia slate.

Royce did not favor correlation with the Mesabi,
but described a similar sequence (1938, p. 51-53), and
excerpts are quoted here:

Detailed geological mapping of the district has shown that
most, if not all, of these bands of iron formation lie in a
single horizon, repeated many times by folding.

* * % The hangingwall slate overlying the formation is a
gray to black slate with graywacke, or coarse-grained, bands.
The footwall slate is a soft, impure, shaly quartzite near the
ore and grades downward into gray slate.

Harder (1910) described a generalized succession
of amphibole-magnetite rock followed by ore and then
green slate. “Amphibole-magnetite rock” would ac-
tually have been an unoxidized part of the iron-for-
mation.

Van Hise and Leith (1911), perhaps influenced by
the ideas of Zapffe, placed the Cuyuna district iron-
formations in the Upper Huronian as the lenticular
Deerwood iron-bearing member within the Virginia
slate. Specific successions of rocks were not discussed.

Francis S. Adams (1911a, p. 60) also considered the
Cuyuna iron-formation to be discontinuous lenses dis-
tributed through the light-gray, light-green, and black
slates of Upper Huronian age. He suggested that the
quartzite at Dam Lake, T. 47 N., R. 256 W. (pl. 1),
and quartzite found in sec. 24, T. 47 N., R. 29 W,,
were at the base of the slate-iron-formation sequence
and were equivalent to the Pokegama quartzite of the
Mesabi district (Adams, 1910, p. 734).

Zapffe and Barrows (1912) wrote that the iron-
bearing rocks “seem to occupy a more or less definite
horizon in the Upper Huronian group, and are known
as the Deerwood member of the Virginia slate forma-
tion.” Interbedded basic tuffs and flows in the Vir-
ginia formation were emphasized.

Zapffe (1928, 1930) presented the idea that the iron-
formation was in two separated but distinct layers
enclosed in the Cuyuna slate and schist member of
the Crow Wing formation.

Wolff (1919, 1951) and Grout and Wolff (1955)
regarded the Cuyuna iron-formation as a very com-
plicated sequence. Beds that differ in appearance in
the various mines were assigned different stratigraphic
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positions that correspond to the positions of similar
appearing beds in the Mesabi district. A stratigraphic
sequence of iron-formation, called the Biwabik forma-
tion as in the Mesabi district, was expanded to a thick-
ness of 2,575 to 3,465 feet, and areas of bedrock asso-
ciated with the Biwabik were shown as Pokegama
formation and Virginia formation. The iron-forma-
tion of the South range was included as an intercalated
layer in the Virginia formation.

MAHNOMEN FORMATION

The oldest formation in the Cuyuna stratigraphic
sequence, which is here named the Mahnomen forma-
tion of middle Precambrian age, is a sequence of ar-
gillite and siltstone and a small amount of quartzite.
The name is taken from the Mahnomen group of mines
which also constitutes the general type area. The more
argillaceous parts are slaty in many places. Minor
amounts of shale, sandstone, phyllite, schist, gray-
wacke, and limestone were observed. Quartzite is
locally abundant at the top of the unit near the con-
tact with the overlying formation. In a very general
way, quartzite is more abundant in the western part
of the North range and is entirely absent in some
places in the eastern part of the range. Shale is pres-
ent in samples from several drill holes northwest of
the Sagamore; sandstone occurs locally instead of
quartzite, perhaps as a result of re-solution of the
quartzite cement; phyllites and schists occur in many
small areas, probably as a result of shearing during
folding. Graywacke was seen at only one place, in
the NW1,NE1, sec. 35, T. 47 N., R. 29 W.; limestone
is rather common in core from one unusually deep
drill hole on the Northland property in the SW1
NW1, sec. 20, T. 47 N, R. 28 W. (pl. 2).

Argillaceous parts of the Mahnomen formation are
dominantly mixtures of sericite and fine-grained
quartz. Lesser amounts of biotite and chlorite occur
mixed with fine muscovite. The fine quartz is inter-
mixed with the mica, but in many samples abundant
quartz in alternating thin layers gives the rock a con-
spicuously laminated appearance. The micas tend to
parallel the axial planes of folds, which, because of
the close folding prevalent in the district, are nearly
parallel to the bedding in most specimens. Minor
amounts of tourmaline, leucoxene, pyrite, hematite,
carbon, and magnetite were observed.

The siltstones are fine-grained quartz-rich rocks,
containing considerable muscovite, biotite, or chlorite.
Plagioclase grains are sparingly present in most speci-
mens and are common in a few. Magnetite or martite,
generally in half a millimeter octahedra, is present
in many areas; and the magnetite, though sparse, has
been responsible for weak magnetic anomalies in sev-

eral areas. Some of the areas were drilled because
the anomalies were thought to result from iron-for-
mation. The siltstones are soft to hard and massive
to faintly bedded. Micaceous material and quartz
overgrowths on the quartz grains are the main cements.

The quartzite contains various amounts of argilla-
ceous material. Many specimens are composed of
well-rounded and well-sorted quartz grains cemented
by quartz and minor amounts of mica—mostly seri-
cite—and chlorite, calcite, and iron oxides. In some
places, the quartz cement has formed by grain en-
largement; in others, the cement is a fine-grained
mosaic of quartz. There is a complete gradation from
quartz-cemented quartzites through argillaceous
quartzites to sandy argillites. The quartzite beds are
lenticular. At several places in the district the quartz-
ite contains clay pebbles or flakes as much as 2 inches
long and a quarter of an inch thick.

Heavy-mineral separations from siltstone and
quartzite in the Mahnomen formation contain abund-
ant needles of authigenic tourmaline and a few very
well rounded hyacinth zircons. Chemical analyses of
samples from the Mahnomen formation are shown in
tables 1 and 2. The analyses of the two samples in
table 1 are probably typical of the argillite-slate facies
of the Mahnomen formation. In the most argilla-
ceous parts of the formation the alumina may exceed
20 percent ; in the siltstone and quartzite, alumina may
be as low as 5 percent of the sample.

TaBLE 1.—Chemical analyses of two samples from the Mahnomen
formation

[S. M. Berthold, U.8. Geological Survey, analyst]

167 173
Si0s- - e 66. 0 69. 7
ALOy I 16. 6 15. 5
Fez(g)a --------------------------- g g 4. ?3
e e ———— . .
Y 15 11
Cal. LTt “97 Loy
NagO_ o T 12 S
K0 T 5. .
Ti0,. Il 55 48
0 N "03 T02
MnO. LTI - 06 ~00
Total. - oo 95.9 97.5

157. Gray sericiticslate. Grab sample from Mahnomen mine; coordinates: 320 SE.,
1,400 NE., alt, 1,023 ft. Collected June 1952. Lab. No. 52-1422CW.

173. Sericitic slate. Grab sample from Maroco mine; coordinates: 780 8., 3,650 E.,
alt, 1,153 ft. Collected June 1952. Lab. No. 52-1427CW.

In a deep angle hole on the Northland property,
sec. 20, T. 47 N., R. 28 W. (pl. 2) drilled by the Uni-
versity of Minnesota, the Mahnomen formation was
cored from the upper contact to about 460 feet strati-
graphically below the contact. From 200 feet below
the contact to the bottom of the hole, thin carbonate
and siliceous carbonate lenses were found; and below
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330 feet from the contact, there were several hard
beds of light-cream and tan limestone as much as 18
inches thick.

The bottom of the Mahnomen formation has not
been found in the North range, and owing to the lack
of exposures and recognizable stratigraphic horizons
within the formation, the total thickness explored
can only be roughly estimated as at least 2,000 feet.
The upper contact of the formation is conformable
and sharp. Drill samples from the N14, sec. 22, T.
47 N, R. 29 W. (pl. 2), suggest, however, a transi-
tion from quartzite in the Mahnomen formation
through ferruginous quartzite into sandy iron-forma-
tion in the Trommald formation.

The Mahnomen formation has been commonly re-
ferred to in the district as the “footwall,” the name
indicating a stratigraphic position below the main
iron-formation rather than a relative structural re-
lationship.

There are excellent exposures of the Mahnomen
formation in the Mahnomen Nos. 1 and 8 mines, con-
taining the lithologic types most commonly found in
this formation. Though these are the largest ex-
posures in the district, only about 100 feet of the top
of the formation is visible.

MAHNOMEN NO. 1 MINE

The Mahnomen formation is exposed in a large
tightly folded anticline on the northwest side of the
Mahnomen No. 1 pit (pl. 3). The intensity of folding
in the incompetent argillaceous material has caused
the development of intricate drag folding and slaty
cleavage throughout much of the exposure. The
most abundant rock is a laminated gray sericitic slate.
A layer of quartzite 6 feet thick was found 60 feet
from the south edge of the formation in the west wall
of the mine. Near this same place, about 20 feet from
the upper contact, the slate contains sand grains and
small chert nodules. Finely interlaminated siltstone
and layers of light-green to dark-gray micaceous phyl-
lite were well exposed in a small area 160 feet north-
west of the southeast corner of the SW14SE14 sec. 3.
Some of the dark-gray layers contain laminae of py-
rite on parting surfaces. This exposure contains
very little of the red-brown and brown coloration char-
acteristic of the formation in other parts of the dis-
trict. On the southeast side of the mine, the Mah-
nomen formation is again exposed in a tight slightly
overturned plunging anticline. Here it is gray and
red-brown slate and has generally well-developed
cleavage.

MAHNOMEN NO. 3 MINE

A large exposure on the northwest side of the

Mahnomen No. 3 mine (pl. 8) is a gray sericite slate;

the exposure also includes many beds of gray quartzite
and sandy slate. The contact with the Trommald for-
mation is exposed in the northwest bank of the mine
and parallels the length of the mine. Locally, espe-
cially near the contact, the slate is brown or red
brown. About one-quarter or one-third of the Mah-
nomen formation exposed is quartzite; the rest is
sandy slate and sericitic slate. The quartzite and
sandy slate are in beds from less than an inch to
several feet in thickness. Many beds of quartzite
contain clay flakes or thin flat clay pebbles.

OTHER EXPOSURES AND DRILL-HOLE SECTIONS
OF THE MAHNOMEN FORMATION

Other excellent exposures of the Mahnomen forma-
tion in the general area of the Mahnomen mines were
seen in the Louise, Hillcrest Extension, and Alstead
mines (pl. 3).

The Mahnomen formation is exposed in several
places along the northwest side of the Maroco mine
(pl. 8) and of the Section Six mine, sec. 6, T. 46 N.,
R. 29 W. (pl. 2). Quartzite is the dominant rock in
both mines, but gray and brown slate is also present.
Clay pebbles were common near the east end of the
Maroco mine. The thickness of the dominantly quartz-
itic beds in the Maroco-Section Six mine area is not
known; it may be as little as 100 feet or as much as
1,000 feet.

There are several good exposures of the Mahnomen
formation in the Sagamore mine (pl. 4). Gray and
brown slate and local lenses of greenish-gray and
brown quartzite form a prominent exposure on the
northwest bank of the No. 2 mine. Steeply plunging
folds combined with minor shearing near the contact
have complicated the geology in this exposure. The
quartzite is about 100 feet thick, and drill samples
show that it is a lens extending about 1,000 feet
southwest. No quartzite was found in drill holes
northeast of the exposure in the mine.

There were several small exposures of the Mah-
nomen formation at the northeast end of the Saga-
more No. 1 mine. The exposures were of soft gray
and brown siltstone and argillite.

Many drill holes penetrate the Mahnomen forma-
tion north and east of the Sagamore mine, and many
more holes in sec. 18, T. 46 N., R. 29 W., to the north,
provide a very complete record of the nature of the
bedrock in this area (pl. 4). Quartzite is found at
the Rowe mine in sec. 18 for perhaps 100 feet below
the upper contact; the rest of the area between the
Sagamore and Rowe mines is underlain by gray, buff,
and red-brown argillite and slate; sandy argillite; and
gray or brown to white quartz siltstone. Drilling has
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also penetrated siltstone, argillite, shale, and slate of
this formation just east of the Sagamore mine as far
southwest as the center of the NW14,SE1/ sec. 19.

In the southwest end of the Sagamore No. 2 mine,
soft red-brown and gray laminated clay and silt re-
sembling and presumed to be the Mahnomen forma-
tion overlie the Trommald formation structurally and
were probably thrust faulted into place (pl. 3, section
D-D"). Farther south in the SW14,SW1, sec. 19,
several drill holes penetrated light-gray and buff ar-
gillite and gray siltstone interpreted to be Mahnomen
formation.

A remarkable group of drill holes in the Mahnomen
formation was completed in sec. 26, T. 46 N., R. 30
W., in 1913. The 34 holes extended in a somewhat

irregular north-trending line for 4,200 feet from the,

SW1,SEY, to the NE1,NW1, of the section (pl. 2).
The samples of bedrock are gray and lesser amounts
of red-brown sericitic argillite and also silty argillite,
siltstone, and sandstone south of the center of the sec-
tion. One sample was described as gray sericitic
slate. One can only guess at the stratigraphic thick-
ness represented in this group of drill holes; it is

perhaps as much as 2,000 or 3,000 feet, and this thick-
ness does not start at the top of the formation. How-
ever, the lack of definite structural information pre-
vents the use of these drill samples to increase the
known thickness of the Mahnomen formation.

Drilling northwest and west of Little Rabbit Lake
in sec. 18, T. 46 N., R. 29 W., and sec. 13, T. 46 N.,
R. 30 W. (pl. 4), revealed a thickness of perhaps 400
feet in which quartzite is interbedded with slate at
the top of the Mahnomen formation.

The Mahnomen formation was extensively drilled
along the west side of sec. 16, T. 46 N., R. 29 W.
(pl. 3), in 1911 and in 1948-49, and the samples
from 17 drill holes from the Martin mine southward
for 3,000 feet were examined. The bedrock here is
argillite, especially sericitic argillite, and slate, which
is silty in some samples near the top of the unit at
the Martin mine. One hole beneath the northeast
end of the Blackhoof Lake, about 200 feet from the
contact with the Trommald formation, was in silt-
stone. Southeast of Blackhoof Lake the Mahnomen
formation is cut off by a long mass of diorite that
is probably intrusive. The diorite contact is 3,000

TaBLE 2.—Analyses of minor

The concentrations of the elements as determined by semiquantitative spectrographic analysis are bracketed into groups each of approximately one-third of an order of
of semiquantitative results with those obtained by quantitative methods, either chemical or spectrographie,

Percent
Sa&nple Labg{atory Description of sample
0. 0.
8i | Al Fe| Ti | TiOs!| Mn Ca | Mg | Na K As B Ba Be Ce
Argillite and slate
=]
2
‘2 | 665..__| D-985243___| Gray and brown silty argil- (xx. |x.+ |% 0.0X+ |-cceooan 0.0x— (0.xX 0. X+ |0.0X+ [X.— joeoeo_. 0.00x- |0.0%X+ | Trace [0
g lite, Mallen mine.
S | 666___.| D-985252___| Laminated gray argillite and |xx. [x.+ |x b S PN, .00x+| .0Xx~ | .X+ | .X b S . 00x+ | .0x+ | Trace [0
= slate, Mahnomen No. 1 mine.
a 670 3__.| D-985293___ Slat%,l east end of Maroco
mine.
§ 221___. Q) Gray slate, Alstead mine; co-
G} ordinates: 1,800 S., 1,350 W,
=207 * Slate, west end of Maroco
mine.
Iron-formation
760 53-1837SW 5| Yellow-brown ore, Ports- |._.__.| ..._|.____ 0.042 ... (135> 1 R IR IR [ 0.005 [0.0020 ]0.0026 {0.00017 [._____..
=" 1153-2640_ .. __ mou%h mine, SEYSEY,
sec. 2.
761 53-18388W 5 | Red-brown ore, adjacent to |.._.__|{_..__|_.__. 066 oo .. I S U (SR SRR S . 004 012 .0088 | .00017 |--__._._
TT\53-2641. . layer of sedimentary breccia,
Portsmouth mine, NE}{
=] NWY4, sec. 11.
2 | 73 {53—184(JSW6 Soft, “yellow-brown, lami- |.___._|_____|_____ IS T I FOR. | YR SRR PSR ORI B -007 10 L R
g ===~ 1153-2643_ . . nated ore, Sagamore No. 2
mine.
8 | 764 {53-18418W5 Hard red-brown ore, Rabbit |...___|..___|.____ 030 |oeeeo. IV S R RO UV I 006 | .018 18 | .00025 |-oeoeeen
= "o 153-2644 .. . Lake mine.
]
g .
g Argillaceous in iron-fc
&
762 {53—1839SW~" Red slate containing white |._____|.____[____ ) I T P 0.17  |eoeoemee et 0.0030 |0.0060 {0.020 [0.00009 |{-.._...-
~---|153-2642_ __ ._ fragments or flakes, Ports-
mouth mine, NEYZNW,
sec. 11
245 *) Same, Portsmouth mine; co- (... _{_____{_____(.______ 1.8
ordinates: 2,480 N, 430 E.
246__ .. (4) Same, Portsmouth mine; eo- |._____{_____{_____{_.____. 2.0
ordinates: approx. 2,550 N.,
400-600 E.

See footnotes at end of table.
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feet southeast of the Trommald formation contact at
the Martin mine; the contacts diverge slightly to the
southwest and converge to the northeast. The bed-
rock here is on the southeast limb of a major syn-
clinal fold, probably considerably complicated by drag
folding. It cannot be assumed that the 8,000 feet of
bedrock outcrop represents 3,000 feet of stratigraphic
section, although the beds are assumed to dip at a
high angle; but the writer considers that the thick-
ness is probably at least 2,000 feet. Beyond the dio-
rite in the NE1,SE1, sec. 15, T. 46 N, R. 29 W. (pl.
2), three holes were drilled in sericitic argillite inter-
preted to be Mahnomen formation. These holes are
more than a mile from the nearest Trommald forma-
tion and are nearly a third of the distance to the
South range. If the entire area between the two
ranges is underlain by Mahnomen formation, it seems
that, though drag folded, the total thickness of the
formation may greatly exceed 2,000 feet.

Samples of the Mahnomen formation were exam-
ined from 33 drill holes in the general area north of
the Maroco and Section Six mines in secs. 5 and 6,
T. 46 N, R. 29 W., and south and west of the Merritt

constituents of Cuyuna district rocks

magnitude, X+ indicating the higher portion (10 to 5 percent); x the middle portion (5 to 2 percent) and x— the lower portion (2 to 1 percent).
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mine in secs. 81 and 32, T. 47 N, R. 29 W. (pl. 3).
As in other localities, the quartzite so conspicuous in
the exposures in the Maroco and Section Six mines is
actually a minor rock occurring interbedded with ar-
gillite or slate in the uppermost 100 to perhaps 1,000
feet of the formation. Most of the samples from the
33 drill holes are sericitic argillite, silty argillite, and
fine siltstone.

Wolff has shown an area underlain by “pre-Ani-
mikie slates and schists” in the middle of the area
discussed in the previous paragraph. The samples
examined by the writer included those from five holes
in this supposedly older unit; one hole was in sec. 6,
two were in sec. 5, and two were in sec. 32. The
samples are argillite and slate identical to the sur-
rounding Mahnomen formation. If such an older
unit exists, it must occupy a smaller area than Wolff
shows.

Other drill holes that provided good samples rela-
tively great thicknesses of Mahnomen formation were
located in several places in the North range: be-
tween the Maroco mine and the south-central part of
sec. 33, T. 47 N., R. 29 W. (pl. 8); between the iron-

Comparisons of this type

show that the assigned group includes the quantitative value in about 60 percent of the analyses]

Percent—Continued

Co Cr Cu F Ga Ge La Mo Nb Nd Ni Pb Sc Sr v Y Yb Zn Zr eU
Argillite and slate—Continued
0.000x+)0. 00X+ | 0.00X— |--o_--- 0.00x— |_..____ 0 0 0 0 0.00x— {0 0. 000X+ |0. 00X 0.00x (0 Trace |-----_-- 0. 00x+4- |0. 003
.000X+{ 00X+ | .00X— [-eoeoo. 00X— (.. 0 0 (1} 0 . 00x L00x— | .00x+ | .00x4+| .00X—|.000X [oceeoo_- 0x— | .004
000X+| .00X+| .00x |-_______ L00X— | ... 0 0 0 0 .00x— .00x— | .00x .00X+| .00X~|.000X—|________ 0x— 003
................. K002 e e e o] 001 e <0.001 |.cooomonfomann
________________ 002 || el I I [V URUSRNG IRV (RSN ISR PSR (VSRR DG | 1) B DRSR
Iron-formation—Continued
0.0032 0.0032 | 0.0030 [<0.004 {0 0 0 (] 0 |- 0.0022 |0 (i} [} 0,0040 [0.018 [ _...__. 0 (12
. 0022 . 0046 .0024 | <.004 (0 0 012 |0 [+ P, L0020 |0 0 . 0013 L0068 | L0201 |___.-._. 0 (1 2
. 0092 .013 .0042 | <.004 [0 (1] 0 0 (VR P .0028 [0 0 .00044 | .0068 | .023 |...o-.. 0 0 fe----
. 0015 . 0026 L0024 | <.004 |0 .0020 (|0 0 0 |- L0022 |0 0 .00064 | .0082 | .017 |- 0 [ R,
Argillaceous lenses within jron-formation—Continued
0.0012 |0.0032 0. 0020 {<0.004 [0 0 0.016 |0 0 |aaa- 0.0012 (0 0.0062 |0.0082 [0.015 [0.021 |.oo-a.- 0 0 |eeeas
................. 2003 f o) e e e e ) e e e e e ]<0.000 [ aeeee
................. RO 1120 PO (AR [NUURRN (SRR DRSSPIV DRRUIOUPIIOR SUUUIPRRRVUN) FRSRRVPRRtUR DRUPURITRSY (SPRRRPRN RUPRION RPN PRI PRUCIPRRPR) IO |1} (R PRSORPO (EUe
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TABLE 2.—Analyses of minor

Description of sample

Percent

Sample | Laboratory
No. No.

Si | Al | Fe Ti

TiO21 | Mn Ca | Mg Na K As B Ba Be Ce

Gray argillite and slate, probably tuffaceous

671._._| D-985303_..

above base of formation,

southwest end of Seetion

Six mine.

676 6___| D-985352___| Laminated

mine; coordinates: 1,280 S.,

2,550 E.

677_...| D-985363___| Dark-gray laminated argil- [XX. (X4 X X

lite, first lithic type at base,
Mallen mine.

Gray laminated argillite, |..._._|..__.|.___.
0-20 ft above base of forma-
tion, west end of Maroco
mine.

208.... O]

Laminated argillite, 0-30 in. |xx. |[x. X 00X feoooooeo 0. 0x

slate, Maroco |XX. (X4 |X.—| .X ——-

0.0x+ 0. X+ | Trace |X.— |._..._- 0.00x 10.0¥+ | Trace | 0

.00x+ | .0x4| .X X— X feeiooo .0x L0x Trace | 0

.0x+ | .0x+| X+ .0x— | .0x . 000X

Black argillite and slate

664 7___| D-08523 2___| Black argillite or slate, about |¥.4+ |x.4 | x.4[0.3+
30 ft above base of forma-
tion, Huntington mine.

668 8___| D-98527 2___| Black argillite, 0-20 ft above |X.4 |3. X. X4
base of formation, Feigh
rlngne; ézoordinates: 2,250 8.,

,300 E.
678__..1 D-98537 3___| Black argillite, 60 ft above (¥X. |x.4 | x. X4
base of formation, Mallen
mine,
672__._| D-985313___| Black argillite, intercalated [¥x. |X.4 |x. X
with iron-formation, about
600 ft above base of forma-
tion; westend, Virginiamine.
182.... ®

Rabbit Lake formation

above base of formation,
Huntington mine (approx.
same as sample 664 above).

...... 0. 0x

Black argillite, about 30 ft |.____ |- _|..___|-c_.._. X

0.x+ |0.x— D: SUN I, 0.0x 0.0x+ | Trace | 0

. 00x O0X— | X= | X— X, ... .0x .0x— |0 0

0x— | .X X X X.— .00x+ | . 0%+ | Trace | Trace

0x— [ .0X+ | X+ | .X— X. |aioeo .00x+4| .0x+4| .000x |0

Chlorite-bictite schist, probably metamorphosed equivalent of rocks listed under Rabbit Lake formation

673..__| D-98532 2___| Biotite-chlorite schist, south | x.+
side of Huntington mine.

674_...| D-985332___| Biotite-chlorite schist, Pen- | X.+

nington mine; coordinates:

3,000 N., 1,550 W

675..._] D-985342___| Chlorite schist, southeast | x.4+ |X. [*x. X

side, Sagamore No, 2 mine.

7]
=
M

™
bl
M

...... 0. 0x 0.x

....... Trace
_______ Trace

L0X+ [0 0
.0x+ |0 0

0.X— [X.

.0x+ IX.

M

0X— | .X— iX.

0%+ | X+ |X. L0XH X faeaeao Trace | .0X4 [0 0

Schistose rock in Rabbit Lake formation, probably chloritized basalt

667____| D-98526 2.__| Gray-green schist, 20 ft above |xx. |x.4+ | X.
base of formation, Mallen
mine.

669____| D-98528 3___| Gray-green schist, south side [xx. |x. X. X—

side Section Six mine.

0.x+

0.3 0. X. 0.0x+ |X. ... Trace [0.0x+4 | Trace [0

L0X4 | x— |x. X— X |- Trace | .0x— [0 0

1 Ti0; by rapid chemical method, R. G. Schmidt, analyst.

2 Semiquantitative spectrographic method, G. W. Boyles, Jr., analyst; radiometric method for eU, S. P. Furman, analyst.

3 Compare complete analysis sample 173, table 1.
¢+ Rapid chemical method, analyses by Geochemical Prospecting Unit, Denver.

s Quantitative spectrographic methods, I. J. Rose, Jr., and K. J. Murata, analysts; chemical methods—fluorine, Blanche Ingram, analyst; arsenic, J. K. McCarthy,

analyst.

formation under the northeast end of Menomin Lake
and the Pontiac shaft (pl. 3); in a northwest-trending
row near the center of sec. 36, T. 47 N., R. 29 W.
(pl. 2); under the village of Crosby in the south
half of sec. 11, T. 46 N., R. 29 W. (pl. 3); and in a
large sparsely drilled area east of the Rabbit Lake
mine in secs. 21, 22, 28, and 29, T. 47 N, R. 28 W.

(pl. 2).

TROMMALD FORMATION

The main iron-formation of the Cuyuna district,
which is here named the Trommald formation from

the village of Trommald, is a distinct stratigraphic
unit throughout the North range. The type area is
designated as the drill holes and mines near Trom-
mald. This unit is probably correlative with the
Biwabik iron-formation of the Emily district (White,
1954) and also with the lron-formation of the Cuyuna
South range. Most of the iron ore in the district has
formed as a result of alteration of this formation.
The Trommald formation of middle Precambrian
age is a stratigraphic unit in which most of the con-
stituents—quartz and iron minerals: oxides, carbon-
ates, and silicates—have been derived by precipita-
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TABLE 7.—Chemical analyses of eight samples of rocks in the
Rabbit Lake formation

-
123
Iy
—
s
-
-
&
3

1212-B

64.06

-

Losson ignition._____________ . percent..

1 Presence of graphite made FeO determination not feasible.
2 Loss on ignition, essentially molecular H;0.

3 Reported as graphite.

¢ Total manganese calculated as Mn;Os.

Sample:

154. Laminated slate. Grab sample, 0-30 ft from base of Rabbit Lake forma-

tion. Huntington mine; coordinates: 3,720 8., 1,780 W, alt, 1,133 ft.
Collected June 1952. Lab. No. 52-1419CW. 8. M. Berthold, U.S.
Geol. Survey, analyst.

158. Black carbonaceous argillite. Grab sample, 0-20 ft from base of Rabbit
Lake formation. Feigh mine; coordinates: 2,250 S., 1,300 E., alt,
1,030-1,100 ft. Collected June 1952. Lab. No. §2-1423CW. S. M.
Berthold, U.8. Geol. Survey, analyst.

174. Gray laminated slate and tuffaceous slate. Grab sample, 0-20 ft from
base of Rabbit Lake formation. Maroco mine; coordinates: 1,290 8.,
2,550 E., alt, about 1,140 ft. Collected June 1952. Lab. No. 52-
1428CW.

159. Laminated slate and tuffaceous slate. Grab sample 0-20 ft from base of
Rabbit Lake formation. Mangan No. 2 mine; coordinates: 3,620 N.,
300 W., alt, 1,145 ft. Collected June 1952. Lab. No. 52-1424CW.
S. M. Berthold, U.S. Geol. Survey, analyst.

Dark gray laminated argillite. Grab sample about 5 ft above base of
Rabbit Lake formation. Joan No. 1 mine; coordinates: 1,910 N.,
280 W. Collected October 1954. Lab. No. C590. Faye H. Neuer-
burg, U.S. Geol. Survey, analyst.

QGray tuff, fragment size about 1 mm. Grab sample about 10 it above
base of Rabbit Lake formation. Joan No. 1 mine; coordinates: 1,910
N., 280 W. Collected October 1954. Lab. No. C591. Faye H.
Neuerburg, U.S. Geol. Survey, analyst.

Black slate from drill hole north of Blackhoof Lake (vicinity of Hunting-
ton mine). J. H. MeCarthy, School of Mines Experiment Station,
University of Minnesota, analyst. Reference: Harder and Johnston
(1918, p. 120).

Soft red laminated ferruginous slate from Rowe mine. Probably Rabbit
Lake formation, near base. J. H. McCarthy, School of Mines Experi-
ment Station, University of Minnesota, analyst. Reference: Harder
and Johnston (1918, p. 120).

1212-B.
1213.
HJ-14.

HJ-5.

Minor amounts of silty and sandy rock, including
quartzite, were found in the Rabbit Lake formation
at a few places.

BLACK ARGILLITE AND SLATE

The gray and black argillite and slate of the Rab-
bit Lake formation make up perhaps 90 percent of
the area of this unit at the bedrock surface and were
well exposed in many mines, especially in the Armour

664816 0—63——3
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No. 2, Feigh, Huntington, and Mallen mines. The
rock is varied from finely laminated to almost massive.
The lamination is caused by variations in the clay
mineral content imparting different grayness or differ-
ent luster to the layers. The amount of iron is less
than 1 percent to more than 20 percent and probably
averages more than 10 percent. Part of and perhaps
all the iron is unaltered argillite occurs as pyrite,
though the mineral grains are ordinarily too small to
be seen with the unaided eye. Part of the iron may
be present as carbonate, but it was not observed.
Where the black argillite is weathered, the iron is an
oxide.

Alunite was identified in black argillite in the Rab-
bit Lake formation from the Armour No. 2, Penning-
ton, Maroco, and Virginia mines. It is present in
various amounts and is most abundant in specimens
from the Armour No. 2 mine, in which it is half of
to nearly all the particular specimens examined. No
alunite was detected in some samples from the Vir-
ginia mine nor in samples from the Mallen, Manuel,
Section Six, Feigh, and Joan mines, though all were
materials from the Rabbit Lake formation and closely
resembled the alunitic rocks. No widespread sampling
to determine the extent of the alunitic rock was at-
tempted.

The alunite was recognized In the pattern obtained
from the X-ray diffractometer and confirmed in sev-
eral specimens by a simple chemical test (Butler and
Gale, 1912, p. 63) and by examination of thin sec-
tions. The alunitic black argillite cannot be dis-
tinguished from ordinary black argillite by field ex-
amination, and there is no outward evidence of hydro-
thermal or surficial alteration. The alunite occurs as
a mosaic of fine crystalline grains that make up most
of or all certain laminae and all the small granules that
are abundant in certain beds. In the specimen con-
taining most alunite, nearly all the rock is a fine-
grained aggregate of this mineral. Bedding lamina-
tion and granule oatlines are made readily visible
by the distribution of fine interstitial carbon particles.
Quartz and calcite are present in minor amounts.

