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FIGURE 2.—Trend-surface gravity map. Contains that component of the Bouguer FIGURE 3.—Residual gravity map. Contains that component of the Bouguer gravit
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gravity surface that has wavelengths greater than or equal to 20 km. Contour surface that has wavelengths less than 20 km and greater than 6 km. Contour
interval is 2.0 mGal. See text for detailed discussion. interval is 2.0 mGal. Heavy solid lines are zero contours. Heavy dashed lines
indicate location of faults in Archean basement. See text for detailed
discussion.
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EXPLANATION
BOUGUER GRAVITY CONTOURS

Contour interval 2 milligals (mGal). Dashed in areas of sparse data.
Hachures indicate lower gravity. All gravity data were tied to the In-
ternational Gravity Standardization Net 1971 (Morelli, 1974) and the
Geodetic Reference System 1967 (International Association of
Geodesy, 1971). Bouguer anomalies were calculated for a sea-level
datum using 2.67 g/cm?® for the rock density and 1.00 g/cm?® for the
water density.

MILLIGALS

GRAVITY SYMBOLS
Line of gravity profile (see figure 7)
Gravity station locality
. Error less than =0.3 mGal

A Error greater than = 0.3 mGal

EXPLANATION OF MAP UNITS

Ys
PROTEROZOIC Y
Yv
Xs @m } PROTEROZOIC X
Ag | Av } ARCHEAN

DESCRIPTION OF MAP UNITS

Ys Clastic sedimentary rocks (Proterozoic Y—Keweenawan)—Mostly sandstone
and conglomerate; minor shale

Yv Basaltic to andesitic volcanic flows (Proterozoic Y—Keweenawan)

Xs Clastic sedimentary rocks (Proterozoic X)—Mostly graywacke, slate,
quartzite, argillite, and conglomerate; lesser iron—formations and dolomite.
Variably metamorphosed

Xv Volcanic rocks (Proterozoic X)—Mostly mafic to intermediate (and rarely fel-
sic) flows and pyroclastic rocks. Sedimentary interbeds are common. Vari-
ably metamorphosed

Xvs Interlayered volcanic and sedimentary rocks (Proterozoic X)—Moderately to
strongly metamorphosed

Gneiss (Archean)—Mostly granitic gneiss and foliated granite. Migmatite and
amphibolite abundant locally. Includes massive granitic rocks

Av Volcanic rocks (Archean)—Mostly submarine basaltic flows. Lesser volcanic-
lastic rocks and sedimentary rocks

INTRODUCTION

This report is one of several geological, geophysical, and geochemical maps that are
being prepared to assess the mineral potential of the Iron River 1°X 2° quadrangle,
Michigan and Wisconsin. The Iron River quadrangle is being studied under the
Conterminous United States Mineral Assessment Program (CUSMAP). In this report, we
present a Bouguer gravity map and its geologic interpretation, and we consider some of the
implications of the gravity map that pertain to mineral resources. A list of maps (U.S.
Geological Survey Miscellaneous Investigations Series Maps [-1360-A-N) for the complete
folio follows.

MAP

[-1360-A Mineral resources of the Iron River 1°X 2° quadrangle, Michigan and
Wisconsin, by W. F. Cannon.

[-1360-B Bedrock geologic map of the Iron River 1° X 2° quadrangle, Michigan and
Wisconsin, by W. F. Cannon.

[-1360—C Surficial geologic map of the Iron River 1° X 2° quadrangle, Michigan and
Wisconsin, by W. L. Peterson.

[-1360-D Structural and tectonic map of the Iron River 1° X 2° quadrangle, Michigan and
Wisconsin, by W. F. Cannon.

[-1360-E Bouguer gravity anomaly map and geologic interpretation of the Iron River
1° X 2° quadrangle, Michigan and Wisconsin, by J. S. Klasner and W. J. Jones.

[-1360-F Aeromagnetic map of the Iron River 1°X2° quadrangle, Michigan and
Wisconsin, by E. R. King.

[-1360—G Metamorphic map of the Iron River 1°X 2° quadrangle, Michigan and
Wisconsin, by Karen Wier.

[-1360-H Copper distribution in B-horizon soils in the Iron River 1° X 2° quadrangle,
Michigan and Wisconsin, by H. V. Alminas, J. D. Hoffman, and R. T. Hopkins.

[-1360-1 Chromium distribution in B-horizon soils in the Iron River 1° X 2° quadrangle,
Michigan and Wisconsin, by H. V. Alminas, J. D. Hoffman, and R. T. Hopkins.

[-1360—J Cobalt distribution in B-horizon soils in the Iron River 1° X 2° quadrangle,
Michigan and Wisconsin, by J. D. Hoffman, H. V. Alminas, and R. T. Hoffman.

[-1360-K Nickel distribution in B-horizon soils in the Iron River 1° X 2° quadrangle,
Michigan and Wisconsin, by J. D. Hoffman, H. V. Alminas, and R. T. Hopkins.

[-1360-L Silver distribution in B-horizon soils in the Iron River 1° X 2° quadrangle,
Michigan and Wisconsin, by R. T. Hopkins, H. V. Alminas, and J. D. Hoffman.

[-1360-M Molybdenum distribution in B-horizon soils in the Iron River 1°X2°
quadrangle, Michigan and Wisconsin, by R. T. Hopkins, H. V. Alminas, and J.
D. Hoffman.

