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How mountains get made

Observations of crustal deformation constrain models
of mountain formation

By Maureen D. Long
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Plate tectonics

Wilson cycle (Press et al. 2003)

1 Rifting within a continent splits the continent,...

7 The continent erodes, thinning the crust. Eventually 2 ..leading to the opening of a new ocean basin and
the process may begin again. creation of new oceanic crust, starting the cycle.

1 l

6 As continents collide, orogeny thickens the crust 3 As seafloor spreading continues and an ocean opens,
and builds mountains, forming a new supercontinent. passive margin cooling occurs and sediment
accumulates.

5 Terrane accretion—from the sedimentary accretionary 4 Convergence begins; oceanic crust is subducted
wedge or fragments carried by the subducting plate— beneath a continent, creating a volcanic mountain

welds material to the continent. 4 belt at the active margin.




Plate tectonics
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Plate tectonics

(a) Passive continental margin )
Submarine canyons

. Deep-sea fan
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(b) Active margin of the Marianas type (c) Active margin of the Andean type
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(Angelier et al, 2001 )

Taiwan Strait

Northeast:
Ryukyu system
trench, trough,

volcanic arc
=
South: The mountain building
Luzon system of Taiwan?



. How mountains get made? -

*+ Subduction or collision?

+ Continental crust deforms to produce shortening
and uplift

* Ihin-skinned and thick-skinned models:
How the deep crust deforms
- Décollement or mountain root ?

+ Geodynamic problem
- Seismic tomography and anisotropy



l Taiwan orogen

Thin-skinned:
Critical tapered wedge

Eurasian _. Philippine Sea
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Neogene sed. Paleogene sed.

o Pre-Tert. basement Lower crust
ﬁ Aseismic crust QOceanic crust

(Suppe, 1981)

e Thrust and fold belt

* Topography

e Main detachment
Decoupled

Thick-skinned:
Lithospheric collision
(Wu, 1997)

e Seismicity, Moho
 Tomography, anisotropy
* Magnetotelluric results
 Mountain root

Coherent deformation



- Talwan orogen

(modified from Bertrand, 2012) G

Suppe, Liu, NTUGeo v’
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Key: Décollement or mountain root?
- lower crustal deformation?
Method: seismic evidence
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-nformation from seismic wave-

P-wave S-wave

SelsmIC tOmOgra phy _Lm-'m Recqrded Seismogram
b ' Station
Arrive time of P & S ~
wave 2> Vp & Vs N\, | / gelysmlc
Taiwan: B\ j
hlgh SeismiCity + Microearthquake hypocenter
dense stations Y ‘ b agh >

= 3-D isotropic ’
velocity models

e Poor resolution in
shallow crust

(modified from www.Landtechsa.com)



Why study
ISmic anisotrop

Crustal fabrics
> Deformation ?
> Anisotropic elastic

property
Seismic anisotropy:
e . Structural dependence of velocity on direction
Stress-induced  apisotropy

Anisotropy e
4 Slow
Slow > ‘SOTMMED\UM — = P
Fast

(Boness, 2006)

/ Th-a = W "
M (Gafriero, 2010)
e B 000



Why study
seismic anisotropy?

Minimum
horizontal

Maximum stress

horizontal g
stress "“\

Crustal anisotropy: el
+ SPO (Sha pe—preferred s , s
orientation)

x Stress-aligned fluid-filled
cracks, microcracks, and
preferentially oriented pore

space, lineations _
« Layering strata (Vg > Vsy) Stress & strain

T
4 Veriical stress
3

Figure 1

Crampin and Rowlands (1996)

+ LPO (lattice preferred
orientation)

* Mica, amphibole

Tectodynamic
/ problem in Taiwan ?




Results from shear
wave splitting (SWS)

+ Fast axis - parallel to the strike of the
mountain belt(NE-SW)

* (SKS) An anisotropic layer thickness
of 5-180 km in the uppermost

% mantle, and 115-180 km beneath
Rau etfl. 1 mountain belt.
(2000)}a | i mi
S, R + (S and ScS) Main source: 25-230 km
0 500 1000 1500 2000 2500 3000 3500 4000 depths’ upper mantle amSOtrOpy.
¥y — km_ ;——__J.'. i
BRI / + Delay time -
S L %A, ;/ . o .. Largest values from the SW
0 Bl (L foothills
"q“/”{%/m,u . An abrupt change in south Taiwan.
00 zEa / (}i :9 ’ 23 00
B 4 Huang ettal. (2006)

i il _



Chang et al.(2009)

120 121 122

Upper crust:

e Two domains in W/E
Deformation Front:

W: convergence-parallel
laminating

E: convergence-perpendicular
d striking

e Seismic anisotropy in the
upper crust may come
= from multiple layers, and
the fabric lamination
causing the anisotropy
may be confined only
22 within the shallow crust.
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B
Kuo-Chen et al. (2013) Chen et al. (2003)
Crustal P wave anisotropy Pn anisotropy
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Information from seismic wave

26° g e

2003-2013

(catalog from CWB)

