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Introduction

The U, S. Geological Survey, in cooperation with
the Geological Survey Division of the Michigan Depart-
ment of Conservation, is conducting a comprehensive
restudy of the iron-bearing districts of Michigan, The
use of aeromagnetic data isone ofthe fastest and most
reliable methods for outlining the arealdistribution of
magnetic iron-formation and thus is of materialvalue
in assessing the iron resources of the United States,
As part of this program of restudy, aeromagnetic sur -
veys of approximately 4,500 square miles of the North-~
ern Peninsula have been made, Theresultsof several
of these surveys have been presented by Balsley and
others (1949) and by Wier and others (1953). This re-
port is about a survey made in 1950, over an area of
about 1,400 square miles in Marquette County and ad-
joining strips in northern Dickinson and northeastern
Baraga Counties, and a later survey flown in 1961,
over about 500 square miles in parts of Marquette,
Alger, and Schoolcraft Counties. The Marquette iron
range extends inaneast-west direction across approx-
imately the west-central part of the area, and iron
districts of lesser importance are located at Republic,
in the southwestern part of the area, andnear Gwinn,
in the south-central part of the area,

Aeromagnetic surveys were flown along north-
south lines spaced at intervals of one-quarter mile in
the western part of the area and at intervals of from
about 1 to 3 miles in the eastern part. Lines were
flown at approximately 500 feet above the surfaceor at
elevations of 1,100 to 2,400 feet above sea level, The
flight path of the aircraft was recorded by a gyrosta-
bilized continuous-strip camera, and elevation was
continuously recorded by a radie altimeter, Magnetic
measurements were made by an AN/ASQ-3A fluxgate
magnetometer., Compilation of aeromagnetic data was
by standard methods, described by Balsley (1952),
under the supervision of John Kirby and Frank Petra-
feso. The aeromagnetic contours are relative to an
arbitrary datum,

Magnetic properties of rocks were measured by
W. E. Huff,

At the time the earlier aeromagnetic survey was
flown, the only base maps available were planimetric
maps such as the Helena NW quadrangle and county
road maps,  Small errors, therefore, may existin the
location of flight lines and specific aeromagnetic anom-
alies,

The major magnetic anomalies and broad areas
that have characteristic magnetic patterns are cor-

related herein with geology as determined from pub-
lished reports and from mapping done since 1957 by
the U. S. Geological Survey in the eastern part of the
Marquette iron range. The geology north of the Mar-
quette iron range and west of the line between R. 25 W,
and R. 26 W, isbased mainly ona compilation made by
Robert Reed of the Geological Survey Division of the
Michigan Department of Conservation from data inthe
files of the State Survey. In addition some aeromag-
netic features have been checked by ground magneto-
meter in selected localities and correlated directly
with the rock types. Afeworiented samples have been
collected for measurement of the magnetic properties
of the ma jor rock units, but many hundreds or thousands
of samples would be required to obtain a full range of
values of the magnetic susceptibility and remanent
magnetization of the rocks over such a large area,

Although the geology of much of the area is still
imperfectly known, the available aeromagnetic data
together with the best obtainable geologic data are
presented at this time, rather than awaiting the even-
tual extension or completion of the present mapping
program, because the combined data provide much in-
formation on the extent and location of magnetic iron-
formation and other major rock units where concealed
beneath glacial, vegetative, and alluvial cover,

General geology

The geology of parts of the area included in this
report has been described in early publications of the
U. S. Geological Survey (Van Hise and Bayley, 1897;
Van Hise and Leith, 1911, p. 251-288), and more re-
cently by Leith and others (1935, p. 4-5). The Gwinn
district, in the south-central part of the area, was
also described by Allen (1913), Since the early work
by the U. S. Geological Survey, studies of the central
and western parts of the Marquette iron range have
been made by Swanson (1930) and Zinn (1931). The
most recent geologic map of the entire area was pub-
lished by the State of Michigan in 1936 (Martin, 1936).

Rocks of early, middle (Animikie), and late (Ke-
weenawan) Precambrian age (James, 1958) underlie
most of the area, but generally they arenot extensive-
ly exposed because of surficial Pleistocene deposits.
Flat-lying Paleozoic¢ rocks form a narrow fringe ad-
jacent to much of the shoreline of Lake Superior and
largely cover the Precambrian rocks eastward from
about the eastern margin of the area shownon sheet 1.

Lower Precambrian rocks form the basement
and consist of greenstones and other metavolcanic



rocks, comprising the Mona and Kitchi Schists, and
of tonalitic, granodioritic, and amphibolitic gneisses,
One or more periods of metamorphism and deforma-
tion occurred before the end of early Precambrian
time, and thebasement rocks are separated from over-
lying metasedimentary rocks of middle Precambrian
age by a major unconformity. Rocks of middle Pre-
cambrian age in Michigan have been placed with the
Animikie Series (table 1) which is correlated with the
Animikie Group of northeastern Minnesota and the
Thunder Bay area, Ontario (James, 1958). The most
notable of these units is the Negaunee Iron-Formation,
It is the main sourceofironore in the area and locally
causes magnetic anomalies in excess of 20,000
gammas,

Widespread deformation and regional metamor -
phism occurred at the close of middle Precambrian
time. Prior to that time intrusive bodies of both early
and middle Precambrian age were emplaced. The
largest and most abundant of these wereirregular and
tabular masses of gabbro or diabase that were highly
altered during the subsequent metamorphism, Several
large bodies of ultramafic rock also were intruded
during early Precambrian or late in middle Precam-
brian time, During late Precambrian (Keweenawan),
diabase dikes having dominantly westward trends in-
truded the older rocks. Since then there has been
little deformation, other than regional warping, andno
regional metamorphism in the area,

- eastern half of the iron range,

Lower Precambrian basement rocks, particularly
gneisses, occur in broad areas north and south of the
Marquette iron range. Lower Precambrian green-
stones and other metavolcanic rocks form a belt as
much as several miles wide, immediately north ofthe
The iron range is
underlain by middle Precambrian rocks, is approx-
imately 35 miles long and 2 to S miles wide, and is
nearly coextensive with the Marquette synclinorium,
The axis of the synclinorium passes from a little
south of the line between T, 47 N. and T, 48 N. on the
east to a little north of that line on the west, At the
west edge of the mapped area the synclinorium opens
into a broad basin underlain mainly by rocks of late
Animikie age. The south limb of the Marquette syn-
clinorium there bends southward and southeastward
and is folded into the tight southeast-trending Repub-
lic trough. Gneissic basement rock bounds thetrough
and occupies the area between the trough and the Mar -
quette synclinorium, Two broad poorly defined basins
of metasedimentary rocks of unknown age but prob-
ably middle Precambrian are folded intothe basement
north of the Marquette synclinorium, They occur along
the Dead River-Silver Laké low area and, north of
there, in much of the upper drainage basins of the
Yellow Dog, Salmon Trout, and Huron Rivers.

In the south-central part of the regiona structur-
al basin near Gwinn contains Negaunee Iron-Formation
and other units of the Animikie Series.