[-1360-N Interpretive geochemical map of the Iron River 1° X 2° quadrangle, Michigan

and Wisconsin, by H. V. Alminas, J. D. Hoffman, R. T. Hopkins.
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THE GRAVITY DATA
Sources and reduction of data

The Bouguer gravity map was compiled from 5,226 stations which come from a variety
of sources as shown in table 1. All the gravity data were either tied to or adjusted to conform
with the 1971 Unified International Gravimetric Net (Morelli, 1974). Digitized data were
reduced to the simple Bouguer anomaly using sea-level datum, the 1967 theoretical gravity
formula for the equipotential ellipsoid (International Association of Geodesy, 1971), and a
density of 2.67 grams per cubic centimeter (g/cm?) for the rocks between the ground surface
and datum.

A computer-generated isometric diagram (fig. 1) shows the Bouguer gravity-anomaly
surface as if it were viewed from the southwest at an angle of 55° above horizontal.

Accuracy of gravity data

Because the gravity data come from a variety of sources, the parameters used in
obtaining it, such as station spacing and elevation control, are variable. Almost all stations
on land were located along existing roads. Spacing along these roads varies from about 33
m to several kilometers. The largest gap in station coverage on the Bouguer gravity map is
about 12 km. Most gravity stations were taken at black spot elevations on USGS
topographic maps; some elevations were estimated from contours on USGS 1:62,500-scale
topographic maps; and some elevations were determined by altimeter and checked against
the topographic maps. Latitude and longitude of each station were read from 1:62,500- or
1:24,000-scale topographic maps. Most data at stations were obtained by using either a
Worden geodetic gravimeter or a La Coste and Romberg land gravimeter. According to a
code for accuracy of gravity data prepared by Robbins and others (1974) for the USGS,
most land data in the Iron River quadrangle are accurate to 0.3 milligal (mGal).

Gravity data in Lake Superior were obtained by the University of Wisconsin (Wold and
Berkson, 1977) by using a La Coste and Romberg underwater gravimeter. Vertical control
was determined from a pressure transducer on the gravimeter, and horizontal control was
determined by electronic triangulation. Lake-based data are also considered accurate to
+0.3 mGal.

Two data sets from the southwest part of the quadrangle in Wisconsin have, in a few
cases, either high drift (as much as 2 mGal per base loop) or differ from older data sets as
much as 2 mGal on a few duplicate stations. Also, our reoccupation of stations from older
gravity surveys indicates that, in general, the older data are good. For these reasons, older
data sets were used in contouring the gravity map, and newer and less accurate data sets
were used where the older data were not available. (Note the dashed contours in the
southwest corner of the map.)

In the Porcupine Mountains region of Michigan (northwest quadrant of the map), a few
stations have duplicate observed gravity readings that differ by as much as 1 mGal, and it
was not possible to determine which value was correct. For these measurements, the values
were averaged, or the value that seemed to agree best with nearby gravity values was
chosen. The contours in this part of the map are also dashed to indicate less reliable data.

Elsewhere, duplicate readings agree within a few tenths of a milligal. Contours are solid
in these areas to indicate more reliable data. The relative accuracy of data from individual
gravity stations is indicated by the locality symbols on the map.

Filtering of the gravity data

Potential-surface maps, such as gravity and magnetic maps, generally have a broad
spectrum of wavelengths. Short wavelengths, or high-frequency waveforms, generally
reflect relatively small, near-surface geologic features and perhaps undesirable noise in the
gravity data, whereas the long-wavelength, low-frequency waveforms, reflect broad
variations in geology that occur within the deeper part of the crust. Thus it is often
desireable to separate high- and low-frequency waveforms to aid in the geologic
interpretation of the gravity data.

Two maps, figures 2 and 3, display the respective low- and high-frequency components
of the observed gravity field. The maps were generated using a computer that first created
an evenly spaced grid of discrete gravity values calculated from the unevenly spaced
observed gravity values (see acknowledgments). The computer-generated grid spacing for
the Iron River data is 2 km, about the same as the estimated 2-3-km average distance
between observed gravity stations. The grid values were then filtered by a two-dimensional
low-pass filter using techniques outlined in Dean (1958), Byerly (1965), Fuller (1967), and
Naidu (1969) to create a trend-surface map (fig. 2). The low-pass filter retained frequencies
having wavelengths of 20 km or longer and rejected shorter wavelengths. Other low-pass
filters that retained shorter wavelengths were also used, but these did not aid appreciably
in the interpretation and are not shown here. The trend-surface map is considered to reflect
broad-scale density variations within the crust that are related to tectonic and other geologic
features in the study area.

The residual gravity map (fig. 3) was obtained by subtracting the trend-surface map
from the Bouguer (observed) gravity-anomaly map at the computer-generated grid points.
It contains that part of the frequency spectrum that has wavelengths shorter than 20 km.
Some of the anomalies shown on this map may be artifacts that were created by the grid
generating process, especially in areas where gravity data were not available. Thus the map
should be used with care. But it does emphasize some geologically significant anomalies that
are not easily seen on the observed gravity map. These are discussed later in this report.

Also, because of the spacing of gravity stations, there is a high-frequency limit to
wavelengths in figure 3. That is, the average 2-3—km spacing between stations imposes an
effective 6—km-wavelength limit on the data. Wavelengths shorter than this will be
insufficiently sampled and do not appear on the map. Therefore, the effective spectrum in
figure 3 falls between wavelengths 6 km or longer and 20 km or shorter.

Strike filters (Fuller, 1967) were also applied to the Bouguer gravity-anomaly map to
assist in analyses of the gravity data. These applications did not reveal any anomalies not
previously recognized, however, and the results are not displayed.