The origin of the alunite is not known; but per-
haps pyrite, abundant in parts of the Rabbit Lake
formation, was oxidized and released sulfuric acid
that reacted with muscovite and produced alunite.
The sedimentary rocks near the bottom of the Rabbit
Lake formation generally contain 3.2 to 6.7 percent
potash. There are few data on the sulfur content
of rocks of this type. A laminated tuffaceous argil-
lite from the Joan mine (table 7, sample 1212-B)
contains 0.05 percent SO, and 0.33 percent sulfur.
The rock was not tested for alunite.
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FIGURE 8.—Titania content of the Precambrian rocks in a part of

the North range, Cuyuna district, Minnesota. Adapted from Schmidt

(1958b).

UPPER IRON-FORMATION LENSES

Iron-formation lenses interbedded in the Rabbit
Lake formation are locally abundant. They occur as
thin units of local extent and as large masses several
hundred feet thick that continue for several miles.
The iron-formation lenses differ from the Trommald
formation by having transitional contacts and being
generally very siliceous and containing abundant in-
terbedded argillite or slate. The only exposures were
in the now idle Virginia mine.

The iron-formation lenses occur from about 500
feet above the base of the Rabbit Lake formation to

2,000 feet, as far as the formation has been explored;
only a very few unmappable lenses of ferruginous chert
less than 10 feet thick have been found in the lower
500 feet of the formation.

The lens of upper iron-formation that passes through
the Virginia mine is as much as 200 or 300 feet thick,
and it occurs in an area about 2 miles long. Inclu-
sions of abundant argillaceous material render this
iron-formation very incompetent, and it tends to be
folded in a most intricate fashion; therefore, estimates
of true thickness from drilling data are only rough
approximations. The intricate folding was well ex-
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Near the end of Mahnomen deposition, lenses of sand
became abundant, especially in the central and south-
western parts of the North range. This perhaps in-
dicates. that the water was shallower in that area.
Local disturbance of the muds, perhaps by storm
waves, is suggested by the inclusion of abundant clay
flakes in some of the sand lenses.

TROMMALD FORMATION

The Trommald formation is a chemically precipi-
tated unit generally free of clastic material and rep-
resenting, in various parts of the North range, the
oxide, carbonate, and silicate facies of iron-formation.

The change from the clastic sedimentation of the
Mahnomen formation to the chemical sedimentation of
the Trommald was abrupt at all places where the con-
tact relations are definitely known. There is no evi-
dence that this contact transcends beds of equal age,
but it is possible that the contact represents an onlap
of considerable importance that is related to the
variations in thickness of the iron-formation.

The thick-bedded (oxide) facies of the Trommald
formation covered about one-third of the area of the
North range at the beginning of deposition but spread
as the Trommald formation accumulated until its ex-
tent had doubled by the end of deposition. The thick-
bedded facies, which was probably composed of hema-
tite, chert, and iron silicates, was deposited upon the
Mahnomen formation in the west-central part of the
North range, more or less corresponding to the area
of underlying thicker quartzite lenses (pl. 5). Where
only the thick-bedded facies is present, the iron-for-
mation is thinner, and it is possible that the Trom-
mald formation wedges out entirely if traced west-
ward from the North range. The formation is thick-
est where only the thin-bedded chert-carbonate-sid-
erite-magnetite facies was deposited. Near the grad-
ually shifting interface between the facies was a zone
of manganese deposition. Presumably this zone was
shifting seaward as accumulation of sediments lessened
the depth of the water.

It is known that the two facies were deposited si-
multaneously during part of the time required for the
whole formation to be precipitated because they grade
laterally into each other. Where the Trommald for-
mation is entirely thick bedded, the total number of
beds is far smaller than in a similar total thickness
of thin-bedded facies; and deposition of one thick bed
took place during the same time as many thin beds.
Thus, the changes in the sedimentary environment
causing alternating thick beds of chert-rich and iron
oxide-rich rock did not produce any gross cyclic vari-
ations in the bedding of the thin-bedded facies. This

suggests that the alternation of constituents was caused
by local conditions in the depositional basin, not by
changes in the material supplied to the basin.

SOURCE OF IRON-RICH SEDIMENTS AND CONDITIONS OF
SEDIMENTATION

The origin of Precambrian iron-formation has been
one of the most puzzling problems in Precambrian
geology. There is general agreement on many fea-
tures and wide disagreement on others; Guild (1957)
described the problem as follows:

Chert and cherty iron formation have been widely discussed
for generations by geologists of many countries, for these
rocks have worldwide distribution in the pre-Cambrian and
occur sparingly in the younger systems as well. The prob-
lem of their origin resolves itself into several parts: (1)
the source of the vast quantities of iron and silica; (2) the
mode of transportation; (38) conditions which permitted their
selective concentration and the exclusion of other materials;
and (4) the rhythmic layering of the formations.

There is now general agreement that iron formations are
chemical precipitates of iron compounds, silica, and carbon-
ates, containing minor amounts of alumina, manganese, phos-
phorus and other constituents.

The source of the iron and silica is a problem that is
still argued. Winchell first suggested that the ferru-
ginous sediments were derived from volcanic ash
(Winchell, 1900). Van Hise and Leith (1911) elabo-
rated on the “volcanic theory”:

The close association of iron-bearing sediments with con-
temporaneous basic eruptive rocks in the Lake Superior re-
zion and in other parts of the world, the richness of these
eruptive rocks in iron salts, and the probable derivation of
the upper Huronian slates associated with the iron-bearing
formations from the eruptions make it a plausible hypothesis
that these iron-rich eruptive rocks were the principal source
of the iron in the iron-bearing sediments. As to the manner
‘n which the iron was transferred from the eruptive rocks to
the place of sedimentation, there are several possible hypothe-
ses. (1) It may have been transferred in hot solutions mi-
grating from the eruptive material during its solidification,
carrying iron salts from the interior of the magma which had
never been crystallized; (2) so far as the lavas were sub-
aerially extruded, iron may have been transferred by the ac-
tion of meteoric waters working upon the crystallized iron
minerals in the magma, either hot or cold; (8) the iron may
have been transferred by direct reaction of the hot magma
with sea water, in which the iron-bearing sediments were
deposited.

The volcanic theory has been accepted by many
geologists: Collins, Quirke, and Thomson (1926);
Wagner (1928); Aldrich (1929); Percival (1931);
Dunn (1935, 1937); and Goodwin (1956). It was
opposed by Gruner (1922) who showed that chemical
weathering of a land area was capable of supplying
enough iron and silica. He calculated that the Ama-
zon River now carries enough iron, 3 ppm (parts per
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million), to deposit the Biwabik iron-formation of the
Mesabi district in 176,000 years. James (1954) stated:

There is much evidence opposed to the volcanic theory.
The correlation between volcanism and iron-formation during
the Huronian of the Lake Superior region, stressed by Van
Hise and Leith, is not close. In most of the ranges, no vol-

canic activity is indicated during the major iron-formation
epochs.

White (1954) concluded that:

Moreover, there is some reason to believe that vulcanism
contemporaneous with Animikie sedimentation was detrimen-
tal rather than conducive to iron concentration.

Geologists continue to argue the problem of the
origin of the iron and silica, but the problem remains
unsolved at this time. Gruner wrote (1956, p. 199),
“In 30 years we do not seem to have been able to add
a single field observation pro or con that bears on the
two hypotheses.”

The transportation of the iron and silica is prob-
ably not a difficult problem, for they can be carried
in rivers as stabilized colloids or in true solutions
(Moore and Maynard, 1929; Castano and Garrels,
1950; Krauskopf, 1956). It is most generally believed
that the iron was transported as a ferric oxide-hydro-
sol stabilized by organic colloids. If the iron was
carried as a ferric oxide-hydrosol derived from an
area of deeply weathered rocks, it would seem that it
would have been accompanied invariably by clay.
“Clastic traps” have been suggested by many authors,
but it is not clear how these effectively trapped one
colloidal substance and permitted the other to be
carried on. Final precipitation of the colloids was
easily accomplished by the electrolytes in marine
waters or by the destruction of a protective organic
colloid by bacteria.

The Precambrian iron-formations were deposited in
geosynclinal basins that were as much as several
hundred miles in length. The water of these basins
was probably more acid than modern sea water (a pH
of 7.8 or below, the “limestone fence” of Krumbein
and Garrels, 1952), but the composition of the open
sea in Animikie time is not known. Several authors
have assumed that the iron-formations were deposited
in lakes or lagoons practically separated from the open
sea: Sakamoto (1950) and Tyler and Twenhofel
(1952). A more popular concept at this time is
deposition in basins separated from the open sea by
a “circulation barrier”: Woolnough (1941), James
(1954), Goodwin (1956), and Guild (1953, 1957).
White (1954, p. 51) was not—
certain that a restricted (barred) basin was a prerequisite
for the concentration of iron. Circulation of water was prob-

ably slow, and the site of deposition may at times have had
limited access to the open sea; yet no evidence at hand rules
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out a shallow, relatively tideless epicontinental sea as a pos-
sible medium of deposition.

James (1954) has suggested a relation between the
deposition of iron-formation and the development of
a geosyncline. The Precambrian iron-formations in
many areas rest on sedimentary rocks characteristic
of shallow shelf deposits and are overlain by strata
characteristic of the graywacke facies generally de-
posited in eugeosynclines. James considered that this
geosynclinal environment accounted for the associa-
tion of iron-formation and basaltic volcanic rocks in
many districts and he stated:

On the basis of the evidence outlined, the conclusion is
drawn that the relationship between volcanism and iron-
formation deposition is structural, not chemical. In a sense,

the association is accidental; both are related to the geo-
synclinal development.

The writer feels that the necessity of physical sep-
aration from the open sea has been overemphasized
and that an environment of very different oxidizing
potential and acidity can probably be maintained in
extensive shallow water with practically no barrier
separating it from the open sea. This idea is borne
out by the work of Black (1933), who described con-
ditions in the Bahama Banks where warming and
evaporation of the water have produced a considerable
change in the pH and salinity over the extensive shoal
area, which is protected from the open sea by a barrier
on only part of one side.

Twenhofel (1932) grouped the iron-bearing sedi-
mentary rocks into four classes—oxides and hydrox-
ides, carbonates, silicates, and sulfides; James (1954)
described these same classes as sedimentary facies of
iron-formation formed under specific conditions of
acidity, oxygen availability, and abundance of alumina
within the same depositional basin.

The rhythmic banding present in all iron-formations
has been variously explained. Moore and Maynard
(1929) wrote that:

The banding in the deposits, as shown by experiment, could
be due to the differential rate of precipitation of the iron and
silica combined with the influence of seasonal changes causing

varying quantities of these substances to be brought into the
basin of deposition at different periods throughout the year.

Sakamoto (1950) thought that the banding might be
due to seasonal changes in pH in the nonmarine depo-
sitional basin as a result of a monsoonlike climate.
Guild (1953) suggested that fluctuations, perhaps an-
nual, in the volume of water added to the basin would
produce alternations of iron-rich and silica-rich layers.

Goodwin (1956) considered that volcanism “induced
cyclical fluctuations in the basin of deposition. The
result was cyclic deposition of iron and silica-bearing
sediments.”
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Alexandrov (1955) suggested the—

banding of silica and hematite in Precambrian banded ores is
caused principally by the selective weathering of Precambrian
soil. Due to the seasonal changes of temperature, amount of
precipitation, and the alternately higher and lower pH range
of the leaching solution, the Precambrian soil yielded alter-
nately solutions carrying to the basin of deposition almost
exclusively silica during the warm season and chiefly iron
oxide during the cool period of the year.

More information will be needed before better un-
derstanding of the banding of iron-formation may be
reached.

Most of the Trommald formation contains only small
amounts of argillaceous material and, except in a few
places, is free of clastic quartz sand. The alumina
content generally ranges from less than 1 percent to
5 percent, and a few samples contain as much as 9
percent. Because the deposition of finely laminated
iron-formation was probably relatively slow, it is
assumed that the paucity of clastic material indicates
that little was carried into the depositional basin or
that distribution within the basin was limited. Within
the Trommald formation at the Sagamore mine there
is a thin persistent layer of ferruginous argillite that
may have been a local layer of volcanic ash. Thin
intercalated chert breccias and ferruginous slates and
schists in the Portsmouth and several nearby mines
may also have been related to ash falls.

The thick-bedded facies of the Trommald formation
probably wholly or partly represents the oxide facies
as defined by James (1954), and the thin-bedded facies
includes both the carbonate and the silicate facies.
The thick-bedded facies is in that part of the district
where quartzite is most abundant in the underlying
Mahnomen formation. Where both thick- and thin-
bedded facies occur together, the thick-bedded always
overlies the thin-bedded. The writer infers from these
features that the thick-bedded iron-formation was only
deposited on the shallowest part of the bottom, but,
as the bottom was built up by the accumulation of
iron-formation and the area with sufficiently shallow
depth increased, the thick-bedded facies was laid down
on top of the thin-bedded in an ever-widening area.
The inference regarding the relative depthof water
is consistent with the relative positions of the mineral
facies present (James, 1954, p. 242).

Field evidence in the Cuyuna district sheds little new
light on the complex problem of the origin of the
iron-formation. The field data are insufficient for a
reconstruction of the history of deposition so complete
as was possible in the Mesabi district (White, 1954) ;
however, the data available fit easily into, and tend
to corroborate, the general outline of depositional his-
tory of a typical iron-formation basin (James, 1954).

Final conclusions regarding the local relation of iron-
formation deposition and volcanism in the Cuyuna
district may be drawn when the origin of the basalts
and of the rocks believed to be tuffs is more definitely

established.
RABBIT LAKE FORMATION

The conditions of deposition of the Trommald for-
mation were terminated by the abrupt influx of abun-
dant argillaceous and probably local volcanic material
into a deepening basin. As the Rabbit Lake forma-
tion accumulated, deposition of iron continued, per-
haps at the same rate as during Trommald time; but
dilution by clays and silts generally prevented the
formation of iron-formation, except for the discontinu-
ous lenses of lean argillaceous upper iron-formation
intercalated in many places, and stagnation of the
bottom waters caused simultaneous deposition of
abundant black carbon and a change to deposition of
pyrite and probably siderite.

A brief study of the titania content of the sedimen-
tary and volcanic rocks of the Cuyuna North range
was made to determine the source of the argillaceous
material included in the Trommald formation, and
it was concluded that the clays were derived from
weathering of basaltic rocks on a landmass, or more
likely, from local decomposition of basaltic tuffs. The
amount of titania in all the “normal” sedimentary
rocks was found to be remarkably proportional to
the amount of alumina (fig. 11), whereas near the
base of the Rabbit Lake formation the amount of
titania is generally about four times greater, but the
ratio to alumina is not entirely so uniform. Higher
and more erratic proportions of titania relative to
alumina were also noted in argillaceous layers within
the Trommald formation at the Sagamore, Portsmouth,
and other mines. This feature suggests not only the
continuity of a source of argillaceous materials during
Mahnomen and Trommald time, but also that there
were brief periods during Trommald time when minor
amounts of volcanic ash were deposited in the basin.

The deposition of the Rabbit Lake formation began
abruptly with the addition of abundant volcanic rocks,
especially tuffs, to the basin. This was probably ac-
companied by deepening of the basin; in any case, a
change in conditions in the basin to greater stagma-
tion permitted preservation of abundant organic car-
bon. Deposition of iron continued, but the minerals
were pyrite and perhaps siderite. As mentioned on
page 32, White (1954) has related the termination
of deposition of the Biwabik formation to the addi-
tion of the volecanic materials of the Virginia forma-
tion to the depositional basin. The writer believes
that volcanism, probably accompanied by diastrophic
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changes affecting the shape or depth of the basin and
the rate of influx of clastic materials into the basin,
caused the remarkably sharp contact between the
Trommald and Rabbit Lake formations. Diastrophic
changes were not radical enough to produce the con-
glomerates and quartzites shown by James (1954, p.
278) in a deepened basin formed after deposition of
the iron-formation.

CORRELATION OF THE CUYUNA SEQUENCE

The determination of proper age relationships of
Cuyuna district strata, both within the district and
relative to other areas, especially the Emily and
Mesabi districts, has interested many geologists. Sev-
eral problems still remain unsolved because the work
is made difficult by the lack of natural exposures,
saprolitization of part of the uppermost bedrock, com-
plex folding, and, to some extent, metamorphism.

COMPARISON OF THE PROPOSED STRATIGRAPHIC
SECTION AND OTHERS FORMERLY DESCRIBED

NORTH RANGE

Field and laboratory study of the Cuyuna district in
this investigation has shown that nearly all the ores
occur in one well-defined stratigraphic unit, the Trom-
mald formation. This formation, because of its eco-
nomic importance, has been traced almost continu-
ously by exploratory drilling and magnetic surveys
throughout the area mapped in this study. Within
this area, the lithologic characteristics of the Trom-
mald formation and, to a lesser extent, of the Mah-
nomen and Rabbit Lake formations, differ consider-
ably from place to place. Study of the geology ex-
posed in mine pits and inferred from examination of
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many drill samples has shown that the variations are
transitional and reflect differences in the original depo-
sitional environment. One example of transition is
the gradual disappearance of quartzite lenses at the
top of the Mahnomen formation toward the east.
Gradation in the Trommald formation is from an ex-
clusively thick-bedded facies, which is less than 45
feet to at least 120 feet thick, into a thick-bedded
facies overlapping a thin-bedded facies, which are to-
gether 100 to 400 feet thick, and finally into an entirely
thin-bedded facies, which is about 200 to more than
500 feet thick (pl. 5).

In the Rabbit Lake formation, volcanic rocks are
more abundant in the western part of the district,
perhaps more abundant in the near vicinity of the
Maroco mine; the upper iron-formation (in the Rab-
bit Lake formation) is more abundant in the northern
part of the district, particularly in the large syn-
cline extending from the Merritt mine to the east
end of Rabbit Lake.

Little attempt has been made by previous writers,
except Wolff (1951) and Grout and Wolff (1955), to
prepare a comprehensive geologic map of the North
range. Comparison of Wolfl’s map with the maps
prepared in this study show very great differences in
the interpretations of large structural features and
district stratigraphy. The main features in the inter-
pretation by Wolff are large faults made necessary by
his stratigraphic interpretation. Wolff’s stratigraphic
column differs from that presented here by assuming
that each unique combination of lithologic types found
in the mines represents a different part of a compli-
cated stratigraphic sequence of great thickness (2,575
to 3,465 ft of iron-formation plus more than 350 ft

DESCRIPTION OF SAMPLES FOR FIGURE 11

Point Sample
34 Unoxidized iron-formation, North Hillcrest mine.
35 Unoxidized iron-formation, Alstead mine
g;i Uno];sidized iron-formation, North Hillcrest mine.
0.
Laminated slate, Rabbit Lake formation, Huntington mine.
155 Unoxidized iron-formation, Feigh mine.
157 Slate, Mahnomen formation, Mahnomen No. 1 mine.
158 Black slate, Rabbit Lake formation, Feigh mine.
159 Slate, Rabbit Lake formation, Mangan No. 2 mine.

LRI WD =
2

10 160 Unoxidized iron-formation, Sagamore mine.

11 161 Unoxidized iron-formation, Mahnomen No. 1 mine.

12 173 Slate, Mahnomen formation, Maroco mine.

13 174 Laminated slate, Rabbit Lake formation, Maroco mine.

14 384 Integmediate argillite, Trommald formation, Sagamore mine, DDH

15 385 Iron-formation, Trommald formation, Sagamore mine, DDH 313.

16 386 Intermediate argillite, Trommald formation, Sagamore mine, DDH

17 387 Sericitic argillite, Mahnomen formation, Sagamore mine, DDH 387.

18 388 Sericitic _shale and siltstone, Mahnomen formation, Sagamore
mine, DDH 386.

19 389 Oxidized argillaceous iron-formation near intermediate argillite,

Trommald formation, Sagamore mine, DDH 38.
20 390 Inggrmediate argillite, Trommald formation, Sagamore mine, DDH

Point Sample

21 391 Argillite, Mahnomen formation, Sagamore mine, DDH 415.

22 392 Argillite, Mahnomen formation, Sagamore mine, DDH 420.

23 393 Clay shale, Mahnomen formation, Sagamore mine, DDH 1033.

24 34 Shale, Mahnomen formation, Sagamore mine, DD H 311,

25 395 Argillite, Mahnomen formation, Sagamore mine, DDH 316.

26 396 Oxidized iron-formation, Trommald formation, Sagamore mine,
DDH 382.

27 397 Do.

28 398 Do. .

29 399 Argillite, Mahnomen formation, Sagamore mine, DDH 337,

30 400 Argillite, Mahnomen formation, Sagamore mine, DDH 338.

31 401 Argillite, Mahonmen formation, Sagamore mine, DDH 339.

32 402 Intermediate argillite, Trommald formation, Sagamore mine, DDH
1015.

33 932 Unoxidized iron-formation, Trommald formation, Portsmouth mine.

34 936 Unoxidized iron-formation, Trommald formation, Arko mine.

35 1039 Unoxidized iron-formation, Trommald formation, Sagamore mine.

36 1212-B Laminated tuffaceous argillite, Rabbit Lake formation, Joan No. 1
mine. .

37 1213 Tuff, Rabbit Lake formation, Joan No. 1 mine.

38 HIJ-6 TUnoxidized iron-formation, Trommald formation, Kennedy mine

s HJ (H]g.rder and Johnston, 1918, p. 120).

-7

0.
40 HJ-14 Blackslate, Rabbit Lake formation, near Huntington mine (Harder
and Johnston, 1918, p. 120).
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of Pokegama formation plus 5,000 ft of Virginia
formation), each part of which is inferred to be cor-
relative with a specific part of the Mesabi succession.
In contrast, the succession presented here involves one
main iron-formation averaging about 200 feet in thick-
ness, and perhaps 2,000 feet of sedimentary rocks be-
low and 2,000 feet of sedimentary and minor volcanic
rocks above it, aggregating a total section of about
4,500 feet, only a small part of which is iron-forma-
tion.

The writer believes that Wolff’s different interpre-
tation of the stratigraphy is directly related to his
interpretation of relatively abrupt facies changes that
take place in the iron-formation. Wolff has explained
each facies change of the iron-formation as indicative
of slightly different ages of strata, and adjacent oc-
currences of different facies were separated by inferred
faults of great throw. If the faults do not exist,
Wolff’s detailed stratigraphy is untenable.

On Wolf’s map (1951; Grout and Wolff, 1955) a
major fault is shown extending from the Sagamore
mine to the northeast end of Menomin (Mahnomen)
Lake. This fault separates belts of “Lower Cherty”
iron-formation and large areas underlain by Pokegama
formation and “Lower Slaty” iron-formation on the
northwest side from “Upper Slaty” and “Upper
Cherty” iron-formation on the southeast side. Ex-
amination of drill-hole records and especially the cores
and cuttings provides, however, a much different in-
terpretation for the lithologic character of the bed-
rock.

At the Sagamore No. 2 mine (pl. 4), quartzite com-
prises a conspicuous part, perhaps half, of the ex-
posure of “Pokegama” formation on the northwest
bank. Outside the mine, quartzite is a minor rock type
in a large thoroughly drilled area in the northwestern
part of sec. 19 and south of the Rowe mine in sec. 18.
The area is underlain by argillite and siltstone and
some shale and slate; quartzite is limited to a small
area near the mine. The rock penetrated by the drill
holes that go through the iron-formation at the north-
east end of the Sagamore No. 1 mine and by the holes
east of the mapped fault, both north and east of the
mine, is mostly argillite, slate, and siltstone.

The iron-formation extends northeastward in a
straight distinctly continuous belt from the Rowe
mine in sec. 18 to the Mallen mine in sec. 17, T. 46
N, R.29 W. (pl. 4). Tt is stratigraphically underlain
on the south side by light-gray and red-brown slate
and siltstone and minor quartzite at the Rowe mine
and by light-gray and red-brown slate and siltstone
at the Mallen mine. The iron-formation is strati-
graphically succeeded on the north side by red-brown
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and gray to black tuffaceous and titaniferous argillite
and slate. At the Rowe mine the iron-formation is
mostly or entirely thick bedded and probably largely
wavy bedded. At the Mallen mine the iron-formation
is thin bedded, except for 10 feet of partly thick-
bedded material at the top. On the basis of this differ-
ence in lithology Wolff has separated the mines by the
“Sagamore-Menomin Lake fault” and placed the iron-
formation at the Rowe mine in the “Lower Cherty”
and at the Mallen mine in the “Upper Slaty”—a mini-
mum of 1,590 feet higher in the stratigraphic suc-
cession. In the new Carlson-Nelson open pit (not
shown on these maps) in the SW14,NW1, and in
drill samples from the SE14/NW1, sec. 17, both
thick-bedded and thin-bedded facies are present, the
thick-bedded stratigraphically overlying the thin-
bedded. In the Carlson-Nelson open pit, the normal
transitional contact between the facies was readily
observed ; faulting had no part in bringing the thick-
bedded iron-formation against the thin-bedded iron-
formation at this place.

The Sagamore-Menomin Lake fault of Wolff also
cuts belts of iron-formation that drilling data show
to be continuous between the Alstead mine and Por-
tage Lake, between the Arko mine and the south
edge of June Lake, and between the Joan No. 1 mine
and the northeast end of Menomin Lake. At each of
these places the distinctive beds older and younger
than the iron-formation also occur on both sides of
the “fault” and are presumably also continuous across
it. At the Joan No. 1 mine there is, in addition, a
layer of decomposed tuff or flow several tens of feet
thick interbedded in the younger sedimentary rocks
about 15 feet above the top of the iron-formation.
This decomposed volcanic rock also occurs above the
iron-formation beneath the northeast end of Menomin
Lake, west of the “fault.” Part of the problem of
explaining the facies changes in terms of a fault was
recognized by Grout (Grout and Wolff, 1955, p. 54):
“Actual maps are not easily interpreted. For example,
a magnetic line runs through secs. 8 and 9, T. 46 N.,
R. 29 W., crossing the supposed Sagamore fault with-
out any prominent offset or change in intensity.”

The writer considers the foregoing evidence suffi-
cient to prove that the “Sagamore mine-Menomin
Lake fault” show by Wolff does not exist. It is in-
teresting to note that the “fault” closely parallels a
line along which the thin-bedded facies pinches out
to the northwest beneath the thick-bedded facies (pl.
5).

The four iron-formation members proposed by Wolff
are shown in the same fault block in only one place
in the district. In the vicinity of the Merritt mine, he
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shows the “Pokegama formation” as succeeded in
normal order by the four members of the Biwabik
formation, but one small group of drill-hole records
for the NE1,NE1, sec. 32 is the only evidence for
the presence of the “Lower Cherty” beds. Examina-
tion of samples from the 4 holes in this group indi-
cated that only 1 hole penetrated iron-formation and
is no more than 11 feet thick; the iron-formation is
not of the “Lower Cherty” type, but thinly laminated
“slaty” material intermixed with pebbles from the
glacial drift and underlain by greenish-gray argillite
or slate (fig. 12). The writer interprets the ferru-
ginous samples as (1) a shallow narrow infolded

NEYaNEY4 sec. 32

| T.47 N.,R. 29 W. ov-1

| oV-2
I ) oV-3

| oV-4

L

P— —_— — -
—

Drilling was probably conducted by the Crosby Exploration Co.

Drilling was completed in November 1918

AFTER ORIGINAL COMPANY LOG

Drill
hole

V-1

Footage
(feet)
75

75-76
0-82

B e
tic quartzite.
Surface.

Fe P Mn 8iO;
23.76 0.151 0.72 52.68
20.60 .178 1.82 54.45

.60
Light-green schist.

82-85
85-90
90-95
95-105

Surface.

0-84
84-175 Gray schist.

V4 075 8§

urface.
75-84 Gray schist.
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syncline of the same thin-bedded facies found at the
base of the iron-formation at the Merritt and Gloria
mines, or (2) a thin horizontal layer of Pleistocene
pebbles and boulders, including at least one boulder
of oxidized iron-formation, cemented by iron oxide
similar to Pleistocene conglomerate found just above
the bedrock in several places in the district. The
spacing of the drill holes is such that there can be no
more than 60 feet of iron-formation present even as-
suming that the beds dip vertically, whereas the Lower
Cherty member as described by Wolff (Grout and
Wolff, 1955, p. 57) is 100 to 250 feet.

APPROX{MATE

0 500 1000 FEET
TR S N SN N S SR SR MR SR |

LOG BY R. G. SCHMIDT, OCTOBER 1954

Footage
(feet)
0-75

75-76
0-82
82-85

Drill
hole
V-1

V-2

No sample. e

Fine-grained gray micaceous (biotitic) siltstone.

No sample.

Gray and reddish-brown choppings, probably not all iron-

formation.

Brown sludge, small pieces of crushed core, and three small
ieces of whole core. One piece is red-brown oxidized thin-
edded iron-formation; dip 45°, two are mostly vein quartz.

Coarsely chopped light- and dark-gray slate, and hard ferru-

ginous fragments. A few rounded pebbles, some of which
are quartz. i

Finely chopped greenish-gray and gray argillite or slate.

No sample. 3

Chopped iron-stained glacial drift, gravel.

Light greenish-gray fine silty sludge. . .

Light-buff to greenish-gray sludge; small pieces of hard foliated

argillaceous core.

No sample.

No sample. . .

Chopped light greenish-gray silty argillite.

165-175
V-4 075
75-85

F1gurE 12.—Tabulation of data from exploration drilling in the NE}NEY, sec. 32, T. 47 N, R. 29 W.
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Many samples were examined from 85 drill holes
shown on Wolff’s map in the “Pokegama formation”
in secs. 32 and 33 and from the “Pokegama forma-
tion” and the “Upper Slaty member” separated by a
fault in the SW1/ sec. 34. All the samples were simi-
lar light-gray argillite and slate,- containing minor
amounts of quartzite and sandstone, and all the bed-
rock has been classified as Mahnomen formation; ap-
parently the “Upper Slaty member” is not present
here, and there is no known basis for the inferred
fault. The iron-formation at the Merritt mine has
been shown by closely spaced drilling to be continuous
with that at the Pontiac property in sec. 34, and no
abrupt lithologic changes are known. The thin-bedded
facies at the Merritt mine thins gradually southeast-
ward to the NE1,SW1, sec. 33, where it pinches out,
reappearing in the NW14SE1, sec. 33, and thereafter
thickening very gradually to the northeast. To ex-
plain this gradual thinning and elimination of the
lower part of the iron-formation, a fault would need to
follow a most circuitous course around the drag folds
or would have formed before folding. Samples were
examined from 23 holes northeast of the iron-forma-
tion in the SW14 sec. 38 and north of the iron-forma-
tion in the SE1j sec. 83, and in sec. 34. These holes
penetrated mainly red-brown and gray to black argil-
lite and slate, but gray and brown material in the
NE1,SW1, and NW1;,SE1; sec. 33 is probably tuff
or flow and is similar to materials found in the
Maroco and Joan No. 1 mines and beneath Menomin
Lake a short distance to the south and southeast.
These samples were classified as representing the
Rabbit Lake formation.

It has been shown that the same layer of iron-
formation and the lithologic characteristics of the beds
above and below the iron-formation continue without
interruption through an area near the Merritt mine
where a group of faults had been inferred by Wolff,
which makes it extremely improbable that any fault-
ing is of the indicated magnitude. Similarly, belts of
iron-formation and associated strata were shown to
extend across the “Sagamore- Menomin Lake fault” in
four places. It can only be concluded that the faults
do not exist. Furthermore, the fourfold subdivision
of iron-formation seems invalidated by the many
places where different “members” separated by sup-
posed faults have been demonstrated in this report
to be stratigraphically equivalent.

It has been shown that the lithologic differences in
the Trommald formation are facies changes in the
same relatively thin stratigraphic unit rather than sep-
arate unique parts of a relatively thick stratigraphic
section’ as proposed by Wolff. Examination of ac-

cessible mine exposures and of all available drill sam-
ples have established the continuity of the belts of
iron-formation and the transitional nature of the litho-
logic changes as presented in this report.

SOUTH RANGE

As a part of the study of the North range a few
samples from the South range and many samples
from between the South and North ranges in the
vicinity of Crosby and Cuyuna were examined. In
Aitkin County, near Hassman (pl. 1), the same gen-
eral stratigraphic sequence was found as in the North
range: a weakly metamorphosed thin-bedded iron-
formation is underlain by light-gray argillite and over-
lain by dark-gray and black titaniferous argillite. The
bottom of this sequence is on the northwest side. The
iron-formation resembles the thin-bedded facies of
the Trommald formation on the North range. Samples
of the iron-formation and wallrocks from other places
on the South range were examined, but the strati-
graphic succession was not determined. Black titani-
ferous slate and light-gray and brown slate are asso-
ciated with a silicate-magnetite iron-formation.

