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Introduction

Rigid, / Lithosphere

mechanical boundary layer

"
/

What can seismology tell us about the
properties of the lithosphere:

Prli;ﬁirziur;eel : Tectonic & geodynamic processes can affect
Hydration properties and structure, resulting in lateral and
Composition depth variations in seismic velocity

Mineral alignment*



 Receiver functions and...
e crustal structure
* the lithosphere-asthenosphere boundary
 mid-lithospheric discontinuities
* Receiver function sensitivity, finite frequencies, 2D structure
* Receiver functions and anisotropy
 Joint inversions including receiver functions



Receiver functions and crustal structure

In general, Ps receiver functions are typically
preferred over Sp receiver functions in the

characterization of crustal structure. This is due to

the higher frequencies present in P waves,
allowing for increased resolution relative to S
WEVSES
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Receiver functions and crustal structure

However, the presence of basins, and associated
basin multiples, can make analysis of crustal
structure more complicated. Basin can lead to errors
in migration and the multiples can interfere with
other structure.
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Receiver functions and crustal structure

D
<
)

In cases where the Moho arrival and the
subsequent crustal multiples arrivals are well
constrained, they can be used to improve

estimates of crustal thickness using H-k stacking
(Zhu and Kanamori, 2000)
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Table 2
Crustal Thickness Single and Two-Layer H-x Stack Results for Transportable Array Stations
Assumed Assumed Sediment Thickness Sediment V,y/Vs Crustal Thickness Basemest Vi /Ve Crustal Thckness Crusmal Vo / Vs

Sediment Basement (Two-Layer (Two-Layer (Two-Layer (Two-Layer (One-Layer (One-Layer
Samtion Vekcity (km/s) Velocity (kmj) H-x stack) Hex stack) Hex gack) H-x stack) H-x stack) H-x stxck)

F22A i6 6.7 21 =008 254 =007 405 = 061 177 = 0.2 426 = 104 183 =003

- G22A i6 6.7 29 + 013 239 + 013 = 0.96 178 = 0.02 M4 =197 183 =006

Zhu and Kanamori (2 OOO) H22A 36 67 37 +011 222 + 008 +438 217 +020 354 =599 221 + 042
‘D24 36 67 47 £023 202 + 0417 +097 157+003 373 %751 166+ 007

P24A 30 6.4 42
P25A 30 6.4 37
P26A 30 6.4 27
P27A 30 6.4 21
P24A 40 6.4 57 £ 090 1.66 = 036
P25A 40 6.4 49 = 023 1.83 = 0.05 3.30 193
P26A 40 6.4 34 =021 226 + 0.12 4.51 1.85
P27A 40 6.4 28 = 008 201 =007 . 1.34 167

065 1.69
0.19 1.83
017 217
0.08 2.01

035
0.06
0.13
007

382 206
3.66 195
4.31 1.86
1.67 167
4.02 207

0.11 420
0.13 456
0.12 438
0.03 48.1

6.16 198 + 031
583 191 0.17
442 189 = 011
133 169 = 0003
0.11 420 198 = 031
0.12 456 191 = 017
0.13 438 A2 189 = 011
0.03 48.1 33 169 = 0003
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*Stations where Moho Ps phase is obfuscated by sediment multiples. Crustal thickness and Vp/ V¢ values reported to demonstrate method resuks but
YeCk et al' (2 O 1 3) > not accurately represent the Earth due to this obfuscation,




Receiver functions and crustal structure

In some instances, Sp receiver functions
have also proved capable of providing

high resolution images of crustal structure
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Receiver functions and the LAB

Numerous studies exist of receiver function imaging of the
lithosphere-asthenosphere boundary. Early studies utilized Ps and
Sp RFs, but most recent studies utilize Sp due to the lack of
possible interference from crustal multiples.
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Receiver functions and the LAB

What can receiver functions tell us about the lithosphere-asthenosphere boundary?

Depth: 110.0 km 20w  sow
(4.38 km/s){z .

Schaeffer and Lebedev (2013)

* Global and regional tomography models provide constraints in lithospheric
thickness.

