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NOTE ON MEASUREMENTS USED IN THIS 
REPORT

Although the metric system is preferred in scientific 
writing, certain measurements are still routinely made 
in English customary units; for example, distances on 
land are measured in miles and depths in drill holes are 
measured in feet.  Preference was given in this report to 
retaining the units in which measurements were made.  To 
assist readers, conversion factors for some of the common 
units of measure are provided below.

English units to metric units:

To convert from to multiply by

inch millimeter 25.40
inch centimeter 2.450
foot meter 0.3048
mile kilometer 1.6093

Metric units to English units:

To convert from to multiply by

millimeter inch 0.03937
centimeter inch 0.3937
meter foot 3.2808
kilometer mile 0.6214

v

Authors' note
This report was submitted for publication in 2005, and it uses terminology 

that was in place at that time.  Since then, a paper (Chandler and others, 
2007) on the Penokean orogeny in east-central Minnesota used a revised 
terminology of which the reader should be aware.  The term terrane implies 
a fault-bounded crustal block with a geologic history distinctly different 
from that of surrounding rocks.  Because of limited geologic control, it 
cannot be unequivocally stated that the terrane designation is accurate for 
the fault-bounded blocks that lie south of the Malmo discontinuity in east-
central Minnesota.  Therefore the more generic term panel is now used with 
the Hillman-Little Falls, Milaca, Princeton, and Becker blocks.  In addition, 
the term embayment has been generally supplanted by the term reentrant in 
describing the geometry of irregular continental margins.
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A GrAVItY AnD MAGnetIC InVestIGAtIon oF eAst-CentrAL 
MINNESOTA: INSIGHTS INTO THE STRUCTURE AND EVOLUTION 

OF THE PALEOPROTEROZOIC PENOkEAN OROGEN 

V.W. Chandler, Mark A. Jirsa, and Terrence J. Boerboom

ABSTRACT

Gravity and aeromagnetic data are used with outcrop and drill hole data to investigate the poorly exposed 
internal zone of the Paleoproterozoic Penokean Orogen in east-central Minnesota.  Using a foundation of 
derivative-enhanced gravity and magnetic data, five arcuate terranes of metamorphic rocks are interpreted 
to lie south of the Malmo discontinuity; progressing from north to south these are: the McGrath terrane, a 
dome of Archean gneissic rocks with local in-folds of Paleoproterozoic Denham Formation; the Hillman-Little 
Falls terrane, a high-metamorphic-grade belt that includes the Sartell Gneiss, the Hillman tonalite, and the 
Little Falls Formation (pelitic schistose rocks); the Milaca terrane, a metavolcanic belt that includes sheared 
granitic rocks; the Princeton terrane, a narrow belt of highly sheared granitic and supracrustal rocks; and the 
Becker terrane, a somewhat mixed block of gneissic, schistose, and granitic rocks.  Although syn-Penokean 
granitic rocks occur sparingly, plutons of post-Penokean granites are abundant, and collectively form 
what is now known as the east-central Minnesota batholith.  Three sets of mafic dikes with east–northeast, 
west–northwest, and northeast strikes are interpreted to cut all Paleoproterozoic rocks of the study area.  
In the southeastern part of the study area, where the onlap of Keweenawan (Mesoproterozoic) sandstones 
subdues the background magnetic signature, weak, streamlike magnetic anomalies can be recognized, 
some of which can be related to old stream valleys in the bedrock surface that have been filled with weakly 
magnetic Pleistocene glacial deposits. 

Model studies of gravity and magnetic data are used in conjunction with rock property data and geologic 
control to investigate geologic structure at depth.  The Foley granite, a large, post-Penokean pluton, is 
modeled as a lens-like body that is only 1.0 to 1.5 kilometers (0.6 to 0.9 mile) thick.  Most other anomaly 
sources are interpreted to extend steeply to about 5 kilometers (3 miles) depth, although a few magnetic 
sources extending between 5 to 15 kilometer (3 to 9 miles) depths were incorporated to fit some long-
wavelength magnetic anomaly components that exist in this part of the orogen.  These inferred deep sources 
could represent granodioritic rocks; they directly underlie several granodioritic bodies at the surface that 
are interpreted to have similar magnetic susceptibilities.  Intervening non-magnetic regions between 5 and 
15 kilometer (3 to 9 miles) depths may represent subsurface extensions of non-magnetic metasedimentary 
rocks such as the Little Falls Formation; these rocks have densities that are similar to those of granodioritic 
rocks, thereby explaining why no corresponding gravity anomaly appears to arise from these depths.

Some of the terranes defined by this study may correlate with parts of the Penokean magmatic terranes 
of Wisconsin, although some discrepancies persist.  Based on lithologic, metamorphic, and geochronologic 
similarities, the Milaca and Princeton terranes may correlate with the Pembine-Wausau terrane in Wisconsin, 
whereas the Becker terrane may be correlative with Wisconsin's Marshfield terrane.  The two Wisconsin 
terranes include comparatively few bodies of post-Penokean granites, but these granites dominate the 
geology of east-central Minnesota.  Development of the Penokean Orogen in east-central Minnesota may 
have been influenced by a large reentrant in the pre-Penokean margin, which was adjoined to the west by 
an inferred promontory composed of Archean rocks of the Minnesota River Valley subprovince.  Reentrants 
typically contain thick and relatively incompetent supracrustal sequences that accommodate thrusting and 
tectonic loading onto the continental margin.  Such a scenario for the Penokean Orogeny in east-central 
Minnesota may have produced a thick orogenic lid, beneath which entrapped heat could have produced 
the mid-crustal melts for the post-Penokean granites.  On a broader scale, the hypothesized relationship 
between reentrants and post-Penokean granites should be tested with other orogens.
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INTRODUCTION
Geologic investigations during the last two 

decades have revolutionized our understanding of 
the Paleoproterozoic Penokean Orogen in Minnesota 
(Southwick and others, 1988; Southwick and Morey, 
1991; Morey, 1996), but because of poor outcrop and 
drill hole control, relatively little could be discerned 
regarding the internal zone of the orogen lying south 
of the Malmo discontinuity (Fig. 1).  Correlation of 
magnetic anomaly patterns (Chandler, 1983) and 
regional geology (Southwick and Morey, 1991) across 
the Mesoproterozoic Midcontinent Rift System imply 
that the orogen south of the Malmo discontinuity 
may include parts that are equivalent with the 
Penokean Pembine-Wausau terrane of Wisconsin (Fig. 
1; Sims and others, 1989).  If demonstrable, such a 
correlation could have economic as well as scientific 
significance, because the Wisconsin magmatic terranes 
host at least 10 volcanogenic massive sulfide (VMS) 
deposits (Fig. 1; Dematties, 1989, 1994, 1996; May 
and Dinkowitz, 1996).

Between 1993 and 1995 the Minnesota Geological 
Survey conducted a geologic mapping and test-
drilling program of the poorly exposed part of the 
Penokean Orogen in east-central Minnesota (Fig. 
2; Jirsa and Chandler, 1995, 1997; Jirsa and others, 
2003).  Because of the limited geologic control, gravity 
and magnetic data were used in nearly all stages of 
geologic mapping, from the initial interpretation 
to target drill holes, to the compilation of the final 
map.  The resulting geologic map was in turn used to 
help guide geochronologic studies (Van Schmus and 
others, 2000; Holm and others, 2005), which yielded 
crucial information on the relative timing of events.  
This report summarizes the gravity and magnetic 
interpretations that were conducted as a part of this 
program, and re-examines their significance with 
regard to geologic and geochronologic studies that 
have been conducted on the Penokean Orogen over 
the last several years. 

GENERAL GEOLOGY
Rocks associated with the Paleoproterozoic 

Penokean Orogen in the Lake Superior region are 
now interpreted to have formed within a plate 
tectonic regime that includes initial rifting and 
development of a south-facing continental margin 
at roughly 2,100 to 1,900 Ma (Sims, 1996c), followed 
ultimately by a collision with a southward-subducting 
island arc complex at roughly 1,850 Ma (Schulz, 
1991; Schulz and others, 1993; Sims, 1996a).  The 
rifted margin developed on Archean crust of the 
Superior Province, which in the region includes 2,750 

to 2,600 Ma greenstone-granite rocks of the Wawa 
subprovince and 2,600 to 3,550 Ma gneissic rocks 
of the Minnesota River Valley subprovince (Fig. 1; 
Sims, 1996b).  Deformed belts of Paleoproterozoic 
continental margin and foreland basin rocks cover 
the edge of the Archean rocks, and in northwestern 
Wisconsin they abut to the south against island 
arc sequences along the Niagara fault (Fig. 1).  The 
arc sequences, which are known as the Wisconsin 
magmatic terranes (Sims and others, 1989; Sims 
and Schulz, 1996), appear to have been accreted 
northwards onto the continental margin during the 
1,870 to 1,830 Ma culmination of the Penokean Orogen 
(Holm and others, 2005).  The northern part of the 
Wisconsin magmatic terranes consists of the Pembine-
Wausau terrane (Fig. 1), which includes several 
variably deformed and metamorphosed volcanic belts 
that are interspersed with foliated to non-foliated 
granitic bodies with tonalitic, granodioritic, and 
granitic compositions (Sims, 1992).  The volcanic rocks 
of the Pembine-Wausau terrane are known to host at 
least 10 volcanogenic massive sulfide deposits that 
are enriched in copper, zinc, and locally gold (Fig. 
1; Dematties, 1989, 1994, 1996).  The southern part 
of the Wisconsin magmatic terranes consists of the 
Marshfield terrane, which is mainly distinguished 
from the Pembine-Wausau terrane by having an 
extensive Archean basement to the volcanic rock 
(Sims and Schulz, 1996).  The Eau Pleine shear zone 
separates the Marshfield terrane from the Pembine-
Wausau terrane (Fig. 1).

In east-central Minnesota the Penokean Orogen 
includes a northward-verging fold-and-thrust belt 
that may include several allocthonous terranes of 
sedimentary and lesser volcanic rocks of continental 
margin and foreland basin affinity, as well as remnants 
of a relatively undeformed foreland basin to the north, 
which include the Animikie basin and associated 
outliers (Fig. 1; Southwick and others, 1988, 2001; 
Southwick and Morey, 1991; Morey, 1996).  In east-
central Minnesota, the Malmo discontinuity may be 
equivalent to the Niagara fault in Wisconsin (Fig. 
1; Southwick and Morey, 1991), and therefore, arc-
related rocks equivalent to the Wisconsin magmatic 
terranes might lie somewhere to the south in a 
poorly exposed region of granitic and metamorphic 
rock that Southwick and others (1988) referred to as 
the McGrath-Little Falls terrane.  Paleoproterozoic 
granitic rocks are known to be abundant south 
of the Malmo discontinuity, but unlike the syn-
Penokean granites of northwestern Wisconsin, recent 
geochronological studies indicate that most granites 
in east-central Minnesota are part of a 1,787 to 1,772 
Ma intrusive suite that actually overlaps temporally 
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Figure 1.  Generalized geologic map of Precambrian rocks in eastern Minnesota, northwestern Wisconsin, and northern 
Iowa.  Dashed-line box designates the study area for this report.  Abbreviations are as follows: AGL—Appleton 
Geophysical Lineament, GLTZ—Great Lakes Tectonic Zone, YMSZ—Yellow Medicine Shear Zone.  Modified from 
Southwick and Morey (1991), Sims (1996a), and Jirsa and others (2003).
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Figure 2.  Map of the geophysical study area showing drill hole and outcrop data.  Dashed line 
defines the formal area of the 1993 to 1995 mapping and drilling project (Jirsa and Chandler, 
1997; Jirsa and others, 2003).  Drill hole numbers are prefixed "EC" in text discussions and in 
Table 2. 
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with the 1,800 to 1,760 Ma Yavapai orogeny (Van 
Schmus and others, 2000; Holm and others, 2005).  
These granites, which may have been emplaced 
during post-Penokean collapse of over-thickened 
crust (Holm and others, 1998; Boerboom and Holm, 
2000), are collectively referred to as the east-central 
Minnesota batholith by Van Schmus and others 
(2000) and Holm and others (2005; Fig. 1).  Prior to 
our investigation, metavolcanic rocks equivalent to 
those of the Wisconsin magmatic terranes had not 
been confirmed in east-central Minnesota, although 
mafic schistose rocks possibly of volcanic origin have 
been reported near the villages of Mora and Estes 
Brook (Fig. 2; Skillman, 1946; Theil, 1947; Morey and 
others, 1981).

