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GEOLOGIC MAP OF PRECAMBRIAN BASEMENT ROCKS IN WISCONSIN, MINNESOTA AND IOWA
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Description of map units

Midcontinent Rift

~1.1 Ga volcanic, intrusive, and
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

(from Holm and others, 2007)
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Units of Penokean External Belt
Animikie Group and Marquette Range Supergroup, includes undivided continental
margin rocks at base in Michigan, otherwise is foreland deposit
48°— Mille Lacs Group and North Range Group- Varied sedimentary and volcanic a('\0

rocks, correlation uncertain but probably unconformably beneath Animikie Group o(\‘,e'g){a-_

Archean gneiss and Paleoproterozoic volcanic and sedimentary rocks. Deformed A
and metamorphosed in Penokean orogeny.
Little Falls Formation- argillite, slate, pelitic schist

I:l Archean rocks of Superior Province
= Major Penokean thrust fault, all are north-directed
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Paleozoic sedimentary rocks

Post-Penokean Units
[:l Quartzite of “Baraboo interval” (younger than 1750 Ma)

:I Granitic rocks emplaced 1800-1760 Ma
Units of Penokean Internal Belt

- Gabbro plutons

|:] Late tectonic granite plutons emplaced at about 1835 Ma

- Pembine-Wausau terrane-Syntectonic granite plutons
Pembine-Wausau terrane-Mafic to felsic volcanic rocks and derived

sediments
4 40__ Marshfield terrane-Archean gneisses and Paleoproterozoic volcanic-
intrusive rocks. Deformed and metamorphosed in Penokean orogeny

[ I I |
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(from Schulz and Cannon, 2007)
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4 /olcanic

Pembine-Wausau magmatic  rmiecrow

icks. Deformed
terrane L 48°

e\/olcanic rocks range from
basalt to rhyolite (about >1890
to 1850 Ma)

eGranitoid rocks range from
gabbro and tonalite to post-
tectonic K-feldspar granite
(1890 to 1760 Ma)

eTerrane is bounded on north
by Niagara fault zone and on
south by Eau Pleine shear zone

—46°

eAccreted to the Superior
craton margin about 1880 Ma

e Massive sulfide deposits
formed at about 1875-1870 Ma
(same time as iron formations)

I I I I
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(from Schulz and Cannon, 2007) kilometers g USGS
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Basalt pillow lava
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Faults

K-feldspar
Granite (1.75 Ga)

Granitoids

Graphitic, sulfidic
sedimentary rocks

Dominantly tuffs and
sedimentary rocks

Felsic volcanic tuffs
and lava flows

Intermediate to mafic
lava flows and tuffs

Mafic volcanic and
intrusive complex

Geology of the Pelican - Crandon area

5 miles
! N (after DeMatties, 1990)
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Schematic pre-deformation stratigraphy of the Crandon massive sulfide deposit

n Chert, cherty tuff, tuff
p pn

Rhyolite lava flows

Contorted chert and
argillite

Debris flows and ash flows

Hangingwall felsic tuffs

Massive sulfide

0000000

Stringer mineralization

QA%Q Footwall volcanic breccia

Footwall felsic tuffs

Pillowed basalt
lava flows

modified after Lambe and Rowe, 1987

aUSGS
science fora changingworld




Cross-section 94360E

33200N —
33400N —
33600N —
33800N —

Crandon Massive Sulfide Deposit

61 million tonnes, ave. 1.04%

Cu, 0.48% Pb, 5.56% Zn,
1g/tAu, 45 g/t Ag

— 400m Stratigraphictop p
Hangingwall
(tuffs, chert, and debris flows)
— 200m

Footwall

(tuffs and volcanic breccias)

— 0Sealevel argillite
Felsic tuff
Massive sulfide
— -200m Stringer sulfide

Crandon Unit

Carbonaceous-pyritic

mineralization

Footwall breccia lobes
I, 1land llI

400 800 feet

=

0 100 200 meters

Cross-section 94400E

| | | I
z z s 2
\ Glacial till j
— 400m Stratigraphictop  p
i
|
Hangingwall

— 200m

(tuffs, chert, and debris flows)

Footwall
(tuffs and volcanic breccias)

— 0Sealevel

— -200m

(after Lambe and Rowe, 1987)
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West End, Flambeau Mine

