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EXECUTIVE SUMMARY

The Minnesota Geological Survey (MGS) was provided funding from the United States Geological Survey
(USGS) via the FY 2021 National Geological and Geophysical Data Preservation Program for the “FY21
Minnesota Geological and Geophysical Data Preservation Program.” The program included two priorities
that collectively involved 11 separate Projects:

Priority 1: Data Preservation

e Project 1: Preservation of MGS Field Data

e Project 2: Preservation of MGS Cuttings

e Project 3: Minnesota Drill Core Library Inventory, Phase |
Project 4: Data Preservation Workshop

Priority 2: Mineral Potential-Related Information
e Project 5: State Compilation of Mineral Deposits / Districts
e Project 6: Contribute Data to USGS Map Compilation of Focus Areas
e Projects 7 and 8: State Compilation of Borehole Data with Metadata to NDC
e Project 9: Update Geologic Map Database
e Project 10: USGS Critical Minerals Workshop
e Project 11: Strategic Plan for Critical Minerals

As a Component of Priority 2, Project 6, “Contribute Data to USGS Map Compilation of Focus Areas,” the
Natural Resources Research Institute (NRRI) was subcontracted by the Minnesota Geological Survey
(MGS) to prepare a bibliography indicating published geological, geochemical, and geophysical research
specific to Minnesota that supports inference of Mineral potential. Matching funding was provided from
the NRRI University of Minnesota Permanent University Trust Fund to complete this work. The
publications that form the basis of this bibliography are in NRRI Technical Summary Report “Duluth
Complex Geological Bibliography” (Hauck, 2017), “A Bibliography of Published Research in Minnesota
Related to the State’s Mineral Potential” (Hudak, 2020), and “Minnesota Data Preservation Report for
2019/2020: Updated Data Inventory, Preservation of Pillsbury Hall Rock Collections and Documentation,
Assembly of Mineral Potential Related Information (Thorleifson, 2020). Matching funding was provided
from the NRRI University of Minnesota Permanent University Trust Fund to complete this work.

The following bibliography has been organized utilizing the USGS Mineral Systems approach for critical
minerals inventory, research and assessment (Hofstra, 2019; Hofstra and Kreiner, 2020). As Minnesota
has a preserved Geologic history that spans greater than 3.6 billion years, a wide variety of geological
Processes encompassing a number of Mineral Systems have been active within the State. These include
Chemical Weathering, Placer, Meteoric Recharge, Marine Chemocline, Volcanogenic Seafloor, Orogenic,
Metamorphic, IOA-I0CG, and Mafic Magmatic. This bibliography includes references specific to each of
these Mineral Systems, as well as a list of references Related to potential by-products, recycling, and
carbon Mineralization publications focused on Minnesota resources.
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INTRODUCTION

The Minnesota Geological Survey (MGS) was provided funding from the United States Geological Survey
(USGS) via the FY 2021 National Geological and Geophysical Data Preservation Program for the “FY21
Minnesota Geological and Geophysical Data Preservation Program.” The program included two priorities
that collectively involved 11 separate Projects:

Priority 1: Data Preservation
e Project 1: Preservation of MGS Field Data
e Project 2: Preservation of MGS Cuttings
e Project 3: Minnesota Drill Core Library Inventory, Phase |
e Project 4: Data Preservation Workshop

Priority 2: Mineral Potential-Related Information
e Project 5: State Compilation of Mineral Deposits / Districts
e Project 6: Contribute Data to USGS Map Compilation of Focus Areas
e Projects 7 and 8: State Compilation of Borehole Data with Metadata to NDC
e Project 9: Update Geologic Map Database
e Project 10: USGS Critical Minerals Workshop
e Project 11: Strategic Plan for Critical Minerals

As a Component of Priority 2, Project 6, “Contribute Data to USGS Map Compilation of Focus Areas,” the
Natural Resources Research Institute (NRRI) was subcontracted by the MGS to prepare a bibliography
indicating published geological, geochemical, and geophysical research specific to Minnesota that
supports inference of Mineral potential. The publications that form the basis of this bibliography include
NRRI Technical Summary Report “Duluth Complex Geological Bibliography” (Hauck, 2017) , “A
Bibliography of Published Research in Minnesota Related to the State’s Mineral Potential” (Hudak,
2020), and “Minnesota Data Preservation Report for 2019/2020: Updated Data Inventory, Preservation
of Pillsbury Hall Rock Collections and Documentation, Assembly of Mineral Potential Related
Information (Thorleifson, 2020).

Matching funding was provided from the NRRI University of Minnesota Permanent University Trust Fund
to complete this work.

Since Minnesota has a preserved geological history that spans greater than 3.6 billion years, and
because a wide variety of geological Processes have been active over this geological history, Mineral
potential exists within the State in many of the Mineral Systems. Utilizing the Mineral Systems
classification recently developed by the USGS and others (Hofstra, 2019; Hofstra et al., 2021; Hofstra
and Kreiner, 2020), Minnesota has Mineral potential in several Mineral Systems, including Chemical
Weathering, Placer, Meteoric Recharge, Marine Chemocline, Volcanogenic Seafloor, Orogenic,
Metamorphic, IOA-I0CG, and Mafic Magmatic.

It is worth noting that a large number of references Related to the “Mafic Magmatic” Mineral System in
the current bibliography were derived from the recently published NRRI Technical Summary Report
“Duluth Complex Geological Bibliography” (Hauck, 2017). As well, a significant number of references
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Related to rare earth Element (REE) Mineral potential in Minnesota were derived from the NRRI
Technical Report “Geological and Geochemical Reconnaissance for Rare Earth Element Mineralization in
Minnesota” (Hauck et al., 2014).

A Component of the upcoming USGS Earth MRI program will evaluate waste materials as a potential
source for critical minerals. As such, this bibliography has included a section with references associated
with potential By-Products/Recycling resources. Many of these have been identified on the Natural
Resources Research Institute (NRRI) Resources and Publications website (https://www.nrri.umn.edu/
research/publications). Also, since social license is becoming an important consideration Related to
Development of Mineral resources in Minnesota, the U.S., and worldwide, relevant references Related
to this topic have also been included in a section in this bibliography called “Social License.”

METHODS

The USGS has recently developed a new minerals System approach for critical minerals inventory,
research, and assessment (https://www.usgs.gov/energy-and-minerals/mineral-resources-
program/science/systems-approach-critical-minerals-inventory?gt-science center objects=0#qt-
science center objects; Hofstra, 2019; Hofstra and Kreiner, 2020). The following bibliography is
organized utilizing the minerals System classification scheme presented in Hofstra and Kreiner, 2020.

References included in this bibliography were obtained by utilizing a variety of online scientific search
Databases, including Academic One File, Geobase, Science Direct, SCOPUS, Wiley Online Library, and
Google Scholar. As well, Regional university thesis archives (including at the University of Minnesota
Twin Cities and the University of Minnesota Duluth) were used to obtain recent and historical graduate
thesis references. Finally, significant research has been presented at Institute on Lake Superior Geology
(ILSG) conferences. References associated with abstract and field trip volumes of the ILSG were obtained
from the ILSG website (https://www.lakesuperiorgeology.org/) and the most recent Program and
Abstracts volume from the 68™ Annual Meeting of the ILSG (Easton, 2022).

BIBLIOGRAPHY OF MINNESOTA-SPECIFIC MINERAL POTENTIAL RESEARCH

General References for Minnesota Geologic Maps and Other Mineral Potential Information and Data

Large collections of references specific to Minnesota Geology, Minnesota Mineral Deposits, and
Minnesota Mineral potential can be found by accessing the websites of the MGS, the Minnesota
Department of Resources Department of Lands and Minerals (MNDNR), and the NRRI. As well, the
website for the Minnesota Minerals Coordinating Committee (MCC) contains links to a variety of
research focused on diversification of Mineral resources within Minnesota.

The MGS website (https://cse.umn.edu/mgs) contains a large collection of geological Maps, geological
reports, spatial Datasets, and geophysical Data that is available for public download. These can be found
by searching the “Maps, Data & Publications” section of the MGS home page. Of particular importance
for understanding and evaluating Minnesota Mineral potential are the following Components of this
website:
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e Map and Data Library (https://conservancy.umn.edu/handle/11299/708)

e Open Data Portal (https://mngs-umn.opendata.arcgis.com/)

e Find By Location (https://umn.maps.arcgis.com/apps/MapSeries/index.html?appid=
98d153d598e54bc28c06b46ed35f896d)

e Field Notebook Collection (https://archives.lib.umn.edu/repositories/14/resources/1675)

e Map Sales (https://cse.umn.edu/mgs/map-sales)

The MNDNR Department of Lands and Minerals website also contains a wide variety of resources
Related to Minnesota Mineral potential (https://www.dnr.state.mn.us/lands minerals/index.html).
Three main headings (Lands, Minerals, and Publications and Data) on this web page provide links to key
information. These include:

e land Heading: Acquisitions, Appraisal Management, Conservation Easements, Easements, Land
Exchange, Land Sales, Leases (non-mineral), Tax Forfeited Land Reviews, and Utility Crossing
Licenses;

e Minerals Heading: Aggregate Maps, Aggregate Leasing, Exploration Plans, Metallic Minerals
Lease Sale, Minarchive, Mineland Reclamation, Mineral Projects and Data Releases, Non-Ferrous
Metallic Minerals, PolyMet, Reclamation Research, State Mineral Leases, Underground Mine
Mapping, Waters Programe;

e Publications and Data Heading: Publications, GIS Data and Maps, Web Maps, Reclamation
Research, Aggregate Maps, DNR Corescan Project, Land Sales, Mineral Projects and Data
Releases, Drill Core Library, Lehmann Exploration Collection, Minarchive and Underground Mine
Mapping.

The NRRI is an applied research institute located in Duluth, Minnesota that comprises part of the
University of Minnesota Research Enterprise. Since its inception in the mid-1980s, the NRRI has
completed a variety of Mineral resource characterization, Mineral resource evaluation, Mineral
potential, summary of Mineral Exploration, and minerals Processing research at its Duluth Lab and
Coleraine Lab. Reports, Geologic Maps, and Data releases associated with this research can be found at
the NRRI Resources and Publications website (https://www.nrri.umn.edu/research/publications).