The Paleoproterozoic rocks in the study area are 
covered to the southeast by Keweenawan sandstones 
(the Hinckley Sandstone and Fond du Lac Formation, 
as described by Morey, 1978) and relatively older 
lavas of the Mesoproterozoic Midcontinent Rift 
System (individual units are not delineated in Figure 
1).  Thin, subhorizontal Cambrian sandstone covers 
all Precambrian rocks in the southeastern part of the 
study area (Fig. 2; Morey and others, 1981), and thin, 
isolated patches of Cretaceous rocks occur in the 
extreme western part (Boerboom and others, 1995; 
not shown).  Nearly all bedrock in the study area is 
covered by Pleistocene glacial deposits, which include 
those of the Superior lobe in the northern part of 
the study area and those of the younger Grantsburg 
sub-lobe of the Des Moines lobe in the southern part 
(Hobbs and Goebel, 1982; Meyer and Knaeble 1995; 
Patterson and Knaeble, 2001).

DESCRIPTION OF THE GEOPHYSICAL 
DATA

Characteristics of the gridded data
Much of the following interpretation relied on 

processed grids of gravity and magnetic data.  All 
grids used in this study use a 400 meter spacing, and 
are based on a UTM projection (NAD 1927) with a 
central meridian of 93° W. and base latitude of 0°.  
These grids, whose footprint defines the boundaries 
of the study area (Figs. 1, 2), consist of 267 columns, 
351 rows, with a southwest origin located at easting 
of 396,550 meters and northing of 4,979,620 meters.  
This grid footprint extends considerably beyond the 
geologic map produced by Jirsa and others (2003; 
Fig. 2).  All grid-based operations were conducted 
with the potential field software package that was 
produced by the U.S. Geological Survey (Cordell and 
others, 1992; upgraded by Phillips, 1997).

Gravity data
Gravity data were derived from the statewide 

gravity database compiled by Chandler and Schaap 
(1991), where average station spacing throughout 
the grid area is generally 1.6 kilometers (1 mile) in 
areas of good road access, with somewhat wider 
intervals over less developed areas (Fig. 3).  The 
gravity data were reduced according to the 1967 
Geodetic Reference System (International Association 
of Geodesy, 1971), assuming a sea-level datum, 
a Bouguer reduction density of 2.67 gm/cc, and 
correction for earth curvature.  Terrain corrections 
were not included due to the low relief of the study 
area.  Error in the Bouguer values of the principal 
fact data is generally no more than a few tenths of a 
milligal (Chandler and Schaap, 1991).  The Bouguer 
anomaly grid (Fig. 3) and second vertical derivative 
gravity grid (Fig. 4) were extracted from statewide 
grids (Chandler and Lively, 2003), and were re-
gridded from a spacing of 1,500 meters to 400 meters 
(4,921 to 1,312 feet) to fit the UTM grid format that 
is described above.  The second vertical derivative 
grid of the state was previously smoothed by upward 
continuing the data 2 kilometers (1.2 miles) to lessen 
the effects of noise.  The second vertical derivative 
operation sharply enhances the anomaly contribution 
arising from sources that lie at or near the bedrock 
surface.

Aeromagnetic data
Most of the aeromagnetic data used in this study 

were from a statewide program of high-resolution 
aeromagnetic surveying (Chandler, 1991; Hittleman 
and others, 1992).  These data were flown using 
north–south lines with 400 to 500 meter (1,312 to 1,640 
feet) spacing and an altitude of 150 to 200 meters 
(492 to 656 feet) above surface; sampling along-line 
was 50 and 75 meters (164 and 246 feet) and tie lines 
were spaced 4 to 5 kilometers (2.5 to 3 miles) apart.  
Aeromagnetic data in the southern part of the area, 
which includes part of the Twin Cities metropolitan 
area, were based on an older survey by the U.S. 
Geological Survey that was flown 150 meters (492 
feet) above surface at a line spacing of 1.61 kilometers 
(1 mile).  Regional geomagnetic field removal was 
based on the International Geomagnetic Reference 
Field.  Gridded data at a spacing of 213.36 meters (700 
feet) were extracted from a composited, statewide 
Lambert Conformal grid (Central Meridian=93° W., 
base latitude=33° N., and parallels=33° N. and 45° 
N.; Chandler, 1991) and transformed to the 400 meter 
UTM grid format that is described above.  In order to 
place anomalies more directly over their sources, the 
gridded total field aeromagnetic data (Fig. 5) were 
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Figure 3.  Bouguer gravity anomaly map of the study area.  Small crosses designate individual 
gravity stations.  Lines A-A' through D-D' delineate profiles for the model studies (Figs. 
9-12).
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Figure 4.  Second vertical derivative of the Bouguer anomaly data of the study area, upward 
continued 2 kilometers (1.2 miles).  Test drill holes from Figure 2 have been included to 
supplement discussions in the text.
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delineate profiles for the model studies (Figs. 9-12).
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reduced to vertical polarization, assuming induced 
magnetization and an earth's field declination of 
4° E. and inclination of 74° N.  The declination 
and inclination values were derived from Program 
GEOMAG (National Oceanic and Atmospheric 
Administration, 1995), assuming the approximate 
midpoint of the area at 45.50° N./93.75° W., and an 
approximate mean time of surveying of 1986.3.  In 
order to enhance the short-wavelength signature 
of near-surface geology for bedrock mapping, first 
and second vertical derivative data (Figs. 6 and 7, 
respectively) were calculated from the reduced-to-
pole data.

Rock property data
The density and magnetic properties of rocks in 

the study area provide ground-truth information in 
relating anomaly signatures to bedrock geology.  Table 
1 summarizes the density and magnetic susceptibility 
data from outcrops, and Table 2 presents densities 
and magnetic susceptibilities from core samples 
that were collected during the 1993 to 1995 test 
drilling (Fig. 2).  Densities were determined using 
a Jolly Balance using 10 to 20 cc samples that were 
either sawed or core-drilled from hand specimens.  
Magnetic susceptibility data were determined from 
hand samples or directly from outcrop using either 
an EDA Instruments portable magnetic susceptibility 
meter or a Bison model 3101A magnetic susceptibility 
bridge.

The physical properties of the individual units 
and their significance to anomaly signatures are 
discussed in the geologic interpretation given below.  
No natural remanent magnetization data are presented 
in this study, but its effects on anomaly signatures 
are assumed to be largely secondary to those of 
magnetic susceptibility.  A compilation by Chandler 
(1993) suggested that Archean and Paleoproterozoic 
rocks in the Lake Superior region typically have 
natural remanent magnetizations that are either 
weak, widely scattered, or are sub-parallel to the 
earth's inducing field.  

GEOLOGIC INTERPRETATION OF 
GRAVITY AND MAGNETIC DATA 

GRIDS
General procedures

The geologic map of the study area (Fig. 8) is 
essentially a gravity and magnetic interpretation that 
is consistent with geologic control (Fig. 2) and rock 
property data (Tables 1, 2).  Grid images of the original 
and derivative-enhanced gravity and magnetic 
data were used to identify zones of distinctive and 
internally consistent anomaly signature.  Because 

of their relatively higher resolution, the derivative-
enhanced magnetic data (Figs. 6, 7) were primarily 
used to outline anomaly zones, whereas patterns in 
the second vertical derivative gravity data (Fig. 4) 
were used to supplement the magnetic interpretations, 
and to provide control in areas where the magnetic 
signature was indistinct.  Thus outlined, these 
anomaly zones were assigned geologic designations 
on the basis of existing geologic control and associated 
rock property data.  In the absence of geologic control, 
anomaly zones were assigned geologic designations 
based on the similarity of their anomaly signatures 
to features having geologic control.  Curvilinear 
boundaries that are associated with a sharp change 
or truncation of anomaly signatures were generally 
inferred to be faults.

The geologic interpretation presented in Figure 
8 builds on the concept described by Southwick and 
others (1988) of northwest-directed thrust imbrications 
of variably related terranes during the Penokean 
Orogeny.  Accordingly the Penokean Orogen south 
of the Malmo discontinuity (Fig. 1), which was 
designated as the McGrath-Little Falls terrane by 
Southwick and others (1988) and Southwick and 
Morey (1991), is interpreted to actually consist of 
five arcuate, geophysically distinct metamorphic 
terranes, which from north to south are named 
McGrath, Hillman-Little Falls, Milaca, Princeton, 
and Becker (Fig. 8).  Post-Penokean granitic plutons 
are interpreted to be extensively developed, locally 
obscuring terrane boundaries (Fig. 8).  The remainder 
of this section describes the anomaly signatures 
and interpreted geology of the five terranes, the 
intrusive rocks, and several other features within 
the study area.

