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Talk outline

Earthscope then & now: a technical, operational and scientific feat at the
scale of an enfire continent

Instrumental and Installation Advances: a shining legacy for all future
geophysical instrument deployments

We contextualize the massive advances in seismological imaging techniques
facilitated by EarthScope through highlighting results from across the
continent and at a variety of scales:

O Surface-wave based imaging approaches

O Anisotropy Studies

O Converted-waves and discontinuity structure

O Body wave and probabilistic imaging approaches

We conclude by quantifying the improvement in seismic images attributable
to new data from the EarthScope project.
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What Makes EarthScope Unigue?

>4000 Instruments

Drilling into the San Andreas Fault
@ GPS Stations

L rainmeters
>67 TB of Data ¥l MO

2\ Transportable Seismic Stations
APefmanem Seismic Statons

Community Driven
Free and Open datasets

Named #1 “Epic
Project” by Popular
Science in 2011

USArray (TA, FA, Ref, MT),
PBO, SAFOD
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Alaska TA Stations: an evolution In site design

% < Meteorological Sensor
(at most stations, 3m height)

«~—GPS

The Transportable
Array has made its
way to Alaska,
overcoming a new
suite of logistical P Solar Panels
and technical " -
challenges.

<«~—Vent

T

2 : .
D v N

«— Station Hut

1.8m (contains batteries, digitizer, etc.)
— : m |
Lo =] . 3m |l . [T ] - -Above Ground
} - 1\ T Below Ground
1.2m
Alaska Transportable Array Standard Autonomous Station Design 2-3m

(not to scale, communication systems vary and are not pictured)

eaI‘th e U:_—Seismometer
§C§>pe IRIS @ «—Sand
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Cross-correlations of
seismic noise (days, weeks,
months) at hundreds of
simultaneously recording
stations across a network
are Used TO CompUTe 120W  110W 100 Y e o ( A 110W  100W 90W  80W  70W
“empirical” Green'’s PITITTHL SRR eSS PN © 40° [T T T [
functions, which provide -36.0% —24.0% ¢ § el A 7 -4.0% 0.0% 4.0%
short period surface wave Fhsfrom, EFSL (2014)
dispersion measurements

mﬁﬁ A e

15 km depth

between pairs of stations

-110°  -100° -90° -80° -70°
32 34 36 38 4.0 (km/s)

——

-120°

T T _‘12_9—6—30 3 6 9 12(0/0)
Porter et al, GRL (2016)

Zhao et al, GJI (2017)
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Coherent phase tracking of Earthquakes across the USArray

High density arrays
facilitate coherent
tracking of phase
between neighbouring
stations

Array-based techniques - .
enabling higher ' (km/s)
resolutions across broad
period ranges through
automated phase
velocity retrieval via
cross-correlation

Improved correlation
with Ambient Noise

Tomography within ;
. 10
common period band: : .
= r= 9-95/ 32 Rdinquike Phase veloaity (kmis) 2% 3% Alibient Noise Piase Veloaty (kie)  o° O% Phase Velocity Siference (imvs) s
n U = m S

= 0=30m/s Jin & Gaherty, GJI (2015)
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Rayleigh Wave Attenuation

Majority of models focus
on seismic-wave speed
variations

Joint interpretation with
attenuation provides
important constraints on
temperature,
composition, melt &
volatile content of the
mantle

Regionally averaged
intrinsic shear attenuation
maps constructed using
interstation cross-
correlation technique
between 25-100 s

0.02 0.03 0.04
Shear Attenuation

Bao et al, GJI (2016)
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Earthscope data has
facilitated drastic
Improvements in
resolving power outside
the footprint of the Array

Higher resolution, more
complete models of the
entire continent,
including the bounding
Pacific and Atlantic
Oceans, Gulf of Mexico

Provides greater context
for the evolution of the
continent as a whole

Schaeffer & Lebedeyv, EPSL (2014)
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Complex tectonics including
transition from compression to
strike-slip deformation, terrane
accretfion, and termination of
arc magmatism

Finite frequency P&S body
wave tomography using
newly installed TA stations plus
numerous AK instruments

Continued deployment and
completion of TA within
Alaska and NW Canada will
result in new high-resolution
images and improved
understanding of the complex
3D (4D) tectonics throughout
the region