The MCC (http://mcc.mn.gov/ ) is responsible for the management and coordination of Minnesota's
Mineral Diversification Program Projects. The Mineral Diversification Program was created by the
Minnesota Legislature in 1987 to “provide for the diversification of the State’s Mineral economy through
long term support of Mineral Exploration, Development, production, and commercialization.” The
Minnesota Minerals Coordinating Committee Resources webpage (http://mcc.mn.gov/resources.html)
provide links to obtain a variety of reports and Data, including Projects, GIS Data, Maps, links, and
information regarding the MNDNR Drill Core Library, which is located in Hibbing, Minnesota.
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Minnesota Mineral Potential References for USGS Mineral Systems

Chemical Weathering

Chemical weathering Systems operate in stable Areas of low to moderate relief with sufficient rainfall to
chemically dissolve and concentrate Elements present in various Rock types and Mineral occurrences by
the downward percolation of surface water in the unsaturated Zone. Chemical gradients cause different
Elements to be concentrated at different positions in the weathering profile and at the water table.
Bauxite, Ni-laterite, and carbonatite laterite are restricted to tropical climatic Zones; others form in
temperate and arid climates.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Ni-Co Laterite Ni, Co Co, Sc
Bauxite Al Al, Ga, REE
Kaolinite Kaolin Ga
Carbonatite Laterite Nb, REE Nb, REE
Regolith (lon Adsorption) REE REE REE
Uranium U U
Supergene(& laterite) Gold Au
Supergene Silver Ag ?
Supergene Lead Pb ?
Supergene Zinc Zn ? Ge, Ga, In?
Supergene (& exotic) Copper Cu ?Te Bi?
Supergene Cobalt Co Co
Supergene PGE PGE PGE
Supergene Manganese Mn Mn, Co
Supergene Iron Fe

Aase, J.H., and Leonhard, G.E., 1968, Field Investigation and Testing of a Minnesota Clay Resource for
Iron Ore Pellet Bonding: U.S. Department of the Interior, Bureau of Mines Report of Investigation 7206,
17 p. https://babel.hathitrust.org/cgi/pt?id=mdp.39015078537977&view=1up&seq=18&skin=2021

Bailey, S.W., and Tyler, S.A., 1960, Clay Minerals Associated with the Lake Superior Iron Ores: Economic
Geology, v. 55, p. 150-175. https://doi.org/10.2113/gsecongeo.55.1.150

Balaban, N.H. (ed.), 1987, Field Trip Guidebook for Quaternary and Cretaceous Geology of West-Central
Minnesota an Adjoining South Dakota: Minnesota Geological Survey, Guidebook Series No. 16, 84 p.
https://conservancy.umn.edu/handle/11299/59137

Boerboom, T., Holm, D., Van Schmus, R., 2011, Late Paleoproterozoic Deformational, Metamorphic, and
Magmatic History of East-Central Minnesota: In Miller, J.D., Hudak, G.J., Wittkop, C., and McLaughlin, P.I.
(eds.), Archean to Anthropocene; Field Guides to the Geology of the Mid-Continent of North America.
Geological Society of America, Field Guide 24, p. 1-24. https://doi.org/10.1130/2011.0024(01)

Boerboom, T.J., Jirsa, M.A., Southwick, D.L., Meints, J.P., and Campbell, F.K., 1989, Scientific Core Drilling
in Parts of Koochiching, Itasca, and Beltrami Counties, North-Central Minnesota, 1987-1989: Summary of
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Lithological, Geochemical, and Geophysical Results: Minnesota Geological Survey Information Circular
26, 159 p. https://hdl.handle.net/11299/59338

Brown, P.E., 2008, Brief History of High-Grade Iron Ore Mining in North America (1848-2008): Reviews in
Economic Geology, v. 15, p. 361-380. https://doi.org/10.5382/Rev.15.14

Chandler, V.W., Hauck, S., Severson, M., Heine, J., Reichhoff, J., and Schaap, B.D., 1990, Investigation of
Kaolin in Eastern Redwood County, Minnesota, Using Gravity, Magnetic, and Electrical Resistivity
Methods: Natural Resources Research Institute Technical Report NRRI/GMIN-TR-89-14, 76 p.
https://conservancy.umn.edu/handle/11299/188507

Chandler, V.W., and Lively, R.S., 2016, Utility of the Horizontal-to-Vertical Spectral Ratio passive seismic
method for estimating thickness of Quaternary sediments in Minnesota and adjacent parts of
Wisconsin: Interpretation, v. 4, no. 3, p. SH71-SH90. https://doi.org/10.1190/INT-2015-0212.1

Driese, S.G., Jirsa, M.A., Ren, M., Brantley, S.L., Sheldon, N.D., Parker, D., and Schmitz, M., 2011,
Neoarchean paleoweathering of tonalite and metabasalt: Implications for reconstructions of 2.69Ga
early terrestrial ecosystems and paleoatmospheric chemistry: Precambrian Research, v. 189, p. 1-17.
https://doi.org/10.1016/j.precamres.2011.04.003

Fang, W., 2009, Stable Isotope studies of selected synthetic and pedogenic hydroxyl-bearing minerals
and some implications for the Environments of the mid-Cretaceous: Ph.D. Dissertation, Southern
Methodist University, 191 p.

Gibbons, J., McGuire, Z., Barret, M., Mitchell, W., and Haileab, B., 2007, Geochemistry of sericite from a
sprolite of the Precambrian Morton Gneiss in the Minnesota River Valley of SW Minnesota: Geological
Society of America Abstracts with Programs, v. 39, no. 6, p. 39.

Gruner, J.W., 1922, Paragenesis of the martite ore bodies and magnetites of the Mesabi Range:
Economic Geology, v. 17, p. 1-14. https://doi.org/10.2113/gsecongeo.17.1.1

Haas, L.A., Aidinger, J.A., Blake, R.L., and Swan, S.A., 1987, Sampling, Characterization, and Evaluation of
Midwest Clays for Iron Ore Pellet Bonding; U.S. Department of the Interior, Bureau of Mines Report of
Investigation R1 9116, 44 p. https://stacks.cdc.gov/gsearch?ref=docDetails&related series=Report%20of
%20investigations%20%28United%20States.%20Bureau%200f%20Mines%29%20

Hauck, S.A., and Heine, J.J. (eds.), 1991, Regional and Local Geologic, Mineralogic, and Geochemical
Controls of Industrial Clay Grades in the Minnesota River Valley and the Meridian Aggregates Quarry, St.
Cloud, Minnesota: Natural Resources Research Institute, University of Minnesota Duluth, Technical
Report NRRI/TR-91/15, 227 p. https://conservancy.umn.edu/handle/11299/188298

Hauck, S., Heine, J., Zanko, L., Power, B., Geerts, S., Oreskovich, J., and Reichhoff, J., 1990, LCCMR Clay
Project: Natural Resources Research Institute, University of Minnesota Duluth, Technical Summary
Report NRRI/GMIN-TSR-89-12a, 201 p. https://conservancy.umn.edu/handle/11299/188505
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Heine, J.J., 2004, Regional and Local Geologic and Geochemical Controls on Industrial Clay Grades
between Granite Falls and Redwood Falls, Minnesota: Natural Resources Research Institute, University
of Minnesota Duluth, Technical Report NRRI/TR-2004/29, 55 p. https://conservancy.umn.edu/handle/
11299/187141

Heine, J.J., Patelke, R.L., and Oreskovich, J.A., 1998, Characterization of Kaolin Occurrences in Northern
and Central Minnesota: Natural Resources Research Institute, University of Minnesota Duluth, NRRI-
TR/98-20, 147 p. https://conservancy.umn.edu/handle/11299/187118

Jirsa, M.A., and Chandler, V.W., 1997, Scientific Test Drilling and Mapping in East-Central Minnesota,
1994-1995: Summary of Lithological Results: Minnesota Geological Survey, Information Circular 42,
105 p. https://conservancy.umn.edu/handle/11299/59407

Knight, R.J., and Clark, J.R., 1991, Neutron-activation Analytical Results and Sample Locality Map of Drill-
cuttings from Wells in Northwestern Minnesota: United States Geological Survey, Open-File Report
91-44, 12 p. https://doi.org/10.3133/0fr9144

Kohout, M., 2019, Mass Wasting Investigation and Assessment in the Midwest: Case Study of the
Minnesota River Valley, New Ulm to St. Peter, Minnesota, USA: M.S. Thesis, Minnesota State University,
Mankato, Mankato, MN, 91 p. https://cornerstone.lib.mnsu.edu/cgi/viewcontent.cgi?article=19348&
context=etds

Losh, S., and Rague, R., 2018, Hydrothermal Oxidation in the Biwabik Iron Formation, USA: Mineralium
Deposita, v. 53, p. 1143-1166. https://doi.org/10.1007/s00126-017-0783-z

Medaris, L.G., Jr., Boerboom, T.J., Jicha, B.R., and Singer, B.S., 2015, Metasaprolite in the McGrath
Gneiss, Minnesota, USA: Viewing Paleoproterozoic Weathering Through a Veil of Metamorphism and
Metasomatism: Precambrian Research, v. 257, p. 83-93. https://doi.org/10.1016/].precamres.
2014.11.027

Meints, J.P., Jirsa, M.A., Chandler, V.W., and Miller, J.D., Jr., 1993, Scientific Core Drilling in Parts of
Itasca, St. Louis, and Lake Counties, Northeastern Minnesota, 1989-1991: Summary of Lithological,
Geochemical, and Geophysical Results: Minnesota Geological Survey Information Circular 37, 159 p.
https://conservancy.umn.edu/handle/11299/59393

