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‘Large Low-Shear Velocity Provinces’

shear velocity variation from 1-D
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Thermal v. thermochemical
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Thermal v. thermochemical

Lateral velocity gradients
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‘Sharp sides’: multipathing

Two+ arrivals
at station

Station

Wave refracted .
around slow regi'.

Strong gradient in velocity
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Conversion to seismic properties
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14.5
4000 14.0
13.5

13.0

125
12.0
3000
11.5
11.0
10.5
10.0
9.5
9.0
8.5
8.0
7.5
7.0
6.5

o NN 6.0
0 25 50 75 100 125

Temperature / K

2000

1000

Pressure / GPa

T dVs / %
3.0006+403 3,000€+400
Ezsoo E
2400 =
—2000 =
1600 F
- =15
E 1200 E
1.0006+03

-3.000e+00

Stixrude & Lithgow-Bertelloni, 2005, 201 I; Goes et al., 2004



Tomography

Data

Inver5|on damping } TN
i /\
T TC

Tomography

a S40RTS b Thermal C Thermo-Chemical

dInVs (%) ' Davies et al., 2012



Lateral gradients: models
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3D effect: seismic simulations
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Frequency-wavenumber (fk) analysis
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fk analysis: multipathing

220 LI LI LI LI LI LI LI S F I d 3 d d h ° h d
giff, unfiltered, 3rd-order phaseweighte
Azimuth 200 — 205 Azimuth 205 - 210
A =118.9 baz = 155.6 max (|u|, baz) = (8.22, 160.5) A =121.5 baz = 152.7 max (|u|, baz) = (9.17, 154.1)
V2l T T T_—-T T == 7 g 1 7T T T | ) =) T 7 ~J N
’ L \\//,’ | \\\\(/ \\\ N 3 e \\//// } - / ~ &
10 /// ///\\ ///”"':rh—\\\\ /A \\\ N | 10 /// % Y il
8 _/// /// /\\’\ ’__\’__\ \/71\\ \\ \\\_ 8 _///
~ ,/ /// //\(\// } \\/7/\ \\\ \\\ - e
61 /7\\/ T _— 6 /7\
L N N AR R 41/
¢ - . = e /
Z I -
215 T ) Y\~ e o 2f |
) | ) / / Z SIS | \ [0) i
el | | | | 7‘\\\\///\ 3 ] \‘ \ o] '
I e e e e ot et s Sl EEt et ® OfF--r--
\>, \ L \\ \\ />\///‘\\ /i\ /l ;’ ] 4 \>, l\
3 2k \\ PG ~p< N S | 81 3 2b
v oo SR W \
— | RN 2% S, f ‘\T~’ \ /// S~ i —4 -\
\ Pe \ S - / e \
NP N ~_ I _/,/\ z s/ N
OR -jf'—J N e
N N NS /
-8 N N \\\// = i [ Pz A -8 N
\\ AN /=~ . | R Z // \\
S~ AT S i —10f -
3 S s ‘ ///<\ L 3 N N ;s ¥ B . p
_qola 1 & | (NPEE 2 ol o/ M S e [B\ 1
-12-10-8 -6 -4 -2 0 2 4 6 10 12 -12-10-8 6 4 -2 0 2 4 6 8 10 12
u, / s/deg u, / s/deg
210
(a) (b)
Azimuth 210 - 215 Azimuth 215 - 220
A =122.4 baz = 148.6 max (|u|, baz) = (8.72, 152.7) A =123.6 baz = 145.4 max (|ul, baz) = (9.17, 154.1)
S/ TLaa = ahan] . AN 12 AR "TEERE L WS
|/ < 10 -
d s X N AN
- . 8 B N
/ P4 N N P
6_\7\/\ // i 6 X /\/\\//'
// :/\\\ // //)\/ \\
41 / AL 4 \ \T
/ / ~ \ \ \
[ ,/ / i~ \ \ \
o 2 | II / o 2 \\ \\ m
% / f /, % \ | |
205 £ o
= -2 \l\ \\\ R ;. S /!I iy
\\ \\ //»\ / (I /I
= _\\ \\//’\(\ -4 ./ /]
-6 —/l\ //\\\ \\\ -6 ﬁ/7\\74/\-
N N 4 A
-8k N AN -8 7 A
\\\ \\\ /7/\\ II//// a
=110)| A, SN/ -10 0 A& A
N N // = - \ s 7 ~ 1 ~ \ L s
| I ST T - NN | _12 NS IR | N
-12-10-8 6 -4 -2 0 2 4 6 8 10 12 -12-10-8 -6 -4 -2 0 2 4 6 8 10 12
u, / s/deg u, / s/deg
200 o b b b s b b b