Table 1.--Middle Precambrian formations of the Animikie Series oh the Marquette iron range, Michigan

[Asterisk (*) indicates that future detailed mapping may show that the Clarksburg and Greenwood are separate

formations beneath the Michigamme]

Upper Keweenawan Mafic intrusive rocks
Precambrian Series
Michigamme Slate Metadiabase and
Upper slate member metagabbro
Bijiki Iron-Formation Member (some is
Upper part Lower slate member younger than
*Clarksburg Volcanics Member parts of the
Middle Animikie *Greenwood Iron-Formation Member Michigamme
Precambrian Series Goodrich Quartzite and some may
Unconformity be as old as
Negaunee Iron-Formation early Pre-
Middle part Siamo Slate cambrian)
Ajibik Quartzite
Unconformity
Wewe Slate
Lower part Kona Dolomite
Mesnard Quartzite
Unconformity ?
Lower Syenite, gneiss, and greenstone
Precambrian i




In the eastern part of the area, one small expo-
sure of pre-Animikie basement is known near Skandia,
but over most of Alger, Schoolcraft, and eastern Mar -
quette Counties, Precambrian rocks are concealed
beneath Cambrian and Ordovician sedimentary rocks,
along the northwestern side of the Michigan Basin,

General features of the aeromagnetic map

The aeromagnetic map is characterized by six
distinct groups of anomalies or anomaly patterns:

1. In the’ central, western, and southwestern parts of
the area iron-formation in the Animikie Series
is shown by magnetic highs of large amplitude--
up to 27,000 gammas. The pattern of magnetic
highs over iron-formation generally outlines the
west-trending synclinorium along the Marquette
iron range, the Republic trough, and the belts of
Animikie rocks south and west of the Republic
trough,

2, Westward-trending reversely magnetized diabase
dikes of Keweenawan age are shown by prominent
elongate magnetic lows of moderate to high am-
plitude, The lows are most abundant in Tps, 48,
49, and 50 N.

3. Mafic intrusions into pre-Animikie basement rocks
northwest of Ishpeming are the cause of a group
of magnetic highs of large amplitude,

4. The basement gneiss is characterized by a pattern
of discontinuous highs and lows of low to moder-
ate amplitude,

w

. Intrusive greenstone inthe basement gneiss causes,
in some places, isolated magnetic highs of mod-
erate amplitude, but in other places it is apparent-
ly only weakly magnetic,

6. In the extreme eastern part of the area, where
Precambrian rocks are covered by as much as
2,000 feet of lower Paleozoic sedimentary rocks,

- large magnetic highs and lows with relatively
flat magnetic gradients predominate,

Another major feature of the mapped area is the
regional northward increase in total magnetic inten-
sity, This is in part related to the earth's magnetic
field which increases northward by about 0.5 gammas
per mile in this region,

The prominent lows associated with the diabase
dikes tend to obscure the magnetic effects of the ad-
jacent rocks; hence, ideally, the lows should be re-
moved by graphical or analytical methods to permit
interpretation of the magnetic effects of the adjacent
country rock, Such techniques have notbeenattempted
for this brief report.

Marquette synclinorium and iron range (sheet 1)

The Margquette iron range is underlain mainly by
metasedimentary rocks of Animikie age, folded into a
west-plunging synclinorium, Faults are common,
generally dipping steeply, and are alined subparallel
to the trend of the range. They occur both along the
margins, separating Animikie from basement rocks
in places, and within the synclinorium. The major
known result of faulting is a large downdropped block
of rocks of the middle and upper partsof the Animikie
south of the main synclinorium in the Palmer district
(formerly designated Cascade district), south and
southeast .of Negaunee,

Rocks of thelower part of the Animikie, comprised
of the Mesnard Quartzite, Kona Dolomite, and Wewe
Slate, occur between Marquette and the Negaunee-
Palmer area. Magnetization of these rocks is gener -
ally weak, The magnetic susceptibility of 10 samples
from 5 localities ranges from 0.010 X 1073 to 1.00 X
10-3 cgs units (table 2). Measurements of 2 samples
of Wewe Slate from 1 locality indicate that local mag-
netic zones are present: the magnetic susceptibility
of the 2 samples is 0.920 X 10-3 and 1.000 X 10-3 cgs
units and the remanent magnetization is 5,93 X 10-5
and 7.39 X 10-5 cgs units,

Rocks of the middle part of the Animikie--the
Ajibik Quartzite, Siamo Slate, and Negaunee Iron-

TABLE 2:--Some magnetic properties of Precambrian rocks from the Upper Peninsula of Michigan

[Measurements by W. E. Huff]

Number Range of Range of remanent Range of Q
Rock type or formation of susceptibility, k magnetization, J * Q = J/kH
samples (cgs/cc X 10°3) (cgs emu/cc) H = 0.6 oersted

Diabase of Keweenawan age.. . ... .. 2 1.90 - 3.30 4.04X1073-7.16X10" 3 3.5 - 3.6
Bijiki(?) Iron-Formation Member. 5 .167 - 86.00 4.74X1072-5.48X10" 2 .9 - 1.0
Clarksburg Volcanics Member.. 1 . 060 Too weak to measure - .
Goodrich Quartzite....... 1 .024 . e O,
Negaunee Iron.Formation...... 8 - 385.00 1.34X107%-6.08X10" 2
Siamo Slate.......... 5 - .157 | Too weak to measure
Ajibik Quartzite 5 0 - .01 e Ol
Wewe Slate..... 4 017 - 1.000 5.93X107°-7.39X10°°
Kona Dolomite.. 3 .010 - .048 | Too weak to measure
Mesnard Quartzite............ 3 0 - L0100 | don
Gneiss of early Precambrian age.... 16 .010 - 2050 | e dO
Greenstone in Mona Schist......... 4 .400 1.00X10" % .42
Serpentine, serpentinized peri-

dotite, and ultramafic rocks........ 10 .022 - 4,20 Weak to 7.93X10°3 7 - .8
Metadiabase, amphibolite, and

layered greenstone of the

pre-Animikie basement.... 10 .030 - .064 | 2.34X10°5-1.98X10°3 1.1 - 51.6

* Orientations of remanent magnetization are varisble.



Formation--are found in the axial part of the syncli-
norium from about 6 miles east of Negaunee to Ish-
peming, but along the limbs of the synclinorium these
rocks extend to the west end of the range, Ajibik
Quartzite and Siamo Slate generally are weakly mag-
netic, as indicated by 10 samples from 5 localities
in which the magnetic susceptibility ranges from 0.01 X
10-3 to 0.157 X 10-3 cgs units, Aeromagnetic and
ground magnetic anomalies over parts of the Siamo,
however, indicate the presence of a thin magnetite-
rich zone that persists for several miles inthe Siamo,
southeast of Negaunee,

The Negaunee Iron-Formation commonly consists
of assemblages of quartz-specularite, quartz-siderite,
quartz-specularite-magnetite, quartz-magnetite,
quartz-magnetite-minnesotaite, or quartz-grunerite-
magnetite, The generally strong positive magnetic
anomaly caused by the Negaunee Iron-Formation
clearly outlines the synclinal structure, although the
trend of the anomaly where the iron-formation crosses
the axis of the synclinorium between Negaunee and
Ishpeming and south of there is partly.obscured or
modified by the magnetic effects of several inter-
layered sills of metadiabase and by variations in the
amount of magnetite within the Negaunee,

