


The Appalachian Mountain Belt
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What is the overall structure?
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Pre-plate tectonics interpretation
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Cratonic
Sedimentary Sequences
in
North America

Thick sequences of (preserved) passive
margin sediments with periods of missing
sediments

Periods of missing sediments _
(yellow)correspond to collisions/orogenies

First sediments to be deposited after a
hiatus were huge thicknesses of clastics
(clastic wedges
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Schematic Tectonic Evolution of the Taconic Orogeny
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Graptolite zones of Riva (1974)

Plate tectonics
provided the
mechanism

Similar to collision
of India and Asia in
the Cenozoic:

A continental
passive margin
collides with a
trench

Hiatuses
correspond to
collisions with arcs,
terrains, and
continents

Clastic wedges are
from erosion of
mountain belts
following collisions

Rowley and Kidd, 1981
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Pre-existing
mountain belts

- Grenville-age
mountain belts

After Hoffman, 1991

Another important concept:
Pangaea was not the only
supercontinent. In fact,
there have been many. The
most recent (prior to
Pangaea) was Rodinia
around 700 Ma.

It formed when many large
continental pieces
coalesced during the time of
the Grenville orogeny

This led J. Tuzo Wilson to
propose a regular cycle of
opening and closing of
oceans ...



Wilson Cycle

Grenville orogeny (1 b.y. ago)

Formation of Rodinia

Post-Granville rifting (~500 m.y. ago)

Cambro-Ordovician passive margin " Island arc
Proto-Atlantic

Oceanic crust

Taconic orogeny (Ordovician) Avalonia
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Africa

Present day
Valley &
Plateau Rld;e Highlands “::;?.'," Coastal Plain Atlantic




Rodinia

Madag;

f tica
&N st

North
America

Baltica

Rodinia
(about 700 Ma)

Equator

(&)

Pre-existing
mountain belts

- Grenville-age
mountain belts

After Hoffman, 1991

Tectonic background

The Grenville orogeny in
eastern Laurentia (ancestral
North America) about 1 b.y.
a?o resulted from assembly
of the supercontinent
Rodinia which contained
ancestral cores of today's
continents.

Note East Antarctica and
Australia are joined to the
western North America

SWEAT hypothesis
SQI_u)thWest US and East
n



Rodinia Breakup
Rodinia separated into several major continents including Gondwana, Laurentia
(second incarnation), and Baltica (northwestern Europe)

Laurentia

[ lapetus Ocean

‘Baltlca'/

Baltnca

* .

The lapetus Ocean is s S
between Laurentia and —— b
Europe

Keary & Vine, 1996
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Taconic
orogeny

Between 480 and 420, one or more
arcs, a large “terrain” (Avalonia) and a

chunk of Europe (Baltica) collide with
Laurentia. lapetus closes.

The Rheic Ocean lies between
Laurentia and Africa (Gondwana)

These various collisions formed the
Appalachian Mountains

~490 Mz
—~ Vv~ Subduction zone > Transform and spreading cemi=r

(b)

Acadian
orogeny

~420 Ma

~440 Ma ~~ Vv~ Subduction zone X Transform and spreading center

—¥ ¥ v~ Subduction zone S>> Transform and spreading center —~ ¥V~ Suture zone i
— 7™~ Suture zone KK&V Flg 12.24




Taconic Orogeny

Island arc collides
with Laurentia

—< Vv~ Subduction zone X Transform and spreading cer=

KK&V Fig 12.24



(b)

Acadian Orogeny

llide with

ica coi

Avalonia and
Laurentia

Balt

lapetus Ocean

closes

~440 Ma

- Transform and spreading center

—~v Vv~ Subduction zone

T SRR, e, T
Suture zone

KK&V Fig 12.24



Laurentia

SRIE ;
2R ppalachlans

TR

Carolina

Baltica

/7 7. 1
Y'YY] Meguma and Cadomia

Alleghenian Orogeny
Africa collides with
Laurentia

-—v— Subduction zone

=v—v— Suture zone

u'” Spreading center and transform fault

And by 300
Ma you have
Pangea
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The Appalachian Plateaus
Legend .. i | / « Mainly flat lying

. Cumberland Mountains

Cumberland Plateau 7 , S e d I m e N tS

I Allegheny Mountains

— oo L —  Gently deformed into a
broad syncline about
220 miles wide

— Middle to late
Paleozoic sediments
(sandstone, shales,
coal, limestones)

— Some clastic deposits
derived from
mountains to the east
How can we tell the
direction to the
mountains?

