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Early explanations for arcuate mountain ranges...

. Taylor: Africa and India. - | " <smmmrrrd = A N
. were “fixed”; continents ~. .y g TR N ,
\\ moved from the poles 7 f f .

Fig. 1.2 Taylor’s mechanism for the formation of Ternary
mountain belts by continental daft (after Taylor, 1910).



Classic Andean Orogeny
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Foreland fold and thrust belts
KK&V fig 10.7
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The Andean foreland is associated with three different styles of

tectonic shortening:

a) thin-skinned, b) thick-skinned and c) basement thrusts that

cut through the entire crust.

The latter are found in the Pampean Ranges of the “flat slab”
sections — with very destructive earthquakes.
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Figure 5. Map showing contours of hypo-
central depth to top of inclined seismic zone.

“Flat slab” subduction
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The style of foreland thrust faulting varies
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1) Thin-skinned (thrusts start within
Paleozoic sediments at depths of 7 -10 km)
2) Thick-skinned (thrusts start within Pre-Cambrian
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Laramide orogeny: ~75-45 Ma

eastern extent of area
* * affected by low-angle

Farallon subduction
[ Burgs and Geard, 2000|
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Laramide structural arches and
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Style of basement uplift in the Laramides is
similar to the style of basement faulting in
the Pampean Ranges of western Argentina—
hence speculation that the Laramides were
also caused by flat slab subduction
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over Paleozoic rocks. Near Cody, Wyoming (Courtesy of
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In the western US, the “flat slab” event is attributed to the subduction of a
hypothetical large, aseismic ridge (perhaps like the Ontong-Java plateau) in
the late Cretaceous and early Cenozoic.

subduction beneath North America from late Cretaceous through Oligocene

time. Palinspastic base map is from Hamilton [1978]. Solid arrows show velocity of the Farallon plate with respect

to North America [Engebretson, 1983]; lengths are equal to 5 m.y. of relative displacement. Shading indicates

regions of volcanism from Snyder et al. [1976] and Lipman [1980], Solid lines without angle symbols at 70 m.y. Esir(j 1 S)ng;
represent edges of the flat slab, which should not have caused volcanism. Lines with dihedral angle symbols are ’
suggested hingelines at the beginning and end of each period. Dotted arrows show the sense of hingeline migration.

(*Note that all dates are based on cooling ages, so that if any significant time is required for intrusion and

cooling, the slab may have actually reached the indicated position at an earlier time.)

Fig. 5. Hypothesized locations of horizontal



Andean orogeny:
present
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Cross-sections (same key): numbing
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This series of cross-sections
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tectonic styles that exist in
different parts of the Andes;
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Figure 12,12 Map of Andes, South America, showing
principal tectonic features. (After Mégard, 1989; Mpodozis
and Ramos, 1989)

For example, along section E
the Andes are built on top of a
rift basin (Neuquen) that formed
at the time of South America -
Africa rifting at 130 Ma.

Moores and Twiss
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Crustal thickening model for
the Origin of the Altiplano
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Model: buoyant diapir on top of AP Magma Body

free surface . :
ductile strain
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S, Mises
{Avg: 75%)
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Largest active magma bodies in the continental crust

180°210° 240° o7¢° 300° 330° O°
. /

e Discovered by seismic
studies

e Similar emplacement depth
(~20 km)

e Geodetically detected uplift

e Similar uplift rates
(millimeters/yr)

e Different tectonic settings

\

\
180° 210" 240° 270° 300" 330" 0
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Although lithospheric mantle in general is less
dense than the underlying asthenosphere, in
cases where there has been a lot of crustal
shortening and thickening there may be phase
changes in the lower crust and upper mantle
that makes this region negatively buoyant. If
this material is replaced by less dense
material, get isostatic uplift

But wait!
Two ways to get uplift:

1) Crustal thickening

2) Delamination: the foundering
of dense lithosphere into less
dense asthenosphere

Leads to volcanic magmas
with distinct compositions



neutrally buoyant
layer

-«——— dense layer

neutrally buoyant
half-space

And yet one more idea:

A slight twist:
Convective instability of lower
crust

Jull and Kellemen (2001) showed
that there is actually a broad
range of compositions and
conditions in the lower crust
where thickened crustal material
will be negatively buoyant
relative to the underlying mantle
and form “blobs” of material that
“drip” off of the base of the crust.