REGIONAL GEOLOGY AND TECTONIC HISTORY
OF THE IRON RIVER QUADRANGLE

Geologic data aid considerably in interpretation of the Bouguer gravity-anomaly map.
Bedrock geology along with rock density data provide fundamental information for
interpretation of the gravity data. In addition, well-established geologic ideas and models,
such as White’s (1972a) ideas concerning volcanic centers in the Lake Superior region,
provide an important interpretive framework.

Regional geology

The Iron River quadrangle lies astride some regionally significant geological and
geophuysical features as shown in figure 4. The Great Lakes tectonic zone (Sims, 1980; Sims
and others, 1980) and the Penokean foldbelt (Cannon, 1973) strike across the quadrangle.
A regional gravity high that extends along the length of the Penokean foldbelt in northern
Michigan and Wisconsin (Klasner and others, 1979; Klasner and Bomke, 1977, 1978) in the
southern half of the quadrangle, is revealed in part by east-west-trending high-gravity
anomalies. The northen half of the quadrangle contains sedimentary and volcanic rocks that
are associated with the Keweenaw rift system (Green, 1978; White, 1972a), which is part
of the 2,000-km-long Midcontinent rift.

Rocks of three major ages are present in the study area (see fig. 5). Archean basement
rocks are exposed only in isolated patches, mostly in the southern half of the quadrangle.
Proterozoic X metasedimentary and metavolcanic rocks lie unconformably above Archean
basement. Proterozoic Y Keweenawan volcanic and sedimentary rocks unconformably
overlie Archean and Proterogoic X rocks. Numerous faults and the already mentioned Great
Lakes tectonic zone also occur in the area. These structures, along with the bedrock
patterns, contain valuable information concerning the geologic and tectonic evolution of the
area.

Several major regional geologic features (fig. 5) important to the interpretation of the
gravity map are discussed in the following paragraphs. A more comprehensive report on the
geology of the Iron River quadrangle is given by Cannon (1986).

Archean

Although thick Archean sequences of Proterozoic X and Y rocks mask underlying strata
in most of the quadrangle, the geologic model (fig. 7, discussed later) constructed from
gravity data suggests that the entire quadrangle is underlain by Archean basement, except
where Proterozoic plutons or Keweenawan plugs and dikes exist.

Bedrock exposures of Archean rocks are limited to areas that either occur as uplifted
blocks relative to the younger rocks in the eastern part of the quadrangle as reported by
Cannon (1973), or occur as mantled gneiss domes as reported by Sims (1980) and Sims
and Peterman (1976), or occur as Archean intrusive bodies such as area I in figure 6 (Sims,
1976; Sims and others, 1977).
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Table 2 shows that Archean rocks, which range in composition from granite and granite
gneiss to mafic gneiss, have a wide range in densities. Generally, bulk density of Archean
crust is lower than the overlying iron-rich Proterozoic X metasedimentary and Proterozoic
Y basaltic rocks. Thus, relative to adjacent areas, gravity lows generally occur above
Archean terrane.

The Great Lakes tectonic zone (Sims, 1980) is a fundamental crustal feature of variable
width along which both Archean and Proterozoic X rocks were affected. The southern
margin of the zone, which in this paper will be referred to as the tectonic line, marks a
boundary between Archean granite-greenstone terrane on the north and gneiss terrane on
the south (fig. 5). A gravity study by Klasner and Sims (1979) in the western part of the
quadrangle shows that the tectonic line lies along the north edge of a broad, long-
wavelength gravity high previously discussed by Klasner and Bomke (1977, 1978) and
Klasner and others (1979). It appears that overall density of the upper part of the Archean
crust may be greater south of the tectonic line than it is north of the line.

Geologic mapping by Cannon and Klasner (1976, 1977) in Archean terrane north of
the Marquette trough shows that Archean crust is highly faulted (fig. 5). Regional studies of
lineaments using geophysical and Landsat data (Klasner and others, 1982) over Archean
terrane of the Superior Province suggest that prominent zones of fracturing and faulting may
extend for thousands of kilometers. Geologic data indicate that these zones existed in
Archean time and that some have been reactivated as recently as early Paleozoic time.
Some of these regional lineaments cross the Iron River quadrangle.

Proterozoic X

Proterozoic X rocks consist mostly of metagraywacke and slate, metavolcanic strata,
and relatively minor amounts of dolomite, quartzite, and metaconglomerate. Economically
important deposits of cherty iron-formation and ferruginous slate are intercalated with other
Proterozoic X strata. The thickest sequences of metavolcanic strata, the Hemlock Formation
and Badwater Greenstone, are found in the southeastern part of the quadrangle (see
Cannon, 1986). Volcanic rocks are also found in the western part of the quadrangle.
Several granite plutons of Proterozoic X age have been mapped in north-central Wisconsin
(Sims and others, 1978) and may extend into the southern part of the quadrangle.

Table 2 shows that graywacke and slate, which form the bulk of the Proterozoic X
section, have densities that are very close to those of the underlying Archean gneiss. But
the presence of iron-formation and mafic volcanic rocks generally makes the bulk density
of the Proterozoic X section greater than the density of Archean basement. Also, except
where they are felsic, the Proterozoic X volcanic rocks are generally denser than Archean
basement rocks. Although Proterozoic X granite plutons were not sampled for density, they
probably have a relatively low density, even less than Archean geniss, as suggested by the
average density of granite in Daly and others (1966).

Intense folding and faulting as well as regional metamorphism and intrusion of plutonic
bodies, all associated with Penokean orogenesis, created several features that are reflected
in the gravity data, as shown in table 3. Block faulting in early stages of the orogeny created
prominent troughs with infolded Proterozoic X strata between uplifted blocks of Archean
crust (Cannon, 1973). The relatively high density of the iron-rich Proterozoic X sedimentary
rocks, which fill the troughs, causes prominent gravity highs over the troughs. A gravity
model across the Marquette trough (Klasner and Cannon, 1974) showed that in places it
is as much as 2,500 m deep.