From commons/wikimedia.org

Appal.  Valley Blue Ri Pi S
Platcau & Ridge ue Ridge iedmont Coastal Plain




The Appalachian Plateaus
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Typical limestone exposures in New

Landsat image (from NASA) of York (photo by J.S. Abers)
plateau in Pennsylvania. Note the

pattern of rivers here. How does thi:appal.  valley
indicate that the rocks are i R e

horizontal?

Blue Ridge Piedmont Coastal Plain




The Ordovician Taconic Orogeny

o

B
REEES

E - Middle Cambrian i trmamed

Chopawsnsic_o Volcanic Are AMicrocontinert

H - Middle - Late Ordovician

Taconic Mtns.

More collisions
on the horizon

Images: http.//cmres.jmu.edu

The changes in the
Ordovician limestones on
the passive margin reflect
an approaching volcanic
arc.

This explains the present
Juxtaposition of carbonates
and volcanic rocks of the
same age.

The volcanic arc is an
example of an exofic
terrane - rocks of very
different origin that are
tectonically transported
and collide with the
continent.



What is the signature of a collision?

Foreknobs

gcheer

Brallier Ot 5\‘3\\9
Helderberg :
Rose Hill

Tuscarora

Martinsburg

Black River Group

2 Beek
[ sandstone = "‘:"‘O“'n
coche
B red beds = ague
[ sand + shale Ibroo
B black shale Prebatbrian ,/\‘:'.'uyncsbom
. 5 S -~ lomstown
[ limestone crystalling basement rocks = Antictam
[ bentonite Harpers
& -4 Weverton
Catoctin
@ Mississippian
Devonian

L rme—ee T S I
. ————~———=—= Sjlurian

=

I Grenville
I Rifting
[ calm
B Taconian
[ calm
I Acadian

Ordovician

Cambrian

Figures from Callan Bentley

The collision of the Taconic terrane in the
Ordovician is only one of three collisions
along the east coast in the Paleozoic.

In each case:

> collision marked by clastic wedge

> [ater sedimentation returns to
carbonates, quartz sandstones as the
mountain range is eroded (calm period
prior to the next collision)

Note that these clastic wedges are all
thicker to the east, the direction in which
the mountains lie. What type of
sedimentary structures in the clastic
wedge might tell us the direction of the
source?



What type of sediment after collision?

S WL R,
Bt
- f ~1

. -

Middle Ordovician
clastic wedge

! -.
&%

Rl A L

w1
- - n
. . -

Immature clastic sediments (e.q. the
conglomerate above) shed into the basin.
These sediments form large clastic
wedges (note that the ages of these are
slightly different along the mountain
range).

Atlantic Ocean

800 Km

Figures from Callan Bentley




Here We Go Again!

J1 - Middle Mississippian

Eroded Tocowlo Yerromes Eroded Avalom Terrame
Kacknekln opleontinental o {Taconic Orogemy) {Acadiam Ovogeny)

SN e RRekt ocese (ROR)

T _

Lo AFRICA T T Ty

The Alleghenian mountains were likely
comparable to the Himalayas. Note the
reverse faulting taking place beneath
the African plate.

Images: http.//cmres.jmu.edu

Iy S. Fdues, 1993

The Avalon terrane
collides in the middle to

late Devonian (Acadian
orogeny).

Mountains are eroded by
the Mississippian.

Africa collides during the

latest part of the
Paleozoic (Alleghenian

orogeny)



Everyone Shift to the West

— _. ) _. As the African plate slid,
N TR - e A A P P P it caused many of the

underlying terranes to
also detach and move
westward (some by 100
km or more)

North

The low angle reverse
faults along which much
of this displacement
occurred are called
A o oo 58 thrust faults. Weak
’00‘3’% - — sedimentary units (e.g.

\ RN Shales) are often where
the sliding occurs.

Pre-Alleghenian terrane locations

This slide shows where the
major tectonic elements
come from

Images: http.//cmres.jmu.edu



What is the overall structure?