Depth (km)

Depth {(km)

3004

rench
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200
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Martin-Short et al, GRL (2016)
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Burdick et al., SRL (2016)
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coverage of USArray |

provides unparalleled
insights into complex
patterns of deformation
and flow within the
lithosphere and sub-
lithospheric mantle

Fast Direction WRT APM:

. UZQO
e 0=27°

Local deviations due to
regional tectonics, with
fabrics sourced in both
asthenosphere and
ithosphere
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SKS splitting
measurements (3902)
from ~380 USArray TA
stations

Asthenospheric and
lithospheric contributions
to anisotropic signal

Region B: Fast direction
parallel to strike of
Appalachian mountains

Region C: apparent
increased lithospheric
complexity or vertical
present-day mantle flow

a) Fast direction distribution, Region A

&) HS3" gl Ave. By

10|
o Q
-20 o 20 40 60 B0 100 120 140 180 -
Fast directon, U(‘g from N
c) Backazimuthal distribution of nulls,

Region C

b) Fast din
= VETaga

d) Fast direction distribution, Region D
1

&0 &0 a0 100 120 14
Backazimuth, deg from N

Fast direction distribution, Region E

Average o HsalyNR

0
a0 B0 180 -20 [ 20

Average

W
HS3 g
1
L]

a0 60 B0 D0 120 140 160
Fast dection, deg from N

Long et al, GGG (2015)
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Neither Passive nor Stable

Thicker lithosphere beneath North Carolina, compared to Virginia and South Carolina,
consistent with lower seismicity rates

4C

3¢€

3€

34

32

e - - ————

|/ S,

renville Front

(9102 |0 }o |0Aig)

eelfoot Rift
oastal Plain Deposits
DAppalachian Terranes

A Cenozoic Volcanism
Earthquakes (1900-2015)[VTSO]
3¢ Stations

80 W 78 W 76 W 74’ W
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Neither Passive nor Stable [t

0 e —-.|.. . GE2
. . . oo Tt e
Evidence of ongoing foundering beneath the 2001 % _ = 5 (s
Ak -

Eastern US - Lithospheric structure is 300 _;G
dynamically evolving even beneath passive %%% :‘l
margin N ppsolte pate | - 600 C

Appalachian
Moho 3 Jlocthonaus Longitude
I\sn::tle Grenville — SNA ] ETSZ Accreted
Lithosphere Basement NMSZ RER GF Terranes
Present el P LU
Founderin
Channel ? D
} MTZ 100
/ 200
. L 300
Undeformed, _preserved Iit!ios;_:here Reworked, deformed lithosphere _ 400
(less susceptible to delamination) : : (more susceptible to delamination) 5[]0
Ongoing lithospheric drip \ . Ongoing & prolonged delamination 800- A
Transitional lithosphere near GF TDD L I ' k e
susceptible to both delamination ' e & s o ' '
(8. Iithozpheric drip) _gz‘* -{-][]p -88 -86" -84" -82 -80° -78° __?6.,

(Blryol e-l- Ol, 20" 6) Ongoing drip & delamination LﬂngitUdE
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SPREE across the Mid-Continent Rift

CARTOON MODEL
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Intermittent mid-crustal P-to-S conversions from bottom of buried
dense volcanic layers

Signature of underplating found consistently along strike of the MCR
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Ps Recelver Functions

\/(]riCIﬂOﬂS in Smgle -Station Averaged Receiver Functions Spatlally Smoothed Receiver Functions

conversions of | ' ' /] | '

P-wave energy % %

to S waves

ACross intra-

lithospheric Q

discontinuities s c

hOVG been Time=-50s Tme=-50s 9

mapped AN 7 . NN 3 . S
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Binned RF by ray Parameter for station P22A
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Sediment / shallow layer multiples

Waves reverberating within sedimentary or other shallow layers
can overprint the signal from Moho and deeper structures.

H-k stacking obtains crustal thickness and average Vp/Vs ratio

Combining Ps and Sp yields more easily interpretable H-k stacks

-
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N
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Courtesy of Erin Cunningham
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Sp for crustal thickness

Common conversion stacks of Sp receiver functions of
Transportable Array stations reveal crustal thickness variations

In places, thickness changes abruptly, amplitude disrupted,
efc.