Regional metamorphic aureoles, perhaps including subjacent granitic plutons (James,
1955), generally have gravity lows over them (Klasner and others, 1979; Klasner and
Bomke, 1977). Similarly, granite plutons have associated negative gravity anomalies.

Proterozoic Y

White (1972a) and Green (1978) have shown that thick sequences of basaltic
Keweenawan lava and sedimentary rocks accumulated in a series of overlapping basins; the
lava emanated from volcanic centers in the Lake Superior region. The locations of the
individual lava basins have been roughly outlined by Green (1978) and the numerous dikes
of the Baraga Group dike swarm have been identified as feeders for some of the lava basins.
Green’s map shows that in the northern part of the Iron River quadrangle, thick sequences
of Keweenawan basalt accumulated in three overlapping basins. For the most part, the
basalt is covered by thick sequences of clastic sedimentary rocks. According to Hubbard
(1975), the upper part of the Keweenawan sequence, specifically the unnamed formation
which represents a portion of the youngest of the three volcanic basins of Green, is more
felsic than the lower flows. As discussed later, evidence for the source vent for these flows
is seen in the gravity data.

Table 2 shows that the Keweenawan volcanic rocks are relatively dense and the
overlying and intercalated conglomerate and sandstone of the Oronto Group and
Jacobsville Sandstone are markedly less dense. Thus large positive gravity anomalies occur
over relatively thick basalt sequences; overlying sedimentary basins generally have
associated negative anomalies, but positive anomalies may occur over sedimentary rocks
that overlie thick sequences of basalt. Mafic dikes, such as the dikes of the Baraga Group
dike swarm, if they are denser than the country rock, should have positive gravity
anomalies. But, because of the wide spacing of the gravify stations, individual dikes or
widely spaced dikes will not be recognized. Volcanic stocks and plugs, if they are large
enough and of different density than the country rock, should be recognizable in the gravity
data.

Numerous faults formed during the Keweenaw rift event. The most prominent is the
Keweenaw fault (figs. 1 and 4). Several smaller northwest-trending faults cut the Keweenaw
fault, and we consider these to be tectonically significant features in that they may be
expressions of larger, more pervasive northwest-trending faults that exist in the area as
discussed later.

The general tectonic history of the Lake Superior region is summarized in table 3. The
tectonic events formed prominent structural features that can be recognized in the gravity
data as shown in the table.

MAGNETIC DATA AND THE GRAVITY MAP

Aeromagnetic data for the Iron River quadrangle have been compiled into a map by
King (1987). Many prominent magnetic anomalies on both King’'s map and a regional
aeromagnetic map by Zietz and Kirby (1971) have an important bearing on interpretation
of the gravity data. Many magnetic highs correspond to positive anomalies in the gravity
data and therefore provide valuable information concerning the source rock. Generally in
this area, coincident magnetic and gravity highs indicate the presence of iron-formation and
(or) mafic volcanic rock.

Because of reversed magnetic polarity, Keweenawan diabase dikes of the Baraga
Group swarm cause prominent linear, elongate, negative magnetic anomalies. These are not
seern on the gravity maps at this scale, as previously mentioned, but their location may be
significant in terms of interpretation of gravity gradients.

The relationship between gravity and magnetics is briefly discussed for some of the
more prominent gravity features in the following section of this paper.

DISCUSSION OF THE GRAVITY MAPS

The most prominent feature on the spectrally colored Bouguer gravity-anomaly map is
a strong northeast-trending fabric. This fabric reflects the regional northeast-trending
tectonic pattern in this part of the Lake Superior region, and it is apparent especially on the
trend-surface map (fig. 2) on which two northeast-trending gravity gradients, labeled I and
II, divide the gravity map into three distinct domains. The domain of highest amplitude
gravity (A in figs. 1, 2, and 6) is over the Proterozoic Y Keweenawan basalt flows; a domain
of relatively low-amplitude gravity (D in figs. 1, 2, and 6) is mostly over the Jacobsville
Sandstone; and domains of intermediate-amplitude gravity (F-L in fig. 6) are over the
Proterozoic X and Archean terranes (see also fig. 1).

Correlation of regional tectonic and other geologic features (fig. 5) with the general
configuration of the Bouguer gravity-anomaly map, especially as shown on the trend-surface
map (fig. 2), is readily apparent. The steeply south-dipping gravity gradient I, for example,
is over the Keweenaw fault where high-density Keweenawan basalt is next to low-density
Jacobsville Sandstone causing gravity variations exceeding 100 mGal. Gradient II overlies
the Great Lakes tectonic zone and separates Proterozoic X from Proterozoic Y terrane in this
area.

Although the trends of the Midcontinent rift, Jacobsville trough, and Penokean foldbelt
are roughly parallel in the study area (compare figs. 4 and 5), the gravity map of the
northern Michigan-Lake Superior region (Klasner and others, 1979) shows that east and
west of the Iron River quadrangle, gravity anomalies over the Midcontinent rift cut across
the long-wavelength anomaly associated with the Penokean foldbelt.

Numerous gravity anomalies, gradients, and lineations are apparent on the Bouguer
gravity map. These are outlined and labeled for discussion purposes on an index map (fig.
6), and some of the same symbols are used for some corresponding features on the
isometric diagram of the gravity surface (fig. 1), the trend-surface map (fig. 2), the residual
gravity map (fig. 3), and the gravity profile (fig. 7). The symbols are also correlated with the
stratigraphic column in the explanation of figure 5.