MORTHERN
APPALACHIAHS

#Sedimentary Appalachians”
(HEW EHGLAND)

{The Appalachain Basin) |

T NCrystalline
Appalachians®

CEMTRAL
e APPALACHIANS
R (ATLANTIC STATEE)

il
1060 milad

R eRLY,  BiueRidge Piedmont Coastal Plain




The Allegheny Front

Allegheny Plateau - Valley and Rige -

almost flat lying underlain by thrust

sediments faulted and folded
sedimentary rocks

Images: http.//cmres.jmu.edu



Topography often

reflects the geology

- Ridge forming units
Sandstones

_ Valley floors

Limestones
Shales

Rivers and streams
also affected by

geology



Valley and Ridge

Ridges are upheld by resistant strata -
sandstone & conglomerate
Valleys are underlain by easily weathered strata -
shale & limestone

Valley and Ridge Topography in Tilted Strata




The Ocean Closes

Cambro-Ordovician passive margin " Island arc
Proto-Atlantic

Oceanic crust

Taconic orogeny (Ordovician) Avalonia

.~ Avalonia

Multiple collisions, volcanic arc, terrane, and then Africa



Rifting of Pangea

Alleghanian orogeny (Carboniferous-Permian)

—

e e RV gt

= form the present
Atlantic.

Triassic-Juras

s

sicrifting

Newark Supergroup

0 km 400

- Newark Supergroup
(= outcropping rift basins)

Image from P. Olsen



Rifting of Pangea - Another Wilson Cycle

Triassic RIFT BASINS IN THE MID-ATLANTIC

The supercontinent Pangea rifted apart
in the Triassic, with seafloor spreading
in the Jurassic to form the modern
Atlantic Ocean.

The rifting is associated with volcanism
(200 Ma), thick deposits of red
sediments (e.q. the Newark Basin).

Would you expect any terranes that are
younger than the Jurassic to be found
along the east coast?

S— AERICA

Images: http.//cmres.jmu.edu L—_____________________..--



Wilson Cycle

Grenville orogeny (1 b.y. ago)

Cambro-Ordov:man passive margin " Island arc
Proto-Atlantic

Oceanic crust

Taconic orogeny (Ordovician) Avalonia




@ Avalonia

Africa

Present day
Valley &
Plateau Rld;e Highlands “::;?.'," Coastal Plain Atlantic




How rigid are plates? How much do oceanic plates deform?

Diffuse plate boundaries

Dark = continental
Gordon and Stein (1992) Lighter = oceanic




Classic example of a diffuse plate boundary

Zone of deformation running across Indian
late from Central Indian ridge to Java-
umatra trench

oy

Antarctica

. .

Satellite gravity field



100E

BUCKLING ?—=

§AULTS

Weissel et al. (1980)

Characterized by:

a) Zone of intraplate
seismicity in Indian Ocean

b) Large E-W striking
grawty lineaments caused
y convergence between

Australia and India

c) Seismic reflection
profiles reveal shortening

d) Plate reconstructions
indicate over 100 km of
shortening

EQ focal mechanisms
show a mixture of
compression, strike slip
faulting and extension.

Unconformity
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The gravity field looks
Fartlcularl complex because
he East-VWest striking gravity
lineaments caused by
compression are superimposed
on rgrawty anomalies over the
North-South striking fracture
zones
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Ih Bogd, Gobi-Altay
5+3Ma

Shang Hu Graben Vassallo et al. 2007

13.5 Ma
Blisniuk et al. 2001

Baikal Rift 10-7 Ma

Petit and Déverchére 2006 .o i W

\ ,?}“.‘.’i -

Qilian Shan 10 Ma
Zheng et al. 2009

Age of
Kyrg1y1z|§aange Guide Basin, Laji Shan up||ft in
Bullen et al. ~8 Ma Tibet

2001, 2003

A Ly :
~ Sutlej Valley ‘
.. 7 ~11 Ma
' Caddick et al. 2007

Siwalik Sediment ~11 Ma
Brozovic and Burbank 2000

DeCelles et al, 1998 Langtang ~10 Ma

Fang et al. 2005;
Lease et al. 2007
. ‘I

Linxia Basin ~6 Ma
;f Fang et al. 2003

f‘Liupanshan 8 Ma

- Zheng et al. 2006

N \/in Shan 7-4 Ma
27

Kirby et al. 2002

Longmen Shan
13-5 Ma
Kirby et al. 2002 7

Southeastern
Tibet 13-9 Ma

Huyghe et al. 2001

Meigs ot al, 1995 /Yobus et al. 2008
Najman 2006

Shillong Plateau 14-8 Ma )
7000m  Robinson et al. 2001 Biswas et al. 2007; Clark and Bilham 2008’ Nyaingentanghla 8 Ma
I Szulc et al. 2006 Harrison et al. 1995
5000m
3000m & ~8 Ma

Clark et al. 2006

Indian Ocean floor Pan and Kidd 1992

lom Cochran 1990

When did it start and why?