Not to be confused with
“delamination” where the lower
crust “peels off.”



A lithospheric drip can be envisioned as honey
dripping off a spoon, where an initial lithospheric
blob is followed by a long tail of material.

When a small, high-density mass is embedded
near the base of the crust and the area is
warmed up, the high-density piece will be heavier
than the area around it and it will start sinking. As
it drops, material in the lithosphere starts flowing
into the newly created conduit.

ScienceDaily
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The model in KK&V has both: crustal shortening
along long, flat thrusts ( a la Isacks) and
removal of lower crust by delamination/drips
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T_he tim_ing of Andean uplift WOUIC_I enable us to 0% h = -33261320 - 491.6125.2 §"*0pyy, — 16.45£9.56 (8'°0pyy — 12.06)°
discriminate between the orogenic process. R R2= 0.9
- , 'E 4000+
Hard to constrain: clues from marine/coastal =
facies, climate history, drainage development % 3000
% 2000+
Altiplano at about half its present elevation at 10
Ma; so when did it go up? 10007
0 . . . r .
-18 -16 -14 -12 -10 -8
A Central Andes 5180(VSMOW)
100
o] T AN Garzione and Molnar (2006)
5 jz le;;nf e Newer method: Oxygen isotope paleo-
S o] DI Eastem Cordiler altimetry from carbonates (above)
% 50—%
£ w0 3 See systematic decrease in delta O'® with
2 20 | altitude in modern day lake deposits of
- 204 N precipitated carbonates; determine a
“’}q regional (northern Altiplano) relationship
60 50 40 30 20 10 Ao
Aee M) T s Find a systematic pattern in ancient lake
e deposits that indicate a change in altitude

in one place over time.



Stable Isotopes of Oxygen:
160 =99.76%
180 = 00.20%

The ratio varies as the environment changes:
When the climate is colder, the “light” oxygen goes into ice

isctopically light isctopically light

1 1 1
b}

v runoff 5w

L
N
* .

Nonglacial Period

evaporation

isctopically light

glacial ice enriched in
isctopically light Hy O

evaporation

Glacial Period

fractionation

The oxygen isotope ratio
is a “proxy” for temperature

Measure ratio with a mass
spectrometer
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Observations based on delta O18
paleoaltimetry:

uplift (2.5 to 3.5 km) of the Altiplano
was sudden, between 10 and 7 Ma

This is too fast for Isacks’ s crustal
thickening. Requires that uplift is due to
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delamination (i.e. removal of dense
lower crust and upper mantle);

Another way to date uplift:

See decrease in convergence rate
between Nazca and So. Amer at same
time (from the plate circuit). The authors
interpret this as being due to an increase
in the force per unit length applied by
highlands on the plate boundary which
they attribute to uplift of the Andes.
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North
Amerlca

Ocean

Paleo-equator

Continuity of rocks
and structures

- ancient
coal beds

The vast ocean that preceded the breakup of Pangaea and Gondwanaland



Motion of India with respect to Eurasia

40 my



SHRINKING BASIN

Deep-sea Continental
Volcanoes trench Ocean margin

Basalt crust

SUTURING
Himalayas




Four stages in the India-Eurasia collision

Passi\{e margin Accretionary Forearc Volcanic
sediments wedge  sediment arc
7

G L High
O M a j_Ganges | At rg;:;a i Him;!laya ~+——— Tibetan Plateau ——

Plain

Yellow = Paleozoic and Mesozoic passive margin sediments (India) Top of Everest = Ordovician
Green = deep sea basin oceanic crust/sediments (Tethys) limestones

Blue = accretionary wedge sediments (Asia)

Pink = fore-arc basin sediments

Dark red = volcanic arc

Brown = Indian continental crust

Tan = recently deposited sediments; products of recent rapid erosion Hamblin & Christiansen
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Two huge thrust faults cut through the
Indian plate:

