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Natural Resources

If you cannot grow ¥ 3
_then you have to mine.if .




Water, Wind, and Tides Convection of the atmosphere

roduces winds that drive
fret e _

Underground Energy

Miners extract uranium, that
first rose into the crust with
FIsSing:magma.

The hydrologic cycle carries-
land. Water flows bac

I-lea p;'c;l:luced by
fission in nuclear
_reactors drives

;:;E?.;?r?

| to power plants,

electricity to cit

Forming and F n --i!'l_ nd factorieﬁ.

Byprnd of energy use
rm the environment

Plankton, algae, and clay sett
to the floor of quiet waterin
lake or sea. Eventually, the organic
sediment becomes buried deeply :
and becomes a source Tectonic proces
rock. Chemical reactions o traps. Oil e :
yield oil, which percolates  reservoir rock within the trap;

upward. a seal rock keeps the oil

underground,

Hydrocarbons provide fuel for
modern modes of transportation.
Tankers or pipelines transport crude oil to

refineries. Refiners crack the oil and

produce a variety of fuels and chemicals.

Exploration for oil utilizes seismic-
reflection profiling, which can
reveal the configuration

of layers underground.



Mining and processing ore has environmental
consequences, including acid runoff, acnd ram,.
and groundwater contamination.j .

Ore deposits can be obtaing = ey SRS . Geologic materials are
i ' : g ' the substance from which
cities grow.

sand, and wate
to harden )

: % e : ' ! " e . In quarries, operators dig up gypsum, crush
to form ore deposits. e - an . { i {__@E_?}" it to powder, and ship it to factories.

wrapped in paper, gypsum makes drywall.

~ saline lakes evaporate. It grows as white

j ~ - _.Gypsum is a salt that precipitates when
- or clear crystals.

Gravel itself may be quarried

for construction purposes. -
purp Quarrlas axtratt limestone, some uf \\"l‘llth

becomes hmldmg stone and some crushed

M ud, a mixture of Ihy inarals
and water, acumulates in beds.

Ore minerals may collect on the
bottom of a magma chamber.

Hydrothermal vents (black From Mud to Brick
smokers) produce accumulations
of massive sulfides.

Over millions of years, shells and shell From Lake Bed to Drywall
fragments collect and eventually form
beds of limestone.

ners pan for gold in placer
jeposits where metal flakes

ga sms extract ions from water
and construct shells.
From Sea Floor to Sidewalk

From Magma t Metal %
From Stream Channal to Roadbed
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Nonmetallic resources Metallic resources
360 kg 550 kg
Cement Iron and steel
. 25kg
220 kg Aluminum
Clay _ 10kg
Copper
200 kg 6 k
: Salt i Leagd
. .' i '_ ; A .... g 5 kg
%= ._‘_; _r_‘..: ay 140 kg Zinc
* bl '-': e / Phosphate rock  6kg
7 Manganese
480 kg 9 kg
Other nonmetals " Other metals
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Metal

Copper

Iron

Tin

Lead
Mercury
Zinc

Aluminum
Chrome
Nickel

Titanium

Tungsten

Molybdenum

Magnesium

Manganese

Chalcocite
Chalcopyrite
Bornite
Azurite
Malachite
Hematite
Magnetite
Cassiterite
Galena
Cinnabar
Sphalerite
Kaolinite
Corundum
Chromite
Pentlandite
Rutile
limenite
Sheelite
Molybdenite
Magnesite
Dolomite
Pyrolusite
Rhodochrosite

Chemical Formula

Cu,S

CuFes,
CuFeS,
Cu,(CO,),(0OH),
Cu,(CO,)(OH),
Fe, O,

Fe O,

SnoO,

PbS

Hgs

Zns
Al_Si, 0 (OH),
ALO,
(Fe,Mg)(Cr,Al,Fe)20,
(Ni,Fe) S,
Tio,

FeTiO,
Cawo,

MosS,

MgCO,
CaMg(CO;),
MnO,

MnCO,




Metal World Resources U.S. Resources

Iron 120 40
Aluminum 330 2
Copper 65 40
Lead 20 40
Zinc 30 25
Gold 30 20
Platinum 45 1
Nickel 75 less than 1
Cobalt 50 less than 1
Manganese 70 0

