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ABSTRACT

With the exception of the area between Marquette and Sault Ste.
Marie, Michigan, formations of Precambrian age consisting in large
part of Keweenawan volcanics constitute the margin of Lake Superior.
Between Marquette and Sault Ste. Marie the Precambrian formations are
concealed by sediments of Paleozoic and possible Late Precambrian age.
Results of a 1400 mile regional aeromagnetic survey indicate that Ke-
weenawan volcanics also constitute much of the Precambrian basement
concelaed beneath these sediments. The data further suggest that the
Keweenaw fault continues in a southeasterly direction with diminish-
ing displacement through the vicinity of Munising, Michigan. The pres-
sence of a fault is also indicated south of Sault Ste. Marie, Michigan.
Gravimetric and geologic evidence substantiates the interpretation of
the magnetic data.

In addition, aeromagnetic data of central Lower Michigan suggest
that Keweenawan volcanics may extend south from eastern Upper Michigan
to the center of the Michigan Basin.

Depth estimates based on the aeromagnetic data of central Lower

Michigan and southeastern Illinois correspond in magnitude to depths
estimated on the basis of stratigraphic data.
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INTRODUCTION

This report consists of four parts; part one, two and four deal with
regional aeromagnetic surveys of eastern Upper Michigan, central Lower
Michigan and southeastern Illinois. The subject of part three is a sin-
gle aeromagnetic profile over northern Lake Michigan.

The purpose of the regional aeromagnetic surveys presented here was
to furnish a means of estimation of depth to crystalline basement in the
deeper portions of the Michigan and Illinois basins, and to furnish in-
formation concerning the nature of the crystalline basement between Lake
Michigan and Lake Superior in eastern Upper Michigan.

Aeromagnetic data were obtained in each regional survey area during
the summers of 1961 and 1962. The Beaver Island profile over northern
Lake Michigan was flown during the summer of 1962. Gravity traverses
in eastern Upper Michigan were conducted during the summer of 1963.

EQUIPMENT AND PROCEDURES

Magnetic observations were made at an elevation of 3000 feet above
sea level along township lines using an Elsec 592/D proton precession
magnetometer in conjunction with a camera recording system installed in
a Cessna model 170B aircraft. The sensing head was towed sixty feet
beneath the plane. The magnetometer was actuated by a timing system to
record the total magnetic field intensity every eight seconds. An ef-
fort was made to maintain a ground speed of 90 mph, resulting in obser-
vations at approximately 1000 foot intervals. Flights were conducted
during the early morning hours before thermal instability had risen to
flight altitude. Ground control was by visual positioning with a limit
of error generally less than 500 feet. The survey crew consisted of
pilot and instrument operator.

A standard aneroid altimeter of the type commonly installed in
light planes was used to indicate flight altitude. The altimeter was
set to airport elevation before each flight. No attempt was made to
correct for change in station pressure, and therefore in indicated
altitude, between the commencement and the completion of a flight.
Flights were made during periods of stable weather conditions. Com-
parison of data indicates that error originating from possible varia-
tions in altitude was negligible.

Correction for regional magnetic gradients was computed from the
U. S. Coast and Geodetic Survey Total Intensity Chart of the United
States for 1955 projected, on the basis of annual secular change, to
1961 and 1962. Dashed lines on the survey index maps indicate the re-
gional magnetic gradients in 100 gamma increments computed for 1961.



Diurnal corrections were computed from records of a continuous re-
cording Gulf Flux Gate magnetometer located at the Geophysical and Polar
Research Center at Madison. The diurnal records indicate that no survey
flights were made during periods of significant magnetic activity.

As an indication of the degree of data reliability, the average de-
viation of the two data points closest to the intersection of two flight
lines, representing sixty-nine intersections of data lines flown the
summer of 1961 in Lower Michigan, is 5.6 gammas and the root mean square
deviation is 7.1 gammas. The average deviation of twenty-nine corres-
ponding intersections from the 1961 survey in Upper Michigan is 4.8 gam-
mas and the root mean squares deviation is 6.7 gammas.

A North American gravity meter was used for the gravity traverses
in Upper Michigan. Observations were taken at bench marks or at road
intersections where elevation was specified on 1/62,500 topographic
maps. The elevation at six stations was estimated with the aid of two
aneroid altimeters in conjunction with interpolation of twenty foot con-
tours on the topographic maps.
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PART 1

GEOLOGIC BACKGROUND AND DISCUSSION OF RESULIS,
EASTERN UPPER MICHIGAN

Physiography

The area covered by Paleozoic sediments (Fig. 1) has the form of a
gently southward dipping cuesta upon which is superimposed the poorly
integrated drainage pattern common to recently glaciated areas. Topog-
raphic expression is subdued; surface elevation varies from 580 feet to
slightly over 1000 feet above sea level. Major elevation differences
result from differential erosion of the resistant Au Train formation
and locally to recessional moraines, drumlins and sea cliffs. In many
places bedrock is covered by up to 400 feet of ground moraine and lake
clays (Hamblin, 1958). Much of the area is covered by swamp, with drain-
age to Lake Michigan, except for a zone adjacent to Lake Superior and the
Tehquamenon system of drainage to Whitefish Bay. The western end of the
flight lines overlapped for a few miles the system of east-west trending
valleys and ridges differentially eroded into the Huronian series, where
elevations approach 1500 feet above sea level.

Geology

The survey area represents the northern extremity of the Michigan
structural basin. Off-lapping Cambrian, Ordovician and Silurian sedi-
ments constitute a southward dipping cuesta that overlies the non-marine
Jacobsville sandstone of Upper Keweenawan or Lower-Middle Cambrian age.
The Paleozoic section appears to be thickest in the area of Seul Choix
Point and Gilchrist as evidenced by geologic sections cut in water wells.
A well at Seul Choix Point was completed at 1710 feet in the Dresbach
formation of basal Upper Cambrian age (Thwaites, 1934).

There are few well data available for the estimation of the thick-
ness or areal extent of the underlying Jacobsville sandstone which is
present in outcrop along the Lake Superior shore of eastern Upper Mich-
igan, and there is no indication on this peninsula of sediments older
than Jacobsville sandstone from well data or outcrop. At Grand Marais
on Lake Superior a well was bottomed in Jacobsville sandstone after pen-
etrating 1000 feet of the formation (Thwaites, 1934). South of Sault
Ste. Marie the Jacobsville sandstone is in excess of 1300 feet thick,
but pinches out abruptly a few miles to the north and east in Ontario
(Vanlier and Deutsh, 1958). A well, recently drilled 12 miles north-
northeast of Newberry, located in the center of the peninsula, pene-
trated about 1000 feet of Jacobsville sandstone before drilling was
completed at a depth of about 1500 feet.

