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Every reasonable effort has been made to ensure the accuracy of the factual data on which this map interpretation is based; 
however, the Minnesota Geological Survey does not warrant or guarantee that there are no errors.  Users may wish to verify 
critical information; sources include both the references listed here and information on file at the offices of the Minnesota 
Geological Survey in St. Paul.  In addition, effort has been made to ensure that the interpretation conforms to sound geologic 
and cartographic principles.  No claim is made that the interpretation shown is rigorously correct, however, and it should not be 
used to guide engineering-scale decisions without site-specific verification.

The views and conclusions contained in this document are those of the author and should not be interpreted as necessarily 
representing the official policies, either expressed or implied, of the U.S. Government.  This map is submitted for publication with 
the understanding that the U.S. Government is authorized to reproduce and distribute reprints for governmental use.  Supported 
by the U.S. Geological Survey, National Cooperative Geologic Mapping Program, under assistance Award No. 04HQAG0063.
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 Mpu  Heterogeneous upper troctolitic cumulate—Texturally and modally variable 
augite troctolitic lithologies occurring in a complex network of intrusions 
into hanging wall rocks of the anorthositic series and North Shore Volcanic 
Group.  Medium-grained, ophitic augite troctolite is the most common 
modal rock type, but the unit contains a wide range of modal rock types 
including troctolite, augite-bearing troctolite, oxide olivine gabbro, oxide 
melatroctolite, leucotroctolite, and augite leucotroctolite.  Textures vary 
from subophitic to ophitic; grain size ranges from medium fine- to very 
coarse-grained; foliation grades from nonfoliated to well foliated; lithologic 
heterogeneity commonly occurs on an outcrop scale, giving rise to the taxitic 
texture.  Unit is interpreted to be transitional into the heterogeneous zone 
(unit Mph) in the northeastern part of the Partridge River intrusion. 

 Mpt  Troctolite cumulate (PO, POcf)—Homogeneous, medium- to medium 
coarse-grained, poorly to moderately foliated, variably leucocratic, ophitic 
troctolite to augite-bearing troctolite.  Constitutes the main central mass of 
the Partridge River intrusion to the west in the Babbitt Southwest (Miller 
and Severson, 2005) and Allen quadrangles (Severson and Miller, 1999).

 Mph  Heterogeneous mixture of varitextured troctolite and augite troctolite—Known 
almost exclusively from drill core in the eastern part of the Babbitt deposit 
(Severson and others, 1996).  Forms a broad zone along the northeastern 
margin of the Partridge River intrusion, where it becomes difficult to make 
correlations of various lithologies between adjacent drill core.  Interpreted to 
be transitional into the upper heterogeneous troctolite unit (Mpu).  Equivalent 
to the Heterogeneous Zone of Severson (1994). 

  Anorthositic series—A subsuite of the Duluth Complex composed predominantly of 
an early suite of plagioclase cumulates displaying complex internal structure 
and lacking obvious signs of in situ differentiation, and a younger suite of 
oxide olivine gabbro.  In the South Kawishiwi intrusion, anorthositic rocks 
exclusively occur as discrete inclusions within its various troctolitic units 
that range from meters to hundreds of meters across.  In the Partridge River 
intrusion, anorthositic rocks occur as similar-sized, discrete inclusions within 
its various troctolitic units, and as large (kilometer-scale) blocks of varied 
anorthositic-series rock types commonly occurring with hornfels volcanic 
and sedimentary inclusions.  These and field relationships elsewhere in the 
Duluth Complex (Miller and others, 2002) imply that the anorthositic-series 
rocks were emplaced earlier than most layered-series rocks.  However, U-
Pb ages indicate that both series were emplaced within 1 million years of 
1,099 Ma (Paces and Miller, 1993).