Chromium 75 0




Top 10 Standard Materials

N a t'i O n a l S e C u r'i ty Used by Department of Defense e

Demand in STONSYR

, o ALUMINUM METAL 775,219.8 !
“RELIABLE ACCESS TO CRITICAL MINERALS IS A MATTER OF BOTH ' o COPPER 105.625.8 !
ECONOMIC AND GEOSTRATEGIC IMPORTAMCE TO THE UNITED STATES.
ALTHOUGH CONCERN ABOUT ACCESS TO MINERALS WAXES AND WANES, e LEAD BB,L64.8 |
ITIS RISING NOW DUE TO INCREASING DEMAND, NEW COMPETITORS e |
CAPTURING LARGE MARKET SHARES AMD OTHER TRENDS THAT DEFY o FLUORSPAR ACID GRADE 56 544.5 |
EASY PREDICTIONM. THESE SAME TRENDS CAM INTERFERE WITH FOREIGN : |
AND DEFENSE POLICY GOALS AMD GIVE MINERAL SUPPLIERS EASY : e ZINC 51 0855
LEVERAGE OWER THE UMITED STATES AND OTHER COUNTRIES RELIANT i ) |
R ' @) RUBBERNATURAL) 29,490.3

| 3 % |
PHEELTINE EON TR @€ MANGANESE ORE CHEM/METAL GRADE 75,041.8 |
FORMER FELLOW l
CENTER FOR A NEW AMERICAN SECURITY | i

- @ NickEL 17,311.8 |

| i

|

. o CHROMIUM FERRO [FERROCHROMIUM] 9,667.8 |

|

€D CHROMITE ORE (ALL GRADES) 9,630.5 i

Source: “Reconfiguration of the National Defense Stockpile Report to Congress,” ULS. Department of Defensa, April 2000,

Nearly 750,000

= Tons

of Minerals Annually

Rhaniwm Lanthanum Aluminum Manganessa
Mickel Gadolinium Coppear Molybdenwm
¥itriven
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Heavy-ore
concentrate i
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Water infiltrates
into the ground.
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I-.lyclrothermal curculatloh
.--{arrows indicate flowing water)




Vein in
country rock

Disseminated ore Vein in intrusion Vein ore



Blocks of
ore fall down
and break up.

S el

Grains are sorted
by river current.




Homestake
Gold Mine
Lead

S. Dakota
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Map of Mid-continent Rift
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Dominant Rock Type
” ILLINOIS INDIANA
Mudstone MISSOURI
Limestone 0 100 200Km
Sandstone (I, : Jml 260 Mi
- Gabbro and basalt
Quartzite « ~2500 km long and 150-200 km wide

- Slate
- Iron formation

Granite

Schist
Gneiss and schist




Minnesota's 1.1 billion year old
Duluth Complex

1.1 Billion year old
Duluth Complex

Deposition of great quantities
of metal in igneous intrusions
derived from melting the
Earth’s Mantle.

PRECAMBRIAN ROCK MAP UNITS

Middle
Proterozoic

&
R
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@
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a

Cu-Ni-PGE

Archean

Granitic gneiss, amphibolite and
other high-grade metamorphic rocks

I Archean

Paleozoic &
etaceous Rocks

[




Minnesota Minerals

Copper-Nickel

S, W ——

Miles
I I N 2SS 1

01020 40 60 80 100

|| Deposits <0.6 Billion Years Old
| | Deposits ~1.1 Billion Years Old
|| Deposits ~1.8 Billion Years Old

|| Deposits >2.5 Billion Years Old
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Description of map units

