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Multi-scale Earth structure
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Complex structure of Earth’s inner core

— A .

N

Innermost inner
core (Ishii &

Dziewonski, 2002;
Wang et al., 2015)

Differential
rotation (Song &
A Richards,1996;

\ Tkalcic, et al., 2013)

hemispherical
structure (Tanaka

Fine-scale

heterogeneity
(Vidale & Earle, and Hamaguchi,
2000; Koper et al., 1l O M \ 1997; Irving &

\ VANV [ M 554 D 2011
2004) \\ \ \ Ny ﬁ};‘, i! euss, 2011)

Earthquake Array

scatterers

[ [
0 2 4 6

Differential travel time residual (s)



Depth (km)
[42]
o

Continental (
crust

-

=]

S]
|

W Subdu tion
Q zon

Mantle

F ©2011 Pearson Education, inc.

¢

< |nner core w/o
egk.

Copyright @ 2006 Pearson Prentice Hall, Inc. =



Why we care about Yellowstone? - LOCY

GEOLOGICAL 4+

- Huge and active (supervolcano) OPAMERICA SIS JONE 04 9O, o s
— Plume-originated (intraplate)
— most vigorous hydrothermal system

— Basalt-rhyolite bimodal system

Feoe of the Earth ™

Quaternary tempus Puget

Wm 505

'See floor models p. 485
Archean narchollpsy p. 493
Soiled bones p. 497

- AK seisrﬁicity at fault in geyser
* eruption p. 537
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Crustal magmatic system from local seismic tomography

depth [km]

111.5%W 11107 110.5"W 110.0°%W
Yellowstone National Park
i Montana
45 0°N S ML T S T
Wyoming
A
44 5N -
& M4
o M3
= M2
= M1
+ MO
44 0°N -

d4.0"

P RS T e

-------

20

1ia 1105 IBLiEN '.I.II. o 1S Lo 110"
| €— 064 Ma Yellowstone Caldera ————» | X'
D FSCD'l

-----

hydrothermal fluid/C0s [
The Yellowstone filled fracture zone s

——————— crustal magma reservoir- - - - = = = = - === =020

—
30 40 50 60 70 80 90 100
| | I

% VWp change, rel. to 1D initial model

(Farrell et al., 2014)



Yellowstone schematic model from seismic observations
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Yellowstone schematic model from geochemical observations

Extremely high.. < Yellowstone Caldera >
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Imaging the entire crustal magmatic system

— Shallow seismogenesis
— Limited array aperture
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Joint inversion of local earthquake and teleseismic data
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Data and stations

— Local seismic networks (Farrell et al., 2014 B Ny TS s ~ NYellowsto SRR,
( ) 4500 NS = % T =

, s W VL N i f*‘ﬁ%y@m

- Earthscope Transportable Array (Brandon e N T TN L SRS e
and Lin, 2014) N P e A

— 1-D model (ak135+local model)

— Two-step joint inversion (Huang et al., 2014)
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Upper-crustal rhyolitic reservoir

Depth slices
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Recovery of
checkerboard
tests
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Cross-sections of resulting model

— If the upper- and lower-crustal reservoir separated?

— If the lower-crustal and mantle head separated?
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Characteristic model
tests

— With lower-crustal low
velocity anomaly

— Only joint inversion is
capable of resolving a
image from the upper
crustal to the mantle

— The lower-crustal low
velocity anomaly is
connected with the plume
due to the smearing effect
of similar ray incident
angles
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Characteristic model
tests

— With noise level of 0.13 s
according to the final RMS of
travel time residuals of real
Inversion

— The bottom of the lower
crustal anomaly is clearly
biased

— Black arrows indicate the
smearing artifacts

El Joint inversion with 4 LVAs
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Perspective view of magma bodies

— Isosurfaces of 5% and 3.5% Vp reduction for crustal magma reservoirs and mantle plume







Updated Yellowstone schematic model
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Seismological constraints on CO, emission

Partial
melts

From the study of Werner and Brantley (2003):

- Annual emission rate of CO, from
subsurface magma is 8.21x101° kg/yr

MCOZ = Mpe1t X7 = Dyett X Vinete X1
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10,000 (7)-
400 (7)e