 Mab  Oxide olivine leucogabbro—Medium coarse- to coarse-grained, nonfoliated to 
poorly foliated, subophitic to intergranular, mesocratic to leucocratic, oxide 
olivine gabbro to oxide-rich augite troctolite with granular to subpoikilitic 
olivine.  Locally may contain up to 5 percent apatite and up to 10 percent 
primary hornblende.  In a few localities, displays subtle modal layering.  
Occurs as a small intrusion into volcanic and sedimentary hornfels in this 
quadrangle, but is exposed more extensively in the Babbitt Southwest 
quadrangle (Miller and Severson, 2005) to the west.  There it is found in 
narrowly gradational, but unchilled contact with augite troctolite of unit 
Mpu of the Partridge River intrusion.  

 Mal  Poikilitic oxide olivine leucogabbro cumulate (Ppcof)—Medium-
grained, nonfoliated to moderately foliated, ophitic/poikilitic oxide 
olivine leucogabbro to less commonly augite leucotroctolite.  Contains 1 
to 3 centimeter olivine oikocrysts, 0.5 to 1 centimeter high-density oxide 
oikocrysts, and 3 to 5 centimeter (1 to 2 inch) augite oikocrysts.  Occurs 
over a large area of anorthositic-series lithologies in the western border of 
the quadrangle, where it grades into coarse-grained anorthositic rocks (unit 
Mac).  This same rock type also occurs as inclusions in the Partridge River 
and South Kawishiwi intrusions, but is grouped with other anorthositic rock 
types as units Mai and Mas, respectively.

 Mac  Troctolitic to olivine gabbroic anorthosite cumulate (PPo, PPocf, 
PPcof)—Medium coarse- to coarse-grained, poorly to well foliated, 
ophitic, troctolitic anorthosite to olivine gabbroic anorthosite, with lesser 
concentrations of olivine anorthosite, augite leucotroctolite, and olivine 
leucogabbro.  Olivine habit varies from granular to poikilitic with low 
to moderate density oikocrysts reaching up to 2 inches (5 centimeters) in 
diameter.  Commonly displays moderate deuteric alteration. 

 Mas   Anorthositic inclusion in the South Kawishiwi intrusion—Medium- to 
coarse-grained anorthositic cumulates occurring as an inclusion within 
troctolitic cumulates of the South Kawishiwi intrusion.  Common rock 
types include troctolitic anorthosite, leucotroctolite, anorthosite, olivine 
anorthosite, and olivine gabbroic anorthosite.  Olivine ranges from 2 to 15 
percent in mode and from granular to poikilitic in texture, with oikocrysts 
ranging from 1 to 3 centimeters in diameter.  Plagioclase mode ranges 
from 75 to 95 percent and varies from being nonfoliated to well foliated.  
Inclusions range in size from a few centimeters to several hundred meters 
across.  Larger inclusion areas are likely composed of clusters of multiple 
inclusions with intervening troctolite.  The larger inclusions tend to be 
elongate parallel to foliation in the enclosing troctolite.  The anorthositic 
inclusions are in sharp contact with the host troctolitic rocks, which are 
not chilled and commonly exhibit a contact-parallel igneous foliation.

 Mai   Anorthositic inclusion in the Partridge River intrusion—Medium- to 
coarse-grained anorthositic cumulates occurring as an inclusion within 
troctolitic cumulates of the Partridge River intrusion.  Has a similar range 
of lithologies and contact relationships as found in unit Mas inclusions. 

  Miscellaneous units—Includes rock units that cannot be readily assigned to other 
series of the Duluth Complex.

 Mdg   Domainal gabbro/augite troctolite—Fine- to medium-grained, equigranular, 
poorly to well foliated, magnetic, oxide-bearing olivine gabbro to augite 
troctolite with variable amounts of hornblende (2 to 20 percent).  In outcrop, 
it appears to have poikilitic and ophitic textures, but thin sections reveal 
that pyroxene and olivine are intergranular with a domainal distribution.  
This and the commonly equigranular habit of these phases suggest that this 
is a granoblastic recrystallization texture of an originally poikilitic/ophitic 
gabbro/basalt.  The rock may represent a strongly recrystallized mafic 
volcanic as it locally displays coarse clots, which may represent meta-
amygdules, and locally appears to grade into fine-grained granoblastic 
mafic rocks that are clearly basaltic hornfels.  However, its generally 
massive character and locally medium-grained texture suggest that it may 
be a recrystallized subvolcanic intrusion. 