The age of the non-fossiliferous Jacobsville sandstone is disputed.
Oetking (1951) correlates it with the Bayfield group of Northern Wiscon-
sin that is considered to be Upper Keweenawan in age (Thwaites, 1912).
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Hamblin (1958) considers the Jacobsville sandstone to be Lower or Middle
Cambrian in age. The Jacobsville sandstone is included in the symbol for
Paleozoic sediment of Figure 1.

Formations older than the Jacobsville sandstone are concealed by
Paleozoic sediments for an east-west distance of 150 miles, but crop
out to the west in the area of Marquette and to the east beyond Sault
Ste. Marie. The general patterns of Precambrian formations east and
west of the area concealed by Paleozoic sediments are similar in gross
aspect, and constitute an east-west trending series of shelf and syn-
clinal environment sediments infolded into a volcanic, granitic and
metasediment complex with widespread injection of diabase dikes and in-
trusions of granite. Subsequent erosion reduced this surface to one of
low relief by late Precambrian time. The western infolded sediments are
classified as Huronian in age and contain iron formation of the type
characteristic of the Precambrian.

Stratigraphically above the Huronian series and below the Paleozoic
sediments is the Keweenawan series, which consists of great thicknesses
of volcanic and clastic material and which occurs in many areas about
Lake Superior (Fig. 2, modified after White, 1957). Basic and acidic
intrusives also occur in the Keweenawan series. North of Whitefish Bay
at Mamainse Point there is an apparent thickness of 16,000 feet of amyg-
daloidal lava flows with interbedded boulder conglomerate. Here the
formation strikes generally north-south and has an average dip of 30 de-
grees towards Lake Superior. Dikes and irregularly shaped bodies of
felsite intrude the lavas and sediments (Thompson, 1954). Mamainse Point
is indicated in Figure 2 by the symbol for middle Keweenawan rock located
on the southeast shore of Lake Superior.

Volcanic rocks of Keweenawan age constitute Michipicoten Island, in-
dicated in Figure 2 by the symbol for middle Keweenawan rock in eastern
Lake Superior near the bulge in the shoreline, and most of Isle Royal,
indicated by the elongate northeast trending symbol for middle Keweenawan
rock near the northwest shore of Lake Superior. Sediments of Lower Kewee-
nawan age are present on the north shore of Lake Superior in the vicinity
of Black and Nipigon Bays, where the basal Keweenawan section is best de-
veloped. Here the basal Keweenawan consists of a thick section of clastic,
dolomitic and calcareous rocks.

As indicated by Figure 2, the most extensive exposures of Keweenawan
vock are found about the southwestern margin of Lake Superior. The series
has been studied extensively on the Keweenawan Peninsula where volcanic
flows have been mineralized with copper. In this area the basal Keweena-
wan consists of a thin conglomerate. This is overlain by an estimated
20,000 to 30,000 feet of basic extrusives and interbedded conglomerates
intruded by laccoliths and sills, comprising the Middle Keweenawan Por-
tage Lake group. This, in turn, is overlain by perhaps 15,000 feet of
Upper Keweenawan non-marine sediments consisting of sandstones, shales
and conglomerates.
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Structure of the Lake Superior Basin

The most commonly accepted explanation for the origin of the Lake
Superior structural basin is that it is a foundered batholithic roof
(Hotchkiss, 1923). On the basis of estimates of the original dips of
the Keweenawan flows, together with flow directions of the extrusives
as indicated by bent 'pipe" amygdules and sediment structure at the base
of the flows, Hotchkiss concluded that flows originated in the area of
what is now the Lake Superior basin. Hotchkiss theorized that the pres-
ent basin was a topographically positive area during Middle Keweenawan
time, resulting from the emplacement of a huge batholith beneath the
crust. The extrusives resulted from escape of the basaltic material,
with contemporaneous and equivalent subsidence of the crust. Contrac-
tion of the remainder of the batholith due to cooling and loss of vola-
tiles eventually resulted in complete failure of the batholith roof.

Lake bottom topography (Hough, 1958, Fig. 3) suggests that the Lake
Superior Basin may be composed of two separate structural units, as in-
dicated by a general northeast-southwest orientation of structure in the
western part of the basin and a north-south structural lineation of the
eastern part of the basin. A narrow zone of more shallow depths extend-
ing north-east from the Keweenaw peninsula separates the two structural
units and divides the lake into two basins. The north-south structural
trend of the eastern basin is in diametric contrast to the regional east-
west structural grain of the surrounding area.

Geologic Evidence of Crustal Adjustment in the
Eastern Peninsula of Upper Michigan

Sedimentary evidence of crustal adjustment in the area of Au Train
Point is afforded by the occurrence of clastic dikes, thrust faults, and
joints in the Jacobsville sandstone. ''Numerous tabular sandstone dikes
in the Jacobsville formation have been briefly described by Oetking (1951,
p. 61). They seem to be restricted to the Grand Island area where thirty
dikes were mapped on the island itself and four on the mainland between
Munising and Au Train Bay. Elsewhere along the coast dikes are absent,"
(Hamblin, 1958, p. 131).

Hamblin concluded that the clastic dikes resulted from tension fea-
tures in the Jacobsville sandstone being filled with clastic material
similar in character to that of the overlying Munising formation. Ham-
blin (1958, p. 126) also reports the presence of a joint system in the
Jacobsville sandstone on the northwest side of Grand Island.

Oetking (1951, p. 77) reports the presence of thrust faults in the
same area. ''Minor thrust faults in the Jacobsville rocks, such as those
on the east side of Laughing Whitefish Point, Au Train Island (in western
Au Train Bay), and the southeast corner of Au Train Bay, and the lack of
evidence of these faults in the overlying Croixan indicates considerable
pre-Croixan faulting," (see Fig. 3 for locations). Also, "The northern



one-half of Au Train Island dips 16 degrees south and is separated from
the gently dipping southern part of the island by a nearly vertical fault
of unknown displacement striking N 70 W. The fault may well be a contin-
uation of the fault line suggested by Thwaites (1935) based upon the sub-
lacustrine topographic map of the bottom of Lake Superior. Further evi-
dence of faulting occurs on the mainland on Laughing Fish Point and in
the southeast corner of Au Train Bay," (Oetking, 1951, p. 80).

