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Supplementary	Figure	1:	Travel	time	anomaly	that	would	be	accrued	on	any	given	

antipodal	path	through	an	anisotropic	IC,	normalized	by	total	travel	time	within	the	

IC	calculated	from	a	1D	reference	model,	plotted	at	the	entry	and	exit	points	to	and	

from	 the	 IC	 for	 an	 antipodal	 PKP	 ray.	 Anomalies	 are	 constructed	 from	 (a)	 axi-

symmetric	 1-layer	 bulk	 IC	 model	 with	 fast	 direction	 aligned	 to	 the	 rotation	 axis	

(model	E	 in	Table	1)	and	(b)	2-layer	IC	model	of	Wang	et	al.,	 (2015),	contoured	at	

0.5%	anomaly	with	respect	to	the	isotropic	average	and	using	the	same	colour	scale	

for	 both	 models.	 (c)	 Travel	 time	 anomaly	 moving	 averages	 with	 1-σ	 error	 bars,	

normalized	by	total	travel	time,	at	inner	core	entry	and	exit	point	longitude	for	PKP	

paths	with	 ξp>60°	 turning	within	600	km	of	 the	 centre	of	 the	Earth	 in	black,	with	



predictions	at	0°N	from	model	in	(a)	in	blue,	and	model	in	(b)	in	red.	(d)	Number	of	

observations	used	binned	by	inner	core	entry	and	exit	point	longitude	and	split	into	

those	added	in	this	study	(green)	and	those	from	existing	datasets	(grey).		

	 	



	

Supplementary	 Figure	 2:	 Observed	 PKPdf	 absolute	 travel	 time	 anomalies,	

normalised	by	path	length	in	the	IC	for	data	turning	within	(a	and	b)	300	km	of	the	

Earth’s	 centre,	 and	 (c	 and	 d)	 600	 km	 of	 the	 Earth’s	 centre.	 (a	 and	 c)	 travel	 time	

anomalies	normalised	by	path	length	in	the	whole	IC,	versus	ξp	measured	relative	to	

the	 rotation	 axis.	 (b	 and	 d)	 travel	 time	 anomalies	 corrected	 for	 the	OIC	 (Sun	 and	

Song,	2008b)	and	normalised	by	path	length	in	the	IMIC,	versus	ξe	measured	relative	

to	 an	 anisotropy	 axis	 at	 9°N,	 89°W.	 Ballistic	 data	 are	 grey	 circles,	 with	 moving	

averages	as	black	diamonds,	and	corresponding	1-σ	error	bars	calculated	every	10°.	

Data	collected	in	this	study	are	shown	in	green.	(a	and	c)	Fits	to	observations	in	the	

IC	 are	 shown	 by	 black	 solid	 lines.	 (b	 and	 d)	 Models	 derived	 from	 coda-based	

observations	of	Wang	et	al.	(2015)	and	Wang	&	Song	(2017)	are	shown	by	red	lines.		

	



	

Supplementary	 Figure	 3:	 Fits	 of	 other	 IC	 anisotropy	 models	 to	 data.	 (a	 and	 b)	

Beghein	 &	 Trampert	 (2003),	 (c	 and	 d)	 Ishii	 &	 Dziewonski	 (2002),	 and	 (e	 and	 f)	

Romanowicz	et	al.,	 (2016).	 (a,	 c,	 e)	Anisotropy	as	a	 function	of	depth	displayed	as	

velocity	 anomaly	 relative	 to	 reference	 velocity	 at	 that	 depth,	 (b,	 d,	 f)	 predicted	

effective	 inner	 core	 velocity	 anomalies	 and	 with	mean	 and	 1-σ	 error	 bars	 (blue)	

compared	 with	 observations	 (grey	 and	 black).	 Quantitative	 fit	 to	 the	 data	 are	

calculated	with	the	adjusted	R2	(aR2)	and	variance	reduction	(VR).	

	

	



Supplementary	 Figure	 4:	Fit	of	data	 to	a	2-layer	 IC	model	 (red),	as	a	 function	of	

IMIC	radius	(left	y-scale),	with	required	IMIC	anisotropy	(green,	right	y-scale).	The	

best	fitting	IMIC	radius	of	750	km	is	highlighted	in	blue.	