Midcontinent Rift
~1.1 Ga volcanic, intrusive, and
48N ~ | sedimentary rocks

Yavapai Province

1.8 - 1.72 Ga rhyolite, granite, gneiss

Craton Margin Domain
Yavapai and Penokean bains - 2.3 - 1.77 Ga

Paleoproterozoic sedimentary and volcanic rocks

Gneiss dome corridor, affected by
Yavapai deformation

Area of Penokean deformation

Wisconsin Magmatic Terranes

Pembine-Wausau Terrane - Penokean
volcanic rocks and coeval granitoid

Marshfield Terrane - Archean gneiss with
infolded Penokean volcanic rocks and coeval
granitoid intrusions

Archean Craton

~3.5 - 2.6 Ga greenstone, granitoid rocks, gneiss

* Locations of Yavapai igneous
crystallization ages

200 Kilometers

=40°N

9w 90w 8w (Compiled by T. Boerboom and the NICE Geo-group, 2006)



One of Chad’s Favorite MN Rocks
Q1 - Name it, then discuss how does it formed?
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The right side of the chart
shows the percentages of
different minerals in the

different rock types.

Proportions of
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Lake Superior Agates
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Anorthosite

plagioclase feldspar (90

-100%

50%

40%

High densi
(3.4 g/cm

Intermediate

Ultramafic

Andesite

Basalt

Komatiite
(Picrite)

Diorite

Gabbro

Peridotite

\
Amphibole

Pyroxene
(Augite)

Olivine

The right side of the
shows the percentages
different minerals in the
different rock types.

Rhyolite

Basalt









Taconite
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https://project.geo.msu.edu/geogmich/iron _ore taconite.ntml

FIGURE 2. - Projected lron Ore Troffic Flow, 1995. Million net tons.



https://project.geo.msu.edu/geogmich/iron_ore__taconite.html
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- Ray Anderson & Ryan Clark

Iowa Geological Survey



Geology of the Precambrian Surface of Iowa
and surrounding area ...t Towa LEGEND

{ages given in millions of years - Ma)

Raymond R. Anderson - 1999 Plutonic Comp|ex PROTEROZOIC (2500 - 630 Ma)

GREMYILLE INTERYAL (1350-1000 Ma)

[JimMks] Kewssnzwan Clastic Sedimentary Rocks
[JiMkur) Kewsenawan Upper Red Clastic Group
|:|[Mklr] Keweenawan Lower Red Clastic Group

[ (Mkw] Keweenawan Yolsanic f Flutonic Rocks
[T (Mkt] Hewsenawan Thor Yolcanic Group

SOUTHERM GRANITE fFRHYO. INTERYAL (1380 - 1310 Ma)
[ (MP2) Granitic plutons
EASTERM GRANITE FRHYOL. INTERWAL (13500 -1430 Ma)
[ Mar) Rhyolite and granitic plutons
[iMp) Granitic plutons
[EiMaq) Quimby granite (1433 + € Ma)
[imai) Green lsland Plutanic Group (1485 £ 10 Ma]
I (Msn] Spencer Horite
[ (M=) Spencer Granita (13722 7 Ma)
BARABOO INTERYAL (1620 -1500 Ma)
[JiEq) quartzite dominated
[1(Ebq) Baraboo Quartzite
[1(E=q) Sioux Quartzite
[J(Ecrg) Cedsr Rspids Quartzite
[J(Ewqg) washington County Quartzite

MAZATZAL INTERYAL (1650-1620 M a)
[ (EF3] Granitic plutons dominart
[ iEgn3] Gneiss dominart

CEMTRAL PLAINSG INTERAL (1800-1700 Ma)
[ (EanZ] Greis=s and granits dominant

FEMOKEAN INTERWAL (2100-1500 Ma)
Penokean Oragenic Belt
[ (Ep] Fost-orogenic granitic plutans
[ (Ehk) Hull Keratophyre (1732 £ 4 Ma)
[ (Eh) Harris Granite (1304 £ 17 ka)
[ (Ehw] Hawarden Granite
[ (Ep2) Late-stage granitic plutens
[JiEgn) Oragenic gneizs and granite
[ 1(Ecq) Camp Quest Gneiss (2065 + 10 Ma)
Trans-Hudson Crogenic Belt
[ (Eth) Garite and gneiss dominant