To the southeast, on the Lake Michigan shore, structure is locally
evidenced at Seul Choix Point, which coincides with the crest of a north-
west-southeast trending anticline developed in Silurian dolomite (Ehlers
and Kesling, 1957). Small scale faulting is reported eight or ten miles
northwest of Seul Choix Point on the projection of this structure (Slaugh-
ter, personal communication).

Results of a ground water survey at the eastern end of the peninsula
suggest the presence of large scale faulting in the vicinity of Sault Ste.
Marie. Vanlier and Deutsh (1958) report the presence of anomalous miner-
alization of ground water, in excess of 1000 ppm dissolved minerals, de-
tected in wells located in a zone extending south and east from Sault Ste.
Marie and northeast of Pickford. They suggest that the mineralization
may originate with connate water that may have migrated along a fault zone
extending north from the Michigan basin.

Previous Interpretations of the Precambrian Structure
of Eastern Upper Michigan

Two diametrically opposed schools of thought exist concerning the
nature of the Precambrian basement between Marquette and Sault Ste. Marie.
On the basis of field geology and petrology, Irving (1883, p. 197) sug-
gests that the basin-ward dipping volcanics of Michipicoten Island and
Batchawana Bay in Eastern Lake Superior continue south into the White-
fish Bay area of eastern Upper Michigan. He also suggests that Mount
Houghton on Keweenaw Point and Stannard Rock are of the same felsite
horizon in the Keweenaw volcanics and that the Keweenaw Fault continues
to curve in a southeast direction to Stannard Rock and beyond. (Batch-
awana Bay is located south of Mamaise Point. Stannard Rock designates
a few square feet of rock exposed above the level of Lake Superior, part
of an isolated reef located 45 miles north 10 degrees east from Marquette
and 29 miles south 51 degrees east from the eastern extremity of Keweenaw
Point.) Thwaites (1935) suggests that the eastern Lake Superior basin is
the northward extension of the Michigan structural basin. Cross sections
of Lake Superior are presented, drawn on the basis of lake bottom topog-
raphy. An east-west cross section of the area of eastern upper Michigan
shows Keweenawan flows slightly downwarped in the center and thrust
faulted outward near either end. An extension of the Keweenawan fault
is shown entering the peninsula at Au Train Point, while two north-south
faults are shown near the eastern limit of the peninsula in eastern White-
fish Bay.



More recent interpretations of the structure of eastern Upper Michi-
gan have ignored the possible existence of Keweenawan volcanics or a north-
south structural saddle connecting Lake Michigan and Lake Superior, and
rather have endorsed the existence of an east-west ridge of Huronian rock
as comprising the Precambrian basement surface in this area. In particu-
lar, Hamblin (1958) concludes from a study of the sandstone of eastern
Upper Michigan that a structurally positive area exists between Canada
and the Wisconsin Arch and suggests that it be called the Northern Mich-
igan Highland. Hamblin states (1961, p. 14) that this highland '"was prob-
ably formed near the beginning of Keweenawan time and persisted as a high-
land up until middle Late Cambrian time. The Northern Michigan Highland
(1961, p. 15) remained as a positive area during Jacobsville Bayfield time
and supplied sediments to the subsiding basin to the north."

Remanent Magnetization of the Portage Lake Volcanics

DuBois (1957) states that thermal demagnetization curves indicate
that thermo-remanent magnetism is the principal cause of magnetization
of the Portage Lake volcanics of Middle Keweenawan age. Random orienta-
tion of magnetization of boulders of Portage Lake lava in the overlying
Copper Harbor member indicates that the direction of magnetization of
the volcanics has not changed since Keweenawan time. DuBois further
states that after having reconstructed the original dip of the volcanics,
the direction of remanent magnetization of 31 specimens was 282° east
with an inclination of plus 41°. The radius of a 95% circle of confi-
dence was 4°. Results similar to those of DuBois concerning the rela-
tive magnitude of remanent and induced magnetization were obtained by
Bath (1960). 1In his analysis of two aeromagnetic traverses across the
Keweenawan volcanics southwest of Lake Superior, Bath concluded that
the induced magnetization was not sufficient to explain the large anom-
aly over the volcanics. A calculated anomaly profile assuming a 0.002
gauss induced magnetization and a 0.0l gauss remanent magnetization ap-
proximated the observed profile.

Similar values of declination and inclination were also obtained by
the U. S. Geological Survey in studies of basic igneous rocks near Du-
luth. "The majority of the gabbro, basalt, diabase, and granophyre sam-
ples from the Duluth area have a remanent magnetization with an azimuth
of about 290° and an inclination downward of about 35°. Twenty-nine
samples from seven strongly magnetized diabase outcrops have an average
moment of 0.0l cgs with 288 degrees azimuth and 36° inclination. Their
average susceptibility is 0.003 cgs.
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GEOPHYSICAL DATA, EASTERN UPPER MICHIGAN

Interpretation of Magnetic Data

Figure 3 is a total intensity aeromagnetic map of eastern Upper
Michigan. To the west of the 9350 gamma contour extending southeast
from Au Train Bay to midway between Manistique and Seul Choix Point,
the magnetic pattern is not well defined and correlation between flight
lines is poor. This portion of the east-west profiles (Figs. 4, 5, and
6) exhibits a distinct irregularity in contrast to the smoothness char-
acteristic of the portion of the profiles to the east of this line. This
irregularity of pattern and lack of correlation between flight lines is
considered indicative of the presence of a heterogeneous pre-Keweenawan
basement complex of east-west structural grain, an eastward continuation
of the east-west trending Huronian formations exposed west of the Paleo-
zoic cover. The large amplitude anomalies that occur at the western ex-
tremity of profile MA correspond to the Marquette iron range. Sharp
positive anomalies near the western end of profile UPl and UPlll corres-
pond to magnetic anomalies that have been correlated with iron formation
at a depth of 1000 feet beneath the surface (Frantti, 1956).

