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 Precambrian
» 4 Billion years

* Paleozoic
* 545-245 Ma

* Mesozoic
 245-65 Ma

 Cenozoic
* 65-2Ma

* Pleistocene
« 2Ma-11,200
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Major Unconformities in lowa

» Base of Cambrian

* Within Ordovician

» Base of Devonian

» Between the Mississippian and Pennsylvanian
» Between the Jurassic and Cretaceous

* lowa does not have any exposed rocks dating to the Permian
or Triassic



Origin of Geologic Time Names

» Use of tribal names

» Ordovician - Ordovices (historic Welsh - mru;.al_m
1 3 iy = = et T- ;1 EAmY
tribe that was the last to submit to iy Seesaes E _” D ..

the Romans.
 Silurian - Silures (ancient Wales tribe)

« Geographic localities

« Cambrian - Cambria (Roman name for
Wales)

» Devonian - Region of Devonshire
England
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'IDEA The Earth is 4.6 billion years old -

Clair Patterson
Mitchellville, lowa

Some consider him the
most influential geologist
of the century!



What do we use to interpret lowa Geologic History?
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Large low-velocity
provinces (LLSVP)

Earth’s crust and Moon have
similar chemical composition.

Analysis of potassium & iron acific
isotopes, show slight
differences between deep-
mantle materials and the rest
of Earth. This may be
signatures of material that
predates the collision, such as
Theia's mantle.

LSVP y

African D
LLSVP\l |

(Data: French and

Romanowicz, 2015,
g Image credit:

Ed Gamero,ASU)




ICPS Earth
disposal

Prox Ops
Demonstration
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ARTEMIS I |

First Crewed Test Flight to the Moon Since Apollo

@ LAUNCH
Astronauts
lift off from pad

398 at Kennedy @ APOGEE RAISE BURMN

Space Center. TO HIGH EARTH ORBIT exercise, and habitation

Begin 23.5 hour equipment evaluations. return trajectory; travel

@ JeETTISON checkout of spacecraft.
SOLID ROCKET . PERIGEE RAISE BURN
BOOSTERS, . ORION SEPARATION . LUNAR FLYBY
FAIRINGS, AND FROM INTERIM @ TRANS-LUNAR 6,479 miles / 10,427 km
LAUNCH ABORT CRYQGEMNIC INJECTION (TLI) BY {mean) lunar farside
SYSTEM PROPULSION STAGE ORION'S MAIN ENGINE altitude.
A (ICPS) FOLLOWED BY Lunar free return trajectory

.‘ CORE STAGE MAIN PROX OPS DEMO
ENGINE CUT OFF
With separation,

@ PERIGEE RAISE

MANEUVER SEPARATION (USS)BURN  TO MOON
Begins high Earth arbit
checkout. Lite support,

initiated with European
Plus manual handling service module.
qualities assessment

for up to 2 hours. .

@ ORION UPPER STAGE @ OUTBOUND TRANSIT
Outbound Trajectory
Correction (OTC) burns as
necessary for Lunar free

time approximately 4 days.

TRANS-EARTH

RETURM

Return Trajectory Correction
(RTC) burns as necessary

to aim for Earth's atmosphera;
travel time approximately 4 days.

CREW MODULE
SEPARATION FROM
SERVICE MODULE

@ ENTRY INTERFACE (El)

Enter Earth's atmospherea.

SPLASHDOWN
Ship recovers astronauts
and capsule,

e

ARTEMIS
L
PROYIMITY 9 -
OPERATIONS .
DEMONSTRATION
SEQUENCE
£
10 "’:
f_
1
;-
t
f_
12
-
[d f"i
i
B -
8-
14
-
- ? = .__?h
e 15 o
¥
£ >
T . 16 i
L ' Y
- [
: 'S
i
s B 7
i [ I









https://www.prints-online.com/early-precambrian-earth-8578093.html?srsltid=AfmBOooCafbHXCKPZ_caisgHI6B2rl9sIMmpjjXuJs5LZ9wbChR5Ukwy
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tromatolites - cyanobacteria trapping
sediment and precipitating calcium
carbonate




Water and Life on Earth Summary

Earth became a “water planet” Precambrian — Cambrian transition:

* It formed with (and received) large * Chemical evolution — simple cells

amounts of water early on » Photosynthesis — oxygen-rich atmosphere

* |t cooled enough to keep water in
liquid form

» Gravity and atmospheric conditions
allowed oceans to persist

« Simple cells — complex cells —
multicellular life

 Then — rapid explosion of animal diversity

* Unlike many other planetsi=:TgdaBy1&
in the right temperature range and
has enough mass to hold onto both

water and an atmospheregl )
reasons it still has oceans today.
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Is it possible for Earth to completely freeze?