	



	

Supplementary	Figure	5:	Anisotropy	models	for	the	best	fitting	anisotropy	axis	for	

(a)	1-layer	inner	core,	and	2-layer	models	shown	as	(b)	paths	turning	in	the	OIC	and	

(c)	paths	turning	in	the	IMIC	(600	km	radius)	where	red,	green,	and	blue	lines	show	



models	constructed	with	OIC	structure	of	Sun	and	Song	(2008a)	OIC	from	fit	to	data,	

and	 OIC	 fit	 to	 data	 with	 anisotropy	 axis	 at	 84°N,	 34°E	 respectively.	 For	 2-layer	

models	shown	as	red	and	green	lines	the	axis	of	anisotropy	in	the	OIC	is	fixed	to	the	

rotation	axis,	while	the	axis	of	anisotropy	in	the	IMIC	is	allowed	to	vary	(best	fitting	

pole	of	the	fast	axis	for	each	model	is	shown	in	text	in	panel	c).		

	

Supplementary	 Figure	 6:	 (a)	 Best	 fitting	 symmetry	 axis	 of	 anisotropy	 for	 a	

synthetic	 hemispherical	model	 comprising	 (b)	 a	western	 and	 eastern	 hemisphere	

with	 constant	 3%	 and	 1.5%	 anisotropy,	 respectively.	 In	 both	 hemispheres	 the	

symmetry	 axes	 are	 aligned	 with	 the	 rotation	 axis.	 Hemisphere	 boundaries	 from	

Irving	and	Deuss	(2011)	and	.Irving	(2016).	As	in	Figure	5,	fit	is	quantified	with	the	

R2	criteria	and	the	best	fitting	anisotropy	axis	and	region	of	90%	best	fit	(90%	of	the	

maximum	R2	value)	are	marked	by	a	red	point	and	contour,	respectively.	



	

	

Supplementary	 Figure	 7:	 (a)	 Synthetic	 dT/T	 anomalies	 versus	 ray	 turning-point	

longitude	 calculated	 for	 a	 constant	 anisotropy	 model	 (α=0,	 ε=5, γ=−2.5)	 with	 the	

latitude	of	the	symmetry	axis	of	anisotropy	systematically	varied	between	0	and	90°	

latitude	in	15°	steps	(shown	by	symbol	colour),	with	the	longitude	of	the	axis	fixed	

at	 -60°E.	 Only	 data	with	 ξp<15°	 are	 displayed.	 Lines	 connect	 synthetic	 anomalies	

with	 the	 same	 pole	 location.	 	 Observed	 data	 are	 shown	 as	 grey	 diamonds.	 A	

symmetry	axis	of	anisotropy	at	60°N,	-60°E	could	produce	a	hemispherical	pattern	

of	 dT/T	 anomalies	 similar	 to	 that	 seen	 in	 the	 data.	 (b)	 Recovered	 symmetry	 axis	

location	(using	same	testing	procedure	as	in	Supplementary	Figure	6)	for	synthetic	

data	using	best	 fitting	model	shown	 in	 (a).	While	an	 inclined	symmetry	axis	could	

manifest	as	a	hemispherical	pattern	of	travel	time	anomalies,	the	inclined	axis	could	

easily	be	identified.	

	

	



	

Supplementary	Figure	8:	Correlation	between	travel	time	anomalies	on	equatorial	

paths	 (ξp≥60°)	 and	 tomographic	 corrections	 calculated	 by	 ray-tracing	 through	

several	global	tomographic	models	showing	PKPab-df	differential	measurements	in	



red	and	PKPdf	absolute	measurements	 in	blue.	All	 corrections	are	 calculated	with	

1D	 ray	 tracing	 except	 for	 model	 LLNL_G3Dv3	 (Simmons	 et	 al.,	 2011)	 that	 is	

calculated	with	3D	ray	tracing.	Linear	least-square	fits	are	displayed	as	lines,	and	the	

variance	 reduction	 (VR)	 and	 line	 gradient	 (m)	 are	 displayed.	 Models	 labelled	 as	

“double”	have	been	modified	 to	have	double	 relative	velocity	perturbations	 in	 the	

lower	 300	 km	 of	 the	 mantle,	 and	 “saturated”	 models	 have	 had	 all	 positive	 and	

negative	 velocity	 perturbation	 values	 set	 to	 the	maximum	 and	minimum	 velocity	

anomaly,	respectively,	in	each	layer	of	the	lower	300	km	of	the	mantle.	