To the east of the Au Train Bay--Seul Choix Point line the smooth
nature of the magnetic profiles and the good correlation between pro-
files is interpreted as an indication of the presence of Keweenawan
basic flows that are without appreciable vertical offset due to fault-
ing or significant disection as a result of erosion (See Fig. 7 for
north-south profiles). Structurally undisturbed volcanic flows of large
lateral extent afford a unit of essentially uniform magnetic character-
istics.

The aeromagnetic profiles across the large asymmetric positive anom-
aly that decreases in amplitude southeast from Au Train Point suggest the
possibility that this anomaly originates with a fault which diminishes
in displacement to the southeast. This magnetic anomaly coincides with
the possible continuation of the Keweenawan fault as suggested by Thwaites
(1935), and corresponds in location to the zone of structural adjustment
as reported by Oetking (1951). This magnetic anomaly again increases in
amplitude adjacent to Lake Michigan, coincident with the structure re-
ported on Seul Choix Point (Ehlers and Kesling, 1957).

The eastern limit of the volcanics is not as clearly discernible as
the western limit. The eastern extremities of profiles MA and MB trav-
erse exposed pre-Keweenawan basement complex where they cross into On-
tario without any significant change in the characteristics of the pro-
files (see Fig. 4). This suggests the possibility that the pre-Keweenawan
complex east of the volcanics may consist of larger and less sharply de-
fined lithologic units than exist west of the volcanics. The magnetic
pattern over structurally distrubed volcanics appears not to differ sig-
nificantly from the magnetic pattern over the pre-Keweenawan complex in
the area south and east of Sault Ste. Marie. 1In the vicinity of Sault
Ste. Marie the area underlain by volcanics may roughly correspond to the
area where Jacobsville sandstone is present.
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The abrupt positive anomaly between Sault Ste. Marie and Lake Huron
is considered to reflect the presence of a steep north-south striking
fault, upthrown to the west, that appears to extend south into Lake
Huron. The development of an east-west negative anomaly to the north
of this positive anomaly suggests that the greatest offset of the north-
south fault may terminate with development of an east-west trending
fault system, extending west between flight lines MC and MD to south
of Whitefish Bay. The oval positive anomalies extending southwest from
Whitefish Point may also reflect structure in the volcanics.

Gravimetric Evidence

Figure 8 is a Bouguer gravity map of eastern Upper Michigan (after
Bacon, 1956). The pattern of the Bouguer map is similar in gross fea-
tures to the pattern of the magnetic map. The location of the linear
zone of relatively high gravity values trending southeast from the vic-
inity of Munising approximates the position of the magnetic anomaly
that extends from Munising to Seul Choix Point. The relatively posi-
tive gravity values probably result from the large density contrast
between volcanics and subsequent clastics, and also from the smaller
density contrast between the volcanics and underlying Precambrian form-
ations. No gravimetric data is indicated to the east in the area of
the Pickford magnetic anomaly.

A gravity low near Whitefish Point occurs in an area where incom-
plete aeromagnetic data indicate a zone of relatively high magnetic
values. Thickening of clastics in this area may efface the gravita-
tional effect of increased thickness or structure in the underlying
volcanis. Assuming the gravity low near Whitefish Point is the result
of thickening of post-Portage Lake clastics, a rough calculation using
0.5 gm/cc as the average density differential between clastics and vol-
canics (computed from data by Thiel, 1956) gives a 5000 foot increase
in the thickness of clastics between the -10 mgal contour near Munising
and the -40 mgal contour to the east on Whitefish Point. Instances of
lack of correlation between the gravity and magnetic data in this area
reflect the condition that the magnetic pattern is influenced princi-
pally by the presence of volcanic flows, whereas the gravimetric data
is most sensitive to the relative thickness of subsequent low density
clastics.

The absence of large amplitude gravity and magnetic anomalies in
central eastern Upper Michigan suggests that volcanics that may be
present are in the form of relatively undisturbed surface flows. This
occurrence is in contrast to the structural complexity of Keweenawan
volcanics associated with the mid-continent gravity high, where the
amplitude of this feature has been interpreted as indicating a thick
horst, or root system, of volcanics (Thiel, 1956, Craddock, et al.,
1963).
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Model Studies

In order to further test the possibility of faulting as suggested
by the magnetic data, gravity traverses were made by the author across
zones of steep magnetic gradients. Figure 9 shows the location of grav-
ity stations across the Pickford magnetic anomaly. Figure 10 consists
of simple Bouguer values from Pickford north to Sault Ste. Marie. The
low gravity values in the Sault Ste. Marie area may reflect the pres-
ence of a thick section of post-Portage Lake clastics.

The circled values in Figure 11 represent simple Bouguer values
observed in an east-west direction across the Pickford magnetic anom-
aly. The steep east flank of the observed anomaly indicates a steep
contact between two units of different density. This steep contact
is considered to represent a high angle fault, while the less steeply
dipping western flank of the anomaly is believed to be representative
of westward dipping volcanics and resultant thickening of clastics to
the west of the fault. In order to illustrate the plausibility of this
interpretation, the gravity effect of the model of Figure 1l was com-
puted by the method of Talwani and Ewing (1960). This model is intended
to simulate volcanic flows of density 2.90 gm/cm in vertical contact
with sandstone of density 2.30 gm/cm. The density of 2.90 is reported
by Thiel (1956) as the average density of the Keweenawan volcanics; he
reports a density of 2.30 for the Bayfield group group of sandstones
which are considered by Oetking (1958) to be equivalent to the Jacobs-
ville sandstone. An arbitrary depth of 1550 feet was used for the upper-
most surface of the model; there is no geologic control for this esti-
mate, with the exception that a well is reported to have been completed
at a depth of 1500 feet in sandstone at Pickford (Vanlier and Deutsh,
1958). The similarity between the observed and computed gravity pro-
files (Fig. 11) indicates that a steep contact between volcanic flows
and sandstone is one possible interpretation of the gravity anomaly.

In addition, three magnetic profiles were computed by the method
of Heirtzler, et al. (1962) for the model used to approximate the ob-
served gravity profile. Figure 12 shows a portion of the observed
aeromagnetic profile MG together with three computed magnetic profiles.
Profile 1 was computed using a direction of remanent magnetization de-
termined by DuBois to be characteristic of the Keweenawan volcanics,
and a magnitude of remanent and induced magnetization used by Bath to
simulate observed profiles across Keweenawan volcanics southwest of
Lake Superior. Profile 2 was computed using a susceptibility of
0.002 cgs given by Nettleton (1940, p. 202) as the probable average
susceptibility of the most common igneous rocks. This value makes no
provision for remanent magnetization. The third profile was computed
using the magnitude of induced and remanent magnetization determined
for the Keweenawan volcanics, but with a direction parallel to the pres-
ent earth's field, as if the effect were totally of induction.