__

Hypotheses - Potential contributing factors

» Winter snow must extend into

through summer

" optlcal depth
/

» Solar radiation was 6% less lower

SR
D
R

.\§\
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L))
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than today T couss ¥ oy
* H to He, increased core density i
- . oo S Ve i
» Neoproterozoic Supercontinent 3 Wvoed and iclon

* Rodinia, equatorial, easier for
intercontinental glacial expansion

* Positive Feedback
e Glacial albedo

Ice shelf meltin
. lce produchon 'czc'::::"hz:" Temperature

-5€a ice
s entrainment profile
Marine ice sheet storage

instability
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Ediacaran 635
Neoproterozoic Cryogenian
Tonian 720

s Z

s %
le/francis-macdonald

582
584

Gaskers

Marinoan 635
650

. 660
Sturtian 750


https://francismacdonald.fas.harvard.edu/
https://francismacdonald.fas.harvard.edu/
https://cool.geol.ucsb.edu/people/francis-macdonald
https://cool.geol.ucsb.edu/people/francis-macdonald
https://cool.geol.ucsb.edu/people/francis-macdonald
https://cool.geol.ucsb.edu/people/francis-macdonald
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Evidence for...

* |f the oceans were frozen,
they would become
depleted in O, because
photosynthesis from
phytoplankton would end.

 And aerobic bacteria would
continue until all dissolved
O, would be used.

Against...

e There are no oceanic Mass

extinctions during the
Neoproterozoic

 There is evidence of

dropstones in both
Sturtian and Marinoan
Tillites.



Dynamic Snowball: two long-lived glaciations

- - 3

Ice dirty with
volcanic dust

Ice sublimates
Ice thickens 3
| J
"“" Ice thtckens
.n'ce:subhmares

716.5 MYA 670 MYA 635 MYA




Precambrian - The Oldest Rocks

 lowa’s geologic history began approx. 3Ga ago with igheous and metamorphic
rocks.

* Followed by mountain building events: Penokean, Central Plains, and Eastern
Granite-Ryholite Province ‘orogenies’ a product of plate tectonics.

» lowa’s oldest exposed rock is the Sioux Quartzite (approx. 1.6 Ga)

* 1.1Ga North America and lowa were nearly torn apart by the Mid-continent Rift
System



ICE SHEETS IN

MORTHERN
HEMISPHERE
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P 7 First | horses Himalayas and Andes e Alpine orogeny Savannah 11';“
éf. Al |rwmatas Aiunest climate | Start of global coolin land
! 23 e in Cenozoic Era 9 il e
#hL L 1 which continues to present in America
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Cenozoic Era
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Cambrian Period| Ordovician Period |
1

Formation of
the Earth

from planetesimals

3"

Formation of
the Moon

Formation of
Earth’s atmosphere

Cldest known
rocks

4,567

Much of the Earth's surface is volcanic rock,
forming unstable regions of erupting lava.

Oldest known fossils: single-
celled organisms (prokaryotes)
and stromatolite-forming

2)) cyanobacteria
frg

begin to form.

Sizable continental areas

339

2,500

299

Extensive
shallow seas
on the margins
of continents
and deposition
of banded-iron
formation

23.0

Siberian basalt
eruption

Rifting in E. Morth
America begins
First dinosaurs

Permian

boundary

MASS EXTINCTI

Significant levels of
oxygen in the atmosphere;
formation of the ozone shield

First eukaryotic cells

Convergence in
W. North America -

First mammals Atlantic
starts
to open.

= -

Sexual reproduction

starts?

&
st = ‘_.‘ﬂ, .H - .Ib r L J’ "GP*

e

“*K-T boundary event

Laramide

i,
Slerra Nevada

ﬁ Arc

o ] xj{"ﬂa
First birds: ﬁ’.ﬁ" A
archarasteryx Sevier orogeny
First angicsperms| Tyrannosaurus
(fewering plants)| pax
South Atlantic
opens

E Mesozoic Era

orogen
—_

.. Deccan traps
(India}

lce AGES ﬁ

Beginning of

Radinia
breaks up;
Pannotia
forms

amalgamation of Supercontinent breakup;
continents into the passive margins surround
supercontinent Radinia MNorth America

Early multicellular organisms

'

Geological time
{million years ago)
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PORTRAIT of a PLANET

Extended concept (Igneous Intrusive vs Extrusive rocks

Proportions of Fine grained
Crystalline p chemicals are different
Yo in different rock types.
: Fine Coarse 0 25 50 75 100
Low density L 1 I
(2.5 g/cm?®) H Felsic
Q A f £
3 70% silicic Rhyolite Granite Iia
Quartz
g') S
= Biotite
(=)}
i
- . ¢ g
&; = 60% Intermediate Andesite Diorite Plagioclase g ibole o g
- - 5
= = 5 (\]
L = S e =S 2
o 8 & MgO 5
= = Ca = £
=} / e . i
E Py-raxene - Andesite
= 50% Mafic Basalt Gabbro (Augite)
\/ 40% Ultramafic Komatiite Peridotite Olivine Mafic
(Picrite) : - ; "
|
3 Rhyolit Basalt
(3.4 g/cm’) different minerals in the PO ndesite T
(a) different rock types.