Anomalous signals from lithospheric mantle, e.g. beneath
Nebraska and Louisiana

0 [ [ I I I
.-
£ e, -
=3 = g
= 100+ =:' ".i- ;'_ ol
g = ; N -
O o eiie— — W —— |
200 1 1 S— 1 e, 1
-120 -110 -100 -90 -80 -70

Longitude Cunningham et al., in prep.
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Growth of cratonic mantle — Yavapai arc terranes

b) Input Shear Velocity (km/s) e) Input Shear Velocity (km/s) b) Phase Amplitude

Negpﬂcfneggﬂve 55 4.0 45 5.0 85 4.0 45 5.0 gm -0.005 0 0.005 0.C
velocity gradient beneath 22
both Archean and 20 e 20 20

Proterozoic cratons =

40

frozen-in volatile-rich melt 40 —\ 40
MANTLE

Dipping negative velocity 0| FHESEERE . ”
gradients are observed
between 85 and 200 km
depth - could represent
remnant subducting
slabs, and together with 120
eclogite in xenoliths,
indicate that subduction-
related processes likely
contributed to cratonic
mantle growth. _—

80 80 80

Depth (km)
=
o
Depth (km)
=)
o
Depth (km)
3

120 120

140

160
160 160

180 180

G0 ‘¢© ‘48yosiH g JoddoH

200
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The joint
inversion of
all three
data types
is able to
constrain
the Vs
structure
with a clear
velocity
jump.

Colormap: Probability distribution
of ensemble results
: Target model
: Trimmed mean value
of ensemble results

Primary sensitivity:
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Joint Inversion: Maximizing Sensitivity through Multiple Datasets

Joint Inversion: combining
together Rayleigh Wave
dispersion, Receiver Functions,
and Rayleigh Wave Ellipticity
(H/V) measurements

Left: Mean and o from ~1800
TA stations across US provide
error bounds on parameters
defining uppermost mantle
velocity & discontinuity
structure

Right: RMF major E-W
boundary in crustal thickness
and elevation trend; primarily
attributed to UM/LC density
contrast (2x west than east)

T — T T \ " -
240° 250° 260° 270° 280° 290" -120 -110 -100 -90 -80

——————————— m
24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

18 25 30 35 40 45
Shen & Ritzwoller, JGR (2016) Schmandt et al, GRL (2015)



Improving P-wave Data Coverage

1011
08’31 1 %13
07_\ 7 14
06" ‘15
05 16
04= —17

Log10 total raypaths

I
0 2 4

Raypaths added
by USArray at 25,
100, 300, 450, 650,
1000, 1400, 2100 - |
and 2800 km amiten C Al

Courtesy of sCott Burdick
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Improving P-wave Tomography Resolution

-
Courtesy of Scoftt Burdick
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Ever-Sharper Images (P-wave tomography

200 km Depth

09101115

08 \ L} / 13

07\\ /7 14
06\ //15 —~tfi { ;i
05 ~16 _ = A N
T GM

Velocity, %dVp/Vp 7
B .

-1 0

& ‘ Cv

MITP_USA_2016MAY
Burdick, et al. 2016, SRL
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THB-Approach to EarthScope Data

. . step no: 1 no. cells: 380
Transdimensional: Infer

parameterization from data, e.g.:
unknown number of boxes / Voronoi cells
of unknown location, shape, and phase
velocity

Hierarchical: Infer noise characteristics
directly from data.

120° > 5
Y 110w 100w 90 W

Bayesian: Likelihood of each trial model
Is calculated, and a model space search
Is carried out to obtain an ensemble of
solutions that can be analyzed to
quantify uncertainty and compute trade-
offs among parameters.




Markov chain

) to obtain a representative sample of possible models.

(

CHANGE noise estimate
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00s of millions of random model modifications

T
-
<
LLl
fa)
T
-
("4
)
wi
>
@)
o=
O
SH
0s
C O
SIe)
232



N\

& [m

«vixs 1 Ottawa

Investigating the model ensemble

Posterior is not always normally
distributed—multimodal in complex
regions, uniform where no data is
available

Mean: 0.02 +/- 0.62% (dV/Y)

N

-t
(&)

Posterior probability

05;
94 2 0 2 4
%dV/V

Mean and standard deviation of the
model don't (usually) tell the whole
story

Mean model, 203 km depth

%dV/Y

Z10C IMr9 o187 8 A2lping
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Unparalleled data consistency makes a difference!

