
	 1	

On	 the	 orientation	 of	 the	 fast	 and	 slow	directions	 of	 anisotropy	 in	 the	 deep	1	

inner	core	2	

	3	

Authors:	Daniel	A.	Frost1*,	Barbara	Romanowicz1,2,3	4	

	5	

Affiliations:	6	

1Earth	&	Planetary	Science,	University	of	California,	Berkeley,	California,	USA	7	

2Institut	de	Physique	du	Globe	de	Paris,	Paris,	France	8	

3College	de	France,	Paris,	France	9	

	10	

*Correspondence	to:	dafrost@berkeley.edu	11	

	12	

Abstract	13	

Several	studies	of	inner	core	anisotropy	suggest	the	presence	of	an	innermost	inner	14	

core	(IMIC)	of	about	300-600	km	radius,	with	distinct	anisotropic	geometry.	There	15	

is	 significant	 variability	 between	 different	 proposed	 models	 for	 cylindrical	16	

anisotropy	 in	 the	 IMIC,	but	studies	based	on	ballistic	 travel	 time	measurements	of	17	

inner-core	sensitive	PKP	waves	generally	favor	an	axis	of	symmetry	that	is	also	the	18	

fast-axis	 and	 is	 quasi-parallel	 to	 the	 Earth's	 rotation	 axis.	 This	 debate	 has	 been	19	

recently	 reopened	 following	 the	 results	 of	 a	 study	 based	 on	 coda	 wave	20	

interferometry	 -	 rather	 than	 earthquake	 data	 -	 which	 suggest	 that	 the	 fast,	21	

symmetry	 axis	 of	 anisotropy	 in	 the	 IMIC	 is	 oriented	 in	 a	 direction	 close	 to	 the	22	

equatorial	 plane.	We	have	augmented	 the	 existing	database	of	 ballistic	PKP	 travel	23	
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times	 by	 sampling	 the	 deep	 inner	 core	 along	 equatorial	 directions.	We	 find	 that,	24	

while	 the	 slowest	 velocity	 is	 observed	 in	 a	 direction	 that	 changes	with	depth,	 the	25	

fast,	symmetry	axis	remains	quasi-parallel	to	the	Earth's	rotation	axis	at	all	depths	26	

in	the	inner	core,	as	previously	found	in	most	other	ballistic	studies.	The	direction	of	27	

slowest	velocity	 is	 close	 to	 the	equator	 in	 the	shallow	 inner	core	but	changes	 to	a	28	

steeper	 direction	 about	 300-500	 km	 below	 the	 inner	 core	 boundary,	 and	 is	 then	29	

accompanied	by	a	gradual	 increase	in	the	amplitude	of	the	velocity	minimum	with	30	

increasing	 depth,	 which	 may	 indicate	 increased	 compaction	 of	 iron	 towards	 the	31	

centre	 of	 the	 inner	 core.	 We	 find	 that	 a	 sharply	 defined	 boundary	 between	32	

outermost	and	innermost	inner	cores	is	not	required	by	the	data,	but	that	if	an	IMIC	33	

does	exist,	its	preferred	radius	is	~750	km.	34	

	35	
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1.	Introduction	39	

Observations	of	directionally	dependent	travel	time	anomalies	of	core-sensitive	40	

seismic	 body	 waves	 and	 anomalous	 splitting	 of	 core-sensitive	 Earth's	 free	41	

oscillations	have	been	interpreted	in	terms	of	cylindrical	velocity	anisotropy	in	the	42	

inner	core	(IC),	with	the	axis	of	symmetry	aligned	with	Earth's	rotation	axis	(Morelli	43	

et	al.,	1986;	Woodhouse	et	al.,	1986).	This	axis	is	also	the	direction	of	fastest	P-wave	44	

velocities.	 Further	 studies	 have	 suggested	 increasing	 complexity,	 with	 both	45	

hemispherical	 (Tanaka	 and	 Hamaguchi,	 1997;	 Creager,	 1999;	 Irving	 and	 Deuss,	46	
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2011)	 and	 depth-dependent	 variations	 in	 the	 strength	 of	 anisotropy,	 reaching	47	

between	3	and	8%	relative	to	a	1D	reference	model	(Vinnik	et	al.,	1994;	Lythgoe	et	48	

al.,	2014).		49	

A	particularly	intriguing	observation	has	been	the	change	in	the	characteristics	50	

of	 anisotropy	 observed	 in	 the	 central	 part	 of	 the	 inner	 core.	 From	 the	 analysis	 of	51	

