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Schedule

Thursday 8/25: Plate tectonics, Vermont record of
sedimentation and orogenesis.

Friday 8/26: Field trip including (1) Precambrian (Grenville)
record, (2) early Cambrian sedimentary record, (3)
middle Ordovician sedimentary record, (4) middle-late
Ordovician collision and mountain-building.

Saturday 8/27: Surficial geology including (1) stream
geomorphology and surface water — ground water
Interactions and (2) glacial deposits and soills.

Sunday 8/28: Summary and discussion.
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1915—- Alfred Wegener & “Origin of Continents
And Oceans” .... Continental Drift




Fossil evidence
of the Triassic

AFRICA

SOUTH AMERICA

Fossi remains of :
Fossils of the fern

Cynagnathus, 3 _

Triassic fand reptile Glossopteris found
approximataly in 8l of the southem
3mlong. contingnts, show that

they were once joined.




........
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A. Modermn reconstruction of Pangaea
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Continental Drift

« “Continental drift” hypothesis

« Continents "drifted" to present
positions

« Continents plowed through the
oceanic crust like boats through
water

 Evidence used in support of the
hypothesis

* Fit of the continents

* Fossil evidence

* Rock type and structural similarities
* Paleoclimatic evidence



Fossil remains of Mesosaurus
have been found in Africa
and South America.

Q Lystrosaurus fossils have
() O been found in Africa,
Antarctica, and India.

South
America

Australia

Fossil remains of Cynognathus Antarctica

have been found in Africa

and South Avrericy, O Glossopteris fossils have been

found on all the southern
continents.

Essentials of Geology, 2nd Edition
FIGURE 2.4 Copyright (¢) W.W. Norton & Company



CONTINENTAL DRIFT
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Paleoclimatic
Evidence

Distribution of glacial deposits
around world makes sense

if continents were together
when they formed



The Great Debate

* Objections to the continental drift
hypothesis

 Wegener’s hypothesis lacked a mechanism
capable of moving continents

 He incorrectly suggested that continents
broke through the ocean crust, much like ice
breakers cut through ice — geophysicists
proved this to be impossible.

« Although ~ accepted by geologists in S.
hemisphere (strong evidence there), CD faced
strong opposition from geologists and
physicists from US, Europe. STOP

Continental Drift



The Great Debate

« Continental drift and the scientific

method

* Wegener’s hypothesis was testable and

proved correct in principle, but
contained incorrect detalls

* A few scientists considered Wegener’s
Ideas plausible and continued the
search ... but needed the types of
scientific instrumentation that
ultimately were developed in WWII.



Reviving the Continental Drift
Hypothesis

 Paleomagnetism

—Magnetic minerals (e.g. magnetite) in lavas
record position of magnetic poles through
geologic time

—Used to support the idea that the
continents drifted

—How? ... changing polarity of magnetic
north.






(b)

Essentials of Geology, 2nd Edition
FIGURE 2.24 Copyright (c) W.W. Norton & Company
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Magnetic north

Essentials of Geology, 2nd Edition
FIGURE 2.11 Copyright (c) W.W. Norton & Company
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Paleomagnetic Reversals
Recorded in Oceanic Crust

Normal

Reverse

C. Period of normal magnetism
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It IS not easy to prove a theory in the sciences

The Vine—Matthews—Morley hypothesis, also known as the
Morley—Vine—Matthews hypothesis was the first key scientific
test of the seafloor spreading theory of continental drift and Plate
tectonics. Geophysicist Frederick John Vine and the Canadian
geologist Lawrence W. Morley independently realized that if the
seafloor spreading theory was correct, then the rocks surrounding
the mid-oceanic ridges should show symmetric patterns of
magnetization reversals, a record of the Earth's geomagnetic
reversals, captured in the cooling volcanic rocks. Morley's letters
to Nature (February 1963) and Journal of Geophysical
Research (April 1963) were both rejected, so Vine and his
adviser Drummond Hoyle Matthews were first to publish in 1963.
Later geomagnetic surveys found the patterns are in fact present,
providing strong confirmation of the theory.

From wikipedia.