1,000 km

Phanerozoic orogen

1.1- Ga collisional orogen (G = Grenville)

. 1.6- to 1.7- Ga accreted crust covered by granite and rhyolite,
where patterned (GR = granite-rhyolite province)

. 1.6- to 1.7- Ga accreted crust (YM = Yavapai and Mazatzal)

1.8- Ga accreted crust (P = Penokean)

. 1.8- Ga collisional orogen (TH = Trans-Hudson; WP = Wopmay)
. 1.9- Ga collisional orogen (T = Thelon)

. Archean rocks, later deformed and metamorphosed in the Proterozoic
(H = Hearn; R = Rae)

. Relicts of Archean crust (WY = Wyoming; M = Mojave;
S = Superior; N = Nain; SL = Slave)




Regional Basement Structure

geLT (1.88-1.97 Billion)

o
=
O
n
o
=
.

e Oldest rock = Minnesota tarrane 3.6Ga,
Penokean Volcanic belt 1.8Ga, the
Granite provenances in the south
approx. 1.4Ga

__PLAINS

 Black Hills Granite (famously OROGENIC
represented by Mount Rushmore) via a BELT
Tertiary uplift/orogeny e B“'O_

-
~
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oy e
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lowa’s Igneous &
Metamorphic ‘Basement’

 Gravity surveys supplement
direct observations
(samples)
e (+) anomalies indicate dense

rock bodies i.e. basalt and
gabbro

* (-) anomalies indicate low
density rocks i.e. sandstone
and shale




The Eischeid Well -
lowa’s Deepest Drilled Well

e Carroll County
 Amaco Production Company

« 208 days of drilling to reach a
depth of 17,851ft (one of the
deepest in the Midwest!)

- $20,000,000.00

Upper ‘Red-
Clastic’

Lower ‘Red-
clastic’

I
e Coarse Sandstone

’:‘— Sandstone




Duluth Complex & North shore
Lake Superior

Minnes

EXPLANATIONEEE S S8
Sandstone ‘ A '

Complex '. B Gabbro

B Basalt

-
Known nickel and S

%.}J Yellow Dog Bl mr:éﬂr; I‘Hiqzuel-ftli‘gi

_‘_HE/’ ' Peridotite
cho Lake

Gabbro @ ravorable target

Michigan Faulis, in part
defining the

Wisconsin ———— adge of

50 100 Kilometers the rift

- |II||

Mellen Complex

e 2000000000 |
Inferred Pluton 50 100 Miles
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Geology of the Precambrian Surface of lowa
and surrounding area

Raymond R. Anderson - 1999

Northeast Iowa
Plutonic Complex

\J’\i\ | Aaly)
i K
N\

N

7\
.l\‘\‘,g;lﬂ t
%1\&\' %
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hagr

key to mapped faulits

MEBFZ MNBF.Z Norhern Boundary Falut Zone PRF.Z. Plum River Fault Zone
T.R.5.Z. Thurman-Redfizld Faut Zone D.R.F.Z. Des Moines River Fault Zone
PH.F.Z. Perry-Hampton Fault Zone f0FF.Z. 101 Fault Zone

B.P.F.Z. Bele Plaine Fault Zone F.5.2 Fayette Structural Zone
HF.Z Hum boaldt Fault Zone

LEGEND

{ages given in millions of years - Ma)

PROTERQZOIC {2500 - 530 Ma)

GREMYILLE INTERYAL (1350-1000 Ma)

[JiMks] Kewsenzwan Clastic Sedimentary Rocks
[JiMkur) Kewsenawan Upper Red Clastic Group
[JiMKr) Kewsenawan Lower Red Clastic Group

l:' [Mkv] Keweenzwan Yolcanic ! Flutonic Rocks
[ iMKkt] Keweenzwan Thor ¥Wolcanic Group

SOUTHERM GRAMITE fRHYO. INTERWAL (1380 - 1310 Ma)

[ (Mp2) Granitic plutons

EASTERM GRANITE fFRHYOL. INTERWAL (13500 -1430 Ma)

[ Mar) Rhyolite and granitic plutons

[itp] Granitic plutens

[EiMq) Quimby granite (1432 £ & Ma)
[(Mai) Green Island Plutanic Group (145853 10 Ma)
I (Msn) Spencer Horite
[ (Msg) Spencer Granite [1373+ 7 Ma)
BARABOO INTERYAL (1620 - 1500 Ma)
[]iEq) quartzite dominated
[J]iEbq] Baraboo Guartzite
[J(E=q) Sioux Quartzite
[ iEcrq) Cedar Rapids Quartzite
[J(Ewq) Washington Courty Quartzite

MAZATZAL INTERWAL (1650-1620 M a)

[ (EF3] Granitic plutons dominart

[JiEgn3) Gneiss dominant

CENTRAL PLAINS INTERAL (1800-1700 M a)
[ (EgnZ] Gneiss =nd granite dominant

FEMOHKEAM INMTER WAL (21001500 Ma)
Penokean Orogenic Belt
[ (Ep) Post-orogenic granitic plutans
[ (Ehk) Hull Keratophyre (1782 + 4 Ma)
[ (Eh] Harris Granite [1804 + 17 Ma)
[ (Ehw] Hawarden Granite
[ (Ep2) Late-stage granitic plutons
[1iEgn) Orogenic gneiss and granite
[1(Ecq) Camp Quest Gneiss (2065 + 10 Mz
Tranz-Hudson Orogenic Belt
[ (Eth) Garite and grieiss dominant