PKPdf	 travel	 time	 data	 compiled	 in	 ISC	 bulletins,	 Ishii	 et	al.,	 (2002)	 proposed	 the	52	

existence	 of	 a	 distinct	 Innermost	 Inner	 Core	 (IMIC)	 with	 a	 change	 in	 the	 slow	53	

direction	 of	 propagation	 from	 parallel	 to	 the	 equator	 at	 shallower	 depths,	 to	 45°	54	

from	the	rotation	axis	deep	in	the	IC.	An	axis	of	symmetry	-	and	fast	axis	-	parallel	to	55	

the	Earth's	 rotation	 axis	 is	 compatible	with	 the	 data	 (Ishii	 and	Dziewonski,	 2002;	56	

Ishii	 and	 Dziewoński,	 2003).	 Meanwhile,	 from	 an	 analysis	 of	 splitting	 of	 normal	57	

mode	 data,	 and	 assuming	 cylindrical	 anisotropy	 with	 symmetry	 axis	 along	 the	58	

rotation	 axis,	 Beghein	 and	 Trampert	 (2003)	 also	 found	 evidence	 for	 a	 different	59	

anisotropic	 structure	 in	 the	 deepest	 part	 of	 the	 inner	 core,	 but	 with	 the	 fast	60	

direction	 in	 the	 equatorial	 plane.	 Subsequent	 studies	 have	 attempted	 to	 better	61	

constrain	the	radius	and	anisotropic	properties	of	the	IMIC	based	on	PKP	waveform	62	

data	(Cormier	and	Stroujkova,	2005),	PKP	data	from	the	EHB	catalogue	(Calvet	et	al.,	63	

2006)	 or	 hand-picked	 PKP	 travel	 time	 data	 from	 individual	 collections	 (Cao	 and	64	

Romanowicz,	2007;	Sun	and	Song,	2008a).	The	size	of	 the	 IMIC	proposed	 in	 these	65	

studies	ranges	from	300	to	600	km	in	radius	and	its	anisotropic	characteristics	vary	66	

across	 studies.	 Cao	 and	 Romanowicz	 (2007)	 found	 that	 the	 model	 of	 Ishii	 and	67	

Dziewonski	(2002)	fits	 their	broadband	PKPdf	global	collection	better	than	that	of	68	

Beghein	and	Trampert	(2003),	while	Calvet	et	al..,	(2006)	showed	that	the	strength	69	
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and	 character	 of	 anisotropy	 in	 the	 IMIC	depend	 strongly	on	 assumptions	made	 in	70	

the	 inversion.	Recently,	 it	even	has	been	suggested	 that	 the	apparent	requirement	71	

for	the	presence	of	an	IMIC	may	be	due	to	an	incorrect	averaging	over	hemispherical	72	

structure	 that	 continues	 to	 Earth’s	 very	 centre	 (Lythgoe	 et	al.,	 2014).	 In	 all	 these	73	

follow-up	studies	based	on	ballistic	PKP	data,	the	direction	of	the	symmetry	axis	of	74	

anisotropy	remains	close	to	the	Earth's	rotation	axis	throughout	the	inner	core.	75	

The	body	wave	studies	mentioned	so	far	are	based	on	observations	of	 the	 first	76	

arriving	 (ballistic)	 compressional	wave	PKPdf	 (or	PKIKP)	 that	 travels	 through	 the	77	

mantle,	 outer	 core,	 and	 IC	 (Figure	1).	 	Recently,	 in	 a	 seismic	 interferometry	 study	78	

applied	 to	 earthquake	 coda	 data,	 the	 reflected	 body	waves	 PKIKPPKIKP	 (PKPdf2)	79	

and	 PKIIKPPKIIKP	 (PKIIKP2)	 (Figure	 1)	 have	 been	 identified	 in	 autocorrelation	80	

waveforms	(Wang	et	al.,	2015;	Wang	and	Song,	2017).	These	waves	are	sensitive	to	81	

the	deepest	structure	of	the	inner	core.	Differential	travel	time	residuals	measured	82	

between	these	two	phases	span	a	range	of	10	s	(-4	s	to	+6	s)	at	low	latitudes	along	83	

equatorial	 paths	 (large	 values	 of	 ξp,	 Figure	 1),	 while	 most	 PKPdf	 absolute	 and	84	

residual	 body	 wave	 studies	 have	 observed	 significantly	 smaller	 travel	 time	85	

anomalies	 of	 ~0±1	 s	 along	 equatorial	 paths	 (Cao	 et	 al.,	 2007;	 Irving	 and	 Deuss,	86	

