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DESCRIPTION OF MAP UNITS

Rock descriptions and rock names given below follow the nomenclature 
described by Miller and others (2002).

MESOPROTEROZOIC (Keweenawan)

  Duluth Complex—Multiple intrusions that are part of the plutonic igneous 
suite of the 1.1 Ga Midcontinent Rift.  Generally subdivided 
into four major subsuites or series—the early gabbroic, felsic, 
anorthositic, and layered—on the basis of lithology, internal 
structure, and intrusive relationships (Miller and Severson, 2002).  
Rocks of the layered and anorthositic series are represented in this 
map area.

  Miscellaneous units of the Duluth Complex—Intrusive rock types that 
occur within the anorthositic series or in the vicinity of the 
Duluth Complex upper contact with the volcanic hanging wall.  
It is unclear whether units are marginal phases of the anorthositic 
series or are differentiates from the layered series that intrude the 
earlier anorthositic series and the overlying volcanic rocks.

 Mdg  Ferromonzodiorite/granophyre—Irregular bodies composed of a 
salmon-red, medium-grained granophyre (3 to 10 percent Fe silicate 
and oxide) grading locally to a medium-grained, intergranular 
ferromonzodiorite to quartz ferromonzonite; more intermediate 
phases locally display modal layering and foliation.  Most of 
these bodies occur near the upper anorthositic series contact of 
the Duluth Complex or in the overlying volcanic hanging wall.  
However, one very irregular body is totally contained within the 
anorthositic series near Twin Lakes (T. 50 N., R. 14 W., secs. 28 
and 33).  This body irregularly grades from a medium-grained, 
layered olivine ferrogabbro and coarse-grained, strongly altered, 
leucocratic hornblende monzogabbro at a gradational contact with 
altered anorthositic series rocks, into a granophyric granite in the 
core of the body.  The origin of these rocks and their relationship 
to the anorthositic and layered series of the Duluth Complex are 
unclear.  They may represent late differentiates emanating from 
the underlying layered series system, they may be filter-pressed 
interstitial differentiates from the anorthositic series, or they may 
be hybrids of Duluth Complex magmas and felsic partial melts 
from the volcanic hanging wall.  

 Mdo  Porphyritic ophitic olivine leucogabbro—Altered, medium- to 
medium coarse-grained, non-foliated, slightly to moderately 
plagioclase porphyritic, subophitic to ophitic olivine leucogabbro.  
The unit occurs intermittently along the upper contact of the 
anorthositic series and appears to intermingle with more intermediate 
to felsic intrusive rocks (unit Mdg).  Locally, especially on the radio 
tower hill above downtown Duluth (T. 50 N., R. 14 W., sec. 28, 
NE), the unit contains abundant mafic hornfels inclusions and 
rarely, inclusions of gabbroic anorthosite.  At this well-exposed 
location, basaltic inclusions become less common and plagioclase 
phenocrysts become more abundant away from the contact with 
intermediate to felsic rock and the volcanic hanging wall, but in 
a non-systematic way.  This suggests that the porphyritic gabbro 
may represent the upper border phase of the anorthositic series 
that formed by flow differentiation of plagioclase phenocrysts 
away from the contact with overlying volcanic rocks.  However, 
the contact with the main anorthositic series unit (Mda), though not 
well exposed, locally seems to be abrupt, with unit Mdo actually 
fingering into unit Mda as dike-like apophyses.  This would imply 
that the porphyritic gabbro may be younger than the anorthositic 
series.

  Layered series at Duluth—Mafic igneous rocks that display stratiform internal 
structure, cumulate rock textures, and compositional layering 
indicative of in-situ differentiation, and that typically form discrete 
mafic layered intrusions.  The layered series is a 3.5- to 5-kilometer 
(2 to 3 miles) thick, sheet-like mafic layered intrusion that forms 
the southern extent of the Duluth Complex.  Only the upper units 
of the layered series are exposed in this quadrangle.