ARCHEAN { >2500 Ma)

[ (#c) Lyon County Gneiss (2523 £ 5 Ma)

[ (~mi] Matlock Banded Iren Formation
[Cifoc) Otter Creek Mafic Complex (2890 + 90 Ma)

[ (#gn) Earlyto Middle Archean
greiss and migmatite terrane

ROCKS OF UNCERTAIM AFFINITIES
[ iteiz) Central lava Aroh Granites
[1(Pe) Osborne Mafic Complax
[1(Pp) Northesst lows Plutonic Complex

[ (MIg) Late Cretaceous (72.8 £ 3 Ma)
Manson Impact Strucuture

- | _ gr known or inferred faults
ITale s ; : N

/ S Froterozoic sutures

key to mapped faulits

'o"./ geophysical trend

W.B.F.Z. Morthern Boundary Falut Zone PR.F.Z. Plum River Fault Zone
Thurman-R edfield Faut Zone D.R.F.Z. Des Moines River Fault Zone
Ferry-Hampton Fault Zone f0FF.Z. 101 Fault Zone

Belle Plaine Fault Zone F.5.2. Fayette Structural Zone —

Hum boldt Fault Zone
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"l Clastic sediments
100 200 Km.

] : l ] Igneous rocks

100 200 M.




Shaded-Relief Total
Magnetic Intensity Anomaly

96°0'0"W S94°00"W S2°0'0"W
NanoTesla

DUIUTh ' High : 30661.777344
| Complex =

:-9982.036133

N E I owa n | ‘ Shaded-relief map of the total magnetic

. t intensity anomaly for the
P l u "’O n [ C W/ north-central United States. Data
: : compiled by David L. Daniels and
Stephen L. Snyder of the U.S.
CO m p [ ex ‘ Geological Survey from various sources.
) Most of Minnesota was flown with a line
{ spacing of 400 meters and an elevation
(above land surface) of 150 meters,
whereas much of Wisconsin was flown
at line spacings of 400-800 meters and
elevations between 150 to 305 meters.
The remaining areas were generally
fiown at flight line spacings of 1600
meters or wider and at elevations of 305
meters or greater. Following gridding,
all data were continued to a common
elevation of 305 meters and merged.
For more detaied descriptions of the
original data sets the reader is referred
to:

South Dakota

41°0'0"N U.S. Geological Survey Crustal Imagin
and Characterization Team Web Site.

Aeromagnetic data in Minnesota were
acquired by the Minnesota Geological
Survey (MGS), with support from the
Legislative Commission on Minnesota
Resources. Aeromagnetic data in
Wisconsin were acquired with support
90°0'0"W from the Wisoonsin Geological and
Natural History Survey and the U. S.
. Geological Survey. Hillshade ilumination
0 260 Kilometers is from the North with an inclination of

————t——— 30 degrees.




MINNESOTA IOWA
Lake Duluth Complex NE Iowa Plutonic Complex
Nipigon o ~

Minnesota

WISCOHSIH | | | | ekt o modified from
Cannon 1992




Midcontinent Rift Legend
| Volcanic Rocks
B Intrusive Rocks
| Sedimentary Rocks

—— Major Fault
— Minor Fault

Sturgeon Lake

Steepreck
*

Duluth Complex Cu-Ni-PGE

Minnesota

& Tamarack

Ontario

Thunder Bay North

i
S s ned G

Wisconsin

Whoonan Magmatk Temane [WMS)

. Eag/l;:\

The Lake Superior Mining District

Ore Deposits
* Fe
= Fe-Mn
= Cu
Cu-Zn-Pb
« Au
= Ni-Cu-PGE

Duluth Complex
* Cu-Ni-PGE
* TiO,
* Ni-Cu-PGE

(rift associated)

[ e

Marathon

Hamika

v Ontario

D
i % |

_ ﬂm’{% —a
Mlchlgan &

- . -*
..,

*. o,

Duluth Complex Cu-Ni-PGE
deposits will add an another
100+ years of production into
perhaps the most important
mining district on the North
American Continent