2011).	The	spread	of	PKPdf2-PKIIKP2	differential	 travel	 times,	 combined	with	 the	87	

results	 of	 prior	 PKP	 studies	 (Sun	 and	 Song,	 2008a,b),	 led	 Wang	 et	 al.,	 (2015)	 to	88	

propose	a	 two-layered	 inner	 core	model,	where	 the	 fast	direction	of	 anisotropy	 is	89	

oriented	along	Earth's	rotation	axis	in	the	outer	inner	core	(OIC),	while	it	is	oriented	90	

close	to	the	equatorial	plane	with	the	pole	at	9°N,	89°W	in	an	IMIC	of	600	km	radius,	91	

in	contrast	to	prior	studies	of	deep	inner	core	structure.	 In	order	to	try	and	verify	92	
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these	 results,	 Romanowicz	 et	 al.	 (2016)	 re-examined	 the	 ballistic	 dataset	 used	 in	93	

Cao	and	Romanowicz	 (2007),	 searching	 for	 the	best	orientation	of	 the	 fast	 axis	of	94	

anisotropy	in	the	IMIC,	 	and	found	that	ballistic	antipodal	data	do	not	support	this	95	

model,	 rather,	 the	 best	 fitting	 direction	 for	 the	 fast	 axis	 of	 anisotropy	 in	 the	 IMIC	96	

remains	 quasi-polar.	 Meanwhile,	 a	 more	 recent	 study	 of	 (Wang	 and	 Song,	 2017)	97	

based	 on	 a	 more	 extensive	 dataset	 of	 coda-interferometry	 measurements	 argued	98	

again	for	a	quasi-equatorial	fast	axis.	99	

	100	

101	
Figure	1.	 (a)	Ray	paths	of	PKP,	PKPdf2	and	PKIIKP2	through	the	Earth.	The	polar	102	

angle	for	PKPdf,	ξp,	shown	by	the	red	wedge,	is	the	angle	of	the	ray	path	in	the	inner	103	

core	with	 respect	 to	 the	Earth's	 rotation	 axis	 (red	 line).	 (b)	Travel	 time	 curves	 of	104	

PKP,	PKPdf2,	and	PKIIKP2.	105	

	106	

One	 of	 the	 drawbacks	 of	 the	 ballistic	 travel	 time	 studies	 is	 the	 paucity	 of	107	

available	data	at	antipodal	distances.	Because	robustly	constraining	the	character	of	108	

anisotropy	in	the	IMIC	is	important	for	understanding	the	mineralogy,	as	well	as	the	109	
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evolution	 and	 present-day	 dynamics	 of	 the	 inner	 core,	 here	we	 attempt	 to	 better	110	

understand	 the	 possible	 cause	 of	 discrepancy	 between	 the	 ballistic	 and	 coda-111	

interferometry	 results	by	augmenting	 the	Berkeley	collection	of	PKPdf	 travel	 time	112	

measurements	 at	 quasi-antipodal	 distances	 along	 equatorial	 directions	 of	113	

propagation	close	to	the	proposed	equatorial	fast	axis	of	anisotropy	from	the	coda-114	

interferometry	studies.	Such	data	sample	the	deepest	parts	of	the	inner	core,	and	if	115	

the	 deep	 IC	 contains	 an	 equatorial	 fast	 axis,	 at	 least	 some	 of	 these	 data	 should	116	

present	large	travel	time	residuals,	since	the	velocity	model	proposed	by	Wang	et	al.,	117	

(2015)	 and	Wang	 and	 Song	 (2017)	 produces	 a	 global	 pattern	 of	 large	 travel	 time	118	

anomalies	at	the	poles	and	two	antipodal	patches	along	the	equator,	under	Central	119	

America	and	Indonesia	(Figure	2b).	We	find	that	the	model	proposed	by	Wang	et	al.,	120	