The profile computed from values of magnitude and direction of mag-
netization characteristic of the Keweenawan volcanics most nearly corres-
ponds to the observed profile in magnitude. An obvious discrepancy exists
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in the relative width and position of the observed and computed profiles.
Exact correspondence of observed magnetic data with magnetic data com-
puted from the gravity model is unlikely, as the observed gravity values
are assumed to result solely from the volcanic-clastic interface, and no
assumption is made concerning the nature of the lower surface of the vol-
canics. The magnetic values could also be influenced by additional para-
meters, such as variations in magnetic characteristics within the flows
or variation in attitude of the flows. To some extent, the position of
the observed magnetic anomaly also does not exactly coincide with the
position of the observed gravity anomaly (see Fig. 13). The computed
magnetic profiles do suggest that a lithologic unit of anomalous posi-
tive magnetization, such as the magnetization characteristic of the Kewee-
nawan volcanics, is required to produce the observed magnetic anomaly.

Figure 14 shows the plotted simple Bouguer gravity values obtained
from two traverses across the Au Train magnetic anomaly. The location
of the observations are shown in Figure 15. The two western-most obser-
vations of the northern or Au Train profile are from data taken under
the direction of Professor Lyle D. Bacon of the Michigan College of Min-
ing and Technology at Houghton. The southern or Shingleton profile is
somewhat more irregular than the Au Train profile. This is partially
due to the fact that the deployment of stations is not as linear as in
the Au Train profile. The offset in the profile between stations 21
and 22 and between 35 and 36 is probably the result of north-south off-
sets of the stations in an area where the greatest gravity gradient is
northeast. The smaller slopes of the Au Train and Shingleton profiles
compared to the east-west Pickford profile indicate a less steep contact
between units of different densities at Au Train than at Pickford. Fig-
ure 16 illustrates a model and the resulting computed gravity curve, to-
gether with the observed values of the Au Train traverse.

The relatively gently sloping contact suggested by the gravity data
is not evidence for, or against, the presence of a fault. However, the
author believes that this gently sloping contact may represent an eroded
fault scarp. He further suggests that the structural features reported
by Oetking (1951) and Hamblin (1958) in the vicinity of Au Train Point
are ancillary to a major fault as indicated by the magnetic data, and
evidence minor adjustment subsequent to the principal movement. This
conclusion is similar to that of Irving and Chamberlin (1885, p. 106)
concerning the relationship of the Keweenawan volcanics and the Eastern
(Jacobsville) sandstone of Keweenaw Point. '"Our chief conclusions are
as follows: That the Keweenawan Series is much older than the Eastern
Sandstone; that it was upturned, faulted along the escarpment, and much
eroded before the deposition of the Eastern Sandstone; that the latter
was laid down uncomformably against and upon the former, and that sub-
sequently minor faulting along the old line ensued, disturbing the con-
tact of the sandstone."

Three magnetic profiles (Fig. 17) were also computed for the model
used to approximate the observed Au Train gravity values. The computed
Au Train magnetic profiles correspond, in regard to values of magnetiza-
tion used for their computation, to the computed Pickford profiles of
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identical number. As in the case of the Pickford profiles, the Au Train
profiles computed using a magnitude of magnetization characteristic of
the Keweenawan volcanics approximate the observed magnetic profile in
magnitude, but do not correspond closely in shape. In this case the re-
sult is not inconsistent with information concerning the nature of the
Keweenaw fault, which is characterized by steep dips in the Keweenawan
volcanics adjacent to the fault. If the original attitude of a body pos-
sessing remanent magnetization were changed, the magnetic anomaly over
the body would be altered in shape and magnitude. Calculation of the
resultant anomaly would require that the new relative direction of rem-
anent magnetization be considered. This calculation is difficult if the
body is significantly curved or warped. In addition, exact correspon-
dence between one of the computed magnetic profiles and the observed
profile is unlikely, as the Au Train gravity profile from which the
model was derived is located one to two miles north of aeromagnetic
profile MB.

CONCLUSIONS

The magnetic and gravity data presented here support the interpreta-
tion of Irving (1883) and in particular the interpretation of Thwaites
(1935) concerning the composition, configuration and structure of the
crystalline basement of eastern Upper Michigan.

Specifically the conclusions are:

(1) Keweenawan volcanic flows exist east of a line from Au Train
Bay to Seul Choix Point, extending to the eastern limit of the peninsula.

(2) A fault of major proportions exists in the vicinity of Au Train
Point that either constitutes a southern extension of the Keweenawan
fault or is genetically related to the Keweenaw fault.

(3) A high angle fault occurs in the southeastern part of the pen-
insula, about eight miles east of Pickford, which may also be related to
the Keweenaw fault system.
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PART II

GEOLOGIC SETTING AND DISCUSSION OF RESULTS,
LOWER MICHIGAN

Physiography of the Central Portion of the

Lower Peninsula of Michigan

A broad, featureless, lobate-shaped till plain with an elevation of
600 to 800 feet above sea level extends southwest from Saginaw Bay. This
plain, which extends westward to the vicinity of Mt. Pleasant (Fig. 18),
is the result of the deposition of ground moraine and lake clays in late
Pleistocene time. Beyond the till plain to the west and south, the survey
area is characterized by poorly integrated drainage and more variable to-
pography, with elevations of 800 to more than 1300 feet above sea level,
resulting from arcs of recessional moraine and intervening outwash plain
concave to Saginaw Bay. The physiography of the western margin of this
survey reflects the influence of a Lake Michigan glacial lobe by an in-
cipient arcuation of moraine towards the west.

Regional Geology of the Michigan Basin

The Michigan structural and sedimentary basin consists of a roughly
circular depression approximately 400 miles in diameter, with the base
of the Paleozoic sediments estimated by stratigraphic methods to be 14,000
feet beneath the surface in the central part of Michigan's Lower Peninsula,
west of Saginaw Bay (Cohee and Landes, 1955; Pirtle, 1932). No wells have
penetrated formations of Precambrian age in this central area. The pre-
ponderance of Paleozoic sediments in the Michigan Basin are of Cambrian,
Ordivician and Silurian age. The remainder is mostly Devonian, but also
includes Mississippian and Pennsylvanian and possibly some formations of
Permian age. Overlying glacial drift, reported locally to be in excess
of one thousand feet thick, is believed to cover the Lower Peninsula of
Michigan more deeply than any other section of the United States (Ver Wiebe,
1957; Eardly, 1951).