Ojakangas, R.W., Severson, M.J., and Jongewaard, P.K., 2011, Geology and sedimentology of the
Paleoproterozoic Animikie Group: The Pokegama Formation, the Biwabik Iron Formation, and Virginia
Formation of the Eastern Mesabi Iron Range and Thompson Formation near Duluth, Northeastern
Minnesota: In Miller, J.D., Hudak, G.J., Wittkop, C., and McLaughlin, P.I. (eds.), Archean to
Anthropocene; Field Guides to the Geology of the Mid-Continent of North America. Geological Society of
America Field Guide 24, p. 101-120. https://doi.org/10.1130/2011.0024(06)

Ollier, C.D., 2010, Very Deep Weathering and Related Landslides: Journal of the Geological Society of
London, Engineering Geology Special Publications, v. 23, p. 5-14. https://doi.org/10.1144/EGSP23.2

Natural Resources Research Institute

Innovative Research « Minnesota Value » Global Relevance


https://conservancy.umn.edu/handle/11299/187141
https://conservancy.umn.edu/handle/11299/187141
https://conservancy.umn.edu/handle/11299/187118
https://conservancy.umn.edu/handle/11299/59407
https://doi.org/10.3133/ofr9144
https://cornerstone.lib.mnsu.edu/cgi/viewcontent.cgi?article=1934&context=etds
https://cornerstone.lib.mnsu.edu/cgi/viewcontent.cgi?article=1934&context=etds
https://doi.org/10.1007/s00126-017-0783-z
https://doi.org/10.1016/j.precamres.2014.11.027
https://doi.org/10.1016/j.precamres.2014.11.027
https://conservancy.umn.edu/handle/11299/59393
https://doi.org/10.1130/2011.0024(06)
https://doi.org/10.1144/EGSP23.2

NRRI/TSR-2022/07 — Hudak
A Bibliography of Published Research in MN Related to the State’s Mineral Potential 7

Oreskovich, J.A. and Goetzman, H.E., 1997, Preliminary Testing and Pilot-Scale Processing of the Kittson
County Bloating Clays: Natural Resources Research Institute Technical Report NRRI/TR-96/24, 77 p.
https://conservancy.umn.edu/handle/11299/187114

Patterson, C.J., and Boerboom, T.J., 1999, The Significance of Pre-existing, Deeply Weathered Crystalline
Rock in Interpreting the Effects of Glaciation in the Minnesota River Valley, U.S.A.: Annals of Glaciology,
v. 28, p. 53-58. https://doi.org/10.3189/172756499781821995

Prasad, M.S., Katsoulis, M.P., and Reid, K.J., 1991, Process Options and Market Considerations for Paper
Grade Kaolin from Minnesota Resources: Mining, Metallurgy & Exploration, v. 8, p. 48-54. https://
doi.org/10.1007/BF03402931

Riley, C.M., 1950, The Possibilities of Bloating Clays in Minnesota: Minnesota Geological Survey
Summary Report No. 5, 19 p. https://conservancy.umn.edu/handle/11299/59970

Roy, M., Clark, P.U., Raisbeck, G.M., and Yiou, F., 2004, Geochemical Constraints on the Regolith
Hypothesis for the Middle Pleistocene Transition: Earth and Planetary Science Letters, v. 227, p. 281-
296. https://doi.org/10.1016/j.epsl.2004.09.001

Schmidt, R.G., 1958, Titaniferous Sedimentary Rocks in the Cuyuna District, Central Minnesota:
Economic Geology, v. 53, p. 708-721. https://doi.org/10.2113/gsecongeo.53.6.708

Setterholm, D.R., and Heine, J.J., 1992, Kaolinitic Clays of the Minnesota River Valley and Southwestern
Minnesota: Minnesota Geological Survey, Guidebook Series 19, 12 p. https://conservancy.umn.edu/
handle/11299/59140

Setterholm, D.R., Morey, G.B., Boerboom, T.J., and Lamons, R.C., 1989, Minnesota Kaolin Clay Deposits:
A Subsurface Study in Selected Areas of Southwestern and East-Central Minnesota: Minnesota
Geological Survey, Information Circular 27, 99 p. https://conservancy.umn.edu/handle/11299/59340

Simonson, B.E., 2011, Iron Ore Deposits Associated with Precambrian Iron Formations: Elements, no. 7,
v. 2, p. 119-120. https://doi.org/10.2113/gsElements.7.2.119

Smith, R.E., 1987, Some Conceptual Models for Geochemistry in Areas of Preglacial Seep Weathering:
Journal of Geochemical Research, v. 28, p. 337-352. https://doi.org/10.1016/0375-6742(87)90056-2

Toth, T.A., 1996, Stratigraphy, Mineralogy, and Geochemistry of Upper Cretaceous Deposits from the
Minnesota and Cottonwood River Valleys, Southwestern Minnesota: Ph.D. Dissertation, Purdue
University, 199 p. https://docs.lib.purdue.edu/dissertations/AAI9638245/

Toth, T.A., and Fritz, S.J., 1997, An Fe-berthierine from a Cretaceous Lateirte: Part |. Characterization:
Clays and Clay Minerals, v. 45, no. 4, p. 564-579. https://doi.org/10.1346/CCMN.1997.0450408

Udenberg, F.L., 1973, Cone Six Oxidation Clay Bodies and Glazes: M.S. Thesis, University of Minnesota
Duluth, 41 p. https://conservancy.umn.edu/handle/11299/222627

Natural Resources Research Institute

Innovative Research « Minnesota Value » Global Relevance


https://conservancy.umn.edu/handle/11299/187114
https://doi.org/10.3189/172756499781821995
https://doi.org/10.1007/BF03402931
https://doi.org/10.1007/BF03402931
https://conservancy.umn.edu/handle/11299/59970
https://doi.org/10.1016/j.epsl.2004.09.001
https://doi.org/10.2113/gsecongeo.53.6.708
https://conservancy.umn.edu/handle/11299/59140
https://conservancy.umn.edu/handle/11299/59140
https://conservancy.umn.edu/handle/11299/59340
https://doi.org/10.2113/gselements.7.2.119
https://doi.org/10.1016/0375-6742(87)90056-2
https://docs.lib.purdue.edu/dissertations/AAI9638245/
https://doi.org/10.1346/CCMN.1997.0450408
https://conservancy.umn.edu/handle/11299/222627

NRRI/TSR-2022/07 — Hudak
A Bibliography of Published Research in MN Related to the State’s Mineral Potential 8

Zanko, L.M., Oreskovich, J.A., Heine, J.J., Grant, J.A., Hauck, S.A., and Setterholm, D.R., 1998, Mapping
Industrial Clay Potential in the Minnesota River Valley: Natural Resources Research Institute, University
of Minnesota Duluth, Technical Report NRRI/RI-91/03, 53 p. https://conservancy.umn.edu/handle/
11299/200923

Zanko, L., Heine, J., and Setterholm, D., 2005, Geology of the Pre-Cretaceous Weathering Profile and
Cretaceous Strata of the Minnesota and Cottonwood River Valleys: In Robinson, L., (ed.), Field Trip
Guidebook for Selected Geology in Minnesota and Wisconsin: Minnesota Geological Survey Guidebook
21, p. 144-153. https://hdl.handle.net/11299/59144

Placer

Placer Systems operate in drainage basins and along shorelines where topographic relief contributes to
Gravity-driven turbulent flow of surface water, or tidal- and wind-driven wave action occurs. Placer
Systems concentrate insoluble resistate minerals liberated from various Rock types and Mineral
occurrences by the chemical breakdown and winnowing away of enclosing minerals by the movement of
water. The distribution of insoluble resistate minerals is controlled by their size, density, and the
turbulence of Fluid flow.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Gold Au
Uraninite, Autunite-group U U
minerals
PGE PGE PGE
Cassiterite Sn Sn
Wolframite/Scheelite W W
Barite Barite Barite
Fluorite Fluorite Fluorite
Monazite/Xenotime REE, Y, Th REE
Columbite/Tantalite Nb, Ta Nb, Ta, Mn
Zircon Zr, Hf Zr, Hf
IImenite/rutile/leucoxene Ti Ti
Diamond diamond gems and abrasive
Sapphire sapphire gems
Garnet garnet gems and abrasive

Force, E.R., 1976, Metamorphic source Rocks of titanium place Deposits — A geochemical cycle: In
Geology and Resources of Titanium, USGS Professional Paper 95-B, p. B1 — B16. https://pubs.usgs.gov/
pp/0959a-f/report.pdf

Heine, J.J., Meinders Patelke, M., Post, S.P., and Maly, C., 2025, Non-Ferrous Geology Along the Highway
53 Relocation Near Virginia, MN: Natural Resources Research Institute Technical Report
NRRI/TR-2015/45, 20 p. https://conservancy.umn.edu/handle/11299/187177
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Nelson, S.L., Sutler, S.J., and Tripp, R.B., 1991, Results from Chemical Analyses and Mineralogical
Investigations of Heavy Mineral Concentrate Samples Collected from Glaciofluvial Sediments in
Minnesota: Test and Pilot Study Results: Minnesota Department of Natural Resources, Open-File Report
MnDNR-284, 101 p. http://minarchive.dnr.state.mn.us/pdfs/report284.pdf

Nelson Russell, S.L., Theobald, P.K., Lehr, J.D., Johnson, R.L., Ryder, J.L., and Lawler, T.L., 1997, An
Interpretation of the Results of a Study of Heavy Minerals in Minnesota Northeastern-Provenance
Glaciofluvial Sediments: Minnesota Department of Natural Resources, Report 284-1, 112 p. https://
www.Irl.mn.gov/docs/2015/other/155218.pdf

Schmidt, R.G., 1958, Titaniferous Sedimentary Rocks in the Cuyuna District, Central Minnesota:
Economic Geology, v. 53, p. 708-721. https://doi.org/10.2113/gsecongeo.53.6.708

Lacustrine Evaporite

Lacustrine evaporite Systems operate in closed drainage basins in arid to hyper-arid climatic Zones.
Elements present in meteoric surface, ground, and geothermal recharge are concentrated by
evaporation. As salinity increases, evaporite minerals typically precipitate in the following sequence:
gypsum or anhydrite, halite, sylvite, carnallite, borate. Nitrates are concentrated in basins that
accumulate sea spray. Residual brines enriched in lithium and other Elements often accumulate in
aquifers below dry lake beds. Li-clay and zeolite Deposits form where residual brine reacts with ash
layers or volcanic Rocks.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Trona Soda Ash (Na2C03)
Gypsum Gypsum (CaSO4¢2H20)
Salt Salt (NaCl)
Potash Potash (KCI) Potash
Carnallite KMgCI3e6H20 Potash, Mg
Borate Borax, Boric Acid Li
Nitrate [Na, K, Ca, Mg][NO3, 103, BO3] Mg
Residual Brine Salt, Potash, Borax, Boric acid, Potash, Li, Mn, Rb, Cs, Mg, Sr, W

Soda Ash, Sodium Sulfate, Li,

Rb, Cs, Mg, Mn, Sr, Br, I, W, Zn
Lithium Clay Li Li
Li-B Zeolite zeolite, B, Li Li

No identified references in Minnesota.