The Cu-Ni-PGE

~500m Giants Range Granite DepOSitS Of the
| , Duluth Complex

Soruce  Road R—
S Filson Creer ) <

Matun

Beaver Bay Complex a
Miscellaneous Intrusiot

- Mafic rocks

|| Felsic rocks
Logan Sills

Duluth Complex
Gabbroic cumulates | Layered
Troctolitic cumulates | Series
& Cu-Ni-(PGE) deposits

[ Anorthositic Series

[ carly Gabbroic Series

B reisic Series

40 S0 Kilometers 7] North Shore Volcanic Gp




DIVI &2 Duluth Complex Mineral Resources

v MU ' 4 Spruce Road
120 Million Tonmes 529 Million Tonnes

¥ 0,679 Cu, 0.25% Ni 0.43% Cu, 0.15% Ni s 4 Nickel Lake

On the cusp of

LA N developing one of the
Birch Lake ; AR Yo world’s most important

169 Million Tonnes

FENd . T . il new mining districts.

ounka it (PR A 00 Nokomis
2 =l 550 Million Tonnes Indicated
0.639% Cu, 0.200% Ni

ArcHean "Jnlrvg;mem.l e TEr g

910 Million Tonnes ¥ o
0.27% Cu, 0.08% Mi .
Serpentine

sitai kS By 257 Million Tons F A1
1 D A2 oL 1496 274 Million Tonnes Inferred
10.632% Cu, 0.207% Ni
10.685 ppm Pt +Pd * Au

Mesaba
=1 Billion Tons
! 0.43% Cu, 0.09% Ni
5, s plus P1«Pd+Au / 7 !
] | o = . e Precambrian Geologic Map of Minnesota
Wetlegs i a T [ Map Area]
18 Million Tons [surface) fl i ' - i . x
0.57% Cu equivalent 3 . . : e
16 Million Tans (underground) ] T Y - ] b
4 0.94% Cu equivalent o - o b iI s
F il s 2§ - El""“'"""

LT gy
. .-u-..-i—l—.l-"

Titanium Resources
- ~220 Million Tons
R ~ 10% TIO;




Updated TMM December 2012
Resource Estimate

DIVI &

Contained Metals in TMM NI 43-101Resource”

Metal Indicated Inferred

Copper 13.7 Billion Ibs. 11.8 Billion Ibs. $41 billion

Nickel 4.4 Billion Ibs. 4.0 Billion Ibs. $33 billion

Base

Platinum 5.6 Million ozs. 3.5 Million ozs. $8.6 billion

Palladium 12.6 Million ozs. 7.6 Million ozs. $8.8 billion

Gold 3.0 Million ozs. 1.7 Million ozs. $50 billion

Precious

TPM (Pt+Pd+Au) 21.2 Million ozs. 12.8 Million ozs. $96 4 blllion

*Reference: December 4, 2012 Company press release entitled “Duluth Metals Announces an Updated Mineral Resource Estimate Confirming Large Increases to
Twin Metals Contained Metal, Grade and Indicated Tonnage™

* Note — These resource estimates include 100% of the identified material in each deposit, and include mineral resources acquired as a part af TMM's acquisition of Franconia

Minerals Corporation in 2011, Franconia’s principal assets are a 70% interest in the Birch Lake, ‘old” Maturi and Spruce Road depasits in northeastern Minnesota through the
Birch Lake Joint Venture. Francania annaunced in November, 2010 its intention to increase its ownership at the Birch Lake Joint Venture to 82%; see Franconia's company
profile at www SEDAR.com for Technical Reports, TMAM's ownership of the resource will be factored by these percentages where applicable.



> Duluth Metals Ltd. oy

Ni-rich Massive Sulfide
Duluth Complex Exploration Ta rget Types
>PolyMet Mining w2 ' -
>Teck Cominco Ltd.

>Franconia Minerals Corp.

>Encampment Minerals Inc.