The Michigan Basin is bordered on the west by the Wisconsin arch in
central Wisconsin, to the south by the Kankakee arch in northern Indiana
and northeastern Illinois and by the Findlay arch in northwestern Ohio,
while to the east it terminates with the Algonkian axis of Ontario. To
the north, it appears to terminate with the arc of lower Paleozoic forma-
tions that constitute the pre-glacial surface of the eastern end of the
Northern Peninsula of Michigan, although the possibility of a connection
through this area with the eastern Lake Superior basin has been suggested
(Pirtle, 1932; Thwaites, 1935). Northwest-southeast trending folds occur
in the southeastern, central and northeastern parts of the central basin
area. Newcombe (1932) has suggested that these folds are related to deep
seated faults in the basement complex.
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Discussion of Results

Figure 18 is a total intensity aeromagnetic map of central Lower
Michigan. This portion of the survey consists of 1600 miles of aero-
magnetic data, from which a regional magnetic gradient of 3.2 gammas
per mile to the north has been removed. The purpose of this survey was
to furnish an estimation of depth to crystalline basement. Flight lines
were flown in a grid pattern over the deeper part of the basin in order
to afford two dimensional control for the determination of shape and am-
plitude of anomalies.

Unfortunately, the magnetic pattern is characterized by generally
small magnetic gradients and lack of well defined anomalies. An excep-
tion to this generalization is the small circular anomaly about ten miles
southwest of Saginaw Bay. This anomaly was reflown at the close spacing
indicated in Figure 18 in order to achieve a more accurate estimate of
its configuration. After removal of a local magnetic gradient, treatment
of this anomaly by a method developed for use on circular total intensity
anomalies (Henderson and Zietz, 1948) resulted in a depth estimation to
magnetic source of about 14,700 feet below surface, or about 14,000 feet
below sea level. This anomaly is located about ten miles west-southwest
of the Bateson #1 well of the Gulf Refining Company located in section 2,
T4IN, R4E and drilled to 10,447 feet in Cambro-Ordovician sediments (Cohee
and Landes, 1955). The anomaly is also located about thirty miles south-
east of the area which Cohee estimates to be the center of the Michigan
basin, where Paleozoic sediment are estimated to extend to 14,000 feet be-
low the surface.

The magnetic maxima labeled A, B and C, together with the saddlelike
depression in the contour between maxima A and B, appear to be components
of a linear zone of relatively positive magnetic values that is flanked
by zones of low magnetic values. The linear zone of positive magnetic
values is nearly coincident with a similarly linear zone of relatively
positive gravity values (Fig. 19 after Woollard and Rose, 1963, p. 362) in
the region where the axis of the gravity anomaly changes in direction from
north-south to east-southeast in the west central part of the state. Where
this positive gravity feature assumes a more southeasterly direction, it
coincides with the trace of the Howell anticline, the major structural. fea-
ture known in the southern peninsula of Michigan. The northern extension
of this positive gravity feature approaches Lake Michigan slightly to the
east of Grand Traverse Bay, across Lake Michigan from Seul Choix Point.
This linear gravity feature has a marked resemblance to the mid-continent
gravity high that extends from northwestern Wisconsin to north central Kan-
sas (Bacon, 1956). The characteristic association of high density and large
apparent polarization, together with the northern direction of the linear
gravity high toward the postulated volcanics between Marquette and Sault Ste.
Marie, suggests that this feature may reflect an extension of Keweenawan
volcanics into Lower Michigan. The linear positive gravity and magnetic
features suggest the presence of a horst-root system in Lower Michigan sim-
ilar to structure postulated to explain the origin of the mid-continent
gravity high (Thiel, 1956; Craddock, 1963).
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By analogy with the mid-continent gravity high, the gently developed
zones of low magnetic values flanking the magnetic maximum to the north
and south may reflect loci of accumulation of Upper Keweenawan clastic
sediments comparable to the Oronto-Bayfield group of Northern Wisconsin.
If this is in fact the situation, the greatest depth to crystalline base-
ment would probably be near the center of the zone of low values southeast
of Mt. Pleasant, and would not necessarily coincide with the greatest thick-
ness of Paleozoic sediments which Cohee estimates to be about thirty miles
to the north.

A strongly developed negative magnetic anomaly exists west of the
saddle between anomalies A and B. A negative magnetic anomaly in high
latitude is the result of a body having a permanent magnetization, such
as thermo-remanent or depositional magnetization, that is greater in magni-
tude than the induced magnetization and that has an orientation such that
the resultant of the permanent and induced magnetization is subtractive
from the total magnetic field of the earth. This phenomena is often as-
sociated with rock masses of high density such as iron formation (Bath and
Schwartz, 1960) and basic igneous intrusives containing intergrowths of
iron and titanium oxides (Moyd, 1957). Negative magnetic anomalies orig-
inating with iron-titanium intergrowths in metamorphic rocks have also
been studied (Balsley and Buddingham, 1956). Evidence of reversely mag-
netized basement material has been reported near the southern margin of
Lower Michigan by Hinze (1963). This negative magnetic anomaly corres-
ponds in location to the west flank of the linear positive gravity feature,
though there is no evidence in the regional gravity map of a locally coin-
cident gravity anomaly. The negative magnetic anomaly may originate with
a lithologic unit of small horizontal dimensions such that any gravitational
expression remaining at the surface of observation may have been overlooked
as a result of the regional nature of the gravity survey.