Many drill samples from the area south of the North
range in secs. 1, 9, 11, 15, 16, 17, and 20, T. 46 N, R.
29 W., and secs. 21, 28, 29, 31 and 32, T. 47 N, R. 28
W., have been examined and, except for a few that
provided no basis for classification, all were identi-
fied as belonging to the Mahnomen formation. The
slate and argillite underlying the area between the
North and South ranges are therefore older than the
main iron-formation of the North range and older
than the iron-formation in part and probably all of
the South range. The gap between the ranges, as
narrow as 3 miles in one place, has not been well
explored by drilling; but the close resemblance of the
stratigraphic sequence in part of the South range to
that in part of the North range and the age of the
iron-formation in both ranges relative to the argillite
and slate in the intervening area make the suggestion
of correlation of the iron-formations seem proper at
this time. Obviously, more work must be done on
the stratigraphy of the central and southwestern parts
of the South range before a positive correlation can
be made.

The suggestion that the Trommald formation and
related Mahnomen and Rabbit Lake formations of the
North range are also the dominant stratigraphic units
in the northeastern part, and probably all the South
range, is in contrast to the proposal made by Grout
and Wolff (1955, p. 4) that the iron-formation on
the South range is a separate layer intercalated strati-
graphically higher in the Virginia formation. Their









IGNEOUS ROCKS 41

till is also abundant. Locally the lowermost few feet,
especially in depressions in the bedrock surface, is
gravel or boulder conglomerate very firmly cemented
by brown iron oxide. The lowermost beds in part of
the Pennington and the Hopkins mines were a firm
limy claystone or shale, perhaps 10 feet thick, con-
taining scattered pebbles of assorted rocks as much as
half an inch across. Thin layers of woody peat and
large lenticular masses of peat are interstratified in a
few places. Remains of two species of bison have
been described and those of a reindeer mentioned by
Hay (1923). Bone of Zlephas sp. has been reported
from near Brainerd (Stauffer, 1945, p. 27). Well-
preserved fossil wood is fairly abundant.

The surface topography of the district reflects the
Pleistocene geology. The-North range has a morainic
topography with rolling hills and many undrained
swamps and lakes. Northeast of Rabbit Lake the land
surface is part of the very flat bed of Glacial Lake
Aitkin.

Pleistocene sands and gravels seem to contain very
little iron-formation and iron ore of local deriva-
tion, even near their base. The scattered pebbles
of iron-formation are easy to find because of their
distinct appearance, but they are a very small part of
the total volume of the drift. Furthermore, many of
the pebbles of iron-formation seem to resemble rocks
found in the Mesabi and Vermillion districts but not
present in the Cuyuna.

IGNEOUS ROCKS

Two groups of igneous rocks in the Cuyuna North
range are known, and several types from the South
range have been described in the literature. Dikes
are locally abundant. Basalts that are probably flows
are Interlayered with the lower part of the Rabbit
Lake formation.

DIKE ROCKS

Intrusive rocks of intermediate to basic composition
occur in an extensive belt along the southeast side of
the North range. All the rock in the belt is thought
to be the same general intrusive body, although speci-
mens obtained from different places appear to have
been derived from the metamorphism of diorite and
gabbro. All the specimens examined were thoroughly
chloritized, and some were slightly or extensively
sheared. The alteration products are masses of fine
intergrown minerals, the relative volumes of which
cannot be readily estimated by a grain-count method.

The common minerals are chlorite, epidote, clino-
zoisite, albite or oligoclase, calcite, and sphene or
leucoxene. Edenite, uralite, and probably actinolite
were observed. Epidote and clinozoisite have formed
within the plagioclase grains.

A specimen collected near the Armour No. 1 shaft
on the 600-foot level was a medium-grained phanerite
which is thought to have been a quartz diorite or
diorite before metamorphism. Plagioclase, now highly
altered, was the dominant mineral, and quartz was
present in small amounts; these are the only original
major constituents still recognizable. Apatite and
long stringers of sphene are accessories. The meta-
morphic minerals epidote, calcite, and chlorite are
abundant.

Thin sections of three samples taken from drill
holes in the NE14,CW1;, and the NW14SE1; sec. 11,
T. 46 N,, R. 29 W., were generally similar to the rock
from the Armour No. 1 shaft, but quartz is present
in only very small quantities, if at all. The minerals
observed include plagioclase, chlorite, epidote, clino-
zoisite, hornblende, calcite, and microcline as principal
constituents and leucoxene, sphene, and magnetite as
accessories. The mineral composition of specimens
differ, and it is not known if this is the result of the
degree and type of alteration or of variations in the
original composition. Similar differences in the chlori-
tized basalts are believed to be largely the result of
alteration.

One thin section from the NE1,SW1/ contains the
following minerals in the approximate percentages
shown: 25 percent hornblende (probably uralite), 24
percent plagioclase (near albite), 18 percent chlorite,
25 percent clinozoisite, 7 percent epidote, and 1 per-
cent sphene. The clinozoisite and some epidote have
formed within the feldspar, indicating that consider-
ably more feldspar was originally present. The feld-
spar is clouded and altered; the percentage shown,
therefore, also includes other alteration products. One
diopside grain is a residual center remaining after
alteration. A few grains are quartz or untwinned
clean plagioclase. The sphene grains are of the pecu-
liar cuneiform shape described below. This rock was
probably a gabbro.

In the specimen described above and in several
others, the sphene occurs in irregular cuneiform grains
as large as 1 mm. These poikilitic grains are lacy or
fretlike in thin section, and the external and internal
boundary planes intersect at angles that suggest a
hexagonal crystal habit. The interstices of the grains
are generally filled with chlorite. In other specimens
from the same area, sphene forms shells of uniform
thickness around small irregular masses of a gray
opaque mineral, presumably magnetite, probably as
a result of separation of the constituent oxides of
ilmenite.

A thin section of the freshest specimen obtained
from the large. intrusive body penetrated by drill
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holes in secs. 15, 16, and 20, T. 45 N., R. 29 W, shows
this to be a highly altered rock also. The plagio-
clase is albitized, and other original minerals are com-
pletely replaced by chlorite, hornblende, and epidote.
Some of the green hornblende is probably near eden-
ite in composition; considerable variation in the com-
position of the hornblende is indicated by much al-
teration. The sphene, extremely altered to leucoxene,
is in complex, somewhat poikilitic grains. Some
grains are roughly wedge shaped; others tend to form
a fretwork.
VOLCANIC ROCKS

Thick layers of weathered chloritized basaltic rock
are intercalated at or near the base of the Rabbit
Lake formation in several places. The chemical com-
position of this basalt is very similar to the average
composition of Hawaiian basalt (Washington, 1923,
p- 361), except that chloritization of the former has
produced a higher water content. In part of the
Maroco mine, where the basalt is a minimum of 250
feet thick, the basalt rests directly on the top of the
Trommald formation or is separated from it by a few
inches to about 20 feet of laminated gray slate. At
the Section Six mine the basalt rests on laminated
gray and black slate from 2.5 to about 10 feet thick.
At the Joan No. 1 mine, soft gray unbedded rock that
was probably originally basalt rests on 20 feet of
laminated slate and argillite. Chloritized basalt like
that in the Maroco mine and decomposed rock similar
to that in the Joan No. 1 mine are present in samples
from many drill holes between the Maroco and Joan
No. 1 mines (pl. 3), southwest of the Joan No. 1 and

Mangan No. 1 mines, between the Maroco and Section.

Six mines (pl. 2), southwest of the Section Six mine,
and north of the iron-formation in the south half of
sec. 33, T. 47 N., R. 29 W. (pl. 3). Similar layers
of decomposed unbedded rock are in the same general
position at the Manuel and Mallen mines, 10 to 30
feet above the base of the Rabbit Lake formation,
and in the Pennington and Armour No. 2 mines. The
top of this unbedded rock was exposed in only one
place, the Mallen mine, where the rock unit was about
40 feet thick.

The basaltic rock exposed in the open pits is soft
gray-green material, in minor part schistose, largely
weathered to gray, brown, or red saprolite. A small
amount of chloritized but relatively unweathered rock
has been found in the centers of joint blocks. This
fresh material was used for a chemical analysis (table
6, sample 1199) and in the preparation of thin sec-
tions. The rock is a fine intergrowth of chlorite-type
minerals and lesser amounts of clinozoisite, calcite,
and leucoxene. Clinozoisite and leucoxene roughly

preserve part of the original grain outlines, which
indicate a uniformly aphanitic texture, except that
phenocrysts 0.5 to 1.0 mm across were developed in a
few specimens. Calcite grains as much as 3 mm long
are probably porphyroblastic. In some saprolite many
voids 1 to 3 mm long were probably occupied by cal-
cite or pyrite before weathering. The basalts are gen-
erally much more weathered than adjacent argillite
and slate.

The basaltic layers were extruded as flows during
accumulation of the Rabbit Lake formation, or they
were injected as sills probably before folding. If
flows, extrusion took place in at least three stages as
there are lenses of sedimentary rock interlayered with
basalt at two horizons in the Maroco mine. There is
no distortion of these relatively thin lenses of inter-
layered bedded rock. One lens is about 40 feet thick
and at least 900 feet long; the other is 20 feet thick
and of unknown length. The basalts are conformable
with the bedding wherever they have been observed
and, if they are sills, were injected before or at an
early stage of folding. It cannot be established from
the information available whether the basalt layers are
flows or sills; but after consideration of their con-
cordance over an area several miles square and their
failure to distort the thin lenses of interlayered sedi-
mentary rock, the writer believes that they are flows.
They contrast with later sills and dikes along the
southeast edge of the district, which are generally
tabular in the plane of the fold axes and, though
locally approximately conformable, are known to cut
across a great stratigraphic thickness.

Rocks that have been tentatively identified as tuffs
have been found within about 100 feet of the base of
the Rabbit Lake formation at many places in all parts
of the North range. They occur as coarse to fine and
thick to thin beds intercalated with laminated gray
or black argillite (fig. 14). The layers are generally
well sorted and many have graded bedding; no cross-
bedding was found. The grain size ranges from 1l4-
inch fragments down to that of the fine argillites with
which they are interbedded. Beds with grains at the
base more than a quarter of an inch across are several
feet thick, béds with sand-sized grains at the base are
from less than 1 inch to 2 feet thick, but finer tuff
beds cannot be distinguished from laminated argillite.
Beds that might be called volcanic breccias because
they contain large size fragments are uncommon. Sev-
eral such breccias have been noted in drill cores from
near the Maroco mine, and one exposure of a breccia-
like rock was examined in that mine.

Individual sand-sized grains or pellets in the tuffs
are flattened and elliptical or spindle-shaped in cross









STRUCTURAL FEATURES

Barite of unknown origin in the Alstead mine was
observed as vein filling, as 1- to 4-inch tablets and
crystal groups in a soft leached bed of the Trommald
formation of the North Hillcrest mine, and as 1- to
6-inch concretionary rosettes of small pink to brown
,erystals in the oxidized iron-formation in the Saga-
more mine.

Several vein minerals described by Thiel (1924a)
as from the Cuyuna range were not observed in the
North range by the writer; these are microcline, epi-
dote, albite, adularia, diopside, and biotite. Presum-
ably the epidote was actually acmite (Grout, 1946a,
p. 125), and the biotite was stilpnomelane, which is
abundant in veins.

No particular relation between any of the veins de-
scribed above and the formation of ore could be estab-
lished. The possible relation of red ores and brown
ores to joints is discussed under origin of the ores;
but no veins were regularly associated with these par-
ticular joints. Quartz veins and quartz-carbonate-
stilpnomelane veins cut unoxidized iron-formation,
and similar veins, now oxidized, cut oxidized iron-
formation. In some places, locally oxidized iron-
formation is spatially related to large veins, but this
is probably the result of surface waters gaining more
ready access to the iron-formation along fractures and
openings in the veins, not to reaction with the walls
when the veins were formed.

STRUCTURAL FEATURES

The Precambrian bedrock of the Cuyuna district is
tightly folded into doubly plunging folds trending
about N. 65° E. The Trommald formation is the
principal stratigraphic marker because the relatively
much thicker older and younger formations are prac-
tically without known internal subdivision. Most of
the exploratory drilling has been concentrated in or
near the Trommald formation, and therefore the de-
lineation of major structural features in the district is
based mainly on the mapped patterns of this unit.
The characteristic features of the pattern are large
irregular ellipses and complex areas of roughly paral-
lel bands that are irregularly connected as the reversed
plunges cause convergence or divergence of the bed-
rock exposures of the folded units (pl. 2). Several
of the bands of Trommald formation have been only
sporadically explored, and the structural relations are
partly or entirely unknown.

Drag folds are abundant in all sizes and bear a
normal and systematic relation to the principal folds.
“Cross folds,” actually recognized as undulations of
fold axes or reversal of plunge directions, may be
present in most of the district but could be mapped
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in detail in only one place, the Portsmouth mine (pl.
3). The cross folds were probably a part of the main
deformation, but they may represent a separate pe-
riod of folding.

The faults recognized in this study have been lim-
ited to small displacements important within a par-
ticular mine but not significant in the district as a
whole. Some large-scale faults were suspected during
the study and are discussed in a subsequent paragraph.

Joints are abundant in most of the iron-formation.
The dominant joint direction is about N. 35° W. and
vertical, hence perpendicular to the fold axes. Flow
cleavage is abundant, especially near the axes of the
folds, in argillaceous parts of the Mahnomen and
Rabbit Lake formations and in silicated parts of the
Trommald formation, particularly in minnesotaite-
rich rock.

FOLDS

The three Precambrian formations in the Cuyuna
North range have been tightly folded into several
large doubly plunging folds. Bedrock surrounding
most of the North range is the Mahnomen formation;
the oldest of the three formations. The Trommald
and Rabbit Lake formations occur as irregular el-
lipses and long narrow areas that are synclines flanked
by and underlain by Mahnomen formation. The axes
of the major folds are not ordinarily mappable, ex-
cept where indicated by the areal pattern of the Trom-
mald formation, and only the synclines containing
Trommald and Rabbit Lake formations stand out as
distinct folds; the intervening anticlinal areas lack
distinctive form, and their major axes can generally
be only approximated. The bedrock pattern of the
district is, in effect, one of major synclines and rela-
tively inconspicuous major anticlines.

The axial planes of almost all the folds dip steeply
southeastward, and the southeast limbs of the syn-
clines are overturned in most places.

There are four major synclines in the North range.
The large open syncline extending from sec. 32, T.
47 N., R. 29 W., near the Merritt mine, northeastward
to sec. 21, T. 47 N., R. 28 W, east of Rabbit Lake, is
well outlined by drilling except at the northeast end.
An overturn to the northwest is shown by the dips of
the fold flanks and by the general outline of the
structure. Dips of about 60° SE. are general along
the northwest flank; but the overturned southeast
flank also dips rather more irregularly from 50° to
85° SE.; however, one dip of 75° NW. was observed
west of the Pontiac shaft.

Drag folds near the southwest apex of this syn-
cline are very striking. The origin of the Merritt-
Joan No. 4-Ferro orebody is perhaps related to the
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intense drag folding. The drag folds shown at the
northeast end of the syncline, excepting a small fold
near the Northland mine, are all inferred from very
sparse drilling data, and further exploration will
probably necessitate considerable change in the map
pattern. Folds of the upper iron-formation lenses
within the Rabbit Lake formation in the central part
of this fold have been sketched in from only a few
drill-hole data, and the fold outlines should be con-
sidered only rough approximations.

Another large syncline plunges southwestward from
a point north of the Joan No. 1 mine in sec. 3, T. 46
N, R. 29 W. The fold flanks diverge for about 1.5
miles then extend southwestward nearly parallel for
several miles until the decreased amount of explora-
tory drilling precludes inferred continuation. Unlike
the other major structural features, the southeast limb
of this syncline does not appear to be generally over-
turned, although data are less abundant than in other
areas. Normal dips as low as 25° and 45° were ob-
served in drill cores from near June Lake, and a ver-
tical dip 1s in core from near Little Rabbit Lake. In
the Arko, Mangan No. 1, and Joan No. 1 mines, nu-
merous folds complicate the general attitude of the
major fold limb, and some overturned strata were
observed in each place on the flanks of the drag folds.

The other two major synclines are about half as
long as those described above, each being about 3
miles long, and are much narrower and seemingly
more compressed. One extends from the Rowe mine
in sec. 18, T. 46 N., R. 29 W., northeastward to the
vicinity of the Armour No. 1 and the Mangan No. 2
mines in sec. 10, T. 46 N., R. 29 W. (pl. 2). The
second extends from the Armour No. 2 pit in sec. 11,
T. 46 N., R. 29 W., northeastward to the N14 sec. 32,
T. 47 N, R. 28 W. The southeast flanks of these folds
dip to the southeast and seem to be generally over-
turned, although there are few data concerning the
northeastern part of the latter fold. The northwest
flanks of both folds dip about 60° SE.

FAULTS

No major faults were definitely identified in this
study of the Cuyuna district, although two have been
suspected on the basis of stratigraphic and structural
evidence. Both are perhaps a mile or less in length.
One of these faults has been inferred at the south-
west end of the Sagamore mine where beds near the
top of the Trommald formation seem to be overlain
by siltstone and argillite of the Mahnomen formation
(pl. 4). Abundant local evidence of faulting occurs
also in the Feigh and Pennington mines, and it is pro-
posed that one major fault zone may extend from the

Feigh mine or perhaps the South Hillcrest mine,
northeastward through the Pennington and Armour
No. 1 mines. To the southwest of the Feigh mine and
perhaps to the northeast of the Armour No. 1 mine,
the fault zone is assumed to pass into a broken anti-
cline in which the southeast flank has been thrust up-
ward. It is possible that the chlorite schist near the
east end of the Feigh mine, mapped as a chloritized
intrusive, may be a wedge of metamorphosed Rabbit
Lake formation similar to the material exposed on
the southeast sides of each of these pits. Several
wedges of similar schist that seem to increase in size
with depth occur in the Pennington and Armour No. 1
mines; these wedges may also be either intrusives or
slices of the south wallrock that have been faulted into
place (pls. 7, 8).

It must be emphasized that the interpretation in-
volving faulting is only a tentative suggestion and
that the writer is unable to propose a simple set of
faults that could produce the complex minor geologic
features of this group of mines. Faulting may be
indicated by the seeming discordance of structures in
the underground workings of the Armour No. 1 mine.
As suggested under the description of the mine, the
complexity of the geology in the Armour No. 1 mine
may well be the result of igneous intrusion, faulting,
or of both.

Many minor faults were observed during the de-
tailed mapping of the district. Some of them cut
sharply across the strike of the fold limbs, but most
were strike faults of little stratigraphic throw, prob-
ably not more than 20 or 30 feet. Several of the
faults observed were related to the broken crests of
anticlines.

None of the faults shown by Wolff (1955, pl. 2)
could be substantiated either by field mapping or
from the study of drill samples. The group of faults
shown by Wolff extending from the Sagamore mine
northeastward to the northeast end of Menomin Lake,
thence northwestward to the Merritt mine and beyond,
has been discussed (p. 36), and it was concluded
that the faults do not really exist. Wolff also showed
four smaller faults in secs. 2, 3, 4, 9, and 10, T. 46 N.,
R. 29 W., none of which the writer could verify from
examination of mine exposures or justify on strati-
graphic and structural grounds. The places where
the faults were supposed to be in the Arko, Alstead,
and Mahnomen No. 1 mines were visited with Mr.
Wolff, but the writer could see no evidence of fault-
ing. In the Mahnomen No. 1 mine the surface that
was mapped as the fault is the contact between the
Mahnomen and Trommald formations. Slickensides
indicate that some differential movement occurred here
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as in most places where the same contact was observed.
The apparent slight angular discordance between the
bedding in the two formations was interpreted by the
writer as the convergence of bedding in the Trom-
mald formation and axial-plane cleavage in the
Mahnomen formation.

METAMORPHISM

All Precambrian rocks in the North range of the
Cuyuna district have been affected by regional meta-
morphism and perhaps locally by contact metamor-
phism. The general metamorphic grade is upper chlo-
rite zone or lower biotite zone over the entire North
range, with slightly higher grade of definitely biotite
zone rocks in a few places along the southeast edge
of the North range. Very locally, part of the rock
in the Milford mine contains minerals indicating meta-
morphism in the garnet zone; perhaps this is a con-
tact effect.

SEDIMENTARY ROCKS

The metamorphic grade of the rocks was judged on
the basis of the iron-silicate minerals in the unoxi-
dized parts of the thin-bedded facies of the Trom-
mald formation, the grain size of the quartz in rela-
tively clean layers of recrystallized chert in all the
iron-formation, and the minerals present in the argil-
laceous rocks. The criteria were used as described by
James (1955). The iron minerals were studied only
in the thin-bedded facies of the Trommald formation
because iron silicates are not plentiful in the thick-
bedded facies nor in the upper iron-formation of the
Rabbit Lake formation. Abundant minnesotaite, stil-
pnomelane, siderite, and lesser amounts of chlorite in-
dicate either the chlorite or biotite zone. No significant
difference in the abundance of individual iron-silicate
minerals was observed over the area. Magnetite and
hematite, abundant in much of the iron-formation,
are not diagnostic of a particular metamorphic grade.
Grain-sized measurements of quartz were made of all
thin sections containing areas of relatievly clean chert,
including several from the thick-bedded facies of the
Trommald formation and from the upper iron-forma-
tion lenses in the Rabbit Lake formation, as well as
many from the thin-bedded facies of the Trommald
formation. Sizes ranged from 0.02 to 0.14 mm, most
of the measurements being between 0.05 and 0.1 mm,
corresponding to the limits set by James for the bio-
tite zone.

Grunerite was described by James as an indicator
mineral of the garnet zone. It occurs as a fracture
filling in iron-formation on the Milford mine dump
and in the Portsmouth mine, and as sheaves that are
as much as 3 mm long in certain bedding laminae of

iron-formation from the Milford dump. In addition,
asbestiform material that was too weathered for iden-
tification, but that probably had been grunerite, was
found in several places in the district. Most of the
vein occurrences of grunerite may be disregarded as
indicative of a higher metamorphic grade, for there
is no general development of the grunerite in the iron-
formation. At the Milford mine, however, the gruner-
ite has formed as porphyroblasts in part of the iron-
formation, which suggests that the rocks have been
locally metamorphosed into the garnet zone. Much
of the iron-formation in the same dump contains min-
erals that indicate a lower metamorphic grade, similar
to the iron-formation in the rest of the district. The
mine is abandoned and nothing is known concerning
the size of the more highly metamorphosed mass or
the transition to the less metamorphosed rock that is
general throughout the North range. The local occur-
rence of metamorphic material of the garnet zone is
perhaps related to the grunerite veins.

Wallrocks closely associated with the iron-formation
are largely argillaceous and have been converted by
metamorphism to argillites and slates or less com-
monly to phyllites and schists. Muscovite and quartz
constitute the bulk of these rocks; chlorite, biotite,
magnetite, and carbon are common accessories. These
minerals indicate that the metamorphosed argillaceous
rocks are in the chlorite or lower part of the biotite
zone.

In one area, however, the rocks of the Rabbit Lake
formation have been metamorphosed to chlorite schist
and biotite-chlorite schist of a grade slightly higher
than most of the argillaceous rocks of the district.
On the south sides of the Armour No. 1, Pennington,
Feigh, South Hillcrest, and Huntington mines the
wallrock is gray-green schist. Only part of the schist,
contains recognizable sedimentary bedding, and the
origin of part of the schist was not determined during
this study. However, thin sections of the schist from
the Huntington mine and from the Armour No. 1 and
No. 2 underground mines, where no sedimentary fea-
tures could be recognized, were compared with thin
sections from localities in which the sedimentary origin
of the rock is amply proved by an abundance of bed-
ding at the Pennington mine and by thin intercalated
chert beds at the Feigh mine. The similarity of the
thin sections is great, whereas the textures do not re-
semble those in thin sections of thoroughly chloritized
igneous rocks in the same general area.

The schistose rocks in the bottom of the Feigh and
the Pennington mines are the same general type as
those of sedimentary origin cited above and possibly
should be classified as metasedimentary also, though
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the writer has tentatively classified them as metamor-
phosed igneous rocks. '

The Armour No. 1 shaft and the old Armour No. 2
shaft, as well as extensive parts of the drifts in each
mine, are in chlorite schist. Part of this schist has
been derived from metamorphism of the Rabbit Lake
formation and part has formed by chloritization and
shearing of a quartz diorite, diorite, or gabbro. The
. origin of most of the chlorite schist in these mines
and in the old Ironton and Bonnie Belle mines to the
south is not known, however. On the basis of incom-
plete partial sampling and examination of a few thin
sections, it was concluded that a thorough sampling
and examination of the schist would make it possible
to distinguish metamorphosed intrusive rock from
metasedimentary rocks.

IGNEOUS ROCKS

Two types of igneous rocks occur in the Cuyuna
North range, and both have been metamorphosed in
the chlorite zone.

In the Maroco and Section Six mines and in other
areas drilled in the western part of the North range,
basalts are interlayered with the base of the Rabbit
Lake formation. The basalts are generally saprolitic,
but wherever relatively unweathered, they are thor-
oughly chloritized. The chemical composition, very
close to that of an average of 56 Hawaiian basalts
(Washington, 1923, p. 361), suggests that very little
alteration has taken place, except for the addition of
considerable water during metamorphism of the rock.

The metamorphosed basalt is an aphanitic rock con-
sisting of chlorite and epidote and, in certain speci-
mens, various amounts of feldspar, probably albite,
and biotite or muscovite. One specimen contains chlo-
rite, calcite, muscovite, and biotite. All samples con-
tain sphene or leucoxene or.both, up to perhaps 5
percent of the volume of the rock.

Most of the bedrock in a long narrow belt along the
southeast edge of the North range is thoroughly chlo-
ritized medium-grained intrusive rock, part of which
is believed to have been quartz diorite or diorite and
part gabbro. The common minerals—chlorite, epidote,
clinozoisite, albite or oligoclase, calcite, and sphene or
leucoxene—are those normal in igneous rocks of inter-
mediate to basic composition that are metamorphosed
in the chlorite zone.
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IRON ORES AND MANGANIFEROUS IRON ORES

The iron ores and manganiferous iron ores of the
Cuyuna district have, with minor exceptions, formed
in and from the iron-rich sedimentary rock called

iron-formation. The iron-formation, as originally de-
posited, contained from 20 to 35 percent iron and from
0.5 to 16 percent manganese. Commercially usable
ores must generally contain 45 to 50 percent iron plus
manganese, the variations being determined by ulti-
mate use of the ore and market conditions. Some ores
are direct shipping, but others are produced by bene-
ficiation of lower grade materials from which a mar-
ketable product can be made by ore-dressing processes.
Most of the methods of treatment, accomplish the same
result as the natural ore-forming process: removal of
quartz from the oxidized iron-formation, thereby in-
creasing the proportion of iron and manganese in the
remainder. Since 1945, annual shipments of concen-
trates from the Cuyuna district have slightly exceeded
shipments of untreated ore.

IRON=ORE MINERALS

The mineralogy of the iron ores and marginal iron
ores of the district is very simple. Intimate mixtures
of hematite, goethite, and quartz make up almost all
the ore; rarely does the ore material contain only one
iron oxide and quartz. Some ores contain very small
amounts of magnetite, and this mineral is moderately
abundant in some of the oxidized iron-formation that
approaches ore grade. Many of the minerals associ-
ated with part oxidized and unoxidized iron-formation
are included in the ore shipped. These minerals are
iron rich, but their overall effect probably is to reduce
the percentage of iron, and they should not be consid-
ered as ore minerals. They include minnesotaite, sid-
erite, nontronite, and stilpnomelane. Some siderite
probably remains from the original sedimentary rock,
but some is secondary and fills cracks and opened
spaces in the oxidized iron-formation.

MANGANESE-ORE MINERALS

Well-crystallized manganese minerals are abundant
in replacement textures and space fillings in the iron-
formation, especially in that which is manganiferous.
Ounly a very small part of the manganese in manga-
niferous ore occurs as macrocrystalline material ; most
manganese is finely disseminated as an integral part
of the iron ore. Small quantities of disseminated
manganese minerals cannot be identified by ordinary
X-ray methods, and unfortunately most of the earthy
mangsaniferous ores contain manganese distributed in
this way. Of 24 ores studied by X-ray methods, a
manganese mineral, manganite, was detected in only
three. Eleven specimens of crystalline manganese min-
erals were examined by X-ray methods* and four

4 Six determinations by F. A. Hildebrand, U.S, Geol. Survey; five
determinations by the author.
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few other places in the district.
an ore.

It is negligible as

CINDERY AND MASSIVE ORE

These two general types are less well defined than
the preceding ones and are in part combinations of
the features of many ore textures, including hard and
soft laminated, nodular replacement textures, and
open-space linings and fillings. The cindery ore breaks
into very rough, irregular pieces of both hard and
soft ore. Surfaces are variously conchoidal fractures,
bedding planes, and the outsides of nodules and small
replacement masses. Abundant small voids may be
lined by botryoidal iron oxide or small stalactitelike
projections. The massive ore, some intimately asso-
ciated with the cindery ore, is hard, dense, breaks
with a conchoidal fracture, and if hematitic, is dark
red brown with a blue or purple cast. It may or may
not retain fine bedding lamination. Most or all quartz
has been replaced by iron oxide. Goethitic ores of
these textures are common in most parts of the district,
but hematitic cindery and massive ores are particu-
larly abundant types in many mines along the ex-
treme southeast edge of the North range.

SOLUTION-BANDED ORE

Ores with rhythmic liesegang layering are insignifi-
cant in amount in the district, but they have been ob-
served in many places. Alternating layers of iron
oxide and fine-grained quartz are arranged in concen-
tric layers around a center. In the Portsmouth mine
one small mass a few feet in width and breadth con-
tains layers that are each about 1 inch thick. In the
Manuel mine, cherty layers several inches thick con-
tain remarkably well developed solution layering in
which the alternating layers are about one-eighth inch
thick.

No reason is known for the formation of the rhyth-
mic layering. Formation of this texture tends to
destroy bedding; but as the layers seem to form only
in certain cherty beds, the bedding of the whole rock
remains readily traceable.

DISTRIBUTION OF TYPES RELATIVE TO FACIES

Gnarled ores were observed only in thin-bedded
parts of the Trommald formation, but all other types
of ore described above have formed in any kind of
iron-formation in all parts of the district. Some
types are distinctly more abundant, however, in cer-
tain kinds of iron-formation and in certain parts of
the district.

Cindery and massive hematite is more characteristic
of the thin-bedded facies of the Trommald formation,
and large quantities are found only along the ex-
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treme southeast edge of the North range. Wash ores,
both bedded and with replacement textures, constitute
almost all the ore in the thick-bedded facies; they
are also abundant in the cherty parts of the thin-
bedded facies of the Trommald formation and in the
upper iron-formation lenses of the Rabbit Lake for-
mation. Specular ores are locally abundant in silice-
ous manganiferous ores derived from the lower part
of the thick-bedded facies and its transition to the
thin-bedded facies, but they are of little importance
elsewhere.

DISTRIBUTION OF MANGANESE IN THE IRON-
FORMATIONS

Manganese occurs in the Trommald formation and
in the iron-formation lenses within the Rabbit Lake
formation, and it is an important conmstituent of
much of the ore mined in the Cuyuna district. Data
on the distribution of manganese in the North range
indicate that manganiferous iron-formation is limited
to certain general areas and, locally, to specific strati-
graphic parts of the Trommald formation.

Drill-hole analyses in the Geological Survey files were
used to prepare maps showing the approximate man-
ganese content of the iron-formations at the bedrock
surface. The average manganese content was com-
puted from analyses for the top 20 feet of each hole
in iron-formation, and the percentage figure was placed
on maps of individual land-subdivision sections. The
information on these maps was then generalized and
placed on a geologic map of the district (pl. 9). In-
formation regarding the distribution of manganese
is abundant in parts of the district, but very few
analyses are available for some large areas. Many
recent analyses have not been obtained from mining
companies, but in general these would fill only a small
part of the gaps in the information.