	

Supplementary	 Figure	 9:	 Observed	 PKPdf	 absolute	 travel	 time	 anomalies,	

corrected	for	mantle	structure	from	1D	ray-tracing	through	model	MIT_P08	(Li	et	al.,	

2008)	and	normalised	by	path	length	in	the	IC	for	data	turning	within	(a	and	b)	300	

km	of	the	Earth’s	centre,	and	(c	and	d)	600	km	of	the	Earth’s	centre.	(a	and	c)	travel	



time	 anomalies	 normalised	 by	 path	 length	 in	 the	 whole	 IC,	 versus	 ξp	 measured	

relative	 to	 the	rotation	axis.	 (b	and	d)	 travel	 time	anomalies	corrected	 for	 the	OIC	

(Sun	 and	 Song,	 2008b)	 and	 normalised	 by	 path	 length	 in	 the	 IMIC,	 versus	 ξe	

measured	relative	to	an	anisotropy	axis	at	9°N,	89°W.	Ballistic	data	are	grey	circles,	

with	 moving	 averages	 as	 black	 diamonds,	 and	 corresponding	 1-σ	 error	 bars	

calculated	every	10°.	Data	collected	in	this	study	are	shown	in	green.	(a	and	c)	Fits	

to	observations	 in	 the	 IC	are	shown	by	black	solid	 lines.	 (b	and	d)	Models	derived	

from	coda-based	observations	of	Wang	et	al.	 (2015)	and	Wang	&	Song	(2017)	are	

shown	by	red	 lines.	For	 figures	constructed	using	only	PKPdf	absolute	 travel	 time	

anomalies	only	see	Supplementary	Figure	2.	

	

	



	



Supplementary	 Figure	 10:	 Effective	 velocity	 anomaly	 calculated	 from	 PKPab-df	

relative	and	PKPdf	absolute	travel	times	as	dV/V=-dT/T	displayed	as	a	 function	of	

angle	ξp,	for	all	data	(top),	and	in	different	ranges	of	ray-turning	radius	from	the	ICB	

to	 the	 centre	 (bottom)	 Circles	 and	 diamonds	 mark	 observations	 and	 moving	

averages	with	one	standard	deviation,	respectively.	Data	are	in	each	radius	range	is	

fit	 using	 equation	 (2)	 and	 the	 green	 vertical	 line	 marks	 the	 angle	 at	 which	 the	

velocity	is	slowest	for	the	corresponding	model.	The	mean	of	the	slowest	direction	

and	the	magnitude	of	the	velocity	contrast	between	the	slowest	and	the	equatorial	

direction	after	1000	bootstrap	 resamples	 is	written	 in	each	sub-figure,	 labelled	as	

“slow	dir”	and	“slow	mag”,	respectively.	

	

	

Supplementary	Figure	11:	(a)	Orientation	and	(b)	magnitude	of	the	slow	direction	

of	 anisotropy	 as	 a	 function	 of	 radius	 in	 the	 IC,	 split	 by	 hemisphere	 at	 the	 turning	

point	of	the	ray.		Hemisphere	boundaries	are	derived	from	Irving	and	Deuss	(2011).	

The	magnitude	is	calculated	as	a	difference	in	velocity	anomaly	between	that	on	the	



slowest	direction,	and	that	on	equatorial	paths	(ξp	=90°).		Shown	are	the	means	and	

1-σ	 error	 bars	 constructed	 from	 1000	 bootstrap	 resamples	 of	 data	 in	 each	 depth	

range.		

	

Supplementary	 Table	 1:	 Data	 used	 in	 this	 study	broken	down	by	 type	 of	 phase,	

turning	depth	of	ray,	and	ξ	category.	Data	with	ξp≥45°	and	ξp<45°	are	classified	as	

equatorial	(eq)	and	polar	(po),	respectively.	