&2 Compression started between 20 and 15 Ma.

K 4
-’

Northwest Corner
of India

o

.

o Lithospheric folding (large gravity rolls) started at 8
Ma, with rate of deformation (convergence between
Ind and Aus) tripling at that time

Northeast
Corner
of India

Distance (km)

Perhaps related to an outward push from latest
episode of uplift in Tibet (top)

The uplift is relate to slowing of Convergence rate
between India and Eurasia around 10-15 Ma

Molnar and Stock (2009) As if: India slowed down, Aus didn’t want to ...



Royer and Gordon (1997_2 found another
diffuse plate boundary wi

South of original boundag
Called the rigid area the Capricorn plate

(6=0, y=0)

mponen ?

Zatman et al. (2005)

R

L
’
| \J

hin Australian plate;

Found that Euler pole
also was in the
diffuse boundary zone
Showed there was a
eodynamic preference
or the rotation pole to
be along boundary

Refer to the smaller
areas as component
plates
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Royer and Gordon (1997)
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Gravity anomaly (mgal)




Diffuse plate boundaries

Dark = continental
Lighter = oceanic

If you throw in continental
tahreas which are deforming
en:

areas of ongoin%
deformation = 15% of
Earth’s surface

Gordon and Stein
(1992)



Seismicity

43°N

42°N

41°NH

Lineament classification (for A)

Primary normal fault

Normal or strike-slip fault (unclassified
—-———--—- Possible nomal or strike-slip fault
& Left-lateral strike-slip faults

% Mendocino Fracture Zone

: || ----—-—- Possible left-lateral strike-slip faults
6 %, lFa{eactli)\ltated norma!jfaults i
- - SRR R e Sl | [ — i tivated normal faults
Blanc, Juan De Fuca Plate O Magnitude 270 1 %, X ossible reac
Poare ° S Meiiaco-ce 27W 26W T25W
—— y o Magnitude 4.0 - 4.9
0 North American Plate « Magnitude < 4.0

R

Pacific Plate

Plate motion relative

e —— to a stationary

LT U TALIFORNEA” North American plate
—

Oregon State University
Moment Tensor Database
(Crescent Ciy ~

~_ Gorda plate: deforming
zone on southern part of
N Juan de Fuca plate

Intropiste 1ouits
within the
Gords piste

Reason Atwater used
Blanco transform to

estimate motion of triple
junction

O 1118150 Trinidad earthquake (mag. 7.1

@ 8/17191 Honeydew earthquake (mag. 6.2) %

O 412526192 Cape Mendocino earthquake sequence (mag. 7.1, &6, 6.7)
© 911194 Mendocino fault earthquake (mag. 6.9)

© 12126194 Eureka earthquake (mag. 5.4)

© 211895 (mag 6.6)

© 1/21!97 Punta Gorda earthquake (mag. 5.6

.Ehm:‘h aftar Mepherson, 1989



Cause is debatable:

One idea: Southeast of the triple junction, a
slab window is generated by removal of the
subducting Gorda plate.

Southwest of the triple junction, the Pacific
plate acts as a rigid barrier forcing southern
Gorda crust to rotate clockwise, fragment,
and flow into the slabless window.

r
‘- A"Lq’v
B Dan eva e

Gulick et al. (2001)




Thorkelson (1996)

Velocity Space
€

.

B

Slab window = region beneath an
active margin where there is no
underlying subducted crust that
was generated at the seafloor

Slab windows can form when
spreading ridges subduct
depending on the plate geometry.