* Global trends indicate that the lithosphere is seismically fast, and extends to
greater depths beneath cratons/shields, and is thinner beneath tectonically
active regions.

« See clear trends in lithospheric thickness and age beneath the oceans



Receiver functions and the LAB

What can receiver functions tell us about the lithosphere-asthenosphere boundary?

Depth: 110.0 km 20w  sow
(4.38 km/s){z .

Schaeffer and Lebedev (2013)

« BUT, tomographic estimates of lithospheric thickness tend to be lower resolution
than receiver function estimates.

* Psreceiver function uncertainties may be as low as +-2 km, while Sp receiver
functions have uncertainties on the order of +-10 km.

* This means that firmer constraints can be placed on the lithosphere-asthenosphere
boundary, which has implications for our understanding of the physical properties
responsible for the boundary.



Receiver functions and the LAB
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« Completion of the EarthScope Transportable Array allowed for a
uniform sampling of the lithosphere of the United States

« Tomography models show a systematic east vs. west divide in
seismic velocities, likely the result of tectonism in the western U.S.

* Low velocities are observed at shallow depths beneath the western
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Receiver functions and the LAB
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Hopper and Fischer (2018)
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Receiver functions and the LAB

Hopper and Fischer (2018)
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Receiver functions and the LAB

Hopper and Fischer (2018)
Three important observations:
#1. Large amplitude, relatively shallow (60-80 km)
negative phase observed across the western U.S.
« Depth agrees well with estimates from seismic
tomography models
* Large amplitudes thought to be indicative of
significant gradients in velocity, and argued to be
due to, in part, the presence of melt at the LAB
(within the asthenosphere)
* An average velocity decrease of 10+-4.5%
and a gradient thickness of 30+-15 km was
calculated
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Receiver functions and the LAB

V, 110-130 km depth (km s™')
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Receiver functions and the LAB

Hopper and Fischer (2018)
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Receiver functions and the LAB

Three important observations:

#2. Negative phase energy consistent with the

transition from lithosphere to asthenosphere is

largely absent beneath the continental interior

 Dearth of energy at predicted LAB depths is
thought to be the result of a gradual/small
decrease in velocity, making the boundary difficult

to image with receiver functions
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Incident S Wave

Hopper and Fischer (2018)
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Receiver functions and
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Receiver functions and the LAB

Depth (km)

How Sharp Is the Cratonic Lithosphere-Asthenosphere
Transition?

Nicholas J. Mancinelli'" ', Karen M. Fischer' ', and Colleen A. Dalton'

Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, R, USA

Abstract Earth's cratonic mantle lithosphere is distinguished by high seismic wave velocities that
extend to depths greater than 200 km, but recent studies disagree on the magnitude and depth extent of
the velocity gradient at their lower boundary. Here we analyze and model the frequency dependence of

Sp waves to constrain the lithosphere-asthenosphere velocity gradient at long-lived stations on cratons in
North America, Africa, Australia, and Eurasia. Beneath 33 of 44 stations, negative velocity gradients at depths
greater than 150 km are less than a 2-3% velocity drop distributed over more than 80 km. In these regions
the base of the typical cratonic lithosphere is gradual enough to be explained by a thermal transition.
Vertically sharper lithosphere-asthenosphere transitions are permitted beneath 11 stations, but these zones
are spatially intermittent. These results demonstrate that lithosphere-asthenosphere viscosity contrasts and
coupling fundamentally differ between cratons and younger continents.
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Receiver functions and MLDs

Three important observations:

#3. Coherent, negative phase energy observed
across the continental interior at depths.

« Considered to be too shallow based on

constraints from seismic tomography
These negative phases have been observed in

many regions globally and are commonly referred

to as mid-lithospheric discontinuities

Juan de Fuca slab contours
=" Mid-continent rift
Cascades Columbla Rocky Mtns  Wyoming Trans-Hudson
Craton Orogen  Superior Craton

‘..- 6}13.5. .l.,‘.‘.""-
- Y ™

- -

Dapth (km)

|
"I oM o Wg 0y WS 03 10 8 T S |

Longtude ("W)

128 127 18 T s

Grenville

Juan de Fuca slab contours
Mid-continent rift  Front

Ww Yellowstone

Cascades Columbia Rocky [Mtns Trans-Hudson
b) Arc plateau Wyoming Craton Orogen

.j"."‘M““’ - '..=_"sr~f¢- WA g =N é. ACeh
R TR v . um o r-fw‘_

Adirondacks
Granite-Rhyolite Appalachi
Ma. | Province Grenville

|

Superior Craton
[

~u - e .