 Mpv   Mixed Partridge River intrusion/anorthositic series/volcanic rock—Area of 
no bedrock exposure in the southwest part of the quadrangle that is inferred 
from aeromagnetic data to be composed of the same complex mix of rock 
types that characterizes the upper part of the Partridge River intrusion as 
displayed in the Babbitt Southwest quadrangle (Miller and Severson, 2005) 
to the west.

 NORTH SHORE VOLCANIC GROUP—A thick (2 to 4.3 miles [3 to 7 kilometers]) 
sequence of tholeiitic plateau lava flows and minor interflow sedimentary 
rocks deposited during formation of the Midcontinent rift.  In this quadrangle, 
volcanic rocks occur exclusively as isolated hornfels inclusions of varied 
size in anorthositic-series rocks, the Partridge River intrusion, and although 
not exposed, probably in the other layered-series intrusions.

 Mns Volcanogenic sandstone hornfels of microgabbroic composition and texture—
Fine-grained, granoblastic oxide gabbro that consistently displays cross-
stratification.  Commonly conformably bounded by magnetic basaltic hornfels 
(unit Mnh).  Patelke (1996) interpreted an identical cross bedded gabbro in 
the Babbitt Southwest quadrangle (Miller and Severson, 2005) to the west 
to be a strongly recrystallized volcanogenic interflow sandstone. 

 Mnh Magnetic basaltic hornfels—Fine-grained, granoblastic to poikiloblastic, oxide-
rich basaltic hornfels; consists of variable amounts of plagioclase, augite, 
oxides (magnetite and ilmenite), and orthopyroxene.  Both massive and 
amygdaloidal varieties are present.  The oxide-rich composition indicates 
it had volcanic protoliths of more evolved Fe-Ti tholeiitic composition.

 Mnb Basaltic hornfels—Fine-grained, granoblastic to poikiloblastic basaltic hornfels; 
consists of variable amounts of plagioclase, augite, olivine, hypersthene, and 
inverted pigeonite.  Both massive and amygdaloidal varieties are present, 
the latter is characterized by knots of plagioclase standing out in relief.  
The oxide-poor composition of the hornfels inclusions implies that it had 
volcanic protoliths of more primitive olivine tholeiitic composition.
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MAPPING RESPONSIBILITY

Geology mapped in 1998, 2003, and 2004; also includes unpublished outcrop and 
structure data from Bonnichsen (1970).

MAP SYMBOLS 

 Geologic contact—Approximately located by outcrop control.

 Geologic contact—Poorly located by rare outcrop, topography, and/or 
geophysical data.

 Fault—Inferred, based on geologic offset, topography, local structures, 
and/or geophysical data.

 Fault—Speculative, based on geophysical data and/or topography.

 Attitude of inclined sedimentary or volcanic bedding

 Attitude of inclined igneous layering

 Attitude of igneous foliation (inclined, horizontal)

 Trend of igneous fabric

 Attitude of inclined bedding-parallel joint set

 Attitude of vertical mineralized joint

 Attitude of inclined felsic dike 

 Area of bedrock outcrop

 Drill hole location

DESCRIPTION OF MAP UNITS

MESOPROTEROZOIC

Rock nomenclature and classification of Mesoproterozoic units follow Miller and others 
(2002).  Figure 1 shows the classification scheme used for assigning modal rock names.  
Most cumulate rock types are labeled with an abbreviated code enclosed in parentheses 
as described in Miller and others (2002).  All minerals with abundances greater than 
2 percent are listed in order of decreasing abundance using the mineral abbreviations:        
P/p—plagioclase, O/o—olivine, C/c—clinopyroxene, F/f—iron oxide.  Upper case letters 
apply to cumulus minerals; lower case letters apply to intercumulus minerals.  PP indicates 
anorthositic cumulates; Pp indicates leucocratic cumulates.