=20 -10 0 10 20 30 40 50
Data

Time rel. Sy / S



u,/ s/deg

analysis: multipathing
00-5 s

A =118.9 baz = 156.0 max (|u|, baz) = (8.92, 160.3)

T ppv Azimuth 205 — 210

A =121.2 baz = 152.5 max (|u|, baz) = (8.38, 146.7)

TCB ppv Azimuth 205 - 210

T ppv Azimuth 200 — 205
A =121.2 baz = 152.5 max (|u|, baz) = (9.74, 160.8)

A =118.9 baz = 156.0 max (|u|, baz) = (8.33, 155.9)

u,/ s/deg

= = 2 = = T T T F==] T7 T 2 T T -1 F=o] T7 T
AL S N P T F==T_ 171 Tw T N I T (ESUNLIZAS NN e JEAEE T SUTTRUZATN e % JNT - T SUN_JUZAEN N
= ! ~ \ - \ ~ N N P | ~ N N
e X7 I 3 AN e X7 AN 4 2R 8 N 74 2K I 6 N
10 9 B N N 10F P i N 10 ~ N S N 10| g ZAY TR o N
7 2 \ = -~ 7/ N \ v s \ - \ / 7 _- = \\ 7 7, T | e / N \\
/ s 7 | ~/ N AN 7 /7 /\\/ 3 \ v 7 < | \7‘/ N \
/ < | I~ N , - \ ’ - N N
8" N e f N N AR 8 8" A AN N o 8" . 7 NG - T SN AN SN Y
7/ - ~ \ ~
S // ’ //( } o~ B Ne” e // s/ //(\ N \\ -7 ~ // Vi //(\ | /7\\ N \\ -
6 -~ 2 TN et AN X7 6 6 = v S 28 6 > ’ 2 W = N 2K T
~_/ s | ~ N - IS e TN 1N 2 » | \ PN
/ D / A~ \ 200\ / 7~ ’ - \ P / ~ / - \ 2
/ S 7 AN | 2N NZIaY \ / S 7 7 NP \ / Ny P | ¢ S NP \
4 7o A N\ =dee / \ A7 \—H 4 41 IS 4 \ \— 41 7 N e~/ \ A \ \—
/ / 7 / / ~ - / ~ -
I /AN X | x5 N 22N \ \ / BB Y27 N \ \ / N IZ | L Yo7 N \ \
; 14 / /At L AN \ \ \ I / i AN gy ! / / IS COSI . A Y phel
~ -
2 ! b e IS S XN T = 2 & 21 I TS i s 2| Foim f s ,*@L‘;’\\////\\ Y T
| / v \ \ ! \ \ ! ¥ \ | \
I | L (SN \ R / ke K 0_77! (L N o T Ke) 0_77' ,J,,L’,,’,,J::\;);éii\#,,‘,,‘,,J,,J,,_
O|F==r= =5 Rt Sl SNebub stk Mty At St R [ OfF-—-r-—-1-- n Rl TS 1 I n == P T [WIPFNS T8 1 I
: ] ] VAN ] ! ] ‘ N - ! i | ) ) h - | \ } . BT | ] |
\ \ NG NS / / = =) ! / I i = \ 4 b e ! / I [
—2 i S G S -2 T =2 Y WL 2 e ek R 2 A TS T T
v ! ! ) N | 2 / !
\ i) Y - N N/ / h 4 \ N \/\/\ | /\/\/ AN / ;
-4 -4 -4\ Yo N Ny PN // /IA =4\ N AN N // W Nt /V\\ // //<
NP \ S 7 E ™ S 26 Y . } o e -~
A 2 oY, -7 S / T~< 1 i /
-6 -6 —6F \ NS R / DA -6 -~ \ ~ == \ f / L
RN N \Sdiff - 75 RN L diff > // BN
- . ~ - 2 \ ~ RS T N 4 4 z
-8 -8 -8 . ~/ ’ “q -8r N ~ ¥ = s ’
N i e b S S
N / ~ » N / ~ e I\ -
—_ - N = F z - — Lot Sy —-— L= = ’ -
-10 -10 10 N S \/<\\ 23 74 10 N Sy \/\/\\ } ,/\</ i
\ 4 o= =] 1 il ¢ - 1 Nl A N et DO e T e
—12 | I | ==L | =" | —12 | ==L | 12 -12
-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 -12-10-8 6 -4 -2 0 2 4 6 8 10 12 -12-10 -8 -6 -4 6 8 10 12 -12-10-8 6 -4 -2 0 2 4 6 8 10 12
u, / s/deg u, / s/deg u, / s/deg
T ppv Azimuth 210 — 215 T ppv Azimuth 215 — 220 TCB ppv Azimuth 210 — 215 TCB ppv Azimuth 215 - 220