The gradual subduction of the
Pacific-Farallon and Farallon-
Kula ridges led to the formation
of large slab windows beneath
western North America

Slab windows are in grey

Early Miocene

Thorkelson (1989)

GEOLOGY, September 1989




Gravity rolls — a more subtle type of deformation

Linear gravity anomalies,
Perpendicular to ridge axis,
10 — 20 mﬁal amplitude,
300 - 500 km wavelength,
1000’s of km long
Associated with volcanic
lineaments

Discovered in 1986 when
satellite radar altimetry
(gravity) data were first
collected

Begin to develop about 2-3
Ma off axis, fully developed
by 6 Ma

Better developed on Pacific
plate than on Nazca plate
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Mantle convection can both drive the plates, but also be induced by shear
at the base of the lithosphere. Here the passive spreading of the the mid-

ocean ridge produces a convective roll in the underlying asthenosphere.

Initial interpretation (Haxby
and Weissel, 1986) was
M Mg that they reflected

G \ \ secondary convection
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{ Better topo showed that volcanic lineaments on s

| -the EPR are common on the Pacific side of the |

I ridge and are parallel to the gravity rolls I

I : : > ¥ : lGS

| |

| I

|- - 17°s

g , |

| b e |

| i e,

I > * 3 0 g 15°s

I g R » l

| I

I -

I ~ §19°S

I

|

| I

UV ——— s m— e . S P B EA R S B B S M S S S M| S S S S S S S A S S A S— S — —]

119°w 118w 117°W 116%W 115%W 114%W 113%W 112°%W 110%w




SMALL SCALE
CONVECTION

OO

ASTHENOSPHERE

Example of
boudinage

Layers of harder
rock break into
chunks when
deformed

From French word
for sausage

EXTENSION

ASTHENOSPHERE

Sandwell et al. (1995)
pointed out that it is
Important to look at the
relationship between
the volcanic
lineaments and the
gravity rolls

If the volcanic
lineaments are in the
trough, the rolls ma¥
reflect extension in the
plate

“Boudinage extension”
model

Sandwell et al. (1995)



ASTHENOSPHERE

Winterer and Sandwell

Sandwell et al. (1995) showed
that the Puka-Puka volcanic
lineament (P-P’) ran along a
gravity trough

Proposed that the Pacific plate
was being stretched by slab pull
Therefore, supported extension
of the plate;

Potential problem: model
required 10% stretch
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Gans et al. (2003) measured

the distance between

con jugate FZs on the Nazca
Pacific plate

They found that they were
roughly the same distance
apart_and supported less

than 0.5% stretching of the
Pacific plate
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blue = Anomaly 130
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Gans proposed that the
gravity rolls are due to

thermal contraction warps and cracks
caused by uneven
crack, seamount chains crack, seamount chains thermal contraction
\ / vertical :
displacement Due to bending stresses
caused by vertical
variations in cooling rate
segment length Below models based on

simple theory

6 Ma, 10.1 km thickness

Gravity lows are areas of weakness 3Ma, 7.3 km thickness 4 Ma, 8.4 km thickness
subject to brittle failure in the form of L ooyt
cracks that penetrate lithosphere

If plate cracks, then contraction of the
lithosphere occurs when plate cools 2
Lithosphere cools faster at bottom than
at top so contracts faster

300 km

This causes thermal stresses which segment length
{Jroduce a bending force which bends
he rl)(late convex upward between the
cracks

But, their model did not explain crack
spacing and underestimated the amplitude



This might not be intuitive but consider this:

The bottom of the lithosphere is cooling faster
than the top because the top has already
cooled. The bottom is hotter and, just as with the
sq. rt. of T, the hotter part cools at a faster rate.

From Wessel (1992): Make a IaK.er, the top is in
compression from the bottom which is cooling
faster. Then add a layer below it. This layer then
puts the bottom of the layer above it under
compression as it cools. Bottom layers want to
contract but are held back by upper cooler
layers. If relieve depth-average contraction, we
are left with a plate that is under compression at
surface and tension at depth

Same as tempered glass. Which puts outside of
lass under compression so that a scratch
oesn’t cause it to break.

Growing Plate Cooled from Above
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A cooling, growing halfspace

Wessel (1992)



(C) THERMAL CONTRACTION
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Sandwell and Fialko (2004)

Did a more rigorous modeling of
same effect

Got an amplitude 1.6 times greater
than Gans, which matched
observations

onset age 6 Ma
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