(2015)	and	Wang	and	Song	(2017)	provides	a	significantly	poorer	fit	to	the	Berkeley	121	

dataset	augmented	by	these	new	measurements,	which	still	favor	a	fast	axis	parallel	122	

to	 the	 Earth's	 rotation	 axis,	 as	 previously	 found,	 even	 when	 the	 effects	 of	123	

contamination	by	mantle	heterogeneity	are	taken	into	account.	We	discuss	possible	124	

reasons	for	the	persisting	discrepancy.	125	
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	126	

Figure	2:	Travel	time	anomaly	that	would	be	accrued	on	any	given	antipodal	path	127	

through	an	anisotropic	 IC,	normalized	by	 total	 travel	 time	within	 the	 IC	calculated	128	

from	a	1D	reference	model,	plotted	at	the	entry	and	exit	points	to	and	from	the	IC	129	

for	an	antipodal	PKP	ray.	Anomalies	are	constructed	from	(a)	axi-symmetric	1-layer	130	

bulk	 IC	model	with	 fast	direction	aligned	to	 the	rotation	axis	(model	E	 in	Table	1)	131	

and	 (b)	 2-layer	 IC	model	 of	Wang	et	al.,	 (2015),	 contoured	 at	 0.5%	anomaly	with	132	

respect	to	the	isotropic	average	and	using	the	same	colour	scale	for	both	models.	(c)	133	

Travel	 time	 anomaly	 moving	 averages	 with	 1-σ	 error	 bars,	 normalized	 by	 total	134	

travel	time,	at	 inner	core	entry	and	exit	point	 longitude	for	PKP	paths	with	ξp>60°	135	

turning	within	300	km	of	 the	centre	of	 the	Earth	 in	black,	with	predictions	at	0°N	136	



	 8	

from	model	in	(a)	in	blue,	and	model	in	(b)	in	red.	Note	that	the	fit	of	the	data	to	the	137	

model	of	Wang	et	al.,	(2015)	is	assessed	on	the	basis	of	both	the	equatorial	and	polar	138	

data	(e.g.	Figure	3).	(d)	Number	of	observations	used	binned	by	inner	core	entry	and	139	

exit	point	longitude	and	split	into	those	added	in	this	study	(green)	and	those	from	140	

existing	datasets	(grey).	For	data	turning	within	600	km	of	the	centre	of	the	Earth	141	

see	supplementary	figure	1.	142	

	143	

.	Data	 collected	 in	 this	 study	 are	 highlighted	 in	 green.	Absolute	PKPdf	 travel	 time	144	

anomalies	 have	 their	 sign	 reversed	 to	 match	 the	 sign	 of	 the	 differential	145	

measurements	in	this	and	all	subsequent	figures.	Observed	PKP	anomalies	only	on	146	

paths	 turning	 within	 600	 km	 of	 the	 earth’s	 centre	 are	 shown	 in	 Supplementary	147	

Figure	1.	148	

	149	

2.	Data	150	

Travel	 times	 residuals	 are	 typically	 measured	 relative	 to	 a	 1D,	 spherically	151	

symmetric	 velocity	 model	 of	 the	 Earth.	 Absolute	 PKPdf	 travel	 time	 residual	152	

measurements	 are	 subject	 to	 contamination	by	velocity	 anomalies	 throughout	 the	153	

crust	and	mantle	as	well	as	source	mislocation.	Tomographic	corrections	are	often	154	

used	 to	 approximately	 account	 for	 the	 influence	 of	 mantle	 structure	 on	 these	155	

measurements	(e.g.	Romanowicz	et	al.,	2016),	with	limited	success	at	reducing	their	156	

dispersion.	 Meanwhile,	 the	 outer	 core	 is	 generally	 assumed	 to	 be	 homogeneous,	157	

although	there	is	some	debate	over	the	possible	presence	of	seismically	detectable	158	

heterogeneity	 in	 the	 outer	 core	 (Piersanti	 et	 al.,	 2001;	 Romanowicz	 et	 al.,	 2003;	159	



	 9	

Soldati	et	al.,	2003;	Ishii	and	Dziewoński,	2005;	Kaneshima	and	Helffrich,	2013).	To	160	

account	for	crustal	and	mantle	structure,	differential	travel	time	measurements	with	161	

reference	 to	 a	 phase	 that	 does	 not	 traverse	 the	 inner	 core	 are	 preferred.	 	 This	162	

reference	phase	is	PKPbc	or	PKiKP	at	shorter	epicentral	distances	(up	to	155°),	and	163	