Glacial till

Cambrian sandstone

Saprolite
Saprolite

Quartz
sericite
schist

Footwall chert

Footwall
gold horizon

~1.9 mt;
10.5% Cu,1.6 % Zn,

3.4g/tAu,

69 g/t Ag

0 20
Scale M — Foet
=20

Quartz 1
sericite Looking Northeast

schist . .
Generalized section of

supergene zoning
(after May and Dinkowitz, 1996)

Bornite — CusFeS,
Chalcocite — Cu,S
Chalcopyrite — CuFeS,
Pyrite — FeS,

«USGS

science fora changingworld




Gossan in outcrop

oAl

Gossan in drill core

s

Back Forty Massive Sulfide Deposit

Deposit discovered in 2002 along the east side of the
Menominee River in the Upper Peninsula of Michigan

From Aquila Resources website ) _ ]
Back Forty Generalized Stratigraphic Column

Quartz-feldpar porphyry (QFP) synvolcanic dikes, silis and irregular

intrusions of dacilic to thyo-dacitic composition.

Mafic to intermediate volcanic

and volcaniclastic rocks - Massive rhyolite (Rhyolite 3) strongly sericite altered, aphyric hyolite
with sparse, faint flow banding. Dark (chlorite) alteration ellipsoids common. Locally highly
fractured with thin pyrrhotite stringer stockwork.

Tuffaceous Sediments Variably bedded to laminated tuffaceous and
siliceous, very fine grained sediments. Locally silicified.

Massive sulfide (Tuff Zone, possibly Pinwheel) creater
than 75% pyrite, sphalerite, galena with local concentrations of chalcopyrite.

Chloritic crystal tuff (Rhyolite 2) quartz crystal tuff with dark, chioritic
volcanic and chlorite altered matrix. Weakly foliated

Quartz crystal tuff (Rhyolite 2) massive to moderately foliated
quartz-eye crystal tuff with i and chloritic patches. Locally
silicified.

Rhyolite ash tuff massive to strongly foliated sericitic ash tuff. Thickness
varies from a few cm to several meters. Grades into semimassive sulfide with 30-80%
lensoidal pyrite.

Massive sulfide (Main Zone Hinge, East, South Limb)
Greater than 85% pyrite plus sphalerite with trace chalcopyrite. Locally grades into footwall
sulfide stockwork stringer zone.

Felsic volcanics, tuffs and
tuffaceous sediments intruded
by numerous sills and dikes of
dacitic-rhyodacitic porphyry |

— Quartz crystal tuff (Rhyolite 1) massive to moderately foliated

quartz-eye crystal tuff with i and chloritic ion patches. Locally
silicified.

Argillites and tuffaceou
sediments

| \_/‘\
/&‘\

Mafic to intermediate volcanic

[ Felsic to intermediate granitic rocks
- Mafic to intermediate intrusive rocks g
Tuffaceous sediments
g " | Meta-argillites and tuffaceous sediments
H Rhyolite breccias, pyroclastic rocks and
a

Massive sulfide (Deep Zone) creater than 85% pyrite with local
tuffaceous sediments cut by dacitic to o o

rhyo-dacitic quartz-feldspar porphyrys

and volcaniclastic rocks )/ 1 ; g _ Quartz crystal tuff Massive to moderately foliated quartz-eye crystal it with
/ / L j, Malic, With esser m:"d 'e!stc occasional fragments and chloritic alteration patches. Locally silicified.
i
0 1 2 3 s
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Back Forty Genetic Model (idealized cross sections looking west)

Development of typical Kuroko style/
bimodal felsic VMS pile

R3

R1

Intrusion of QFP dikes, (probable hydrothermal
gold mineralizing event), subsequent faulting

Initial folding, development of major axial planar
faults and zones of weakness

Overburden, glacial sands and tills

B Gossan Rhyolite ash tuff

Massive sulfide

Gold mineralization
Quartz-feldspar porphyry dike Sulfide stringer
Massive rhyolite (R3)

Tuffaceous sediments

Rhyolite crystal tuff (R2)

Rhyolite erystal wff (R1)

Back Forty Massive Sulfide Deposit

As of 2011-17.9 million tonnes (measured
and indicated) with 2.44% Zn, 0.19% Cu,
1.57 g/t Au, 19.60 g/t Ag

Back Forty Project
Wireframe Model
Plan View
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Pinwheel Extension