"The Duluth Complex is perhaps the world's largest S -J_;____‘__'_:,-_.;__i_.____ g
untapped resource of (Copper nickel and platinum group LR B BT ol
metals) with multibillion tons of geologic resources Sl R
estimated to be worth more than &7 trillion," stated a d ,_ ; R
2007 report by geologists at the Natural Resources Dlssemmated Cu-Ni- PGE

Research Institute of the University of Minnesota Duluth.

Findings reported |
indicate even the

;;;;




Major PGE Deposits and Targets
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BOUGUER GRAVITY ANOMALY MAP OF IOWA
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A GRAVITY STUDY OF THE OSBORNE MAGNETIC ANOLIALY,
CLAYTON COUNTY, IOWA

by
Kendall Lloyd Kittleson

A thesis submitted in partial fulfillment of the
requirements for the Degree of laster of Science
in the Department of Geology
in the Graduate College of
The University of Iowa

May, 1975

Thesis supervisor: Professor Kenneth F. Clark
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Mineral Resource Potential of the Midcontinent Rift
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BT-67 fi
gravity survey instrument
3,333 km = 2,071 mi of flight lines

400 m = % mile flight line EW spacing
3.5 km = 2 ¢ mile flight line NS spacing

100 - 500 feet above the landscape

a
o

Agusta Westland AW119 Koala helicopter that
carried the magnetometer and electromagnetic
surveys
(see VTEM detector suspended below helicopter)

e

me Domain Electromagnetic Surveying
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Preliminary Data from USGS Airborne Gravity Survey
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-92°00' -91°45" Possible Keweenawan (~1.1 Ga) rocks,

N@ * [ largely undeformed

) snwisom

intermediate or silicic intrusive rocks
(strongly magnetized but not dense)

mafic intrusive rocks
(strongly magnetized and dense)

BN N-polarized diabase dike
BEREm R-polarized diabase dike

weakly magnetized rocks of Decorah
complex (possibly 1500-1430 Ma)

gabbro of Decorah complex
(possibly Mesoproterozoic)

43°30'
.0&8?

Yavapai province (1.8-1.72 Ga) rocks,
some presumed
strongly magnetized part of subvertically-
dipping layered intrusion

weakly magnetized part of subvertically
dipping layered intrusion

1760 Ma metagabbro; part of subvertically
dipping layered intrusion

- undifferentiated mafic rocks, spatially related
to layered intrusion

- silicic pluton: S-type granite?

Y undifferentiated Yavapai province rocks:
metavolcanics, plutons, & metasediments
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Eurypterids - Sea Scorpions o b
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How does Galena & Zinc form in Limestone?

 Space is created, through karst hin overburden
processes

« Warm sulfide-rich solutions
migrate upwards and infiltrate the

new space i H '
- Sulfide minerals precipitate out of h
solution and along the edges of ()

these new spaces

* The Mississippi cuts its channel
into the landscape and lowers the

water table Warm Sulfide

« Exposing the sulfide minerals, rich minerals
creating lron sulfide, Lead sulfide,
and Zinc sulfides

Rain CO,

? HCO3 H,0

"Carbonate bedtety
| .



Lead and Zinc Mining 1788-1810

 Spain ruled lowa via the Treaty of Paris (1763) as a
product of the French and Indian War (1756-1763)

 Julien Dubuque became friends with the local
Meskwaki, eventually marrying Potosa and entering
their culture as Little Night.

« Julien, identified the mineral recourses and with the
Meskwaki’s permission began mining

 Julien, requested ownership/confirmation of his land
from the Spain, and it was granted in 1796. ‘The
Mines of Spain’




Maquoketa Formation
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Minerals Make Economic Growth Possible

Jobs and Wages

« Ajob in U.S. metals mining carries an average salary of approximately $85,500 a
year—74 percent higher than the combined average of all private sector jobsi.

e More than 1.3 million U.S. jobs are supported through minerals mining — 433,000
Americans are directly employed and more than 872,000 are indirectly employed.

» For every job in metals mining, an estimated 2.9 additional jobs are generated,
and for every nonmetals mining job, an additional 1.8 jobs are created.
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