Anomalies over Proterozoic Y terrane
A (northwest).—Thick sequences of relatively dense Keweenawan basalt cause the
large positive gravity anomaly at A. A gravity high at A1 (west-central, figs. 3 and 6) marks
the position of lower Keweenawan basalt that lies in contact with Proterozoic X rocks
(Hubbard, 1975). Al, along with anomaly E, is a compound anomaly, caused in part by
these volcanic rocks and other rocks as discussed later.

B (northwest).—The gravity low at B is over the Porcupine Mountains syncline. An
unpublished map by W. S. White shows that the Nonesuch Shale and Copper Harbor
Conglomerate, which fill the syncline, are only a few thousand feet thick. The modeled
gravity profile (fig. 7) shows that the low-density shale and conglomerate cannot cause the
large negative gravity anomaly in this area. White (oral commun., 1979) has suggested that
the Porcupine Mountains syncline may be a collapsed caldera and the gravity low may be
caused by a low-density felsic volcanic pipe beneath the “syncline;” the gravity model
shown in figure 7 supports this concept. This would mark one of the volcanic centers in the
Lake Superior region as proposed by White (1972a). A prominent horseshoe-shaped
magnetic high (Zietz and Kirby, 1971; King, 1987) encircles B on the south side This
magnetic anomaly probably indicates the presence of thick layers of near-surface basalt as
shown by the gravity model.

C (north-central).—The low-amplitude positive gravity anomaly at C is within the
gravity low (D) associated with the Jacobsville trough (fig. 5). This anomaly is interpreted
to mark the position of a ridge of Keweenawan basalt that lies beneath Jacobsville
Sandstone. It appears on the residual gravity map (fig. .3) as a northeast-trending high.
Rognerud (1974) has shown that at C1 (figs. 2 and 6), the widest part of the anomaly, the
top of the basalt lies about 150 m below ground surface.

D (north-central-northeast).—A pronounced gravity low at D is caused in part by a
trough of low-density Jacobsville Sandstone. Bacon (1966) has suggested from gravity and
magnetic data that the trough has up to 3 km of Jacobsville Sandstone overlying
Keweenawan basalt.

Anomalies over Proterozoic X terrane

E (west-central).—The gravity high at E is especially apparent on the residual gravity
map (fig. 3). The high is a compound anomaly caused, in part, by Keweenawan volcanic
rocks (A1) and, in part, by Proterozoic X sedimentary rocks that mark the eastward extent
of the Gogebic Iron Range. A prominent magnetic high associated with anomaly E is shown
on the aeromagnetic maps by Zietz and Kirby (1971) and King (1987).

F (south-central—east-central).—A series of positive and negative gravity anomalies
that lie on top of the broad regional east-west-trending gravity anomaly associated with the
Penokean foldbelt are designated F1-F7. The positive anomalies are caused by Proterozoic
X sedimentary rocks that are generally denser than underlying Archean basement rocks.

F1 (east-central).—A gravity high at F1 at the west end of the Marquette trough (fig.
5) is caused by dense iron-rich rocks which are infolded into the trough (see Cannon and
Klasner (1974, 1977) for gravity models of the Marquette trough). A prominent magnetic
high also occurs in this area reflecting the presence of magnetic iron-formation.

F2 (east-central)—A gravity high at F2 is coincident with a prominent positive
magnetic anomaly. It is similar to F1, suggesting that it is caused by dense iron-formation
at depth. To the best of our knowledge, the deposits have not been confirmed by drilling.

F3 (southeast).—The gravity high at F3 over the Iron River basin (fig. 5) is also caused
by deposits of dense iron-formation. Although the trend-surface map (fig. 2) suggests that
F3 connects with anomaly F4, the Bouguer gravity-anomaly map and the residual map (fig.
3) show that the Iron River basin extends east-west 43 km to gradient IV on the gravity
index map (fig. 6) and does not connect with F4.

F4 (south-central).—The gravity high at F4 may be caused by mafic volcanic rocks. It
has a narrow east-west-trending positive magnetic anomaly beneath it, and two drill holes
near the anomaly encountered amphibolite.

F5 (west-central).—The gravity high at F5, as shown on the gravity model (fig. 7), is
in part caused by accumulations of iron-rich sedimentary and mafic volcanic rocks.

F6 (southeast).—An elongate gravity high at F6 has an associated positive magnetic
anomaly that is attributed to deposits of iron-formation.

F7 (southeast).—The cause of the triangle-shaped gravity low at F7 is not known. M.
P. Foose (oral commun., 1979) has suggested that the lower gravity may be caused by up
to 6,000 m of Proterozoic X slate and graywacke, which have a low density relative to
adjacent areas. Alternatively, the gravity low could be caused by Archean basement rock
that has lower density than adjacent Archean basement rock.

G (northeast).—North of the tectonic line of Sims (1980), basins of Proterozoic X slate
and graywacke correlate with low gravity at G. These basins are distinct from those south
of the tectonic line in that the rocks in them are only slightly deformed. Because they lack
iron-formation, they are about the same or lower density as Archean basement rocks and
thus do not create positive gravity anomalies.

H (southwest).—At H is an area of low gravity bounded by steep gradients on the north
and east (III and V in fig. 6). The low at H is part of a much larger gravity minimum that
lies just to the south in Wisconsin (Ervin and Hammer, 1974). The gravity low indicates that
area H is underlain by low-density rock, and the steep gradients suggest either a fault
contact with adjacent denser rock or perhaps a steep lithologic contact such as along the
edge of a granite pluton.