A =122.8 baz = 148.6 max (|u, baz) = (8.10, 159.8) A =123.6 baz = 145.4 max (|u, baz) = (8.53, 140.7) 5 A =122.8 baz = 148.6 max (|u|, baz) = (8.28, 142.9) A =123.6 baz = 145.4 max (|u], baz) = (8.22, 138.9)
T T T__—-T =1 T T T T T—__—-T T T 7 T 2| N T T_——-F T i = T 71 T 2L N T [ =& T T 71 T
e //L \ /,/’ : S~ \l\\ Ny Vi //L \\////’ : S~/ ‘1\\ S s //J' \\//,/ | S~ // N AN i /,J' \\’/,/ | =S // S S8
= ~/ ~( | ~ =\ | & N i
10 /// //\\ //""T“\\\ //\\\ \\\ 1 10} Vi //\\ P T //\\\ \\\ - 10 /// " /\\ e T //\\\ AN - 10} P4 S !."T 5 B N ]
/ /// \(// } \\7{ . \\ // /// \(// } \\7{ N \\ // e /\\// } \\/\/ N \
- v TN P R \\\ N AN 8’ P4 AN P et T R N A 81 1 AR TS 7N AN AN 8
/ // /\\// | ~_/ N N 7 // /\(/ | \7/ N \\ P 7 // :\// | \7\ \\ \\ P
D~/ , 7R e AN AN N P~/ p Al A AN N N 6 D~/ / N _La 78 N - 6
; %z = N 2 6 < / z = N P / e —— Ple
~ 7 - ~/ NN ~ s, N - ~_/ N QSN VAN a N~ =/ N N
/ / - ~ N / ~ / |
4 7~ // /\\ } //\\ b )\/ \\ / \/< 4 //\/\ } /A\ N )\/ \\ 4 AN // //\/\ | //\\ \\ /)\/ \\
N - N P
S A O SUNZIERN N \ a4l /4 ZONNEL . N a+ CRLT B A iy 4
ANy, X * NG \ \ 4 0" S 27 * - \ \ / Sy, Y * Wl \ \
! / / X \ AN / / X \ / / / 280 / A \ \ \
| / / ~eN L S A \ \ \ | ! // ASASNE N //'\\ \ \ \ / / 5 PG OB 2 A N ¥ Al
o P R XD I o 2 1 AR N e > 2 1 B AN bl TR \ \ \ | o 2
i NS AN \ \ \ i N ~ \ \ b i ~_7n\ | - o)
[ AN [ < [ IS NV IR TOSSANINGE & o
i / N ) o i f i N2t ) ! ke) H i | R 3 \ . e}
! ! / \ | | -~ ! L { | | L { |
et etk stk il Sk Sl et etk bl Sl bty an OF——F—-—r——y——t—— - RS T e 1 [ Q- - —-r——l-—t——q— ¥t [ 0
'\ \ \ \\ }///\\\ "4 ! | | | ~ | | \ \\ )///\\\ \)( // I | | \A '1 \ \ v\ )\/ //\\\ \)\/ /l IJ ] | \A
\ N | ~_ / ] > \ \ N ~ 1 ] \ 'Y PESTS ! I [
) A e " U A S ) SRR s = e S 2| R W A 1 e T 3
\\ \ \ 2N | i ~Y / / / ! % \ N7 / \ % kY SN R Sy 3 g 4
2N Sk | .y / / N \ \ 27N Aol _x S / /
— | A N - 4K N\ %X -4\ W . A , g ! -
) N \\\ \\// : ™ \)/\ // Ay :\// \\ \\ N /v\/ \\ \\//\ } \’\// // \7\ //
\ PR e %, PPN N \ - VT - 7 |
o1 NN W e Odiff R 5] RN - AN 4 \aditty” A
\ \ A \ N \ N - | /2{_ ot
N N /5= 2{_ N N 7= S N ST 3 > ’
/ -~ \ /4 A S / 8K / —_— - ' / A
-8 N N i v -8 . W 8. S ~/ ‘ O - L /
\ N / | 4 / \ N /> \ N VN | \ . 7
10 N N // ~S e o \\ /// # 10 . N y ~ 10+ N \\\// N I \\ 2 s
_ | N N -3 A - = - N ~/ - N £ I ¢ 2
N AN A [ ,///<\ 7 . N S s SN : TN 7~ =
ol A Sm—pn | =T [N A~ ol e 1= _12 | N i S B =Ly TN S _12 iieeradll F-—C ) - - il
-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 -12-10 -8 -6 -4 -12-10-8 -6 -4 -2 0 2 4 6 8 10 12 -12-10 -8 6 -4 -2 0 2 4 6 8 10 12
u, / s/deg u, / s/deg u, / s/deg