Statistical properties of the ensemble solution can be used to quantify the uncertainties of
the inferred velocities, and to quantify noise characteristics inferred directly from data.

USArray data make a difference in complexity of inferred model.

?x 104 5 X 1(]4
B EHE P [ With USArray
6F China+EHB P - I No USArray
. — 3 = 1.5} -
£ 5 1 : z
Q o B USArray P 9 Q.
= = ~
© c g
o3 (&) r—
3 g 0
w u e}
T 2f 1 L 05 O]
—
1F . N
S
L L. I J I L o 0 . . N
8.5 1 1.5 2 2.5 2000 3000 4000 5000 6000

Noise hyperparameters (s) Number of cells
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Quantifying EarthScope Improvement

Basin & Range Central Lowland Coastal Plain Western US Eastern US
0 0 0 0 —r 0 4
55-70%
200 200 200 200} | 200
lower
i 400+ 400t :
E 400 400 400 uncertainty
K = v
a 600+ 600}
8 600 600 600
800/ | 800 M
800 800 800 \ O
nly 35-
1000} { Qo
1000, 1.50% 05 1 1520 50% |Ower
o (%dV/V) 1200+ 1200+ i
, uncertainty
N 10 error (%dV/V), Depth 110km :
S y 2 1400 1400 . +
N 1
N \
3 1600 1600 : \
1
.i_é) 0o 05 1 15 0 05 1 15 40 50%
o (%dV/V) o (%dV/V) .
< Improvement
o Average, w/ USArray ‘ M
X piobe b in West over all
O - - -Rati
e = depths
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Summary & Conclusions

Recordings from USArray, the seismological component of EarfhScope, have
revealed the crust and mantle beneath North America at unprecedented
resolution.

A variety of body wave, surface wave, and receiver function, and
combinations thereof, studies have yielded images that have motivated the
formulation of hypotheses that mapped rifts, basins, and that relate intraplate
deformation and volcanic activity to newly-imaged crustal and lithospheric
stfructures:

As the USArray moved into the eastern half of the United States where data
had been even more sparse, new models illuminated connections between
rft structure and deeper processes at the Midcontinent Rift (e.g. Zhan et al.,
2016) and the Reelfoot Rift (Chen et al., 2014) and the origins of seismicity and
volcanism in the southeastern US (e.g. Schmandt and Lin, 2014; Biryol et al.,
2016).
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P-wave Community Model

1011
08’31 1 J213
07\ 7 14
06, 7 15
05 ~16

ascadec

Velocity, %dVp/Vp

W T
-1 0 1

MITP_USA_2016MAY
Burdick, et al. 2016, SRL
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Phase Velocity Maps

Upper crust shows laterally abrupt structural variations
associated with past fectonic events

Love 05s Love 05s

3.6
50 N
3.4 (B e g

Mid-Continent -
Rift System '

N
®

Iog10 o,
N
(o]
T

Phase Velocity (km/s)
N
N

2.2 s

1.8

8o W oW
100" w 90 W 5 100 w 90 :

, Olugbaji et al., 2017
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A 4 Billion Year Old Natural Laboratory

T v — T

East Siberian PN
Sea & T

Pacific
Ocean

Atlantic Ocean

| | >2.5 Ga Archean crust
[]2.0-1.8 Ga Juv. arcs
D 2.0-1.8 Ga Juv. orogens
[ ]1.9-1.8 Ga RW. Arch.
[ 1.76-1.72 Ga Juv. crust
[]1.69-1.65 Ga Juv. crust
7] 1.55-1.35 Ga Juv. crust
u 1.3-1.0 Ga coll. orogens
|_| Continental Rifts
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EarthScope in Alaska

The Transportable Array has made its way to Alaska,
overcoming a new suite of logistical and technical
challenges. —

v. 9/6/16
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(©r.F2016 5 N[ /A
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The Lower 48: EarthScope’s Legacy