-

v

%0

100

= 130
00

250

W3 W B8 8 8 83

123 121 M8 17 M5 13 1M1 108 10T 105
Longitude ("W)

Hopper and Fischer (2018)

Juan de Fuca slab contours
SO Saake River Rocky
Columbia Plain Mtns
c) Flateau Wyoming Cratan

Lengude ("W) Grenville

Mud-continent rift  Front
Grignite-Rhyolite Appalachians
Mazatzal Pravince Grenville

1
- ~ & TN )
wTARas, ‘hk\&.'.
rE YW . "

I LA T N |

W7 105 108 101 0 97 96 8 N £ & 85 & slx 79
Lengitude ("W) Grenville Front
SAF Swerra Basinand  Colorado  Rio Grande Reelfoot Rome
Coast Nevada Range Mateau Rift Rift Trokgh
. Mojavia Yavapai Mazatzal Granite-Rhyolite I- o2 Appalacm]ans

a ;‘ . '.a—""...cg.oib"
,“-."‘ — - -

-

N7 M5 M3 1M W0

Depth (km)

m 109 107 106 100 101 L) a7 96 a a1 L) L as 8 & T8

Longtude ("W)
Oklahoma Reelfoot
Aulocagen Rift
Granite-Rhyolite Province Appalachians

.g'j}---w T ]

.

T "‘.‘\"3-4

San Andreas Fault | Colorado Gf:":de

teansversel pagin and Range  Plateau At
Mojavia Yavapai Mazatzal

R o L. T
4"_ - T -

-

|
"M M7 1S M3 M 109 W0 w0s 10 s W9 97 5] « 9 (2] a7 5 a3
Longitude {"W)

Salton Trough

Besin and Range

Mazatzal Coastal Plain

Granite-Rhyolite Province

p—r— |

° . ‘;' 0 S-S d %, g =2 .
Y = e A s i
‘."“.M'ﬁ - - T

-
-

>~

RF Amplituce

Depth (xm)

100 W7 105 103 11 @ a7 a5
Longitude (“W)




Receiver functions and MLDs
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Receiver functions and MLDs

Potential MLD mechanisms (Selway et al., 2015)
Thermal

Partial melt (Kumar et al., 2012; Thybo, 2006; Thybo and

Perchuc, 1997)

* Small amount could produce observable change in

velocities

* Requires water saturation, deeper than average MLD

* Magnetotelluric data does not support melt layer hypothesis

Elastically accommodated GBS (Karato et al., 2012)

« Explains the “universal” presence of MLD

« Key parameters still poorly constrained
Composition ( e.g., Foster et al., 2013; Sodoudi et al., 2013; Ford et
al., 2010)

Change in Mg#

Hydrous Minerals

« Evidence of minerals found in xenoliths

« Capable of producing modeled velocity gradients
Anisotropy (Sodoudi et al., 2013; Wirth and Long, 2014; Ford et al.,
2016)

* Prior evidence for anisotropy at similar depths

« Difficult to explain as a universal feature

Fischer etal. (2010)



Receiver functions and MLDs
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Receiver functions and other imaging constraints

Points of emphasis:

Receiver function analysis is a complimentary method.

The interpretability of receiver function results is predicated on a good first order
understanding of lithospheric thicknesses provide by other methods such as, but not
limited to, seismic tomography.

Receiver functions excel at imaging seismically sharp/strong boundaries, such as the
Moho, and the LAB in tectonically or magmatically active regions.

Receiver functions can image boundaries to high precision, place constraints on the
overall change in velocity (gradient)

Receiver functions can also put constraints on complex structure internal to the
lithosphere (mid-lithospheric discontinuities) that are largely absent in tomographic
models.