Meteoric Recharge

Meteoric recharge Systems operate where oxidized meteoric groundwater displaces reduced connate
water in sandstone aquifers that often contain volcanic ash or evaporates at the surface. As oxidized
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water descends through sandstone aquifers, it scavenges uranium and other Elements from detrital
minerals and/or volcanic glass. Uranium and other Elements precipitate at the redox front with reduced
connate water and on carbonaceous material in the aquifers or at the surface in calcrete by evaporation.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Sandstone Uranium u,Vv U, V, Re, Sc, REE, Co, PGE
Calcrete Uranium U, Vv u,V, Sr

Abrahamson, D., and Zabinski, E., 1981, Uranium in Minnesota: An Introduction to Exploration Mining
and Milling: Center for Urban and Regional Affairs, University of Minnesota, Publication Number CURA
80-2, 67 p. https://conservancy.umn.edu/handle/11299/207738

Morey, G.B., 1981, Geologic Terranes of Minnesota and Their Uranium Potential: Minnesota Geological
Survey, Information Circular 19, 40 p. https://conservancy.umn.edu/handle/11299/59312

Ojakangas, R.W., 1976, Uranium Potential in Precambrian Rocks of Minnesota: U.S. Energy Research and
Development Administration, Grand Junction, CO, 259 p.

Ojakangas, R.W., 1980, The Geologic Basis for Uranium Exploration in Minnesota: Minnesota Geological
Survey, Reprint Series 43, 33 p.

Ullmer, E., 1985, The Results of Exploration for Unconformity-type Uranium Deposits in East-central
Minnesota: Economic Geology, v. 80, p. 1425-1435. https://doi.org/10.2113/gsecongeo.80.5.1425

Marine Evaporite

Marine evaporite Systems operate in shallow restricted epicontinental basins in arid to hyper-arid
climatic Zones. Elements present in seawater are concentrated by evaporation. As salinity increases,
evaporite minerals typically precipitate in the following sequence: gypsum or anhydrite, halite, sylvite.
Residual basin brines are enriched in conserved Elements, such as Mg. Incursion of fresh water or
seawater can produce halite dissolution brines.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Gypsum Gypsum (CaS04)- 2H,0
Salt Salt (NaCl)
Potash Potash (KCl) Potash
Basin Brine Petroleum, Salt, Potash, Li, Rb, Potash, Li, Rb, Cs, Mg, Sr
Cs, Mg, Sr, Br, I, Zn
Dissolution Brine Petroleum, Salt (NaCl)

Minnesota Department of Natural Resources Department of Lands and Minerals, 2020, Open-File
Project 400, Establishing the Potential for Lithium Mineralization on State-Managed Mineral Rights (or
download from https://www.dnr.state.mn.us/lands_minerals/mpes Projects/index.html).
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Basin Brine Path

Basin brine path Systems emanate from marine evaporite basins and extend laterally through
permeable strata to discharge points in the ocean. Basin brines evolve to become ore Fluids by
scavenging metals from various Rock types along Gravity-driven flow paths. The mineralogy of the
aquifers controls the redox and sulfidation state of the brine and the suite of Elements that can be
scavenged. Cu-Co and Pb-Zn Sulfide Deposits form where oxidized brines encounter reduced S.
Unconformity U Deposits form where reduced brines are oxidized. Ba and Sr Deposits form where
reduced brines encounter marine sulfate or carbonate.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Hydrothermal Dolomite Building stone, aggregate Mg
Zn-Pb-Ag (MVT & Sedex) Zn, Pb, Ag, Cu, Co Sn, Ge, Co, Ga, In
Cu-Co (Sed-hosted) Cu, Co Co, PGE, Re
Cu-Co (low-temp replacement)  Cu, Co Co, Ge, Ga
Unconformity Uranium U, V, Cu, Co, Mo, Re, Se, Sc, REE U, V, Re, Sc, REE, Co
Barite (Replacement & Bedded) barite (witherite) Barite
Sr (Replacement & Bedded ) Sr (celestite, strontianite) Sr

Boerboom, T.J., 1987, Tourmalinites, Nelsonites, and Related Rocks (Early Proterozoic) Near Philbrook,
Todd County, Minnesota: Unpublished M.S. thesis, University of Minnesota Duluth, 212 p.
https://conservancy.umn.edu/handle/11299/212499

Cleland, J.M., Morey, G.B., and McSwiggen, P.L., 1996, Significance of Tourmaline-rich Rocks in the
North Range Group of the Cuyuna Iron Range, East-Central Minnesota: Economic Geology, v. 91, no. 7,
p. 1282-1291. http://pubs.er.usgs.gov/publication/70018052

Grout, F.F., and Wolff, J.F., Sr., 1955, The Geology of the Cuyuna District, Minnesota: Minnesota
Geological Survey, Bulletin 36, 144 p. https://conservancy.umn.edu/handle/11299/57017

Minnesota Department of Natural Resources, 2019, Animikie / Animikie SEDEX Focus Areas, Data
download available at https://www.dnr.state.mn.us/lands _minerals/mpes Projects/dnr-corescan-
Project/news-and-releases.html.

Minnesota Department of Natural Resources, 2019, Animickie / Animikie SEDEX Focus Areas: Minnesota
DNR Corescan Project, download available at https://files.dnr.state.mn.us/lands _minerals/mpes
Projects/402/corescan _dnr_animikie.pdf

Morey, G.B., 1972, Aitkin County Sulfide Deposits: In Sims, P.K., and Morey, G.B. (eds.), Geology of
Minnesota: A Centennial Volume: Minnesota Geological Survey, p. 262-263. https://conservancy.umn.
edu/handle/11299/57318

Morey, G.B., 1978, Lower and Middle Precambrian Stratigraphic Nomenclature for East-Central
Minnesota: Minnesota Geological Survey, Report of Investigations 21, 52 p.
https://conservancy.umn.edu/handle/11299/60441
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Morey, G.B., 1981, Geologic Terranes of Minnesota and Their Uranium Potential: Minnesota Geological
Survey, Information Circular 19, 40 p. https://conservancy.umn.edu/handle/11299/59312

Ojakangas, R.W., 1976, Uranium Potential in Precambrian Rocks of Minnesota: U.S. Energy Research and
Development Administration, Grand Junction, CO, 259 p.

Ojakangas, R.W., 1980, The Geologic Basis for Uranium Exploration in Minnesota: Minnesota Geological
Survey, Reprint Series 43, 33 p.

Severson, M.J., and Heine, J.J., 2003, Sedimentary Exhalative (SEDEX) Potential of the Cuyuna North
Range, Cuyuna South Range, Emily District, and Portions of Aitkin County — Old Drill Log Searches:
Natural Resources Research Institute, University of Minnesota Duluth, Technical Report NRRI/TR-
2003/12, 37 p. https://conservancy.umn.edu/handle/11299/187132

Schmidt, R.G., 1963, Geology and Ore Deposits of the Cuyuna North Range, Minnesota: U.S. Geological
Survey, Prof. Paper 407, 96 p. https://pubs.usgs.gov/pp/0407/report.pdf

Severson, M.J., Zanko, L.M., Hauck, S.A., and Oreskovich, J., 2003, Geology and SEDEX Potential of Early
Proterozoic Rocks, East-Central Minnesota: Natural Resources Research Institute, University of
Minnesota Duluth, Technical Report NRRI/TR-2003/35, 170 p. https://conservancy.umn.edu/handle/
11299/187136

Southwick, D.L., Morey, G.B., and McSwiggen, P.L., 1988, Geologic Map (Scale 1:250,000) of the
Penokean Orogen, Central and Eastern Minnesota, and Accompanying Text: Minnesota Geological
Survey, Report of Investigations 37, 25 p. https://conservancy.umn.edu/handle/11299/60759

Strong, R., 1959, Report on Geological Investigation of the Cuyuna District, Minnesota, 1949-1959:
Internal USS report on file at the Minnesota Department of Natural Resources, Hibbing, MN, 301 p.

Thiel, G.A., 1924, Commercial Possibilities of Magnetite Slates of the Cuyuna Range: Engineering and
Mining Journal, v. 118, p. 735-738.

Zapffe, C., 1949, Summation of Drill Notes Pertaining to Aitkin County: Internal company report on file at
the Minnesota Department of Natural Resources, Hibbing, MN, +100 p.

Zanko, L.M., in prep., Compilation and Location of East-Central Minnesota Geochemistry Data: Natural
Resources Research Institute, University of Minnesota Duluth, Technical Report.

Zimmer, P.W., 1953, Geological Report on the Area Between the South Range and Carlton, as Covered
by the Aeromagnetic Mapping: Internal company report (referred to as the “green Hanna book”) on file
at the Minnesota Geological Survey and at the MDNR.