To calculate the melt fraction (and

= Absolute Vp vs. rhyolitic melt fraction

Velocity (km/sec)

0

|(Chu etal., 2010)

Husen et al. (2004)
e Miller and Smith (1999)
O-Benz and Smith (1984)

— Stachnik et al. (2008)
O~

—

"""'-—..VO‘I;’)aniEI and Boore (198

0.00

0.05

1 1 1
0.10 0.15 0.20 025 030 035
Porosity

= Vp perturbation vs. basaltic melt fraction

volume)

— dlnV, /dF

Melt inclusion description

1.23
29
3.6

Unrelaxed state, dihedral angle typical (45)
Unrelaxed state, organized cuspate shape (44)

Relaxed state, organized cuspate shape (44)

4 Hammond and Humphreys, 2000; > Kreutzmann et al., 2004

Upper-crustal reservoir:
— Rhyolite-granite system
— Average Vp of 5.21 km/s

- ~9% melt fraction
- 950 km? rhyolitic melts

Lower-crustal reservoir:
— Basalt-olvine system
— Average dVp of 6.56%

- 2-5% melt fraction
- 930 km?3 basaltic melts




Seismological constraints on CO, emission

Partial

melts
melt

S intrusion

Fully —
I crystallization I'?

-15,000 (Fournier, 1989)

-160,000 * Now 3,200
—_———— T v ————— 00—
Chu et al., 2010 (V) -1,100
Lowenstern et al., 2008 (U) -1,000
This study (U) 1,100 Wr— m— 100
-160,000 3,200

*The high intensity of Yellowstone hydrothermal system has been suggested to last since at least ~15,000
years ago or earlier (Fournier, 1989)



Conclusions

The addition of lower-crustal magma reservoir can help
explain the abnomrally large CO2 outflux at Yellowstone

— Eastern Snake Yel/owstone caldera
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The first image showing entire crustal
magmatlc system beneath Yellowstone

This model may be representative of
other bimodal basaltic-rhyolitic volcanoes
around the world

The discovered lower-crustal magma reservoir provides a magmatic
link between upper-crustal reservoir and mantle plume



Toward the center of the Earth
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Seismic interferometry

— Retrieving the Green'’s function between arbitrary two stations from cross-correlating the ambient noise data
Correlation |
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Seismic interferometry

— How this actually works..
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Seismic interferometry

— Surface wave 2
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Recent development of seismic interferometry
— Not only surface wave, but also body wave
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Recent development of seismic interferometry
— Not only surface wave, but also body wave
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Recent development of seismic interferimetry
— good correlation with the occurrence of large earthquakes, implying that the energy may come from

Monthly Stack
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Earthquake coda interferometry
— Temporal normalization (15-50 s) & Spectral wightening (5-800 s)

2007/01/21/11/27

EDW2 raw data

Filtered 15-50 s

Cutted & Wightened

DO4A raw data

Filtered 15-50 s

Cutted & Wightened _

(Huang et al., 2015)
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Neighborhood stacking with a radius R
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Examples of using radius of 0, 300 km, and measurements
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Relative travel time residua

s of PKIKP2 and PKIIKP2

50°

Logitude

Relative travel time (sec) Relative travel time (sec)

Relative differential time (sec)

PKIIKP?

-120

-110

-80

o N A O @

' ' '
o2 B - \+]

PKIKP2-PKIIKP?

-120

110

-100
Logitude




Where the possible anomaly sources are?
— Most likely from inner core, maybe possibly from lowermost mantle
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Possible anomaly sources

Anomaly size
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Possible anomaly sources
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Possible anomaly sources

Inner core
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Possible hemispherical model and predictions
— bisected by boundaries at 99'W and 88'E with 1.2% V; slower in western hemisphere
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Hemisphere boundary consistency and discrepancy

a) Boundary 1 (°)
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Possible depth dependent boundary (Waszek&Deuss, 2011)

= Different data sets

—
o

» Different depth sensitivities
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Conclusions

= This study is the first to obtain such dense sampling of inner
core structure with seismic interferometry

= The antipodal-distance measurements of PKIKP? and
PKIIKP? obtained here are rare in earthquake generated
body-wave datasets and could be critical to constrain the
structure at the very center of the Earth

* The short-wavelength variations in derived travel-time
Image implies strong, complex structural variability in the
deep Earth

* The linear and large (1.25 s) N-S trending anomaly across
the center of the U.S. suggests the need for an asymmetric
guasi-hemispherical structure in the inner parts of the inner
core
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Beyond the inner core

= One of the ultimate goals is to jointly invert all
kinds of data we have, including these new
Interferometry data sets

= Potential bias (mechanism) from body-wave
iInterferometry need to be further investigated
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But what if no earthquakes...
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Iceland example
a) v, Model Section: X = -5 km .