ARCHEAN ( >2500 Ma)
[ (Aalz) Lyon County Gneiss (2523 £ 5§ Ma)

[ (~mi)] Matlock BEanded Iron Formation
[ (Aec] Otter Craek Mafic Complex (2890 + 30 Ma)
[ (#gn) Earlyto Middie Archean

gneiss and migmatitetarrans

ROCKS OF UMCERTAIN AFFINITIES
[ itcia) Central lowa Arch Granites
[J(Fe] Osborme Mafic Complex

[ (Pp] Merthesst lews Plutonic Camplax

[ (M=) Late Cretacecus (72.2 £ 2 Ma)
Manson Impact Strucuture

A known erinferred faults
/ J FProterozoic sutures

'o’.‘,’ geophysical trend

—




The M1dcont1nent Rg,tSystem
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Shaded-Relief Total
Magnetic Intensity Anomaly

NanoTesla

High : 30661.777344

Low : -9982.036133

Shaded-relief map of the total magnetic
intensity anomaly for the

north-central United States. Data
compiled by David L. Daniels and
Stephen L. Snyder of the U.S.
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
flown 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 detailed descriptions of the
original data sets the reader is referred
to:

U.S. Geological Survey Crustal Imaging
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
from the Wisconsin Geological and
Natural History Survey and the U. S.
Geological Survey. Hillshade illumination
is from the North with an inclination of
30 degrees.




MINNESOTA ITOWA
Duluth Complex NE Iowa Plutonic Complex
N AN

Sandstone

Ontario

Minnesota

Wisconsin 1

modified from
Cannon 1992

Basement rocks




DIV 2& The Lake Superior Mining District

Midcontinent Rift Legend Ore Deposits
= Fe

I Volcanic Rocks L
B Intrusive Rocks | . Ci_ n

' Sedimentary Rocks Cu-Zn-Pb
—— Major Fault : _ :l:‘J-Cu-PGE
— Minor Fault -

Duluth Complex
L B * Cu-Ni-PGE
5t ok - F .
= Thunder Bay North 4 "‘:‘j::th““ * TI'O'E
/ - * Nij-Cu-PGE
{rift associated)

[

Ontario

i
5 et nd i

Ontario

whﬂ“'ﬂ g

Duluth Complex Cu-Ni-PGE |#." =

Super,
a)v

el

e
-, :
Minnesota . {

i * Tamarack B .. - Eagle & /_/s——”_f
e AN x Michigay e " Duluth Complex Cu-N-PGE
R 9 Lo deposits will add an another
{ 100+ years of production into
Wisconsin - perhaps the most important
. mining district on the North
I S 2 American Continent




The Cu-Ni-PGE
Deposits of the
Duluth Complex

Spruce Road
S Filson Creex

Beaver Bay Complex and
Miscellaneous Intrusions

- Mafic rocks

Fels»c rocks
Logan Sills

Duluth Complex

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

Giants Range Granite B X — [ Anorthositic Series

I carly Gabbroic Series

- Felsic Series

ey . Kiomeiere ] North Shore Volcanic Gp




DDLU
TA

Maturi |, Spruce Road
120 Million Tonnes 529 Million Tonnes

0.57% Cu, 0.25% Ni | 0.43% Cu, 0.15% Ni
380 ppb Pt+Pd +Au

Birch Lake
169 Million Tonnes

b5 '1. o * 0.56% Cu,0,17% NI
.‘.931“:!: Pt+Pd + Au
[ ey

L
-1
w, |3 oY
B - '!( /
ArcHesn Granit -lf-'nrre-n'\.ll:-nl: Terrane

MorthMet

910 Million Tonmes
0.27% Cu, 0.08% Ni
400 ppb Pt+Pd +Au

Wyman Creak
Cu-Ni-PGE

Dunka Pit g
Cu-NI-PGE

Serpentine
257 Millicn Tans
B 0.42% Cu, 0.14% Ni

Mesaba
-1 Blllion Tons
@ 0.43% Cu, 0.09% Ni
plus PtsPd+Au

Wetlegs

38 Million Tons (surface)
0.57% Cu equivalent

16 Million Tons [underground)
0.94% Cu equivalent

Titanium Resources
~220 Million Tons

# ~ 10% TIO3

Duluth Complex Mineral Resources

g On the cusp of

i developing one of the
. 2 world’s most important
new mining districts.

P -

Nokomi

44 550 Million Tonnes Indicated
=74 0.639% Cu, 0.200% Ni
10.660 ppm Pt +Pd + Au

274 Million Tonnes Inferred
0.632% Cu, 0.207% Ni

0.685 ppm Pt +Pd + Au
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Updated TMM December 2012
Resource Estimate

Contained Metals in TMM NI 43-101Resource”

Indicated Inferred

|
$41 bill. [13.7 Billion Ibs. 11.8 Billion Ibs.
|

$33 bill. | 4.4 Billion Ibs. 4.0 Billion Ibs.

$96.4 billion

Platinum|$8.6 bill. | 5.6 Million ozs. 3.5 Million ozs.

Base

Palladium|$8.8 bill.{12.6 Million ozs. 7.6 Million ozs.
|

Gold | $5.0 bill. | 3.0 Million ozs. 1.7 Million ozs.