High seismicity and dense stations

—> Isotropic velocity - high resolution body
wave tomography

Kim et al. (2005), Wu et al. (2007), and
Kuo-Chen et al. (2012)

- Anisotropy - constrained mainly by
shear-wave splitting (SWS)

Kuo et al. (1994), Rau et al. (2000),
Huang et al. (2006), and Chang et al. (2009)

= SWS - poor depth resolution

= Depth constraints can be
provided by surface waves
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-Information from surface wave-

Earthquake Epicenter " '
Northndge, Caliform
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(https://www.iris.edu; http://www.mgs.md.gov)
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-Information from surface wave-

stretched stretched dispersed

p S SS SSS /
wave packet surface waves

Dispersed, arrive in wave packets = group & phase velocity
. [ Long T arrives fist

Long penod
travelling at high
velocity

Normal dispersion

longer wavelength surface waves (higher velocities with depth) will travel

faster than those with shorter wavelengths = Depth resolution
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-Information from surface wave-

* source

+ Single-station method
x Source effects?

Veloci r re?
+ Velocity structure Station 1 A \_ Station 2

_ Sty \‘A
« Two-station method “yre

+ Eliminate the uncertainty from source
+ Response function between two stations

+* Surface wave velocity models of Taiwan are mainly limited by
1. Sparse distribution of moderate earthquakes
. Short epicenter distances

Poor resolution in short-period surface-wave tomography
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-Information from surface wave-

.

Lai (two-station method,
20-120 sec)(2009 PhD
thesis)

Anisotropy (%)
1
¥

o
T

50 70 30 90 100 110 120
Period (s)

+ The azimuthal anisotropy beneath CR varies with

period.

x Upper layer = fast in E-W.

+ Lower layer = fast in NE-SW (LPO of olivine alignments,
from compression or transcurrent motion during plate
collision).

22



mbient noise tomograph

Correlation

In a diffuse fuy(fuglt+ 1) dt= OF)
wave field

Noisy waveform

Noisy waveform

(Weaver, 2005)

cross-correlation 1-2 cross-correlation 1-2 cross-correlation 1-2
M‘W‘NNW‘W‘W AA AN ‘\W/W*\A M’W‘m
—Atmy "“’W"‘M’\""‘”‘"‘""‘“
= * = + - y +
Time Time Time

(Stehly et al., 2006)



.‘Ibi&"t nOise tomograp. Cross-correlation (CCF)
A _________

: : Empirical Green’s
+ Ambient noise tomography S (22F

1. Seismic tomography without earthquakes
2. Robust Green’s functions of short-period surface-wave
3. Resolution depends on the inter-station paths

+ laiwan: High noise level + dense seismic networks

Broad-band Rayleigh wave tomography of Taiwan and Its
Implications on the Regional Gravity Anomalies
(Huang et al., 2012)
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mbient noise tomograph

ambient noise & seismic signal

Dec 4,2008
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- Ambient noise tomography -
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Clock errors detected by phase asymmetry
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Seismic signal &
Noise-derived EGF

25" 1
245" 1

24" -

+ Event: 20073571150
* Mb=4.2
* Depth =7.62 km

235 f §

PRE

Fundamental mode Rayleigh wave

2258

220

1207 120.5 121° 12155 122°
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Station: NNSB, 10-20 sec
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Station: CHGB, 10-20 sec
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Path coverage

Traditional surface wave study

PATH = 220
21° — o o w— J

118’ 119° 120° 121° 122° 128°

T T T

45(2006) = (This study)
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Path coverage density
(2157 paths used in 0.25 Hz)
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Group velocity and Phase velocity
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NNSB-SGSB.corl.stack_folding.year.Z.282.sac
A= 170.2 km bandpass paramter 5
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Phase velocity measurements

a. Map b. Phase velocity dispersion
© ANPB-PTSB 116.69 km
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Red dots: Reference from the 395 model by Wu et al.(2007).
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Data selection & Inversion

-

Number of paths
( 3 A criterion)

velocity (2)

|

|

1

SRR, Phase = oh18 0802 2671 2452 2045 1658 |
IR velocity (Z) !
Phase | E

ooty | 2397 2221 2108 1927 1601 1202 |

velocity (T) : i

+ Wavelet-based multi-scale tomography for Group &
Phase velocity maps from 4-20 seconds.
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rustal structure of Taiwan (1

Group velocity
4 sec - 8.3 sec - 12.5 sec 16.7 sec

Period 4.0 sec £ A
Vavg 1.76 km/s ¢4 q oy
VR 82.7 %

Period 16.7 sec { A
Vavg 2.52 km/s 47 f
VR 91.0 % &

Pair 1157

Period 12.5 sec
Vavg 2.41 kim/s
VR 91.0 %

Period 8.3 sec A
Vavg 2.21 km/s (1"\1 =
VR751% & =

Group velocity 1. Variation pattern changes gradually.
[ e E—— | 2. Good correlation to surface geology at short period.
1 2 3 4 3. Low-velocity anomaly in south-western Taiwan.
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Recovery and Resolution

IS Velocity (kmis)