u, / s/deg

()

(d)

(c)

(d)



[ ] [ ] [ ]
Multipathing in S
N \\ \N
NN W
\ \\\\ \

195 200 205 210 215 220
Azimuth



‘Mapping’ with SKS
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‘Mapping’ with SKS

T no ppv, paths to 3680 km radius, |V Vg| 50 km above CMB

. I I B
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

T no ppv, paths to 3680 km radius, |V Vg| 100 km above CMB

B T I I N
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

T no ppv, paths to 3680 km radius, |V Vg| 300 km above CMB

B T I I B
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

T no ppv, paths to 3680 km radius, |V Vg| 400 km above CMB

| | [
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB no ppv, paths to 3680 km radius, |V Vg| 50 km above CMB

B T I I B
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB no ppv, paths to 3680 km radius, |V Vg| 100 km above CMB

i | |
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB no ppv, paths to 3680 km radius, |V Vg| 300 km above CMB

B T I I B
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB no ppv, paths to 3680 km radius, |V Vg| 400 km above CMB

B T I I B
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB ppv, paths to 3680 km radius, |V Vg| 400 km above CMB

i | |
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




‘Mapping’ with SKS

TCB ppv, paths to 3680 km radius, |V Vg| 400 km above CMB

i | |
0.00 0.02 0.04 0.06 0.08 0.10

Gradient Vg / km s °1




Pile morphology

a Three chemistries: mantle, thermochemical piles, oceanic crust
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Lateral gradients (no ppv)
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Do sharp gradients have to be chemical?
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Do sharp gradients have to be chemical?

* Sharp gradients arise even in
thermal models of convection

| | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Gradient Vg / km s °-1 Gradient Vg / km s~ °-1



Do sharp gradients have to be chemical?

* Sharp gradients arise even in
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Effect of ppv

Radius = 3630 km

Nowacki et al., in prep.



Ranges in velocities

T no ppv, 100 km above CMB T ppv, 100 km above CMB
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Lateral gradients: models (no ppv)
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Lateral gradients: models (with ppv)

TC

0.06 0.08

Gradient V- / km s~1 °-1

Nowacki et al., in prep.



Lateral gradients (ppv)
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