The proximity of this negative anomaly to the gravity and magnetic
maxima to the east suggests the additional possibility that the negative
anomaly may originate with structurally disturbed volcanic flows periph-
eral to the locus of greatest volcanic accumulation. If Keweenawan vol-
canic flows having a strong thermo-remanent magnetization with an undis-
turbed inclination of 41° to the west-northwest were tilted sufficiently,
an increasingly negative anomaly would develop with increase of inclination
of the negative pole above the horizontal.
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Part III

THE BEAVER ISLAND AEROMAGNETIC PROFILE

Discussion of Results

In the hope of obtaining information to assist in the interpretation
of the two Michigan aeromagnetic surveys reported here, a single aeromag-
netic profile (Fig. 20) was obtained from Seul Choix point in Upper Mich-
igan southeast to Beaver Island, and then east across the northern tip of
Lower Michigan to Lake Huron (Fig. 21). Results were inconclusive. The
Beaver Island aeromagnetic profile is much more smooth than the western
portion of the Upper Michigan profiles obtained over Huronian formations
near Marquette, but is less smooth than that portion of the profiles ob-
tained over inferred structurally undisturbed volcanic flows. The profile
is similar in character to the eastern end of the Northern profiles where
it is difficult to distinguish between inferred structurally disturbed
basic flows south of Sault Ste. Marie and the Huronian formations exposed
further east in Canada. The positive anomaly at the east end of the Beaver
Island profile coincides with the position of the projected trace of the
Pickford magnetic anomaly which is thirty miles to the north, suggesting
the possibility that the Pickford fault may continue south into Lower Mich-

igan.

Recent drilling indicates the presence of a Precambrian basement of
granitic composition beneath Beaver Island, which is located between the
postulated volcanic flows of Upper Michigan and the gravity-magnetic high
of Lower Michigan. The log of one of two wells drilled into the Precam-
brian formations indicates that sixty four feet of weathered granite was
penetrated beneath twenty one feet of Precambrian sand, with the base of
the Paleozoic section indicated at about 4600 feet below lake level. The
log of the second well indicates the base of the Paleozoic section to be
about 4500 feet below lake level. Eight hundred and seventeen feet of
Precambrian sandstone is reported beneath the Paleozoic section in this
well, with no penetration of crystalline rock reported. These wells are
about five miles apart. The drill logs describe the Precambrian sandstone
as multicolored, arkosic, frequently conglomeritic, and as containing oc-
casional rhyolite grains. This description is similar to the description
of the Oronto-Bayfield group of Upper Keweenawan age (Thwaites, 1912) which
is characteristically found associated with Keweenawan volcanics. The
jdentification of weathered granite may have resulted from mis-identifica-
tion of arkosic Upper Keweenawan sediment in the cuttings. The mis-iden-
tification of Upper Keweenawan sands as granite in well cuttings from wells
in proximity to the mid-continent gravity high is discussed by Craddock et

al.(1963).

The presence of a crystalline basement of granitic composition at
Beaver Island would not negate the possibility of Keweenawan volcanics
extending from Lake Superior through the Michigan basin, as many occurrences
of acidic rock are known associated with Keweenawan basic extrusives and
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intrusives; the granophyre associated with the Duluth gabbro, the Mellon
granite of northern Wisconsin, and the acidic rocks of Mt. Houghton and
Mt. Bohemia on the Keweenawan Peninsula are examples.

South of Seul Choix Point the bottom topography of Lake Michigan is
locally anomalous by virtue of the presence of pronounced north-south
trending structures, some of which project above the Lake surface as is-
lands (Fig. 22, after Hough, 1958). Lake Michigan and Lake Huron coincide
with the margin of the Salina formation of Silurian age, which is char-
acterized by the presence of extensive salt members. It has been suggested
by Hindshaw (as reported by Smith, 1914) that these lake depressions re-
sulted in part from the solution of salt in the periphery of the Salina
formation, in areas where the salt was sufficiently close to the surface
to be dissolved by circulating ground water. In many areas of Ohio and
Michigan, solution of the Salina salt has resulted in brecciation and
collapse of the overlying formationms.

Seul Choix point marks the trace of the magnetic anomaly correlated
with the southern extension of the Keweenawan fault in Part I of this re-
port, and it is also the locus of structure in the Niagara dolomite, the
formation which underlies the Salina formation. This suggests the pos-
sibility, however remote, that recurrent movement along zones of weakness
established in Keweenawan time may have localized solution of Salina salt
in the northern part of the Michigan basin, resulting in the subsequent
collapse of the overlying formations with development of a north-south
lineation in the bottom topography of northern Lake Michigan. The north-
south orientation of Grand Traverse Bay and adjacent lakes may also re-
flect a similar structural control.
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PART IV

GEOLOGIC SETTING AND DISCUSSION OF RESULTS,
SOUTHEASTERN ILLINOIS

Physiography of Southeastern Illinois

The area included in the aeromagnetic survey of southeastern Illi-
nois consists of two distinct physiographic provinces. To the north of
Harrisburg (Fig. 23) the land surface is relatively level and slopes
gently southward. The elevation of the northern part of the survey area
averages about six hundred feet above sea level, while in the vicinity
of Harrisburg the elevation averages close to four hundred feet above
sea level. This surface is developed on glacial outwash and moraine
correlated with the Illinoisan stage of the Pleistocene epoch. To the
south of Harrisburg the topography becomes more irregular, with devel-
opment of a prominent east-west trending ridge and smaller hills and
valleys. Elevation varies from less than five hundred to slightly
greater than one thousand feet above sea level. This irregular topog-
raphy is believed to be the result of block faulting of post-Pennsyl-
vanian, pre-Cretaceous age.

Geology of the Illinois Basin

The Illinois basin is an elongate northwest-southeast trending struc-
ture, measuring about five hundred miles in length and three hundred fifty
miles in width, and located in central and southeastern Illinois and ad-
jacent parts of Kentucky and Indiana. It is considered to have originally
been part of a larger structure which also included the Michigan basin.
The Michigan and Illinois basin are considered to have begun to separate
im Ordovician time by development of the Kankakee arch in northeastern
I1linois and northern Indiana. The northeast margin of the Illinois basin
was further restricted about Pennsylvanian time by development of the
La Salle anticlinal belt which extends over two hundred miles from north
central to southeastern Illinois. The Illinois basin is bordered on the
north by the Wisconsin arch and on the west by the Ozark dome of Missouri
and the Mississippi River arch of northwestern Illinois and Iowa. The
western part of the basin shallows rapidly over the north-south trending
Du Quoin monocline of south central Illinois. To the east of the basin
is the Cincinnati arch of Kentucky and Tennessee, while to the south the
relationship of the Illinois basin to the east-west trending Moorman syn-
cline of western Kentucky is obscured by the Rough Creek-Shawneetown fault
zone that extends along the Kentucky-Illinois border. The southern term-
ination of the basin is further obscurred by a Cretaceous overlap, assoc-
jated with the Mississippi embayment which covers the southern tip of the
state.