Part 2 Overview

* Receiver function sensitivity, finite frequency & 2D structure
* Receiver functions and anisotropy

 Joint inversions including receiver functions
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Introducing complexity
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Introducing complexity
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Introducing complexity
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Part 2 Overview

* Receiver functions and anisotropy
 Joint inversions including receiver functions



What causes seismic anisotropy? (Polycrystalline)

Lattice Preferred Orientation (LPO) is one possibility

Undeformed Deformed

2% Frequency
distribution of

orentations.

B. Hacker, UCSB

Commonly invoked in upper mantle
Proxy for mantle flow



Receiver functions and anisotropy

What causes seismic anisotropy? (Polycrystalline)

Shape Preferred Orientation (SPO) is another possibility

B S-wave Anisotropy C  S-wave Anisotropy
Sub-wavelength 0% IE- 0.5%

layering or ordering
of materials with
varying seismic
velocities

Possibilities:
Layering of distinct
materials, cracks,
alignment of melt

Nowacki et al. (2011)



Receiver functions and anisotropy

Measuring Anisotropy: Shear wave splitting

Shear wave splitting in anisotropic media

(After Crampin, 1981)

Used to assess “seismic birefringence”
Incident shear wave splits into two

Offset in arrival time and polarlzatlon direction
are measured

Eakinetal, 2010

Key observation: Splitting direction often aligned
with direction of plate motion
..but not always



Receiver functions and anisotropy

Measuring Anisotropy: Ps Receiver functions

1sotropic 1sotropic 1sotropic 1sotropic

CHCCECCCCEEEE RN




Receiver functions and anisotropy

Measuring Anisotropy: Ps Receiver functions
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Porter et al. (2011)
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Receiver tunctions and anisotropy

Measuring Anisotropy: Ps Receiver functions

121°W 120°W 119°W 118°W

119°W 118°W
() -20% anisotropy
© -10% anisotropy
0% anisotropy

Porter et al. (2011)

1M17°W

117°W
_~ 0° plunge
45° plunge
90° plunge

116°W

Tectonic
erosional
edge of
Salinia
Farallon:North America
relative motion

vectors 59-50 Ma
/ 50-42 Ma

Unique axis cismé)gmon by azimuth




Receiver tunctions and anisotropy

Measuring Anisotropy: Ps Receiver functions

105" W 100" W
: >2.0Ga
Craton

1.8-1.6Ga
Proterozoic

1.3-1.5Ga
Belt Basin

2.0-1.8Ga
Arc, Orogen

1.7 Ga
Quartzite

Fordetal (2016)
Receiver functions generally do not support the
notion that MLDs are through going
boundaries in anisotropy. Anisotropy is
complex and local.

8
£
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Receiver functions and anisotropy

Measuring Anisotropy: Sp Receiver functions

Significantly less straight forward:

Sp RFs tend to be noisier, and data is more
limited, making it difficult to observe small
variations in amplitude across a sufficient range of
backazimuths. Analysis can only be employed at
long running stations.

Must consider the effects of both SV - P and SH
> P both in the transmission of energy and an
anisotropic boundary, and in the deconvolution
itself

Different events have varying amounts of SV:SH
energy. A ratio that must be accounted for.

One solution is to consider using SKSp receiver
functions

Sv SH

Deconvolution choices:
SV/P or SH/P

P SH P SV

/

SV SH



Part 2 Overview

 Joint inversions including receiver functions



Joint inversions
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Including Ps receiver functions in seismic tomography
models can help improve estimates in crustal
thickness, prevent velocities from being mapped to
incorrect depths
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Joint inversions

Crustal thickness

Mean of posterior distribution

24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
Shen and Ritzwoller (2016)
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Joint inversions

PsSpSW PsSpSW.lownoise

Depth (km)

-1 10° 105°

. BW-Sp

a

Ps and Sp converted phases are also being included ~ Flonetal (2018)

in models designed to improve resolution of seismic
structure in the upper mantle



Joint inversions
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Ps and Sp converted phases are also being included
in models designed to improve resolution of seismic
structure in the upper mantle