Metamorphic terranes

McGrath terrane
The McGrath terrane consists of a dome of 

Archean granitic gneiss (McGrath Gneiss) that is 
flanked by and infolded with Paleoproterozoic 
clastic, carbonate, and volcanic strata of the Denham 
Formation (Fig. 8; Morey, 1978; Boerboom and others, 
1999; Boerboom, 2001).  Strong, curvilinear magnetic 
highs that strike east–west along the northern 
margin of the study area (Figs. 5-7) most likely 
reflect deformed belts of magnetic schists in the 
Denham Formation (Table 1).  The northern margin 
of the McGrath terrane is inferred to be the Malmo 
discontinuity, which lies north of the study area 
(Fig. 1), and the southern margin was originally 
inferred to be a fault (the Mille Lacs structure of 
Jirsa and Chandler, 1997), which was defined by 
the southern boundary of the strong, curvilinear 
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Figure 6.  First vertical derivative of the total field aeromagnetic anomaly data of the study area, 
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to a power line.  Test drill holes from Figure 2 have been included to supplement discussions 
in the text.
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 Ave. Minimum Maximum ND Ave. mag. Min. mag. Max. mag. NK
Rock unit density density density  susceptibility susceptibility susceptibility 
 (gm/cc) (gm/cc) (gm/cc)  (SI) (SI) (SI) 

Diabase 2.67 2.69 3.17 23 0.00694 0.00025 0.03644 29
Quartz feldspar porphyry 2.67 2.6 2.89 10 0.00309 0.0000 0.01508 11
Aplite 2.6 2.56 2.62 20 0.00323 0.0000 0.02136 23
Foley granite 2.62 2.59 2.66 10 0.00338 0.0000 0.01885 22
St. Cloud Granite 2.66 2.55 2.72 37 0.00759 0.0000 0.03644 40
Rockville Granite 2.68 2.61 2.75 13 0.00019 0.0000 0.00113 13
Reformatory granodiorite 2.71 2.64 2.78 51 0.00593 0.0000 0.03519 57
Reformatory mafic inclusions 2.95 2.84 3.05 2 0.02417 0.00628 0.05529 2
Watab diorite 2.78 2.66 2.89 11 0.00212 0.0000 0.00804 16
St. Wendel quartz gabbro 2.84 2.63 2.95 26 0.0008 0.0000 0.01219 26
Ann Lake granite (Warman?) 2.69 2.69 2.69 2 0.02026 0.01634 0.03016 4
Warman-Isle granite 2.65 2.62 2.68 4 0.00006 0.0000 0.00013 4
Pierz granite 2.66 2.65 2.66 2 0.0003 0.0000 0.00059 2
Bradbury Creek Granodiorite 2.71 2.69 2.72 2 0.01068 0.00251 0.01885 2
Freedhem granodiorite  2.81 2.64 2.88 7 0.01748 0.00013 0.04524 7
Hillman tonalite 2.77 2.65 2.9 17 0.00465 0.0000 0.04524 18
Little Falls Formation 2.81 2.69 2.88 7 0.00104 0.00025 0.00126 7
Metagabbroid near Mora 2.93 2.87 2.99 4 0.00155 0.00025 0.00503 4
Metabasalt at Estes Brook 3.06   1 0.00025     1
Denham Formation schist 2.9 2.69 3.12 14 0.0324 0.00019 0.20584 15
Denham Formation quartzite 2.69 2.6 2.87 9 0.00045 0.00002 0.00123 9
Denham Formation phyllite 2.74 2.71 2.79 4 0.00036 0.00013 0.00059 4
Denham Formation marble 2.88   1 0.0000     1
McGrath Gneiss 2.68 2.61 2.76 7 0.00954 0.00013 0.04335 10
Sartell Gneiss 2.75 2.61 2.97 21 0.00021 0.0000 0.00063 21
Keweenawan sandstones 2.38 2.27 2.53 11 0.00019 0.0000 0.0004 12

Table 1.  Density and magnetic susceptibility values for outcrop samples collected for this study.  
Density values (average, low value, and high value) are given in gm/cc and "ND" designates the 
number of measurements.  Magnetic susceptibility values (average, low value, and high value) 
are given in SI units and "NK" designates the number of measurements.  The unit designated 
"Keweenawan sandstones" includes samples from both the Hinckley Sandstone and the Fond 
du Lac Formation.

magnetic highs mentioned above.  However, mapping 
by Boerboom and others (1999) indicated that the 
southern boundary is primarily an igneous contact 
with the Isle and Warman granites.  A sample of the 
McGrath gneiss has yielded an age of 2,557 ± 15 Ma 
(Holm and others, 2005).

Hillman-Little Falls terrane
The Hillman-Little Falls terrane (Fig. 8) includes 

foliated tonalitic rocks of the Hillman tonalite, 
granitic to noritic rocks of the Sartell Gneiss, and 
pelitic schistose rocks of the Little Falls Formation, 
as described in Morey (1978).  The eastern part of the 
Hillman-Little Falls terrane is dominated by the Isle 
and Warman granites (Fig. 8).  The Sartell Gneiss, 

which is not exposed in the study area, is inferred 
largely from geologic mapping to the west (Boerboom 
and others, 1995).  The gravity anomaly signature of 
the Hillman-Little Falls terrane is generally positive 
(Figs. 3, 4), most likely reflecting the relatively high 
densities of the Hillman tonalite and the Little Falls 
Formation (Table 1).  All three units are generally 
associated with low magnetic susceptibilities (Table 
1) and correspondingly subdued magnetic signatures 
(Figs. 5-7), although a notable exception occurs west 
of 46° N., 93°45' W., where a prong-like magnetic high 
correlates with a strongly magnetic, felsic protolith 
within the Hillman tonalite (drill hole EC06-48, 
Table 2).  Tonalitic rocks of the Hillman tonalite have 
yielded U-Pb zircon ages of 1,797 ± 4 Ma and 1,858 
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Drill hole Geologic association        Lithology  Density Magnetic
   gm/cc susceptibility
    (SI)

EC01-156 Watab diorite Biotite-hornblende diorite 2.92 0.0059
EC03-231 Foley granite Two-mica granite 2.66 0.0000
EC04-72 Unnamed granite Biotite granite 2.63 0.0043
EC05-168 Unnamed granite Biotite granite 2.65 0.0000
EC06-48 Hillman terrane Schist and tonalite gneiss 2.88 0.0302
EC06-49 Hillman terrane Neosomatic granite 2.78 0.0000
EC08-39 Edge of Foley Hornblende-biotite granodiorite 2.73 0.0029
EC09-123 Milaca terrane Protomylonitic schist  2.75 0.0004
EC09-124 Milaca terrane Protomylonite 2.92 0.0000
EC10-368 Dike in mafic intrusion Tonalitic dike  2.79 0.0014
EC10-375 Peridotite Pyroxene-hornblende-biotite-bearing peridotite 2.88 0.0000
EC11-252 Sheared granite in Milaca Mylonite, quartz-sericite schist 2.68 0.0001
EC11-267 Sheared granite in Milaca Mylonite, quartz-sericite schist 2.61 0.0000
EC13-62 Pease pluton Hornblende-biotite granite 2.7 0.0005
EC14-84 Milaca lapilli tuff Quartzofeldspathic schist 2.75 0.0014
EC15-70 Mafic intrusion Hornblende-quartz diorite 3.06 0.1005
EC16-70 Milaca terrane Quartz metadiorite 2.81 0.0003
EC16-75 Milaca terrane Hornblende-quartz metadiorite 2.97 0.0000
EC18-364 Princeton metatuff Phyllite; with chlorite, sericite, calcite, quartz 2.8 0.0004
EC19-353 Dike in Milaca terrane Metabasalt or metadiabase dike 2.68 0.0001
EC20-445 Sheared granite in Milaca Quartz-chlorite-sericite protomylonite 2.71 0.0001
EC21-132 Sheared intrusion in Milaca Syenite, cataclasized 2.65 0.0025
EC22-106 Milaca terrane Leucocratic biotite-hornblende schist 2.66 0.0003
EC22-112 Milaca terrane Garnet-plagioclase-biotite schist 2.82 0.0014
EC23-87 Milaca terrane Altered diabase dike 2.93 0.0010
EC24-156 Princeton metatuff Chlorite-muscovite-quartz schist 2.65 0.0001
EC24-165 Princeton metatuff Micaceous schist 2.72 0.0000
EC25-128 Glendorado pluton Biotite-hornblende granite 2.64 0.0001
EC26-120 Glendorado pluton Two-mica cataclasized granite 2.66 0.0004
EC26-122 Dike in Glendorado pluton Altered diabase 2.77 0.0013
EC27-151 Becker terrane  Biotite-hornblende tonalitic gneiss 2.78 0.0001
EC28-224 Princeton terrane Amphibolite 3.01 0.0005
EC29 Becker terrane  Banded gneiss—saprolitic 2.16 0.0001
EC31-202 Reformatory granodiorite Biotite-hornblende granodiorite 2.74 0.0057
EC32-256 Princeton schist and granite Biotite granodiorite 2.63 0.0000
EC32-258 Princeton metavolcanic  Hornblende-plagioclase schist 2.89 0.0005
EC33-109 Princeton metavolcanic  Hornblende-biotite quartzofeldspathic schist 2.71 0.0044
EC34-149 Intrudes Becker terrane Two-mica granite 2.64 0.0000
EC35-203 Reformatory granodiorite Hornblende-biotite tonalite 2.78 0.0226
EC36-254 Princeton terrane Amphibolitic metagabbro 2.98 0.0038
EC37-350 Dike in Milaca terrane Sheared mafic dike 2.6 0.0005
EC37-355 Milaca terrane Tonalitic blastomylonite 2.68 0.0000
EC38-374 Milaca terrane Protomylonite 2.69 0.0009
    

Table 2.  Density and magnetic susceptibility values for core samples collected during this study.  The 
first part of the drill hole label (before hyphen) designates the drill hole name (the prefix "EC" is not 
included on the map in Figure 2) and the second part (after hyphen) designates the depth at which the 
sample was taken.

 Ave. Minimum Maximum ND Ave. mag. Min. mag. Max. mag. NK
Rock unit density density density  susceptibility susceptibility susceptibility 
 (gm/cc) (gm/cc) (gm/cc)  (SI) (SI) (SI) 

Diabase 2.67 2.69 3.17 23 0.00694 0.00025 0.03644 29
Quartz feldspar porphyry 2.67 2.6 2.89 10 0.00309 0.0000 0.01508 11
Aplite 2.6 2.56 2.62 20 0.00323 0.0000 0.02136 23
Foley granite 2.62 2.59 2.66 10 0.00338 0.0000 0.01885 22
St. Cloud Granite 2.66 2.55 2.72 37 0.00759 0.0000 0.03644 40
Rockville Granite 2.68 2.61 2.75 13 0.00019 0.0000 0.00113 13
Reformatory granodiorite 2.71 2.64 2.78 51 0.00593 0.0000 0.03519 57
Reformatory mafic inclusions 2.95 2.84 3.05 2 0.02417 0.00628 0.05529 2
Watab diorite 2.78 2.66 2.89 11 0.00212 0.0000 0.00804 16
St. Wendel quartz gabbro 2.84 2.63 2.95 26 0.0008 0.0000 0.01219 26
Ann Lake granite (Warman?) 2.69 2.69 2.69 2 0.02026 0.01634 0.03016 4
Warman-Isle granite 2.65 2.62 2.68 4 0.00006 0.0000 0.00013 4
Pierz granite 2.66 2.65 2.66 2 0.0003 0.0000 0.00059 2
Bradbury Creek Granodiorite 2.71 2.69 2.72 2 0.01068 0.00251 0.01885 2
Freedhem granodiorite  2.81 2.64 2.88 7 0.01748 0.00013 0.04524 7
Hillman tonalite 2.77 2.65 2.9 17 0.00465 0.0000 0.04524 18
Little Falls Formation 2.81 2.69 2.88 7 0.00104 0.00025 0.00126 7
Metagabbroid near Mora 2.93 2.87 2.99 4 0.00155 0.00025 0.00503 4
Metabasalt at Estes Brook 3.06   1 0.00025     1
Denham Formation schist 2.9 2.69 3.12 14 0.0324 0.00019 0.20584 15
Denham Formation quartzite 2.69 2.6 2.87 9 0.00045 0.00002 0.00123 9
Denham Formation phyllite 2.74 2.71 2.79 4 0.00036 0.00013 0.00059 4
Denham Formation marble 2.88   1 0.0000     1
McGrath Gneiss 2.68 2.61 2.76 7 0.00954 0.00013 0.04335 10
Sartell Gneiss 2.75 2.61 2.97 21 0.00021 0.0000 0.00063 21
Keweenawan sandstones 2.38 2.27 2.53 11 0.00019 0.0000 0.0004 12
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± 11 Ma (Holm and others, 2005), although the older 
tonalitic rock may actually be part of the Bradbury 
Creek Granodiorite (Holm and others, 2005).  The 
ages of the Little Falls Formation and the Sartell 
Gneiss are unknown, but limited Sm/Nd isotopic 
data favor a Penokean provenance for the Little Falls 
Formation (Hemming and others, 1993).