Main Central Fault (MCT) (~40 Ma)
Main Boundary Fault (MBF) (~20 Ma)




80 my ago

Indian continent passive continental margin Tethys ocean

(a) /

- continental shelf - ot continental rise ———a

Mesozoic sedimentary rocks

Paleozoic sedimentary rocks

crust

sea level

antla
'

— 108 km

100 knj————F—>




60 my ago

Tethys ocean

convergent margin

Eurasian continent

(b)

cru

future ophiolitic melange

deep-sea trench
forearc basin

| L1

coast

volcanoes and
granite intrusions

initial formation of an accretionary prism




40 my ago

Collision of India with Eurasia

©

Mesozoic sedimentary rocks folded and thrust in overlapping
layers; underlying margin slides beneath southern Tibet

melange and forearc basin uplifted
by underthrusting continental crust

Paleozoic sedimentary rocks

: : vol i
\ material eroded from high areas DIOSHISIN CORAEE k)

India begins to underthrust

T N —

——

the formation of a huge thrust cutting entirely through the Indian crust:
the Main Central Thrust



20 my ago

all that is left of the Tethys ocean

(d)

s ————— . bl e

deposition of Siwalik group uplifted and eroded

Mesozoic and Paleozoic sedimentary rocks

— 3

back thrusting carries forearc basin
and melange northward onto
granites of southern Tibet

deposition of Kailas sediments:
eroded volcanic and granitic rock

Htit

The Main Central thrust brings the northern edge of India up and onto the
intact part of India father south
Second giant thrust: Main Boundary Fault




today

Lesser Greater Tethys Trans-
Himalaya Himalaya Himalaya Himalaya
— 300 km
(C) — —
Indo-Gangetic plains Lesser Himalaya Greater Himalaya Tethys Himala SUture zone Transhimalaya
rapid uplift at Himalayan front erosion has left high mountains
frontal thrust  andin Greater Himalaya slip has placed d deep valleys in Tethys Himalaya
highly metamorphosed rocks d Transhimalaya
from lower crust over
folding of Siwalik|lroup al B mefamerpiased
at Himalayan fr \pain (-;Y?-:::]‘S\ Paleozoic sedimentary rocks 1'3?8.5: ngpo suture zone

S

A

100 km

Two slivers of the former edge of India now rest upon India, greatly thickening
today’ s crust and the entire lithosphere




Permian-Triassic
rifting

>
| Gond l India\ﬂhasa/Qianglang I

| Eurasia

Late Triassic-Early Jurassic
rifting possible backarc
extension e—p

>
| GonMndia } ,

sc| Eurasia

Late Jurassic-Early Cretaceous

Gond

Collision and distributed shortening
BNS

T India\,‘/Lhasa—l Qntg )sel Eurasia

Late Cretaceous

Gond

Shortening and some uplift

sg| Eurasia

Early Cenozoic

Late Cenozoic

ophiolite

India-Tibet collision was
preceded by collisions of
several micro-continents and
island arcs

Accretion of these terranes

marked by series of suture
zones in Tibet and China

Indus-Zangbo suture zone (1ZS)
marks India-Tibet collision

Himalayan orogen is built on
collage of exotic material

KK&V Fig 10.15
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X = 2008 Sichuan quake, KK&V Figs 10.13 and 10.17

mag. 7.9, thrust fault



40°N

GPS and other measurements

35°N e | show that currently deformation
o - within the Tibetan Plateau and
: ‘ (DR ST ' its margin absorb more than
3o°N b o & o F > ST 90% of relative motion between

India and Eurasia

Internal shortening accounts
for more than 1/3 of total
convergence

25°N

70°E 15°E 80°E 85°E 90°E 95°E 100°E  105°E  110°E

(b) Additional shortening north of

: o : Tibetan plateau
40 % §, g e Across the profile r 40
F ﬁ{ ,5 i :_-:: = Along the profile . . .
a q 2 £ & B Tibetan plateau is also
i ! M : 5 - extruding eastward relative to
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“Indenter tectonics” (Tapponnier and Molnar, 1976): KK&V Fig 10.22