 Mdu  Upper contact zone—Composed of non-cumulate intermediate rock 
types (ilmenite ferrodiorite, quartz-bearing ferromonzodiorite, and 
quartz ferromonzonite).  This unit in the northwestern corner of 
the quadrangle is inferred from aeromagnetic data (Fig. 1) to be 
continuous with an extensive area exposed in the adjacent Duluth 
Heights quadrangle (Miller and Green, 2008).  Dikes of medium-
grained, locally foliated ferrodiorite exposed in the southwestern 
corner of the map area can be traced in outcrop to the west into the 
main upper contact zone exposed in the adjacent Duluth Heights 
quadrangle (Miller and Green, 2008).

 Mdl  Gabbroic zone—A 700- to 1,500-meter (2,297 to 4,921 feet) thick 
zone composed of medium-grained, moderately to well-foliated, 
intergranular oxide gabbro, olivine oxide gabbro, and oxide 
gabbronorite cumulates; locally contains significant apatite, biotite, 
hornblende, and granophyre.  Unit is not exposed in the Duluth 
quadrangle, but rather is projected from the adjacent Duluth Heights 
quadrangle (Miller and Green, 2008) based on aeromagnetic data 
(Fig. 1).  

  Anorthositic series—As observed throughout the Duluth Complex, the 
anorthositic series in the Duluth area is composed of a structurally 
complex suite of coarse-grained, plagioclase-rich cumulates that 
form an approximately 1-kilometer (0.6 mile) thick cap to the 
complex.  

 Mda  Anorthositic rocks undifferentiated—A structurally and lithologically 
complex suite of plagioclase-rich cumulates.  The average rock 
type of the anorthositic series is a coarse-grained, moderately 
foliated, ophitic olivine leucogabbro to olivine gabbroic anorthosite 
(Pl approximately 80 percent).  Moderate to nearly complete 
hydrothermal alteration of olivine, pyroxene, and to a lesser degree, 
plagioclase is evident in all anorthositic series rocks.  With the 
exception of some occurrences of granular olivine, subhedral to 
euhedral plagioclase is the only cumulus phase in these rocks.  A 
limited range of rock types results from variations in plagioclase 
mode from 70 to 99 percent; mafic mineral proportions; olivine 
texture from granular to poikilitic; grain size from medium- to 
very coarse-grained; and abundance of granophyric mesostasis 
(up to 20 percent).  Although rarely layered, anorthositic rocks 
typically display some degree of plagioclase alignment.  The 
attitude of this foliation, however, is extremely variable on outcrop 
scale.  Changes in rock type occur across sharp (but unchilled) to 
gradational boundaries.  In many places, one type of anorthositic 
rock (typically a more leucocratic composition) is found as discrete 
inclusions in another.  These small-scale structural and lithologic 
complexities generally preclude subdividing the anorthositic 
series into lithologic subunits. These plagioclase-rich lithologies 
are interpreted to have formed by multiply emplaced plagioclase 
crystal mushes (Miller and Weiblen, 1990).

 Mdp  Ophitic olivine leucogabbro—Medium-grained, non-foliated to 
poorly foliated, ophitic olivine gabbro to leucogabbro.  This 
rock type is more mesocratic (72 to 80 percent Pl) than typical 
anorthositic series rocks.  Its relationship to the main mass of 
anorthositic series rocks is unclear because it most commonly 

occurs as inclusions in layered series gabbroic zone cumulates 
and in ferrodioritic rocks of the layered series upper contact zone.  
This rock type is not exposed in the Duluth quadrangle, but one 
map area along the western margin of the quadrangle is inferred 
from outcrops in the adjacent Duluth Heights quadrangle (Miller 
and Green, 2008).

  Miscellaneous intrusions—Mafic to felsic subvolcanic intrusions locally 
occurring in the upper part of the Duluth Complex and in the 
North Shore Volcanic Group.  Age relationships of most of these 
intrusions to one another and to the Duluth Complex are not 
known, because none has been radiometrically dated and cross-
cutting relationships are absent or ambiguous.  Based on the map 
projection of the Endion sill, it appears to cross-cut the Duluth 
Complex, though no definitive field evidence for this has been 
observed.  Intrusions are listed from stratigraphically highest to 
lowest.