Milaca terrane
The Milaca terrane is lithologically diverse and 

includes a significant proportion of metavolcanic 
rocks.  The terrane is subdivided into two metavolcanic 
belts that are separated by a broad belt consisting 
chiefly of mylonitic granitic rocks (Fig. 8).  The 
northern margin of the Milaca terrane was most likely 
a fault, but the original margin appears to have been 
obscured by post-Penokean intrusions (Fig. 8).  The 
northernmost metavolcanic belt of the Milaca terrane 
is characterized by a generally subdued magnetic 
signature (Figs. 5-7) and a strongly positive second 
vertical derivative gravity signature (Fig. 4), which 
are consistent with dense, weakly magnetic properties 
observed for a metagabbro exposed near Mora (Fig. 2, 
Table 1) and a protomylonitic schist of volcanic origin 
in drill hole EC09 (Fig. 2, Table 2).  The metagabbro is 
tentatively interpreted to be a co-magmatic intrusion 
within a volcanic sequence.  The southern margin of 
this metavolcanic belt is defined by a sharp, linear 
break in magnetic derivative signature (Figs. 5, 6), 
which is interpreted to be a fault.

The mylonitic belt of granitic rocks comprises the 
central part of the Milaca terrane (Fig. 8).  No outcrops 
are known in this belt, but drill hole samples include 
a weakly magnetic quartz chlorite sericite phyllite at 
hole EC20, a weakly magnetic orthomylonitic schist 
at hole EC11, and a moderately magnetic, cataclasized 
syenite at hole EC21 (Fig. 2, Table 2).  Consistent 
with the felsic composition of these samples (Table 
2), the second vertical derivative gravity signature is 
generally negative, although small, positive anomalies 
in the central and western parts of this belt indicate 
that knots of mafic rocks may be locally present.  The 
derivative magnetic signature consists primarily of 
several east–northeast-striking linear maxima (Figs. 
6, 7), which are interpreted to reflect mafic dikes 

(see discussion below).  The inferred contact with 
metavolcanic rocks to the south is partially obscured 
by post-Penokean intrusions, but its linear trend 
and proximity to sheared rocks are consistent with 
a fault (Fig. 3).

The southernmost metavolcanic belt of the Milaca 
terrane is interpreted to consist of two parts (Fig. 8).  
The northern part is interpreted to consist chiefly of 
mafic metavolcanic rocks and associated intrusions, 
and includes the outcrop of pillowed metabasalt 
near Estes Brook (Fig. 2).  The strongly positive 
second vertical derivative gravity signature (Fig. 
4) and a subdued derivative magnetic signature 
that characterizes this part of the belt (Figs. 5-7) 
corroborates with the observed properties of the 
Estes Brook samples (Table 1).  The southern part 
of the metavolcanic belt is interpreted to consist 
chiefly of schist of volcanic, volcaniclastic, and 
granitic origin.  To the east, this belt is characterized 
by a moderate to strongly positive second vertical 
derivative gravity signature (Fig. 8) and a weakly 
banded magnetic signature in the derivative data 
(Figs. 5, 6); drill hole samples include a moderately 
dense and magnetic quartz lapilli tuff at EC14, a 
dense, non-magnetic metadiorite at EC16, variably 
dense and magnetic schistose and granodioritic rocks 
at EC22, and a weakly magnetic diabase at EC23 
(Fig. 2, Table 2).  Metavolcanic rocks of the Milaca 
terrane are inferred to extend discontinuously into 
the southwestern part of the study area (Fig. 8), 
where they correspond to a negative second vertical 
derivative gravity signature (Fig. 8) and a very 
subdued magnetic signature (Figs. 5, 6).  Drill hole 
samples here include a low-density, non-magnetic 
mass of sheared tonalite and metadiabase at EC37 
and a low density, weakly magnetic protomylonitic 
schist at EC38 (Fig. 2, Table 2).

Princeton terrane
The Princeton terrane is interpreted to consist 

of a variety of schists of volcanic and intrusive 
protolith, and is characterized by a generally positive 
second vertical derivative gravity signature (Fig. 
4) and a distinctly banded derivative magnetic 
signature (Figs. 6, 7).  The magnetic signature of the 

Figure 8.  New geologic map of the Penokean Orogen south of the Malmo discontinuity, showing structurally 
bounded terranes.  Summarized from Boerboom and others (1995, 1999), Jirsa and Chandler (1995), and Jirsa 
and others (2003).  Abbreviations for geologic units are as follows: ALg—Ann Lake granite, BCG—Bradbury 
Creek Granodiorite, FG—Freedhem granodiorite, Gp—Glendorado pluton, LRp—Little Rock pluton, Md—
Malmo discontinuity, MGt—McGrath terrane, Pg—Pierz granite, RG—Rockvillle Granite, SCG—St. Cloud 
Granite, SG—Sartell Gneiss, SWqd—St. Wendel quartz diorite, Wqd—Watab quartz diorite.
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Princeton terrane is sharply bounded by narrow, 
curvilinear lows that truncate the signatures in 
adjacent terranes, and consequently are interpreted 
to be faults (Figs. 6, 7).  Several varieties of low 
to moderate density schists are known from drill 
hole data (Table 2), including a weakly magnetic 
quartz mica schist at EC24, and a weakly magnetic 
phyllitic schist at EC18 (Fig. 2, Table 2).  High-density 
schists are also encountered in drill holes, including 
weakly magnetic plagioclase-hornblende schist at 
EC32, weakly magnetic amphibolite at EC28, and 
moderately magnetic amphibolite schist at EC36 
(Fig. 2, Table 2).  

Becker terrane
The Becker terrane is interpreted to consist of 

quartzofeldspathic gneisses with lesser amounts of 
schistose and granitic rocks.  The second vertical 
derivative gravity expression of this terrane is 
generally positive (Fig. 4), and the magnetic signature 
consists of curvilinear to irregular highs, some 
of which appear to be truncated by the southern 
bounding fault of the Princeton terrane (Figs. 6, 7).  In 
some instances, the magnetic highs form sub-circular 
patterns that locally enclose gravity lows that are 
attributed to granite plutons (Figs. 4, 6, 7).  Samples 
from drill holes include weathered gneissic rocks at 
EC29, moderately dense, weakly magnetic tonalitic 
gneiss at EC27, and low-density, weakly magnetic 
granite at EC34 (Fig. 2, Table 2).

Major intrusions
All terranes are cut by a variety of Paleoproterozoic 

intrusions, most of which appear to have been 
emplaced after the peak of Penokean deformation 
and metamorphism (Jirsa and Chandler, 1995; Jirsa 
and others, 2003), and are therefore part of what 
has been collectively termed the central Minnesota 
batholith (Van Schmus and others, 2000; Holm 
and others, 2005).  The rocks associated with these 
intrusions range from mafic to felsic compositions, 
and collectively are interpreted to comprise most 
of the bedrock surface in the study area (Fig. 8).  
These intrusive rocks are associated with a variety 
of gravity and magnetic signatures, and locally are 
associated with some of the most prominent gravity 
and magnetic anomalies in the area.  

Mafic to intermediate intrusions
Mafic intrusions in the study area include the St. 

Wendel quartz diorite and the Watab quartz diorite 
(Boerboom and others, 1995), which lie along the 
west-central margin of the study area (Fig. 8).  Both 
units are associated with a strongly positive second 
vertical derivative gravity signature (Fig. 4) and very 

subdued magnetic signatures (Figs. 6, 7), which are 
consistent with rock property data from outcrops 
and drill holes (Table 1).  The Watab quartz diorite is 
interpreted to be an early phase of the Reformatory 
granodiorite, in which it commonly occurs as cognate 
inclusions (Boerboom and others, 1995; Boerboom 
and Holm, 2000).  Rocks that are similar to the St. 
Wendel and Watab diorites have been inferred to 
occur along the north side of the Ann Lake granite 
(Fig. 8), largely on the basis of similar gravity and 
magnetic signatures (Figs. 4, 6, 7).  No direct evidence 
exists for dioritic rocks north of the Ann Lake granite 
(drill hole EC10 encountered a peridotite, which 
most likely occurs as a thin dike; Fig. 2, Table 2), 
but cognate, dioritic inclusions occur within the Ann 
Lake granite (Jirsa and Chandler, 1995).  A sample 
of the Watab diorite has yielded a U-Pb age of 1,780 
± 6 Ma (Holm and others, 2005).

Strongly positive gravity and magnetic signatures 
characterize many of the granodioritic bodies.  The 
Freedhem granodiorite is characterized by strongly 
positive second vertical derivative gravity (Fig. 4) and 
magnetic (Figs. 4-7) signatures, which are consistent 
with the moderately high densities and magnetic 
susceptibilities observed from outcrop samples (Table 
1).  Drill holes in the Glendorado pluton (Figs. 2, 8) 
encountered low density, weakly magnetic biotite-
hornblende granodiorite (EC25) and granite (EC26, 
Table 2), although a second vertical derivative gravity 
high along the axis of the pluton (Figs. 3, 4), and a 
positive, ring-like magnetic high along the margin 
of the pluton (Figs. 5-7) imply a zoned body that 
includes some dense and magnetic phases.  The 
Bradbury Creek Granodiorite is divided into a mafic 
phase to the west, which correlates with strong highs 
in the derivative gravity and magnetic data, and a 
more felsic phase to the east, which is characterized 
by a negative second vertical derivative gravity 
signature and a subdued to moderate magnetic 
signature (Figs. 4, 6, 7).  The Little Rock pluton, 
as well as an unnamed intrusion of granite and 
granodioritic rocks 10 kilometers (6.2 miles) to the 
east (Fig. 8), corresponds to somewhat variable second 
vertical derivative gravity signatures (Fig. 4) and 
moderate, curvilinear to irregular magnetic highs 
(Figs. 6, 7).  The Bradbury Creek Granodiorite has 
U-Pb ages of 1,877 ± 15 Ma (Holm and others, 2005) 
and 1,869 ± 5 Ma (Goldich and Fischer, 1986), and 
therefore is one of the few intrusions in the region 
that is clearly syn-tectonic with the Penokean Orogen.  
In contrast, samples of the Freedhem granodiorite 
and the Glendorado pluton have yielded post-
Penokean U-Pb ages of 1,775 ± 3 Ma and 1,788 ± 4 
Ma, respectively (Holm and others, 2005).
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The Reformatory granodiorite (Fig. 8) is associated 
with a variety of gravity and magnetic signatures.  The 
principal exposures of the Reformatory granodiorite 
(Fig. 2) lie on a subcircular zone of locally strong 
highs in the derivative gravity (Fig. 4) and magnetic 
(Figs. 6, 7) data.  These positive signatures indicate 
that some of the higher observed densities and 
magnetic susceptibilities (Table 1) typify this part 
of the granodiorite.  The subcircular zone of gravity 
and magnetic maxima surrounds a central core of 
markedly lower gravity and magnetic signatures; 
this central core, which has no geologic control, 
may represent a felsic, non-magnetic phase of the 
Reformatory granodiorite, or it may represent an 
intrusion related to the slightly younger St. Cloud 
Granite.  On the basis of lithologic similarities, rocks 
that are equivalent to the Reformatory granodiorite 
are inferred to lie to the south and southeast of the 
area of principal exposure (Figs. 2, 8), into an area 
of relatively more subdued gravity and magnetic 
signatures (Figs. 4, 6, 7); these possible extensions 
include a moderately dense and magnetic biotite-
hornblende granodiorite at drill hole EC31, and a 
low-density, strongly magnetic hornblende biotite-
tonalite at drill hole EC35 (Fig. 2, Table 2).  Between 
the main mass of Reformatory granodiorite and its 
inferred extension to the east, an intervening mass 
of relatively more felsic granitic rocks is inferred 
on the basis of negative gravity signatures and on a 
weathered granitic rock at drill hole EC30 (Figs. 4, 8, 
Table 2).  A sample of the Reformatory granodiorite 
has yielded a U-Pb age of 1,783 ± 11 Ma (Holm and 
others, 2005).