Lack of any outcrop in the area makes it difficult to formulate a definite geologic
interpretation. Patterns in magnetic data (King, 1987) are similar to those formed above the
Archean gneiss dome-Proterozoic X terrane exposed to the north, leading Cannon (1986)
to apply this interpretation in this area. Perhaps the area is underlain by relatively low-
density remobilized Archean gneiss that is mantled with a thin layer of Proterozoic X
volcanic-sedimentary rock.

Anomalies over Archean terrane

I (west-central).—The gravity low at I correlates with the Puritan Quartz Monzonite
pluton, whch lies north of the tectonic line. Magnetic anomalies in the area are relatively
low in amplitude.

J (southwest) —The positions of Archean gneiss domes (Sims and Peterman, 1976) are
indicated at J. These domes are apparent as subtle anomalies that are not always obvious
on the gravity map; however, careful examination of the map shows that most domes have
associated gravity lows. They are obvious on aeromagnetic maps (Zietz and Kirby, 1971;
King, 1987) because pronounced magnetic highs occur along the edges of the domes. The
magnetic highs are most likely caused by iron-formations.

K (southeast).—K is an area underlain by basins of Proterozoic X rock that lie between
uplifted blocks of Archean gneiss (Cannon and Klasner, 1976). The Archean areas (Ka) are
surrounded by beds of iron-formation so that the Archean and Proterozoic X terrane can
be easily differentiated on the magnetic maps.

K1 (southeast).—K1 marks the position of Proterozoic X Hemlock volcanic rocks and
Randville Dolomite which surround a core of Archean gneiss, Kal, the Amasa oval. A two-
dimensional gravity model has been constructed by M. P. Foose (oral commun., 1981)
extending southwest from Kal. It shows that the Hemlock volcanic rocks may be about
6,000 m thick in this area.

L (northeast)—The south half of area L is underlain generally by Archean massive
tonalite and tonalitic gneiss. In the north half, W. F. Cannon and J. S. Klasner have mapped
the bedrock, which is predominantly Archean migmatitic gneiss (Klasner and others, 1982).
These gneisses are overlain by a prominent north-sloping gravity gradient and have little if
any expression on the gravity map. On the aeromagnetic map (King, 1987), however, the
area is crossed by numerous east-west-trending magnetic lows associated with a reversely
polarized Keweenawan dike swarm. The abundance of Keweenawan dikes here suggest that
the regional gravity gradient may be an expression of a broad crustal flexure associated with
formation of the Midcontinent rift.

Major gravity gradients and structural breaks

For the purpose of discussion, several gravity gradients or possible faults have been
labeled by Roman numerals I through VI in figures 2 and 6.

Gradient I.—The Keweenaw fault has a south-dipping gradient at I of about 4 mGal/km
and is especially apparent in the isometric diagram of the gravity surface (fig. 1). The total
variation in gravity across the fault exceeds 100 mGal but this cannot be completely
attributed to the fault. Gravity models by Bacon (1966) and seismic data (Bacon, 1964)
suggest that Keweenawan basalt is uplifted on the order of 3 km relative to low-density
Jacobsville Sandstone, which lies south of the fault. The trend-surface map (fig. 2) shows
a relatively smooth uniform gradient along the length of the fault, but the Bouguer gravity-
anomaly map and residual map (fig. 3) show that numerous anomalies occur along the fault
zone. The most prominent (anomaly I1) is interpreted to be a block of basalt that is possibly
thicker, or that has been uplifted along northwest-trending faults that cut the Keweenaw
fault. A similar feature occurs at I2. Anomalous zones also occur on the magnetic map at
these points, and anomlay I2 occurs where there is a prominent magnetic anomaly
suggesting thick near-surface accumulations of basalt. Several other anomalies also occur
along the Keweenaw fault as seen on the Bouguer gravity map. As discussed later, we
postulate that these may be related to a regional northwest-trending fault pattern.

Gradient II1.—Gradient II corresponds to the location of the tectonic line that separates
the two Archean terranes. The smooth, continuous, east-west-trending, north-sloping
gradient on the trend-surface map (fig. 2) generally supports the location of the tectonic line
as proposed by Sims (1980) especially in the western part of the map. In the eastern part
of the map, however, just north of anomaly F1, the gradient lies north of the tectonic line,
as interpreted by Sims on the basis of geologic data (Sims draws the gradient along the
Marquette trough separating relatively radiogenic gneiss on the south from tonalitic and
ampbhibolitic gneiss and greenstone on the north).

TABLE 1.—Sources of gravity data’

Sources

Estimated number of stations

Michigan Technological University
L. O. Bacon (1957)
W. N. Rognerud (1974)
J. Fredricks (1978)

U.S. Geological Survey
(Acquired 1972-1978)

Michigan State University
W. R. Miller (1966)
B. A. Carlson (1972)

Defense Mapping Agency
Copper Range Exploration Company

Wright State University
K. J. Fredricks (1975)

University of Wisconsin
Various sources

Total number of stations

2,008
192
167

1.832

294
93

180
175

161

124

5,226

'"The number of stations shown for each data set does not necessarily represent all the data
available from that source. For example, only 192 stations were used from Rognerud’s data,

though many more stations are in his data sets.