Marine Chemocline

Marine chemocline Systems operate where basin brines discharge into the ocean. Consequent increases
in bioproductivity produce metalliferous black shales, and changes in ocean chemistry result in chemical
sedimentation of phosphate and Mn and Fe carbonates and oxides.
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Deposit Types Principal Commodities Critical Minerals/Potential CMs
Black shale Stone coal, Petroleum, V, Ni, V, Re, PGE
Mo, Au, PGE
Phosphate Phosphate fertilizer REE, U
Fe-Mn Fe, Mn, Co Mn, Co
Superior Fe Fe

Adams, F.S., 1910, The Iron Formation of the Cuyuna Range: Economic Geology, v. 5. p. 729-740. https://
doi.org/10.2113/gsecongeo.5.8.729

Boerboom, T.J., Southwick, D.L., and Severson, M.J., 1999a, Bedrock Geology of the Aitkin 30x60 Minute
Quadrangle, East-Central Minnesota: Minnesota Geological Survey, Miscellaneous Map Series M-99,
plates | and Il. https://conservancy.umn.edu/handle/11299/1036

Boerboom, T.J., Southwick, D.L., and Severson, M.J., 1999b, Bedrock Geology of the Mille Lacs Lake
30x60 Minute Quadrangle, East-Central Minnesota: Minnesota Geological Survey, Miscellaneous Map
Series M-100, plates | and Il. https://conservancy.umn.edu/handle/11299/725

Chester, A., 1884, The Iron Region of Northern Minnesota: Eleventh Annual Report Geological and
Natural History Survey of Minnesota for 1882, p. 154-167.

Cleland, J.M., Morey, G.B., and McSwiggen, P.L., 1996, Significance of Tourmaline-rich Rocks in the
North Range Group of the Cuyuna Iron Range, East-Central Minnesota: Economic Geology, v. 91, no. 7,
p. 1282-1291. http://pubs.er.usgs.gov/publication/70018052

Clements, J.M., 1903, The Vermilion Iron-bearing District of Minnesota: U.S. Geological Survey
Monograph 45, 463 p. https://doi.org/10.3133/m45

Grosh, W.A,, Pennington, J.W., and Wasson, P.A., 1953, Investigation of Scallon-Todd Lease, Aitkin
County, Minn.: U.S. Bureau of Mines, Report of Investigations 4979, 24 p.

Grout, F.F., and Wolff, J.F., Sr., 1955, The Geology of the Cuyuna District, Minnesota: Minnesota
Geological Survey, Bulletin 36, 144 p. https://conservancy.umn.edu/handle/11299/57017

Han, T.-M., 1968, Ore Mineral Relations in the Cuyuna Sulfide Deposit, Minnesota: Mineralium Deposita
V.3, no. 2, p. 109-134. https://doi.org/10.1007/BF00207100

Hauck, S.A., Heine, J.J., Severson, M.J., Post, S.P., Chelbecek, S., Monson Geerts, S., Oreskovich, J.A.,
Gordee, S.M., and Hudak, G.J., 2014, Geological and Geochemical Reconnaissance for Rare Earth
Element Mineralization in Minnesota: Natural Resources Research Institute Technical Report
NRRI/TR-2014/39, 572 p. https://conservancy.umn.edu/handle/11299/187176

Iwasaki, I., 1991, Investigation into Production of Iron Ore Concentrates with Less Than 3 Percent Silica
from Minnesota Taconites Final Report to the State of Minnesota and the American Iron and Steel
Institute: Natural Resources Research Institute, University of Minnesota Duluth, Technical Report
NRRI/TR-91/25, 346 p. https://conservancy.umn.edu/handle/11299/187109
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Marsden, R.W., 1972, Cuyuna District: /n Sims, P.K., and Morey, G.B. (eds.), Geology of Minnesota: A
Centennial Volume: Minnesota Geological Survey, p. 227-239. https://conservancy.umn.edu/handle/

11299/57318

McSwiggen, P.L., Morey, G.B., and Cleland, J.M., 1994, Occurrence and Genetic Implications of
Hyalophane in Manganese-Rich Iron-Formation, Cuyuna Iron Range, Minnesota, USA: Mineralogical
Magazine, v. 58, p. 387-399. https://doi.org/10.1180/minmag.1994.058.392.04

McSwiggen, P.L., Morey, G.B., and Cleland, J.M., 1995, Iron-Formation Protolith and Genesis, Cuyuna
Range, Minnesota: Minnesota Geological Survey, Report of Investigations. 45, 54 p. https://conservancy.
umn.edu/handle/11299/60799

Morey, G.B., 1990, Geology and Manganese Resources of the Cuyuna iron range, East-Central
Minnesota: Minnesota Geological Survey, Information Circular 32, 28 p. https://conservancy.umn.edu/
handle/11299/59382

Morey, G.B., Southwick, D.L., and Schottler, S.P., 1991, Manganiferous Zones in Early Proterozoic Iron-
Formation in the Emily District of the Cuyuna Iron Range, East-Central Minnesota: Minnesota Geological
Survey, Report of Investigations 39, 42 p. https://conservancy.umn.edu/handle/11299/60784

Morey, G.B., and Morey, D.D., 1986, Distribution of Iron-Formations in the Main Cuyuna Range, East-
Central Minnesota: Minnesota Geological Survey, Miscellaneous Map Series M-60, scale 1:48,000.
https://conservancy.umn.edu/handle/11299/59998

Morey, G.B., and Southwick, D.L., 1993, Stratigraphic and Sedimentological Factors Controlling the
Distribution of Epigenetic Manganese Deposits in Iron-Formation of the Emily District, Cuyuna Iron
Range, East-Central Minnesota: Economic Geology, v. 88, p. 104-122. http://dx.doi.org/10.2113/
gsecongeo.88.1.104

Morey, G.B., and Southwick, D.L., 1995, Allostratigraphic Relationships of Early Proterozoic Iron-
Formations in the Lake Superior Region: Economic Geology, v. 90, no. 7, p. 1983-1993. https://doi.org/
10.2113/gsecongeo.90.7.1983

Morey, G.B., Southwick, D.L., and Schottler, S.P., 1991, Manganiferous Zones in Early Proterozoic Iron-
Formation in the Emily District, Cuyuna Range, East-Central Minnesota: Minnesota Geological Survey,
Report of Investigations 39, 42 p. https://conservancy.umn.edu/handle/11299/60784

Pennington, J., and Davis, V.C., 1953, Investigation of Iron Sulfide Deposits in South-Central Aitkin
County and Carlton County, Minn.: U.S. Bureau of Mines, Report of Investigations 4937, 33 p.

Severson, M.J., and Heine, J.J., 2003, Sedimentary Exhalative Potential of the Cuyuna North Range,
South Range, Emily District, and Portions of Aitkin County — Old Drill Log Searches: Natural Resources
Research Institute Technical Report NRRI/TR-2003/13, 37 p. https://conservancy.umn.edu/handle/

11299/187132).
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Severson, M.H., and Heine, J.J., 2007, Data Compilation of the United States Steel Corporation (USSC)
Exploration Records in Minnesota: Natural Resources Research Institute Technical Report
NRRI/TR-2007/25, 98 p. https://conservancy.umn.edu/handle/11299/187157

Hybrid Peralkaline Intrusion or Carbonatite/Basin Brine Path

This hybrid System operates where HF-bearing Magmatic volatiles condense into basinal brines that
replace carbonate with fluorspar + REE, Ti, Be as in the IL-KY Fluorspar district and Hicks Dome.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Fluorospar (Replacement) Fluorite Fluorite, REE, Ti, Be

Hauck, S.A., Heine, J.J., Severson, M.J., Post, S.P., Chelbecek, S., Monson Geerts, S., Oreskovich, J.A.,
Gordee, S.M., and Hudak, G.J., 2014, Geological and Geochemical Reconnaissance for Rare Earth
Element Mineralization in Minnesota: Natural Resources Research Institute Technical Report
NRRI/TR-2014/39, https://conservancy.umn.edu/handle/11299/187176

Arsenide

Continental Rifting promotes ascent of deep-seated Metamorphic metal-rich basement brine and mixing
with sulphide-bearing basinal brine and natural gas. Fluid mixing and oxidation of methane induced
precipitation of native metals, arsenides, and calcite.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Five Element Veins Ag, As, Co, Ni, Bi, U, Sb Co, Bi, U, As, Sb

Woodruff, L.G., Schulz, K.J., Nicholson, S.W., and Dicken, C., 2020, Mineral Deposits of the
Mesoproterozoic Midcontinent Rift System in the Lake Superior Region — A Space and Time
Classification: Ore Geology Reviews, v. 126, p. 103716. https://doi.org/10.1016/j.oregeorev.2020.
103716

Volcanogenic Seafloor

Volcanogenic seafloor Systems are driven by Igneous activity along spreading centers, back arc basins,
and Magmatic arcs. In spreading centers and back arc basins, seawater evolves to become an ore Fluid
by convection through hot volcanic Rocks. In Magmatic arcs, ore Fluids exsolved from subvolcanic
Intrusions may mix with convecting seawater. Ore Deposits form where hot reduced ore Fluids vent into
cool oxygenated seawater. Sulfides and sulfates precipitate in or near vents. Mn and Fe precipitate over
wide Areas in basins with seafloor hydrothermal activity.
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Deposit Types Principal Commodities Critical Minerals/Potential CMs

Cu-Zn Sulfide Cu, Zn Co, Bi, Te, In, Sn, Ge, Ga, Sb
Zn-Cu Sulfide Zn, Cu Ge, Ga, Sb, Co, Bi, Te, In, Sn
Polymetallic Sulfide Cu, Zn, Pb, Ag, Au Sn, Bi, Te, In, Ge, Ga, Sb, As
Barite barite barite
Mn oxide (layers and nodules) Mn, Fe Mn, Co, Ge
Algoma Fe Fe ?
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crust generated by reworking of Basalts variably silicified by seawater: Nature Geoscience, v. 12, p. 769-
773. https://doi.org/10.1038/s41561-019-0408-5

Chester, A., 1884, The Iron Region of Northern Minnesota: Eleventh Annual Report Geological and
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Paleoproterozoic Penokean Volcanic Belt of Northern Wisconsin, Michigan, and East-Central Minnesota,
USA: Ore Geology Reviews, v. 141, p. 104489. https://doi.org/10.1016/j.oregeorev.2021.104489

Hendrickson, M.D., 2016, Geologic Interpretation of Aeromagnetic and Chemical Data from the Oaks
Belt, Wabigoon Subprovince, Minnesota: Implications for Au-rich VMS Deposit Exploration: Canadian
Journal of Earth Sciences, v 53, no. 2, p. 176-188. https://doi.org/10.1139/cjes-2015-0141