1.0 1.5 2.0 25 3.0

Input model Period 4.0 sec Period 8.3 sec

Period 16.7 sec
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Comparison with models derived

| | from body-wave (longer period)
Group velocity of Rayleigh

waves at Period 16 sec

Wu et al.(2007) Kim et al.(2005)

Model from Kim
Rayl Group ; 16 sec
Vavg = 2.55 kmss W al

Model from Wu
Rayl Group ; 16 sec
Vavg = 2.54 kms

Z;0.06 Hz ; pair= 1165
U0=2.5 ; Vavg=2.52
Damping=100.0

- 25°N

L [ 25°N

25°N

24°N - 247N - 24°N

| 23N ¥

- 23N | %

[ 22°N - - 22°N

N T T T T ' ! ' !
120°E Ci21E ' 120 120°E 121°E 122°F 120°E 121°E 122°E

_ Do Variation pattern and amplitude are more consistent
15 20 25 230 235 40 ¢*The Iowegovelocity anomaly in SW Taiwan is also visible
Velocity (km/s) in body-wave derived models.




Group velocity of Rayleigh

waves at Period 4 sec

Z ;025 Hz ; pair=2157
U0=1.8 ; Vavg= 1.77
Damping=90.0

25°N Var_Reduc=809% ~

T T
120°E 121°E 122°E
1.0 1.6 20 25 30 35 4.0

Velocity (km/is)

[ 25°N -

L 24°N -

[ 22°N

Comparison with models derived

from body-wave (shorter period)

Wu et al.(2007)

Model from Wu
Rayl Grmg; 4 sec
Vavg = 1.98 kms5 |

LR R

I
120°E 121°E

Lateral variations are generally consistent, but

I
122°E

Kim et al.(2005)

Model from Kim
Ray! Group ; 4 sec
Vavg = 1.89 km/fs

25°N

24°N

23°N @

22°N

I
120°E 121°E

weaker innbody-wave derived models.

I
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. Ambient noise tomography l

* |lnversion method

- wavelet-based multi-scale tomography with
anisotropic components

-+ iterated updated location-dependent kernels
. = 3-D models
+ 12 layers from surface to 50 km depth

+ Starting model: Isotropic 1-D model averaged from
Wu et al. (2007) = smoothed 3-D model

* D Iterations, with anisotropic components involved
In the final iteration
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Depth sensitivity kernels for surface waves
Velocity(km/s) Kernel

123 4567 89

0

When reference 1D velocity
model is given: 5

-
o

0C
:a_C5VS+a_C5Vp
oV's ovp

=k, 0Vs+k oVp

=
(8]

Depth(km)

=k AVs+k, —j OVs

=K OVs+k, —jéVs 40 | Vpé
Vs :

Periods
4 816 20 sec

45

(scaled to 1.75)

50

Reference 1D model - averaged model from Wu et al.(2007).
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Layered deformation
In the Taiwan orogen (2 - 13 km)

+ QGreat correlation to surface tectonics at shallow depths

+ Characteristics of anisotropy at upper crust -
convergence-perpendicular striking anisotropy
- strong foliation in mountain range.



Layered deformation
the Taiwan orogen (13 - 30 k

+ More homogeneous isotropic velocity

+ Convergence-parallel E-W anisotropy in middle to
lower crust
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Orthogonal patterns of crustal anisotropy at
different depths v.s. strain field in Taiwan

1. Foliation-dominated anisotropy at shallow crust (brittle) -
Orogen-parallel anisotropy (OPA)

—1 DA

(Chang et al., 200

(Lin et al., 2012)

2. Lineation-dominated anisotropy at middle crust (weak rheology) -

Convergence-parallel anisotropy (@PA)



Anisotropy Transition Boundary (ATB)

a B WF L CR > CoR B’
0 - ATB: no-slip boundary
€ 1 o condition
£ i
O o E,
a - ATB #detachment
30 (Carena et al., 2002)
Cc  120.765 23.0872, misfit= 81.9927
b Z,28.5, ®,=119.5, dZ=1.000 Az (D)
0 30 60 90 120 150 180 0 30 60 90 120 150 180
i i e B Misfit =
5 atan[(Z-Z,)/dZ]/2+ Oy D (Z)
'-E_ - 15
) 1
o - 20
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Velocity profiles
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Depth(km)

50

100

- Weak layer in mid-
to lower crust?

Azi

+ High temperature

* Low seismicity

+ 3D body wave models
+ GPS observations

* Thermo-mechanical
numerical experiments

+ Magnetotelluric results

Upper crust: OPA
Mid- to Lower-crust: CPA
=» Shear zone
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Summary

+ Our 3D model provides complementary information

to those provided by high resolution 3D body wave
models in Taiwan.

+ Orthogonal patterns of anisotropy at shallow and
middle crust :

1. Characteristics in convergence plate boundary with
a weaker lower crust.

>.  This lower crustal shearing is interpreted as driven
by the continuous sinking of the Eurasian mantle
lithosphere when the surface of the plate is
coupled with the orogen.
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END

+ Thanks for your attention
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