TABLE 2 —Densities of rocks found in the Iron River
1° x 2° quadrangle. in grams per cubic centimeter (g/cm®)
Modified from Oray (1971) and Klasner and others (1979b)

7 PROTEROZOIC Y \
Source Jacobsville Sandstone Oronto Group Nonesuch Portage Lake Pre-Keweenawan
and Bayfield Group Shale Volcanics rocks'

Thiel (1956) 2.30+0.06 2.36+0.12 290+0.10
White (1966 a,b) 2.30 244 2.90 2.67

2.37 2.62 292 2.70

Bacon (1966) 2,25 2.66 (Freda Ss.) 2.88 2.70
Weber and average of both groups 2.97 2.70
Goodacre (1966) 2.50
Steinhart and 2.30-2.36 2.43-2.54 — ——

Smith (1966)

Steinhart 2.30 2.66 — =
and others (1968)

Oray (1971) 2.40 2.65 (Freda Ss.) 2.95 2.70

Birch (1954) — 2.52 == —

S PROTEROZOIC X—— - ARCHEAN \
Schist, slate, quartzite, Iron-formation Metavolcanic rocks Granite, granite gneiss Mafic gneiss,
metapelite, metagraywacke, 2.90-4.07; 3.34 average 2.85-3.02; 2.95 average migmatite, and pegmatite metagabbro
and metavolcanic rocks 2.50-2.80; 2.68 average 2.80-3.33;

2.35-3.03; 2.72 average

'Densities (g/cm®) of pre-Keweenawan rocks in northern Michigan from Klasner and

2.92 average

Cannon

(1974) and Cannon and Klasner (1976), plus more than 70 additonal density determinations.

TABLE 3.—Brief summary of geologic

history, especially tectonic events,

that have a direct bearing on the configuration of the simple Bouguer
gravity—anomaly surface in the Iron River quadrangle’

Time Geologic event Geologic features and associated
gravity expression

12by.  Keweenaw rift event: Crustal warping and Thick deposits of basalt have large
rifting in Lake Superior region: formation positive gravity anomalies. A gravity low
of grabens, extrusion of plateau basalt, occurs over a possible volcanic pipe
formation of dike swarms. beneath the Porcupine Mountains

syncline. Large negative anomalies occur

Subsequent infilling of grabens with thick over grabens that are filled with clastic
sequences of clastic sediments. Tilting and sediments.
faulting.

19by. Penokean orogeny: Multiphase deforma- Grabens and troughs that have iron-rich
tion including block faulting and forma- beds have positive gravity anomalies.
tion of basins and troughs in Archean Granite plutons have negative gravity
basement rocks, intrusive and extrusive anomalies. Domes of remobilized
igneous activity, metamorphism and re- Archean gneiss have negative gravity
mobilization of Archean rocks. anomalies. Generally, volcanic beds have

positive anomalies, except where they are

Troughs and basins in the Archean crust felsic.
started to form early in the sequence of
sedimentation. Volcanism accompanied
sedimentation.

2.7b.y.  Kenoran orogeny. The tectonic line, which divides granite-

Formation of early crust and multiple
periods of orogenesis and tectonism
occurred producing a structurally complex
Archean basement that was highly faulted
and fractured. These basement faults
have been reactivated during subsequent
geologic events.

greenstone terrane on the north from
gneiss terrane on the south has, for the
most part, an associated north-sloping
gravity gradient.

Major fracture and fault zones are
expressed on the gravity map by abrupt
changes in the width of, or orientation
of elongate anomalies. These are called
structural breaks in this report.

'Data from White (1960 a,b), Cannon (1973), Sims (1976), Sims and Peterman (1976), Green
(1978), Klasner (1978), and Klasner and others (1979)

MISCELLANEOUS INVESTIGATIONS SERIES
MAP [-1360-E

Figure 7 suggests that a portion of the gradient may be explained by an increase in
density of Archean basement rocks from north to south. But the estimated north-sloping
regional gradient in figure 7 is too broad to be explained by changes in density of near-
surface rocks. The question then remains; what causes this gradient? Past work by Bacon
(1964) suggested that the large negative gravity anomaly at D is due to thick accumulations
of Jacobsville Sandstone. But comparison of the trend-surface map (fig. 2) and geologic
map (Cannon, 1986) shows that the tectonic line and gradient do not coincide with the
contact between Jacobsville Sandstone and Proterozoic X rocks, and thus the gradient is not
related to a northward-thickening wedge of sandstone. This suggests that there is a more
fundamental structural and possibly compgsitional change in the Archean crust that causes
the gradient, and that the large negative gravity anomaly beneath the Jacobsville cannot be
caused by the basin of Jacobsville Sandstone alone. Klasner and Bomke (1977, 1978) have
suggested that the gradient is caused by lateral structural and compositional variations in the
deeper part of the Archean crust.

Gradients III and IV.—The two gradients at III and IV (figs. 2 and 6) most likely mark
the position of faults. Gradient III bounds the north edge of a possible Proterozoic X pluton
or remobilized low-density Archean gneiss as discussed above. Gradient IV marks a fault
that truncates the east-west-trending basins of Proterozoic X iron-formation, F3 in figure 6.

Gradients V and VI.—Faults at V and VI (fig. 6) are inferred from gravity data. The
fault at V lies along a northwest-sloping gradient on its south end and by discontinuities in
gravity anomalies on its north end. The fault at VI lies along the eastern side of the triangle-
shaped gravity low, F7. It also marks a discontinuity in the east-west-trending Iron River
Syncline, F3.