 Mls  Lester River sill—Black to dark brown, fine- to medium-grained, 
aphyric, intergranular olivine diabase.  The basal portion of the 
280-meter (919 feet) thick sill is exposed in this quadrangle; the 
sill is completely exposed in the adjacent Lakewood quadrangle 
(unit lrd of Boerboom and others, 2002).  

 Mli  Lakeside intrusion—Black, fine- to medium-grained, intergranular 
olivine diabase; contains abundant apatite, interstitial quartz, and 
K-feldspar; plagioclase-phyric in Amity Creek.  On lakeshore 
exposures, the western contact is cross-cutting the Lester Park 
icelandite (unit Mni), whereas the eastern contact is conformable 
beneath the basalt flow.  Exposures in Amity Creek show it to be 
a vertical dike.  These relationships are interpreted to indicate that 
the diabase came in along a high-angle reverse fault (see cross 
section A-A').

 Mns  Northland sheet—Brown, fine- to medium-grained, diktytaxitic, 
intergranular/intersertal diabase grading to augite quartz 
ferromonzonite; highly variable.  Contains uncommon traces of 
low-Ca pyroxene, olivine, and primary hornblende.  Contains 
abundant magnetite, ilmenite, and apatite.  The sheet-like intrusion 
is variable in thickness and cuts across more than 500 meters 
(1,640 feet) of volcanic flows.

 Mes  Endion sill—A lithologically complex mafic to intermediate sill 
approximately 425 meters (1,394 feet) thick.  More mafic phases 
(ophitic to intergranular olivine gabbro, intergranular monzogabbro, 
subprismatic ferrodiorite) generally occupy the lower part of the 
intrusion, whereas more intermediate compositions (subprismatic 
to prismatic, ferromonzodiorite to quartz ferromonzonite) comprise 
the upper part.  The lower contact grades from chilled intergranular 
diabase to a heterogeneous monzogabbro containing up to 30 
percent granophyre patches.  The upper contact is characterized 
by a fine-grained, intergranular ferrodiorite, irregularly mixed with 
prismatic granophyre.  Plagioclase (An

50-73 
in gabbro, An

30-50
 in 

intermediate rocks) is commonly strongly zoned; ferromagnesian 
minerals (olivine, pyroxene, amphibole) are commonly altered.  
Interstitial granophyre is composed of micrographic K-feldspar and 
quartz, prismatic ferroan pyroxene, minor hornblende, and traces 
of apatite.  The main oxide phase in all rocks is titanomagnetite; 
ilmenite is rare.  Abrupt lithologic changes within the sill suggest 
multiple emplacement of variable magma compositions.  See Ernst 
(1960), Oestrike (1983), Gardner (1987), and Jerde (1991) for 
more complete descriptions.  

 Mep  Endion granophyre—Red, fine- to medium-grained, mostly 
porphyritic granophyre with local miarolitic cavities.  Composition 
ranges from quartz monzonite to ferromonzodiorite.  Phenocrysts 
are mostly plagioclase, rimmed by K-feldspar; lesser amounts of 
Fe-augite (mostly altered to amphibole and chlorite), altered Fe-
olivine, magnetite, and traces of apatite and zircon.  The groundmass 
contains micrographic quartz and orthoclase, plagioclase, altered 
ferromagnesian silicates, opaques, and locally calcite and fluorite.  
Isotopic and whole rock geochemistry (Gardner, 1987; Jerde, 
1991) imply that the unit may have formed by recrystallization 
and partial melting of the overlying Congdon Park rhyolite (unit 
Mnc) due to the emplacement of the subjacent Endion sill.

 Mtd  Tunnel diabase intrusion—Gray to black, medium-grained, ophitic 
to intersertal olivine diabase.  Exposed during construction of 
highway tunnels.  Contains plagioclase, augite, altered olivine, 
magnetite, ilmenite, apatite, and a mesostasis that includes quartz 
and K-feldspar.

 Msd  Diabase dike near St. Scholastica—A dark brown to black, fine- to 
medium fine-grained, intergranular diabase dike cutting gabbroic 
anorthosite of the Duluth Complex near the upper contact with 
the volcanic hanging wall.  The dike is less than 60 meters (197 
feet) wide.