Yet the theory of seafloor spreading (and later, theory of plate
tectonics) took many years to finally catch on.


http://en.wikipedia.org/wiki/Seafloor_spreading
http://en.wikipedia.org/wiki/Continental_drift
http://en.wikipedia.org/wiki/Plate_tectonics
http://en.wikipedia.org/wiki/Plate_tectonics
http://en.wikipedia.org/wiki/Fred_Vine
http://en.wikipedia.org/wiki/Lawrence_Morley
http://en.wikipedia.org/wiki/Geomagnetic_reversals
http://en.wikipedia.org/wiki/Geomagnetic_reversals
http://en.wikipedia.org/wiki/Nature
http://en.wikipedia.org/wiki/Journal_of_Geophysical_Research
http://en.wikipedia.org/wiki/Journal_of_Geophysical_Research
http://en.wikipedia.org/wiki/Drummond_Hoyle_Matthews
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More testing of the Sea Floor Spreading hypothesis was
conducted and all data supported the hypothesis

More heat flow
Mid-ocean

ridge axis

Sea level

Less heat flow Less heat flow

wm, b l

Essentials of Geology, 2nd Edition
FIGURE 2.19 Copyright (c) W.W. Norton & Company



New Oceanic Lithosphere Is created during
Sea-floor spreading




Age of basaltic
rocks
on the
seafloor?




Digital Isochrons of the Ocean Floor
R.D. Miiller, W.R. Roest, J -¥. Royer, L. M. Gahagan, J.G. Sclater
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If new crust Is forming at spreading centers,
IS earth expanding? Or Is crust consumed elsewhere?



Earth’s lithosphere consists of rigid plates that move over plastic-
like asthenosphere ... driven by flow and convection in the upper
mantle (asthenosphere). Oceanic plates are consumed at
subduction zones .... = Theory of Plate Tectonics




Interactions at the borders of plates causes results in major geologic
activity such as earthquakes and volcanic eruptions.

Spatial distribution of earthquakes helps to map plate boundaries




Earth’s Lithospheric Plates
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Continental
Rifting




Oceanic-Continental Convergence

Continental
volcanic arc
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Convergent Plate Boundaries
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Present day distribution of lithospheric plates, but they are moving and changing
size and shape. In the past the distribution of these plates was much different
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PERMIAN TRIASSIC
225 million years ago 200 million years ago

JURASSIC CRETACEQUS
135 million years ago 65 million years ago

PRESENT DAY



EXPLANATION

Principle of &
Uniformitarianism

LLaws of nature have
always existed ... so the
study of rocks in
modern tectonic
environments enables
reconstruction of
past geological
environments from
the preserved rock
record.

The present is the
key to the past.

Classic Structures
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Central and western Champlain Valley
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Green Mts, Flanks of Green Mts

Age Formation Names Rock Types Tectonic Setting
Late Ordovician [———] * Iberville Influx of Dirty Sediment
—— : Shales from A hing A
455 Ma o= S S[Dny Point rom Approaching Arc
1L 3 Glens Falls
1) * Orwell Sequence of
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l.4to 1.1 billion

| Pinnacle

,')-r * Pinney Hollow

'- * Hoosac

& weakly metamorphosed
schists (meta-seds) and
greenstones (meta-volc.)

Early Iapetus Ocean
Sedimentary and
Volcanic Rocks

Mt. Holly Complex
Grenville
Basement Rocks

Intensely deformed
& highly metamorphosed
gneisses

Remmnants of
Rodina and the
Grenville Orogeny



The Appalachians formed from the rifted remnants of an
older mountain belt formed during the “Grenville Orogeny” (1.4 -1.1 Ga).
The Grenville sequence formed within a super-continent called Rodinia.

Grenville orogeny

14t01.1 Ga

———

Post-Girenville rifting ~6OO - 540 Ma
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Precambrian Grenville-
equivalent rocks iIn VT

are light-brown.
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Rodinia began to rift apart ~600 Ma ...
sediments and volcanic rocks were deposited In
a narrow ocean basin between the two blocks, Laurentia
(paleo-N Am) and Baltica (paleo-NE Europe)

Grenville orogeny
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Age Formation Names Rock Types Tectonic Setting
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Monkton Formation —
Passive Margin, Peritidal




The present Is the key to Interpreting the past

Modern Ripples (New Jersey) Ancient Ripples (Pennsylvania)
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This ocean basin is known as lapetus, and by about 500 Ma
It was quite wide (> 1000 km). The eastern margin of North
America was parallel to the equator and at low latitudes.
An extensive carbonate shelf (sandstones then limestones) like

the Bahamas or Great Barrier Reef/N Australia existed.