Manganiferous iron-formation containing in part
of its thickness more than 5 percent manganese In
both unoxidized iron-formation and ores is confined
tq an area occupying between one-half and two-thirds
of the North range. Most ores containing more than
10 percent manganese are confined to three smaller
areas totaling about one-tenth of the North range: the
Sagamore mine area, an area southeast of Menomin
Lake, and the extensive area in secs. 22, 23, 27, 28, 32,
33, and 34, T. 47 N,, R. 29 W. In several places in
the district manganiferous iron-formation in the
Trommald formation is confined to a definite strati-
graphic zone, although the zone is not the same in
each place. Data suggest that manganiferous and non-
manganiferous belts cut across the strike of the iron-
formation in secs. 3, 9, and 10, T. 46 N., R. 29 W,



54

southeast of Menomin Lake, in a direction approxi-
mately N. 60° W. Additional information might
radically change this preliminary conclusion.

At the Sagamore mine the Trommald formation is
the thin-bedded facies, which is here locally divided
near the middle by a thin argillaceous layer known as
the “paint rock.” Manganiferous iron-formation oc-
cupies a zone in the center of the iron-formation both
above and below the argillaceous layer with the most
manganiferous ore lying above the layer. The lower-
most and uppermost part of the formation is generally
nonmanganiferous, including those beds near the top
containing chert beds that are probably the extreme
edge of the transition to the thick-bedded facies.

In the South Alstead, Hillerest Extension, and Mah-
nomen No. 3 mines, in secs. 9 and 10, T. 46 N., R. 29
W., the thin-bedded facies makes up from one-quarter
to one-third of the total thickness of the Trommald
formation and most of the manganiferous ore is con-
fined to the thin-bedded facies and the transition be-
tween the two facies. In the South Alstead mine some
manganiferous ore is probably also in the thick-bedded
facies. East of the Mahnomen No. 3 mine the distri-
bution of the manganese becomes erratic, and west of
the South Alstead mine the manganiferous zone dis-
appears. Part of the ore from the Mahnomen No. 1
mine was manganiferous near the center of the syn-
cline and probably represented about the upper half
of the thin-bedded facies.

In the vicinity of the Mangan No. 1 mine in lot 6
and the Joan No. 1 mine in the SW14NE1; and lot 5
of sec. 3, T. 46 N., R. 29 W. (pl. 8), about one-third
of the Trommald formation is the thin-bedded facies,
and the manganiferous ore is found in a relatively
narrow zone about equally divided between the two
facies. A wide zone at the top of the iron-formation

 in the thick-bedded facies and a narrow zone at the

base in the thin-bedded facies are nonmanganiferous.
The manganiferous zone of the iron-formation gradu-
ally disappears north and west from the Joan mine.
South and southwest of these mines the distribution
of manganese is very erratic.

In sec. 34, T. 47 N, R. 29 W. (pl. 3), the thin-
bedded facies constitutes from one-quarter to one-half
of the total thickness of the Trommald formation.
The manganiferous iron-formation and ore are con-
fined to a zone in the top of the thin-bedded and the
bottom of the thick-bedded facies, very similar to the
zone at the Mangan No. 1 and the Joan No. 1 mines.
Available data are insufficient to outline a mangani-
ferous zone east and west of sec. 34.

In the vicinity of the high-manganese ore mines
(Merritt, Ferro, Algoma, and Gloria) in secs. 28, 32,
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and 33, T. 47 N., R. 29 W. (pl. 8), the thin-bedded
facies makes up from one-half to perhaps three-quar-
ters of the Trommald formation. Most of the thick-
bedded facies and part of the thin-bedded facies at its
top are manganiferous. Most of the lower part of
the thin-bedded facies seems to be nonmanganiferous,
except for the local manganiferous material
near the base of the unit in the Ferro prop-
erty, SE14NE1 sec. 32, T. 47 N, R. 29 W. Judging
from the data available, the manganiferous zone prob-
ably disappears to the southeast in sec. 83. There is
no information for the area between the Gloria mine
and the Preston shaft in the NW1,NW1/ sec. 27, T.
47 N, R. 29 W., where no stratigraphic zoning is evi-
dent.

The manganese content is generally very low. where
the thick-bedded facies constitutes the entire Trom-
mald formation. A few relatively small high-grade
manganese ore bodies formed by replacement and
fracture filling in the Maroco mine and probably also
in the Rowe mine.

Where the Trommald formation is composed of the
thin-bedded facies alone, the iron-formation may be
wholly nonmanganiferous as at the Rabbit Lake mine
or partly manganiferous as at the Sagamore and Ports-
mouth mines, and perhaps there are parts of the
district where it is entirely manganiferous.

The upper iron-formation lenses contain both man-
ganiferous and nonmanganiferous material, but there
are very few data on the distribution of each. The
Virginia mine, the only mine ever opened in the
upper iron-formation, produced manganiferous and
nonmanganiferous ores (Grout and Wolff, 1955, p. 63).

-In secs. 20, 29, and 30, T. 47 N., R. 29 W. (pl. 2),
a large area northwest of the Trommald formation
is underlain by ferruginous argillite that is locally
manganiferous. It is possible that this material is a
locally very argillaceous upper part of the Trommald
formation, rather than the basal part of the Rabbit
Lake formation, as tentatively mapped by the writer.

DISTRIBUTION OF PHOSPHORUS IN THE TROMMALD
FORMATION

The phosphorus in the Cuyuna ores is largely, if
not wholly, derived from the phosphorus present in
the unoxidized iron-formation rather than introduced
during the formation of ore. The phosphorus in ore,
oxidized iron-formation, and unoxidized iron-forma-
tion ranges from a trace to several percent in samples
taken from different places. Average analyses of
most of the ore shipped have been more than 0.045
and less than 0.4 percent, but considerable bessemer-
grade ore containing less than 0.045 percent phosprous
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was shipped from the Croft and Meacham mines, and
Cuyuna ores have been marketed with as much as 0.8
percent phosphorus.

Groups of samples taken from unoxidized iron-
formation and from ore occurring in the same beds
indicate that the phosphorus content changed only
slightly as a result of the alteration to ore (table 9),
though much variation was observed between the dif-
ferent groups of samples representing different beds.

TABLE 9.—Changes (percent) in phosphorus content produced by
alteration of the thin-bedded facies of the Trommald formation
to ore

[Results given for numbered samples reading from left to right, respectively]

[Complete analyses, locations of samples, and names of analysts for these samples are
%;Vl';lm 11(1)1] tables 3 and 4, and boron and germanium analyses for each are shown in
O

Unoxi- | Partly Hard
Mine Sample dized | altered | brown |Brown| Red
iron-for- | iron-for- | rind ore ore ore
mation { mation
Mahnomen No. 2_ 1426, 1427
Dol 1428, 1429
North Hillcrest .| 1431, 1432, 1430 {____
Do ooeenee 1433, 1434
Portsmouth.____.| 1932933, 934 70 57 [accmmecaee 60 oo
Sagamore No. 2...] 1039, 1040, 1041 04 03 |ococmmoae P 125 PR,

plless't)g]a“g ({rgg’formation taken close to, but not stratigraphic equivalent of sam-

Thiel (1926, p. 687) gave an average P,Os content
of 0.6732 percent for Cuyuna district protore. This
seems rather high, perhaps because South range rocks,
somewhat more phosphatic, were included, and one
unusually high analysis, 4.02 percent, was used in the
averaging of seven samples. The writer used 11

"analyses of unoxidized thin-bedded iron-formation
from the Trommald formation in the North range,
all from types of iron-formation that are known to
have been altered to ores at other places, and the
average was about half as great, 0.34 percent P,Os.
No comparable average analysis of thick-bedded iron-
formation was obtained because samples are generally
partly leached. Ores from mines entirely within the
thick-bedded facies are generally low in phosphorus,
and presumably this part of the iron-formation con-
tains less phosphorus than the thin-bedded facies.
However, the lowest phosphorus ores produced were
high-grade iron ores from the Croft and Meacham
mines, developed entirely within the thin-bedded
facies.

Newton (1918, p. 10) suggested an inverse relation
between silica and phosphorus in Cuyuna ores, which
was later emphasized by Thiel (1924b, 1926) and
Zapffe (1925a, 1933). It was generally described as
applicable to the manganiferous iron ores, rather than
to the iron ores. Newton based his conclusions on
the average analyses of a group of ore bodies (New-
ton, 1918, p. 10-11), but later conclusions were pos-
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sibly based on analyses of ore shipped from the dis-
trict. Variation in the phosphorus content of all
types of ores is great, and a definite trend exists in
commercial grades of both iron and manganiferous
iron ores; appraisal of the variation, however, is diffi-
cult.

MAGNETIC ATTRACTION AS RELATED TO THE IRON-
FORMATION

Magnetite in the Trommald formation, particularly
in the thin-bedded facies, produces strong magnetic
effects that can be detected readily with simple instru-
ments, such as the magnetic compass or dip needle.
Deflections of the compass that were noticed by sur-
veyors and others led to the eventual discovery of the
iron-formation by drilling. Because the magnetite
in the iron-formation is destroyed by oxidation, the
magnetic effects are strongest near the unoxidized
iron-formation and are weak or entirely absent near
oxidized iron-formation and ore, and also over much
of the thick-bedded facies. Detailed relationships of
the results of magnetic surveys to the geology of the
district will be discussed in a later publication con-
cerned with geophysical studies.

ORIGIN AND OCCURRENCE OF ORE

The principal iron ores and manganiferous iron
ores of the Cuyuna district are residual concentrations
of iron oxides and manganese oxides formed from the
iron-formations by leaching of silica, carbon dioxide,
magnesia, and minor amounts of other constituents;
some ore deposits have been formed by local migra-
tion of iron and manganese that produced space fillings
and replacements of silica.

The source of the solutions capable of leaching
silica from the iron-formation and of oxidizing fer-
rous iron to the higher valence state is problematical.
Study of the origin of the Cuyuna ores is also com-
plicated by the great diversity of the ore textures and
of the shape of ore bodies. Discussion of the origin
of ore has produced several theories, of which two
principal ones are currently considered. In the first,
the oxidation and leaching are postulated to have
been accomplished during weathering by cold down-
ward-moving meteoric waters; in the second, by warm
or hot hydrothermal solutions. The general history
of thought on the origin of Cuyuna-type iron ore is
outlined below.

One of the first theories for the origin of an iron-
formation in the Lake Superior region was advanced
by Foster and Whitney (1851) who proposed that the
ores of the Marquette district, Michigan, were igneous,
“in some instances poured out, but in others sublimed,
from the interior of the earth.”
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However, without specific reference to minable ores,
Whittlesey (1852) accurately described the “magnetic
slates” of the Penokee-Gogebic district as metamor-
phosed sedimentary rocks.

Formation of the iron ores by alteration of sedi-
mentary rocks seems to have been first suggested by
Credner (1869). He proposed that the ores of the
Marquette district were formed by the alteration of
sedimentary iron carbonate. Irving (1886) extended
this idea specifically to the ores of the entire Lake
Superior region; and the details of formation of the
ores from a sideritic parent rock or from siderite and
greenalite were further developed by Van Hise (1889,
1892, 1901), Van Hise and Bayley (1897, 1900), Cle-
ments and Smyth (1899), Clements (1908), Leith
(1903), and Van Hise and Leith (1911).

Leith, (1907) and Adams (1911a, p. 64-65; 1911b,
p. 180) specified that silicate-magnetite iron-forma-
tion (“amphibole-magnetite rock”) in the Cuyuna dis-
trict does not ordinarily alter to ore. Adams thought
that the amphibole-magnetite rock adjacent to a dike
was generally highly resistant to alteration and to
penetration by oxidizing solutions, and that it tended
to act as a solution dam or barrier as did a dike or
sill.

Weidman (1904, p. 142) interpreted the Lake Su-
perior-type iron-ores of the Baraboo district, Wiscon-
sin, as rich layers of primary sedimentary hematite.

Harder and Johnston (1918, p. 130-132) believed
that some iron oxide was probably precipitated as a
primary sediment in the Cuyuna district, perhaps even
in sufficient quantity and of such a grade as to be
primary ore; they suggested that this ore might be
found at great depths independent of any surface-
related alteration.

Oxidation by hydrothermal solutions that produced
martite ores was suggested by Newland (1922, p. 801).
Gruner (1926) proposed the first comprehensive hy-
pothesis of oxidation and leaching of the primary iron-
formation by hydrothermal solutions rather than by
surface weathering, and he presented further argu-
ments in 1932. Grumer (1937) revised this theory by
ascribing the extensive oxidation and leaching of the
Lake Superior-type ores to -surface-derived waters
that had been heated and caused to circulate with
greater vigor by upward movement of gaseous emana-
tions from large intrusive bodies.

Tyler proposed that the formation of soft ore has
been favored by metamorphism of the iron-formation
resulting in development of secondary iron-silicate
minerals, elimination of chert, and creation of sec-
ondary porosity to permit the passage of leaching
solutions (Tyler, 1949).

The probability that each of the individual iron
minerals was deposited as part of the original iron-
rich sediments was considered by earlier authors, but
James (1951, p. 264; 1954) gave the minerals proper
relationships to each other and to the chemical en-
vironment in a typical basin of deposition. Four
facies of iron-formation were defined on the basis of
the dominant iron mineral: sulfide, carbonate, silicate,
or oxide. Recognition of these sedimentary facies is
especially significant in considering the origin of the
iron ore in the Cuyuna district where all four facies
are abundant and three or perhaps four have been
altered to ore.

Mann (1953) reexamined the weathering and hydro-
thermal hypotheses and concluded that the soft ores
of the Marquette and Gogebic districts, Michigan,
were formed by hydrothermal oxidation and desilica-
tion of metamorphosed silicated iron-formation. James
(1953) questioned Mann’s conclusions as to the neces-
sity of metamorphism and silication for the develop-
ment of soft ores and the evidence presented for hydro-
thermal activity.

Regarding the origin of the soft ores of the Mesabi
district, Minnesota, White (1954, p. 83-84) concluded:

None of the available field, experimental, and theoretical
evidence bearing on the manner of origin of the soft ores can
be considered at present as absolute proof of either weather-
ing or hydrothermal activity. In the interpretation of avail-
able evidence, the conclusions of each observer depend upon
his personal emphasis, for either hypothesis is capable of ex-
plaining the existing conditions. My personal feeling is that
the weathering hypothesis can probably explain the existing
conditions better than the hydrothermal hypothesis insofar as
the Mesabi range is concerned.

White concluded further (p. 86):

Conditions at some of the other iron ranges in the Lake
Superior region differ markedly from the conditions at the
Mesabi range and these differences imply variations in the
controls of ore genesis.

Regarding the alteration of iron-formation to ore
in the Cuyuna district, Grout and Wolff (1955, p. 85)
considered various evidence supporting both the
weathering and hydrothermal theories and stated:

This variety in the processes by which ores are formed after
the original precipitation of iron formation makes it difficult
to select one process as the dominant one on the Cuyuna
Range.

Iverson (1958) and Spencer (1958) discussed the
possibility that hot or warm alkaline waters could
have been made available for leaching and oxidation
when silica gels, deposited as part of the iron-forma-
tion, were dehydrated under the conditions of high
temperature and pressure of deep burial.

The geology of the Cuyuna ore bodies and related
rocks has been carefully studied to determine any
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evidence relating the development of the ores to the
weathering theory, the hydrothermal theory, or to any
other mode of formation; some very interesting fea-
tures were discovered though no conclusive results can
be claimed. The writer believes there is considerable
evidence that the soft ores formed by two somewhat
different processes yielding two types of ore bodies
that differ in shape, depth, texture, and mineral con-
tent (p. 61-62). Speculation on reasons for the differ-
ences is very tenuous. The shapes of the ore bodies
and the distribution of one trace constituent, boron,
in a limited number of samples suggest to the writer
that one type of ore body was controlled in some
way by the passage of possibly hydrothermal solutions
and that the other type is the product of relatively
simple deep surface weathering. The writer will try
to show that the degree of metamorphism probably
had no effect on the localization of ore and that ore has
formed within the thin-bedded facies of the Trom-
mald formation in carbonate and silicate rock alike.

Though the Cuyuna district is unique in the Lake
Superior region because of the amount of manganese
in part of the iron-formation and ore, this difference
is not considered to change the problems of the deriva-
tion of the ores from the iron-formation. Certain
manganiferous iron ore bodies show more extensive
replacement and more migration of the ore material
than is generally found in ordinary iron ores, but this
feature is not a serious complication because manga-
nese 1s known to be more mobile than iron.

RELATION OF MAJOR ORE BODIES
TO GEOLOGIC FEATURES

A general study of the stratigraphic distribution
of ore was made by relating the combined amount of
ore produced before 1954 (Wade and Alm, 1954) and
estimated ore available in May 1954 (Wade and Alm,
1955) to the stratigraphic source, with particular at-
tention to the two facies of the Trommald formation.
The combined amount of ore as of May 1954 was
118,125,579 tons (exclusive of the Rabbit Lake forma-
tion and the ore of the Snowshoe mine), and per-
centages of this figure are used in the following dis-
cussion. Except for the Alstead and Louise mines,
it was not considered practicable to estimate separately
for an individual property the ore derived from the
thin- and thick-bedded facies. For seven mines and
reserves that include ore from both facies, all the ore
in each was assigned to the facies considered to be
most abundant. This doubtless introduced some er-
rors, which probably tended to cancel each other; it is
probable, therefore, that the total amounts are good
approximations.

Almost 99 percent of the ore in the Cuyuna North
range was located in the Trommald formation, 0.79
percent in the upper iron-formation lenses of the
Rabbit Lake formation and 0.37 percent in the Snow-
shoe mine in which the stratigraphic position of the
ore is not known.

OCCURRENCE OF ORE IN THE
TROMMALD FORMATION

Within the Trommald formation, 86 percent of the
ore occurs in the thin-bedded facies and 14 percent
in the thick-bedded facies. These relative proportions
also roughly pertain to the bedrock outcrop area of
two facies; therefore, the facies are in a general way
equally favorable for the development of ore. The
two facies differ, however, in areal distribution of ore,
types of ore produced, sizes of ore bodies, and prob-
ably the process that formed some of the ores; for
these reasons the occurrence of ore in each facies is
discussed separately.

THIN-BEDDED FACIES

The thin-bedded facies is exposed at the bedrock
surface over about 4.3 square miles. Moderate to
strong magnetic anomalies are generally associated
with the thin-bedded facies, and partly for this reason
exploratory drilling of this facies has been generally
more thorough than of the weakly magnetic thick-
bedded facies. However, areal distribution of ore
within the thin-bedded facies reveals a most uneven
pattern, showing that controls other than simply
the area of the facies at the bedrock surface is respon-
sible for this kind of rock having contained such a
large proportion of ore (pl. 10). )

Of the mined ore plus reserves in the Trommald
formation, 86 percent occurred in the thin-bedded
facies. Of this ore, 97 percent occurred in a mile-
wide belt along the southeast edge of the North range
and occupied somewhat more than half of the area
underlain by the thin-bedded facies. In this belt, red-
brown dominantly hematitic ores are an important
part of most of the ore bodies, including all the larg-
est ones, whereas northwest of this belt the ores are
mainly brown or yellow brown and are goethitic.
The color differences in ore are, however, also gen-
erally related to the relative time of formation, to
the shapes of ore bodies and the relation to unoxi-
dized iron-formation, and to the boron content of the
ore. Taken together, these associations are believed
to indicate different origins for the red-brown and
the brown ores.

Almost all ore bodies in the thin-bedded facies con-
tain both brown and red-brown ores, making it ad-
visable to divide them into parts and then classify
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each part according to the dominant type of ore; sev-
eral ore bodies are too heterogeneous to be classified.
Brown and red-brown ores were given most careful
study in the locations where they occurred side by
side, or where either one was adjacent to the parent
rock, unoxidized iron-formation. The most desirable
places for study were exposures where the same beds
could be traced from unoxidized iron-formation to ore
and from one type of ore to another. At no place
could one bed be traced from unoxidized iron-forma-
tion through both red-brown and brown ores.

No difference could be found between the unoxi-
dized iron-formation in the areas of predominantly
red ore and in the areas of mostly brown ore that
would suggest that the difference in the ores was re-
lated to the degree of metamorphism or to the min-
erals present in the iron-formation before oxidation
took place. The metamorphic grade of the iron-for-
mation was practically the same in all parts of the
North range, and generally the same variations in
the estimated grade prevailed in all places. Perhaps
the only possible exception is the Milford ore body,
a brown ore body of moderate size probably closely as-
sociated with grunerite-bearing iron-formation as well
as with rock of lower metamorphic grade.

The hematitic and goethitic ore bodies seem to have
formed irrespective of the iron minerals present be-
fore oxidation. Where ore bodies, especially brown
ore bodies, cut across the bedding of the host rock,
there was clearly no preference for the development
of ore along beds of a particular mineral composition,
and minnesotaite- or stilpnomelane-rich rock appeared
to have been converted to ore as readily as carbonate-
rich rock. There is little unoxidized iron-formation
in the near vicinity of the red-brown ore bodies, how-
ever; and it is therefore more difficult to show that
they have not formed preferentially in certain min-
eralogic types of iron-formation.

DISTRIBUTION OF ORE MINERALS AND ORE TEXTURES

In a general, but very striking way, dark red-brown
hematitic ore is dominant in the thin-bedded ‘facies of
the Trommald formation only in a narrow belt along
the southeast edge of the North range; brown and
yellow-brown goethitic ore is dominant in the rest of
the district. The belt of large bodies of hematitic ore
extends from the southwest end of the Sagamore No. 1
mine northeastward through the Mallen, Martin,
Huntington, South Hillerest, Hillerest Extension,
Feigh, Pennington, Armour No. 1, Mahnomen No. 1,
parts of the Portsmouth and Armour No. 2, the Croft,
North Yawkey, and Rabbit Lake mines; and every
large ore producer exceeding 5 million tons—the Saga-

more, Mahnomen group, Armour No. 1 and No. 2,
Portsmouth, and Rabbit Lake ore bodies—has large
masses of hematitic ore in the deepest parts of the
mines. The Sagamore mine now produces mostly
brown ore, and most of the properties listed also con-
tain important amounts of brown ore. Along the
northwest edge of the belt, ores of both kinds occur
in the Alstead, Arko, and Mahnomen No. 3 mines,
and in both the open-pit and underground parts of
the Louise mine. '

Gnarled texture is almost entirely limited to geo-
thitic ore, and samples on which X-ray determina-
tions were made consisted almost entirely of goethite.
Hard cindery and massive textures are locally found
in goethitic ores, but are most abundant in the large
hematitic ore bodies.

RELATIVE TIME OF FORMATION

In the North Hillerest and Mahnomen No. 2 mines,
dark red-brown ores are in narrow zones along verti-
cal joints and vein-filled openings (fig. 17). The red-
brown ore is enclosed by brown ore which in some
places is a layer a few inches to several feet in width,
but in other places surrounds several vertical red-
brown zones that merge and form an ore body, as in
the Mahnomen No. 2 mine. The formation of red ore
before brown ore can be established in a few places
and the relationship is probably general. In the dark
red-brown ores along vertical joints the details of bed-
ding lamination are commonly preserved; in contrast,
the adjacent brown ores are commonly of the gnarled
types in which all but a few bedding features are de-
stroyed. Thus, the general destruction of the bedding
features in many of the brown ores precludes any pos-
sibility that the locally enclosed bedded red-brown ores
have formed from them. No conclusions can be drawn
at contacts where bedding is entirely or partly pre-
served in both red-brown and brown ores.

SHAPES OF BROWN ORE BODIES AND RELATION TO
UNOXIDIZED IRON-FORMATION

The ore deposits in the Mahnomen No. 2, part of
Mahnomen No. 3, part of the northeast end of the
Sagamore No. 1 mine, and small pockets in the Ports-
mouth mine consist almost entirely of brown ore. Un-
oxidized iron-formation occurs adjacent to, or exposed
within, each ore body. Where the iron-formation is
not cherty, gnarled ore textures are common and in
places constitute the bulk of the brown ore. The ratio
of ore to oxidized lean ore seems to be much higher
in the brown ores than in the red-brown ores. The
brown ore may be relatively high grade to within a
few inches or feet of the related unoxidized iron-
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formation, whereas,the red-brown ores are commonly
associated with large amounts of oxidized lean iron-
formation.

Ore bodies of the brown type are commonly shal-
low, and in one place in the Sagamore No. 1 mine they
have been shown by drill-hole data to pass downward
into unoxidized iron-formation throughout a consider-
able area. The lower limit of oxidation at this place
is probably very irregular, is generally horizontal in
contrast to the bedding which dips from about 45°
to nearly vertical, and has no features that suggest the
localization of ore along synclinal “troughs.” Irregu-
lar masses of unoxidized iron-formation are beneath
brown ore bodies in several mines, and large propor-
tion of these masses crosscut both bedding and folds;
but the detailed shape of the very irregular bottom
surface of ore or oxidized iron-formation is not gen-
erally known.

Some brown ore bodies extend parallel to joints and
fractures that are approximately normal to the fold
axes, as in the Mahnomen No. 2, part of the. North
Hillerest, and some small pockets on the north side of
the Portsmouth mine.

ASSOCIATION OF BROWN ORE WITH NONTRONITIC IRON-FORMATION

Soft, decomposed iron-formation is generally found
between brown ore and unoxidized laminated iron-
formation (figs. 17, 18) and is abundant in many
mines. It ranges from slightly softened but firm rock
to very soft claylike material ; some is firm but porous;
and some is soft but very dense and waxy. Bedding
lamination is excellently preserved in all textures ex-
cept the softest claylike material. The mineral com-
position of this altered material may differ greatly.
Siderite may be abundant or absent, as may goethite.
Minnesotaite and stilpnomelane may remain from the
parent rock. Most of the specimens studied with the
X-ray diffractometer contained a nontronitic clay,
which the writer believes is generally present in the
soft layer between unoxidized iron-formation and
brown ore. The dense waxy specimens were notably
nontronitic, and at many places there are also thin
veinlets of pale-green nontronite (chloropal) and
quartz, presumed to be altered stilpnomelane-quartz
veinlets.

The nontronitic rock is commonly separated from
brown gnarled ore by a hard irregular layer of go-
ethite, which was called the rind in field mapping.
The side of the rind toward the nontronitic rock is
rather smooth, dense, and resembles the outside of a
limonite concretion; the side toward ore is rough,
vuggy, and probably is analogous to the inside of a
limonite concretion. Masses of hard goethite similar
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to the rind occur within the nontronitic rock and
within the ore, especially along bedding planes and
joints. )

The significance of the nontronitic rock and the
rind layer in the formation of ore remains unex-
plained: either or both may be intermediate in the
transition from parent rock to ore; however, they may
also have formed later than the ore, perhaps under
different conditions. Previous authors have discussed
the phenomenon. Royce (1938, p. 52) wrote:

The bottom few feet of the ore is always heavily contami-
nated with clay which has been accumulated from original
slaty layers in the formation and has washed down mechani-

cally through the porosity of the ore until it has reached the
bottom.

Rejection of Royce’s theory seems justified because
the clayey layer preserves the undisturbed lamination
of the adjacent iron-formation in many places and is
also present at the contact if unoxidized iron-forma-
tion overlies ore. Gruner (1946, p. 97) stated that
nontronite was an intermediate phase in the transi-
tion from minnesotaite and stilpnomelane to goethite
locally in the Mesabi district.

The amount of iron in the nontronitic rock may be
about the same as in the parent rock (table 3, sample
1426 ; table 4, sample 1427) or may be much less than
in either the original iron-formation or in the ore, as
shown by analyzed samples from the same beds a few
feet apart (table 3, sample 1039; table 4, sample 1040,
1041). If brown ores have developed from unoxidized
iron-formation by passing through a nontronitic phase,
then it would seem that the iron has tended to move
freely within the nontronitic zone, perhaps going into
solution as the original iron-formation is altered, and
reprecipitating on the rind. It is also possible that
part of or all the nontronitic rock has developed after
cessation of the ore-forming process, wherever the ex-
ceedingly permeable brown ores have given ground
waters access to unoxidized iron-formation, and that
the nontronitic zone was not present during develop-
ment of most of the ore. If this is true, then perhaps
the rind and the generally nontronitic layer are analo-
gous to the kaolinitic layer under residual bauxites on
nepheline syenite. Gordon, Tracey, and Ellis (1958, p.
139-149) concluded that most of the kaolin was formed
later than the bauxite and under different climatic

conditions.
RED-BROWN ORES

Most of the ore or the deepest part of the ore is
dominantly dark-red brown in the Armour No. 2 un-
derground mine, the Rabbit Lake, Mallen, Hillcrest
Extension, Pennington, Mahnomen No. 1, and Saga-
more No. 1 mines. Oxidized lean ore is abundant in
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the vicinity of these ores, and little unoxidized iron-
formation is present. Gnarled texture is generally
absent in red-brown ore and was seen in only one
small exposure in the Portsmouth mine. The red-
brown ore bodies commonly are tabular, parallel the
dip of the bedding or the wallrock contacts, and ex-
tend to much greater depth than the brown ore bodies.
There may be a general spatial relation of the red
ores to the principal intrusive mass in the district,
but no direct genetic relationship is known.

RELATION OF ORE TO STRUCTURE IN THE THIN-BEDDED FACIES

No relationship was found between ore bodies and
folds in the thin-bedded facies. Many ore bodies oc-
cur in synclines because more iron-formation remains
uneroded in the synclinal troughs. Where anticlinal
folds of iron-formation remain uneroded, they seem
as subject to alteration to ore as the synclines. Many
ore bodies are located on the steep virtually mono-
clinal limbs of large folds, and do not extend down-
ward to the adjacent synclinal trough.

Closely spaced joints normal to the fold axes have
controlled the general shapes of several brown ore
bodies mentioned above. Minor red-brown oxidized
zones that are believed to be peripheral and related
to the main areas where red-brown ore was formed
also follow these joints, as do most of the various veins.

In the Armour No. 1 mine, a tabular ore body dips
steeply beneath a chlorite and biotite schist hanging
wall. The nature of the contact and the origin of
the chlorite and biotite schist are in doubt; this prob-
lem has been discussed in the description of the mine.
The contact of the schist with the iron-formation is
probably a fault or perhaps the schist is partly an
intrusive mass. Whatever the relation, the ore body
in the iron-formation is tabular, is close or adjacent
to the wallrock contact, locally cuts downward through
gently folded beds, and is nearly perpendicular to the
bedding.

BORON CONTENT RELATED TO ORIGIN OF ORE

The proposition that solutions from different sources
at different times produced the red and brown ores of
the thin-bedded facies was tested by a study of the
mineral composition and minor constituents of sev-
eral of the typical ores. Semiquantitative spectro-
graphic and X-ray determinations and chemical analy-
ses were made to find what compositional changes
occurred in the alteration of unoxidized iron-forma-
tion to each of the types of ore. The mineral asso-
ciations are simple. Almost all ores are mixtures of
hematite and goethite; hematite is predominant in
red-brown ores, and goethite is predominant in brown

ores. No correlation between crystallinity and the
type or texture of the ore was found.

Chemical and semiquantitative spectrographic analy-
ses revealed that only the boron content of the types
of ore was significantly different (table 2). Small
amounts of boron are in all the ore and in most of
the unoxidized iron-formation, where it presumably
was a primary constituent of the original sedimentary
rocks. Boron is in unusual abundance, as much as 0.6
percent, in thin tourmaline-rich argillites and slates
locally interbedded with the iron-formation. Only
normal thin-bedded iron-formation and related ore
was used in the samples selected for subsequent boron
analyses, and the tourmaline-rich argillaceous layers
were deliberately avoided.

The results of the boron determinations are shown
in table 10. Six samples of unoxidized iron-forma-
tion contained from 0 to 50 ppm boron. Four samples
of partly oxidized (nontronitic) brown ore and seven
samples of brown ore contained 10 to 80 ppm, prac-
tically the same range as the parent rock. The
slightly higher boron content suggested by the latter
analyses may be the result of residual enrichment
associated with alteration to ore. Six samples of red-
brown ore contained from 70 to 200 ppm boron, which
is significantly higher than the other two types of
material.