 Mfd  Ferrodiorite sheet at Downer Park on Amity Creek—Dark 
brown, very fine- to fine-grained, moderately plagioclase-phyric, 
subprismatic granular ferrodiorite in a 5- to 15-meter (16 to 49 
feet) thick, gently east-dipping, sheet-like intrusion; plagioclase 
phenocrysts up to 20 percent are concentrated in the interior of the 
sheet.  The intrusion can be traced for approximately 0.5 kilometer 
(0.3 mile) along the eastern valley wall of Amity Creek in Downers 
Park (T. 50 N., R. 14 W., sec. 1, NW), where it is found in chilled 
contact with ophitic leucogabbro (unit Mdo) and intermediate to 
felsic intrusive rocks (unit Mdg).  May be an offshoot of the Endion 
sill. 

  North Shore Volcanic Group—A thick (7 to 10 kilometers [4 to 6 
miles]) sequence of lava flows and interflow sedimentary rocks 
occurring along the Lake Superior shoreline in Minnesota (Green, 
2002).  The North Shore Volcanic Group is subdivided into five 
sequences based on geographic location (limb), stratigraphic 
position, and magnetic polarity, and is further subdivided into 
informal lithostratigraphic units (Miller and others, 2002).  The 
section exposed in the Duluth quadrangle belongs to the upper 
southwest sequence, which contains two lithostratigraphic units: 
the Leif Erickson Park lavas and the Lakeside lavas.  Collectively, 
these two formations comprise approximately 2,445 meters (1.5 
miles) of magnetically normal volcanic strata.  They include an 
unusually large proportion (approximately 33 percent) of felsic 
flows, consisting of five thick units of rhyolite and icelandite.  
Burial metamorphism and thermal metamorphism by the Duluth 
Complex has produced greenschist (epidote-chlorite ± actinolite) 
and laumontite-prehnite-pumpellyite assemblages in the basalts 
(Schmidt, 1993; Schmidt and Robinson, 1997).  

  Upper southwest sequence—A mixture of volcanic flow types and minor 
interflow sedimentary rocks comprising the magnetically normal-
polarity rocks of the southwest limb of the North Shore Volcanic 
Group.

   Lakeside Lavas—The next-to-lowest part of the upper southwest sequence.  
Includes flows occurring above the Endion sill and below the 
Lester River sill. 

 Mnl  Volcanic rock, undifferentiated—Area of no exposure north of the 
Northland sheet intrusion (unit Mns) and upsection of the Congdon 
Park rhyolite (unit Mnc).
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 Mnu  Mafic lavas, undifferentiated—Dark gray to brown, aphyric to sparsely 
porphyritic basalt and basaltic andesite lava flows.  Individual 
flows are generally 5 to 30 meters (16 to 98 feet) thick, with an 
amygdaloidal upper zone and smooth (rarely rubbly) upper surface.  
Phenocrysts, where present, are predominantly plagioclase, with 
minor altered olivine, magnetite, and augite.  The groundmass is 
typically intergranular to intersertal to subophitic.

 Mnf  Felsic lavas, undifferentiated—Red or pink, porphyritic felsic volcanic 
rocks with aphanitic groundmass.  Phenocrysts are typically red 
feldspar with minor oxidized Fe-silicate.  Rhyolite to icelandite in 
composition.  Occurs as a thin remnant beneath the Lester River 
sill.  May correlate with the porphyritic Lakewood rhyolite which 
forms the hanging wall of the Lester River sill in the adjacent 
Lakewood quadrangle (Green and Fitz, 1993; Boerboom and 
others, 2002).

 Mna  Amity Creek diabasic basalt—A dark gray to brown, fine- to 
medium-grained, locally seriate to porphyritic, heterogeneously 
textured basalt flow, about 100 meters (329 feet) thick.  Contains 
up to 10 percent phenocrysts of thin plagioclase tablets and 
minor phenocrysts of ilmenite, magnetite, and oxidized olivine.  
Groundmass is intergranular/intersertal to ophitic to felty and 
locally diktytaxitic, and contains plagioclase, augite, oxidized 
olivine, tabular ilmenite, and magnetite, and a mesostasis including 
K-feldspar, quartz, apatite, and chlorite.  Diktytaxitic cavities 
contain chlorite, quartz, calcite, and laumontite.