Felsic intrusions
The Foley granite, which forms one of the most 

prominent bodies in the study area (Fig. 8), is defined 
in the derivative magnetic data by a lobate zone of 
subdued signature that is partially rimmed by narrow, 
curving highs (Figs. 6, 7).  Truncation of magnetic 
signatures implies that the rocks of the Foley batholith 
cut the Bradbury Creek intrusion and the Reformatory 
granodiorite.  The second vertical derivative gravity 
signature of the Foley granite is somewhat varied, but 
consists locally of lows that conform closely to the 
magnetically defined contacts (Figs. 4, 8).  Samples 
from scattered outcrops of the Foley granite (Fig. 2) 
are usually low in density and weakly magnetic (Table 
1), although locally high magnetic susceptibilities 
occur along the western border of the granite, and 
within subunits that are outlined northeast of 45°45' 
N., 94° W. and along the eastern margin of the pluton 
in Figure 8.  A smoothed magnetic high within the 
western lobe of the Foley granite is interpreted to 
reflect a sub-batholith extension of the Reformatory 

granodiorite, which produces prominent magnetic 
highs along the southwestern margin of the complex 
(Figs. 5, 8).  Depth estimates by the authors using 
general indices (Vacquier and others, 1951) indicated 
about 1.2 kilometers (0.75 mile) of non-magnetic 
granite overlying the source of the smoothed magnetic 
anomaly, implying that the western lobe of the Foley 
batholith may have a thin, lensoidal form.  A sample 
of the Foley granite has yielded a U-Pb age of 1,779 
± 4 Ma (Holm and others, 2005).

The principal exposures of the St.  Cloud 
Granite (Figs. 2, 8) lie along western limb of the 
subcircular zone of gravity and magnetic highs that 
was attributed to the Reformatory granodiorite in 
the above discussion (Figs. 5-7).  In this area, the 
St. Cloud Granite ranges from a box-work of dikes 
and sills that cut the Reformatory granodiorite 
to large masses with inclusions of Reformatory 
granodiorite.  Dikes of the St. Cloud Granite trend 
generally eastward to northeastward.  The positive 
gravity and magnetic signature probably reflects 
the enclosing mass of Reformatory granodiorite, 
although some of the more dense and magnetic 
phases of the St. Cloud Granite (see range of values 
in Table 1) could also be contributing locally.  Based 
on compositional and textural similarities, and their 
common alignment along a northeast trend, the St. 
Cloud and Foley granites could be co-magmatic, 
although this relationship cannot be established 
in outcrop.  A sample of the St. Cloud Granite has 
yielded a U-Pb age of 1,779 ± 5 Ma (Holm and others, 
2005).

Some granitic units are associated with somewhat 
obscure or inconsistent gravity and magnetic 
signatures.  The Rockville Granite, which is inferred 
along the western margin of the study area (Fig. 
8), is associated with a very subdued magnetic 
signature (Figs. 5-7) and a moderately negative 
second vertical derivative gravity signature (Fig. 
4), both of which are consistent with the observed 
low-density, weakly magnetic properties (Table 1).  
The Pierz granite (Fig. 8) lacks a significant gravity 
and magnetic signature; it is tentatively outlined by 
very subtle patterns in the second vertical derivative 
magnetic anomaly data north of the Little Rock 
pluton (compare Figs. 7 and 8).  The Warman and 
Isle granites, which are interpreted to comprise a 
single mass (Fig. 3), are usually associated with a 
subdued magnetic signature (Figs. 5-7) and weakly 
positive and negative second vertical derivative 
gravity anomalies (Figs. 4, 8).  In contrast, the Ann 
Lake granite (Fig. 8), which lithologically resembles 
the Warman and Isle granites, is associated with a 
prominent magnetic high (Figs. 5-7), high magnetic 
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susceptibilities (Table 1), and a pronounced second 
vertical derivative gravity low (Fig. 4).  Samples of 
the Warman and Ann Lake granites have yielded 
indistinguishable U-Pb ages of 1,787 ± 3 and 1,784 ± 
10 Ma, respectively (Holm and others, 2005).  Plutons 
that are similar to the Ann Lake granite may lie 
beneath relatively younger Keweenawan sandstone to 
the east, as evidenced by two negative second vertical 
derivative gravity anomalies and two corresponding 
subdued magnetic highs immediately east of 93°15' 
W. and between 45°50' N. and 46° N. (Figs. 4, 5, not 
indicated on Fig. 8).

Some granitic plutons appear to be associated 
with prominent second vertical derivative gravity 
lows and a magnetic signature that consists of an 
interior low that is ringed by marginal highs.  Such 
signatures characterize the Pease pluton (Figs. 4-8), 
where drill hole EC13 (Fig. 2) encountered biotite 
hornblende granite with a moderate density and 
a weak magnetic susceptibility (Table 2).  Similar 
granite plutons are inferred from geophysical 
signatures in the Milaca and Becker terranes (Fig. 
8), but only one of these has geologic control; drill 
hole EC30 encountered granite saprolith beneath 
some Cretaceous deposits (Fig. 2).

Minor intrusions

Small mafic to ultramafic intrusions
Irregular to dot-like magnetic highs that are 

scattered across the northern and western parts of 
the study area are inferred to be small intrusions 
of mafic to ultramafic rocks, similar to those that 
have been reported to the immediate west of the 
study area (Southwick and Chandler, 1987).  Only 
the larger of these inferred bodies are shown in 
Figure 8 (Jirsa and others, 2003 contains more detail).  
Numerous exploration holes throughout central and 
southern Minnesota have encountered these rocks, 
which include serpentinized peridotite, pyroxenite, 
hornblendite, and hornblende- and phlogophite-
bearing diorite and gabbro.  A peridotite in hole 
EC10 and a hornblende-quartz diorite in drill hole 
EC15 are most likely related to this mafic-ultramafic 
suite (Fig. 2, Table 2).  Most of the mafic to ultramafic 
rocks bodies are inferred to have a plug-like form, 
although a linear magnetic high near drill hole EC10 
and north–northwest-striking magnetic highs in the 
vicinity of inferred plugs near 46° N., 93°30' W. and 
45°52'30" N., 94° W. (Figs. 2, 6-8) imply that some 
of these rocks might occur in dikes (Fig. 8).  The 
age of these small mafic to ultramafic intrusions is 
unknown, but they appear to cut the post-Penokean 
intrusions in the area (Jirsa and others, 2003), and on 
the basis of consistently subdued magnetic signatures 

to the southeast (Figs. 5-7), they are covered by, and 
therefore predate, Keweenawan sandstones.

Dike swarms
Linear,  east–northeast-str iking magnetic 

anomalies in the derivative data from the north half 
of the study area (Figs. 6, 7), delineate a swarm of 
east–northeast-striking dikes that appear to have a 
variety of compositions.  Thin (1 to 8 meters [3 to 26 
feet] wide) diabase dikes that may be related to this 
swarm are exposed near the west-central margin of 
the area (Boerboom and others, 1995; Boerboom and 
Holm, 2000).  These exposed dikes do not appear to 
be associated with any detectable magnetic anomalies 
in Figures 6 and 7, but drill hole EC19, which was 
located on linear east–northeast magnetic highs, 
encountered an amygdaloidal diabase (Table 2).  Some 
of the east–northeast-striking magnetic anomalies 
might also reflect thin, quartz-feldspar porphyry 
dikes (not shown on Figure 8), which from field 
relations appear to be essentially coeval with at least 
some of the diabase dikes (Boerboom and Holm, 
2000).  A remarkably linear, negative anomaly that 
extends east–northeasterly across the northeastern 
corner of the study area (Figs. 6-8) indicates reversed 
magnetic polarity, and corresponds to an alkaline 
lamprophyre dike described by Southwick and others 
(2001).  A sample of the quartz feldspar porphyry 
dikes have yielded a U-Pb age of 1,774 ± 7 Ma (Holm 
and others, 2005).  On the basis of subdued signatures 
in the southeastern part of the area, all dikes of this 
swarm are inferred to be truncated and covered by 
Keweenawan sandstones.

Linear,  northwest-striking magnetic lows 
immediately west and southwest of 45°22'30" N., 
93°52'30" W. (Figs. 6, 7) are inferred to reflect a swarm 
of diabase dikes with reversed magnetic polarity 
(Fig. 8).  No direct geologic control exists for any 
of these linear magnetic lows, but exposures near 
the west-central margin of the area reveal a thin (5 
meters [16 feet]), northwest-striking diabase dike that 
cuts one of the northeast-striking dikes mentioned 
above (Boerboom and Holm, 2000).  This exposed 
dike may be related to the northwest-striking swarm, 
although preliminary natural remanent magnetization 
measurements on a few samples imply a normal 
polarity (Boerboom and Holm, 2000).  Similar to the 
northeast-striking dikes, subdued magnetic anomaly 
patterns in the southeastern part of the area indicate 
that the northwest-striking dikes are truncated and 
covered by Keweenawan sandstones (Fig. 6, 7). 