Grenville orogeny

- 540 — 455 Ma
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Beekmantown Group

Shelf carbonates (subtidal to peritidal)
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Black River - Trenton groups
(black shale, deep basin sedimentation)
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Middle Ordovician Paleogeography (470 Ma)

http://www.mcz.harvard.edu/Departments/InvertPaleo/Trenton/Intro/GeologyPage/Geologic%20Setting/paleoenvironmental.htrr
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Beekmantown Chazy Contact







A
Early Ordovician (~ 490-470 Ma)

: Humber/Octoraro P
E:\urentla Foonic Ses Dashwood Vi /arc system

B
Middle Ordovician (~ 465-461 Ma)

W (paleo-NNW)

Immature arc
E (paleo-SSE)

e =

. Obducted BHA/SFA
KB K-bentonites

/ arc system

I ~ 200 km |

Trenton-Black River Thrusting in Taconic slope sequence
foredeep black shales
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Cross Sections of Eastern North America
(as it may have looked)

O il
Contnental Crust *- '\‘..'4/’,:-;;, '--
v Carbonate Bank Oceanic Crust |, |
— | e Sedimem Velcanic Arc

~ 4’75 Ma ... Middlebury area = a warm shallow marine environment,
much like the present day Bahamas. Offshore, an encroaching
volcanic arc would eventually collide (~ 460 Ma).
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Comtinental Crust Oceaniec Uit | o G
| Sand Carbomate Bank | o5 \Yi'?“’“ Asc
. R ScdlmeM I P ——

~460-450 Ma. Deposition and deformation of accretionary wedge.
Slivers of ocean crust and mantle often get obducted and
Preserved in continental crust. In VT, these mantle rocks
(1) Indicate suture zone
(2) Are elevated In arsenic (serpentinite, talc-carbonate) and impact
rural water supplies.



Comtinental Crust Oceanic Crast

Sand Cabonate Hank | V°|C°"‘C Asc
X Scdlmcm l ~
-

The collision of this volcanic arc with eastern North America
IS known as the Taconic Orogeny. This collision resulted in
folding, faulting and metamorphism of the previously
deposited rocks. The volcanic arc itself is preserved in
eastern Vermont and western New Hampshire.



Champlain Thrust fault (formed ~455 Ma)




We will see evidence of tectonic deformation associated
with the Taconian Orogeny at nearly every stop.
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. Public water supply wells

in Vermont with > 10 ppb As
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D Connecticut V. Sequence-

Silunan & Devonian rocks

Chargrlam V. Sequence-
Shelf carbonate and
clastic rocks

Taconic allochthons -
slope and rise rocks

Serpentinized peridotite

Rowe-Hawleg' Belt - slope-rise &
supra-subduction zone rocks

Green Mountain slices -
rift-related clastic rocks

Precambrian basement

Fig. 1. Generalized geologic map of Vermont and adjacent southemn Québec (after Doll et al.,
1961; Shilts and Smith, 1981, Stanley and Ratcliffe, 1985; Van Baalen et al., 1999; Kim et al.,
2003; Schroetter et al., 2006). Rock and water samples for this study were obtained from within
the area outlined by the trapezoid in the north-central part of Vermont. Public water supplies in

Vermont that exceed the USEPA maximum contaminant level of 10 ppb are also shown




Tetrahedral As In Antigorite

ANTIGORITE

"-\ OCTAHEDRAL SHEET

TETRAHEDRAL SHEET

O Si+4,R:O.26/E\
® As™°,R=034A
® A3, R=0.39A
(O Mg*2R=072A

Shannon (1976) Acta Cryst. A32,751-767



Arsenic In
talc-
magnesite

100 —
® \Vell B-26 m
3 O Well B-26 m replicate 2
L 80 — w wellC-3m P o
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£ 7 0
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w 20 -
S 33
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42
: _TIW(]JO -l l T 1 1
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% MgCOsdissolved (of total MgCO»)

Fig 7.Bivariate diagram of arsenic extracted as a function of magnesite
dissolution from two talc-magnesite rocks is consistent with occurrence of arsenic
in magnesite. Extraction steps range from 1M NH4NO4(ion exchange, step 1)

to progressively stronger acids, culminating with aqua regia (step 5). The fact that
not all As is released during these extractions implies that some As likely also
occurs in magnetite or talc.

O Magnesium @ Carbon ®Arsenic(V) O Oxygen

Fig 8. Schematic sketch depicting substitution of arsenate anion for
carbonate anion in magnesite (after Alexandratos et al., 2007). As(V)
In magnesite is suggested by preliminary XANES data (Fig. 5).




Late Ordovician (450 Ma)

The island arc built up by the southward-directed subduction
of lapetus lithosphere collided with Laurentia in the middle
to late Ordovician, causing the Taconic orogeny.