Hocker, S.M., Hudak, G.J., and Heine, J.J., 2003, Electron Microprobe Analysis of Alteration Mineralogy
at the Archean Five Mile Lake Volcanic Associated Massive Sulfide Mineral Prospect in the Vermilion
District of Northeastern Minnesota: Natural Resources Research Institute, University of Minnesota
Duluth, Report of Investigations NRRI/RI-2003/17, 49 p. https://conservancy.umn.edu/handle/11299/
187084

Hoffman, A.T., 2007, Lithostratigraphy, Hydrothermal Alteration, and Lithogeochemistry of Neoarchean
Rocks in the Lower and Soudan Members of the Ely Greenstone Formation, Vermilion District, NE
Minnesota: Implications for Volcanogenic Massive Sulfide Deposits: Unpublished M.S. thesis, University
of Minnesota Duluth, 295 p. https://conservancy.umn.edu/handle/11299/220203

Hovis, S.T., 2001, Physical Volcanology and Hydrothermal Alteration of the Archean Volcanic Rocks at
the Eagles Nest Volcanogenic Massive Sulfide Prospect, Northern Minnesota: Unpublished M.S. thesis,
University of Minnesota Duluth, 136 p. https://conservancy.umn.edu/handle/11299/220219

Hudak, G.J., Heine, J.J., Hocker, S.M., and Hauck, S.A., 2002, Geological Mapping of the Needleboy Lake —
Six Mile Lake Area, Northeastern Minnesota: a Summary of Volcanogenic Massive Sulfide Potential:
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Mapping Progress Report — June 2003: Natural Resources Research Institute, University of Minnesota
Duluth, Report of Investigations NRRI/RI-2003/18, 22 p. https://conservancy.umn.edu/handle/11299/
187085

Hudak, G.J., Heine, J.J., Newkirk, T., Odette, J., and Hauck, S., 2002, Comparative Geology, Stratigraphy,

and Lithogeochemistry of the Five Mile Lake, Quartz Hill, and Skeleton Lake VMS Occurrences, Western

Vermilion District, NE Minnesota: Natural Resources Research Institute, University of Minnesota Duluth,
Technical Report NRRI/TR-2002/03, 350 p. https://conservancy.umn.edu/handle/11299/187128

Hudak, G.J., and Morton, R.L., 1999, Bedrock and Glacial Drift Mapping for VMS and Lode Gold
Alteration in the Vermilion-Big Fork Greenstone Belt: Part A: Discussion of Lithology, Alteration, and
Geochemistry at the Five Mile, Eagles Nest, and Quartz Hill Prospects: Minnesota Department of Natural
Resources — Lands and Minerals Division, Project 326 Open File Report, June 1999, 136 p.
http://minarchive.dnr.state.mn.us/pdfs/report326a.pdf

Hudak, G.J., and Peterson, D., 2014, Non-Ferrous Mineralization Associated with the Wawa-Abitibi
Terrane and Duluth Complex Cu-Ni-PGM Deposits, Northeastern Minnesota: Society of Economic
Geologists Guidebook Series 47, 150 p.

Lodge, R.W.D., Gibson, H.L., Stott, G.M., Franklin, J.M., and Hudak, G.J., 2015, Geodynamic Setting,
Crustal Architecture, and VMS Metallogeny of ca. 2720 Ma Greenstone Belt Assemblages of the
Northern Wawa Subprovince, Superior Province: Canadian Journal of Earth Sciences, v. 52, p. 196-214.
https://doi.org/10.1139/cjes-2014-0163

Lodge, R.W.D., Gibson, H.L., Stott, G. M., and Hudak, G.J., Jirsa, M., and Hamilton, M.A., 2013, New U-Pb
Geochronology from Timiskaming-Type Assemblages in the Shebandowan and Vermilion Greenstone
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Southwestern Superior Province: Precambrian Research, v. 235, p. 264-277. https://doi.org/10.1016/
j.precamres.2013.06.011

Peterson, D.M., 1999, Economic Geology of Lode Gold and Volcanogenic Massive Sulfide Prospects of
the Western Vermilion District, St. Louis and Lake Counties, Northeastern Minnesota: Minnesota
Exploration Conference 1999 (Fortune Bay Resort) — Proceedings: Prospects in the Western Vermilion
District, p. 3-5.

Peterson, D.M., 2001, Development of Archean Lode-Gold and Massive Sulfide Deposit Exploration
Models Using Geographic Information System Applications: Targeting Mineral Exploration in
Northeastern Minnesota from Analysis of Analog Canadian Mining Camps: Unpublished Ph.D.
dissertation, University of Minnesota Minneapolis, 503 p. https://conservancy.umn.edu/handle/

11299/220293
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Severson, M.J., and Heine, J.J., 2012, An Addendum to: Geology and Sulfide Content of Archean Rocks
Along Two Proposed Highway 169 Relocations to the North of Sixmile Lake, St. Louis County,
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Research Institute, University of Minnesota Duluth, Technical Report NRRI/TR-2012-20, 83 p. https://
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Severson, M.J., Hauck, S.A., Heine, J., and Fosnacht, D.R., 2012, Generalized Mineral Potential of the
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handle/11299/187095
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Spector, A., and Lawler, T., 1995, Application of Aeromagnetic Data to Mineral Potential Evaluation in
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Orogenic

Metamorphic dewatering of sulfidic volcanic and/or sulfidic, carbonaceous and/or calcareous siliciclastic
sequences during exhumation with Fluid flow along dilatant Structures. Iron minerals in host Rocks are
often sulfidized. Volcanic host Rocks often contain VMS Deposits.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Gold Au, Ag W, Te, As, Sb
Antimony Sb, Au, Ag Sb
Mercury Hg, Sb Sb
Graphite graphite (lump) graphite (lump)
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Beltrami-Roseau-Lake of the Woods Counties in Northern Minnesota: Natural Resources Research
Institute, University of Minnesota Duluth, Report of Investigations NRRI/RI-2012/02, 87 p.
https://conservancy.umn.edu/handle/11299/193646

Severson, M.J., Zanko, L.M., Hauck, S.A., and Oreskovich, J.A., 2003, Geology and SEDEX Potential of
Early Proterozoic Rocks, East-Central Minnesota: Natural Resources Research Institute, University of
Minnesota Duluth, Technical Report NRRI/TR-2003/35, 160 p. https://conservancy.umn.edu/handle/

11299/187136

Sims, P.K., and Day, W.C., 1992, A Regional Structural Model for Gold Mineralization in the Southern
Part of the Archean Superior Province, United States: U.S. Geological Survey, Bulletin 1904, 19 p.
https://doi.org/10.3133/b1904M

Sims, P.K, and Mudrey, M.G., Jr., 1978, Geologic Map of the Shagawa Lake Quadrangle, St. Louis County,
Minnesota: U.S. Geological Survey, Map GQ-1423, scale 1:24,000. https://pubs.usgs.gov/gq/1423/

report.pdf

Sims, P.K., and Southwick, D.L. (compilers), 1985, Geologic Map of Archean Rocks, Western Vermilion
District, Northern Minnesota: U.S. Geological Survey, Miscellaneous Investigations Series, Map 1-1527,
scale 1:48,000. https://doi.org/10.3133/i1527

Southwick, D.L., Boerboom, T.J., and Jirsa, M.A., 1998, Geologic Setting and Descriptive Geochemistry of
Archean Supracrustal and Hypabyssal Rocks, Soudan-Bigfork Area, Northern Minnesota: Implications for
Metallic Mineral Exploration: Minnesota Geological Survey, Report of Investigations 51, 69 p.
https://conservancy.umn.edu/handle/11299/96718

Southwick, D.L., Hudleston, P.J., Bauer, R.L., and Ulland, W., 1989, Archean Gold Occurrences and Their
Structural Settings: Western and Central Vermilion District: /n Holst, T.B. (ed.): Proceedings, Institute on
Lake Superior Geology, 35th Annual Meeting, Duluth, Part 2, Field Trip Guidebook, p. D1-D24.
http://flash.lakeheadu.ca/~pnhollin/ILSGVolumes/ILSG 35 1989 pt2 Duluth.CV.pdf

Southwick. D.L., and Sims, P.K., 1970, The Vermilion Granitic Complex — A New Name for Old Rocks in
Northern Minnesota: U.S. Geological Survey, Professional Paper 1124A, p. A1-A11. https://doi.org/
10.3133/pp1124A

Southwick, D.L., Welsh, J.L., Englebert, J.A., and Hauck, S.A., 1991, Bedrock Geochemistry of Archean
Rocks in Northern Minnesota: Natural Resources Research Institute, University of Minnesota Duluth,
Technical Report NRRI/TR-1991-12, 206 p. https://conservancy.umn.edu/handle/11299/188516

Stenlund, M., 1988, Ghost Mines of the Ely Area (1882-1925): Published by the Ely-Winton Historical
Society, Ely, MN, 44 p.
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Tabor, J.R., and Hudleston, P.J., 1991, Deformation at an Archean Subprovince Boundary, Northern
Minnesota: Canadian Journal of Earth Sciences, v. 28, p. 292-307. https://doi.org/10.1139/e91-028

Ulland, W., 1999, History of an Under-Explored Greenstone Belt: Minnesota Exploration Conference
1999 (Fortune Bay Resort) — Proceedings: Prospects in the Western Vermilion District, p. 8-9.

Vadis, M.K., and Meineke, D.G., 1979, Chemical Analysis of Samples from the McComber Mine, St. Louis
County, Minnesota: Minnesota Department of Natural Resources, Division of Lands and Minerals, Map
151.

Valli, F., Guillot, S., and Hattori, K.H., 2004, Source and Tectono-Metamorphic Evolution of Mafic and
Pelitic Metasedimentary Rocks from the Central Quetico Metasedimentary Belt, Archean Superior
Province of Canada: Precambrian Research, v. 132, p. 155-177.