Measurements of 8 samples of Negaunee Iron-
Formation from 5 localities indicate that magnetic
susceptibility ranges from 0.92 X 10-310385.0 X 10-3
cgs unitsand that remanent magnetization ranges from
1,34 X 10-4to 6,08 X 10-2 cgs units, Orientations of
the remanent magnetization are variable, Nocorrec-
tions have been made for bedding attitudes, and the
samples have not been demagnetized. These few meas-
urements suggest that remanent magnetization consti-
tutes an appreciable fraction ofthe total magnetization
in the Negaunee Iron-Formation and should be consid-
ered in any quantitative computations based on mag-
netic data, as Q ranges from 0.1 to 28.2 (table 2). Q
is the ratio of remanent magnetization to induced
magnetization, The magnetic field of a body is the
vector sum of the induced magnetization and remanent
magnetization; thus when Q is large, a large propor-
tion of the field is due to remanent magnetization, A
full evaluation of the relative importance of induced
and remanent magnetizations of these rocks would re-
quire many oriented samples, systematically collec-
ted, and should consider orientation of bedding., Bath
(1962) made such a study of the iron-formation in the
Mesabi area, Minnesota. He found that for relatively
unmetamorphosed iron-formation of the main Mesabi
district, the dominant magnetization is induced and is
about 0.012 gauss; the dominant magnetization of the
strongly metamorphosed iron-formation of the east-
ern Mesabi district is remanent and is about 0.100
gauss,

Rocks of the upper part of the Animikie occupy
the axial part of the synclinorium westward from Ish-
peming., They are the Goodrich Quartzite (table 1)
and the Michigamme Slate, The Greenwood, Clarks-
burg (table 1), and Bijiki Members are at the base or
in the lower part of the Michigamme. At the base of
the upper part of the Animikie sequence is a wide-
spread unconformity which cuts into, and possibly in
-places entirely through, the Negaunee Iron-Formation,
and which might account for the local absence of Ne-

gaunee along the limbs of the synclinorium, Assem-
blages of grunerite and magnetite, or of grunerite,
magnetite, and quartz, are common in the Greenwood
and Bijiki Iron-Formation Members; parts of these
units are grunerite schist which locally contains gar-
net, Early surveys failed to distinguish the Bijiki and
Greenwood Iron-Formation Members from one an-
other, According to detailed dip-needle and geologic
surveys by Swanson (1930) and Zinn (1931), however,
the magnetic belt formed by the Greenwood is a marker
between the Goodrich Quartzite and -the Clarksburg,
whereas the Bijiki is stratigraphically higher in the
Michigamme Slate, The Greenwood and Clarksburg
evidently are lenticular and thus are not coextensive
with the underlying Goodrich Quartzite, Magnetic belts
within the Clarksburg in places have been interpreted
by Zinn as the Greenwood brought to the bedrock sur-
face by local folding,

The magnetic susceptibility of 1 sample of Good-
rich conglomerate is 0,024 X 10-3 cgs unit, and the
susceptibility of 1 samsple of Clarksburg Volcanics
Member is 0,060 X 10-2 cgs unit, Five samples of
Bijiki(?) Iron-Formation Member were collected from
2 localities, The magnetic susceptibility of these sam-
ples ranges from0.167 X 10-3t0 86.0 X 10-3 cgs units.
Only 2 samples from 1 locality were oriented; their
remanent magnetizations are 4.74 X 10-2 and 5.48 X
10-2 cgs units. Q values are 0.9 and 1.0.

In general, the positions of aeromagnetic highs
and iron-formation shown on the map correlate some-
what more closely inthe westernpart ofthe iron range
than in the eastern part. Thereasonfor this disparity
may be that, because of relative scarcity of exposures
in the western part, the mapped position of the iron-
formations has been based largely on the results of
early dip-needle surveys. Furthermore, geologic
structure is evidently simpler in the western part of
the range than in the eastern part; hence, correlation
of the magnetic pattern with geology is better. Some
of the apparent lack of correlation of aeromagnetic
anomalies and iron-formation may be caused by a
large divergence of the direction of strong remanent
magnetization from that of the earth's present field,

The complex anomaly pattern over Negaunee Iron-
Formation on the nose of the synclinorium results
from the overlap and merging of several magnetic
features: some of the magnetic highs are related to
magnetite-rich zones in Negaunee Iron-Formation
and some to a magnetite-rich zone or iron-formation
in Siamo Slate. These two magnetic units have been
folded into subsidiary flexures on the nose ofthe syn-
clinorium and have been cut by several faults, More-
over, the amount of magnetite in the Negaunee Iron-
Formation--and hence the associated magnetic anom-
aly--varies erratically along strike, Metadiabase
sills are abundant in this area, and some relatively
small magnetic effects of these masses appear on the
map.

Magnetic highs in secs, 19, 20, and 21, T. 47 N.,
R. 27 W., west of National Mine, coincide with Negau-
nee Iron-Formation on the southern limb of the syn-
clinorium, East and northeast of sec. 21, the mapped
width of the Negaunee and the accompanying magnetic
highs become much broader, occupying much of the



northeastern part of T. 47 N,, R, 27 W,, and the north-
western part of T. 47 N., R. 26 W. The lower part of
the Negaunee is marked by prominent magnetic highs
in secs, 23, 24, 25, and 26, T. 47 N., R, 27W,, and in
secs. 7, 18, and 19, T. 47 N., R, 26 W., northwest of
Palmer. The anomaly in the central part of sec, 19
is partly over the low-grade magnetite-rich ore body
of the new Empire Mine. In contrast, iron-formation
near Ishpeming and Negaunee has only moderate mag-
netic expression owing, in part, to a relatively low
content of primary magnetite and, inpart, to extensive
oxidation of the iron-formation; mines near these
cities are in soft hematitic ore, The pronounced mag-
netic low extending from sec, 4, T. 47 N,, R, 27 W,,
to sec, 8, T. 47 N., R, 26 W,, is in part a polarization
low related to the magnetic highs south of the axis of
the synclinorium, but some portion of this low maybe
due also to a reversed remanent magnetization of
either iron-formation or the metadiabase sills,

A magnetite-rich bed of jron-formation in the
Siamo Slate (Boyum, 1962, p. 3; Gair and Wier, 1963)
extends through secs. 10, 15, 16, and 20, T. 47 N,,
R. 26 W., northeast of Palmer, as indicated by mag-
netic highs as much as 7,000 gammas in amplitude
(anomaly A-A'). Folds of moderate breadth are in-
dicated by the outcrop pattern of the metadiabase sill
in this region, by bedding attitudes, and by the mag-
netic anomaly pattern.