India acts as a rigid block (indenter) that presses into
and deforms a softer block ( Asia)

Lateral extrusion of parts of Asia may accommodate
about 1/3 of the convergence between India and Eurasia

Also called “escape tectonics”
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Indian plate flexes
and slides beneath
the Himalaya



Seismic tomography shows a broad
and deep zone of cold material in
upper mantle beneath suture zone

This is interpreted as broken off pieces
of Indian continental crust

Fig. 4. Lateral variation in P-wave speed, at 200-km depth, relative to a laterally
homogeneous reference Earth model. This image is part of a global model obtained

India continues to move
northward, leaving pieces
of crust behind in the
mantle

Moho

Profile 1

A e S

N

km

-
1% m_— . +1%

I
I

0 200 400 600 800 1000 1200 1400 1600
il

Plateau
margin

P-wave tomography

0 km

500 km



Present 20 Ma 50 Ma

f Tarim qlg//
A INDIA /
i/ ) k 1
NE Tibetan |3} £ ’
units AN INDIA 2
2 2
NW Tibetan Baoshan- -
thrust belt \Y Borneo i D Sibumasu unit é&o . . Borneo
Qiangtang unit iy [ Lhasa unit ) Himalayan units
B Lanping-Simao unit i = B Vietnam unit (& Indian foreland

1000 km

Tarim

Summary of extruded terrains

Left:
Red arrows = GPS velocities
Blue = direction of deep crustal flow

Note: Sichuan basin

Royden et al. (2008)



2008 Sichuan EQ located
on thrust fault involved in

eastward extrusion of MWE s
Tibet

! 0: Tibetan
Plateau

Sichuan
BF Basin

-104

: : £, S E 1 i Fig. 6. (Top) Epicenters of 12 May 2008 Wenchuan earthquake and after-
2 K e e bl G e o~ shocks (green circles), with focal mechanism for the main event (48). Events

& TN e ; - are superimposed on map of lateral variation in P-wave speed at 100-km
depth relative to a laterally homogeneous reference Earth model (47),



Uplift of Tibet

Mt. Everest Aconcagua

i v Mont Blang ~ So-Andes
i ./ = lips / Pike'sPoa ;
/

Ulugh Muztagh

Figure 2. The brown area on this topographic map of Asia shows
clevations higher than 5,000 m; the tan area shows clevations
between 2,500 and 5,000 m. A similar map for any other continent
would be almost entirely gray and tan, with only specks of brown
here and there, because the elevation of 5,000 m is reached only by
isolated peaks on the North and South American, African, and
Antarctic continents, and nowhere in Europe, as shown in the
profiles below the map.

Elevation in excess of 5000 m over an area the size of France
Dwarfs all other plateaus

Molnar (1989) American Scientist, v. 77, p. 350-360



Origin of the Tibetan Plateau: Rejected Models

Continental underthrusting Delayed underthrusting

Continental injection Distributed shortening

1) Continental Underthrusting:
classic: flat slab subduction
but: no evidence for cold Indian lithosphere
beneath Tibet
instead: have low S-wave velocities
also: would give a gradual northward propagation of
Tibetan uplift, which isn't seen
2) Delayed Underthrusting
has subducted slab rising abruptly around 5 Ma
but: requires unusually fluid mantle above slab
3) Continental injection:
Tibetan lower crust behaves as a low viscosity fluid
and pieces of India are assimilated into if
but: uplift occurs in distinct episodes
4) Distributed shortening
50 % shortening of Tibet by folding and thrusting
produces thickening and uplift
but: little evidence for this magnitude of shortening



Origin of the Tibetan Plateau:

Preferred Model of Harrison et al (1992):

Mantie lithosphere detachment
Before late Miocene Present

Lithospheric delamination

Lateral thermal gradients lead to convective instability
beneath Tibet leading to detachment of the mantle lithosphere
The mantle is displaced by less dense and hotter asthenosphere