The Paleozoic section of the Illinois basin is represented by sedi-
ments of Upper Cambrian through Pennsylvanian age. The basin is estimated
to be 12,000 to 14,000 feet deep at the center (Swann and Bell, 1958)
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which is thought to be in Wayne, White and Hamilton counties (Eardly,
1951). This location generally corresponds to the central part of the
survey, extending north from Harrisburg to slightly south of a line
west from Vincennes.

Examples of widespread intrusion of basic igneous rock are present
in the southeastern part of the Illinois basin. Northwest striking basic
dikes and faults have been encountered while mining and drilling for coal
in the vicinity of Harrisburg, Illinois (Clegg and Bradbury, 1956). A
few sills have also been reported. The dikes are generally only a few
feet in width, but one occurrence three hundred feet wide is known. The
dikes and sills have been highly altered and are extensively weathered
where they are recognized at the surface.

Basic igneous rock has also been encountered in scattered locations
northeast and east of Harrisburg while drilling for oil. At one locality
basic igneous rock was reported in about a dozen wells drilled on a struc-
ture known as the Omaha dome, about ten miles northeast of Harrisburg.
Another dome shaped structure known as Hicks dome occurs about fifteen
miles southeast of Harrisburg, near several occurrences of basic dikes
encountered in fluorite prospects. Two wells drilled to several thou-
sand feet on this structure failed to encounter igneous rock. Hicks
dome is located near the northern terminus of the Illinois fluorspar
district, which is part of an oval-shaped area extending from southeast-
ern Illinois, south eastward into western Kentucky. Northwest trending
basic dikes occur at several locations in the Illinois fluorspar district,
together with structures interpreted as diatremes. Basic intrusives are
locally common at the east side of the small peninsula that coincides
with the southern extremity of profile ID, and are known also to occur
to the southeast in Kentucky (Warren, 1956).

The emplacement of the basic igneous rock and the fluroite mineral-
ization appear to represent two separate time intervals. The fluorite
mineralization, which usually occurs as fissure fillings, is associated
with faults striking northeastward, at right angles to the strike of the
basic dikes. These faults are part of the Rough Creek-Shawneetown fault
system.

No basic dikes are known for an interval of about twelve miles be-
tween Harrisburg, on the southern margin of the coal basin, and Hicks
dome, on the northern margin of the fluroite district. This is attrib-
uted to the very weathered nature of the dikes in outcrop and the ab-
sence of mining in this area (Clegg and Bradbury, 1956).

Koening (1956) has suggested that the basic intrusives and fluorspar
mineralization are genetically related, that the dikes were emplaced in
tension fractures developed as a result of doming over a magma reservoir,
and that the fluorite was subsequently deposited in fissures developed as
a result of collapse of the dome by widespread block faulting.
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Discussion of Results

Figure 23 is a total intensity aeromagnetic map of southeastern
Illinois, from which a regional magnetic gradient of 1-1/2 gammas per
mile to the east and 6-2/3 gammas per mile to the north has been removed.
As a result of the elongate nature of the area surveyed, the flight lines
are north-south, with the exception of two east-west lines. This results
in less control over anomaly configuration than afforded by the grid sys-
tem used in the central parts of the Michigan surveys; for this reason
the magnetic map is contoured at one hundred gamma intervals, rather than
the fifty gamma interval used to contour the Michigan data. North-south
flight lines are at six mile intervals, with the exception of line IN and
IB at an interval of two miles and lines IB and IC at a four mile inter-
val. The Illinois aeromagnetic map shows a range of values and a varia-
bility of pattern that suggest the presence of a crystalline basement of
heterogeneous lithology at depth.

A linear positive anomaly (labeled A) extends northwest-southeast
through the vicinity of Harrisburg. The location of this anomaly approx-
imates the median position of the known occurrences of basic igneous rock
in this area, and in addition parallels the average strike of the basic
dikes and associated faults. This magnetic maximum may be a reflection
of the source of the basic intrusives and fluorite mineralization. No
anomalous magnetic readings were noted over known dike locations, pos-
sibly as a result of their small lateral extent and their highly altered
condition. In addition, flight line ID passed directly over Hicks dome
without observation of anomalous readings. Unfortunately, no flight
lines passed over the Omaha dome. The Rough Creek-Shawneetown fault
system was also without apparent magnetic expression.

There appears to be good agreement between this regional aeromag-
netic map and the adjacent detailed aeromagnetic map of Indiana publish-
ed by the U. S. Geological Survey (Henderson and Zietz, 1958). There
is less correspondence between the southeastern Illinois magnetic map
and the southeast portion of a regional Bouguer gravity map of Illinois
(Woollard and Rose, 1963, p. 355). The gravity map does indicate a
relatively positive zone in the vicinity of Harrisburg. The lack of
stronger correlation between the gravity data and the Harrisburg mag-
netic maxima suggest that the lithologic unit with which the magnetic
anomaly originates may not project a significant distance into the
overlying sediments.

Four depth estimates to magnetic source are given in Table 1, which
coincide with anomalies labeled A through D. Depth estimates were made
by the method of Vacquier (1951) utilizing observed profiles across anom-
alies B through D, and a profile constructed at a small angle to the ob-
served profile of anomaly A. The use of observed profiles greatly re-
stricts the number of depth of estimates that can be made on an anomaly,
but in a regional survey of this nature the resultant depth estimates
can be accepted with a greater degree of confidence than depths calcu-
lated from assumed slopes. By coincidence, the south slope of the four
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This slope corresponds to the E
No depth estimates were made for the local

maxima southeast of Harrisburg, as the peculiar pyramid shape of the anom-
aly suggests that the lithologic unit with which the anomaly originates

cannot be approximated by a flat surfaced prism.

As this survey is in

an area where the total field inclination is close to seventy degrees,
depth estimates were made on the same Vacquier models for inclinations

of sixty and seventy five degrees.

The result of the seventy five de-

gree model was weighed twice and the three values were averaged for a
final depth estimate.

Anomaly

TABLE 1

ILLINOIS DEPTH ESTIMATES

Profile

construction
along IL

M
IG

I0

Vacquier

Model

2 x6

2 x6

4 x 6

2 x6

Depth Below

Sea Level

12,400 feet
11,500 feet
11,200 feet

12,000 feet

Depth Below

Surface

13,200 feet
12,000 feet
11,600 feet

12,400 feet
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