East and south of Palmer, Negaunee Iron-For-
mation in a large downfaulted block is the source of
prominent magnetic highs in secs. 27, 28, 31, and 32,
T. 47 N., R. 26 W. Agroup of smaller magnetic highs
(anomaly B-B') extending from sec, 31, T. 47 N., R.
27 W., to sec, 4, T. 46 N., R, 27 W,, may be related
to a similar downfaulted block of iron-formation, even
though previous geologic mapping shows the area to
be underlain by gneiss, If the Palmer fault or the Vol-
unteer fault projects westward from secs. 26 or 36,
T. 47 N., R. 27 W,, either could cause downthrown
iron-formation in the vicinity of secs. 31and 32, This
magnetic anomaly, although of only small amplitude
(1,000 gammas), merits further exploration to test for
iron ore, ’

To the west, in Rs, 28, 29, and 30 W,, correlation
between magnetic highs and iron-formation is more
obvious. Iron-formation is overlain by a virtually
continuous magnetic high from sec, 20, T, 47 N,, R,
27 W., to sec. 36, T, 48 N., R. 30 W. Magnetic values
are as great as 23,000 gammas in sec, 11, T, 47 N.,
R. 29 W,, near the Humboldt Mine, Along the north
limb of the synclinorium a nearly continuous line of
magnetic highs related mainly, or entirely, to Negau-
nee Iron-Formation extends from sec. 36, T. 48 N.,
R. 29 W,, to near the west edge of the mapped area,
in sec, 19, T. 48 N,, R. 30 W, The highs along the
extreme south edge of the iron range arerelated pre-
dominantly to magnetic Negaunee Iron-Formation, but
some are caused by the overlying Greenwood and Bijiki,
as is discussed later,

Absence of magnetic highs in secs, 2, 3,and 4, T.
47 N., R. 28 W,, an area of known iron-formation and
bodies of soft hematitic ore, is attributed either to
relatively low amounts of primary magnetite or to ex-
tensive oxidation of primary magnetite,

Magnetic highs in secs, 35 and 36, T. 48 N,, R.
28 W,, between Gold Mine Lake and Deer Lake, are
related to ultramafic masses in the pre-Animikie
basement., (See p.8.)

Several groups of magnetic highs in the central
part of the synclinorium are correlated with iron-
formation that stratigraphically overlies Negaunee
Iron-Formation, Some of these highs ¢an be related
directly to known layers of iron-formation: for ex-
ample, the highs in secs. 1, 2, 3, and 4, T. 47 N., R,
29 W., and in secs, 6, 7, 8, 16, 17, 18, 19, and 20, T.
47 N.,, R. 28 W., coincide with Greenwood Iron-For-
mation Member, and outline a subsidiary syncline on
the south limb of the synclinorium. West of sec, 16
magnetic effects of the Greenwood, however, appar-
ently merge with those of the Negaunee, Between Lake
Michigamme and sec, 28, T. 48 N., R, 29 W,, some
aeromagnetic anomalies .are clearly related to the
Bijiki, and some coincide with nearby exposures .of
Negaunee or Greenwood. The magnetic high-in secs,
26 and 27, T. 48 N., R. 30 W, (anomaly C-C"), lies
slightly north of the mapped position of the Bijiki. In
secs. 28 and 29, T. 48N., R.29 W., a single aeromag-
netic high, which overlies both the Bijiki and Green-
wood, evidently represents a merging of magnetic ef-
fects at the level of observation, 500 feet above the
ground surface,

Prominent magnetic highs occur locally in the syn-
clinorium at somedistance fromreported iron-forma-
tion: for example, a magnetic highthatis related to a
magnetite-rich zone extends southeasterly in the Mich-
igamme Slate from sec. 36, T.48N., R. 29 W., to sec,
10, T. 47 N., R. 28 W, alongthe axial part of the syn-
clinorium (anomaly D-D').

The magnetic gradients on both limbs of the syn-
clinorium tend to be somewhat steeper on the north
sides of the anomalies than on the south sides, This
magnetic asymmetry on both limbs might suggest that
the south limb locally dips southward and that the axial
planeof the synclinorium dips southward,but many sam-
ple measurements to determine the magnetization di-
rections would be required for the model calculation
necessary to check this possibility,

The south limb of the synclinorium conforms with
the basement arch southeast of Lake Michigamme in
T. 47 N., R, 30W,, andpasses into the Republic trough,
Although iron-formation has not previously been re-
ported around the nose of this arch, the nearly con-
tinuous magnetic high (anomaly E-E') indicates that
one or more magnetic units of the Animikie Series
are preserved and presumably are iron-formation.

Republic trough (sheet 1)

The Republic trough, a few miles south ofthe west
end of the Marquette synglinorium, is anarrow north-
west-plunging syncline in which rocks of the middle
and upper parts of the Animikie are deeply folded into
basement gneiss, Thin Ajibik Quartzite (table 1),at the
base of the middle part of the Animikie in the trough,
is overlain by Negaunee Iron-Formation, In the axial
part of the trough the Negaunee is overlain unconform-
ably by ferruginous conglomerate and quartzite of the
Goodrich (table 1), which is succeeded by Michigamme
Slate. Sills of amphibolitic metadiabase occur within



the Negaunee Iron-Formation near the southeast end
of the trough, where the iron-formation bends across
the fold axis. Lenses of similar mafic rock occur in
the iron-formation along the flanks of the trough to
the northwest. Theiron-formationis mainly laminated
quartz-specularite rock with very small amounts of
magnetite, Comparatively thin magnetite-richbedsin
the lower part of the iron-formation, however, produce
the strong magnetic anomaly that clearly defines the
Republic trough on the aeromagnetic map, The aero-
magnetic pattern suggests that the fold is nearly iso-
clinal, but the southwest limb may be slightly over-
turned, judged from asymmetry of the magnetic anom-
alies.

The iron-formation and its corresponding mag-
netic anomaly are missing on the southwest limb of
the Republic trough, for about 2 miles northwestward
from near the southeast end of the trough, The most
likely explanation for this is (1) that the Negaunee
Iron-Formation was eroded away at the beginning of
Goodrich time, or (2) that the missing segment has
been removed by faulting. The idea of removal by
faulting is given some support by the magnetic anom-
aly, the magnetite-rich rock, andthe quartz-grunerite
rock in sec. 29, T, 46 N., R. 29 W,, described in the
following paragraph,

The positive anomaly in sec. 29, T. 46 N., R. 29
W., has not been fully investigated on the ground, but
in the SE¥NWY sec. 29 large and variable magnetic
highs and lows are associated with a metamorphosed
mafic intrusive body. In that part of sec. 29 the in-
trusive rock seems to trend east-northeastward., The
mafic rock contains abundant green amphibole and lo-
cally hasmuchchlorite, epidote, garnet, and magnetite,
Quartz-grunerite rock is exposed adjacent tothe mafic
intrusive rock, Vague layering and the composition
of the rock are suggestive of a sedimentary origin al-
though the quartz-grunerite rock is well withinthe area
of gneiss that borders the Republic trough, The quartz-
grunerite rock in the gneiss and the high magnetite
content in parts of the metamorphosed mafic rock are
anomalous, Magnetite is concentrated inthe marginal
parts of some mafic rocks intrusive intothe Negaunee
Iron-Formation in the Cliffs Shaft Mine at Ishpeming
and probably represents assimilated iron-formation,
The magnetite-rich mafic rock in sec. 29 may simi-
larly be a result of assimilation of iron-formation
by the intrusive rock. These features are nearly on
trend with the southwest limb of the Republic trough,
a position suggestive that owing to faulting they are
related to the missing segment of iron-formation on
the southwest flank of Republic trough,