 Mni  Lester Park icelandite—A pink, red, or tan, porphyritic icelandite 
lava flow, about 180 meters (590 feet) thick.  Mostly massive, but 
the upper part is strongly flow-laminated and folded, with local 
large, round vugs containing calcite, quartz, barite, and fluorite.  
Phenocrysts (5 to 10 percent) are of plagioclase, oxidized Fe-
silicate, magnetite, zircon, and apatite.  The groundmass contains 
poikilitic quartz (paramorphs after tridymite), K-feldspar, oxidized 
Fe-silicate, and magnetite, calcite, and chlorite.

 Mnr  Forty-second Avenue East rhyolite—A tan, pink, or red, porphyritic 
rhyolite ignimbrite flow, about 120 meters (394 feet) thick.  The 
lower half is pumice-lapilli ash-flow tuff, somewhat compacted and 
welded in the basal few meters; the remainder consists of randomly-
oriented pumice flakes, chips, and blocks in a recrystallized ashy 
matrix.  The upper half (over rapid transition from the lower 
part) is strongly flow-laminated and lineated.  Phenocrysts (~10 
percent) of plagioclase, orthoclase, oxidized Fe-silicate, zircon, 
and magnetite are present.  Groundmass ash and lapilli are locally 
axiolitic and spherulitic or micrographic, consisting of altered 
feldspar, poikilitic quartz (including paramorphs after tridymite), 
calcite, apatite, zircon, magnetite, and fluorite.

 Mne  Fortieth Avenue East icelandite—A tan, pink, or red, porphyritic 
icelandite lava flow, about 130 meters (427 feet) thick.  The top 
several meters are flow-folded and amygdaloidal, with sandstone 
fracture-fillings; the base is flat.  Phenocrysts (approximately 
15 percent) include plagioclase, altered prismatic Fe-silicate, 
magnetite, apatite, and zircon.  The groundmass consists mainly 
of altered feldspars and poikilitic quartz, some paramorphic after 
tridymite.  Dated (zircon U/Pb) at 1,098.4 ± 1.9 Ma (Davis and 
Green, 1997).

 Mnn  Northland basaltic andesite—Dark gray, porphyritic basaltic andesite 
flows (at least two), totaling 60 to 65 meters (197 to 213 feet) 
in thickness.  Plagioclase phenocrysts, 5 to 10 millimeters long, 
constitute approximately 20 percent of the rock.  The groundmass 
is intersertal, locally diktytaxitic or pilotaxitic, and consists mainly 
of plagioclase laths and clinopyroxene granules, with minor olivine 
pseudomorphs, magnetite, and ilmenite, and a felsic mesostasis 
of K-feldspar, quartz, chlorite, and epidote.

 Mnc  Congdon Park rhyolite—A red, pink, or tan, sparsely porphyritic, 
flow-laminated, pyroclastic flow, 300 meters (984 feet) thick.  At 
the lakeshore in Scandia Cemetery (T. 50 N., R. 14 W., sec. 13)
this flow exhibits remarkable pyroclastic texture, with flow- and 
compaction-deformed bombs and lapilli implying emplacement as a 
rheomorphic ignimbrite.  Phenocrysts include orthoclase, plagioclase, 
altered clinopyroxene, magnetite, and zircon.  The groundmass, 
much altered to kaolinite and hematite, contains poikilitic quartz 
(much paramorphic after tridymite), K-feldspar, calcite, chlorite, 
and opaques.  This volcanic rock appears to grade downsection 
into granophyre, which caps the Endion sill (unit Mep).

   Leif Erickson Park Lavas—The lowest formational unit of the upper 
southwest sequence.  Includes flows and interflow sedimentary 
rocks occurring between the upper contact of the Duluth Complex 
and the base of the Endion sill.