PKPab	up	to	antipodal	distances.	Both	phases	have	similar	ray	paths	to	PKPdf	in	the	164	

mantle	(Fig.	1).	PKPdf	measurements	at	epicentral	distances	>163.5°	are	sensitive	to	165	

structure	 in	 the	 innermost	 600	km	of	 the	 IC.	At	 such	 long	distances	however,	 the	166	

efficacy	of	the	differential	PKPab-df	measurement	at	cancelling	the	effects	of	mantle	167	

heterogeneity	 is	 questionable,	 as	 the	 ray	 paths	 of	 the	 two	 phases	 significantly	168	

diverge	 in	 the	 lowermost	 mantle.	 We	 therefore	 consider	 and	 compare	 both	169	

differential	PKPab-df	and	absolute	PKPdf	measurements.	170	

	 We	 consider	 the	 existing	 Berkeley	 (UCB)	 PKP	 travel	 time	 data	 collection	171	

(Tkalcic	et	al.,	2002;	Cao	and	Romanowicz,	2007;	Romanowicz	et	al.,	2016;	Frost	and	172	

Romanowicz,	in	prep.)	augmented	by	additional	data	from	Tkalčić	et	al.	(2015).	This	173	

collection	 includes	 2067	 and	 1272	 PKPab-df,	 and	 absolute	 PKPdf	 measurements,	174	

respectively.	175	

	 Here,	 in	 addition,	 we	 have	 measured	 PKP	 travel	 times	 for	 3	 events	 in	176	

northern	 South	 America	 and	 5	 events	 in	 Indonesia	 and	 Sumatra	 with	 M≥6.0	 at	177	

distances	greater	 than	160°,	 in	order	 to	 increase	 the	sampling	on	equatorial	paths	178	

predicted	 to	 be	 fast	 by	 the	 model	 of	Wang	 et	 al.	 (2015)	 (Figure	 2).	 For	 all	 data,	179	

measurements	are	made	on	vertical	component	seismograms.	Locations	and	arrival	180	

times	for	events	before	and	after	2009	are	taken	from	the	EHB	(Engdahl	et	al.,	1998)	181	

and	 ISC	catalogues,	 respectively.	We	removed	 the	 linear	 trend	and	mean	 from	the	182	
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data,	 and	 deconvolved	 the	 instrument	 response.	 Data	 were	 bandpass	 filtered	183	

between	0.4-2.0	Hz,	 and	 the	Hilbert	 transform	was	 applied	 to	 take	 account	 of	 the	184	

phase	shift	between	PKPab	and	PKPdf.	We	manually	picked	phase	onsets	relative	to	185	

predicted	 times	 from	 the	 1D	 reference	 model	 ak135	 (Kennett	 et	 al.,	 1995)	 and	186	

applied	ellipticity	corrections	(Kennett	&	Gudmundsson,	1996).	Picks	are	classified	187	

based	 on	 the	 clarity	 of	 the	 signal	 onset,	 and	 the	 prominence	 of	 the	 signal	 in	 the	188	

unfiltered	 trace.	 Following	 picking	 and	 classification,	 we	 retained	 219	 highest	189	

quality	differential	travel	times	of	PKPab-df,	and	248	PKPdf	absolute	measurements,	190	

measured	with	respect	 to	ak135,	 in	addition	 to	 those	 from	the	existing	catalogues	191	

mentioned	 above	 (see	 supplementary	 table	 1	 for	 breakdown	 of	 observations	 by	192	

phase	 and	 region	of	 sensitivity).	We	 reverse	 the	 sign	of	 the	 absolute	PKPdf	 travel	193	

time	 residuals,	 for	 comparison	 with	 the	 differential	 residuals.	 In	 section	 6.1,	 we	194	

discuss	the	possible	contamination	of	these	residuals	by	3D	mantle	structure.	195	

	 Following	previous	studies	of	cylindrical	anisotropy	in	the	inner	core,	paths	196	

are	characterised	by	the	angle	ξp	that	the	inner	core	portion	of	the	path	makes	with	197	

the	 rotation	 axis	 (Figure	 1).	 The	 whole	 dataset	 covers	 polar	 angles	 between	198	