Linear, northeast-striking magnetic anomalies 
along the northwestern margin of the Keweenawan 
sandstones are interpreted to be a swarm of diabase 
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dikes, which on the basis of strike and proximity, are 
inferred to be related to the Midcontinent Rift System 
(Figs. 6-8).  No direct geologic control exists for these 
anomalies, but they resemble the magnetic signature 
of diabase dikes exposed about 60 kilometers (37 
miles) to the northeast near Duluth, Minnesota, which 
are clearly related to the Midcontinent Rift System 
(Chandler, 1985; Green and others, 1987).  Although 
these dikes are interpreted to occur somewhat sparsely 
at the Precambrian bedrock surface (Fig. 8), magnetic 
anomalies in the second vertical derivative magnetic 
data imply that more dikes of this swarm may be 
buried by relatively younger Keweenawan sandstones 
(compare Figs. 7 and 8).  A circular, strongly negative 
magnetic anomaly just southeast of 45°30' N., 93°30' 
W., as well as a less defined negative anomaly some 10 
kilometers (6 miles) to the east –northeast (Figs. 5-7), 
are interpreted to reflect reversely polarized gabbroic 
stocks that underlie the Keweenawan sandstones; a 
similar stock occurs near Duluth at the juncture of 
two reversed dikes that are associated with the rift 
(Chandler, 1985).

Midcontinent Rift System
The southeastward-thickening wedge of 

Keweenawan sandstones (the Hinckley Sandstone and 
Fond du Lac Formation) in the southeastern part of 
the study area is associated with a subdued magnetic 
expression (Figs. 5-7) and a strongly negative gravity 
expression (Figs. 3 and 4), reflecting the essentially 
non-magnetic and low-density character of the 
sandstones (Table 1).  An east–southeast- to south–
southeast-trending gravity high that cuts across the 
regional gravity low of the basin (passing through 
45°30' N., 93°37'30" W. in Figures 3 and 4) may 
reflect a ridge in the pre-Keweenawan basement; an 
east–west seismic reflection profile across this feature 
along 45°30' N. indicated disrupted reflections at 
the base of the Keweenawan sandstones, possibly 
indicating basement uplift (Chandler and others, 
1989).  Furthermore, the northwestern end of this 
gravity high projects toward a sharp, eastward 
bend in the basal contact of the Paleozoic sequence 
(near the town of Princeton in Figure 2), indicating 
a basement ridge.  The sharp transition to strongly 
positive gravity and magnetic signatures in the 
southeastern corner of the study area (Figs. 3-7) 
reflects Keweenawan lavas uplifted along the eastern 
edge of the St. Croix horst (Allen and others, 1997) 
along the Douglas and Pine faults (Fig. 8).  Subdued 
magnetic expression in the extreme southeastern 
corner of the area (Figs. 5-7) reflects a basin of 
Keweenawan sandstones that lies atop the St. Croix 
horst (Fig. 8).  Apart from some minor refinements 

on the position of the Douglas and Pine faults, the 
interpretation of the rift in Figure 8 is essentially 
based on earlier work by Chandler and others (1989), 
Allen (1994), Allen and others (1997), and Boerboom 
(2001).

Streamlike magnetic anomalies
In the quiet anomaly background that is caused 

by the non-magnetic Keweenawan sandstones in 
the southeastern part of the study area, the second 
vertical derivative magnetic data resolve a series 
of weak, curvilinear anomalies, whose sinuous and 
branching forms are reminiscent of stream channels 
(Fig. 7).  These anomalies, which have total field 
amplitudes of only a few to a few tens nT (not 
resolvable in Fig. 5), do not appear to correlate closely 
with modern streams or surficial glacial deposits 
(Meyer and Knaeble, 1995; Meyer and Patterson, 
1999; Patterson and Knaeble, 2001).  Many of these 
streamlike anomalies presently have no explanation, 
but at least a few appear to reflect buried valleys that 
were cut into the bedrock surface and subsequently 
filled by glacial deposits.  This correlation has been 
confirmed for several streamlike anomalies in Pine 
County (Boerboom and Chandler, 2001; Setterholm 
2001; Chandler, 2002), including the anomaly marked 
by arrows in the northeast corner of Figure 7.  The 
north-striking part of this anomaly may be somewhat 
distorted by north–south striping due to minor errors 
in leveling the flight lines (note striping in this part 
of Fig. 7), but east–west tie lines in the area confirm 
its existence.  In the southeastern part of the area a 
similar relationship exists between some streamlike 
anomalies (indicated by arrows in Figure 7) and 
buried bedrock valleys reported by Olsen and Mossler 
(1982) and Mossler and Tipping (2000).  In both areas 
the bedrock is non-magnetic and the glacial fill, 
which most likely is dominated by Superior Lobe 
deposits, is relatively magnetic.  Superior Lobe ice 
most likely arrived from the northeast through what is 
now northwestern Wisconsin and northern Michigan 
(Patterson and Knaeble, 2001), where it would have 
passed over and presumably incorporated a variety of 
magnetic crystalline rocks, including basalt, gabbro, 
and iron-formation.  Consequently, Superior Lobe 
deposits in east-central Minnesota tend to be enriched 
in magnetic rock fragments and iron oxides.

MODEL STUDIES
General procedures

In addition to their use in mapping at the bedrock 
surface, gravity and magnetic data were also used to 
investigate geologic structure at depth through model 
studies.  Modeling was conducted along four profiles 
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that were positioned to lie roughly at right angles to 
the bedrock structural grain of the area (Figs. 3, 5), 
and was based on programs from the U.S. Geological 
Survey software package for potential fields (Cordell 
and others, 1992; updated by Phillips, 1997).  Anomaly 
profiles were interpolated at a 400-meter interval from 
the Bouguer gravity (Fig. 3) and total field magnetic 
(Fig. 5) data grids using programs PROFGRD and 
PROF2SAK, and modeling was conducted using 
program SAKI.  Program SAKI is primarily for two-
dimensional (strike infinite) sources, although an 
end correction for finite length can be applied where 
needed.  Magnetic modeling was conducted assuming 
induced magnetization along an earth's field that had 
an intensity of 58442 nT, a declination of 4° E., and 
an inclination of 74° N., as derived from Program 
GEOMAG (National Oceanic and Atmospheric 
Administration, 1995).  Using geologic control and 
rock property data as general constraints (Fig. 8; 
Tables 1, 2), preliminary modeling indicated that all 
of the observed gravity signatures and most of the 
observed magnetic signatures could be accounted 
for by sources that extended to depths of about 5 
kilometers (3 miles), and this level was selected as 
a default depth extent for most sources.  Deeper 
sources, however, were incorporated to account for 
some of the longer-wavelength components of the 
magnetic anomaly data; these deeper sources were 
arbitrarily assigned a 10 kilometer (6 mile) thickness 
so that they extend between the depths of 5 and 15 
kilometers (3 and 9 miles) in the models.

Profile A-A'
At the northwestern end of profile A-A' (Fig. 

9) the Warman and Isle granites are interpreted as 
a single, non-magnetic mass with a density of 2.70 
gm/cc, which is interpreted to overlie a higher 
density (2.79 gm/cc), weakly magnetic material; 
this subsurface mass might represent the McGrath 
terrane, which lies north of the profile, or it might 
represent the Hillman tonalite, which lies west of 
the profile (Fig. 8).  Southwards the Warman and 
Isle granites are interpreted to overlie a subsurface 
mass with an intermediate density (2.75 gm/cc) and 
moderate magnetic susceptibility (0.0073 SI); this 
mass may be a subsurface extension of the diorite 
inferred north of the Ann Lake granite (Fig. 8).  
Further south these dioritic rocks correspond to three 
bodies with moderate densities (2.73 to 2.75 gm/cc) 
and low to intermediate magnetic susceptibilities 
(0.0036 to 0.0084 SI; Fig. 9).  Bodies corresponding 
to the Ann Lake granite (Fig. 9) are characterized by 
low densities (2.67 to 2.70 gm/cc) and high magnetic 
susceptibilities (0.00150 to 0.0222 SI), which are 

consistent with observed rock properties (Table 1).  
The Ann Lake granite is interpreted to have contacts 
that dip steeply outwards (Fig. 9).

The mafic volcanic rocks and related intrusions 
that form the northern part of the Milaca terrane are 
modeled as bodies with moderate to high densities 
(2.79 to 2.81 gm/cc) and moderate to high magnetic 
susceptibilities (0.0050 to 0.0128 SI; Fig. 9).  The model 
densities are considerably lower than those observed 
nearby for a sheared gabbro from outcrop (the Mora 
gabbro, Table 1) and a sheared mafic volcanic rock 
from a drill hole (EC09, Table 2), suggesting that the 
belt may contain a greater proportion of felsic rocks 
than is evident from outcrop and drill hole data.

Keweenawan sandstones lap onto the igneous 
and metamorphic basement in the southeastern 
part of the profile, and are interpreted to thicken 
to about 1.5 kilometers (0.9 mile) at the south end 
of the profile (Fig. 9), equating to an average basal 
dip of about 4°.  A series of low density (2.68 to 
2.72 gm/cc), weakly to strongly magnetic (0.0017 to 
0.00119 SI) bodies that are interpreted beneath the 
Keweenawan sandstones may reflect granitic rocks 
in the Paleoproterozoic basement.  In order to fit a 
broad magnetic low along the northern part of the 
profile and generally higher anomaly values along 
the rest of the profile (see Fig. 5), a body with a high 
magnetic susceptibility (0.0127 SI) was incorporated 
between the depths of 5 and 15 kilometers (3 and 9 
miles) in the central part of Profile A-A' (Fig. 9).

Profile B-B'
Profile B-B' crosses the Hillman tonalite, the 

Bradbury Creek pluton, the Foley granite, the inferred 
volcanic belts of the Milaca and Princeton terranes, 
and the Keweenawan sandstone (Fig. 10).  Near the 
northwestern end of the profile a vertical body of 
low-density (2.73 gm/cc), high magnetic susceptibility 
(0.0364 SI) material correlates with a felsic member 
of the Hillman tonalite, which was encountered in 
drill hole EC06 (Table 2).  The Bradbury Creek pluton 
is interpreted as three bodies with intermediate 
to high densities (2.78 to 2.97 gm/cc) and high 
magnetic susceptibilities (0.0132 to 0.0335 SI), and the 
contacts of this pluton are inferred to dip vertically 
to steeply outwards.  The Foley granite is interpreted 
to consist of a non-magnetic, low-density (2.65 gm/
cc), lensoidal mass that is about 1 kilometer (0.6 mile) 
thick (Fig. 10).  Sources underlying the Foley granite 
are interpreted to have low to intermediate densities 
(2.73 to 2.77 gm/cc) and low magnetic susceptibilities 
(0 to 0.00027 SI); perhaps these sources represent part 
of the Hillman tonalite or other Penokean granitic 
rocks.
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Immediately southeast of the Foley granite 
the Milaca terrane is interpreted in Figure 10 as 
three steeply inclined bodies with moderate to high 
densities (2.77 to 2.85 gm/cc) and generally weak 
magnetic susceptibilities (0.0029 to 0.0067 SI).  Rocks 
in this part of the terrane are highly sheared and 
may have been derived from granitic rocks (Jirsa and 
Chandler, 1995), but the high densities interpreted 
here imply that some mafic rocks may also be present.  
Granitic rocks of the Pease pluton are interpreted 
as a single, low-density (2.69 gm/cc), and weakly 
magnetic (magnetic susceptibility=0.0026 SI) body 
with contacts that dip sub-vertically outwards; the 
interpreted properties agree with those of a biotite 
granite that was encountered within the pluton at 
drill hole EC13 (Table 2).  The southeastern part of the 
Milaca terrane is interpreted as two steeply inclined 
bodies with densities of 2.85 and 2.75 gm/cc and 
magnetic susceptibilities of 0.00113 and 0.00129 SI; 
these interpreted densities are low relative to mafic 
rocks encountered nearby at the Estes Brook outcrop 
or in drill holes EC16 and EC23, but are in general 
agreement with schists encountered nearby in drill 
holes EC14 and EC22 (Table 2).