7
S
O
O
@
| -

P

TPM (Pt+Pd+Au) 21.2 Million ozs. 12.8 Million ozs.

*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 of 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 Rood deposits in northeastern Minnesota through the
Birch Laoke Joint Venture, Franconia announced in November, 2010 its intention to increase its ownership at the Birch Lake Joint Venture to 82%; see Franconia's company

prafile at www. SEDAR. com for Technical Reports. TMM's ownership of the resource will be factored by these percentages where applicable. 11




Duluth Complex Exploration Target Types

> Duluth Metals Ltd. Ni-rich Massive Sulfide
>PolyMet Mining

>Teck Cominco Ltd.
>Franconia Minerals Corp.

>Encampment Minerals Inc.

"The Duluth Complex is perhaps the world's largest
untapped resource of (oopper nickel and platinum group
metals) with tibillic s of geologlc resources
estimated to be worth more than . stated a 2007

report by geologists at the Natural Resources Research
/ |netitiita aof tha |lnivarcitv of Minnacata Nuiliith,

€T € & -t Lo — - _vvv_ugLJ -t IS & & et L

Findings reported in recent months by Duluth Metals - -
indicate even the

--Duluth News Tribune, June 20, 201C




Major PGE Deposits and Targets

1‘.B\":;Skaergaard
&4 Fenno- O @® Noril'sk

)l o V Scandlant Pt 18%
- B " Pd 67%
. : Sudbury Rh 36%
Stillwater @ 4
Pt =% 5 % JinchuanQ
Pd 90% ﬂ
Rh <5% ¥ 2

@ Great Dyke
®j!/

Bushveld

WORLD'S LARGEST

Rincon del Tigre o
NICKEL SULPHIDE DEPOSITS

/

&

Pt 74% lm
@0 PGE-reefs in Ultramafic/Mafic Complexes Pd 24% |
'
|

NORIL'SK.

A—— TALNAKH

O PGE-reefs in Tholeiitic Intrusions Rh 60%
@0 PGE as by-product in Cu-Ni Sulfide Deposit

CONTAINED NICKEL
I MLLIONS OF TONS

i JINCHUAN
i THOMPSON
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Precambrian Geology of Iowa
and surroundmg area




BOUGUER GRAVITY ANOMALY MAP OF IOWA
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Precambrian - Major events

« 88% of the Earth’s total history

* Crust forms (Continental and
Oceanic)
* Banded Iron Formation (BIF)

» Water on Earth
» Atmosphere begins to form

* Life begins single cell, then with
photosynthesis to multicellular
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Sioux Quartzite

* Gitchi Manitou State Preserve
* 1969

* The rock is still quarried near
Sioux Falls, SD

« Was mistaking called Sioux
Granite

* NOT part of an uplift rather
the Sioux Ridge is likely a
product of differential
weathering




Sioux Quartzite

,,, —— ——— ——

Fedral building in Sioux Falls, SD

at depths
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Pipestone

P1pestone National Monument,
MN

» Adjacent red to pink mudstones
* Catlinite (after George Catlin,
1800s)

* Prized by Native Americans and
traded throughout the Great
Plains and Colombia River Basin
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Floodplain

As sea level rises, the shore migrates
inland, and coastal environments
(swamps and beaches) overlap
terrestrial enviromments.

Swamp

Shore

Orrganic
debris

subsides.

Erosion forms a canvon and

exposes the sequence today.
MMaximum limit of

transgression
— e

; Redbeds
Shore migrates inland. Coal
Sandstone
S5hale
Sandstone
Coal

= i Redbeds
ITansgression

Regression

Shore migrates seaward.

Time

Concept - Transgressive vs. Regressive Seas




.

Importance of oolites

» Qoids are sand-sized grains of
calcite or aragonite

* They indicate depositional
environments

* Shallow water

» Agitated water

* Warm water

» That leads to decreases CO, and
increases in Ca?* and ppt. of
spherical CaCO,



485 Ma

Cambrian - Sandy Marine Shelves & Shorelines 54§0Ma

* The Cambrian is generally known as a periods for the Explosion of Life
and for a dramatic increase in available/atmospheric Oz

* The early to mid-Cambrian saw massive periods of weathering/erosion
and as a product there is a large unconformity until the late Cambrian in
lowa

« During the Late Cambrian, shallow seas encroached upon lowa and
reworked the eroded (Precambnan & Early Cambrian) sediments
including resistant quartz, feldspar, clay minerals, and trace amounts of
zircon, tourmaline and garnet.
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Formation of
Earth’s atmosphere
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4,567

Much of the Earth's surface is volcanic rock,
forming unstable regions of erupting lava.

Oldest known fossils: single-
celled organisms (prokaryotes)
and stromatolite-forming

2)) cyanobacteria
frg

begin to form.