1.6°≤ξp≤90.0°,	and	distances	between	141.8°≤Δ≤179.9°.	The	data	 for	paths	turning	199	

within	600	km	of	the	centre	of	 the	Earth	(the	proposed	radius	of	 the	IMIC)	covers	200	

polar	angles	1.6°≤ξp≤90.0°,	and	that	within	300	km	of	the	centre	of	the	Earth	covers	201	

the	range	7.6°≤ξp≤89.9°.	Our	dataset	has	sensitivity	to	the	deepest	170	km	of	the	IC	202	

within	20°	of	the	inclined	axis	of	anisotropy	proposed	by	Wang	et	al.	(2015).	Of	the	203	

paths	 turning	 within	 600	 km	 of	 the	 centre	 of	 the	 Earth,	 ~80%	 of	 the	 data	 is	204	
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observed	at	ξp≥45°,	 thus	equatorial	paths	are	well	sampled,	which	is	necessary	for	205	

assessing	the	validity	of	an	inclined	fast	direction	of	anisotropy.		206	

	207	

3.	Results	208	

As	 in	previous	ballistic	 studies,	we	 find	a	 strong	dependence	of	 travel	 time	209	

anomaly	 on	 the	 angle	 ξp,	 with	 differential	 travel	 time	 anomalies	 of	 up	 to	 10	 s	 on	210	

paths	close	to	polar	with	ξp≤15°	(Figure	3).	However,	for	equatorial	paths	(ξp≥60°),	211	

travel	time	anomalies	are	small,	distributed	around	~0	s	with	a	standard	deviation	212	

of	 ±1	 s	 and	 scatter	 in	 the	 outliers	 of	 up	 to	 ±2	 s.	 We	 find	 no	 specific	 pattern	 of	213	

increased	velocity	anomalies	on	Central	America	to	Indonesia	paths	(Figure	2).	214	

	 Assuming	no	contribution	from	mantle	and	outer	core	heterogeneity,	 travel	215	

time	 anomalies	 can	 be	 related	 to	 velocity	 anomalies	 within	 the	 IC	 using	 the	216	

expression:	217	

𝑑𝑇
𝑇 = −

1
𝑇

𝛿𝑣
𝑣!
𝑑𝑠   (1)	

where	 T	 is	 the	 total	 travel	 time	 within	 the	 IC	 in	 the	 reference	 model,	 v0	 is	 the	218	

reference	 velocity	within	 the	 IC,	 and	δv/v0	 is	 the	 relative	 velocity	 anomaly,	which	219	

can	vary	with	position	within	the	IC.	The	integral	 is	taken	along	the	portion	of	the	220	

path	 within	 the	 inner	 core,	 with	 ds	 denoting	 the	 infinitesimal	 path	 length.	 We	221	

normalise	 the	 travel	 time	 anomaly	 by	 the	 total	 travel	 time	 in	 the	 inner	 core	222	

(equation	1),	which	 takes	 into	account	 the	difference	of	path	 lengths	between	 the	223	

shallow	 and	more	 deeply	 travelling	waves.	 In	 an	 axisymmetric	 anisotropy	model,	224	

the	P	velocity	perturbation	 to	a	 spherically	 symmetric	model	 can	be	expressed,	at	225	
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each	radius,	r,	as	a	function	of	the	angle	ξ	between	the	directions	of	the	ray	path	in	226	

the	IC	and	the	axis	of	anisotropy	(e.g.	Song,	1997):	227	

	228	

𝛿𝑣(𝑟)
𝑣!

= 𝛼 𝑟 + 𝜀 𝑟 cos! 𝜉 + 𝛾 𝑟 sin! 2𝜉    (2)	

	229	

Assuming	a	direction	 for	 the	axis	of	 symmetry,	we	determine	 the	coefficients	α,	 ε,	230	

and	γ,	as	a	function	of	radius,	by	fitting	the	raw	data	using	the	L1-norm,	in	order	to	231	

account	for	outliers.	 	232	

	 In	 Figure	 3,	 we	 present	 observed	 ballistic	 travel	 time	 anomalies	 for	 paths	233	

sampling	the	deepest	parts	of	the	inner	core,	and	coda-based	travel	time	anomalies,	234	

plotted	as	a	function	of	angle	ξp,	defined	with	respect	to	the	earth's	axis	of	rotation	235	