Walker, D.A., 1974, Lake Vermilion Gold Rush: Minnesota Historical Society Press, p. 42-54.
http://collections.mnhs.org/MNHistoryMagazine/articles/44/v44i02p042-054.pdf.

Winchell, N.H., 1884, The Geology of Rice County, Geology of Minnesota, 1872-1882: The Geological and
Natural History Survey of Minnesota, v. 1, p. 648-673.

Winchell, N.H., 1888, The Geology of Carver, Chisago, Dakota, Goodhue, Hennepin, Kanabec, Mille Lacs,
Pine, Ramsey, Wabasha, and Washington Counties, Geology of Minnesota, 1885-1888: The Geological
and Natural History Survey of Minnesota, v. 2, p. 436.

Yeomans, B.W., 1984, The Geology and Economic Petrology of the Archean Newton Lake Formation,
Boulder Bay Area, St. Louis County, Minnesota: Unpublished M.S. thesis, University of Minnesota
Duluth, 133 p.

Zanko, L.M., 1988, The Impact of State and Provincial Tax and Royalty Policies on Non-Ferrous Mining
Ventures: A Comparative Economic Analysis: Natural Resources Research Institute Technical Report
NRRI/GMIN-TR-88/07, 119 p., https://conservancy.umn.edu/handle/11299/188492).

Zanko, L.M., 2002, A Comparative Economic Analysis of the Impact of Taxes and Royalties on Potential
Non-Ferrous Mining Projects: Minnesota’s Rank — Nationally and Internationally — at the Start of the 21
Century (Interim Report): Natural Resources Research Institute Technical Report NRRI/TR-2002/15, 13 p.
https://conservancy.umn.edu/handle/11299/187130

Zanko, L., Gokee, A., Dewey, B., Hauck, S., and Pastor, J., 1991, Geostatistical and GIS Evaluation of
Biochemical and Ecological Data from Three Mineralized Sites (Au and Cu-Ni-PGE), Northeastern
Minnesota: Implications for Mineral Exploration in a Boreal Forest: In Chan, L.S. (ed.): Proceedings,
Institute on Lake Superior Geology, 37th Annual Meeting, Eau Claire, Part 1, Abstracts, p. 103-104.
http://flash.lakeheadu.ca/~pnhollin/ILSGVolumes/ILSG 37 1991 pt2 Eau Claire.CV.pdf.

Zanko, L.M., and Peterman, J., 2007, A Comparative Economic Analysis of the Impact of Taxes and
Royalties on Potential Non-Ferrous Mining Projects: Minnesota’s Rank — Nationally and Internationally —
at the Start of the 21° Century (Part |): Natural Resources Research Institute Technical Report NRRI/TR-
2007/26, 31 p. https://conservancy.umn.edu/handle/11299/187158
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Coeur d’Alene Type

Metamorphic dewatering of moderately oxidized siliciclastic sequences during exhumation with Fluid
flow along dilatant Structures. Sedimentary host Rocks may contain basin brine path Pb-Zn and Cu+Co
Deposits.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Polymetallic Sulfide Ag, Pb, Zn, Cu Sb, Co, Ge, Ga, In
Antimony Sb Sb

No identified references in Minnesota.

Metamorphic

Metamorphism of Rocks containing organic carbon or REE phosphate minerals.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Graphite (coal or carbonaceous  graphite (amorphous and flake)  graphite (amorphous and flake)
sed)

Gneiss REE (monazite, Th, U, REE, Y REE, U
xenotime)

Bedrosian, P., 2015, From Archean to Present — Structure and Evolution of the North American Mid-
Continent through the Lens of EarthScope Magnetotelluric Data: Abstract RT14A-04, American
Geophysical Union Fall Meeting 2015. https://ui.adsabs.harvard.edu/abs/2015AGUFM.T14A..04B/
abstract

Machamer, J.F., 1964, Geology and Origin of the Iron Ore Deposits of the Zenith Mine, Ely, Minnesota:
Unpublished Ph.D. Dissertation, The Pennsylvania State University, 132 p. https://www.proquest.com/
openview/17fe3268a5e3a8800b1724162de1f795/1?pg-origsite=gscholar&cbl=187508&diss=y

Machamer, J.F., 1968, Geology and Origin of the Iron Ore Deposits of the Zenith Mine, Vermilion District,
Minnesota: Minnesota Geological Survey Special Publication SP-2, 56 p. https://conservancy.umn.edu/
bitstream/handle/11299/59919/mgs-373.pdf?sequence=4

McSwiggen, P.L., and Morey, G.B., 1989, Geology and Geochemical Attributes of Graphitic Rocks in East-
Central Minnesota, in Graphite in Early Proterozoic Rocks of East-Central Minnesota: Minnesota
Geological Survey, Information Circular 28, p. 1-58. https://conservancy.umn.edu/handle/11299/59342

Wunderman, R.L., Wannamaker, P.E., and Young, C.T., 2018, Architecture of the Hidden Penokean
Terrane Suture and Midcontinent Rift System Overprint in Eastern Minnesota and Western Wisconsin
from Magnetotelluric Profiling: Lithosphere, v. 10, no. 2, p. 291-300. https://doi.org/10/1130/L716.1

Raic, S., Mogessie, A., Krenn, K., Hauzenberger, C.A., and Tropper, P., 2018, Deciphering Magmatic and
Metasomatic Processes Recorded by Fluid Inclusions and Apatite within the Cu-Ni+PGE Sulfide
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Mineralized Bathtub Intrusion of the Duluth Complex, USA: Journal of Petrology, v. 59, No. 6, p. 1167-
1192. https://doi.org/10.1093/Petrology/egy059

Samalens, N., Barnes, S.-J., and Sawyer, E.W., 2017, The Role of Black Shales as a Source of Sulfur and
Semimetals in Magmatic Nickel-Copper Deposits: Example from the Partridge River Intrusion, Duluth
Complex, Minnesota, USA: Ore Geology Reviews, v. 81, Part 1, p. 173-187. https://doi.org/10.1016/
j.oregeorev.2016.09.030

Thomson, A., 2015, A Hydrothermal Model for Metasomatism of Neoarchean Algoma-Type Banded Iron
Formation to Massive Hematite Ore at the Soudan Mine, NE Minnesota: Unpublished M. S. Thesis,
University of Minnesota Duluth, 59 p. https://conservancy.umn.edu/handle/11299/170840

Porphyry Cu-Mo-Au

Porphyry copper Systems operate in oceanic and continental Magmatic arcs with calc-alkaline
compositions. Aqueous supercritical Fluids exsolved from felsic plutons and the apices of subvolcanic
stocks form a variety of Deposit types as they move upward and outward, split into liquid and vapor,
react with Country Rocks, and mix with ground water. The broad spectrum of Deposit types results from
the large thermal and chemical gradients in these Systems.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Pegmatite? Li, Cs, Ta Li, Cs, Ta, Nb, Be
Greisen Mo, W, Sn W, Sn
S-R-V Tungsten W W, Bi, Mn
Porphyry/Skarn Molybdenum Mo, W, Sn W, Re, Bi
Porphyry/Skarn Copper Cu, Ag, Au, Mo PGE, Te, Re, Bi, U
Skarn Iron Fe, Cu Ge
Polymetallic Sulfide S-R-V-IS Cu, Zn, Pb, Ag, Au Mn, Ge, Ga, In, Bi, Sb, As, W, Te
Distal Disseminated Ag-Au Ag, Au Sb, As
High sulfidation Au-Ag Cu, Ag, Au As, Sb, Te, Bi, Sn, Ga
Lithocap Alunite Al, K2504 Al, K2504, Ga
Lithocap Kaolinite kaolin Ga

Morey, G.B., 1978, Lower and Middle Precambrian Stratigraphic Nomenclature for East-Central
Minnesota: Minnesota Geological Survey Report of Investigations 21, 52 p. https://conservancy.umn.
edu/handle/11299/60441

Mykris, M., 1996, The Relationship Between Gold and Sulfide Mineralization in Quartz Veins of the Felsic
Porphyry, Virginia Horn Area, Northeastern Minnesota: Unpublished B.A. thesis, Gustavus Adolphus
College, 26 p. https://gustavus.edu/Geology/documents/MykrisM 96.pdf

Sutton, T.C., 1963, Geology of the Virginia Horn Area: Unpublished M.S. thesis, University of Minnesota
Minneapolis.
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Welsh, J.L., Englebert, J.A., and Hauck, S.A., 1991, General Geology, Structure, and Geochemistry of
Archean Rocks in the Virginia Horn Area, Northeastern Minnesota: In Englebert, J.A., and Hauck, S.A.
(eds.), Bedrock Geochemistry of Archean Rocks in Northern Minnesota: Natural Resources Research
Institute, University of Minnesota Duluth, Technical Report NRRI/TR-91/12, 137 p. https://conservancy.
umn.edu/handle/11299/188516

Woysky, M.S., 1949, Intrusives of Central Minnesota: Bulletin of the Geological Society of America, v. 60,
p. 999-1016. https://doi.org/10.1130/0016-7606(1949)60[999:/0CM]2.0.CO;2

Alkalic Porphyry

Alkalic porphyry Systems form in oceanic and continental Magmatic arcs and in continental Rifts by
similar Processes from Fluids exsolved from more fractionated alkalic plutons and stocks. Resulting ore
Deposits tend to be more enriched in Au, Te, Bi, and V.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Pegmatite? ?
Greisen Mo, Bi Bi
Porphyry/Skarn Cu-Au Cu, Mo, Au PGE, Te, Bi
Polymetallic Sulfide S-R-V-IS Au, Ag, Pb, Zn, Cu Ge, Ga, In, Bi, Te
Distal Disseminated Ag-Au Ag, Au Sb, As
High Sulfidation Cu, Ag, Au Te, Bi, As, Sb
Low Sulfidation Au Te, Bi, V, F
Lithocap Alunite? Al, K2S504 Al, K2504, Ga
Lithocap Kaolinite? kaolin Ga