South Limb

" Pinwheel Zone PM Zone

Pinwheel Gossan

(Au) East Zone
Hing

ﬁ
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Extension /
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From Aquila Resources website
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Approx 100 meters
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Th Composition of

a. rhyolites hosting
ma]or-VMS Cu —Zn — Pb in Massive Sulfide Deposits
deposits
Brunswick
No.6&12 Cu Cu
Bathurst, NB & _ o
Iberian Pyrite belt l Okinawa
/v Trougp
Penokea ZR=
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Type
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Thornapple
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Cu+2Zn +Pb (%)
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Fig. 2.1. Grade and tonnage of volcanogenic massive sulfide deposits. Data are shown
for 1,021 deposits worldwide. U.S. deposits are shown as red dots. Data from Mosier

and others, 2009.
(from Shanks and others, 2010)
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Distribution of Seafloor Metalliferous Sediment, Massive Sulfide Deposits, and Hydrothermal Vents
(modified after Hannington and others (2007) and Bostrom and others (1969)
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Tectonic settings of modern volcanogenic massive sulfide deposits
Oceanic Continental Continental
rift/back-arc

Black smokers

intraplate .
margin arc -
basin

Mid-ocean
volcanoes

Island
ridge

Back-arc
arc

basin

sealevel

Continental

lithosphere

Subducting

Mantle
plume

Volcanogenic massive sulfide deposit <>

(from Shanks and others, 2010)

~1875 Ma: Accretion of the Pembine-Wausau Terrane,

subduction flip and back-arc basin development
Bimodal calc-alkaline volcanism, and

Menominee Group and
massive sulfide deposits

equivalents (with BIF)  Niagara

Sediment fault
source ~S—_,
Superior
craton
Tholeiitic "\ [’
basalt (from Schulz and Cannon, 2007)
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Olemis |||
Oxyanions. (HPO,*, HVO,*, Cr0,*, HAsO,*), REE, Trace Metals

*He, Mn?", H,S,0,, FeOOH, MnO,, AT, = M ol 8-S L N M R

< Metalliferous Sediments
@ Iron-Magnesium Crusts H*,Cr, Fe?*, Mn?*, .
H,Si0,, *He, H,S, CH,, CO,, H,,.
Ca®, K’, Li*, Cu®*, Zn*" Pb**
(from Shanks and
others, 2010)
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D Bayfield Group
- Oronto Group
O Sibley Group
—g- Volcanic Rocks
- Hypabyssal Rocks
- Plutonic Rocks

\\\ Diabase Dikes
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Nipigon Sills
and other
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Scale

(modified after Miller and Chandler, 1997)
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Bouguer Gravity Anomaly

I High : 67.668045

I Low : -113.232445

Bauguer gravity anomaly map of the
north-central United States. Data
compiled by David L. Daniels and
Stephen L. Snyder of the U.S

ical Survey from various sources.
Gravity station cover of
Minnesota and Wisconsi
(1.6-3.2 km).in other areas the coverage
s commonly 3-6 mles (4.8-9.6 km) or
wider. For more detaded descriptions of
the original data sets the reader is
referred to:

S Geological Survey Crustal Imaging

Gravity data in Minnesota and
Wisconsin were largely acquired by the
Mnnesota Geological Survey, the
Wisconsin Geological and Natural
History Survey. and Northern llinois
Univerisiy.

Shaded-Relief Total
Magnetic Intensity Anomaly

NanoTesla

l High : 30661777344

| Low : -9982.036133

‘Shaded-relief map of the total magnetic
itensity anomaly for the

rorth-central United States, Data
‘compiled by David L. Daniels and

305 and merged.
fe detated descrptions

criginal data sets the reader is referred

o

U.S. Geological Survey Crustal Imaging.
and Characterization Team Web Site.
Aeromagnetic data in Minnesola were
‘acqueed by the Minnesota Geological
Survey (MGS), with support from the
Legisiative

Natural History Survey a
Geological Survey. Hillshade illumination
from the North with an inclination of

0 degrees.