Sizable continental areas

339

2,500

299

Extensive
shallow seas
on the margins
of continents
and deposition
of banded-iron
formation

23.0

Siberian basalt
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America begins
First dinosaurs

Permian

boundary
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(fewering plants)| pax
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Geologic Format

Sandstone
and shale

2o Ay

| Coal layer




Stratigraphy - The science of rock layers

This Grand Canyon cliff

2 Concerned W]th all CharaCtel’S exposes five formations.
and properties (physical,
chemical and/or biological)

* Enables geologists to trace rock
formations from one place to
another

« Helps geologists to interpret
modes of origin and history



Santuit |~

Sandstone

Milo Limestone jf .=
pinches out. [
-

Milo
Limestone

Oswaldo
Sandstone

Hamilton
Conglomerate

Rufus Limestone k
pinches out.
| S— » w

Emma
Shale

Rufus
Limestone

David
Sandstone

Metamorphic
basement

® @ Fossils of a specific

relative age

v Unconformity

PORTRAIT of a PLANET

Correlation




PORTRAIT of a PLANET
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Relative dating
Superposition

Oldest

What a Geologist Sees
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EXPLAMATION
Thickness of Jordan

Jordan Fm. Thickness ity G

WADTHA |

&0
120

l i Jordan Sandstone absent

=———#50=—= Line of equal thickness of Jordan
Sandstone—Dashed where
approximately located,
Interval 20 feet

] : Figure 109. The Jordan
Base modifisd from U.S. Muodified Fram Mosick ond Stainhilber, Sandstone ranges in thickness
ET::. Eﬁﬁﬁm‘“l V37H: and Delen and Woossynnd, T8R4 from about 20 feet in erdral
e fowe to about 140 feet in
50 MILES northeastern and east-central

Iowa.




Cambrian Life

CTENOPHORES

CNIDARIANS
i (SEUDOCOELOMATES

ACOEIONATES:
TARDIGRADES
BRACHIOPODS
HEMIEHORUATE
ECHINODERIME
HUGONOPHORAN

ANNELIDS
o CHAETOGNATHES

A
."

pae =
S o i

7
S
=

e The age of the Trilobites

* Trilobites and brachiopods
are abundant in this period,
but not in lowa.

« Why???

* lowa’s Cambrian record is
dominated by SANDY near
shore transition
environments.
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Opabinia










Geo-Factors leading to the Explosion of Life

e Increase in dissolved and
atmospheric O,

* Geologic and Biologic
Time nearly 3Ga and 2Ga
of photosynthesis

* [Increase in atmospheric
ozone O,

« Snowball Earth/extinctions
/genetic bottlenecks

e Increased oceanic Ca*2 made
it easier for shell creation

 Erosion of the Transgondwanan
Super-mountain

* Life finds away...



Bio-Factors or increase in disparity & diversity,
but not an explosion

Coevolution - opportunistic
adaptability
» Ediacaran sea floor
?,m,, » Water column

55555

_______________________

B i o i Fossil record exists

66666
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end within the Cambrian.

* Trilobites start and nearly
* Major but Not complete

extension toward the end
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mac rcr

"sudden” change  "equilibriurm” S
infossil record o &/ [I“ Er “ l E
L }F i

mutsiticn

punctuated " |
equi librium "short” period of | ” | Thc
“rapid” gradual

evolution - g~ Burgess | &
L - - - . {_:_ { ?r
Shale |:
'.:?‘.-l‘ ;‘,I{"‘-'-. l-l'
and the 55,
Natl_l lne :  -|:=-‘: ':: ' '.' ‘-:l._.; -

';-qullbruru

p—
p————

“Life, human life is a mere occurrence of
time. | say this not to be little our existence, of Eaey g8
but rather to emphasize the miracle, that we  History o = =~
are here at all.” il | T

. Stephan J. Gould (Lecture to the University of QTEPHEN ]AV h"um

Wisconsin, Superior, 1998)



Late Cambrian 514 million years ago

/PﬁNTHA e OCEAX \

KAZAKHSTANIA

- — — -" . -
Subduction zone
- Mountains - Land I:l Shallow seas - Deep ocean basins 4 (triangles point in the
direction of subduction)

SOURCE: © 2001 C.R. Scotese, PALEOMAP Project © Encyclopaedia Britannica, Inc.


http://www.scotese.com/
http://www.scotese.com/

Ordovician - Warm, Shallow Seas

» Early Ordovician - Again on the edge of a shallow sea depositing carbonate,
sandy carbonate, and quartz sandstones (Prairie du Chien Group) before
another series of weathering and erosion!

» Mid-Ordovician - Major sea transgression changed a sandy shallow sea to
carbonate shelf. Ash layers appear in the Decorah and Dunleith Formations.

» Late Ordovician - Increasingly muddy depositional environments forming the
carbonate-rich shale layers (e.g. the Maquoketa Shale).

» Towards the end of the Ordovician the seas regress and weathering and
erosion begin again, creating an ???
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St. Peter Formation

gELT (1.88-1.97 Billion)

o
=
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Quartz Sandstone (super mature)

« But, In NW lowa the St. Peter
contains a lot of shale from the then
exposed Transcontintal Arch

Well exposed in Pikes Peak St.

A . OROGENIC
n important economic resources e

for glass and fracking (1.7-1.8 Billion)

1960’s served as a fall out shelter
with supplies to meet the needs
of 44,000 residents for two weeks
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Galena Group
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How does Galena & Zinc form in Limestone?