Area south of the Republic trough (sheet 1)

Gneissic basement rocks border the Republic
trough and extend southward from there to the limit
of the surveyed area and beyond. The magnetic high
over the iron-formation closely follows the contact
between Animikie and basement rocks and forms a
great arch in Tps. 45 and 46 N, that trends south and
southeastward (anomaly F-F'), The anomaly in part
represents Negaunee(?) Iron-Formation rimming the
east side of an elongate oval of basement rock which
lies mainly west of the mapped area, The elongate
oval evidently is separated from the main area of base-
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ment gneiss south of Republic by a narrow northward-
trending trough, which is partly defined by anomaly
F-F'. The single magnetic high along the narrow
trough overlies the eastern limb in some places and
the western limb in others; evidently the limbsare so
close locally that the magnetic effects of iron-forma-
tion on the limbs merge at the level of observation,
At the western edge of the mapped area in secs. 8,
17,and 18, T. 45N.,, R. 30 W,, a magnetic high diverges
westward from anomaly F-F'and presumably overlies
iron-formation that borders the southeastern margin
of the basement oval. Alongthe southpart of magnetic
high F-F' the contacts of the rock units shown on the
map are based mainly on aeromagnetic data, East-
ward bends of the magnetic anomaly in T. 45 N., Rs.
29 and 30 W., near the border between Marquette and
Dickinson Counties (anomaly F-F') are suggestive of
westward-plunging infolds of iron-formation and other
Animikie rocks into the gneissic basement. Analysis
of the magnetic data discloses a prominent digitation
in the nose of the syncline in sec, 29, T. 45 N., R. 29
W. Anomaly F-F' extends at leasttosec, 2, T. 44 N,,
R. 30 W,, where it has a westerly trend,

The survey described inthis report overlaps those
described by Wier and others (1933) in Tps. 43 and 44
N. Anomaly A} of their report corresponds generally
to anomaly G-G' of this report, Their discussion of
anomaly A) strengthens the interpretation that both
F-F' and G-G' are caused predominantly by magnetic
Negaunee Iron-Formation, which is correlative with
the Vulcan Iron-Formation cited here:

Anomaly Aj is well defined for a dis-
tance of about 5 miles, from sec, 12, R,
30 W., to sec. 32, R, 29 W., in a direction
parallel to the contact between the Huron-
ian [Animikie] metasediments andthe
crystalline gneiss complex to the north-
east. Ground magnetometer profiles were
made in secs. 19 and 29 [T. 44 N.], R. 29
W. The magnetic crest on these profiles
is several hundred feet west of exposures
of granite gneiss, In the SE 1/4 SW 1/4
sec. 29 [T. 44 N.], R. 29 W, conglomeratic
quartzite of Huronian age...unconform-
ably overlaps the granite gneiss and trun-
cates its well-defined east-west foliation.
Drilling in secs. 5and 9, T. 45 N., R, 30
W., penetrated interbedded iron formation,
quartzite, schist and greenstone, In the
single drill hole that reached granite, the
granite was separated from quartzite only
by a thin bed of 'arkose'. Drilling in sec,
13 [T.-44 N.], R. 30 W., and sec. 19 [T.
44 N.],R. 29 W,, penetrated thin beds of
highly metamorphosed Vulcaniron-for-
mation,

It is reasonable to infer that the iron
formation present above the quartzite in
these areas is also present above the
quartzite exposed in sec. 29, T. 44 N., R.
29 W,, and causes the anomaly,

Abrupt differences in strike of anomaly F-F' in
secs. 1 and 2 and anomaly G-G'in secs. 12 and 13, T.
44 N., R, 30 W,, are suggestive that the iron-forma-
tion is faulted between the anomalies,



The magnetic high of about 1,000 gammas in T.
43 N., Rs. 28 and 29 W, (anomalies H-H' and I-1"),
coincides in part with anomaly B of Wier and others
(1953), who attribute the anomaly to a fine-grained
massive greenstone, Whether the arcuate high, J-J',
is continuous with anomaly H-H' and thus outlines a
fold in magnetic greenstone, or whether it is associ-
ated with metasedimentary rocks, is unknown, Anomaly

J-J' isheretentatively shown as representing Animikie .

metasedimentary rocks downfolded into the gneiss,

Area of basement rocks south of Marquette
iron range (sheet 1)

A wide area extending from the south edge of the
Marquette synclinorium tothe south edge of the mapped
area is underlain by light-colored gneiss and amphi-
bolite, cut by thin mafic dikes, Dikes intruded prior
to the end of Animikie time have been metamorphosed
togreenstone, and most of the known ones trend approx-
imately north-south, Younger mafic dikes of Kewee-
nawan (late Precambrian) age are virtually unmeta-
morphosed. They trend approximately east-west,

The magnetic pattern in most of the region south
of the Marquette iron range is mainly one of small dis-
continuous highs and lows, These anomalies are typ-
ical of granitic or gneissic rocks containing minor and
variable amounts of magnetite, In the southeastern
part of the area shown on sheet 1 a magnetic high of
several hundred gammas extends generally east-
southeast from sec. 29, T. 45 N., R. 27 W,, to sec, 2,
T. 44 N., R, 25 W, This elongate high could be related
to a dikelike mafic intrusion in the gneissic basement,
or it may represent a hidden layer of iron-formation,
In secs. 21, 22, 27, 34, and 35, T. 44 N., R. 25 W, a
magnetic high of 200 gammas that strikes north-north-
westward toward the east-southeast-trending high is
probably related to a mafic mass in the basement,

Two small sharp magnetic highs near the boundary
between Tps, 44 and 45 N., R. 29 W,, are probably
caused by shallow magnetic mafic intrusive bodies in
the basement, '

In T. 46 N., Rs, 26 and 27 W,, a magnetic high of
about 400 gammas (anomaly K-K') is apparently cut
by a prominent east-northeast-trending magnetic low
presumably caused by a diabase dikethatis more than
30 miles long. The high may be caused by an elongate
mafic mass in the basement or by downwarped, or
downfaulted, iron-formation. Magnetic anomaly L-L'
in T. 46 N., R. 28 W., may be caused by similarly
buried rocks, A ground magnetic traverse made
across anomaly K-K' with a total vertical intensity
fluxgate magnetometer in secs. 13 and 14, T. 46 N.,
R. 27 W., found the ground anomaly to be only about
300 gammas along the traverse, and the magnetic gra-~
dients on the flanks of the anomaly to be relatively
smooth and flat; therefore, the source of the anomaly
is buried beneath as much as several hundred feet of
cover,

Gwinn district (sheet 1)

The Gwinn district in the southeastern part of
area mapped on sheet 1 has been a producer of soft
hematitic ore, The iron cre evidently has been de-
rived from sideritic Negaunee Iron-Formation, which

with other rocks of Animikie age occupies a south-
eastward-plunging syncline bordered by pre-Animikie
gneiss. There is no record of magnetite in the iron-
formation or the ore; moreover, the aeromagnetic data
indicate that the ore deposits of the district do not con-
tain significant volumes of magnetite, as the anomalies
are generally subdued and are tranverse to the known
iron-formation,