STRATIGRAPHIC SECTIONS FOR MIDCONTINENT

RIFT VOLCANIC ROCKS

% . Isle Royale Mamainse Point
S35 Upper Michigan NE Minnesota NE Minnesota Black Bay Peninsula Michipicoten
= 2 NW Wisconsin SW limb NE limb Lake Nipigon Island
1085———»
Lakeshore Traps Michipicoten Island
Formation
1090 b T A . ELTrrrre R TR RARRRRARARRAAiASabGadanassnnnaasananannns
Copper Harbor a
. Conglomerate Copper Harbor =2
arcupin Conglomerate 2
Volcanics Schroeder Basalts V Lutsen Basalts V 9 o Group 7 \%
Y; @
Portage Lake (Group 8) I
Beaver Bay Numerous basalt Volcanics v
Portage Lake Complex v and
i hyolit it
. Volcanics v rnyolite units Group 6 v
(3]
= N o o
= v >
I Mt. —
o
2 Bohemia — S £
(&) (&) o
o
Duluth ; E % ﬁ
Complex © o P a =
1100———}- Mellen = rrrpr] UpperSUIte: ‘_U
Complex (=] [} ° £
=> = W g
KaIIaTder.Creek _g _g Moss Lake 5 Great
Volcanics e Nathan's 7 Intrusion Conglomerate
- Layered - and Group 5
= Series — Central Suite
" O | Hovland lavas o
- Elv's Peak = I, 1 = Groups 3 and 4
Suelmerjns Creek " B;’salts o Grand Portage Group2 I
2 Volcanics T Basalts 1L
Bessemer =]
Quartzite . “¥~Nipigon sills
1110 —» Serenm AR Nopeming 55 Puckwunge S5 Archean Basement Archean Basement
APPROX. THICKNESS 13 km 10 km 6 km Isle Royale: 3.5 km Mich. Island: 4 km

OF VOLCANIC SECTION:

Osler Group: 3 km

Mamainse Pt: 5 km

(modified after Nicholson and others, 1997)
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Basalt lava flow

Columnar basalt

Q,f-“cf{hyolite lava flow

LA
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Diabase sills (Thunder Bay-Nipigon area)




FeO, (wt.%)

20

15

10

Composition of early (~¥1107 Ma) lava

flows and intrusions Baraga basin intrusions O O
| ! "| Western LS basal flows jﬁ(
Eastern LS basal flows .

Addition of

#
10% olivine
Hawaii
West Greenland.
Fields for recent basalts and picrites from Gibson et al., 2000
] ] ] ] ]
5 10 15 20 25 30

MgO (wt.%)




a° At about 1.1 billion years ago a
| | o mantle plume was centered
under Lake Superior and gave
rise to the Midcontinent Rift.

Extent of Mantle
Plume Head

|
Mid-Continent Rift
Rocks “
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Eagle Ni-Cu-PGE sulfide deposit

Eagle dike-like intrusion; ~480 m long, ~100-200 m wide

0
r N [a]

40 massive sulfide Proterozoic sedimentary rocks

80
120
160 1100 m depth Lom,

0 100 200 300 400 500 600
£0

W overburden :°4EA°47 @
40 g

w1y feldspathic peridotitg

Proterozoic sedimentary rocks

From Ding and
others, 2011

L 40m 1
& L<]
S burd N
i el}eldspathic
50 peridotite:
100 olivine
melagabbro
k150 melatroctolite
=200
=250
[ Proterozoic
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Eagle Ni-Cu-PGE sulfide deposit

Rock textures and mineralogy

Melatroctolite

Plagioclase

Feldspathic peridotite

Anorthosite

Troctolitic Anorthosite Gabbroic Anorthosite

Anorthositic Troctolite Anorthositic Gabbro
Troctolite Gabbro *
=50
Feldspathic peridotite Melatroctolite Melagabbro
. “p o bereot (Picrite) Y 1\ #
~ — +#": ‘¢
s AA <
Feldspathic Peridotit;/ A A A eldspathic Pyroxenite
10
Dunite % Peridotite I Pyroxenite \
Olivine 50 Pyroxene
Eagle: East Eagle:

A feldspathic peridotite M melatroctolite 4 olivine melagabbro <+ melatroctolite
B feldspathic pyroxenite X silicate portion of semi-massive sulfide ores

Ol = Olivine

Cpx = Clinopyroxene
Opx = Orthopyroxene
Pl = Plagioclase

From Ding and others, 2010 =




Eagle Ni-Cu-PGE sulfide deposit

4.05 million tonnes; ave. 3.57% Ni, 2.91% Cu,
0.10% Co, 0.28 g/t Au, 0.73 g/t Pt, 0.47% g/t Pd)

Disseminated sulfides Semi-massive sulfide

Massive sulfide

From Ding and others, 2011
Cp = Chalcopyrite (CuFeS,)