» Space is created, through karst
processes

« Warm sulfide-rich solutions
migrate upwards and infiltrate the
new space

» Sulfide minerals precipitate out of
solution and along the edges of
these new spaces

« The Mississippi cuts its channel
into the landscape and lowers the
water table

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

- '?.ie'd-"-éff;'??ﬁ- (181 0)‘

deeply in debt




Maquoketa Formation

* Thick impermeable shale

 Large caverns were excavated
under Johnson and Polk
counties to seasonally store
liquefied petroleum gas

el T
i S AT L A ] pemy f N

—~y,

« Enables the pipeline industry DAt
to store their product so that 7] elemie =
they can meet demand during Bl st
the winter | e oo | ] e

phosphorite or

cherty dolomite " phosphatic diminutive faunas




Ordovician Life: Warm shallow seas#
= © Life ?




Process of Dolomitization

o | CaCO3
. Mg replaces some Ca
- CaMg(CO3)2

. _\_ﬂ __ Watertable __

Vadose zone

— Supratidal area :
(Sabkha) = High tide line

Sea level Sea level
(Groundwater)
s _\_‘J;:;::_:_:”'_*t“‘_‘_"_ o Sea water
== = = — - Mixing zone ==—7=:
= — = {Proposed zone of dolomitization) — = - -7 T T TN \

Dolomitized zone
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-92°00' —91°45 i Possible Keweenawan (~1.1 Ga) rocks,
| - - largely undeformed
‘ " intermediate or silicic intrusive rocks

mi?
q Mmg/;/_
i«m' . = Tewa ‘

/

(strongly magnetized but not dense)

mafic intrusive rocks
(strongly magnetized and dense)

43°30'

N-polarized diabase dike

0E.E7

R-polarized diabase dike

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

m gabbro of Decorah complex
(possibly Mesoproterozoic)
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

SkoEY

43°15'

I . .
A’ line of cross section model

-92°00' —-91°45" | A
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e borehole penetrating ;
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Silurian - Dolomite and Carbonate Mounds

 Six Dolomite and two limestone formations, that provide the foundation for
many of Eastern lowa’s State parks.

* There are five marine Transgression to Regression phases recorded in lowa’s
Silurian Formations.

* These Silurian rocks have great economic value (agricultural lime, road
aggregate, aggregate for concrete, building stone and as bedrock aquifers.

« Towards the end of the Silurian there was another period of weathering and
erosion that created an unconformity between the Silurian and Devonian.
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State Parks

* Maguoketa Caves State
Park

 Backbone State Park r Y
e Mississippi Palisades State -,
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Scotch Grove Formation




Anamosa Facies - Ideal building stone

form bedding
// consistent texture

o

/ed for many of lowa’s early
buildings

« Rock Island Arsenal (IL)

 Anamosa Prison

 Stone City, IA

» Cornell College

* Herbert Hoover Presidential
Lib.

* Three large buildings in
downtown Minneapolis




Silurian Life

Colonial corals
 Favosites
« Halysites

Solitary corals
Brachiopods
Algea




Systm !
Series Rock unit Lithology Communily type Sea level

Stage

%."' O O() pentamerid

Buck Creek Quarry 77777
Member -

[UPPER SiL .|
WENLOCK

Applied paleontology

000 stricklandiid
&R coral bioherm

. OOQ pentamerid
Picture Rock

2N
Member 24P coral-strom.

Scotch Grove Form.

Telychian

Farmers Creek | pentamerid

Member g
stricklandud

_SILURIAN
LLANDOVERY

Aeronian

Marcus Member ’ pentamend

Hopkinton Dolomit

coral-strom.
Sweeney Member stricklandiid

coral-strom

coral-
Bianding Formation Fg ’ cryptothyreliid

Tete des Morts

Formation coral-strom.
-armalio

Mosalem Formation === algal mat

scale:

Magquoketa Shale 30 Feet

ASHGILL

0og lingulia

ORDOVICIAN |



358 Ma

Devonian - A Marine Extravaganza © To
419 Ma

* The Devonian System contains 13 formations.

« Economically valuable resource for road and concrete aggregate in
eastern lowa and gypsum is mined southeastern and north-central

lowa for Portland Cement.

* The Devonian System also serves as an important aquifer/water
source for eastern and north-central lowa.

* These formations also contain significant and well preserved
fossils
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Regional stratigraphy
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Little Cedar Formation

» Basal Fm. of the Cedar Valley Group

* Solon Member is mostly limestone
with abundant fossils

« Rapid Member fine-grained
argillaceous limestone that is also

fossil rich
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evonian Life
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Devonian Life

PDunklceosicus

Hinged bony
plates
protecting head

and thorax Dorsal Unarmored

fin / skin

Bony jaws that

functioned like

razor-sharp Pectoral
teeth Fin

11.5 feet (3.5 m) long
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Devonian Life - Via the Devonian Fossil Gorge




Carboniferous - Mississippian - Last major sea
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Carboniferous - Mississippian -
Last major sea

* The stratigraphic record contains TEN Transgression-
Regression (T-R) Cycles
* Oolites and sand-sized fossil fragments are abundant
» Exceptionally preserved fossils!
* Likely similar to the Bahama Banks environment of deposition
today
* Uniformitarianism