 DULUTH COMPLEX—A multiply-intruded igneous suite of the 1.1 Ga Midcontinent 
rift system; generally subdivided into four major subsuites or series—the 
early gabbroic series, the felsic series, the anorthositic series, and the layered 
series—on the basis of lithology, internal structure, and intrusive relationships 
(Miller and others, 2002).  Rocks of the layered and anorthositic series, as 
well as rocks of unknown affiliation, are represented in the quadrangle.

  Layered series—A multiply-intruded subsuite of the Duluth Complex composed of 
mafic igneous rocks that display stratiform internal structure, cumulate rock 
textures, and compositional layering indicative of in situ differentiation, 
and that typically compose discrete, mafic layered intrusions.

   Bald Eagle intrusion—A funnel shaped, mafic layered intrusion centered in 
the Gabbro Lake quadrangle (Green and others, 1966) to the northeast.  
Subdivided into an outer zone of troctolitic cumulates and an inner zone 
of olivine gabbroic cumulates.  The Babbitt SE quadrangle contains the 
unexposed southwestern troctolitic margin of the intrusion, which is 
inferred from aeromagnetic data to conformably overlie the leucotroctolite 
to troctolite cumulate unit (Mkl) of the South Kawishiwi intrusion.  

 Mbt  Troctolite cumulate (PO)—Based on exposures in the Babbitt Northeast 
quadrangle to the north (Miller and others, 2005) and elsewhere, the unit 
is composed of medium-grained, well foliated, locally layered troctolite 
generally containing less than 2 percent interstitial augite and iron oxide. 

   Greenwood Lake intrusion—A southeast-dipping, 1.2-mile (2-kilometer) thick, 
sheetlike mafic layered intrusion occurring in the central Duluth Complex.  
Known mostly from drill core to be composed of a lower leucotroctolite 
zone and an upper gabbroic zone (Miller, 2004).  Inferred from aeromagnetic 
data to cross cut the Partridge River and South Kawishiwi intrusions and 
to be cut by the Bald Eagle intrusion (Miller and others, 2002).

 Mgt  Leucotroctolitic cumulate (PO, PpO)—Not exposed, but inferred from 
aeromagnetic data to cut northeasterly across the southeastern part of the 
quadrangle.  Drill core from the western edge of the Greenwood Lake West 
quadrangle to the east shows the lower part of the intrusion to be composed 
of coarse-grained leucotroctolite cumulates and various anorthositic-series 
inclusions (Miller, 2004).

   South Kawishiwi intrusion—A southeast-dipping, mafic layered intrusion 
forming part of the northwestern margin of the Duluth Complex.  
Predominantly composed of troctolitic (plagioclase-olivine) cumulates with 
local concentrations of anorthositic rock and volcanic hornfels inclusions.  
Subdivided into map units on the basis of augite concentration and texture.  
The contact relationships between the South Kawishiwi intrusion and the 
Partridge River intrusion are poorly exposed and inferred largely from drill 
core data (Severson, 1994) and sparse outcrop.  Both intrusions contain 
abundant anorthositic-series inclusions and display heterogeneous rock types 
near their inferred contact, but the internal structure of the South Kawishiwi 
intrusion is more consistently concordant to the contact, thereby implying 
that it cross cuts the Partridge River intrusion, as concluded by Severson 
(1994) from his evaluation of drill core across the contact zone in the Babbitt 
and Babbitt Northeast quadrangles to the northeast and north, respectively.  
The lowermost units of the South Kawishiwi intrusion, which are exposed 
in the Babbitt Northeast quadrangle to the north (Miller and others, 2005) 
and include the copper-nickel-platinum group element mineralized lower 
contact zone (unit Mkz of Miller and others, 2005), do not project into this 
quadrangle.  The southeastern extension of the South Kawishiwi intrusion 
units into areas of little or no exposure and their implied truncation by the 
Greenwood Lake intrusion are interpreted from aeromagnetic data (Miller 
and others, 2002).