TAPETUS
OCEAN
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The Taconian Orogeny was responsible for many of the faults, folds and
fractures preserved in west-central Vermont, but it was
just the beginning for much of the Appalachians. At least two later collisions,
the Acadian Orogeny (~ 400 — 350 Ma) and Alleghanian
Orogeny (~320 — 270 Ma) resulted in more mountain building. Evidence of
some of this later deformation is also preserved Vermont (more to E than W).

Exotic
crust

Taconic orogeny Sea level

uwmmmmmﬂnm,.!i .

Africa




Early Devonian (400 Ma)

The collision of Laurentia with the continent of Baltica caused
the Caledonian orogeny and formed Laurussia. The southward
continuation of the convergence caused the Acadian orogeny.




Acadian isoclinal folds,
Craftsbury, VT







Silurian quartzite,
Delaware Water Gap, NJ/PA



http://upload.wikimedia.org/wikipedia/en/a/a1/Sshawangunk.jpg

Catskill Delta

(sediments deposited W of Acadian Mtn range)

Rhines treet
Shale Member

Approximately 1500 feet——=

Location of TullyLimes tone
Cross section /(—/1 R
e N\ . 1
! \< - > Mahantango -
1 | . -
| | PENNSYLVANIA |\, Fermaton
| OHIO i /’
- /' e —————— - Marcellus Shale ~
Y ~0 100 Miles o
e/ —i— e e e Hypothetical ime line

- 0 150 Kilometers
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Conodonts Petroleum Maturation Window

| CAl Naturally altercd conodonts from ficld samples i -A'femperalure
Rheinisches Schi d Montagne Noire ran
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£
a
Sovee
~
—
|

Kerogen

2 ¢*Q‘ ‘)g‘ y 1 «30°C

— 60°C 0.5

=1 90°C

—1120°C 1.2 =

—{150°C |~2.0 -

HC generation




3N

Tectonic and regional metamorphic implications
of the discovery of Middle Ordovician conodonts
in cover rocks east of the Green Mountain
massif, Vermont

Nicholas M. Ratcliffe, Anita G. Harris, and Gregory J. Walsh

Abstract. Muddle Oedovicsan (Jate Atenagian — early Caradocian) cosodonts were recoverad froos o dodostone lens m
carbonncvorts scBast 30 m below the base of the Pinewy Hollow F i the E: Cover sequence tear Wist
Brdgewater, Vermont Mnhhmﬂfmﬂsﬁmhm@xrm«mem&muofﬁe
Green M Berkshre, and H masafs of western New England. The ] are recrystallszed, comted
mwph:nrm-mma—nydlaedlo.cdammmda(cmankmliudmnlvdekrmdm
faunde v nearly 16c. © g of shuedant Penodon aclests Hadding? and rare Provopanderodis. The

o{hnuknMMMeof‘me‘mwamrof&ethMm
Midcontinent Conodont Provinee \uggmnucpoovhun&pmmmﬂ settisnp The cosodont-beanag carbonaceous
sehust i ble 3 ki southesst to the Plymouth area, where it had bees desspnated the uppermost meeober of the

Iy regarded as Early Camb @ age The spe and stractaml position of the

ummllmMmmnlMMNaﬁmehnkbthymFounmn(uwu
Protecozoic and Lower Cambeuan?) suggest that thus umt may be L oF tame P with the tra
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Wy age for the conodont -1 rock 15 b 470 and 454 Ma This suggests that
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Moustam msssif
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Introduction
Recerved Augost 5. 1998 Accepied November 19, 1908
NAL Ratcliffe, A.G, Harrls, and G.J. Waksh, US Upper Proterozoss dirough Ordovician rocks of the East-
Geclogical Survey, MS 926A. Natiomal Center. Reston. e Cover sequence form the depositional and tectonic cover
VA 20192. USA of the Middie Proterozoic rocks of the Green Mountau mas-
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By about 250 Ma, Appalachian mountain building was complete
and the result was the formation of another super continent called
Pangaea. Beginning about 200 Ma, Pangaea began to rift apart
much like Rodinia had 400 Ma earlier (Mesozoic rifting). The result of this
was the formation of the Atlantic Ocean. The Atlantic is currently growing
at a rate of about 2.5 cm (1 inch) per year. . ..

: < - ‘.‘\‘."‘_\v\‘-.