Ray	 turning-
depth	(km)	

All	 PKPab-df	
differential	

PKPdf	absolute	
only	

Of	which	also	PKPab-df	
differential	

	 Eq	 Po.	 Eq	 Eq	 Eq	 Po.	 Eq	 Po.	
All	 2494	 571	 1127	 234	 234	 278	 1127	 145	
600-ICB	 1093	 328	 292	 58	 58	 178	 292	 36	
300-600	 989	 165	 531	 143	 143	 70	 531	 68	
0-300	 412	 78	 304	 33	 33	 30	 304	 41	
	

Supplementary	 Table	 2:	 Anisotropy	 parameters	 for	 models	 shown	 in	 Table	 1	

constructed	 from	 fits	 of	 ballistic	 PKPab-df	 differential	 and	 PKPdf	 absolute	 data.	

Models	marked	with	 	 “+	MC”	 are	 corrected	 for	mantle	 structure	 derived	 from	 P-

wave	tomography	model	MIT_P08	(Li	et	al.,	2008).		

Label	 Model	Name	 Anisotropic	Constants	
	 	 OIC	 IIC	
	 	 α	 ε	 γ	 α	 ε	 γ	
2-layer	models	
A	 2-layer	fit	OIC	and	fit	

IMIC	+	MC	
0.003	 0.013	 -0.0044	 0.0054	 0.055	 -0.034	

B	 2-layer	 fit	 OIC,	 fit	
IMIC,	 IMIC	
radius=750	km	

	 	 	 	 	 	

C	 2-layer	fit	OIC	and	fit	
IMIC	

0.0013	 0.012	 -0.0044	 0.0053	 0.057	 -0.036	

1-layer	models	
D	 1-layer	bulk	+	MC	 0.0014	 0.0021	 -0.010	 	
E	 1-layer	bulk		 0.0021	 0.021	 -0.010	 	



	

Supplementary	 Table	 3:	 Best	 fitting	 poles	 of	 the	 fast	 axis	 of	 anisotropy	 for	 a	 1-

layer	model	for	all	PKP	data	(any	turning	depths)	showing	the	effect	of	corrections	

from	tomographic	models,	sorted	by	variance	reduction.	Pole	fits	are	assessed	using	

two	criteria:	R2	and	Variance	Reduction	(VR)	of	the	observations	relative	to	model	

predictions	 defined	 as	R2 =1−
(obs− pred)2∑
(obs−obs)2∑

,	VR =1−
(obs− pred)2∑

obs2∑
,	 where	 obs 	

refers	to	the	average	of	all	observations.	All	tomographic	corrections	are	calculated	

with	 1D	 ray	 tracing	 except	 for	 model	 LLNL_G3Dv3	 for	 which	 corrections	 are	

calculated	with	 3D	 ray	 tracing.	 S	 velocity	models	 are	 scaled	 to	 P	 velocity	models	

using	 dlnVs=2	 dlnVp	 for	 all	 depths	 for	 model	 SEMUCB-WM1	 (French	 and	

Romanowicz,	2014),	and	a	depth	dependent	scaling	factor	linearly	increasing	from	

dlnVs=2	 dlnVp	 at	 the	 surface	 to	 dlnVs=3	 dlnVp	 at	 the	 CMB	 for	 model	 S40RTS	

(Ritsema	et	al.,	2011).	

Tomographic	Model	 R2	Pole	 Variance	reduction	
	 Pole	

Lat	(o)	
Pole	
Lon	
(o)	

R2	 Pole	
Lat	(o)	

Pole	
Lon	
(o)	

VR	

MIT_P08	 86	 12	 0.37	 84	 26	 0.41	
None	 84	 46	 0.35	 84	 46	 0.40	
S40RTS	 84	 50	 0.38	 84	 48	 0.40	
GAP_P4	 88	 18	 0.36	 86	 26	 0.40	
S40RTS	-	double	 84	 16	 0.37	 84	 50	 0.39	
GAP_P4	-	double	 86	 40	 0.35	 86	 30	 0.39	
SEMUCB-WM1	 86	 34	 0.36	 86	 40	 0.38	
LLNL_G3Dv3	(3D	ray	
tracing)	

86	 6	 0.35	 86	 84	 0.36	

SEMUCB-WM1	–	
double	

86	 31	 0.33	 86	 48	 0.35	

S40RTS	-	saturated	 86	 42	 0.33	 84	 42	 0.34	
GAP_P4	-	saturated	 88	 28	 0.29	 84	 48	 0.32	
SEMUCB-WM1	-	
saturated	

84	 30	 0.24	 82	 40	 0.24	

	



	