Or lithospheric drips



The Alps: Mont Blanc




Another example of the closure of a sea and

the formation of a mountain chain can be Bl coverved oceanic crust

observed in the Alps A_AJ Thrust fault, active or inactive
—A_—4 Active subduction zone
|| ||| Plateau
=——= Strike-slip fault
(LA
Europa 54, Spreading center and transform fault
@ 4 <V Pan‘nonian «—»| Recent small ocean basin

Africa

C Corsica

S Sardinia

G Gibraltar

CA Calabria

S| Sicily
0 500 1000
e

km

However, here not all of the seaway has disappeared. Last pieces of Tethys:
Black Sea, Southern Caspian Sea, African margin north of Libya



Here, will discuss just a few points —
where there are similarities to other
concepts we have discussed in the last
two lectures:

1) Classic Indenter model
2) Back arc basins driven by roll-back



As with India, There
were several micro-
plates and small ocean
basins caught in the
collision between Africa/ <
and Eurasia A&
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Big difference: the motion of Africa relative to Eurasia
is much slower than India



Reconstructions of Mediterranean Region since the Late Cretaceous

Il

SANTONIAN/CAMPANIAN
'3VU boundary
80 M.y.

K/T boundary
65 M.y.

Some events:
Collision of Apulia with Eurasia at 80 Ma

Iberia is transferred to Eurasia around 30 Ma

Back-arc extension in western Med and
Aegean Sea since 20 Ma

“Extrusion” of Carpathians and Turkey

Apulia (Apu) = microplate consisting of
northeastern Italy and Adriatic sea

PRIABONIAN
35 M.y.

AQUITANIAN
20 M.y.

TORTONIAN
10M.y.

Dercourt et al. (1986)



Europe Penninic microcontinent Apulia
5 3

90 Ma Like the India-Eurasia

collision, the collision of
Africa and Europe was
preceded by the
accretion of mirco-
continents and island
arcs

5-0Ma




Some Arcs seem to indicate shortening
perpendicular to African-European convergence _
(e.g. Carpathians, Western Alps). Bl Errepoed oceanic crust

AAJ Thrust fault, active or inactive
—A_4_ Active subduction zone
[ ||| ]| Plateau
Europe ca@" =—=| Strike-slip fault

. yA,{ Spreading center and transform fault
«—| Recent small ocean basin

A
Pannonian

S Sardinia

G Gibraltar

CA Calabria

S| Sicily
0 500 1000
I

km



EUROPE Car

Black barbs show
- paleo-position of
trench

Ap = Apennines

23
o>  AFRICA d 30
30°N +
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48°

46° %

4 6° g° T0° 120 14 16°

48°

46°

“Apulia,” the indenter,
is the block east of the
Apennines and west of
the Dinarides (the
northeastern part of
ltaly and Adriatic Sea).

It first collided with
Europe about 80 Ma
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You might not expect it here, but there is actually a lot of extension during the
collision: back-arc basins

¢ A

50°




In the case of no convergence, the amount of trench
retreat must be balanced by extension in the back-arc

Extension Trench retreat L Ve=0
- > < >

P I A Y A A

L N N N e e e N N N NN

I JE IR I YA A
S SRS W

V. = velocity of convergence

V, = velocity of the trench retreat
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- Thin Adriatic domain
Bl 1hick Adriatic domain (Puglia Platform)
- Hyblean Plateau
| Apenninic domain
—»— Adriatic subduction
Q}’ ~A— Apenninic front
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Normal faults (active)
Apenninic thrusts (inactive)

Bathymetry
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The Aegean Sea is
‘another classic back-
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Bottom line

» During the collision of plates, continents plow deep into the interior of an
opposing plate edge, with incoming continental lithosphere subducting to
depths as great as 200 km.

* In the process the crust and lithosphere thickens by piling up on the
incoming plate slices of this same plate torn off by major thrust faults.

« Material caught in the vice during this suturing process often expels itself
sideways (Indenter tectonics).

* In places where the convergence is very slow, the arcs are drawn outward
by slab rollback.

» The primary difference between the Himalayas and the Alps is that
convergence continued for more than 1000 km after the initial collision of
India with Asia, while convergence did not continue between Europe and
Africa.