A few miles north of Gwinn two magnetic highs
of about 500 gammas each, in Tps. 45 and 46 N., R,
25 W,, trend roughly northwestward. These anomalies
presumably are related to moderately magnetic rocks
of the basement, although their parallelism with the
axis of the Gwinn trough suggests that the anomalies
might represent another infold of Animikie metased-
imentary rocks into basement gneiss,

A very prominent west-northwestward-trending
magnetic anomaly of about 1,200 gammas occurs in
the north-central part of T, 46 N,, R. 25 W. This
anomaly is crossed by a magnetic low caused by a
diabase dike that extends through secs, 1, 2, 3, 7, and
8. These magnetic featureshave beennoted previously
by Alfons Buzas (1960, The interpretation of the aero-
magnetics of southeastern Marquette County, Mich-
igan: Michigan State Univ., unpub, M. S.thesis, 47 p.).
Nothing is known about the bedrock source of the mag-
netic high because of a thick sand cover; but from the
amplitude, steep gradient, and northwesterly elonga-
tion of the anomaly, the high is inferred to represent
downwarped or downfaulted iron-formation that has
moderate magnetite content, The anomaly conceivably
could be related to an elongate mafic mass in the base-
ment, but, because of its relatively great amplitude,
it should be drilled to test for iron-formation. Ground
magnetic profiles across the area indicate that the
anomaly has a total vertical intensity ranging from
600 to 1,200 gammas.

Areas north of Marquette iron range
(sheets 1 and 2)

The region north of the Marquette iron range
consists largely of mafic metavolcanic and gneissic
basement rocks of early Precambrian age and of meta-
sedimentary rocks of younger Precambrian age, which
occupy several basins downfolded in the gneiss. The
metavolcanic rocks are the oldest known rocks in the
area of thisreport. Inthe area east of the line between
R. 25 W. and R, 26 W, the mafic rocks ostensibly in
the basement are known actually to consist of meta-
volcanic' rocks of early Precambrian age and intru-
sive greenstones; the placement of these rocks is un-
certain; some of the greenstones are younger thanthe
Animikie and some may be as old as early Precam-
brian, The gneissic basement rocks of that area are
mainly tonalitic and granodioritic, locally with horn-
blende-rich varieties, and with widely distributed in-
terlayered amphibolite. The metavolcanic and gneissic
basement rocks are extensively cut by dikes and ir-
regularly shaped bodies of metadiabase and metagab-
bro, and by upper Precambrian diabase dikes, Meta-
diabase and metagabbro intrusive into the basement
are not shown on the maps accompanying this report,
and diabase is shown only east of the line between R,
25 W. and R. 26 W, Thegneiss east of that line is also
intruded by a comparatively large body of serpentinized
peridotite at Presque Isle, just north of Marquette,



West of theline between R, 25 W, and R. 26 W, the
basement rocks are in general only broadly distin-
guished as gneiss or greenstone of early Precambrian
age and as metasedimentary rocks assigned to the
Animikie Series. A northeastward-trending belt of
serpentinized peridotite, about 6 miles in length, is
known in T. 48 N., Rs, 27 and 28 W,, just north of the
iron range. A magnetic high of as much as 7,000
gammas is caused by this ultramafic mass, The mag-
netic susceptibilities of two samples of the peridotite
are 3.820 X 10-3 and 4.200 X 10-3 cgs units andrem-
-anent magnetization ranges from 1.88 X 10-3t02.20 X
10-3 cgs units. Q values range from 0.7 to 0.8, A
smaller high of about 800 gammas insecs, 17 and 20,
T. 48 N., R. 27W., indicates that a lobe of serpentin-
ized peridotite extends northward from the main
mass, beneath the metasedimentary rocks of the south-
western part of the Dead River drainagebasin,

Over the greenstone area north of the Marquette
range, the magnetic pattern is variable, In T, 48 N,,
R. 25 W,, southwest of Marquette, a prominent magne-
tic high of about 500 gammas extends westward from
Lake Superior, This high is just north of the contact
between basement greenstone and the Animikie Series,
Much of the area of greenstone, however, is one of
nondescript discontinuous magnetic anomalies of low to
moderate amplitude.

The main basins of metasedimentary rocks are
located (1) along the Dead River storage basinand the
Silver Lake Basin (sheets 1 and 2), (2) along Clark
and Deer Creeks, a short distance north of the Dead
River storage basin (sheets 1 and 2), and (3) alongthe
upper part of the Yellow Dog River, principally in the
Yellow Dog Plains (sheet 2), Slates, graywacke, and
a thin iron-formation are known to occur in these ba-
sins of metasedimentary rock, which have not yet been
mapped in detail, Metasedimentary rocks of the Dead
River storage basin are, in general, weakly magnet-
ized, as indicated by gentle magnetic gradients and
low amplitudes of the anomalies, The northeastern
edge of the basin is approximately located by the mag-
netic high extending northwest from T, 48 N,, R, 26 W.,
to T, 49 N., R, 28 W, This high overlies magnetic
greenstone of the basement. '

A curved belt of syenite has beenrecognized near
the east end of the Dead River storage basin., It is
overlain by a magnetic high of about 500 gammas along
its southern limb. This magnetic high extends into
secs, 13 and 14, T.48N.,, R, 27 W., and may represent
an extension of the syenite beneath glacial cover.

Metasedimentary rocks underlying most of the
Yellow Dog Plains are virtually nonmagnetic. How-
ever, an elongate magnetic high near the southern mar -
gin of the plains may be relatedtoa nearly continuous
layer of magnetic metasedimentary rock containing a
moderate amount of magnetite (anomalies M-M"' and
N-N'). This high is complicated by the magnetic low,
related to a diabase dike, which splits the high into
two parts,

Areas of gneiss north of the Marquette iron range
show only a small variation in magnetic values, Anom-
alies associated with the rocks in this areaare of low
amplitude and are largely obscured by magnetic lows
associated with a swarm of diabase dikes,

Cambrian sedimentary rocks form a fringe sev-
eral miles wide adjacent to most of the shore of Lake
Superior in the area, These rocks are weakly mag-
netic, as far as is known, and most of the magnetic
anomalies over the sedimentary rocks are related to
the underlying crystalline rocks. Much of the near-
shore area northwest of Marquette is underlain at depth
by gneissic basement, as inferred from the small ir-
regular magnetic anomalies, In T. 49 N., R, 26 W,,
some magnetic highs may be related to greenstone
beneath the Cambrian beds., Reversely magnetized
diabase dikes beneath the Cambrian cover are indi-
cated by westward-trending elongate magnetic lows
that extend over such diabase dikes in the Precam-
brian basement rocks from the areas of Cambrian out-
crops.