Po = Pyrrhotite (Fe,_S)

Pn = Pentlandite ((Fe, Ni)ySg) =




Eagle Project Aerial View

= ? Underground
*Mineral Deposit
Salmon Trout
% River / Ore Body
{ % = > e e e L 2 > 2 Host Rock Underground
Y ¥ = \ ~ F
> e } \_;\ T~ Decline to Ore Mah Siirans
. ... 1 r ody Facility
T /‘7\ % g s Surfaceroad
N N : e ) 2 from Portal to !‘/
AT \\‘__)’/ Ventilaton _——" Storage Rad o ¥
{ ; { Raise and = ‘[ ?,‘ T
Aggregate = g, Pt » o &
\ Backfill Site s ; P
AAA-Road
Bedrock™ SR S
= Outcrop / Portal
Portal Decline to Ore Body to Mine
Site Access
Road

Portal to be made in a bedrock outcrop

NORTH

Earth’s Surface

Decline Road

oloyalog oyeBaiBby

Bottom of the Ore Body

(from Kennecott Eagle Minerals website)
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O Komatiite-related Platreef .
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(from Schulz and others, 2010)
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Conduit-type magmatic Ni-Cu-PGE sulfide deposits

Deposit formation involves
repeated injections of
basaltic magma and
accumulation of sulfides

Flow direction

Life cycle of a conduit-type sulfide deposit system

(A)

.

Initial surge of magma entrained sulfide

droplets
[

‘Q) - -!L') e e
@ e @

Intial accumulation of sulfide ("proto-ore”),
some possibly injected into the floor

Remobilization, upgrading and
redeposition of sulfides
by new magma surge
Proto-ore shielded from
reaction with later magma surges

(from Schulz and others, 2010)

6. Full Maturity
k/m;;ma extrudes at surface or
sills out in the crust; sulfide
liquid concentrates and crystallizes

5.Nourishment
Sulfide metal tenor enriched
through interaction with new
pulses of magma

4. Growth
Continued ascent of magma,
emplacement, and
concentration of sulfide liquid

3.Delivery
Magma (with immiscible sulfide)
rises higher through the crust

2. Fertilization of Source
Magma sills out within crust and
undergoes a period of cooling,
crystallization, and interaction
with crust--sulfide liquid forms

1.Birth of Source

Mantle Partial melting in mantle;

magma ascends through mantle
into crust

Eagle deposit
(from Ding and others, 2011)
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Volcanogenic Zn-Cu-Au massive Conduit-type magmatic Ni-Cu-
sulfide deposits In Summary PGE sulfide deposits

Two types of sulfide
. ' > Bayfield Group
deposits Sedimentary . mmy Oronto Group
D sibley Group
%’. Volcanic Rocks
’%"97("’ @D Hypabyssal Rocks
OCKS
- Plutonic Rocks Nipigon Sills
\\\ Diabase Dikes and other
O’_V intrusions
i . Logan
MN < Nath g
P ‘\Iay;edas,;:ies Sills Thunder Bay North ___|
% i . 61.7mat 0.7% Cu,
. Ny 3% 0.4% Ni, 2.9 g/t Pt,
i 2.74g/tPd
Complex Uf'ﬂ
. Eagle deposit
Bg""e’ IB"y &€ 405 mt,3.6%Ni
SRR v S 0% Cu, 1.48 g/t
\0 Pt+Pd+Au
X
T [
o o
90 88 ¥
- Baraga
; ; Tamarack deposit .
~1875 Ma: Accretion of the Pembine-Wausau Terrane, Pl - - Dike Swarm
subduction flip and back-arc basin development Lig,éS%Cu 3 4”
4 0 50 100 150 KM
Menominee Group and Bimodal calc-alkaline volcanism, and e e —
Niagara massive sulfide deposits ek (modified after Miller and Chandler, 1997)

equivalents (with BIF)

Sediment
source S,

fault

Deposit formation involves —
repeated injections of “— O -

Intial accumulation of sulfide ("proto-ore’).
some possiby injected into the floor

Tholeiitic basaltic magma and
Ll (from Schulz and Cannon, 2007) H i
' accumulation of sulfides

Remobilization, upgrading and
redeposition of sulices.
by fiéw magma suge

Proto-ore shislded from
reaction wilh laler magma surges

(from Schulz and others, 2010)

Flow direction

from Shanks and
pthers, 2010) 2 ?
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