The Princeton terrane is modeled as a nearly 
vertical, moderately dense body (2.75 gm/cc) that 
has a very strong magnetic susceptibility (0.0655 SI); 
the interpreted density is consistent with densities 
observed for phyllitic rocks at drill hole EC18 and 
micaceous schists at drill hole EC24 (Table 2), but 
the interpreted magnetic susceptibility is higher than 
anything directly observed in the vicinity, implying 
that an unknown, strongly magnetic unit occurs in 
this part of the Princeton terrane.  Southeast of the 
Princeton terrane, sources with low to high densities 
(2.67 to 2.81 gm/cc) and moderate to high magnetic 
susceptibilities (0.0084 to 0.0424 SI) presumably 
represent rocks of the Becker terrane, which are 
interpreted to be covered by as much as 1 kilometer 
(0.6 mile) of Keweenawan sedimentary rocks.  In 
order to fit a significant drop in magnetic intensity 
at the northern end of Profile B-B' (see Fig. 5), a body 
with a high magnetic susceptibility of 0.0167 SI was 
included between the depths of 5 and 15 kilometers 
(3 and 9 miles) beneath the central and southern 
parts of the profile (Fig. 10). 

Profile C-C'
The northwestern 20 kilometers (12 miles) of 

profile C-C' (Fig. 11) is underlain by the Hillman 
tonalite, and is modeled by sources with moderate 
to high densities (2.74 to 2.81 gm/cc) and low to 
moderate magnetic susceptibilities (0.003 to 0.0089 
SI), all of which are consistent with the observed 

physical properties (Table 1).  Apart from a low-
dipping contact interpreted near the northern end of 
the profile, the remaining contacts within the Hillman 
terrane are interpreted to dip nearly vertical.  The 
low-dipping contact near the north end of the profile 
(Fig. 11) might be replaced by a gradational contact, 
which would be plausible for a metamorphic-igneous 
terrane.

The Foley granite is interpreted to be a lensoid 
body of low-density (2.65 gm/cc), non-magnetic 
granite that is about 1.5 kilometers (0.9 mile) thick 
(Fig. 11).  Rocks beneath the northern part of the 
Foley granite are interpreted to have low to high 
densities (2.70 to 2.83 gm/cc) and moderate to high 
magnetic susceptibilities (0.0060 to 0.0265 SI), and 
may represent an unusually magnetic phase of the 
Hillman tonalite.  The southern part of the Foley 
granite is underlain by rocks with low densities (2.68 
to 2.70 gm/cc) and strong magnetic susceptibilities 
(0.0021 to 0.0026 SI), which are consistent with some 
parts of the Reformatory granodiorite (Table 1), which 
is exposed to the southwest (Fig. 8).  Sources beneath 
and flanking the Foley granite are interpreted to have 
sub-vertical geometries.

The Glendorado pluton on Figure 11 is modeled 
with sub-vertical bodies that have intermediate to 
high densities (2.73 to 2.79 gm/cc) and high magnetic 
susceptibilities (0.0168 to 0.0235 SI), which differs 
significantly from the low density and magnetic 
susceptibility that is observed for a biotite-hornblende 
granite in the intrusion at drill hole EC25 (Table 2).  
Thus, the Glendorado pluton probably includes 
denser, more magnetic phases than is evident at 
drill hole EC25.

Although not well constrained by the anomaly 
data, sources that are associated with the Princeton 
and Becker terranes in Figure 11 are interpreted 
to dip steeply southwards.  The Princeton terrane 
is interpreted to consist of bodies with low to 
intermediate densities (2.66 to 2.77 gm/cc) and low 
to intermediate magnetic susceptibilities (0.0034 to 
0.0089 SI); these properties are generally consistent 
with those of schistose rocks encountered in drill holes 
EC18, EC24, EC33, and EC38 (Table 2).  The bodies 
of the Becker terrane have low densities (2.65 to 2.70 
gm/cc) and low to moderate magnetic susceptibilities 
(0.0025 to 0.0069 SI), which are generally consistent 
with those of granitic and gneissic rocks that are 
encountered in drill holes EC27, EC29, and EC34 
(Table 2).  Near the southeastern end of the profile 
the Keweenawan sedimentary rocks are interpreted to 
be about 1 kilometer (0.6 mile) thick.  Rocks beneath 
the Keweenawan sedimentary rocks are interpreted to 
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Figure 11.  Gravity and magnetic models for profile C-C'.  Circles designate observed anomaly values and solid lines 
designate model anomaly values.  Above 5 kilometers (3 miles) depth—density values for each body (upper number) 
are in gm/cc, magnetic susceptibility values for each body (lower number) are in SI units x 104.  Below 5 kilometers 
(3 miles) depth—only magnetic susceptibility values in SI x 104 are given (no density contrast is modeled below 5 
kilometers depth).
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have low to intermediate densities (2.69 to 2.78 gm/
cc) and low magnetic susceptibilities (0.0016 to 0.0081 
SI), and may represent a subsurface continuation of 
the Becker terrane.

Magnetic sources were incorporated between 
the depths of 5 and 15 kilometers (3 and 9 miles) to 
accommodate a broad magnetic low in the northern 
part of the profile (see Fig. 5).  The northern end of 
Profile C-C' is interpreted to be underlain by a body 
with a magnetic susceptibility of 0.0222 SI, and the 
central part of the profile is interpreted to be underlain 
by material with a magnetic susceptibility of 0.0210 
SI.  The southern end of the profile incorporates a 
deep body with a magnetic susceptibility of 0.0234 
SI (Fig. 11).

Profile D-D'
The northwestern end of profile D-D' (Fig. 

12) crosses the Little Falls Formation, the Sartell 
Gneiss, and the Watab quartz diorite.  The moderate 
densities (2.80 to 2.83 gm/cc) and generally weak to 
moderate magnetic susceptibilities (0.0059 to 0.0107 
SI) interpreted north of the Foley granite are generally 
consistent with the properties that are observed for 
these units (Fig. 12, Table 1).  As with the above 
models, the Foley granite is interpreted to be a 
lensoid body of low density, non-magnetic granite 
that is about 1.0 kilometer (0.6 mile) thick.  Sources 
underlying the Foley granite and adjoining it to the 
south are interpreted to have fairly high densities 
(2.79 to 2.83 gm/cc) and high magnetic susceptibilities 
(0.0246 to 0.0356 SI), which are generally consistent 
with properties observed for intrusive rocks 
adjoining the batholith to the southwest, including 
the Reformatory granodiorite (Fig. 8, Table 1) and 
a biotite tonalite at drill hole EC35 (Fig. 2, Table 2).  
In map view the smooth magnetic high attributed to 
sources beneath the Foley granite in Figure 12 appears 
to be a northeastward continuation of the high that 
is associated with exposed parts of the Reformatory 
granodiorite (Figs. 5, 8).

Southeast of the Foley granite most bodies are 
interpreted to dip sub-vertically and have generally 
low to intermediate densities and highly variable 
magnetic properties (Fig. 12).  The Princeton terrane 
is interpreted to consist chiefly of a vertical body 
that is strongly magnetic (0.0292 SI) and moderately 
dense (2.75 gm/cc).  Nearby drill holes EC32 and 
EC33 (Fig. 2) encountered a dense, nonmagnetic 
hornblende plagioclase schist and moderately dense 
and magnetic hornblende-biotite quartzofeldspathic 
schist, respectively (Table 2).  Sources in the Becker 
terrane are interpreted to have low densities (2.70 to 

2.72 gm/cc) and weak to moderate (0 to 0.0077 SI) 
magnetic properties.  Nearby drill hole EC34 (Fig. 
2) encountered a non-magnetic, two-mica granite 
(Table 2).  Near the southern end of the profile 
Keweenawan sedimentary rocks are interpreted to 
be about 1 kilometer (0.6 mile) thick, and overlie 
low to moderate density (2.65 to 2.84 gm/cc) and 
variably magnetic (0.0064 to 0.0329 SI) bodies that 
may represent a southeast continuation of the Becker 
terrane.

 As with previous models, sources between the 
depths of 5 and 15 kilometers (3 and 9 miles) were 
incorporated to account for the broad magnetic low 
along the northern part of the profile and generally 
higher anomaly values to the south (Fig. 5).  The 
northwestern end of the profile includes a deep block 
with a magnetic susceptibility of 0.0188 SI, and the 
central part of Profile D-D' includes a deep block with 
a magnetic susceptibility of 0.0436 SI (Fig. 12).

DISCUSSION AND SYNTHESIS
General observations

Gravity and aeromagnetic data have been 
successfully used with outcrop and drill hole data 
to investigate the poorly exposed internal zone 
of the Paleoproterozoic Penokean Orogen in east-
central Minnesota.  Using a foundation of derivative-
enhanced gravity and magnetic data, five arcuate 
terranes of metamorphic rocks are interpreted to lie 
south of the Malmo discontinuity; progressing from 
north to south these are the McGrath terrane, the 
Hillman-Little Falls terrane, the Milaca terrane, the 
Princeton terrane, and the Becker terrane.  Numerous 
plutons of post-tectonic granitic rocks are interpreted 
to cut all metamorphic terranes, and these in turn 
are interpreted to be cut by three sets of mafic dikes 
with east–northeast, west–northwest, and northeast 
strikes.  The geologic framework provided by the 
geophysical interpretation helped guide subsequent 
test drilling and geochronological studies.  In the 
southeastern part of the study area, where the onlap 
of Keweenawan (Mesoproterozoic) sandstones 
subdues the background magnetic signature, weak, 
streamlike magnetic anomalies can be recognized 
in the derivative magnetic data, some of which can 
be related to buried bedrock valleys that contain 
weakly magnetic Pleistocene glacial deposits.  The 
results of this study demonstrates the great utility of 
gravity and magnetic data for geologic mapping of 
Precambrian rocks in areas where they are covered 
by glacial deposits.
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Figure 12.  Gravity and magnetic models for profile D-D'.  Circles designate observed anomaly values and solid lines 
designate model anomaly values.  Above 5 kilometers (3 miles) depth—density values for each body (upper number) 
are in gm/cc, magnetic susceptibility values for each body (lower number) are in SI units x 104.  Below 5 kilometers 
(3 miles) depth—only magnetic susceptibility values in SI x 104 are given (no density contrast is modeled below 5 
kilometers depth).
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Structure of the Penokean Orogen at depth
Model studies of gravity and magnetic data are 

used in conjunction with rock property data and 
geologic control to investigate geologic structure at 
depth.  All of the gravity signatures and most of the 
magnetic signatures can be reasonably accommodated 
by sources that lie within the upper 5 kilometers 
(3 miles) of the crust.  Most intrusive bodies are 
interpreted to have steeply dipping to vertical 
contacts, including those of the Ann Lake granite, 
the Pease pluton, the Glendorado pluton, and the 
Reformatory granodiorite.  In contrast, the contacts 
of the Warman-Isle and Foley granites are interpreted 
to dip moderately to shallowly inwards.  The Foley 
granite is interpreted to have a shallow, lensoid form 
with a maximum thickness of around 1.5 kilometers 
(0.9 mile).  Contacts that are associated with the 
metamorphic terranes are generally interpreted to 
have steep to vertical dips.