* |s as an important groundwater reservoir for north central
lowa
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Formation of
the Moon
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Much of the Earth’s surface is volcanic rock,
forming unstable regions of erupting lava.
Oldest known
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and stromatolite-forming

.'// cyanobacteria
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Oldest known fossils: single-
celled organisms (prokaryote:

Precambrian

Sizable continental areas
begin to form.
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Extensive
shallow seas
on the margins
of continents
and deposition
of banded-iron
formation
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Mississippian
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Burlington Formation

« One of lowa’s most well-known &

formations

_

* Excellent source for
flint/chert used by native
Americans

- Crinoidal limestone (packstone [@#i

and grainstone)




Warsaw Format
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ississippian Life



Wachsmuth and Springers

IRORCRE TR ERT CHT CEIR R s

Charles Wachsmuth
1850s

Paleontologists
of all kinds!

Harrell Strimple
1970s




Carboniferous - Pennsylvanian -
Coal swaps

Univ. of Michigan Exhibi
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Stratigraphy, petrology, and paleopeography
il the upper portion of the

Cherokee Group

i Middie pl.'llﬂ\.:i"l. mivian i,
eastern kansas and northeastern Oiklahoma
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How Petroleum and
Natural Gas Were Formed

Tiny sea plants and animals died and

wera buried on the ocean floor. Over time,
they were covered by layers of sediment and rock.
Over millions of years, the remains were buried deeper and
deeper. The enormous heat and pressure turned them into oil
and gas.

Today, we drill down through the layers of sedimentary rock to reach the rock

formations that contain oil and gas deposits.
Mate: not to scale



Types of Coal




lowa Coal

R
8

' -Bituminous to Bituminous
i igh ash and sulfur content

-+ Ash results from sediment
(impurities) that were
washed into the swamps

e Sulfur occurs as pyrite (FeSz)

* lowa coal is not considered a
natural resources because it is
not economically feasible to
extract.




. - - 66
Mesozoic - Evaporite Deposits to

Last of the Shallow Inland Seas &

* Massive weathering and erosion
 Large unconformity between the Mesozoic and Cenozoic
 lowa has no Permian or Triassic rock record!

* Fort Dodge Formation contains thick evaporate
deposits of rock gypsum with minor red, green, and
gray clastic rocks.

* Manson Impact Structure at 73.8 Ma
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Fort Dodge Formation

* First thought to be Permian,
because of association with
western USA gypsum and ‘red-
bed’ deposits

» Jurassic - based on fossil plant
remains

 Fort Dodge Gypsum
e CaS0+* H.0




The Cardiff Giant

I% * 1866 - George Hull visits his sister
EQ \ . in Ackley, lowa and goes to church

__+ 1868 - One dark night the Gypsum
2l Giant is buried on his Brother-in-
laws farm near Cardiff, New York

* 1869 - The Giant was ‘discovered’,
a tent was set up, droves of people
came to see the giant @ 50 cents a
person

} James Hall - The most remarkable
| object yet brought to light in this
country’

“People are gullible”
- George Hull

The photograph published in Strand Magazine in 1895



Cretaceous

 Dakota Formation
e Western lowa

» Sandstone,
mudstone,
conglomerate

e Fluvial environments
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The facies of the cuttings also is abnormal, especially in the
appearance of econglomerate and in the large amount of arkosic
material. Tn some aspects they are strikingly similar to those of
the De Witt well below the Saint Peter sandstone, and to similar
sections at Maquoketa and Preston, which the writer has inter-
preted as the fill of deep erosion channels cut in rocks of the

Prairie du Chien during the interval prevedimgthedepositof the

S[aint Patar candetona,

The exceptional character and thickness of the shales and
arkose of the Manson well are explainable by a like hypothesis—
the fill with continental deposits, and finally with marine sedi-
ments also, of a valley of erosion. The depth of the valley,
300 feet deeper than that of the Mississippi in northeastern Towa,
is notable. The arkosic material of the fill sucgests that the
headwaters of the river worked in the igneous rocks of the states
bordering Iowa on the north.

The deposits themselves, so far as the cuttings reveal them,
do not appear to offer conclusive evidence as to their age, whether
they were laid at the close of the long erosion interval preceding
the deposit of the Pennsylvanian or of that preceding the Cre-
taceous. The fact that Manson is located less than 5 miles west
of the provisional eastern bhorder of the Cretaceous would pre-
clude the expectation of finding there any great thickness of
normal marine sedimentary deposits of Cretaceous age, but not
the fill of a deep pre-Cretaceons valley.

DEEP WELLS OF IOWA
(A Supplementary Report)

by

=

W.H. NORTON

WITH A CHAPTER. ON

Well Water Recessions in lowa

by

James H. Lees

WITH A TABLE OF IOWA TOWNS GIVING

Municipal Water Supplies
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lhinae 1 078
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The late Luis Alvarez, a physicist, and his geologist
son. Walter. examine a clue to the dinosaurs' demise.
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Manson Drilling

Terrace Terrane

drilled 4,826 ft hole
- rock-bit 1,500 ft

collected 3,257 ft
core
98% recovery
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