Most of the samples were taken in groups or pairs
and from the same bed or nearly the same bed wher-
ever possible. The analyses show that the boron con-
tent of unoxidized iron-formation differs considerably
from place to place, but that they did not significantly
change in the alteration of unoxidized iron-formation
to brown ores in any sample pair. The boron in red
ores, however, was from slightly more to 10 times as
much as in samples taken from the same sedimentary
bed as brown ores, or as compared to unoxidized iron-
formation a short distance away. Boron has been in-
troduced into the oxidized iron-formation, from a
source outside the formation or by redistribution of
the element from boron-rich layers, during or after
development of the red-brown ores and preceding the
development of the brown ores. This substantiates the
hypothesis that in the thin-bedded facies the ores are
of two ages and were altered by solutions that were
of a different chemical composition.

THICK-BEDDED FACIES

Of the mined ore plus the reserves in the Trom-
mald formation, 14 percent occurred in the thick-
bedded facies. These ores consist of both hematitic
and goethitic material, and no significant areal pat-
tern was found in the relative abundance of them.
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TaBLE 10.—Boron and germanium content of unoxidized thin-bedded facies of the iron-formation in the Trommald formation and strati-
grapically equivalent ores in the formation

[Results given for numbered samples reading from left to right, respectively. Groups 1-7: See tables 3 and 4 for complete analyses and descriptions of these samples.

Groups

8-10: Determinations by U.S. Geological Survey; borons: Harry Bastron, analyst; germaniums: Peter Zubovic, analyst

Sample Content (ppm) for unoxidized facies and
equivalent ores
Group Mine Element
Unoxidized| Partly Oxidized | Oxidized
Type No. facies oxidized brown red
brown brown
1 { Mahnomen No.2_____| Channel________ 11426, ! 1427 Boron_______.___ 0 R P
2 - do_ .. Grab.._.__._.._. 1428, 1429  |____. [« 1 TP S IR 20 200
3 | North Hillerest. _.____ Channel._._..__ 11431,11430  |_.__. [+ 7> SRR SIS AP 10 100
11432 |- QO c oo | 30 |o--o-__-
4 |o-oo doo . do______.___ 11433,11434 [ ____ o s YR I 30 .______ 70
5 | Portsmouth_.________|.____ doo__.___ 932,1933,1934  |____. dooe oo 20 30 70 |o_o_._-
6 AgaMOre._ _ _ oo oo do_____.___ 11039, ! 1040, ! 1041 |- __. dooo______ 50 80 50 .- _____
7 Arko. .| __ do_._.______ 936 0 ... doo____.___ b2/ 0 R (SPURS FRI P
8 | Rabbit Lake .. .. ___|[--___ do__ - _._ 11214-B, 1 1214-A  [._.__. o [ MUY IRPIUPUPS SR 70 80
11214-B, ! 1214-A Germanium._____|________|._______ 1.5 4.5
9 | North Yawkey.__._____ Grab__.____.____ 1209, 1207, 1208 Boron_.__.__.____ 20 oo .__.- 20 100
1209, 1207, 1208 Germanium._____ 2 |- 3 2
10 | Feigh. .. __________|____ do.________ 155, 1140, 1138 OrON__—__ - ___ 50  j.___-___ 50 100
155, 1140, 1138 Germanium._____ 1.6 ___ 1 1
1 Samples within the group were exact stratigraphic equivalents.
ple: Sample—Continued.
1214-B. Soft brown laminated ore. Eight-in. channel sample cut perpendicular 1207. Brown ore from between red-brown ore (sample 1208) and unoxidized iron-

to bedding, 18 in. from sample 1214-A, of Which it is the exact strati-
graphic equivalent. Coordinates: about 2,250 N., 1,800 E., Rabbit
Lake mine, October 1954.
1214-A. Soft red-brown laminated ore. Eight-in. channel sample cut perpen-
dicular to bedding. (See 1214-B, above.) Coordinates: about 2,250 N.,
1,800 E., Rabbit Lake mine, October 1954.
1209. Unoxidized thin-bedded iron-formation. Mineral composition about
60 percent minnesotaite, 30 percent carbonate, 8 percent quartz, 2 per-
cent magnetite. Coordinates: 1,450 N., 1,760 W., North Yawkey mine,
September 1954,
Nearly all the ore mined in the thick-bedded facies
has been wash ore requiring beneficiation, or small
bodies of manganiferous iron ore that were selec-
tively mined by underground methods.

Ore bodies have formed at scattered points over the
entire area in which the facies occurs, about 1.1 square
miles (pl. 11) and the position of several large ore
deposits in areas of intense drag folding suggests that
folding favored the formation of the ore. Folding
has also increased the width of the exposure and like-
wise the minable width of any ore available; this
might account for the location of some of the mines
on the drag folds.

Most of the high-grade manganiferous ores have
been in or near the zone of transition between the

thick- and the thin-bedded facies.

OCCURRENCE OF ORE IN UPPER IRON-FORMATION
WITHIN THE RABBIT LAKE FORMATION

The relative amount of ore that has been discovered
in the interbedded lenses of upper iron-formation
within the Rabbit Lake formation is very small; and
only one mine, the Virginia, has been operated in
lenses of this younger iron-formation. Most of the
ore examined in the mine is laminated, argillaceous,
and cherty wash ore or is wash ore with replacement
textures. The ore in the mine is both red brown and

formation (sample 1209). Coordinates: 1,300 N., 1,830 W., to 1,380 N,
1,800 W., North Yawkey mine, September 1954.

1208. Red-brown ore, slightly higher stratigraphically than samples 1207 and
1202. Coordinates: 1,280 N., 1,820 W., North Yawkey mine, September
1954,

155. See table 3 for complete analysis and description of sample.

1140. Yellow-brown ore close to unoxidized iron-formation similar to sample 155.
Coordinates: 2,780 S., 1,180 E., Feigh mine, September 1953.

1138. Red-brown ore. Coordinates: 2,850 S., 1,200 E., Feigh mine, 1953.

brown. Some of the iron-formation in the Virginia
mine and in drill samples from farther east beneath
Menomin Lake is exceedingly cherty, and the ferru-
ginous layers make up as little as one-tenth of the
volume where the rock grades into ferruginous chert.
In the Virginia mine some lean ferruginous chert,
in which the bonding between quartz grains has thor-
oughly broken down resulting in a soft sandy ma-
terial, was mined and treated in the mill yielding
a satisfactory product.

SUGGESTED ORIGIN

The following proposed origin of the North range
ores seems worthy of consideration at this time be-
cause, although the substantiating data are not
abundant, the theory readily explains most of the
various field relations, some of which seem rather
unusual. The ores of the district are believed to
have been produced in two stages and by two gen-
eral processes. The stages are recognizable only in
the thin-bedded facies of the Trommald formation,
but they must be presumed to have been effective in
the thick-bedded facies and also in the upper iron-
formation lenses of the Rabbit Lake formation.

The first, probably hydrothermal, stage of ore de-
velopment is characterized by deep hematitic oxida-
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tion, the introduction or redistribution of boron and
a rough spatial relation to fractured zones and ig-
neous intrusion. Rising hydrothermal waters would
have stimulated circulation of ordinary ground waters
and accelerated their oxidizing and leaching capacity,
perhaps partly by increasing their temperature but
probably mostly by increasing their rate of circu-
lation. The resultant ore bodies are large, deep,
tabular, and hematitic, for example, those of the red-
brown type. The hydrothermal activity was limited
to the southeast edge of the North range where it
may have followed zones of earlier thrusting and
fracturing, especially between and including the Mar-
tin and Manuel mines where no continuous major
thrust zone could be traced, but fracturing and thrust-
ing were observed or suspected in several places.

Boron was introduced in the first stage or per-
haps was redistributed from a few boron-rich sedi-
mentary beds (table 10), and small amounts now
present are probably all in the mineral tourmaline.
The iron-formation was almost all oxidized in the near
vicinity of the stimulated circulation, and the bottom
of the ore and oxidized iron-formation has not been
reached by exploratory drilling to more than 900 feet
below the bedrock surface. Oxidation of the iron
minerals probably preceded leaching, but no sug-
gestion of a nontronitic phase with this alteration was
seen.

The oxidizing solutions were also active in marginal
areas along certain groups of particularly open joints,
producing narrow oxidized zones but probably no ore.
The oxidized zones were important later because they
were much more permeable than the adjacent un-
oxidized iron-formation and gave an access for weath-
ering solutions that produced brown ore.

It is impossible to estimate how much deeper the
Cuyuna red-brown ores may extend and also how
great a thickness of bedrock including the red-brown
ores has been removed since those ores formed. Ore
and the deep oxidation of iron-formation extend to
several thousand feet in other Lake Superior regions.
Not more than a few hundreds and probably a few
tens of feet of bedrock and ore have been removed
since formation of the brown ores in the Cuyuna
district.

The second stage of ore development took place by
the relatively more irregular and widely distributed
oxidation and leaching of the iron-formation by or-
dinary weathering processes. Much of the ore in the
thin-bedded facies may have passed through a non-
tronitic phase in the alteration from unoxidized iron-
formation. Brown ore formed as an irregular blanket

on all exposed surfaces of the unoxidized thin-bedded
facies and also on the peripheries of all the pre-
existing red-brown ore and as shells on all unoxidized
residual masses remaining in the red-brown ores. The
red-brown ores were relatively permeable and aided
the circulation of weathering solutions, thus yielding
masses of brown ores at anomalously great depths.
Marginal to the areas of dominantly red-brown oxi-
dized iron-formation, the first oxidation process seems

"to have advanced outward along the joints perpen-

dicular to the fold axes. These narrow early oxi-
dized zones were then enlarged by later brown oxi-
dation, and the brown ores from several such zones
coalesced locally forming minable ore bodies such as
in the Mahnomen No. 2 mine (pl. 3). Except where
it formed along the sides of deep red-brown ore bodies
as in the Mahnomen No. 1 (pl. 3) and Sagamore No.
2 (pl. 4) mines, brown ore probably occurs no more
than 100 feet below the present bedrock surface.
Brown ore is common on the bedrock surface of the
thin-bedded facies throughout the North range,
though most is too shallow to be minable, and prob-
ably blanketed the entire exposure before glaciation.
Although the ore blanket has been entirely removed
from many places, the remaining brown ore occurs
locally in all parts of the North range suggesting that
the land surface when the ore formed was nearly
parallel to the present surface and was, therefore, one
of low relief. The thick-bedded facies of the Trom-
mald formation probably altered to ore in the same
second stage by solution along boundaries of quartz
grains, and parts of the upper iron-formation lenses
in the Rabbit Lake formation probably were similarly
changed.

RECOMMENDATIONS FOR FURTHER EXPLORATION

The recommendations for further exploration made
here are generally repetitious of recommendations
made in earlier reports (Schmidt, 1958a, 1959). Par-
ticularly important in exploration for ore in the
Cuyuna North range are the distinctly different char-
acteristic patterns of ore distribution in the two facies
of the Trommald formation. Perhaps less important
is the general limitation of higher grade ores to the
thin-bedded facies, and ores requiring beneficiation
oceur in both facies of the Trommald formation and
in the upper iron-formation lenses within the Rabbit
Lake formation. The upper iron-formation lenses
have been explored enough to show that they are
generally unfavorable, and only the Trommald for-
mation deserves further systematic exploration.
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THIN-BEDDED FACIES

The previous discussion of the distribution of ore
in the Trommald formation has shown that the thin-
bedded facies along the southeast edge of the North
range has been much more favorable for the discovery
of ore bodies than the same facies where found farther
northwest. Any area of this favorable part thought
to be underlain by thin-bedded iron-formation and
not already drilled is probably worthy of exploration.
A few such areas are indicated below.

The southeast limb of the major syncline extend-
ing from the Armour No. 2 mine northeastward to
the NW1/ of sec. 32, T. 47 N., R. 28 W. (pl. 2), has
been explored very little between lot 5 in sec. 6, T. 46
N, R. 28 W., and the northeast end of the fold, which
seems to be completely unexplored. The relatively
undrilled southeast limb of this fold has much less
magnetic attraction than the partly oxidized north-
west limb, suggesting that oxidation may be more
general on the southeast side. This limb should be
more thoroughly explored.

Drilling data concerning the Trommald formation
northeast of Rabbit Lake in the El4, of sec. 20 and
in sec. 21, T. 47 N., R. 28 W., are very incomplete,
and the mapped contacts for this unit are speculative.
Much or all of the iron-formation penetrated by drill-
ing in this area is oxidized. The Trommald forma-
tion here is about 200 feet thick, most or all of which
is thin-bedded facies. The area is located along the
southeast edge of the district and not far from the
occurrence of ore at the Kennedy and Rabbit Lake
mines. The inferred geologic structures suggest a
group of southwest-plunging drag folds, which may
increase the width of the iron-formation exposed at
the bedrock surface. The area is worthy of additional
exploration.

In an unexplored area in secs. 9 and 10, T. 46 N.,
R. 29 W., southeast of the Huntington, South Hill-
crest, Feigh, and Pennington mines the areal geology
shows that a belt of iron-formation extends eastward
from just south of the Huntington mine and may be
continuous to the Bonnie Belle mine (pl. 3). The
structure in the Huntington, South Hillcrest, Feigh,
and Pennington mines has been interpreted as a tight
asymmetrical anticline, probably sheared on one or
several planes near the axis. Chlorite and biotite
schist correlated with the lowermost part of the Rab-
bit Lake formation occurs along the southeast side of
all these mines. A band of iron-formation has been
traced by drilling for a short distance eastward be-
neath the south bank of the Huntington mine and
westward from the Bonnie Belle mine into the
NW14SE1 sec. 10, but no connection has been traced.

Farther south, the Mahnomen formation has been
penetrated by many drill holes, beneath the northeast
end of Blackhoof Lake in sec. 10, in lot 1 of sec. 16,
and in the NE14SEl, sec. 15, T. 46 N., R. 29 W.
Assuming the Trommald formation to be continuous
in this part of the district, it probably appears at the
bedrock surface somewhere between the south bank of
the South Hillcrest and Feigh mines and lot 1 in sec.
16, unless it has been cut out by unknown faults or
intrusion. Exploration has been insufficient in an
area that appears to be a decidedly favorable loca-
tion for the occurrence of ore, and more drilling seems
definitely justified.

In sec. 19, T. 46 N., R. 29 W., near the Sagamore
mine (pl. 4), relatively unexplored thin-bedded facies
of the Trommald formation probably occurs southeast
of the present mine in a narrow belt from the
SE1NE1, to the SE14SW1,. No limit of the iron-
formation southeast of the mine has been established
by drilling in the SE1,SW1j, and the lack of strong
anomalous magnetic attraction suggests that any iron-
formation present is thoroughly oxidized. In the east
half of the section, the greatest possible width of the
unexplored iron-formation is limited by the known
presence of the Mahnomen formation to the south-
east. This area should receive some additional explo-
ration,

The thin-bedded facies of the Trommald formation
on the northwest side of the North range has been
extensively drilled, perhaps in part because of strong
magnetic anomalies. Relatively little ore has been
found, and the area presumably deserves little fur-
ther exploration.

THICK-BEDDED FACIES

The thick-bedded facies has been generally favor-
able for discovery of ore bodies in all parts of the
district where the unit exceeds 80 feet in thickmess
and particularly favorable in drag-folded areas. Most
ores discovered in the thick-bedded facies will prob-
ably require beneficiation. If only the thick-bedded
facies is present, ores will be generally low in manga-
nese.

The thickness of this facies is important in explo-
ration. Where only the thick-bedded facies is pres-
ent, the total thickness of the Trommald formation
may range from more than 100 to 45 feet, and per-
haps there are places where the iron-formation pinches
out. Eastward and northward in the North range the
thick-bedded facies overlaps the thin-bedded facies,
thins at -the expense of the underlying thin-bedded
facies, and finally disappears entirely. Where both
facies are present and the thin-bedded facies is un-
favorable for the occurrence of ore, the gradual thin-
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ning of the thick-bedded facies must be considered an
important factor in exploration.

The thick-bedded iron-formation generally contains
only a relatively small amount of magnetite and
causes little, if any, magnetic anomaly.

Further exploration of the thick-bedded facies is:
recommended in sec. 12, T. 46 N., R. 30 W., where no
data are known that trace the Trommald formation
southwestward beyond the NE1,NE1, (pl. 2). Most
drill holes in this section were probably in the Rabbit
Lake formation; and all holes in iron-formation, ex-
cept in the NE14NE1, were in lenses of upper iron-
formation, not in the Trommald formation. Drilling
in the NE14NE1, has indicated a drag fold, similar
in shape to the fold at the Section Six mine, and if
the belt of iron-formation can be traced westward
more drag folds may be discovered.

The southwest end of the belt of the iron-formation
in secs. 29 and 30, T. 47 N., R. 29 W. (pl. 2), has not
been traced beyond the northeast end of Miller Lake.
The iron-formation is all thin-bedded facies where
samples were examined in this area, but it may change
to thick-bedded if the belt extends farther to the
southwest. Previous exploratory drilling in the thin-
bedded iron-formation has not discovered ore; but
should the iron-formation change to thick-bedded
facies along the southwestward strike, the chances of
finding ore in this part of the district would be
greatly increased. Exploration for manganiferous
ores might be favorable in the area of facies overlap.
If the facies change is verified, magnetic anomalies
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must be interpreted with care because the thick-bed-
ded facies is very weakly magnetic and the lower part
of the Rabbit Lake formation seems to be strongly
magnetic here.

EXPLORATION FOR MANGANIFEROUS ORES

Most of the generalizations made for iron-ores are
equally true for manganiferous iron-ores, and the map
(pL 9) presented herein shows the general distribution
of manganese in the district. The manganiferous iron-
ores and the less common ferruginous manganese ores
are most apt to be found where the thin-bedded facies
occurs alone and in both facies where the thick-bed-
ded overlaps the thin-bedded, especially within about
50 feet of the transitional contact. Sites near the tran-
sition between the facies include most of or all the
rich manganiferous iron-ore bodies that were selec-
tively mined by underground methods in the past.

LOW-GRADE MANGANESE RESERVES

More than one-third of the ore shipped from the
Cuyuna district through 1954, or about 29 million
long tons, contained more than 5 percent manganese,
and the district has contributed an important part of
the manganese production of this country. Most of
the manganese has been shipped as a constituent of
iron ore (less than 5.0 percent Mn) and manganiferous
iron ore (5.0-10.0 percent Mn) and a relatively smaller
amount as ferruginous manganese ore (more than 10
percent Mn) (table 11).

TaBLE 11.—Production of iron ore,! manganiferous iron ore? and ferruginous manganese ore ® from mines in the Cuyuna district,
1911-54, in gross tons

[Data from U.,S. Bureau of Mines Minerals Yearbook (1954)]

Usable iron ore pro- Manganiferous iron ore Ferruginous manganese ore

duced (direct-ship- Total

ping, concentrates, shipments

and sinter) Shipments Fe, natural | Mn, natural Shipments Fe, natural | Mn, natural
(percent) (percent) (percent) (percent)
1911-41___________ 27, 987, 265 12,442,066 | ____|oooooo__- 3,761,448 | _________| ________. 44, 190, 779
1942 __________ 1, 655, 485 1, 299, 826 38. 04 8. 02 79, 026 34. 67 15. 14 3, 034, 337
1943 __________ 1, 747, 304 1, 070, 596 43. 06 7.74 226, 588 31. 81 15.61 | 3,044, 488
1944 _____________ 1, 417, 256 977, 583 36. 90 7. 65 109, 612 33. 15 13. 98 2, 504, 451
1945 _____________ 1, 784, 010 1, 246, 294 38. 04 6. 77 e om oo |mme e 3, 030, 304
1946 ______________ 1, 380, 120 955, 977 37. 84 6.31 ||| 2, 336, 097
1947 ___________ 2, 100, 846 930, 144 36. 92 6.00 [ ______. ) g 3, 030, 990
1948 ____ 2, 030, 281 1, 070, 110 36. 48 6.03 || |eeoaaao- 3, 100, 391
1949______________ 1, 826, 711 881, 000 36. 93 5. 81 3, 109 36. 10 11.11 2, 710, 820
1950 _ . _____.___ 2, 480, 843 4762,071 37. 59 6. 17 14, 470 31.91 11. 04 3, 257, 384
1961 . ______ 2, 651, 724 885, 824 36. 93 6. 05 13, 150 33. 33 12. 17 3, 550, 698
1952 . _________ 2, 369, 180 773, 260 38. 40 5.77 28, 127 32. 38 10. 61 3, 170, 567
1953 o ___ 2, 900, 579 795, 001 37.79 5. 69 179, 545 33. 73 11. 62 3, 875, 125
1954 _______ 1, 497, 296 443, 308 40. 65 5. 65 56,743 ¢ 32. 51 611. 80 1, 947, 347
Total _____. 53, 828, 900 24,533,060 |__________|-o_o_____ 4,421,818 | _|ooo._____. 82, 783, 778

! Containing less than 5 percent manganese.
2 Containing 5 to 10 percent manganese.
3 Containing 10 to 35 percent manganese.

4 Revised figure.
5 Does not include 1878 short tons shipped to the Government stockpile.
¢ Based on dry analysis.
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Lewis (1951) and Grout (Grout and Wolff, 1955)
have emphasized the importance of the Cuyuna dis-
trict as a potential source of manganese if foreign
supplies are limited. Lewis has made an estimate of
500 million tons of material, containing more than 2
percent Mn, none of which is considered part of a
commercial reserve at present. This estimate is mostly
based on open-pit mining, calculated to a mining depth
of 150 feet, and includes considerable manganiferous
slate in Aitkin County.

Details of the calculation of the reserve of low-grade
manganese were not available, and no attempt was
made to duplicate the calculation. It should be pointed
out that the reserve figure includes all types of mate-
rials: unoxidized iron-formation, oxidized lean ore
from both facies of the Trommald formation, and
lean ferruginous manganiferous slate and argillite
from Aitkin County. The part which is unoxidized
iron-formation is assumed to be “carbonate slate,” that
is, iron-formation in which most of the iron and man-
ganese are present as carbonates. This assumption is
critical because the recovery of the manganese by
practical methods known at present is contingent on
the use of a process developed by the U.S. Bureau of
Mines for treatment of ore containing manganese car-
bonate. Petrographic studies of the thin-bedded facies
showed that the distribution of iron carbonate and
manganese carbonate in the unoxidized rock is very
irregular and that in many places relatively little
carbonate is present. The iron occurs in silicates and
in magnetite, and no separate manganese mineral
could be identified; possibly the manganese is present
as part of the silicates, especially stilpnomelane. The
available data were insufficient to establish any regu-
lar pattern of the distribution of carbonate-bearing
rock within the thin-bedded facies. The carbonate-
bearing rock does not persist along the strike, and in
any particular place cannot be relied on to persist
through any great stratigraphic thickness. So long
as the recovery method depends on the occurrence of
the manganese in carbonate rather than in a silicate,
any reserve calculation pertaining to the thin-bedded
facies must be supplemented by a careful mineralogic
study. In most of the areas embracing large tonnages
it is doubtful that enough representative cores were
saved from exploratory drilling to make such a study
possible without additional drilling.

As a tentative recommendation for exploration of
this type, the minerals present in the unoxidized iron-
formation can probably be expected to be reasonably
persistent for 1,000 feet along strike. Systematic
drilling at that interval would provide the first in-
formation available on the real lateral persistence of

critical minerals in the thin-bedded facies, and con-
tinued drilling may provide reasonable evidence for
extension of the spacing to 2,000 feet or more.

DESCRIPTION OF MINES

In the following section, each mine in the district
is described briefly. Each description includes the his-
tory of mining operations, the name of the company
opening the mine and the company most recently oper-
ating it, the total production in long tons, and a sum-
mary of the geology of the deposit. No attempt has
been made to detail the ownership of the properties
or the very complex lease arrangements that are com-
mon in the district. The descriptive locations of the
properties are strictly limited to those sixteenths of
sections and lots in which actual mining operations
were performed; where the leases also include several
adjacent unmined properties, these are not listed.
Production figures were taken from the Mining Di-
rectory of Minnesota (Wade and Alm, 1954, 1955), an
annual publication of the University of Minnesota
Mines and Experiment Station; this publication also
lists all properties that include taxable ore reserves
and the current owners and lessees. The method of
describing the mines differs from the conventional
treatment, inasmuch as a mine that is in effect a unit
both geologically and in mining operation is described
as such even though it may be divided by property
lines. On the other hand, several distinctly different
mines although operated together as a “group,” such
as the large Mahnomen group, are described sepa-
rately.

The order in which the mines are described is
roughly geographical, though strict adherence to any
geographical system is very difficult. Mines in T. 47
N., Rs. 28 and 29 W. (pl. 2), are described generally
east to west but are taken in counterclockwise order
around the margin of the large Merritt mine-Rabbit
Lake syncline beginning at the Kennedy mine and
ending at the Joan No. 3 shaft. Mines in T. 46 N,
R. 29 W. (pls. 3, 4), are considered successively south-
westward from the North Yawkey to the Sagamore
mine, but the order of individual mines is much less

systematic.
KENNEDY MINE

The first ore shipped from the Cuyuna district was
from the Kennedy mine (pl. 2, secs. 29 and 30 T. 47
N.,R. 28 W.). Shaft sinking began in 1907; the stock-
piling of ore started in 1908, awaiting completion of
the railroad. The first shipments were made in 1911,
the last in 1925. The mine was operated by Rodgers-
Brown Ore Co. until 1923 and by Rodgers-Brown Ore
Co. (Pickands Mather & Co., Agents) in 1924 and
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1925; 2,595,562 tons of ore was produced. It was an
underground mine, had at least three shafts in addi-
tion to the main hoisting shaft, and was worked by
top slicing and caving.

The Kennedy mine is on a broad belt of Trommald
formation where a series of close, though probably not
isoclinal, folds has repeated the formation many times
at the bedrock surface. Various rocks that are not
iron-formation occurred in the workings, and some of
these were believed by Harder and Johnston (1918,
p- 119, 161) to have been chloritized intrusive rocks.
By comparison with the area around the Mahnomen
group of mines, which this area resembles structurally,
it is reasonable to expect that narrow bands of the
Mahnomen and Rabbit Lake formations may be found
infolded in the Trommald formation if further explo-
ration is undertaken and the rocks are carefully stud-
ied. Tt is impossible to ascertain from the drill logs
whether the “diabase” in many holes is really igneous
rock or perhaps unoxidized iron-formation, or to be
sure what general type of rock is meant by “red
schist,” “green schist,” and “carbonate.”

The thin-bedded facies of the Trommald formation
is relatively thick in this part of the district, prob-
ably 200 to 300 feet; and the thick-bedded facies is
probably in excess of 100 feet thick. Most of the
workings of the Kennedy mine were in the thin-bed-
ded facies, and it is not known if any thick-bedded
iron-formation was found in the mine. The under-
ground geology has been described by Harder and
Johnston (1918, p. 159-162). Part of their descrip-
tion (p. 160-162) follows:

Judging from secondary structures in different parts of the
mine, it appears that the entire body of iron-bearing rock is a
straight succession. The beds appear to be on the south
limb of an anticline, the older rocks occurring along the
northwest side of the belt. The iron-bearing rock consists
mainly of ferruginous chert with local irregular bodies of
iron ore. In places the ferruginous chert is hard and massive,
while elsewhere it is partly disintegrated forming wash ore.
With depth, the ferruginous chert grades into cherty and argil-
laceous ferrous carbonate and silicate rocks such as cherty
and slaty iron carbonate, amphibole-magnetite rock, and mag-
netitic slate. These unoxidized phases are especially abun-
dant in the deeper workings of the western and northwestern
parts of the mine. Thus above the 210-foot level there is
hardly a trace of ferrous rocks, the entire iron-bearing rock
being oxidized, while on the 262-foot level the unoxidized
phases are abundant. Ferruginous chert, however, is still
abundant on the 262-foot level, especially directly beneath the
ore bodies where downward circulation has probably been
facilitated by the greater porosity of the material. The meta-
morphosed magnetitic phases of the original iron-bearing rock
are more common in the western portion of the workings, the
unaltered carbonate phases occurring in the central and north-
ern parts. In the unoxidized parts of the iron-bearing for-
mation in the lower levels, green chloritic schist occurs as it

does in the upper levels, but its alteration to red hematitic
schist is much less marked. Usually the green schist is in
direct contact with the ferrous rocks, and locally it is some-
what difficult to distinguish underground between the argilla-
ceous ferrous rocks and the green schist. In many parts of
the mine the schist contains small disseminated ecrystals of
carbonate, probably calcite. In the green chloritic schist
these crystals are fresh and transparent, but in the red hema-
titic schist they are decomposed and form scattered white
spots.

There is thus a general gradation in the Kennedy mine from
ore, wash ore, ferruginous chert, and hematitic schist in the
upper levels, to cherty and argillaceous iron carbonate, amphi-
bole-magnetite rock, magnetitic slate, and green chloritic schist
in the lower levels. The occurrence of the different rocks is
necessarily somewhat irregular, green chloritic schist being
fairly common in the upper levels and ferruginous chert be-
ing abundant in the lower levels; nevertheless the general
change is very significant.

There are four main ore bodies at the Kennedy mine, which,
although irregular, are roughly in the form of lenses parallel
to the general trend of the rock layers. They are located in
general along a line transverse to the bedding of the rock and
have been designated, from northwest to southeast, the (1)
north lens, (2) midway lens, (8) intermediate lens, and (4)
south lens. The longer axis of each body is parallel to the
bedding of the enclosing rocks. Little scattered lenses of ore
are found between the main lenses and along their borders.
The main shaft is located between the intermediate and south
lenses. At the present time only the lenses north of the shaft
are producing ore, but in the past considerable ore has been
mined from the south lens.

The ore from the different lenses varies somewhat as re-
gards texture and composition. The characteristic ore of the
north lens is distinctly laminated, dark reddish to bluish
hematite associated with more or less brownish, siliceous, hy-
drated hematite and limonite. The latter becomes more abun-
dant in the lower levels. The laminated ore is mostly amor-
phous, but certain layers contain much crystalline hematite.
The lamination is caused by the interlayering of ore of dif-
ferent colors, or by the interlayering of siliceous laminae or
crystalline laminae with the common amorphous ore. The ore
usually breaks along lamination planes, often yielding large
slabs.

The principal ore of the midway lens is a soft, yellow to
brown, ocherous limonite. Locally masses and fragments of
hard, brown limonite occur in it. Bedding is very indistinct
and in places wanting.

The intermediate and south lenses consist largely of ordi-
nary hard, amorphous, dark brown limonite or hydrated hema-
tite. Bedding is fairly distinct, but instead of the straight
lamination shown by the north lens ore, the bedding planes
are irregular and the ore is considerably fractured and crum-
pled. Much of the ore is of good grade, but much of it is
siliceous, grading into ferruginous chert. There seems to be
little regularity in the occurrence of the richer or leaner por-
tions. They are irregularly intermixed. Even the boundary
between the ore body and enclosing ferruginous chert is indefi-
nite. Where the ore lies against hematitic schist, however, as
southeast of the intermediate lens, the boundary is sharp.

Unfortunately, no maps were published to show the
positions of the ore bodies and of the wallrocks that
Harder and Johnston described.
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Zapfle disagreed on the general interpretation of
the rocks as a “straight succession” and regarded the
structure as “a series of folds having a distinct N.E.
pitch” (Zapffe, 1928, p. 639).

The ore from the Kennedy mine was both hematitic
and goethitic and was generally low in manganese,
but some of the northernmost workings were in man-
ganiferous ore.

RABBIT LAKE MINE

The Rabbit Lake mine (pl. 2, sec. 29, T. 47 N,,
R. 28 W.) is the newest large ore body to be opened
in the district. The ore body was known from earlier
exploration but opening was delayed because of its
being partly beneath the eastern lobe of Rabbit Lake.
In 1945 a dike was constructed across the narrows
separating the east and west lobes of the lake, and
pumping was begun to drain the water from the east-
ern lobe. Soft mud in the vicinity of the ore body
was removed by dredging in 1947-49, and further
stripping was by standard- methods using trucks and
power shovels. The first ore was shipped in 1952, and
the total shipped was 815,095 tons through 1955. The
mine was developed and is operated by Youngstown
Mines Corp. (Pickands Mather & Co., Agents).