Dicken, C., 2020, GIS for Focus Areas of Potential Domestic Resources of 11 Critical Minerals—
Aluminum, Cobalt, Graphite, Lithium, Niobium, Platinum Group Elements, Rare Earth Elements,
Tantalum, Tin, Titanium, and Tungsten (version 2.0, August 2020): USGS, Mineral Resources, Online
Spatial Data, Earth MRI. https://mrdata.usgs.gov/earthmri/focus-Areas/metadata/FocusAreas Phase2

v2.fag.html

Porphyry Sn

Porphyry Sn Systems form in back arc Settings by similar Processes from Fluids exsolved from more
crustally contaminated S-type plutons and stocks. Resulting ore Deposits tend to be Cu and Mo poor and
enriched in Li, Sn, Ag, In and Sb.
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Deposit Types Principal Commodities Critical Minerals/Potential CMs
Pegmatite (LCT) Li-Cs-Ta Li, Cs, Ta, Nb, Be
Greisen Sn, W Sn, W
Porphyry/Skarn Tin Sn, W Sn, W
Polymetallic Sulfide S-R-V-IS Cu, Zn, Pb, Ag, Au Mn, Ge, Ga, In, Bi, Sb, As
Distal Disseminated Ag-Au Ag, Au Sb, As
High Sulfidation Cu, Ag, Au Sb, As, Te, Bi
Lithocap Alunite Al, K2504 Al, K2504, Ga
Lithocap Kaolinite kaolin Ga

Dicken, C., 2020, GIS for Focus Areas of Potential Domestic Resources of 11 Critical Minerals—
Aluminum, Cobalt, Graphite, Lithium, Niobium, Platinum Group Elements, Rare Earth Elements,
Tantalum, Tin, Titanium, and Tungsten (version 2.0, August 2020): USGS, Mineral Resources, Online
Spatial Data, Earth MRI. https://mrdata.usgs.gov/earthmri/focus-Areas/metadata/FocusAreas Phase2

v2.fag.html

Reduced Intrusion-Related

Reduced Intrusion-related Systems form in continental Magmatic arcs by similar Processes from Fluids
exsolved from calc-alkaline plutons and stocks that assimilated carbonaceous pyritic Country Rocks.
Resulting ore Deposits tend to be poor in Cu, Mo, Sn and enriched in W, Au, Ag, Te, Bi, Sb and As.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Gold Au, Ag Te, Bi, Sb, As
Cu-Mo-W Skarn W, Mo, Cu, Au, Ag W, Te, Bi, Re
Polymetallic Sulfide S-R-V-IS Au, Ag, Pb, Zn, Cu Mn, Ge, Ga, In, Bi, Sb, As
Distal Disseminated Ag-Au Ag, Au Te, Bi, Sb, As
Intermediate Sulfidation Au, Ag, Pb, Zn, Cu Mn, Ge, Ga, In, Bi, Sb, As
Graphite graphite (lump) graphite (lump)

Dicken, C., 2020, GIS for focus Areas of potential domestic resources of 11 Critical Minerals—Aluminum,
Cobalt, Graphite, Lithium, Niobium, Platinum Group Elements, Rare Earth Elements, Tantalum, Tin,
Titanium, and tungsten (version 2.0, August 2020): USGS, Mineral Resources, Online Spatial Data, Earth
MRI. https://mrdata.usgs.gov/earthmri/focus-Areas/metadata/FocusAreas Phase2 v2.fag.html

Carlin-Type

Carlin-type Systems occur in continental Magmatic arcs but are remote from subjacent stocks and
plutons. Consequently, ore Fluids consist largely of meteoric water with volatiles discharged from deep
Intrusions that scavenged Elements from carbonaceous pyritic sedimentary Rocks as it convected
through them. Gold ore containing disseminated pyrite formed where acidic reduced Fluids dissolve
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carbonate and sulfidize Fe-bearing minerals in Country Rocks. As, Hg, Tl minerals precipitated by cooling.
Stibnite precipitated with quartz by cooling from Au, As, Hg, Tl depleted Fluids.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Gold Au, Ag, Hg As, Sb
Antimony Sb Sb
As-TI-Hg As, Tl, Hg As

No identified references in Minnesota.

Climax-Type

Climax-type Systems occur in continental Rifts with hydrous bimodal magmatism. Aqueous supercritical
Fluids exsolved from A-type topaz rhyolite plutons and the apices of subvolcanic stocks form a variety of
Deposit types as they move upward and outward, split into liquid and vapor, react with Country Rocks,
and mix with ground water. The broad spectrum of Deposit types results from the large thermal and
chemical gradients in these Systems.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Pegmatite (NYF) Nb, Y, F, Be Nb, Ta, Be
Greisen Mo, W, Sn W, Sn, Bi
Porphyry Molybdenum Mo, W, Sn W, Sn, Re
Mo Skarn Mo, W, Sn W, Sn
Polymetallic Sulfide S-R-V-IS Cu, Zn, Pb, Ag, Au Mn, Ge, Ga, In, Bi, Sb, As
Distal Disseminated Ag-Au Ag, Au Sb, As
Lithocap alunite Al, K2S04 Al, K2504, Ga
Lithocap kaolinite Kaolin Ga
Fluorspar Fluorite Fluorite
Volcanogenic Berylium Be, U Be, U, Li
Volcanogenic Uranium U U, Li, Be

Dicken, C., 2020, GIS for Focus Areas of Potential Domestic Resources of 11 Critical Minerals—
Aluminum, Cobalt, Graphite, Lithium, Niobium, Platinum Group Elements, Rare Earth Elements,
Tantalum, Tin, Titanium, and Tungsten (version 2.0, August 2020): USGS, Mineral Resources, Online
Spatial Data, Earth MRI. https://mrdata.usgs.gov/earthmri/focus-Areas/metadata/FocusAreas
Phase2 v2.fag.html

I0A-10CG

IOA-IOCG Systems form in both subduction- and Rift-related Magmatic provinces. IOA Deposits form as
hot brine discharged from subvolcanic Mafic to intermediate composition Intrusions reacts with cool
Country Rocks. Albitite uranium Deposits from at deeper levels where brines albitize Country Rocks.
IOCG Deposits form on the roof or periphery of IOA Mineralization at lower temperatures, often with

Natural Resources Research Institute

Innovative Research « Minnesota Value » Global Relevance


https://mrdata.usgs.gov/earthmri/focus-areas/metadata/FocusAreas_Phase2_v2.faq.html
https://mrdata.usgs.gov/earthmri/focus-areas/metadata/FocusAreas_Phase2_v2.faq.html

NRRI/TSR-2022/07 — Hudak
A Bibliography of Published Research in MN Related to the State’s Mineral Potential 35

involvement of external Fluids. Polymetallic skarn, replacement and vein Deposits occur out board from
IOCG Deposits. Mn replacement and lacustrine Fe Deposits form near or at the paleosurface.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Albitite Uranium u u
Iron Oxide Apatite (I0A) Fe REE
Iron Oxide Copper Gold (I0CG) Cu, Au, U, Co, Se U, Co
Skarn Fe Fe, P REE, Ge
Polymetallic S-R-V Ni, Co, Mo, Cu, Zn, Pb, Ag, Au Co, Re, Ge, Ga, In, Bi, Sb, As
Replacement Mn Mn Mn, Co
Lacustrine Iron Fe

Hauck, S.A., Heine, J.J., Severson, M.J., Post, S.P., Chlebecek, S., Monson Geerts, S.D., Oreskovich, J.A.,
Gordee, S.M., and Hudak, G., 2014, Geological and Geochemical Reconnaissance for Rare Earth Element
Mineralization in Minnesota: Natural Resources Research Institute, University of Minnesota Duluth,
Technical Report NRRI/TR-2014/39, 572 p. https://conservancy.umn.edu/handle/11299/187176

Jirsa, M.A., Boerboom, T.J., Chandler, V.W., Mossler, J.H., Runkel, A.C., and Setterholm, D.R., 2011,
Geologic Map of Minnesota Bedrock Geology: Minnesota Geological Survey, State Map Series S-21, scale
1:500,000. https://conservancy.umn.edu/handle/11299/101466

Magmatic REE

Mineralization associated with basic (e.g. Gabbro) or ultrabasic (e.g. pyroxenite, Troctolite, Anorthosite)
plutonic or intrusive Igneous Rocks, often in large Igneous provinces Related to mantle plumes or
meteorite impact. Nickel-copper stratiform ores result from settling and accumulation of immiscible
Sulfide liquids in basic layered Intrusions and ultramafic flows and also may be important sources of
PGEs. Such ores may also occur as podiform accumulations in plutonic sections of ancient obduction-
related or Rift-related ophiolites.

Deposit Types Principal Commodities Critical Minerals/Potential CMs
Peralkaline REE, Y, Zr, Hf, Nb, Ta, Be, U, Th, REE, Zr, Hf, Nb, Ta, Be, U
syenite/granite/rhyolite + Cu
alaskite/pegmatites
Carbonatite REE, P, Y, Nb, Ba, Sr, U, Th, Cu REE, Nb, Sc, U, Sr, Ba, P, Cu, Zr,

magnetite, vermiculite
Phosphate REE, P

Arth, J.G., and Barker, F., 1976, Rare-Earth Partitioning Between Hornblende and Dacitic Liquid and
Implications for the Genesis of Trondhjemitic-Tonalitic Magmas: Geology, v. 4, no. 9, p. 534-536. https://
doi.org/10.1130/0091-7613(1976)4%3C534:RPBHAD%3E2.0.CO;2
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Arth, J.G., and Hanson, G.N., 1975, Geochemistry and Origin of the Early Precambrian Crust of
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Mafic Magmatic

Mineralization associated with basic (e.g. Gabbro) or ultrabasic (e.g. pyroxenite, Troctolite, Anorthosite)
plutonic or intrusive Igneous Rocks, often in large Igneous provinces Related to mantle plumes or
meteorite impact. Nickel-copper stratiform ores result from settling and accumulation of immiscible
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Deposit Types Principal Commodities Critical Minerals/Potential CMs
Chromite Cr Cr
Sulfide Ni, Co, Cu, PGE, Ag, Au, Se, Te Co, PGE, Te
PGE PGE PGE
Fe-Ti Fe, Ti,V, P Ti, V, REE
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