 Mkl  Leucotroctolite to troctolite cumulate with local oxide-bearing troctolite 
(PpOcf, POcf, Pof)—Medium-grained, moderately to well foliated, rarely 
layered; generally contains less than 2 percent combined subophitic to ophitic 
augite and subpoikilitic iron oxide, although lower intervals locally contain 
up to 2 percent granular Fe-Ti oxide.  Cumulus plagioclase abundance 
ranges from 70 to 85 percent.  Poikilitic to subpoikilitic olivine-bearing 
anorthositic inclusions (unit Mas) of various sizes occur throughout the 
unit, especially in the Babbitt Northeast quadrangle to the north (Miller 
and others, 2005). 

 Mkt   Augite-bearing troctolite cumulate (Pocf)—Homogeneous, medium- to 
medium coarse-grained, well foliated; contains 2 to 7 percent subophitic 
to ophitic augite with oikocrysts up to 2 inches (5 centimeters) across 
and 0.5 to 2 percent subpoikilitic Fe-Ti oxide.  Contains a large (0.6 by 
1.5 mile [1 by 2.5 kilometer]) inclusion of medium fine- to fine-grained 
recrystallized oxide olivine gabbro (unit Mdg), which is thought to be a 
metamorphosed subvolcanic intrusive rock or thick mafic volcanic rock.  
Inclusions of poikilitic leucotroctolite to gabbroic anorthosite (unit Mas) 
also occur locally.

 Mku  Augite troctolite cumulate (POcf)—Homogeneous, medium- to medium 
coarse-grained, moderately foliated, ophitic to subophitic; locally grades to 
augite-bearing troctolite; typically contains 7 to 15 percent ophitic augite 
and 2 to 5 percent subpoikilitic Fe-Ti oxide.  Contains abundant elongated 
inclusions (or areas rich in inclusions) of various anorthositic rock types 
(unit Mas) in the well exposed northern extent of the unit.  Unit extends 
north into the Babbitt Northeast quadrangle (Miller and others, 2005). 

 Mkr  Troctolitic cumulate (PO, POf, POcf, PpOfc)—Most commonly troctolite, but 
locally grades to oxide troctolite, augite-bearing troctolite, augite troctolite, 
and oxide leucotroctolite.  Typically medium- to medium coarse-grained, but 
locally varitextured on an outcrop scale; moderately to well foliated; locally 
displays olivine layering; commonly oxide-rich (up to 4 percent) and contains 
variable amounts (0.5 to 10 percent) of subophitic to ophitic augite.  Locally 
contains small anorthositic rock inclusions.  Overall, unit is considerably 
more variable in mode and texture than the extension of this unit to the north 
in the Babbitt Northeast quadrangle (Miller and others, 2005). 

   Partridge River intrusion—A southeast-dipping, mafic layered intrusion 
composed of predominantly troctolitic cumulates occurring at the 
northwestern margin of the Duluth Complex.  As noted above, contact 
relations between the Partridge River intrusion and the South Kawishiwi 
intrusion are poorly exposed and poorly defined.  Only the heterogeneous 
eastern marginal phases of the Partridge River intrusion are exposed in the 
quadrangle.  More complete exposure of the Partridge River intrusion occurs 
in the Babbitt (Severson and Miller, 2005), Babbitt Southwest (Miller and 
Severson, 2005), and Allen quadrangles (Severson and Miller, 1999) to the 
northwest and west.  

Figure 1.  Modal rock classification for rock names used on this map.

A.  Major rock groups and subgroups defined relative to plagioclase, olivine, and clinopyroxene abundance.

B.  Detailed classification of gabbroic rock types (plagioclase 30 to 80 percent).
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