 Mnb  Mafic lavas, undifferentiated—Dark gray to brown, aphyric to 
sparsely porphyritic basalt and basaltic andesite lava flows.  
Individual flows are generally 5 to 30 meters (16 to 98 feet) 
thick, with amygdaloidal upper zones and smooth (rarely rubbly) 
upper surfaces.  Phenocrysts, where present, are predominantly 
plagioclase, with occasional altered olivine, magnetite, and 
augite.  The groundmass is typically intergranular to intersertal 
to subophitic.

 Mnd  Leif Erickson Park interflow sandstone—Thin (generally less than 1 
meter [3 feet]) deposits of red, tan, or brown sandstone overlie many 
of the volcanic flows and constitute fracture-fillings in the tops of 
some flows.  The only mappable units in this quadrangle occur at 
the lakeshore in Leif Erickson Park and up Chester Creek (T. 50 
N., R. 14 W., sec. 23).  Strongly altered by burial metamorphism, 
these rocks are typically fine- to medium-grained arenites with a 
lithic arkose composition, having been derived from local/regional 
igneous rocks.  The sandstone at Leif Erickson Park is 35 meters 
(115 feet) thick and shows large crossbeds; see Jirsa (1984).

 Mnh  Hartley ophitic basalt—A dark gray, ridge-forming, aphyric basalt 
flow with distinctive ophitic mottling; the unit pinches out to the 
south and has a thickness up to 160 meters (525 feet).  Contains 
abundant (altered) olivine between pyroxene oikocrysts.

 Mnk  Kenwood Avenue porphyritic basalt—A dark gray, strongly porphyritic 
basalt flow group, 65 to 125 meters (213 to 410 feet) thick.  
Phenocrysts include approximately 40 percent tabular plagioclase, 
4 to 10 millimeters long, approximately 1 percent magnetite, 
and rare altered olivine.  The strongly altered groundmass is 
intergranular to intersertal, locally diktytaxitic, made of altered 
plagioclase, augite, olivine pseudomorphs, magnetite, ilmenite, 
apatite, chlorite, actinolite, epidote, alkali feldspar, quartz, and 
biotite.

 Mnp  Nettleton porphyritic basalt—Dark gray or brown, porphyritic basalt 
flow, about 85 to 100 meters (279 to 329 feet) thick.  Contains 
phenocrysts (10 to 15 percent) of 2 to 4 millimeter, blocky 
plagioclase, 1 to 2 percent altered olivine, and trace augite.  The 
intergranular, diktytaxitic, locally weakly pilotaxitic and subophitic 
groundmass contains plagioclase, augite, minor magnetite, and 
altered olivine in an altered intersertal mesostasis.

 Mnt  City Hall icelandite—A red to light brown, porphyritic icelandite 
flow, about 135 meters (443 feet) thick.  Contains phenocrysts 
(10 to 15 percent) of plagioclase, altered ferromagnesian silicates 
(some relict ferroaugite), magnetite, and apatite in an altered 
groundmass containing quartz (commonly poikilitic), feldspars, 
chlorite, calcite, epidote, opaques, apatite, and actinolite.
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  Geologic contact—Solid where well located to approximately located by outcrop 
control, dashed where poorly located or inferred from areas of exposure, 
topographic expression, or geophysical characteristics.

  Fault—Inferred; primarily dip-slip, based on geologic offset, topography, local 
structures, and/or geophysical data.

  Anticline.

  Strike and dip of fault plane or shear zone—Inclined, vertical.

  Strike and dip of flow contact—Amygdule layering or oxidation lamination in 
volcanic rocks; inclined.

  Strike and dip of bedding in interflow sedimentary rocks—Inclined.

  Strike and dip of sheet jointing—Inclined, vertical.

  Strike and dip of igneous foliation—Inclined, vertical.

  Strike and dip of modal or textural layering—Inclined.

  Strike and dip of intrusive contact—Inclined.

  Strike and dip of mafic dike—Inclined vertical.

  Strike and dip of a felsic dike—Inclined.

  Trend of glacial striation.

  Bedrock outcrop.

  Location of geochemically analyzed volcanic rock sample—Data on file at the 
Minnesota Geological Survey.

  Location of geochemically analyzed intrusive rock—Data on file at the 
Minnesota Geological Survey.
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