The area stripped in the Rabbit Lake mine is en-
tirely within the thin-bedded facies of the Trommald
formation. In 1955 the pit exposed only one struc-
ture, a large asymmetrical syncline. The syncline is
doubly plunging, 10° or less, toward the center of the
mine. Beds on the northwest side of the mine dip
45°-80° SE.; those on the southeast are uniformly
close to vertical. Local drag folding and minor fault-
ing were observed on the west side of the mine.

All the iron-formation in the mine is oxidized, and
both brown and red oxides are present. The ore is
not manganiferous. An irregular mass of red-brown
titaniferous ferruginous rock, probably argillite, was
observed in the west wall of the mine. Iron-forma-
tion along the southeast bank, stratigraphically the
lowest beds seen in the mine, is very cherty and has
locally been decomposed to a wash ore.

NORTHLAND MINE

The Northland shaft (pl. 2, sec. 20, T. 47 N., R. 28
W.) was sunk in 1918 by the Northern Minnesota
Ore Co. shortly before the end of World War I, and
development work was not completed. The only ship-
ment of ore was 4,575 tons from the stockpile, in 1941.

The Northland shaft is near the upper contact of
the Trommald formation on the northwest limb of a
large southwest-plunging syncline. The mine is be-

lieved to be on a southwest-plunging drag fold in
which the lower contact of the Trommald formation
appears much more folded than the upper. Only the
thin-bedded facies of the iron-formation is present
in this part of the district. Oxidized iron-formation
in drill holes 800 feet west of the mine was brown.
The log of a drill hole near the shaft reports hard
diorite, but there is no other evidence of intrusion in
the area. Similar descriptions in some other parts of
the district refer to unoxidized iron-formation, and it
is doubtful that diorite was found at this place.

MILFORD MINE

Shaft sinking was begun at the Milford mine (first
called the Ida Mae; pl. 2, sec. 23, T. 47 N., R. 29 W.)
in 1917, and ore was shipped in 1918 and in most
years through 1933. The mine was opened by the
Cuyuna-Minneapolis Iron Co. and last operated by
the Amherst Mining Co. A total of 1,266,172 tons of
ore was produced.

Little geologic information regarding the Milford
mine is available. The Trommald formation trends
N. 80° E., dips 50°-60° SE., and lies on the north-
west flank of a major syncline (pl. 2). Only the thin-
bedded facies is present in this part of the district,
and the Milford ores are brown and manganiferous;
unoxidized iron-formation is abundant in the mine
dump. The shaft was located in iron-formation. The
mapped outline of the Trommald formation suggests
that there may be drag folds in the mine area. Faults
are reported by Wolff (Grout and Wolff, 1955, p. 76).

PRESTON MINE

The Preston shaft (pl. 2, sec. 27, T. 47 N., R. 29 W.)
was sunk in 1918 by Coates and Tweed and later aban-
doned; no ore was mined. The property is now
owned by the Inland Steel Co. The writer searched
the vicinity of the old shaft for bedrock that might
have been hoisted during development work but found
none. Samples of fine drill cuttings indicate that the
shaft was probably located in the thin-bedded facies
of the Trommald formation.

GLORIA MINE

Shaft sinking in sec. 28, T. 47 N., R. 29 W. (pl. 3)
was begun in 1916 by E. J. W. Donahue, and ore was
shipped in 1919 and 1920. Including shipments from
the stockpile made in 1931, the mine produced only
2,074 tons. The mine was called the Donahue and the
McKenzie before being renamed the Gloria in 1918.
The idle mine is now owned by the Hanna Iron
Ore Co.
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The only descriptions of the workings of the Gloria
mine were given by Wolff (Grout and Wolff, 1955,
p. 60) who said that a crosscut northwest from the
shaft “encountered about 170 feet of the Upper Cherty
member and some black manganiferous ore. A cross-
cut was driven southeast from the Gloria shaft
through green slates and into slaty brown manganif-
erous ore.”

The shaft is believed to have been sunk near the
middle or top of the thick-bedded facies of the Trom-
mald formation.

ALGOMA MINE

Development work on the Algoma underground
mine (pl. 3, sec. 33, T. 47 N., R. 29 W.) was begun in
1911 by the Iron Mountain Mining Co., and ore was
first shipped in 1915; the mine, operated through 1920,
is now idle, the last operators being the Onahman
Iron Co. The mine was first called the Iron Moun-
tain and then the Hoch. Including a stockpile ship-
ment of 59 tons in 1931, the total production from
the mine was 106,119 tons of ore, probably all ferru-
ginous manganese ore. The ore was mined by top
slicing and by overhand stoping and square setting.

The Algoma ore body was a series of four thin
manganese-rich lenses parallel to the bedding of the
enclosing iron-formation. The lenses were in the
lower part of the thick-bedded facies of the Trom-
mald formation on the southeast-dipping northwest
limb of a major syncline. The iron-formation strikes
about N. 50° E. and dips 65°-78° SE. in the mine.

The ore lenses ranged in thickness from 4 to 30
feet; presumably thinner layers could not have been
considered minable. The lenses were separated by
ferruginous chert zones 4 to 85 feet thick and were
mined for 300 to 400 feet along the strike and to the
160-foot level in depth. Harder and Johnston (1918,
p- 138) visited the mine and described the ore:

The material varies in character in the different ore zones,
as well as in different parts of the same zone. One zone con-
sists mainly of ocherous, brown iron ore, speckled and blotched
with impregnations of manganese ore. Others consist of uni-
formly black manganiferous iron ore, at some places soft and
at others hard and siliceous. At one point a zone of man-
ganiferous iron ore passes into high-grade iron ore along the
strike. Thus there is considerable variation in the character
as well as in the composition of the ore, and in order to
maintain a uniform product, the ore from the different zones
is mixed in mining.

Hard red granular chert or jasper from the cherty
layers between the ore lenses can be found on the
dumps near the old shaft.

FERRO MINE

The Ferro underground mine (pl. 3, sec. 32, T. 47
N., R. 29 W.) was opened in 1913 as the Duluth-
Brainerd mine by the Locker-Donahue Co., but was
taken over by the Onahman Iron Co. and the name
changed to the Ferro in 1915, before any ore was pro-
duced. Regular shipments were made from 1916 to
1921, and a stockpile shipment was made in 1931.
Ore was mined by Butler Bros. in 194243, presuma-
bly through the Merritt mine, and a stockpile ship-
ment was made in 1944. Total production 191644
was 181,307 tons of manganiferous ore. The mine is
idle.

The Ferro ore body is in the bottom of a syncline
that is part of a group of drag folds in the keel of a
large northeast-plunging major syncline. The mine
shaft was northwest of the drag fold axis in the thin-
bedded facies of the Trommald formation; the bot-
tom of the shaft was in unoxidized quartz-silicate-
carbonate iron-formation. The main crosscut at 149
feet extended southeast through unoxidized thin-
bedded iron-formation and through the main ore lens
into the hanging wall, the black ferruginous cherty
thick-bedded facies. The ore was mined from one
distinct layer paralleling the bedding that was 40 to
80 feet thick, and in most places close to 45 feet thick.
The layer trended about N. 55° E. and was concave
to the southeast because of its position on the synclinal
fold. The ore body was described by Harder and
Johnston (1918, p. 136, 137) :

The dip of the bedding of the iron-bearing rocks is from
about 65° southeast to vertical, and this is also the range in
dip of the ore body. The latter occupies a certain zone in
the iron-bearing beds, and apparently represents a replacement
of the original rock along this zone by oxides of manganese
and iron, chiefly manganese. This is well shown by the fact
that the ore occurs along joints and minor cracks, and pene-
trates from these for varying distances into the mass of the
rock. Many little rectangular blocks of ore are found which,
on being broken, present an interior of decomposed or partially
replaced rock. The nature of the original rock is not known.
The character of the rock bounding the ore body leads one to
suppose that it probably consisted largely of chert, ferrous
carbonate, and ferrous silicate with perhaps considerable man-
ganese carbonate and silicate. The decomposed residue, which
at present acts as a sort of matrix in which the ore is em-
bedded and in which it forms replacements, is a dark red, sili-
ceous material rich in iron and usually soft and porous. Asso-
ciated with the ore are certain layers of epidote rock, the rela-
tions of which are not yet known.

The grade of the ore is variable. Masses of rich, finely crys-
talline pyrolusite occur locally, while elsewhere mixed man-
ganese and iron oxides are found. The matrix of dark red
material in which the ore occurs can not be separated from
it in mining, so that the ore as shipped ranges between 20
and 30 per cent in metallic manganese and about the same in
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iron. It is one of the best grades of manganiferous iron ore
shipped from the Cuyuna district at the present time.

The epidote rock mentioned may have been acmite-
rich rock, for Grout (1946a, p. 125) states that the
acmite had been previously described as epidote. The
stratigraphic position of the ore in the Ferro mine is
about the same as the acmite rock in the University
of Minnesota drill hole 500 feet northeast of the
Ferro property line.

JOAN NO. 4 MINE

Development work began on the Joan No. 4 under-
ground mine (pl. 3, sec. 32, T. 47 N., R. 29 W.) in June
1917, and first shipments were made later that year by
the Joan Mining Co. Shipments totaled 40,328 tons of
manganiferous ore during 1917-20, and the mine has
been idle since. Some ore was shipped from stock-
piles in 1931; ore was mined by Butler Bros. in 1943,
presumably through the Merritt mine, and stockpile
shipments were made in 1944. Total ore shipped
through 1944 was 59,430 tons. The Joan shaft is not
shown on the accompanying maps because no accurate
location could be found. The general geologic rela-
tions of the ore are doubtless the same as in the ad-
joining Ferro and Merritt mines.

MERRITT MINE

The Merritt mine (pl. 3, sec. 33, T. 47 N., R. 29 W.)
was opened as an underground mine in 1916-17 by
the Merritt Development Co. and produced ore inter-
mittently from 1917 to 1943. Ore from both Nos. 1
and 2 properties was mined through a shaft in the
NW1,SW14. The mine was last operated by Butler
Bros. (M. A. Hanna Co., Agents). Through 1955
the production figures of 603,612 tons from Merritt
No. 1 and 369,355 tons from Merritt No. 2 include
stockpile shipments by Butler Bros., 1944-49; small
shipments from tailings piles made by Zontelli Bros.,
Ine., 1951-55; and probably do not include tailings
shipments made to Manganese Chemical Corp., River-
ton, Minn., 1952-56. Ore was mined by top slicing
and caving and brought out of the mine through an
inclined ore hoisting shaft. A large mill operated in
conjunction with the mine was located in lot 6, sec. 4,
T. 46 N, R. 29 W., on the northwest shore of Meno-
min Lake; the tailing piles are at this place.

The Merritt ore body was in the tightly folded keel
of a major northeast-plunging syncline. From the
caved area at the surface it appears that most of the
ore was on the crest of a small anticline in a series
of tight drag folds in the major synclinal trough.
The mine is in both the thin- and the thick-bedded

facies of the Trommald formation, and it is believed
that most of the ore was in, or close to, the facies
transition. The lower part of the thin-bedded facies
is not oxidized. The ore mined was red brown to
black and richly manganiferous. Lean ore from this
mine can be examined in large dumps.

PONTIAC MINE

The Pontiac mine shaft (pl. 3, sec. 34, T. 47 N,,
R. 29 W.) was sunk in 1918 by the Oneida Mines Co.,
but the mine was not ready to produce before the end
of World War I, and it was abandoned. It was
originally called the Clark mine.

JOAN NO. 3 MINE

A shaft for the Joan No. 3 mine (pl. 3) was sunk
in sec. 34, T. 47 N, R. 29 W. in 1916-17 by the Joan
Mining Co. No ore was produced, and the mine was
abandoned.

NORTH YAWKEY MINE

The small North Yawkey open-pit mine (pl. 3, sec.
1, T. 46 N,, R. 29 W.) was stripped by the Hanna
Iron Ore Co. in 1953 and 1954. In 1954 and 1955,
the ore shipped totaled 374,051 tons.

The North Yawkey mine is situated in a band of
steeply dipping iron- formation on the northwest side
of a major syncline. The iron-formation strikes
N. 55° E. and dips 55°-75° SE. No bedrock other
than iron-formation is exposed in the mine.

The iron-formation in the North Yawkey mine is
all thin-bedded facies of the Trommald formation.
Most of the oxidized iron-formation is hematitic;
along the west side of the mine, however, unoxidized
iron-formation is exposed in the bank, and this is
separated from the hematitic material by 50 to 100
feet of brown oxidized iron-formation and ore.

MANUEL MINE

Stripping for the Manuel mine (pl. 3, sec. 1, T. 46
N, R. 29 W.) was begun in 1951 by Zontelli Bros.,
Inc., and 786,677 tons.of ore was shipped from 1952
through 1955. The mine is operated by Zontelli Di-
vision of Pittsburgh Pacific Co. and includes the
properties called the South Yawkey, Manuel, and
West Airport.

The Manuel mine is on the southeast limb of a
major syncline. The exposure of Trommald forma-
tion is 850 to 450 feet wide, strikes N. 55° E., and is
overturned with dips from 60° SE. to vertical. The
Rabbit Lake formation is well exposed along the
northwest side of the pit. About 10 feet of gray and
red-brown laminated slate is stratigraphically above
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the iron-formation, and red-brown saprolite that shows
no bedding occurs above the slate. The rock without
bedding is probably the alteration product of a flow
or massive tuff. Southeast of the Trommald forma-
tion a layer of chloritized and decomposed igneous
rock is exposed in a small area in the mine. The
sill-like intrusive mass is dull gray green and of
medium grain and presumably was dioritic or gab-
broic in composition. Drill holes south of the pit
penetrated gray and brown sericitic slate of the Mah-
nomen formation and showed that the width of the
bedrock exposure of the igneous rock separating the
Mahnomen and Trommald formations is 200 to 400
feet.

The iron-formation in the Manuel mine is all oxi-
dized thin-bedded facies of the Trommald formation.
It is generally cherty and is oxidized to both hema-
titic and goethitic material. Concentric layering of
iron oxide and silica of the liesegang type is very
abundant in the southwest end of the mine, especially
in the most cherty parts of the iron-formation. The
layering transects the bedding.

CROFT MINE

The Croft mine (pl. 3, sec. 1, T. 46 N., R. 29 W.)
was begun in 1914 by the Merrimac Mining Co. (John
A. Savage & Co.), and ore was shipped from 1916 to
1934. The present interests are Hanna Coal & Ore
Corp. The mine produced 1,770,669 tons of ore ex-
cluding that removed from the Meacham property.
It was worked to a depth of 630 feet and is now
inactive.

The Croft mine is situated in a belt of Trommald
formation from 60 to 300 feet wide striking N. 55° E.
The iron-formation dips steeply southeast. Two dips
determined from the contacts in drill holes were 60°
ta 65° SE.

The Rabbit Lake formation forms the northwest or
structural footwall rock, and the shaft is in this for-
mation; the southeast-dipping rocks are overturned,
as the Rabbit Lake formation is the younger. The
geology southeast of the main belt of Trommald for-
mation is complex, and only limited information is
available regarding it. The wallrocks are presumed
to be chloritized and in part oxidized igneous rocks.
Drill-hole logs describe the materials as diorite, in-
trusive, green rock, and variously colored schist. A
layer of iron-formation occurs in this wallrock 400
to 600 feet to the southeast, and it is connected to the
main belt by a diagonal segment. The two belts and
the connecting segment appear to have formed by in-
trusion of the igneous rock forcibly parting the Trom-

mald formation along various beds. The connection
of the diagonal band of iron-formation with the main
band is interpretive and is not positively established
by drilling data. No connection of the southeast belt
with other isolated belts that occur farther southwest
is known.

The ore in the Croft mine was high-grade bessemer
and nonbessemer low-manganese hematite. The drill-
ing revealed no unoxidized iron-formation on the
property. Mining was confined to the northwest belt
of the Trommald formation.

MEACHAM MINE

The shaft for the Meacham underground mine
(pl. 8, secs. 11 and 12, T. 46 N., R. 29 W.) was sunk
in 1910 by Rodgers-Brown Ore Co., but no ore was
shipped until 1916. Total shipments in 1916-34 were
1,389,020 tons. The NW14,NW1; sec. 12 was worked
as part of the Croft mine during 1929-31, and the
1932 and 1933 shipments were stockpiled ore from
this operation. Ore in the northwestern part of the
NEYNE1, sec. 11 is now mined by open pit as a
part of the Portsmouth mine. The ore body in the
original Meacham is considered to be exhausted (Lake
Superior Iron Ore Assoc., 1938, p. 273).

The thin-bedded facies of the Trommald formation
occurs in three parallel bands on the Meacham prop-
erties, and ore has been mined from two. The first,
a broad belt of iron-formation in which the Ports-
mouth mine is now located, cuts across the northwest
corner of the NE14NE1, sec. 11. The Meacham mine
is in the second or central belt, 100 to 250 feet wide,
located 300 to 600 feet southeast of the first, and sepa-
rated by an infolded mass of Rabbit Lake formation.
The third belt is 300 to 700 feet southeast of the
second and is 120 to 180 feet wide; the intervening
rock is believed to be a generally concordant intru-
sive body, thoroughly chloritized. Scant information
from exploration drilling indicates that chloritized
igneous rock also occurs southeast of the third belt.

The second belt strikes N. 60° E. and dips south-
east. This is the northeast extension of the iron-
formation in the Armour No. 2 and the Thompson
mines and is overturned. The width of the bedrock
exposure narrows from 250 to 100 feet toward the
northeast, and this narrowing is perhaps related to
the crosscutting of the bedding by intrusion of the
large igneous mass to the southeast. No unoxidized
iron-formation was reported in the drilling in this
belt. The Meacham mine produced brown iron ores
and manganiferous iron ores.

The third belt of Trommald in the Meacham prop-
erty is brown oxidized iron-formation.
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THOMPSON MINE

The Thompson mine (pl. 3, sec. 11, T. 46 N, R. 29
W.) was developed as an underground operation in
1911 and shipments began in 1912. Overburden strip-
ping began in 1913 and shipments from an open pit
were made during 1914-16. Subsequently, ore was
mined by the milling (glory-hole) system and hoisted
in the shaft; ore in the northern part of the NW1,
NE?, was removed by underground methods. The
mine was operated by Inland Steel Co. and produced
ore until 1920. Later, the open pit was filled with
stripping from another mine, and the ore body in the
northern part of the property was mined as part of
the Portsmouth open pit, now operated by the Hanna
Iron Ore Co.

The iron-formation and ore in the Thompson mine
are divided into two main belts by a narrow infolded
strip of Rabbit Lake formation; a third unmined belt
occurs to the southeast, a continuation of the south-
east belt in the Meacham property. The northern
belt is described under the Portsmouth mine.

The second or central belt is an extension of the
ore in the Armour No. 2 open pit to the southwest and
the Meacham underground mine to the northeast.
Geologic details of this mine were taken from the
map printed by Harder and Johnston (1918, pl. 22).
The iron-formation strikes N. 65° E., and the over-
turned beds dip 40°-80° SE. Near the south edge
of the mine the iron-formation is divided by a con-
cordant layer of hematitic schist, the northeastward
extension of the chlorite schist in the Armour No. 2
pit, and presumably likewise derived from alteration
of an intrusive rock.

The iron-formation in the Thompson mine is en-
tirely the thin-bedded facies of the Trommald for-
mation, and it is all oxidized brown or red brown.
Some of the iron-formation is cherty, and in part this
chert is decomposed; the material, therefore, was
mined and treated as a wash ore.

The Rabbit Lake formation between the old pit
and the mine shaft was described by Harder and
Johnston (1918, p. 149) as “light gray to dark gray
or red siliceous and ferruginous argillite (or slate).”
They further described a thin lens of ore interbedded
in the argillite just northwest of the main ore body.

The third or southeast belt has been penetrated by
several drill holes, and a few holes in adjacent wall-
rocks indicate that chloritized igneous rock occurs on
both sides of the iron-formation.

PORTSMOUTH MINE

.Thfa Portsmouth mine is one of the largest open
pits in the district; the pit has been formed by the

combination of several smaller pits and underground
mines: Portsmouth, SE14SE1, sec. 2; Wearne,
SW1,SE1; sec. 2; Osberg, SE1,SW1, sec. 2;
Chisholm-Williams, NW1,NW1;, sec. 11; Evergreen,
NE1NW1, sec. 11; Healy, formerly part of Thomp-
son, NW14,NE1; sec. 11; and Meacham, NE1,NE1;
sec. 11 (pl. 3). Development of the Portsmouth ore
body began with the northward crosscutting from the
Thompson underground mine into the northern part
of the NW1;,NE1; sec. 11 in 1912 or 1913. The
Wearne mine, SW14,SE1, sec. 2, was stripped as an
open pit in 1916. From the Portsmouth mine
13,127,832 tons were shipped through 1955, exclusive
of ore mined from the Thompson mine. The Ports-
mouth mine is now operated by the Hanna Iron Ore
Co. Ore is moved from the mine on a 1,714-foot
inclined conveyor belt and travels to a large mill made
up of a washing plant and a sintering plant.

The Portsmouth mine is situated in a broad belt
of folded iron-formation on the northwest limb of a
syncline. Though the mine is as much as 1,200 feet
wide, only ore and iron-formation are exposed in it.
The strike of the contacts of the Trommald forma-
tion is N. 60°-70° E. Toward the south, at the west
end of the mine, the folding is very intense (pl. 3);
fold axes are closely spaced, and some of the folds
are isoclinal. Toward the north the folds seem to
be more open and the axes farther apart. The fold
axes trend N. 70°-85° E. at a noticeable small angle
to the strike of the contacts; this strike suggests a
general eastward plunge of the folds in accordance
with the plunge indicated by the larger structural
pattern; that is, near the southwest end of a doubly
plunging syncline.

Fold axes in the Portsmouth mine do not have a
uniform plunge, but they are inclined either north-
east or southwest at angles as much as 45° (pl. 3).
The generalized northeast plunge is deduced from the
strike of fold axes compared with the strike of the
formational contacts. The directions of fold plunge
were studied carefully, and it was found that re-
versals were generally systematic and indicated a
group of gentle northwest-trending cross folds. Simi-
lar cross folds may be present in many parts of the
district, but the subtle detail necessary to map them
was obtainable only in the excellent exposures in
this mine.

All the iron-formation in the Portsmouth mine is
the thin-bedded facies of the Trommald formation.
Unoxidized iron-formation is exposed in many parts
of the mine, probably representing many different
stratigraphic positions within the formation, and there
is great variety in the minerals contained at the differ-
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ent exposures. Large irregular masses of lean iron-
formation associated with the ore have been left in
the mine and greatly aided geologic mapping. No
systematic variation in the lithology of the iron-for-
mation was found. Titaniferous argillaceous layers in
the iron-formation are more common here than in any
other mine in the district. One large lenticular mass,
in the NE1,NW1/ sec. 11, is presumed to be a type
of intercalated titaniferous ferruginous argillite (pl.
3). It is a chlorite schist (table 6, sample 1045), and
slabs of iron-formation as much as a foot long are
included in it within a few feet from the contacts.

The Portsmouth mine produces both brown and
red-brown iron ores and manganiferous iron ores.
A general line of separation between the brown and
the red-brown ores is very close to the section line
between secs. 2 and 11. Ores north of the section line
are mostly brown, except for a narrow north-trending
belt along the east end of the pit; ores south of the
section line are mostly red brown, but of course there
are many exceptions to this generalization. Deepest
mining was near or slightly southeast of the long
axis of the pit, especially in the southwestern part
of the SE14SEY, sec. 2 where mining went to more
than 300 feet below the surface. Unoxidized iron-
formation is abundantly associated with brown ore
on the northwest side of the mine where the depth:
of oxidation generally decreases northward. In the
part of the mine in sec. 11, oxidation has been more
general, and the bottom of the oxidized iron-forma-
tion has not been reached. Brown ore and unoxi-
dized iron-formation are less common. The only ex-
posure of a transition from unoxidized thin-bedded
iron-formation to red-brown oxidized iron-formation
observed in the district occurs on the west line of the
NW1,NE1, sec. 11, about 350 feet south of the north-
west corner.

In the SE14,SE1, sec. 2, small pockets of brown
ore cut across the strike of the beds and are between
walls of unoxidized iron-formation.

The Portsmouth mine has recently been extended
northeastward into the W14SW1/, sec. 1 and farther
northward into the SW14,SElj sec. 2 than is shown
on the accompanying maps.

ARMOUR NO. 2 MINES

Armour No. 2 mines include an underground mine
and an open pit (pl. 8, sec. 11, T. 46 N., R. 29 W.).
The underground mine is served by an old shaft in
the SW1,NW1, and a new shaft in the SE},NW1,.
The open pit, at present inactive, is in the SE1,NW14.
Work on the Armour No. 2 underground mine was
begun in 1910, and the first ore was shipped in 1912.

CUYUNA NORTH RANGE, MINNESOTA

The mine was opened by Rodgers-Brown Ore Co.
and is now operated by Inland Steel Co. The old
shaft was not used for hoisting ore during recent
years, all ore having been hauled to the Armour No. 1
shaft. The underground ore has been mined by top
slicing and stoping methods. The underground and
open pit produced 6,255,364 tons through 1955.

The ores of the Armour No. 2 mines have been
developed in two northeastward-merging belts (pls.
7, 8). A relatively narrow strip along the north edge
of the SW14,NW1; pinches to the east as the iron-
formation-schist contact and the property line con-
verge; the strip is only a small part of a wide belt
of iron-formation in the properties to the north. The
southeast belt extends northeastward across the SW1,
NW1,, where it is about 140 feet wide, broadens
greatly, joins with the northwest belt, and splits again
into two bands in the SE,NW1,. A third belt oc-
curs southeast of the open-pit mine and was exposed
in the pit before slumping of the banks. It is sep-
arated from the ore body by a layer of chlorite schist.
The belts of iron-formation all dip to the southeast;
some of the beds are known to be right side up and
some overturned, but for much of the area the strati-
graphic tops are not known.

The old Armour No. 2 shaft is near the center of
the SW14,NW1, in the large mass of schist that
separates the northwest and the southeast ore bodies.
The schist was examined on the 168-foot level from
the iron-formation contact near the northwest ore
body to 70 feet southeast of the shaft beyond which
the workings were unsafe. The northwest edge of the
schist is oxidized to a red-brown “paint rock” for 25
feet from the iron-formation contact. The schist was
exposed on the 168-foot level in many places in a dis-
tance of 400 feet along the haulageway and was
believed to be all metamorphosed sedimentary rock.
There is no evidence that part of this mass of chlorite
schist is igneous as there is at the Armour No. 1 mine
to the west. Harder and Johnston (1918, p. 147)
reported that “a few lenses of iron-bearing forma-
tion” within the chlorite schist were disclosed by
drilling.

The northwest ore body is along the edge of a wide
belt of iron-formation that is exposed for 1,300 feet
north of the chlorite-schist and iron-formation con-
tact. The ore body is the northeast extension of the
Armour No. 1 ore body and is similar in width and
depth and in its relationship to the schist. The ex-
tent, if any, beyond the property line to the north is
not known.

The southeast ore body is much more complex. The
structural data recorded by Harder and Johnston
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suggest that at the southwest end the iron-formation
dips 40°-80° SE. and shows no evidence of folding.
The ore body extended southwestward into the Ironton
and Bonnie Belle mines. This part of the ore body
was worked to a depth of 348 feet, the iron-forma-
tion largely having been converted to ore at the south-
west end. Ferruginous chert is increasingly abundant
south of the ore toward the northeast. The iron-
formation is reported to be bounded by chlorite schist
on both the northwest and southeast sides. The
chlorite schist is altered to a hematitic material near
the iron-formation contact.

In the SE1,NW1/, the southeast belt of iron-forma-
tion is much wider and the chlorite schist near the
old shaft has narrowed and disappeared; the south-
east and northwest belts are joined. Most of the
details of the geology known in the SE1,NW1, were
obtained from the Armour No. 2 open pit. On the
northwest side of the mine, a narrow tightly com-
pressed syncline of Rabbit Lake formation begins
about midway between the ends of the mine and
plunges to the northeast. This infolded mass, less
than 100 feet wide at this exposure, broadens north-
eastward to more than 1,500 feet and is one of the
major structural features in the district. The Rabbit
Lake formation seen here is gray laminated tuff and
black pyritiferous argillite, in part alunitic. The
iron-formation is overturned and dips generally 55°-
60° S. Along the southeast bank of the mine, a con-
cordant layer of gray-green chloritized intrusive body
about 50 feet thick is enclosed in the iron-formation.
This layer is known to extend northeastward into the
Thompson property, where it pinches out; but its
southwest extension beyond the bank of the pit is
not known, and its junction with the chlorite schist
farther southeast is only presumed. The width of
the iron-formation southeast of the chloritized in-
trusive rock is not known because the southeast con-
tact has not been found. Presumably, the width of
the iron-formation and the type of wallrock are the
same in the property as to the east where the iron-
formation southeast of the intrusive rock is perhaps
120 feet wide and is bounded on the southeast by
gray and green schist.

All the iron-formation in the Armour No. 2 mine
is the thin-bedded facies of the Trommald forma-
tion, and it is all oxidized. In the northwest ore
body and in most of the southeast ore body, the ore
is mixed brown and red brown, and both iron ore
and manganiferous iron ore occur in each ore body.
At the southwest end the southeast ore body is dark-
red iron ore, in part bessemer grade. The iron-for-
mation in the open pit is very cherty, especially along

the northwest bank. In much of the cherty iron-
formation the iron has formed small 14 to 14 inch
concretionary ellipsoids and, where the chert is soft-
ened, makes an excellent wash ore.

ARMOUR NO. 1 MINE

Development of the Armour No. 1 mine as an
underground operation (pls. 3, 7, 8, sec. 10, T. 46 N.,
R. 29 W.) began in 1910 and ore shipments were
made in 1912 and 1913. Stripping began in 1915 and
shipments from the open pit were made the same
year. Development was by Rodgers-Brown Ore Co.,
but the mine has been operated by Inland Steel Co.
since 1915. After a period of operation as an open
pit, underground mining was resumed and has con-
tinued to the present. The deepest mining was on the
800-foot level, and the top-slicing method was used.
The mine produced 6,271,672 tons of red-brown and
brown iron and manganiferous iron ores through
1955.

The shaft, the main haulageways, and some ex-
ploratory workings have been in various kinds of
chlorite schist that form the south wallrock to the
Armour No. 1 ore body. The contact relations of
the chlorite schist and the iron-formation are not
simple (pl. 8, sections 10-13). The Trommald forma-
tion is in a series of relatively open folds of moderate
size, roughly 100 to 200 feet separating any two
anticlinal axes. The axial planes strike about N. 70°
E. and dip 65°-80° SE., and the beds on the fold
limbs dip from 30° SE. and NW. to nearly vertical.
The general attitude of any particular bed as a result
of the folding is that of horizontality, which is ana-
logous to the gently folded, nearly horizontal struc-
tures on the south side of the Pennington mine (p.
75) and in contrast to the steeply dipping beds on
the north side of the Pennington mine. The gently
folded generally horizontal sequence is abruptly cut
off on the southeast side of the mine by the large
mass of chlorite schist that is in part chloritized ig-
neous rock and in part metamorphosed sedimentary
rock, probably Rabbit Lake formation. The propor-
tions of each are unknown. Hematitic schist, an oxi-
dized form of the chlorite schist, appeared on the
original bedrock surface as a lens or tongue 700 feet
long and as much as 60 feet wide separated from the
main schist mass by a belt of iron-formation 50 to
140 feet wide. The separating iron-formation, largely
converted to ore and now mined out, narrowed with
depth and disappeared within several hundred feet;
the schist lens then joined the main mass of wallrock.
Iron-formation was also found to the south within
the main schist mass by three holes drilled north-
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east of the No. 1 shaft (pl. 3), two of which show
on plate 8, section 11. The relation of this iron-forma-
tion to the ore-bearing beds farther north is not
known, and no record that mine workings penetrated
this mass of iron-formation has been found.

Samples of chloritized schistose quartz diorite were
collected near the Armour No. 1 shaft on the 600-foot
level. It is not known, however, if the chlorite
schist forming the greater part of the south wallrock
of the Armour No. 1 ore body is derived from chlor-
itized and sheared quartz diorite or metamorphosed
sedimentary and perhaps some volcanic rock in the
Rabbit Lake formation. Chlorite schist collected on
the 168-foot level of the Armour No. 2 mine was in-
terpreted to be metamorphosed Rabbit Lake forma-
tion.