Some sources below 5 kilometers (3 miles) 
depth were incorporated to fit some of the long-
wavelength magnetic anomaly components that 
exist over the internal zone of the orogen.  Although 
depth extents are not well-constrained, suitable fits 
to the observed data are attained using sources that 
extend from 5 to 15 kilometers (3 to 9 miles) depth 
(10 kilometers [6 miles] thickness) with magnetic 
susceptibilities ranging between 0.0127 and 0.0436 
SI.  These deep sources might represent granodioritic 
rocks, because they are juxtaposed beneath similarly 
magnetic granodiorites that are exposed at the 
surface, including the Freedhem granodiorite, the 
Reformatory granodiorite, and the Bradbury Creek 
pluton (Tables 1, 2).  Seismic refraction studies in east-
central Minnesota (Greenhalgh, 1979) report P-wave 
velocities ranging from 5.9 km/sec near the surface 
to 6.3 km/sec at 20 kilometers (12 miles) depth, 
which are consistent with a granitic to granodioritic 
composition (Christensen, 1965; Mooney and Braile, 
1989).  The intervening, non-magnetic regions at 5 
to 15 kilometers (3 to 9 miles) depth might represent 
non-magnetic metasedimentary rocks similar to those 
of the Little Falls Formation, which overlies one of 
these non-magnetic zones in the northwestern part 
of the study area (Figs. 5, 8, 12).  Metasedimentary 
rocks like the Little Falls Formation have densities 
that overlap with those of granodioritic rocks (Tables 
1, 2), possibly accounting for the apparent lack of a 
gravity signature arising from 5 to 15 kilometer (3 to 
9 mile) depths.  The magnetic models of this study 
imply that some of the plutonic and metamorphic 
rocks that are associated with the internal zone of 
the Penokean Orogeny may extend to mid-crustal 
levels.

Comparison of the Penokean terranes in 
east-central Minnesota and northwestern 

Wisconsin
Gravity and magnetic interpretation, combined 

with outcrop mapping and test drilling, have 
produced credible evidence that parts of the 
Wisconsin magmatic terranes extend into east-central 
Minnesota.  The Milaca and Princeton terranes, 
as delineated primarily by derivative-enhanced 
gravity and magnetic data, include metabasalts, 
metatuffs, amphibolites, and amphibolitic schists, 
all of which are lithologically similar to rocks of the 
Pembine-Wausau terrane of northwestern Wisconsin 
(Dematties, 1994, 1996).  Syn-Penokean 40Ar/39Ar 
cooling ages that were reported for igneous and 
metamorphic rocks of the Milaca and Princeton 
terranes (Holm and others, 2005) lend additional 
support for a Wisconsin connection.  Similarly, 
the Becker terrane includes gneissic, granitic, and 
schistose rocks that resemble parts of the Marshfield 
terrane as described by Sims (1992, 1996a), and the 
two terranes may therefore be correlative.  If correct, 
the inferred shear between the Princeton and Becker 
terranes would represent the westward extension of 
the Eau Pleine shear zone (Fig. 1).

This study, however, has also revealed several 
significant differences between the Penokean terranes 
of east-central Minnesota and northwestern Wisconsin.  
The proportion of supracrustal and granitic rocks 
differs significantly between the two areas; in east-
central Minnesota, metavolcanic rocks of the Milaca 
and Princeton terranes occur predominantly as 
relatively minor and discontinuous screens that are 
separated by larger granitic bodies (Fig. 8), whereas 
in west-central Wisconsin the Pembine-Wausau 
volcanic rocks are interpreted to form massive belts 
that commonly enclose granitic plutons (Fig. 1; Sims 
and others, 1989; Sims, 1992).  Furthermore, granitic 
rocks in east-central Minnesota are now known to 
be overwhelmingly associated with the 1,787 to 
1,772 Ma post-Penokean intrusive suite (Fig. 8; Van 
Schmus and others, 2000; Holm and others, 2005), 
whereas granitic rocks in northwestern Wisconsin 
are dominated by the 1,870 to 1,830 Ma orogenic 
suite, with only relatively minor occurrences of post-
Penokean granites (Fig. 1; Sims and Schulz, 1996; 
Holm and others, 2005).  In addition, the Hillman-
Little Falls terrane does not appear to have an obvious 
counterpart in the Wisconsin magmatic terranes.  In 
fact, the pelitic schists of the Little Falls Formation are 
more typical of either continental margin or foreland 
basin sequences than a magmatic terrane.

In addition, some difficulty persists in relating 
the Malmo discontinuity (Fig. 1) to its inferred 
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counterpart in Wisconsin, the Niagara fault.  In 
Minnesota the McGrath terrane lies south of the 
Malmo discontinuity, but it includes a dome of 
Archean gneissic rocks (Stuckless and Goldich, 
1972; Holm and others, 2005) and platform-like 
Paleoproterozoic rocks (the Denham Formation; 
Morey, 1978, 1996; Boerboom, 2001) that are more 
consistent with rocks that lie north of the Niagara 
fault in Wisconsin.  A more suitable analog for the 
Niagara fault might have existed at the southern 
margin of the McGrath terrane (Jirsa and Chandler, 
1997), but this margin has been obscured by post-
Penokean granites.

Proposed tectonic model
At least some of the differences between the 

Penokean Orogen rocks of east-central Minnesota and 
northwestern Wisconsin might be a consequence of 
gross structural changes of the orogen, as evidenced 
by its abrupt offset in central Minnesota (Figs. 1, 8), 
and its apparent continuation southwestwards into 
Iowa along the Spirit Lake trend (Fig. 1; Anderson 
and Black, 1983; Van Schmus and others, 1993; Sims, 
1996b).  Schulz and others (1993) attributed this offset 
in the orogen to a continental promontory in the pre-
Penokean margin, which is represented by Archean 
rocks of the Minnesota River Valley subprovince 
(Fig. 1).  If so, east-central Minnesota would have 
resided in an adjoining reentrant in the pre-Penokean 
margin (Schulz and others, 1993).  According to the 
promontory-reentrant model advanced by Thomas 
(1977) for the Appalachian Orogen, reentrants are 
associated with a significantly thickened supracrustal 
sequence, which include synrift sedimentary and 
volcanic rocks, as well as passive margin and clastic 
wedge successions.  According to Thomas, these thick, 
relatively incompetent sequences were subjected to 
extensive thrusting and thin-skinned deformation 
onto the reentrant margin during tectonic closing.  In 
contrast, the relatively more competent promontories 
in this model would tend to stand high during the 
rifting and passive margin phases, and would be 
associated with thick-skinned deformation during 
orogenic closing.

A sketch summarizing the promontory-reentrant 
model for the Penokean Orogen in east-central 
Minnesota is summarized in Figure 13.  A thick, 
incompetent reentrant sequence in east-central 
Minnesota may have accommodated thin-skinned 
deformation and thrusting of itself and arc sequence 
rocks onto the reentrant margin.  Some of this over-
thrusting may have been accommodated significantly 
by graphitic horizons, which are known to be a 
common component of some metasedimentary 

sequences in east-central Minnesota (Morey, 1978).  
Movement along the margin of the Minnesota River 
Valley promontory to the west would have presumably 
been accommodated by shearing or transpressional 
deformation (Fig. 13).  Some parts of the Minnesota 
River Valley terrane may have been differentially 
uplifted along reactivated, north-dipping shears at 
this time or during the subsequent Yavapai orogeny 
(Fig. 13), as evidenced by local resetting of K-Ar 
ages (Southwick and Chandler, 1996).  The thrust 
loading in east-central Minnesota may have been 
further intensified by convergence of the Marshfield/
Becker terrane (Fig. 1).  Ultimately, this thrust-loading 
onto the reentrant margin may have produced a 
thick orogenic lid, perhaps accounting for the over-
thickened crust and mid-crustal melting that Holm 
and others (2005) proposed for genesis of the post-
Penokean granites.

The ad hoc relationship hypothesized here 
between reentrants and post-Penokean granites of the 
Penokean Orogen might have implications for other 
orogens.  In the Acadian segment of the Appalachian 
Orogen, Osberg and others (1989) attributed a 160 
kilometer (99 mile) wide cluster of post-Acadian 
granites in New England to partial melting of a crust 
that had been over-thickened by extensive over-
thrusting of marginal and arc sequences, to form an 
orogenic lid.  Although Osberg and others did not 
stress the coincidence, the cluster of post-Acadian 
granites lies within the western part of the Quebec 
reentrant as defined originally by Thomas (1977).  In 
addition, Sinha and others (2001) speculated that the 
nature and duration of Acadian magmatism in the 
Appalachian Orogen was related to the geometry of 
the pre-collision continental margin, especially with 
regard to the reentrants and the supracrustal rocks 
they contained.  Further research on the possible 
relationship between reentrants and post-orogenic 
granites might be fruitful.

Implications for mineral exploration
If our correlations with the Wisconsin magmatic 

terranes are correct, the metavolcanic rocks of the 
Milaca and Princeton terranes are plausible targets 
for volcanogenic massive sulfide exploration.  For 
example, felsic to intermediate tuffaceous rocks 
encountered by our test-drilling could reflect 
felsic volcanic centers, which are among the most 
favorable regions for volcanogenic massive sulfide 
mineralization in Wisconsin (Dematties, 1989, 1996).  
The scattered presence of regolith in east-central 
Minnesota (Jirsa and Chandler, 1997) indicates that 
supergene enrichment, which is a major factor at 
the Flambeau deposit in Wisconsin (Fig. 1; May and 
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Figure 13.  Schematic drawing of the promontory-reentrant model for the Penokean Orogen in east-central Minnesota.  View 
is looking toward the southwest, across the western margin of the proposed reentrant and the adjoining promontory (the 
Minnesota River Valley subprovince).  Abbreviations are as follows: AGL—Appleton Geophysical Lineament, GLTZ—Great 
Lakes Tectonic Zone, SLT—Spirit Lake trend, YMSZ—Yellow Medicine Shear Zone.  The Marshfield terrane appears to be 
a remnant of an Archean micro-continent that was either brought in during accretion of the island arc sequence, or was 
brought in separately after a subduction reversal late in the development of the Penokean Orogen (Sims, 1996b).  In either 
case, the Marshfield terrane may have served as a ram that impinged on and ultimately over-thrusted the reentrant sequence, 
thereby enhancing tectonic loading.

Dinkowitz, 1996), could have also occurred in east-
central Minnesota.  Furthermore, the metavolcanic 
belts defined by this study occur within a reasonably 
small area that is commonly associated with shallow 
depths to bedrock, allowing it to be effectively 
explored by geophysical methods, including airborne 
electromagnetic (EM) techniques.

As a final consideration, granitic rocks, which 
comprise much of the near-surface bedrock in the 
study area, should be evaluated for new resources 
of dimension and crushed stone; the granitic rocks 
encountered in our test drilling display a wide variety 
of colors and textures (Jirsa and Chandler, 1997).
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