Present-day Coastal plain
\
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Normal fault
Hanging wall moves down relative to the footwall

A. Normal fault (tensional)
Copyright © 2005 Pearson Prentice Hall, Inc.



.Late Paleozoic terranes SDR/basalt
Hartford basin basalts wedge

& sediments Dike generations
: (1) Cretaceous/Cenozoi

2

sediments

m

Cross section of the northeastern USA rift zone (southern New England )

http://www.wesleyan.edu/ctgeology/CtLandscapes/CTlandscapes3.html



LEGEND

2,000 ft. prominence
3,000 ft. prominence
4,000 ft. prominence

5,000+ ft. prominence
Divide lines connect summits

Major divide lines connect summits
of 5,000+ ft. prominence

The prominence of a mountain is the
minimum height of a summit abowve the
surrounding terrain. Prominence is
the elewvation difference between the
summit and the lowest contour that
encircles it and no higher summit.

Names of summits on this map have
‘been shortened for brevity. Wherever
possible, official names are used,
however some summits are not named.
Where an unnamed summit is the high
point of a mountain range, the name

of that range is used. In other cases,
the elevation of the unnamed point is
given. Hollow symbols represent peaks
that may have less than 2,000 ft.
prominence.

The following highpoints are not established:

* Kibby Mountain ME {elew. 3,654) or
Caribou Mountain ME {3,640+20).

o SRt L & b’ b
1+ i 7 AT REEY N : *% Mt. Ellen (4,083) or Camels Hump (4,080

or 4,088).

P~
)
#%% Big Moose is formerly Big Squaw.

For more information or for a list of

peaks please contact Roy Schweiker at

roy.schweiker@juno.com, Andy Martin at
oldadit@iname.com or Raron Maizlish at
amaizlish@earthlink.net.

http://www.cohp.org
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Barber Hill pluton, Charlotte, VT

http://www.darylstorrs.com/images/Barber_small.jpg







PERMIAN TRIASSIC
225 million years ago 200 million years ago

JURASSIC CRETACEQUS
135 million years ago 65 million years ago

PRESENT DAY



In addition to Paleozoic sediments, folds and faults,
Vermont also possesses a well-preserved record of the much
younger glacial history of the region (~20 - 10 ka).
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Approximate extent
of Lake Vermont
12,500 years ago.
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of St Lawrence River valley, sea
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Approximate extent
of the Champlain Sea

10,000 years ago.
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Beluga Whale (Charlotte)
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Lake Vermont
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History of Lake
Champlain

e ~15-13 ka Wisconsian Ice Sheet retreated, blocked
meltwaters, and proglacial lakes (e.g. Lk Vermont) formed

« At 12 ka valley was isostatically depressed
— St. Lawrence seaway flooded valley with marine waters

« By ~9 ka differential rebound brought valley above sea level
and formed present-day Lake Champlain
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Although
freshwater on the
surface in the form
of lakes, rivers and
streams IS quite
small when
compared to the

total volume of
water on the planet,
It IS Important
because of Its
accessibility and
~purity.

Green River, Wyoming




A stream is a body of
water that flows
downhill along a
defined channel

transporting solid
particles and
dissolved substances.

Ariver Is simply a
large stream.




Atlantic

Ocean
Great
Basin Mississippi
River

Continental
divide
Gulf of

Mexico ﬁ y by
<>

— Drainage
divide

———- Mississippi River
basin limit

Essentials of Geology, 2nd Edition
FIGURE 14.6 Copyright (¢c) W.W. Norton & Company



Vermont
Watersheds

[~ thtver € reek)
Livdly (retyr Crevh,
Lowhi g llv)‘

Sowrdd
Lake Chamgh

WATERS OF VERMONT

e ]




Longitudinal Profile
(similar to Middlebury River)

Limit of
drainage basin
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Sediment Transport In Streams

Normal
bed load

Dissolved
Rolling ions

Suspended
load (clay) (-

Moves Saltation

during
flood Substrate

Clast collides and bounces
(b) another into water



Stream Deposition (Alluvium)




Braided Stream













Cut Bank

Point Bar
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Meandering Stream & Oxbow Lake
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Fluvial Landscapes & Deposits

Canyons



Stream Deposition (Alluvium)




Sediment Deposition -- Deltas
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Delta in mountain lake, Maroon Bells, CO




Groundwater
An extremely important
hidden reserve of
fresh clean water







Water

Porosity
% empty space
In a material




Pore
Conduit

Permeability — measure of the ability of a material to
transmit fluids. It depends on the connectivity of the pores




Water Table
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TR

Nodified after Haran and others, 1989
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Hydraulic gradient =
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Water table
Ground
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