20 S TA Site Adoption

Includes 400
14300 Transportable
f° S Array (TA) Stations

Each Station
occupies a site for
1.5 -2 years

40" | kY
| |

10 years to leap-
- frog across the

e
30" gl \ag o o’ o AYUA,
KA o Transportable Array @
T A s § g L Reference Network o coun Try
£ ’ ® Flexible Array -
AN N ‘ ‘ / N Magnetotelluric ;
_2016 Sep 13 04:02:07 | t P2 AR

TA Legacy Stations ®|
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>20 temporary
deployment
experiments “zoom-
iIn" on specific
stfructures
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Transportable Array in the lower 48

Includes 400  Jca, 2006 Transportable Array Installations
Transportable L : by N
Array (TA) %, (
Stations ﬁ '
il

Each Station 5
occupies a o1
site for 1.5 -2 B
years - oooe

© 2007
10 years to - 2008
leap-frog © 2010
across the 2012
country ° 2013

a Existing
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Green's Functions from Noise

Cross-correlations
of (days, weeks,

months of) seismic
noise recorded at

Latitude (°)

Shen et al., 2012

. 5 0 50 100 150
different stations Longitude (°)
within a network (@) (b) e L
can be used fo 10000 fooor
compute an 0oL j) SN VSN
.. . E WaSe———————— %""‘J\"W{A A=
“empirical” Green’s = e =
0 g 7000 : SISOSOURRERY g 7000 P oA
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Using Noise to Obtain Seismic Velocity

Correlate
correlation of noise
between one
common station
and all other
stations.

Filter in 10-20 sec
pass-band

Compute envelope
of this correlation
and assign to
station

Interpolate with
smooth surface
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Joint Inversion: Maximizing Sensitivity through Multiple Datasets

DNAT13: Joint inversion of
3-component body
wave travel times (P, SV,
SH) and Rayleigh Wave
Dispersion from
Earthquake and
Ambient Noise Data

410 410 410

660 660 660 660

1000

1000 1000

Hl()(l‘ T T l-
o 2 4 6 8 10" 1o o 2 4 6 8 10" 1

-120° -110° -100" -90°

-15 0.0 1.5
SV-J (mantle)

Porritt et al, EPSL (2014)
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tropic and Anisotropic Velocities
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Buehler & Shearer, JGR (2017)
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North America crust e -

(b)

75 Ma
start of cmb
start of Laramide

I
2x vert
exaggeration

65 Ma
under-accretion of
Shatsky conjugate

A. Schist emplacement, 92-74 Ma

B. Rapid cooling (uplift of ~1 km), ~80 Ma
C. Anomalous subsidence, 90-75 Ma

D. Colorado Mineral Belt initiation, 75 Ma

Humphreys et al, EPSL (2015)
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Mapping Magma within Mt. St. Helens

123°W 122° 12:0°

47°N

Previous studies limited
in depth to ~7 km,

missing base of primary
magma chamiber and
connection to deeper
magma accumulation

46°

—20 0 20 40 60
X Line (km)

Dense instrumentation
from IMUSH reveals
primary upper-middle
crust magma chamber
between 4-13 km depth

Y Line (km)

1.4 1.6 1.8 2.0
Vp/Vs

Kiser et al, Geology (2015)
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Rocky Mountain Front Great E-W Divide in Crustal Trends

Joint Inversion: RFs,
Rayleigh wave
dispersion, Ellipticity
(H/V)

RMF: boundary ‘
between east-west T T T,
conftrast in crustal

thickness and elevation

70

_8'03 70°
. Vs [km/s]
7 49

Vs [km/s] '
350 370 380 390 395 405 430 4.1 43 44 45 46 4

trend (C)s8E
50+ ‘ 3
Attributed primarily to 4 ©
lower crustal density: £
UM/LC density contrast 2 %}
. = 30f .

2x higher west of RMF , z

-120 -110 -100 -90 &) -7
than east | |

18 25 30 35 40 L 4 20

Crustal thickness [km] 0 1 2 3

Elevation [km]
Schmandt et al, GRL (2015)
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Joint Inversion: Maximizing Sensitivity through Multiple Datasets

50 = 50° e T "/ :

Bayesian Monte Carlo % e o g ey
inversion of Rayleigh Wave 40 T i i
group and phase speeds 35°- «g 3571 U i
derived from Ambient Noise 0 iy osin |04 R SR 0
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