All the iron-formation in the mine is oxidized, and
the chlorite schist is also oxidized for several feet or
tens of feet from the iron-formation contact. The
ore body closely followed the chlorite schist contact
and tended to cut across the bedding. The main ore
body was a tabular mass ranging roughly from 30
to 100 feet in thickness, and generally thinning with
depth, and extending the full width of the property
and the full depth of mining. The iron-formation
and chlorite schist contact dips steeply southeastward
near the surface and more gently with depth. The
sides of the ore body dip in the same way; but the
correspondence is not exact, and lean ore occurs be-
tween the ore and schist in some parts of the mine.
Ore also occupied much of the belt of iron-formation
between the partly separated schist and the main
hanging-wall schist. Exploration has not found the
lower limit of the ore.

IRONTON MINE

The Ironton mine (pl. 3, sec. 11, T. 46 N., R. 29
W.) was developed in 1912 and 1913 as the Cuyuna-
Duluth mine by the Cuyuna-Duluth Iron Co. Later
it was operated by Inland Steel Co. as a part of the
Armour No. 2 mine; top-slicing and caving methods
of mining were used. It is currently inactive. The
first ore was shipped in 1913, and the last from stock-
piles in 1933. Shipments totaled 968,166 tons.

Most of the geologic information on this mine was
taken from Harder and Johnston (1918, p. 146). The
ore body closely resembles the adjacent part of the
Armour No. 2 ore body of which it is a southwest ex-
tension. The thin-bedded facies of the Trommald
formation strikes N. 60° E. and dips 35°-60° SE.
It is bounded above and below by gray-green schist
that is hematitic near the contacts. The schist on the
northwest side in the Armour No. 2 property is

partly, or perhaps entirely, of sedimentary origin,
but the origin of that on the southeast side is not
known. The schist on the southeast side of the
Armour No. 2 pit is chloritized igneous rock; similar
rock occurs 1,350 feet east and somewhat south of
the old Ironton shaft.

The ore in the Ironton mine was red and bluish-red
hematite of high grade. It contained little manga-
nese. No unoxidized iron-formation was reported in
the mine or in drilling records.

BONNIE BELLE MINE

Originally developed as the Liberty mine in 1918
by the Liberty Mining Co., the Bonnie Belle (pl. 3,
sec. 10, T. 46 N., R. 29 N.) produced 225,706 tons of
ore during the years 1917-25 as an underground op-

. eration. The mine was operated during 1923-25 by

Inland Steel Co. in conjunction with the Ironton mine.
It is now considered exhausted (Wade and Alm,
1955, p. 65).

The Bonnie Belle ore body was a southwest exten-
sion of the Armour No. 2 and Ironton ore bodies.
Like the Ironton ore body, it was enclosed by chlorite
schist of uncertain origin, and drilling records seem
to indicate that the iron-formation pinches out in
depth (pl. 8, section 10). The iron-formation, presum-
ably all the thin-bedded facies of the Trommald for-
mation, occurs in a belt 80 to 100 feet wide crossing
the property about N. 70° E. The shaft was located
south of the iron-formation in green schist, but pene-
trated iron-formation a short distance below the bed-
rock surface. North and east of the shaft the bedrock
exposure of the iron-formation is interrupted by 100
to 150 feet of schist; exploration drilling records
show, however, that the iron-formation was continu-
ous beneath this schist capping. Thiel (1924b) re-
ported a basic igneous rock here. No unoxidized iron- -
formation was reported from this property. The mine
produced high-grade red nonbessemer iron ore.

PENNINGTON MINE

Stripping was begun at the Pennington mine (pl.
3, sec. 10, T. 46 N., R. 29 W.) in 1913, and ore was
shipped that year by the Tod-Stambaugh Co. It is
now operated by Rhude and Fryberger, who have be-
gun underground mining from the bottom of the open
pit. A small complex ore-dressing plant is run in
conjunction with the mine. The mine produced 3,058,
183 tons of ore through 1955.

The geology of the Pennington mine is complex,
and several problems remain unsolved. Many of the
general features and the problems are the same as
in the Feigh (p. 75-76) and the Armour No. 1 mines,
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and the geology of these mines is closely interrelated.

The Trommald formation strikes N. 70°-85° E.
and dips southeastward, steeply on the north bank
and gently on the south bank (pls. 3, 8). Drag folds
are common in the iron-formation and plunge south-
westward, except one on the north bank that plunges
to the northeast. A fracture zone that parallels the
strike of the beds and dips southward on the north
side of the pit is believed to be related to fracturing
in the Feigh mine and to be part of one large strike
fault.

As in the Feigh mine, the fracture zone in the Pen-
nington extends upward from a large mass of wall-
rock that broadens with depth. This mass is not
bedded, but it generally resembles the bedded schist
exposed on the south bank of the mine. The origin of
this schist is not known, but it is tentatively classified
as igneous. _

Most of the north bank of the Pennington mine
exposes Trommald formation, which is known to ex-
tend 50 to 150 feet northwest of the mine. A com-
plex mass of Rabbit Lake formation and perhaps
other rocks is exposed on the north bank near the
center of the mine, but the geologic relations of this
mass are not known. It lies above and close to the
shear zone described above. The dominant rock is
black and gray laminated slate; gray schist without
bedding and amygdaloidal or porphyritic schist are
also abundant. The relations are confused by many
small shears. The general sequence from south to
north probably was: Trommald formation, 5 to 10
feet of gray laminated slate, sheared gray schist, amyg-
daloidal or porphyritic schist, and knotted schist as
much as perhaps 20 feet, and more than 20 feet of
black slate. The black slate is in part alunitic and
in part very pyritic, the pyrite decomposing under
present weathering. The elliptical masses in the
knotted schist are 1 to 10 mm long and are largely
muscovite. The laminated slate, unbedded schist, and
black slate sequence has been found in several other
places in the district at the base of the Rabbit Lake
formation.

A considerable thickness, perhaps 50 feet, of bed-
ded biotite-chlorite schist conformably overlies the
iron-formation along the south bank of the mine and
dips gently southward. Both schist and iron-forma-
tion are folded; the folds plunge generally southwest-
ward, though a few northeastward plunges were also
observed. The folds are open; the axial plane cleav-
age is nearly vertical (fig. 10). The schist contains
abundant apatite and locally abundant pyrite cubes as
much as 1 inch across. There can be little doubt that
this rock conformably overlies the Trommald forma-
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tion and is the metamorphosed equivalent of the basal
part of the Rabbit Lake formation. The Rabbit Lake
formation is metamorphosed into the chlorite zone on
the north side and into the biotite zone on the south
side of this mine, 200 to 300 feet away; the reason for
the difference in metamorphic grade on the north and
south banks of the mine is not known. The distance
of separation may have been greater at the time of
metamorphism, for the suspected faulting probably
occurred later and thrust the rocks on the south side
of the mine northwestward.

The biotite-chlorite schist extends westward into the
East Feigh pit, which may be considered a small west-
ward extension of the Pennington mine.

The iron-formation of the East Feigh and Penning-
ton mines is all thin bedded and is all oxidized. Much
of that which remains in the mine is very cherty. The
oxides are hematite and goethite ; hematite is dominant
in the deeper east end of the mine. Some of the
richest ore in the mine formed an envelope about a
steeply dipping lens of chlorite schist in the center of
the mine. Shearing extends upward from this lens:
of schist roughly paralleling the bedding of the iron-
formation. Rich hematitic iron ores associated with
the schist have cindery and massive textures.

FEIGH MINE

The Feigh mine (pl. 8, sec. 10, T. 46 N., R. 29 W.)
was opened as an underground mine by the Jefferson
Iron Mining Co. in 1917. The history of the leases
on the property is very complex. It was partly
stripped about 1937 and has been extensively oper-
ated as an open-pit mine since that time. The present
operator is Hanna Coal & Ore Corp. The mine ship-
ments were 3,230,380 tons of ore through 1955.

The East Feigh pit was stripped separately; it is
described under the Pennington mine with which it is
now continuous.

The Trommald formation is exposed in a band as
much as 700 feet wide that strikes about N. 65° E.
and in general dips steeply to the southeast. Part of
the iron-formation is highly distorted, and this mine
exposes some of the most complex geology seen in the
district. The general structure is believed to be an
anticlinal fold, the axis overturned to the northwest.
The fold axis is probably broken along a sheared zone
(pls. 8, 7, 8), and perhaps the shear is a thrust fault
of major proportions.

The Rabbit Lake formation exposed on the north-
west side of the Feigh mine is black argillite and slate
dipping 70°-80° SE. The wallrock on the southeast
side of the mine is all chlorite schist that is bedded,
contains 1-inch layers of gray-green chert, dips 40°-
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60° SE., and is considered to be Rabbit Lake forma-
tion also. At the northeast end of the mine a large
lens of schist strikes parallel to the length of the pit
and dips steeply southeastward; it is tentatively con-
sidered an intrusive along the faulted crest of the
large anticline, but it may also be schist from the
metamorphosed Rabbit Lake formation faulted into
its present place. The lens is known from drilling to
increase in width for a considerable distance below
the bottom of the mine as shown on plate 8, section 2.
Drilling has also disclosed Mahnomen formation in
one hole deep within the heart of the anticline (pl. 8,
section 1). There is abundant shearing and brecciation
that may be evidence of faulting in a zone that paral-
lels the length of the pit and nearly midway between
the sides. The zone is alined roughly with the lens
of schist at the northeast end of the mine and with a
severely folded belt in the South Hillcrest mine to the
southwest.

In the northeast end of the mine are numerous thin
layers or lenses of chlorite schist conformably inter-
layered with the iron-formation. It is not clear
whether these were argillaceous lenses in the original
sediment, fault slivers of Rabbit Lake formation, or
intensely sheared intrusives. Near the top of the
Trommald formation at the southwest corner of the
mine there are argillaceous lenses, a few feet thick,
containing abundant tourmaline needles. Some tour-
maline needles 1 cm long are in the bottom of the
Rabbit Lake formation at this place.

The iron-formation is largely oxidized, but there is
abundant unoxidized material in the south-central part
of the mine. Oxidation has yielded both red-brown
and brown iron ore, and the mine has produced some
wash ore. There are local occurrences of manganifer-
ous iron ore.

SOUTH HILLCREST MINE

The Hillcrest mine (pl. 8, sec. 9, T. 46 N., R. 29 W.)
was stripped as an open pit in 1915 by the Hill Mines
Co. Later development of the North Hillcrest prop-
erty made the “South” designation necessary. It is
now operated by the Hanna Coal and Ore Corp. Ship-
ments through 1955 totaled 1,906,756 tons.

In general, the thin-bedded facies of the Trommald
formation in the South Hillcrest mine dips steeply
southeastward with considerable tight folding on the
south side of the mine. The principal structure prob-
ably is a tight, almost isoclinal, anticline slightly
southeast of the center of the mine, and the wall-
rocks on both sides are the Rabbit Lake formation in
normal stratigraphic position. The fold axes plunge
5°-30° NE. Brown and red-brown oxidized iron-

formation is present in the mine; no unoxidized iron-
formation was observed. Iron ore and manganiferous
iron ore were mined.

The rock in the northwest wall is gray and red-
brown laminated and tuffaceous slate. The southeast
wall is a gray chlorite schist that has, perhaps, a
trace of bedding. Locally it contains large pyrite
crystals. Stratification in both rocks dips southeast-
ward parallel with the Trommald formation contacts.
The chlorite schist is interpreted as the somewhat more
metamorphosed equivalent of the basal part of the
Rabbit Lake formation that is exposed on the north-
west bank of the mine.

Near the top of the Trommald formation on the
southeast side of the mine are several light-gray sili-
ceous lenses, 2 to 5 feet thick and 20 to 50 feet long,
containing abundant tourmaline in disseminated nee-
dles and clusters of crystals. The origin of these rocks
is not known.

About 500 feet east of the west boundary NE14,SE1,
in the northwest bank of the pit, a 4-foot iron-rich
layer was observed 20 feet above the base of the Rab-
bit Lake formation. This is one of the few places in
the district where iron-rich rock was found in the
lowermost 500 feet of the Rabbit Lake formation.

HUNTINGTON MINE

The Huntington mine (pl. 3, sec. 9, T. 46 N., R. 29
W.) was opened as an underground operation by the
Whitmarsh Mining Co. in 1918, and ore was produced
in 1922 and 1924. Later operated by the Hanna Iron
Ore Co., the ore body was stripped and worked as an
open pit, first separately, and now in conjunction with
the South Hillcrest mine. Through 1955, shipments
totaled 773,926 tons of ore.

The Trommald formation in the Huntington mine
strikes about N. 70° E., dips steeply to the southeast,
and is overturned with the top on the northwest side.
The iron-formation has been explored to great depth,
and it is all thin bedded and all oxidized. Both red-
brown and brown oxidized iron-formation are present,
and parts of the ore body were manganiferous.

The northwest wall contains an assemblage of the
rocks generally found at the base of the Rabbit Lake
formation. Laminated and tuffaceous slates occurred
at the base in contact with the iron-formation at the
east and west ends of the mine; near the center, part
of the slate was black and carbonaceous. Near the
west end abundant black slate was exposed about 40
to 60 feet stratigraphically from the basal contact of
the Rabbit Lake formation. At the east end a 30-
foot layer of relatively unbedded and sheared and de-
composed rock is intercalated about 40 feet from the
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Ores in the Mahnomen No. 1 mine were red-brown
hematite at the deep southwest end grading to brown
ores at the shallower northeast end. The brown ores
have been removed to the level where considerable un-
oxidized iron-formation is associated with them, and
the ores seem to grade downward into the unoxidized
rock. Northeast of the mine, in the continuation of
the same syncline in the SW14,SW1/ sec. 2, unoxidized
iron-formation extends to the bedrock surface.

Both iron ores and manganiferous iron ores have
been produced from the mine. The best manganifer-
ous ores were mined during the early years of opera-
tion and are believed to have come from near the
center of the ore body, indicating that they may have
been generally confined to stratigraphically higher
beds which have been entirely removed.

MAHNOMEN NO. 3 MINE

The Mahnomen No. 3 mine (pl. 3, sec. 10, T. 46 N.,
R. 29 W.) was opened and is operated by the Cuyuna
Ore Co. (Pickands Mather & Co., Agents). The ore
production is included in the figures for the Mahno-
men Group given under the Mahnomen No. 1 mine.

The Mahnomen No. 3 mine is situated in a south-
east-dipping belt of iron-formation on the northwest
limb of a large syncline. The structure of the iron-
formation is simple; it strikes N. 75° E. and dips
southeast 55° to vertical. There are minor east and
southeast-plunging drag folds at several places.

Sericitic slate and interlayered quartzite of the
Mahnomen formation are very well exposed for about
1,000 feet along the northwest bank of the mine, espe-
cially along the approach road. The contact with the
Trommald formation parallels the length of the mine
and is well exposed. The base of the iron-formation
is a layer of clean unbedded chert, 2 to 5 feet thick,
that has generally altered to soft white sandy mate-
rial. Most of the mine is in the thin-bedded facies
of the Trommald formation, but in the southwest end
of the mine the thick-bedded facies is also exposed
for about 400 feet along the south bank. Probably
about 100 feet of stratigraphic thickmess of the top
of the thick-bedded facies is unexposed and lies to the
south of the Mahnomen No. 3 mine.

The ore in the mine is brown, and rests on a very
irregular surface of unoxidized iron-formation, espe-
cially in the northeastern part of the mine. Many
exposures of partly oxidized, probably nontronitic
iron-formation, can be seen here. Very local hema-
titic oxidation is found across the southwest end of
the mine and in a small area on the northwest side
near the northeast end. The ore is manganiferous.

’ 79
HILLCREST EXTENSION MINE

The Hillcrest Extension mine (pl. 3, sec. 9, T.46 N,
R. 29 W.) is a small open pit stripped in 1954 by the
Hanna Coal & Ore Corp. The production is included

-in the figure for the Alstead-North Hillcrest mine.

The Hillerest Extension mine is located on the
northwest limb of a large syncline. The iron-forma-
tion strikes N. 65° E. and dips 75° SE. to vertical.
Along the southeast side of the mine the dip flattens,
and an open syncline is exposed near the southeast
bank. This fold is presumed to be part of a drag-fold
pair. The drag folds may cause the bedrock exposure
of iron-formation south of the mine to be wider than
is shown on the maps, but no drill-hole data were
available in that area.

Both thick- and thin-bedded facies of the Trom-
mald formation occur in the mine. The base of the
Trommald formation is a 2- to 4-foot chert bed gen-
erally altered to soft sandy material. The thin-
bedded facies is 80 to 100 feet thick, and the transi-
tion zone to typical thick-bedded facies is perhaps 30
feet thick. The thick-bedded facies is repeated by
the synclinal fold, and probably only a few tens of
feet of the bottom of this unit are represented; most
of the thick-bedded facies lie to the south and are not
exposed. The cherty beds are as much as 20 inches
thick. The northwest bank of the mine is the under-
lying Mahnomen formation, which consists of brown
and gray slate and layers of brown quartzite.

Nearly all the iron-formation in the Hillerest Ex-
tension mine is hematitic. Brown oxidized iron-for-
mation was observed in a small area at the northeast
end near the Mahnomen formation contact, mostly
hidden by the access road. No unoxidized iron-for-
mation .was seen.

MAHNOMEN NO. 4 MINE

The Mahnomen No. 4 mine (pl. 3, sec. 3) was
stripped and operated by the Cuyuna Ore Co. (Pick-
ands Mather & Co., Agents). It includes part of the
area worked by the Sultana underground mine. Work
on the Sultana mine (first called Cuyuna-Sultana)
was begun in 1914 and ore was shipped in 1916. Pro-
duction for the entire S14SE1, sec. 3 is included in
the figures for the Mahnomen group (see Mahnomen
No. 1 mine).

The Mahnomen No. 4 mine is a small pit in a south-
west-plunging syncline entirely within the thin-bedded
facies of the Trommald formation. Iron-formation
along the southeast side of the mine is believed to be
close to the base of the Trommald formation, and
beds in the center of the syncline at the southwest
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end of the mine are close to the top of the thin-bedded
facies. A narrow northwest-trending zone of red-
brown oxidized iron-formation cuts across the south-
west end of the mine; the rest of the pit is in brown
oxidized and unoxidized iron-formation. Gnarled tex-
tures are abundant in the brown ore. Unoxidized
iron-formation occurs on both sides of the pit, and is
silicate-magnetite rich and silicate rich. The mine has
produced dominantly manganiferous iron ore.

GEOLOGY AND ORE DEPOSITS OF THE

SULTANA-HOPKINS MINE

The Sultana-Hopkins open-pit mine (pl. 3, sec. 3)
includes areas that were mined underground as the
Sultana and the Hopkins mines. The mine is now
operated by Cuyuna Ore Co. (Pickands Mather &
Co., Agents). Production for all the SW14,SE1, is
included in figures for the Mahnomen group. The
N14SE1; or Hopkins property produced 614,973 tons
of ore through 1955.

The Sultana-Hopkins mine is in a broad area of
folded iron-formation. The main ore body occupied
a syncline trending N. 70° E., and a subsidiary ore
body extending northwest from the southwest end of
the main trough cuts across a gentle anticline and
syncline. The syncline in the main ore body plunges
10°-25° SW. Iron-formation exposed in the sides
and bottom of the main or old part of the mine is all
thin bedded, except at the southwest end where the
central part of the syncline contains many thick chert
beds representing a transition zone and the lowermost
part of the thick-bedded facies. It can be seen that
before mining the thick-bedded facies extended sev-
eral hundred feet northeastward in the center of the
pit where the rock is now removed. In the new
northwest section of the mine, thin-bedded iron-for-
mation is interbedded with thick chert beds; this in-
terbedding indicates the stratigraphic zone of transi-
tion between the two facies which at this place seems
to be somewhat thicker than the normal 10 to 30 feet.
Granules and oolitic textures are visible in the cherty
layers. Most of the oxidized iron-formation is brown,
and gnarled ore occurs in many places. Unoxidized
iron-formation is abundant on the north side of the
mine and also on the south side at the northeast end.
Magnetite, silicates, and siderite are each abundant at
different places. The oxidized iron-formation at the
southwest end of the main trough is red brown. The
mine has produced manganiferous iron and iron ores.
Regarding manganiferous ores in the Sultana under-
ground mine, probably in the general area now re-
moved by mining near the southwest end of the open
pit, Harder and Johnston (1918, p. 156) described
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manganese-rich nodules formed by replacement of soft
limonitic clay in which the nodules were embedded.

LOUISE MINES

The Louise underground mine (pl. 8, sec. 3) was
opened as the Cuyuna-Mille Lacs mine in 1911 by the
Cuyuna Mille Lacs Iron Co. and produced the first
manganiferous ore to be shipped from the district,
which was sent to Ashland, Wis., in September 1912
(Himrod, 1940, p. 54). An open pit was developed
in addition to the underground mine in 1948 by the
present operator, the Hanna Coal and Ore Corp. The
underground mine has been idle since 1943. Total
production for both parts of the mine was 4,018,243
tons of ore through 1955.

The Louise mine is located in an area where the
iron-formation is in several parallel folds trending
N. 60°-70° E. The folds plunge gently both north-
east and southwest. Only the thin-bedded facies of
the Trommald formation is exposed in the open pit,
but both facies are present in the underground
workings.

The underground mine has not been accessible re-
cently, but has been well described by others. Harder
and Johnston (1918, p. 152) described the north ore
body near the old Cuyuna-Mille Lacs shaft in the
SE1,SW1,:

The Cuyuna-Mille Lacs north ore body occurs along the
crest of an anticline which strikes approximately northeast-
southwest. The north limb of the anticline near the ore body
has a steep dip northwest, but away from the ore body the
beds are overturned, and have a steep dip to the southeast.
The dip is fairly low near the ore body, but is higher toward
the southeast. The ore body appears to occupy a somewhat
indefinite stratigraphic horizon, but its position along the
crest of the anticline and its continuation downward along
the axial plane suggests that in part, at least, the ore body
is a replacement of a fractured zone.

This north ore body was continuous with the Man-
gan No. 1 underground ore body, and both were lo-
cated in the thick chert beds of the stratigraphically
higher thick-bedded facies. The south ore body con-
sisted of several ore masses and lenses in and near the
syncline passing near the center of the SE1,SW1j.
In describing the ore from the mine, Harder and
Johnston said that the character of the ore in both
ore bodies varied considerably:

Locally bodies of rich black manganese ore occur, but the
general run of material is a medium soft to hard black or
brownish manganiferous iron ore which varies in manganese
content from place to place. The rich manganese ore as a
rule is finely crystalline pyrolusite; some is fairly hard and
compact and some is soft and friable. Dense, hard, black
psilomelane is also of frequéent occurrence.
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Exploration crosscuts were extended south and north-
west from the Louise shaft in lot 7, and the structures
shown therein (Grout and Wolff, 1955, p. 64) corre-
spond with those mapped by Leith (unpub. data) in
the SE14SW1/ and in the Arko mine by the writer.

The Louise open pit is on a group of folds some of
which extend into the Mahnomen No. 2 mine (see
below) and southeast of the folds in the Louise un-
derground workings. Two anticlines and two syn-
clines were observed in the mine. Sericitic slate and
interbedded quartzite of the Mahnomen formation are
exposed in a narrow belt in the crest of an anticline
along the northwest side of the mine. All other rocks
present belong to the Trommald formation. Both
red-brown and brown ores are found in the mine, and
unoxidized iron-formation is locally abundant. The
iron-formation is oxidized red brown in a zone ex-
tending across the deepest part of the mine from the
southeast corner and widening toward the northwest
side. The iron-formation at the northeast end is
brown, and most of the south bank of the mine con-
sists of brown oxidized iron-formation and unoxidized
magnetite-silicate iron-formation. Manganiferous iron
ore and iron ore were found in the mine.

MAHNOMEN NO. 2 MINE

The Mahnomen No. 2 open pit (pl. 8, sec. 10) was
stripped by the Cuyuna Ore Co. (Pickands Mather
& Co., Agents). Production is shown as part of the

Mahnomen group, under the Mahnomen No. 1 mine.

The Mahnomen No. 2 mine is located in a shallow
synclinal fold of iron-formation trending N. 70° E.
The syncline is continuous southwestward into the
North Hillerest and northeastward into the Louise
open-pit mines. Beds on the northwest side of the
syncline dip 50°-80° SE.; beds on the southeast side
dip 60° NW. to vertical and at one place were slightly
overturned.

The iron-formation is the lowermost 100 to 150 feet
of the Trommald formation and is entirely of the
thin-bedded facies. The ore is mostly brown, and the
outlines of the ore are very irregular. Red-brown
hematitic zones cross the ore in several places along
groups of joints perpendicular to the axis of folding.
Unoxidized iron-formation is abundant in large
masses, particularly one that is 250 feet long on the
southeast side and extends across the pit nearly to
the northwest bank. The unoxidized iron-formation
as well as the ore is cut by many quartz veins and
quartz-stilpnomelane veins.

ARKO MINE

The Arko mine (pl. 3, sec. 9) was first opened as
an underground mine by the Arko Mining Co. in 1916
who shipped a small amount of ore through 1920.
Later, about 1938, the mine was stripped and ship-
ments through 1948 totaled 419,510 tons. Production
through 1955 is given as part of a group of mines
under the description of the Alstead-North Hillcrest
mine. The mine is now operated by the Hanna Coal
and Ore Corp.

The Arko mine is in a broad fold of iron-formation.
A conspicuous syncline extending the length of the
mine and a less conspicuous anticline constitute a
drag-fold pair on the southeast flank of the major
syncline beneath Menomin Lake. The drag fold has
caused the considerable width of the iron-formation
at the bedrock surface.

Only the Trommald formation is exposed in the
Arko mine and both facies may be seen unusually
well. The mine may be described in two parts that
are distinctly different geologically.

The northeast end of the mine is in an ore body
entirely within the thick-bedded facies that occupies
the center of a very tight northeast-plunging synclinal
fold. The mined area is about 800 feet long and 100
to 200 feet wide and trends N. 75° E. The syncline
is tight, the northwest side dipping 30°-35° SE. and
the southeast side 35° NW. to vertical but in part
overturned. The thick-bedded iron-formation is very
cherty with beds as much as several feet thick; the
rest of the iron-formation is hard and siliceous.

In contrast, the southwest end of the mine is in an
ore body almost entirely in the thin-bedded facies.
The folding is open and relatively gentle, and the ore
body is oriented at an angle of 70° to the strike of
the beds and the fold axes. The main syncline of the
northeast end of the mine is generally continuous to
the southwest where it becomes very broad. To the
northwest the axis of an open anticline strikes N. 50°
E. across the corner of the mine. Both folds are be-
lieved to die out within 500 to 2,000 feet west of the
mine, where the iron-formation is a simple northwest-
dipping fold limb. Dips of the beds in the southwest
part of the mine range from horizontal to vertical,
and strikes roughly parallel the fold axes.

The southwest ore body is probably controlled by the
abundant joints that strike roughly normal to the fold
axes. The deepest part of the mine is largely in red-
brown ore, and brown ore and unoxidized iron-forma-
tion are very abundant around the banks of the mine.
Most and perhaps all of the ore that was taken from
both parts of the Arko mine was manganiferous.
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ALSTEAD-NORTH HILLCREST MINE

The Alstead and North Hillerest open-pit mines
(pl. 8, sec. 9) are now considered a unit and part of
a group that includes the Arko and Hillcrest Exten-
sion pits, herein described separately. The North
Hillerest mine was opened in 1928 and the Alstead
in 1929. The Alstead, North Hillecrest, Hillcrest Ex-
tension, and Arko mines together produced 3,270,489
tons of ore through 1955. The group of mines is
operated by the Hanna Coal and Ore Corp.

The Alstead-North Hillerest mine is in two dis-
tinct ore bodies. The main ore body occupies a shal-
low, somewhat undulating, synclinal trough of Trom-
mald formation extending from the SE14NW1} north-
eastward to the southeast half of the NE1,NE1,, and
thence into sec. 10 and the Mahnomen No. 2 mine.
The second ore body, the so-called South Alstead, is
in the northwest flank of a major syncline—that same
fold limb in which the Hillcrest Extension and Mah-
nomen No. 3 mines are situated.

The Alstead-North Hillerest syncline may be gen-
erally regarded as a simple syncline in which the
gentle plunge of the fold axis reverses at several
places along the length of the mine. Detailed struc-
tural mapping shows that the same fold axis does not
continue the full length of the mine but is offset twice
by horizontal distances of 150 and 200 feet. The
general trend of the synclines is N. 65° E.,; and some
of the axial planes of the folds are gently overturned
toward the northwest. In the South Alstead section
of the mine, the iron-formation strikes No. 75° E.
and dips 30°-75° SE. At the extreme southwest end
of the mine the belt of Mahnomen formation in the
anticlinal fold separating the main syncline from the
south ore body plunges gently southwestward, and
the basal beds of the Trommald formation connect
the ore bodies at the bedrock surface.

The Mahnomen formation was observed in several
places along both sides of the main syncline, in a
large stripped area between the north and south ore
bodies and along the northwest edge of the iron-for-
mation in the south ore body. The Mahnomen forma-
tion is largely sericitic argillite and slate; locally,
especially near the southwest end, sandy argillite and
quartzite or sandstone are interbedded.

The iron-formation includes both thin- and thick-
bedded facies of the Trommald formation toward the
west end of the mine and in the south ore body and
only the thin-bedded facies in the North Hillcrest
part of the pit. It is probable that some of the thick-
bedded facies was present in the North Hillerest be-
fore mining and that it was confined to the center

of the syncline which has been removed by mining.
Certain inaccessible beds in the south bank of the
north ore body near the east edge of the SW14NE1j
were believed to be thick bedded, but they could not
be checked. .

The lowermost 2 to 10 feet of the Trommald forma-
tion is a single bed of lean chert, pale green and
hard where unaltered and soft, white, and “sandy”
where decomposed. Paul W. Zimmer (oral com-
munication) reported that part of the sandy grains
were minute doubly terminated quartz crystals. The
thin-bedded facies increases in total thickness from
perhaps 50 to 70 feet at the southwest end of the mine
to more than 100 feet at the east line of section 9.
The unoxidized phase is found at several places. It is
of varied composition, from the almost pure quartz
rock of the basal bed to laminated quartz-carbonate
and quartz-minnesotaite-stilpnomelane rock a few feet
or tens of feet higher in the section. Exposures are
too sparse to determine the relations of these min-
eralogic types. Only the base of the thick-bedded
facies is seen in the mine: in a small area at the ex-
treme southwest end of the syncline where only a
transitional lithology is represented and in excellent
exposures in the south ore body where the transition
and the base of the facies may be traced for 1,000
feet.

A great variety of ore and of ore-to-iron-forma-
tion relations exist in this mine. Both red-brown and
brown ores are found; red-brown ore is much more
abundant and was dominant in the two deeper parts
of the syncline. Brown ore made up most of the
shallow parts of the ore bodies, particularly near the
northeast end of the syncline, and graded downward
and laterally into unoxidized iron-formation. Near
the northeast end, where the ore is irregular in out-
line and relatively shallow, the iron-formation has
been cut by numerous coarse quartz veins as much as
1 foot wide, some of which contain abundant stilpno-
melane. Red-brown oxides have formed along certain
cross joints, and perhaps these were related to the
formation of the adjacent brown ores. Both iron ores
and manganiferous iron ores have been produced in
the mine. .

MANGAN NO. 1 MINES

Two mines are included here, the recently operated
Mangan No. 1 or Mangan-Stai open pit and the in-
active Mangan No. 1 underground mine (pl. 3, sec. 8).
Work on the underground mine was begun in 1915,
and ore was shipped in 1916 by the Mangan Iron
and Steel Co. The mine was operated until 1920 and
again in 1928; stockpile shipments were made in 1938.
The property had perhaps as many as four shafts, all
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now abandoned, and the underground workings pre-
sumably connected with those of the Hopkins mine.
The open pit was stripped by the Hanna Coal and
Ore Corp. in 1949; and Zontelli Bros., Inc. took over
operation of the open pit in 1953. Total production
from lot 6 and the Joan or Mangan-Joan open pit in
lot 5 was 662,938 tons of ore through 1955. An addi-
tional 1,943 tons of ore was mined from beneath the
former bed of Menomin Lake adjacent to lot 5.