Other structural features

Figure 6 shows several northwest-trending lines labeled as structural breaks. These are
highly interpretive features which mark zones or lines along which the major northeast-
trending, - low-frequency gravity anomalies either change width abruptly or are truncated.
They are most apparent on the spectrally colored Bouguer gravity map and some can be
seen in figure 3. We think that these breaks may represent faults or zones of weakness
within the Archean basement because the regional northeast-trending gravity patterns are
interrupted along them. Because there are so few Archean rocks exposed in the area relative
to other rocks, this fault pattern is not easily seen and has not been previously mapped. The
structural fabric expressed by the orientation of blocks of Archean gneiss in the southeast
corner of the map (figs. 5 and 6) as well as the orientation of some mapped faults in area
L, however, match the orientation of the structural breaks. The structural breaks have the
same orientation as some regional lineaments inferred from geophysical data by Klasner and
others (1982) in the Canadian Shield. The previously discussed northwest-trending faults
that cut the Keweenaw fault are parallel to, and in places coincide with, the structural
breaks, suggesting a genetic relationship.

Strike-pass maps were prepared to test the structural break idea, but, with only minor
exceptions, this technique did not produce anomalies that coincide with the faults.

The gravity model

A gravity model and interpretive geologic cross section (from south to north) through
the western part of the map area were derived by using gravity and aeromagnetic data and
profiles (fig. 7). Rock densities used to construct the model were generalized from the
density data in table 2. The regional gravity on the profile was constructed by assuming that
anomalies caused by near-surface basins of Proterozoic X and Y rocks were not present. In
the south, over Proterozoic X-Archean terrane, the regional and observed gravity are nearly
identical because the gravitational effect of near-surface Proterozoic X basins is relatively
small. But over Keweenawan rocks, the regional gravity diverges sharply from observed
gravity. Here the regional is extrapolated so that it will tie regional gravity over Archean
terrane in Minnesota and Canada on the opposite side of Lake Superior, and the residual
represents the gravitational effect of the Keweenawan rocks. The broad high seen on the
regional gravity profile is the regional east-west-trending gravity anomaly of Klasner and
Bomke (1977, 1978) that lies along the Penokean foldbelt. The south-central part of the
model (B—C on gravity profile line) follows one previously constructed by Klasner and Sims
(1979) for gravity studies in the Marenisco, Thayer, and Watersmeet 15-minute quadrangles
of western Michigan.

The gravity model shown in figure 7 provides some valuable constraints concerning
crustal structure in the western part of the Iron River quadrangle, even though there are
uncertainties about rock density and bedrock structure, and the geology is not truly two-
dimensional along the model. The following are important aspects of the model:

1) Dense Keweenawan basalt must either be folded or faulted as shown so that it is
close to the surface in this area to account for the large positive gravity anomaly A on the
north end of the gravity model.

2) A circular plug or a zone of felsic rock in Keweenaw basalt beneath the Porcupine
Mountains syncline must be present to explain the 35 mGal gravity low at B on the profile.
This felsic zone was implied by White (1972b, p. F5) in a stratigraphic section which he drew
to explain stratigraphic relationships in the Keweenawan section in northern Michigan.

3) The density of the near-surface Archean rocks must increase from north to south
across the gneiss-greenstone line to partially account for the positive gravity anomaly just
south of the tectonic zone.

4) The 2.65-g/cm3-density anatectic gneiss beneath anomaly J on the model, may be
tonalitic-granodioritic gneiss that was formed when Archean crust was remobilized to form
the gneiss dome (the model does not cross the gneiss dome itself).

5) A body of low-density rock must be beneath H as discussed earlier. Because of
uncertainties in bedrock type in this area, however, the gravity and geologic model is
incomplete in this terrane.

SOME ECONOMIC IMPLICATIONS OF THE GRAVITY DATA

Regional gravity coverage, such as in the Iron River quadrangle, does not generally
provide direct detailed data from which resource estimates can be made; however, it does
provide valuable information, which when used in conjunction with geological,
geochemical, and other geophysical data, should be helpful in estimating the geologic-
resource potential of an area. Some of the large positive gravity anomalies, for example F1—
F6 which occur in Proterozoic X terrane, suggest that iron-formation of unknown character
may be present in the subsurface. Deposits of iron-formation are known to exist beneath
anomaly F1 (the Michigamme area) and beneath anomaly F3 (the Iron River basin). But
gravity data show that the Iron River basin extends at least 20 km west of the mapped basin
thereby increasing the potential for iron resources in this area. Also, the positive gravity
anomalies at F2, F4, and F6 suggest the presence of buried iron-formation; all these
anomalies have associated magnetic highs. The gravity model (fig. 7) shows that the gravity
high above F5 may be partially due to relatively dense volcanic strata. Thus the economic
resource potential of the strata at F5, as well as the strata beneath the other anomalies can
only be confirmed by more detailed geologic information such as drill-core data. Some
drilling, unknown to the authors, may have already been done by the mining industry in
these areas.

The structural breaks shown in figure 6 may have an important bearing on the
economic geology of this area. These features, which we believe to indicate the presence
of fault zones in the Archean basement rocks, most likely influenced structural development
and other geologic processes during Proterozoic time. If the structural breaks do indeed
represent major fault zones and zones of weakness as implied in the regional studies by
Klasner and others (1979) in the southwestern part of the Canadian Shield, then they have
most likely influenced subsequent geologic processes such as sedimentation and the
distribution of economically important elements. They also could have served as
channelways for migration of hydrothermal fluids and for emplacement of igneous bodies.
These structural breaks should be considered as regional tectonic guides when interpreting
geochemical, geophysical, and other geologic data in exploratiori for mineral resources.
Anomalies in modeled geochemical data (Aliminas and others, 1984a,b,c; Hoffman and
others, 1984a,b; Hopkins and others, 1984a,b) tend to occur along the structural breaks,
at the intersection of the structural breaks with certain geologic strata, and at the intersection
of known faults with the structural breaks.
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