— Shallow magma reservoir vs. Deep
mantle plume

Depth (km)

— The lower crustal structure beneath
volcanoes is poorly constrained in

general
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Travel time residuals before/after inversion

45" -

— 4 iterations for local earthquake
data solely to get a good local
model first

- Another 4 iterations for joint il

Inversion integrating both local
and teleseismic earthquake data
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Regularization tests

Damping: 40

0.21

0.20

RMS (sec)

0.19

0.00

v

0048000 420.00

018
0.001

0.002 0.003

Model norm on velocity perturbation

0.004

0.005

0.006

Smoothing: 30

RMS (sec)

0.20

0.19

,00.00

Q=0

0.18
0.003

Model norm on velocity perturbation

0.004
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Characteristic model
tests

— Without lower-crustal low
velocity anomaly

— This negative control
demonstrates that the lower-

crustal magma body is
robust
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Characteristic model
tests

— With noise level of 0.13 s
according to the final RMS of
travel time residuals of real
Inversion

— The bottom of the lower crustal
anomaly is clearly biased

— Black arrows indicate the
smearing artifacts

El Joint inversion with 4 LVAs
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Melt volume calculations

Reservoir volume (km~3

Melt volume (kmA3)

Reservoir volume ratio

A—12000O
- 100000
- 80000
- 60000
- 40000
Upper crustal LVB =@=— L 50000
Lower crustal LVB —@— "
2 3 4 5 6 7 8 9
Vp reduction (%)
' ' : ' : ' : 1800
B-'IEJOO
- 1400
- 1200
- 1000
- 800
- 600
Upper crustal LVB =@=— - 400
Lower crustal LVB —e— B 208
2 3 4 5 6 7 8 9
Vp reduction (%)
L 1 L | | N i 10
C
8
.———ﬂ\ 6
e 4
\
‘\.\ 2
\.
] | ] T T T T O
2 3 4 5 6 7 8 9

Vp reduction (%)



Seismic interferometry
— Open a new area of applications

Tomography (Shapiro et al., 2005)
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Lin and Tsal, 2013 - Antipodal station pair
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Contamination from mantle heterogeneity

— Reference phase method . — PKIKP & PKIIKP
E e —
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Summary of Inner core structure

N

WEST
Polar plane =St

view

Polar
direction

Rotation axis £ |

direction

Low isotropic velocity
Weak attenuation
No anisotropy

Strong attenuation
No anisotropy

High isotropic velocity +

‘ i Equatorial

-|- 3—4% anisotropy
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(Deuss, 2014)
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Two recent studies..
Lygoes et al., 2014

— East-West Hemisphere
boundary
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Wang et al., 2015
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This study

— Instead of continuous noise record, late coda of large earthquakes my be more efficient
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Velocity model corrections

— Schmandt and Lin (2014) for the depth of 0 - 1000

km beneath the US

— Li et al. (2008) for elsewhere globally
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Radius test from 0 to 1000 km

Station T19A Station Q45A
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Uncertainty test with odd/even events




Uncertainty test with odd/even events
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Finite-frequency analysis for PKIKP?
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Finite-frequency analysis for PKIIKP?
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Lowermost mantle sensitivities of PKIKP? and PKIIKP?
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Fresnel zone visualization (Liu and Tromp, 2008)
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A proof-of-concept test using numerical approach

(a) Synthetic dataset
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A proof-of-concept test using numerical approach
— comparison between observational CCFs and synthetic CCFs
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A proof-of-concept test using numerical approach

— comparison between synthetic CCFs using Model prem and prem+IMIC
— A 500-km-radius and 10% faster Vp will advance the PKIKP2 by 18 s
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A proof-of-concept test using numerical approach
— effect of source distributions on ACFs and CCFs along a E-W linear array
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