The ore body in the underground mine was south
of the Mangan No. 1 shaft and was a northeast ex-
tension of the north ore body in the Louise (Cuyuna-
Mille Lacs) mine. The mine was richly mangani-
ferous. Workings near the shaft shown at the east
edge of the property may have been in ore, but no
information about them was available.

The Mangan No. 1 pit is a small but deep mine close
to the edge of Menomin Lake from which it is pro-
tected by a dike. The mine is in generally very
cherty iron-formation that is very tightly folded into
several anticlines and synclines plunging 25°-45° SW.
The iron-formation is the thick-bedded facies of the
Trommald formation, except for a small patch of
thin-bedded iron-formation at the north end of the
mine, which is probably part of the transition to the
lower facies. As at the Joan No. 1 mine, the
thick-bedded facies is in two subfacies, the straight-
and the wavy-bedded (not shown on pl. 3). The
older strata, most conspicuous in the northeast half
of the mine, are straight bedded, and are several feet
thick. Ore in the wavy-bedded subfacies occurs in
the southwest half of the pit, where beds are prob-
ably not more than 10 inches thick and are generally
less. The bedding is much crenulated, possibly in part
by the folding, but the beds of this subfacies are
crenulated and wavy where there is no drag folding
present. The cherty layers in this subfacies have
locally decomposed and form wash ores.

The youngest beds in the Mangan No. 1 open pit,
which are near the centers of the synclines exposed
in the southwest bank, are very near the top of the
Trommald formation, and further stripping on this
bank will reveal the base of the Rabbit Lake forma-
tion in a short distance. The thin-bedded facies un-
derlies the area to the east and plunges southwest-
ward beneath the mine. The drilling to the east has
indicated that a large part of the facies is unoxidized.
Anomalous magnetic compass deflections along the
east side of the Mangan No. 1 open pit suggest that
the unoxidized thin-bedded facies is present at a shal-
low depth, for the thick-bedded facies does not or-
dinarily contain enough magnetite to produce such
anomalous compass readings.
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JOAN NO. 1 MINES

Two mines are described here: the old Joan No. 1
underground mine that is entirely within the SW14
NE1, or Joan property and the recently opened Joan
or Mangan-Joan pit that extends from the Joan prop-
erty southwestward into lot 5, the Mangan property
(pl. 3). The Joan No. 1 shaft was begun in 19186,
and 5,338 tons of manganiferous ores was shipped
during 1917-19 by the Joan Mining Co. Harder and
Johnston (1918, p. 157) reported that:

The outlines of the ore body are irregular, and development
work has not yet been carried far enough to determine the

extent of the ore. It appears to be a band about 12 feet
wide following a generally northerly direction.

Parts of the underground workings have been inter-
sected by the open pit.

The Joan open pit was stripped in 1949 by the
Hanna Coal and Ore Corp., and it has been operated
by Zontelli Bros., Inc., since 1951 The SW14NE1}
sec. 3, including both the underground and the open-
pit mines, produced 651,692 tons of ore through 1955;
production from lot 5 is included under the Mangan
No. 1 mine. The Joan open pit is on the southeast
flank of a major southwest-plunging syncline and is
less than 1,000 feet from the keel of the syncline.
The beds in the mine dip generally northwestward,
but they are complicated by drag folds in several
places. The visible iron-formation includes the thin-
bedded facies and two subfacies of the thick-bedded
facies, which are described below; there are also ex-
cellent exposures of the base of the Rabbit Lake for-
mation. The stratigraphic section that can be seen
probably exceeds 400 feet in thickness and includes
all the Trommald formation, except perhaps 100 feet
or less at the base.

The thin-bedded facies is exposed in a belt as much
as 100 feet wide, extending 1,000 feet along the south-
east side of the mine. An unusual feature of the
facies at this place is the abundance of coarse quartz-
sand in thin laminae in the lowermost beds exposed.
Much of the sandy iron-formation is unoxidized and
is very magnetic. Above the unoxidized thin-bedded
facies is oxidized thin-bedded lean iron-formation and
ore that grades upward into the thick-bedded facies
through a transition zone which is about 50 feet
thick. The lower part of the thick-bedded facies is
about 130 feet thick, and is made up of straight chert
beds 1 to 6 feet thick separated by thinly laminated
layers. The upper part, 100 feet thick, is wavy
bedded and includes much wash ore. The contact
between the subfacies is relatively sharp. Along the
northwest bank of the mine the Rabbit Lake forma-
tion is exposed for 500 feet where it overlies the iron-
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formation. Tt is composed of 20 feet of laminated
argillite and interbedded tuff overlain by spotted-gray
unbedded slate that is probably a metamorphosed tuff
or flow. Manganiferous iron ore and iron ore were
produced from the Joan mine. The manganiferous
ore occurred in a belt extending about 30 feet on
each side of the transition between the facies. The
underground mine was probably confined to the tran-

sition zone.
MAROCO MINE

The Maroco mine (pl. 3, secs. 4 and 5, T. 46 N,
R. 29 W.) is the largest in the district, producing ore
exclusively from the thick-bedded facies of the Trom-
mald formation. It was first opened as the Adbar
underground mine by the Adbar Development Co. in
1915 and 1916, but no ore was shipped. The mine
was leased to the Marquette Ore Co., who stripped the
ore body in 1920 and 1921 and shipped the first ore
in 1921. The mine is now operated by the Hanna
Coal and Ore Corp. It had produced 3,463,482 tons
through 1955; the Trojan property in sec. 5, op-
erated as part of the Maroco mine, had produced
102,932 tons through 1948.

The Maroco mine is on a spectacular group of
southwest-plunging drag folds on the northwest flank
of a major syncline. The drag folds plunge 20° to
45°. Two small faults that offset the upper contact
of the Trommald formation strike N. 55°-60° W. and
dip away from each other; data on these faults were
kindly supplied by Paul Zimmer, of the M. A. Hanna
Co. Excellent extensive exposures of the Mahnomen,
Trommald, and Rabbit Lake formations occur in the
mine. The Mahnomen formation is largely quartzitic,
but there is much interbedded red-brown slate. The
Trommald formation is entirely of the thick-bedded
facies, largely wavy bedded, very cherty, and rela-
tively thin—85 feet thick at the west end of the
mine and 130 feet at the east end. The material mined
is treated in a washing plant at the east end of the
mine. The ore consists of alternating layers of iron
oxides and crumbly white chert or quartz. The iron
oxides, either hematite or goethite, are in wavy, ir-
regular layers 1 to 6 inches thick, separated by layers
of chert 1 to 12 inches thick. The ore of this mine
generally contains very little manganese, but small
pockets of very rich manganese ore have been found.
One was in the southeast corner of lot 3 near the
base of the Trommald formation, and fractures filled
with cryptomelane and pyrolusite extend into the un-
derlying quartzite.

The Rabbit Lake formation consists of laminated
argillite and slate, bedded tuff, and hundreds of feet
of saprolitized chloritized basalt. One 10-foot layer

of thinly laminated lean ferruginous chert is inter-
bedded in the laminated argillite.

SECTION SIX MINE

The Section Six mine (pl. 2, sec. 6, T. 46 N, R.
29 W.) was stripped by the Hanna Coal and Ore
Corp. during 1950-51, and 622,486 tons of ore was
shipped during 1951-55. The mine is now idle.

Like the Maroco mine, the Section Six mine pro-
duced ore from only the thick-bedded facies of the
Trommald formation and is on a southwest-plunging
drag fold on the northwest flank of the same major
syncline. The Mahnomen formation, consisting of
quartzite and brown sericitic slate, is well exposed in
the northwest bank of the mine. Near the southwest
end of the mine a bed of soft-gray ashy material
several feet thick was observed at the top of the Mah-
nomen formation. The soft rock is titaniferous and
is perhaps decomposed tuff. Similar rock was pene-
trated by drill holes southwest of the mine. The
thick-bedded iron-formation is very cherty, generally
wavy bedded, and is 120 feet thick. Cherty beds near
the top of the formation at the southwest end of the
mine contain abundant granules and some oolites.
Rocks of the Rabbit Lake formation consist of a 2- to
5-foot layer of laminated gray and black argillite fol-
lowed by at least 40 feet of gray-green and light-
brown saprolitized chloritized basalt believed to have
been a flow. Manganiferous iron ore and iron ore
were produced, and the ores were treated in the
Maroco plant.

VIRGINIA MINE

The Virginia open-pit mine (pl. 3, secs. 4 and 5,
T. 46 N., R. 29 W.) was stripped by Zontelli Bros.,
Inc., and first shipments were made in 1948. The
total ore shipped through 1954 was 854,830 tons. The
mine is now idle. .

The Virginia mine is the only one in the North
range that is in a lens of upper iron-formation within
the Rabbit Lake formation, and the geology is strik-
ingly different from any other place in the district.
The ore body is situated on a group of southwest-
plunging drag folds on the northwest limb of a major
syncline. Beds stratigraphically under the lens of
iron-formation are exposed along the northwest bank
of the mine. The underlying beds are gray lami-
nated sericitic slate near the middle of the mine and
black slate at the southwest end. The iron-formation
is very cherty, very argillaceous, and is transitional
into the underlying slate. Perhaps the iron-forma-
tion is so argillaceous that it behaved in a very in-
competent manner when folded and yielded the most
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complex series of tight drag folds seen in the district
(fig. 9). The limbs of the drag folds are nearly
straight, and the crests and troughs very sharp and
V-shaped. The drag folds plunge 30°-55° SW., and
some in the inaccessible southwest end appeared to
plunge almost vertically. The ore is red and brown
iron oxide interbedded with chert and argillite; no
unoxidized iron-formation was observed. Mangani-
ferous iron ore and iron ore were produced. The ore
was treated in a concentrating plant at the mine.

MALLEN MINE

The Mallen open pit (pl. 4, sec. 17) was operated
by the Hanna Coal and Ore Corp. who stripped the
mine during 1951-52 and shipped 81,198 tons of ore
in 1952 and 1953. Itisnow idle.

The Mahnomen formation on the south side of the
mine is composed of gray and red-brown slate and
siltstone. No quartzite was found.

The mine has excellent exposures of the thin-bed-
ded facies of the Trommald formation; it strikes about
N. 65° E., is overturned, and dips 65°-80° SE. Local
normal dips are in the southeast corner of the mine
where a drag fold plunges to the northeast. The
Trommald formation is almost entirely of the thin-
bedded facies. A layer of the thick-bedded facies
about 10 feet thick was mapped at the top of the
formation in the northwest corner of the mine; this
pinched out northeastward within 300 feet, the dis-
tance to the exposures on the other side of the mine
where the top of the iron-formation was cherty but
thinly bedded.

In the northwest bank of the mine, three distinct
stratigraphic layers were recognized in the lower part
of the Rabbit Lake formation. The first above the
contact was a 5- to 10-foot layer of light- and dark-
gray and red-brown laminated argillite and slate. The
second was a 45-foot layer of gray and red-brown un-
bedded schist believed to be metamorphosed tuff or
flow rock. The third unit, of unknown thickness, was
largely dark-gray to black slate and lesser amounts
of light-gray and brown slate and phyllite.

The ores of the Mallen mine were all hematitic and
somewhat manganiferous. All iron-formation ex-
posed in the mine was oxidized.

CARLSON-NELSON MINE

The Carlson-Nelson mine (pl. 4, sec. 17) is in an
eastern extension of the Rowe ore body, which is
described below. This mine was stripped in 1955 and
1956 by Rhude and Fryberger. The exposed iron-
formation was examined in 1956, but the mine .was
not mapped in detail.

The Trommald formation in the Carlson-Nelson
mine strikes N. 65° E. and dips nearly vertical with
the top on the northwest side. The Trommald forma-
tion includes the two (thin- and thick-bedded) facies
common to it; the facies transition is roughly 10 to
20 feet thick and runs down the center of the mine.
Other formations were not exposed in the mine in
1956, but they are known from drilling near the Rowe
mine and in the SE14,NW1/ sec. 17. The Mahnomen
formation is largely argillite and slate, and includes
quartzite lenses that decrease in size and abundance

eastward.
ROWE MINE

The Rowe mine (pl. 4, sec. 18) was one of the first
open pits in the district; stripping began in 1912, and
ore was shipped from 1914 to 1920. It was operated
by the Pittsburgh Steel Ore Co. for direct-shipping
ore and wash ore that was treated in a plant on the
property. The flooded mine is now held by the Hanna
Iron Ore Co., which made small shipments during
1951-53 from reprocessed tailings, Total shipments
through 1953 were 907,609 tons.

The Rowe ore body is at the end of a large north-
east-plunging syncline in the thick-bedded facies of
the Trommald formation. The iron-formation is
probably partly wavy bedded, and perhaps a thin
wedge of thin-bedded iron-formation occurs in the
eastern part of the mine. The iron-formation in the
western part is much drag folded, the axes plunging
35°-58° NE. An unpublished detailed planetable sheet
of the geology is in the files of the U.S. Geological
Survey, and a geologic map of the mine was published
by Harder and Johnston (1918, pl. 20). Little or none
of the Mahnomen formation was exposed in the pit;
red and gray slate near the base of the Rabbit Lake
formation was exposed in two areas in the north side
of the mine. Harder and Johnston stated that the
depth of the ore body was not known. Vertical holes
were drilled north of the mine near the center of the
syncline, and the deepest hole intersected the iron-
formation from 324 to 699 feet below the surface.

The Rowe ores were hematitic and generally low
in manganese. Small pockets of manganiferous ore
were found near the bottom of the Trommald forma-
tion; they were too small to mine separately (Harder
and Johnston, 1918, p. 141).

SNOWSHOE MINE

The Snowshoe mine (pl. 4, secs. 17 and 18) is an
open pit operated during 194448 by Rhude, Fry-
berger, & Leach, and during 1952-54 by the Hanna
Coal and Ore Corp. Total shipments have been
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463,632 tons of argillaceous high-phosphorus hematitic
ore. The mine is considered exhausted (Wade and
Alm, 1955, p. 186).

The Snowshoe mine was described by Grout and
Wolff (1955, p. 71) as being in a northeast-plunging
syncline. The syncline observed is, however, a minor
structure at the west end of the mine and only a drag
fold on a southeast-dipping monocline. The general
structure is more clearly shown at the east end of the
mine where there are no drag folds.

The geology of the Snowshoe ore body is unique in
the Cuyuna district, and the relation to the rest of
the district is not known. The ores occurred in a len-
ticular mass of iron-bearing rock that dips gently
southeastward, seemingly conformable between a gray
and greenish-gray micaceous siltstone and argillite
footwall and a finely laminated greenish-gray argil-
lite and siltstone hanging wall. Analyses of the wall-
rocks (samples 1042, 1043) and of a grab sample of
ore (sample 1044) are shown in table 6. The phos-
phorus content of the ore in particular, but also of the
wallrocks, is notably high. The iron content of the
hanging wall is higher than the footwall, but it does
not approach that of an iron-formation. Part of the
_ore was finely laminated. No cherty layers were found
in the ore, and no unoxidized iron-formation occurs in
the deposit. The lenticular mass of iron-bearing rock
was thickest, nearly 100 feet, near the center of the
mine and thinned downdip and in both directions along
the strike. The lower contact of the iron-begring rock
was sharp; most of the underlying beds are gray silt-
stone. The upper contact was transitional, the ore
grading upward into soft red ferruginous clay, then
red argillite or slate, finally into hard gray-green lam-
inated argillite—all in a distance of 20 to 30 feet.
The ores probably passed into similar argillite down-
dip. Such limitation of the ore-bearing formation to
a small lenticle is unknown in the Trommald forma-
tion at any place in the district, and the ore is unlike
any formed in the Trommald formation; therefore,
this lenticle is probably not that formation. Minor
shears occurred near the lower contact, but there was
no evidence of major faulting; the upper contact, be-
ing transitional, was obviously not faulted.

The rocks below and above the ore in the Snowshoe
mine resemble rocks known elsewhere in the Mahno-
men formation, and the stratigraphic position of the
iron-bearing lens appears to be perhaps as much as
1,000 feet below the top of that unit. No reason is
known for such a concentration of ore in the Mahno-
men formation.

CUYUNA NORTH RANGE, MINNESOTA

SAGAMORE MINE AND THE SYRACUSE PROPERTY

The Sagamore mine (pl. 4, sec. 19, T. 46 N., R. 29
W.) has been one of the most important in the Cuyuna
district. The property was explored from 1911 until
1919 when stripping was started by John A. Savage
& Co. Operations are in two large connected open
pits. The Sagamore mine together with the Syracuse
mine (lot 4, sec. 19) and the Syracuse reserve
(SE1,SE1, sec. 24, T. 46 N., R. 30 W.) produced
10,588,005 tons of ore through 1955. The ore is dried
in rotary kilns in a large plant at the mine. The mine
and drying plant have been operated by the Saga-
more Ore Mining Co. (Pickands Mather & Co., Agents)
since 1928.

The Sagamore ore bodies occur in a large south-
west-plunging drag-folded syncline, which may itself
be an isolated drag fold on a larger synclinal struc-
ture. The plunging syncline is cut off sharply at the
southwest end along a line trending due west; this
line cuts across the trend of the fold axes and prob-
ably is a fault. Beds near the top of the Trommald
formation and near the base of the Rabbit Lake for-
mation north of the fault are brought into close prox-
imity with argillite and siltstone believed to be the
Mahnomen formation south of the fault. Exposures
near the contact are scant and poor, and drilling data
are not conclusive. The limits of the Trommald for-
mation and satisfactory interpretation of the geologic
structure along the southeast side of the mine for
about 1,000 feet northeast of the fault have not been
determined, and it is possible that the iron-formation
extends considerably beyond the explored area at this
place.

The Mahnomen formation is exposed at several
places along the northwest side of the No. 2 mine and
along the east side of the No. 1 mine. The Trommald
formation is practically all thin bedded. The near-
ness of the transition or actual extension of the tran-
sition into the southwest end of the mine is suggested
by one 6- to 10-inch bed of mottled chert near the top
of the Trommald formation in the NE1,SW1/ sec.
19 in the No. 2 pit. Only at this mine is argillaceous
material intercalated with the iron-formation in a
persistent layer over a considerable area. The inter-
mediate argillite layer or “paint rock” was recognized
by Royce in preparing mine cross sections used by
Pickands Mather & Co. many years ago. It is 5 to
30 feet thick, perhaps averages 20 feet thick, and has
been traced in most of the mine except the southwest
end, where it may pinch out. The layer is ferruginous
and grades into the enclosing iron-formation. No cor-
relative layer has been found in other parts of the

district.
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North Yawkey open-pit_____._.._. 58, 65, 69; pl. 3
Northland . e e 30, 46, 67; pl. 2
property. . 14
Osberg. See Portsmouth.
Pennington open-pit..._____... 6, 27, 29, 30, 41, 43,
46, 47, 52, 58, 59, 63! 78, 74-75; pl. 3
Pontiac, property.ccceceoaccccrnencacnenn 38
shaft_......_.. .- 18,69; pl. 3
Portsmouth open-pit_ ... ooccaaa- 25, 26, 33, 44,
45, 47, 50, 53, 54, 58, 59, 70, 71-72; pls. 2,3
Prestonshaft. . ooooeooooas 54, 67; pl. 2
Rabbit Lake. . .-~ 25,52, 54, 58, 59, 63, 67; pl. 2
Rowe open-pit.._._._ 6, 15, 36, 43, 46, 54, 77, 85; pl. 4
Sagamore 14,

15, 16, 20, 22, 25, 33, 36, 44, 45, 46, 50, 53,
54, 58, 59, 63, 65, 86-87; pl. 4.
Sagamore No. 1 open-pit... 36, 58, 59, 86, 87; pl. 4

Sagamore No. 2 open-Pit oo creeccauann 15,16,

22, 29, 30, 36, 49, 50, 52, 62, 86, 87; plL. 4
Section Six.____._ 15, 17, 22, 27, 42, 43, 48, 64, 84; pl. 2
Sigma mine 6
Snowshoe open-Pit. . c.ocooceaauan 57, 58-86; pl. 4
South Alstead oo 54,82

South Hillcrest open-pit_. 29, 43, 46, 47, 58, 76; pl. 3

Sultana. .o cceememace—ca—a———— 79, 80
Sultana-Hopkins open-pit__... . 78, 80; pl. 3
Syracuse open-pit. o oo aacccamcaaee 86
ThOmMPSON....ccneecunnncucnnen 6, 70, 71, 73; pl. 3
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Virginia open-pit...... 27, 28, 49, 54, 61, 84-85; pl. 3
Wearne open-pit. See Portsmouth.

Mining companies, 8ctive. . oo oocoaoicancaaas 6,9
Minneapolis, St. Paul & Sault Ste. Marie RR_. 5,6
Minnesota, University, drill hole_..._.... 14-15, 25, 69
Minnesota County. 3
Mississippi River. 3,7,9,29
Moore, E. 8., quoted 32
Morrison County. 3
Mrose, Mary, identification of unknown stron-
tium-bearing mineral...._...ce...n. 44
N
Northern Minnesots Ore Couevee e cncemaanaccs 67
Northern Pacific Raillway. .o oo caeaaaaos 5,6
o}
Onahman Iron Co. 68
Oneida Mines Co.... 69
Oolites, iron-formation 84
Trominald formation 24
Open pits, maps 8
Ore, chemical analyses 50
classification 49-53
color differences_. 57-58
brown, in thick-bedded facies of Trommald
formation 58-59
gnarled, defined. 49
distribution. . 53
types. 49-50
grades of North range. .-occoeeavoooammanan 49, 50
laminated, composition 49
occurrence, in Trommald formation, thick-
bedded facies. 60-61
in Tromunald formation, thin-bedded
facies. 57-60
in Rabbit Lake formation. ... .o....__. 61
origin of Cuyuna-type, proposed........... 61-62
theories. §5-67
red-brown, in thick-bedded facies of Trom-
mald formation 59-60
solution-banded. . 53
specular. 52-53
distribution_ 53
texture. 49-53, 58, 60, 75
P
Paint reck. See Argillite.
Pajari, Henry. _ 5
Penckee-Gogebie distriet. ..o oo oo 7
Philbrook. 3,10
Phosphorus content in Cuyuna ores......... 54-55, 86
Phyllite, Mahnomen formation.-_.............. 14,15
Rabbit Lake formation .. _..._..oueeeeeooo 85
Pickands Mather & Co. 6,86
Pittsburgh Steel Ore CO.. oo coceoeeee 85
11
40-41
Pleistocene ferruginous conglomerates. . 40
Pleistocene glacial drift. ... _.._.. 3,9,12,37,40
Pleistocene pebbles and boulders_._._...._..... 37
formation 8, 14, 36, 37, 38, 39

Pokegama quartzite of the Mesabi district... 13,38, 39
Population of villages.

Portage Lake_._..... 36
Potash content, sedimentary rocks of Rabbit
formation 27
Precambrian iron-formation, origin 31-33
Production of ore. 64
Algoma mine. 68
Alstead, North Hillcrest, Hillerest Extension
and Arko mines. ...............__. 82
Armour No. 1 mine 73
Armour No. 2 mines " 72
Croft mine. .. 70
Cuyuns distriet. 64
Cuyuna Northrange__.._..._......._.___.. 6
Ferro mine 68
Gloria mine._ . 67

INDEX
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Hopkins property .- c-ceeeemcecacacacacaas 80
Joan No. 1 mine
Kennedy mine.. 66
Louise mines 80
Mahnomen group_ 78
Mangan-Joan open-pit mine._ . .eceeeecaeoaae 83
Maroco mine 84
Trojan PropPerty--coocommemmcoacmace 84
Menomin Lake, from beneath former bed.. 83
Merritt mine 69
Milford mine 67
Pennington mine 74
Sagamore mine and the Syracuse property-. 86

See also Shipment of ore.
Property ownership in Cuyuna district......--. 6

Q
Quartz diorite 74
Quartz sand, Trommald formation.......... 24-25, 83
Quartz siltstone, Mahnomen formation...._.... 11,15
Quartzite. 36
Mahnomen formation.. 14, 15, 33, 79, 81, 82, 84, 85
Pokegama formation. .. o ceceeooo 13, 38, 39
Rabbit Lake formation.. 27

R
Rabbit Lake. . ccuceacmaaaan 26, 29, 35, 41, 45, 63, 67
Rabbit Lake formation R ¢

12, 13, 25, 26-30, 33, 35, 38, 40, 41, 42, 45,
46, 47, 48, 51, 83, 57, 61, 63, 64, 66, 69, 70,
71, 73, 74, 75-76, 77-78, 83-84, 85, 86, 87

black argillite and slate....---cocccacaacace- 27-28
chiorite and chlorite-biotite schist........... 29-30
Randall 3,10;pl. 1
Relief. 3, 5, 11, 40, 62
Reserves, low-grade manganese.... -ew 84-65
Rhude and Fryberger. .c.c.ocac.. 6, 74, 85
Rhude, Fryberger, & Leach. ..o et 85
Riverton. 3,5,6
Roches moutonnée of unoxidized thin-bedded
Trommald formation...-eeceeuauaae 40
Rodgers-Brown Ore Co..eeeeuvuaeamaaman- 85,70,72,73
Royce, Stephen, cited 8,13,50
8
Sagamore Ore Mining Co..--cceccevencacnaccnn 86
8t. Louis slates of Minnesot: 7
Sandstone, Mahnomen formation.. -. 14,16,82
Pokegama formation____...___ . 38
Savage, John A., & COocecemmameccaacaccanan 70,86
Schist. 60, 71,72,73,74,75
Mahnomen formation 14
Rabbit Lake formation 14,
18-19, 26, 29-30, 47, 48, 63, 71, 73, 74, 75-76, 77
Trommald formation. .c.ceeecacaaaas 25, 26, 33, 75
Schwartz, G. M., cited 10
Shale. 36,37, 38, 43,69, 75,78
Mahnomen formati -- 14,16
Shipment of ore, Algomsa mine.....cccacauaccame 68
Arko mine. 81
Armour No. 1 mijne 73
Armour No. 2 mine. 72
Croft mine 70
Cuyuna North range 6,64
Feigh mine 75
Ferro mine 68
-Gloria mine. . 67
Huntington mine. 76
Ironton mine 74
Joan No. 4 mine . 69
Kennedy mine. . 65
Louise mine. 80
Mangan No. 1 mine.ceeeemeecocacocmcacaacs 82
Mangan property - k)
Manuel-open-pit mMiNe. ... ...ceemeeeecaane 69
Martin mine. . K4
M. Jh m mmn 70
Merritt mine. 69
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Milford mine.

North Yawkey open-pit mine.......cao.._.
Northland stockpile

Pennington mine

Portsmouth open pit.

Rabbit Lake open-pit mine.._.....ccneu.-.
Rowe open-pit mine

Section Bix mine..

Snowshoe open-pit mine. ........._....._..
South Hillcrest open-pit mine_

Thompson mine

Virginia open-pit mine_ . e cueuciooauaoaa.
See also Production of ore.

Sills, basalt 11,42
diabase. 10
Martin mine . L d

Siltstone. .. 36,86
Mahnomen formation.......... 14,15, 16,17, 85,86

Slate, Mahnomen formation. ... . oo 15,

16-17,77, 79,81, 82,84, 85
manganiferous. 65
Pokegama formation. ..« cueeuemiaocauaaas 38
Rabbit Lake formation 11,
18-19, 26, 27, 30, 75, 76, 77
Trommald formation_ .. cocceeeo 25,33,47,75

Snyder Mining Co.. 6,77

South range........ 3,4,6,8,9,11,12,13, 14, 38-39, 40, 55
iron-formation. 18
Keweenawan flows. 40

Spencer, Q. H., Jr., cited 56

Staples 10

Stylolites, thin-bedded facies of Trommald

formation 22

Sulfur content, tuffaceous argillite of Rabbit

Lake formation 27

Synclines 17,29,45-46
Algoma mine. 68
Alstead-North Hillerest open-pit mine_..._. 82
Arko mine 81
b th Menomin Lake. 81
Ferro mine 68
Gloria mine. . 37
Hillerest Extension open-pit mine. ......... 79
Joan open-pit mine. 83
Louise mine. 80
Mahnomen No. 1l mine...cevuucucacaceaaan 78,79
Mahnomen No. 2 open-pit mine. 80
Mahnomen No. 3 mine....... 79
Mahnomen No. 4 open-pit mine. 79
major, in North range.......- 45-46
Mangan No. 1 open plt. .ceceeeaaaameaae 83
Mangan No. 2 mine . 7
Manuel mine. 69
Merritt mine 37,69
Merritt mine-Rabbit Lake..c-cecavameaaae 65
Milford mine. 67; pl. 2
Northland mine. 67
occurrence of ore bodies 60,63
Portsmouth mine 71
Rabbit Lake formation ...cccauuoeee 29,45, 73,78
Rabbit Lake mine. 67
Rowe open-pit mine. 85
Sagamore No. 1 open-plt.-cceeaeoommccaeauee 87
Sagamore ore bodies. 86
Snowshoe open-pit mine. .- ceccceccocaaaaen 86
Sultana-Hopkins open-pit mine.. 80
Trommald formation. _...cemmcaomaammcconan 45

Synclinorium, northeast-trending, Cuyuna dis-

trict 11
T

Thiel, G. A., quoted < 7

Thomson formation. ...ca--eeeeceococomananan 7,10,11

Titania content, Rabbit Lake formation, rocks

at base. 25,26
Rabbit Lake formation, schists.....__-.. 30
rocks of North range. 28,33,34
Trommald formation, argillaceous layers in

thin-bedded facles..cewumeeemveanen. . 25
tuff in North range. 8
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Page
Todd County.. 3,10
Tod-Stambaugh Co.. 74
Topography. 3,541
Transportation 5
Trommald..... 5,6,18
Trommald formation. ... ... 11,

12, 13, 15, 18-26, 31, 33, 35, 38, 39, 40. 42,
44, 45, 46, 47, 50, 51, 52, 53, 54, 57, 65, 66,70,
75,77, pls. 1, 6.

recommendations for further exploration_... 62-63

thick-bedded facies.--ooccccacaaao- 13,
20, 22, 24, 29, 31, 33, 39, 60-61, 62, 63-64, 66,
68, 69, 77, 79, 81, 82, 83, 84, 85; pls. 5, 6.

thin-bedded facies 13,
20-22, 33, 38, 40, 57-60, 61, 63, 66, 67, 68,
69, 70, 71, 73, 74, 76, 77, 78, 79, 81, 82, 83,

86.
Tyler, 8. A., cited ——- 56
Thffs - 9,36,38,42-43
basaltic : _ 33
Rabbit Lake formation_......o..o.o._.. 11, 26,33

INDEX
Page
Twenhofel, W. H., cited. 32
U
U.8. Bureau of Mines.....cccacemecuuancs 10, 12, 64, 65
v
Van Hise, C. R., quoted 57,31
Veins 43-44, 49, 52, 59
Mahnomen No. 2 open pit.-ocoooooecuaaaan 81
quartz, Alstead-North Hillerest open pit.... 82
Vermillion district. 41
Virginia formation ..o eeecevemenean 8,14, 33, 36, 38
Virginia slate. 7,10,13, 39, 40
Volcanic ash .. 25,31,33
Voleanic flows 9
w
Wash ore, distribution 53
Trommald formation . ..cccceeeeeoooooon 24, 51,61
upper iron-formation lenses of Rabbit Lake
formation 51

Page
Waukenabo Lake.. 10
‘White, D. A., quoted 32, 56
‘White, W. C 5
‘Whitmarsh Mining Co. 76,77
Wolif, J. E., 8r., cited_ e cmceeee.n 8, 35-36, 39, 46, 56, 68

X.ray powder patterns, thin-bedded facies of

Trommald formation 22
Y
Youngstown Mines Corp...cccocccecaccmamaaan 67
Z
Zapfle, Carl, cited 5,7-8, 13,67
Zontelli Bros., Inc 69, 77,83, 84
Zontelli Division of Pittsburgh Pacific Co._.... 6,69
Zubovic, Peter, analyst 61

U. S. GOVERNMENT PRINTING OFFICE : 1963 O - 664816