North and east of Silver Lake Basin the green-
stone shows a diverse magnetic pattern, but much of
it is of low to moderate magnetization as inferred from
the small amplitude of associated anomalies, A local
high mainly over greenstone extends from sec. 27, T,
50 N., R, 28 W., to sec. 33, T. 50 N., R.27W., north-
east of Silver Lake, Another extends from sec, 6, T. 49
N., R. 28 W,, to sec. 13, T. 49 N., R. 28 W.; this con-
tinuous high crosses an area of Animikie metasedi-
mentary rocks in secs. 9 and 10, T. 49 N., R. 28 W.,
indicating continuity of the greenstone at depth beneath
the Animikie, A third high is in secs, 9, 10, 16, and
17, T. 49 N., R, 27 W,, and it also extends over ad-
jacent greenstone from Animikie rocks, indicating that
the greenstone persists below the Animikie. A con-
spicuous polarization low in secs. 9 and 10, T. 49 N.,
R. 27 W., isassociated with the magnetic high. In secs.
18 and 19, T. 49 N., R. 27 W,, a high of about 1,800
gammas seems to overlie Animikiebeds, butitis near
the contact with greenstone and is probably caused by
magnetic greenstone rather than by magnetic meta-
sedimentary rock.

Anomalies related to diabase dikes (sheets 1 and 2)

In the northern part of the surveyed area the most
prominent magnetic feature is a swarm of magnetic
lows corresponing to reversely magnetize diabase
dikes of Keweenawan age. Judged from the pattern
of aeromagnetic lows, dikes are much less abundant
in Tps. 51 and 52 N,, north of the Yellow Dog Plains,
and in Tps. 43 through 47 N., south of the Marquette
synclinorium, than in the intervening area. Most of
the dikes trend east-west, but variations in trend to
N. 60°-70° E. can be observed on the magnetic map.
In the region near Marquette where the dikes have
been mapped by Gair and Thaden, the correlation
between the mapped positions of the dikes and the
plotted aeromagnetic lows ranges from good to poor,
Lack of positional agreement may be due to low mag-
netite content of some dikes, to small errors in plot-
ting the aeromagnetic anomalies, or to offsets of aero-
magnetic anomalies as a result of strong directional
remanent magnetization,

Magnetic properties of such dikes in the region
just west of the area mapped have been studied by
Graham (1953), whopostulated that the reverse magne-
tization of these dikes could have been produced with
the earth’s magnetic field in its present orientation,
In contrast, however, DuBois (1962, p. 59) has cor-



related the dikes studied by Graham with the Logan
sills of Ontario; he computed the pole position as lat
45° N., long 99.5° W,

From a regional study of magnetic properties of
many groups of diabase dikes from the Canadian Shield,
Strangway (1961) discovered that the stable component
of remanent magnetization tends to parallel the strike
of the dike. He postulated that the reversed magneti-
zation is probably not parallel to the direction of the
earth's field atthetime of dike emplacement but rather
is related to the geometry of the dike and to its cooling
history,

The dikes extend westward at least to R, 35 W,
(Graham, 1953; Balsley and others, 1949) and are ap-
parently concentrated most heavily in Tps. 48 and 49
N. Thus the total length of the dike swarm is at least
65 miles. Thedikes were emplaced alonga major zone
of fractures, approximately of Keweenawan age, trend-
ing parallel to the Marquette synclinorium and sub-
parallel tothe axis of the Lake Superior syncline, They
extend along the arch which separates the late Kewee-
nawan Lake Superior syncline from the Michigan Basin,
It is, therefore, likely that the dikes were emplaced in
longitudinal tension fractures of Keweenawan age,

Anomalie/s"related to the dikes evidently die out
eastward in R. 24 W, (sheet 3). Whether this reflects
termination pf the dike swarm or loss of observable
magnetic ef/fects due to increasing depth of the Pre-

cambrian surface is unknown,

Arefea east and southeast of the city of

Marquette (sheet 3)

The magnetic anomalies east and southeast of
Marquette are generally broader and somewhat more
subdued than those shown on sheets 1 and 2 because
the depth to the Precambrian surface increases be-
neath the Paleozoic cover and beneath Lake Superior,
The Precambrian surface is about 600 feet above sea
level near Marquette and is at sea level southeast of
Munising, according to Cohee's (1948, p. 1440) struc-
ture-contour map. Lake Superior is as much as 600
feet deep northwest of GrandIsland; thustherock sur-
face there is about 1,100 feet below the level of obser -
vation,

A major magnetic anomaly occurs over Lake Su-
perior in the northwestern part of the area shown on
sheet 3. A broadly arcuate magnetic high (anomaly
0-0') extends from near Presque Isle (sheet 1) east-
ward to the region northward of Laughing Fish Point
(sheet 3), then southward to Laughing Fish Point, and
then westward to near Marquette (sheet 1), Whether
this high has a composite source or results from a
single magnetic and geologic source is unknown, As
the anomaly is generally on the sametrend as the belt
of lower Precambrian greenstone on shore, the most
likely interpretation is that it is related to an arcuate
belt of magnetic greenstone, A magnetic high in ex-
cess of 1,000 gammas, superimposed on anomaly O-0",
7 miles offshore in Lake Superior, northwest of Shot
Point, may have a different source, however, because
comparable magnetic highs are rare in the exposed
greenstone to the west, Thelocal magnetic high north-
west of Shot Point may be caused by a mass of serpen-
tinized peridotite, comparabletothat underlying Pres-
que Isle and intrusive into magnetic greenstone. Less

likely than this interpretation is that all or part of
anomaly O-O' is caused by moderately magnetic iron-
formation, folded or faulted to a position north of the
eastward projection of the Marquette iron range, If
this lobate anomaly (O-O') represents a syncline in
magnetic greenstone, infolded rocks of the Animikie
Series might be expected along the axial part, anal-
ogous to relations around the nose of the Dead River
drainage basin to the west., Moreover, the bulging
or widening of the nose of the postulated syncline is
analogous to the structure east of the middle of the
main Marquette synclinorium,

An elongate westward-trending magnetic high ex-
tends across the southern part of T. 46 N., Rs. 21
through 23 W. This high is approximately on strike
with the prominent high in the northern part of T. 46
N., R. 25 W, (sheet 1), and also may represent a belt
of weakly magnetic iron-formation,

The broadest magnetic anomaly in the surveyed
area is the huge triangular high that centerson Grand
Island, This high presumably is caused by a large
deep-seated mass of moderate magnetization. Relative
flatness of magnetic gradients on the flanks of the
anomaly is suggestive that the sourcelies at consider -
able depth, perhaps as much as 5,000 feet or more,

Major conclusions

Areas of known and inferred iron-formation are
clearly outlined by the magnetic anomaly patternover
the Marquette iron range, along the Republic trough,
and in regions south and west of the Republic trough,
Appraisal of the aeromagnetic data can eliminate vast
areas as potential sites for prospecting for magnetic
iron-formation, However, iron deposits of commer -
cial grade in some districts, such as the Gwinn dis-
trict, may not be sufficiently magretic to cause a
detectable aeromagnetic anomaly.

Magnetic anomalies, not located over known iron
deposits, that should receive further attention include
the following:

Anomaly B-B’, sec. 31, T.47N.,R.27 W., to sec.
4, T. 46 N., R. 27 W, (sheet 1);

Anomaly D-D', sec, 35, T.48N., R.29 W,, to sec.
10, T. 47 N., R. 28 W. (sheet 1);

Anomaly, sec. 29, T. 46 N., R. 29 W, (sheet 1);

Anomaly, T. 46 N., R.25W., south of Sands (sheet
1); and

Anomalies M-M' and N-N', T. 50 N., Rs, 28
through 30 W., and T, 51 N., R, 30 W. (sheet 2).

These anomalies seem to offer the greatest pos-
sibilities for economic deposits of iron-formation,

Reversely magnetized diabase dikes of Kewee-
nawan age are concentrated in Tps. 48, 49, and 50 N.
The swarm extends at least 65 miles, from R, 35 W,,
west of the surveyed area, to R. 24 W., beneath the
Paleozoic cover.

The arcuate magnetic high over Lake Superior is
inferred to overlie a continuous belt of magnetic green-
stone which possibly outlines a synclinal fold and which
may be intruded by serpentinized peridotite. Rocks of
the Animikie Series may occupy the axial part of the
inferred fold, o



REFERENCES CITED

Allen, R, C., 1915, Correlation and structure of the
pre-Cambrian formations of the Gwinn iron-
bearing district of Michigan, in Allen, R. C,,
and Barrett, L. P., Contributions to the pre-
Cambrian geology of Northern Michigan and Wis-
consin: Michigan Geol. and Biol, Survey Pub, 18,
Geol, Ser, 15, p..141-151,

Balsley, J. R. Jr., 1952, Aeromagnetic surveying, in
Landsberg, H. E., ed., Advances in Geophysics,
v. 1: New York, Academic Press, p. 313-349.

Balsley, J. R., Jr., James, H. L., and Wier, K. L.,
1949, Aeromagnetic survey of parts of Baraga,
Iron, and Houghton Counties, Michigan, with pre-
liminary geologic interpretation: U. S. Geol.
Survey Geophys. Inv. Map.

Balsley, J. R., Jr., Meuschke, J. L., and Blanchette,
Jean, 1962, Aeromagnetic map of the Eagle Har-
bor quadrangle, Keweenaw County, Mich,: U. S.
Geol, Survey Geophys. Inv, Map GP-314.

1963a, Aeromagnetic map of the Phoenix quad-
rangle, Keweenaw County, Mich.: U. S. Geol.
Survey Geophys. Inv. Map GP-313,

1963b, Aeromagnetic map of the Delaware quad-
rangle, Keweenaw County, Mich.: U. S, Geol. Sur-
vey Geophys. Inv, Map GP-315.

___ 1963c, Aeromagnetic map of the Lake Medora
quadrangle, Keweenaw County, Mich.: U. S. Geol.
Survey Geophys, Inv. Map GP-316,

1963d, Aeromagnetic map of the Fort Wilkins
quadrangle, Keweenaw County, Mich,: U. S. Geol. °

Survey Geophys, Inv, Map GP-317.

1963e, Aeromagnetic map of the Ahmeek quad-
rangle, Keweenaw and Houghton Counties, Mich,:
U. S. Geol. Survey Geophys. Inv, Map GP-318.

1963f, Aeromagnetic map of the Mohawk quad-
rangle, Keweenaw and Houghton Counties, Mich,:
U. S. Geol. Survey Geophys, Inv, Map GP-319,

1963g, Aeromagnetic map of the Bruneau Creek
quadrangle, Keweenaw County, Mich.: U. S. Geol.
Survey Geophys. Inv, Map GP-320,

1963h, Aeromagnetic map of the Hancock quad-
rangle, Houghton County, Mich.: U, S. Geol, Sur-
vey Geophys, Inv, Map GP-321,

1963i, Aeromagnetic map of the Laurium quad-
rangle, Houghton County, Mich.: U. S. Geol, Sur-
vey Geophys, Inv. Map GP-322,

1963j, Aeromagnetic map of the South Range
quadrangle, Houghton County, Mich.: U. S. Geol.
Survey Geophys. Inv, Map GP-323,

1963k, Aeromagnetic map of the Chassell quad-
rangle, Houghton County, Mich.: U. S. Geol. Sur-
vey Geophys. Inv. Map GP-324,

Bath, G, D., 1962, Magnetic anomalies and magneti-
zations of the Biwabik Iron-Formation, Mesabi
area, Minnesota: Geophysics, v, 27, p. 627-650,

Boyum, B. H., 1962, The geology of the Marquette iron
range (paper presented to Conf, on Lake Superior
Geology, Nat, Sci, Found, Summer Conf., spon-
sored by Michigan Coll, of Mining and Technol-
ogy): Ishpeming, Mich., The Cleveland-CliffsIron
Co., 10 p.

Cohee, G. V., 1948, Cambrian and Ordovician rocks
in Michigan Basin and adjoining areas, in Galey,
J. T., ed., Appalachian Basin Ordovician—-sympo-
sium: Am. Assoc, Petroleum Geologists Bull.,
v. 32, p. 1417-1448,

DuBois, P. M., 1962, Paleomagnetism and correlation
of Keweenawan rocks: Canada Geol. Survey Bull,
71, 75p.

Gair, J. E., and Wier, K, L., 1963, Geologic and mag-
netic survey of a part of the Palmer seven and
one-half minute quadrangle, Michigan; U. S. Geol,
Survey open-file report,

Graham, J, W., 1953, Changes of ferromagnetic min-
erals and their bearing on magnetic properties of
rocks: . Jour, Geophys. Research, v, 58, p. 243-
260,

James, H., L., 1958, Stratigraphy of pre-Keweenawan
rocks in parts of northern Michigan: ' U, S. Geol,
Survey Prof, Paper 314-C, p. 27-44,

Leith, C. K., Lund, R, J., and Leith, Andrew, 1935,
Pre-Cambrian rocks of the Lake Superiorregion,
a review of newly discovered geologic features
with a revised geologic map: U, S. Geol, Survey
Prof, Paper 184, 34 p.

Martin, H. M., compiler, 1936, The centennial geolog-
ical map of the northern peninsula of Michigan:
Michigan Dept. Conserv,, Geol, Survey Div,, Pub,
39, Geol. Ser. 33.

Strangway, D. W., 1961, Magnetic properties of dia-
base dikes: Jour. Geophys. Research, v, 66,
p. 3021-3032,

Swanson, C. O., 1930, Report ontheportion of the Mar-
quertte range covered by the Michigan Geological
Survey in 1929: Michigan Geol. Survey, unpub-
lished report, Lansing, 15 p.

Van Hise, C. R., and Bayley, W. S., 1897, The Mar-
quette iron-bearing district of Michigan: U. S.
Geol. Survey Mon. 28, 608 p.

Van Hise, C. R., and Leith, C, K., 1911, The geology
of the Lake Superior region: U, S. Geol. Survey
Mon, 52, 641 p.

Wier, K. L., Balsley, J.R., Jr., and Pratt, W, P., 1953,
Aeromagnetic survey of part of Dickinson County,
Michigan, with preliminary geologic interpreta-
tion: U, S. Geol. Survey Geophys. Inv, Map GP -
115,

Zinn, Justin, 1931, Report on the portion of the Mar-
quette range between Humboldt and Lake Mich-
igamme covered by the Michigan Geological Sur-
vey in 1930: Michigan Geol. Survey, unpublished
report, Lansing, 18 p,

10