(left	 panels)	 and	 as	 a	 function	 of	 angle	 ξe,	 defined	 with	 respect	 to	 the	 preferred	236	

equatorially	oriented	axis	of	Wang	et	al.	(2015)	(right	panels).	Assessing	these	plots	237	

visually,	we	note	a	poor	 fit	 to	 the	ballistic	data	of	 the	Wang	et	al.	 (2015)	model	at	238	

high	angles	ξe,	 (right	panels),	which	correspond	 to	polar	paths	 (ξp<15°)	 in	 the	 left	239	

panels,	with	a	particularly	large	spread	in	the	range	ξe>65°.	The	poor	visual	fit	of	the	240	

line	 to	 the	 trend	 in	 the	data	when	 represented	as	a	 function	of	ξe,	 for	values	of	ξe	241	

around	 70o	 shows	 that	 the	 coda-interferometry-based	 model	 fails	 at	 explaining	242	

some	key	features	of	the	ballistic	observations.	The	fit	is	assessed	quantitatively	in	243	

section	4.	244	

	245	

4	Testing	an	IMIC	anisotropy	model	with	inclined	fast	direction	246	
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Here,	 we	 quantitatively	 assess	 the	 fit	 of	 our	 combined	 ballistic	 PKPab-df	247	

relative	and	PKPdf	absolute	travel	time	dataset,	for	paths	turning	at	all	depths	in	the	248	

IC,	to	the	predictions	of	the	2-layer	inner	core	velocity	model	of	Wang	et	al.	(2015)	249	

and	Wang	&	Song	(2017)	derived	from	coda	interferometry.	For	this	assessment,	we	250	

use	adjusted	R2	(to	account	for	degrees	of	freedom)	and	Variance	Reduction	(VR)	of	251	

the	misfit	 (definitions	 in	Table	1	caption).	We	find	a	relatively	poor	 fit	 to	our	data	252	

using	the	two-layer	model	of	Wang	et	al.	(2015)	(Figures	3b	and	3d,	Table	1,	model	253	

J).	Next,	we	correct	our	observations	for	the	travel	time	anomaly	accrued	in	the	OIC	254	

(from	 the	 ICB	 to	 600	 km	 radius)	 according	 to	 the	OIC	model	 used	 in	Wang	 et	 al.,	255	

(2015)	 (from	Sun	&	 Song,	 2008a),	which	has	 a	 fast	 axis	 aligned	with	 the	 rotation	256	

axis..	We	only	consider	those	data	that	correspond	to	paths	turning	at	radii	less	than	257	

600	km	(i.e.	 sensitive	 to	 the	 IMIC),	 and	search	 for	 the	best	 fitting	 IMIC	anisotropy	258	

parameters,	 using	 equation	 (2)	with	 ξe	 defined	 relative	 to	 the	 inclined	 anisotropy	259	

axis	 proposed	 by	 Wang	 and	 Song	 (2017).	 We	 find	 that	 the	 maximum	 velocity	260	

anomaly	occurs	at	high	ξe	i.e.	close	to	the	rotation	axis,	implying	that	the	data	prefer	261	

an	 IMIC	 with	 a	 fast	 direction	 of	 propagation	 parallel	 to	 the	 rotation	 axis,	 as	 all	262	

previous	 ballistic	 PKP	 studies	 have	 found.	 The	 fit	 to	 our	 data	 is	marginally	 better	263	

than	with	the	Wang	et	al.	(2015)	model	(Table	I	model	G).	We	also	find	very	poor	fit	264	

to	 the	models	 of	Wang	 et	 al.	 (2015)	when	 removing	 the	PKPdf-ab	data	 and	using	265	

only	PKPdf	absolute	times	(Supplementary	Figure	2).	266	

	267	

	268	

	269	
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	270	

Figure	 3:	 Observed	 PKPab-df	 relative	 and	 PKPdf	 absolute	 travel	 time	 anomalies,	271	

normalised	by	path	length	in	the	IC	for	data	turning	within	(a	and	b)	300	km	of	the	272	

Earth’s	 centre,	 and	 (c	 and	 d)	 600	 km	 of	 the	 Earth’s	 centre.	 (a	 and	 c)	 travel	 time	273	

anomalies	normalised	by	path	length	in	the	whole	IC,	versus	ξp	measured	relative	to	274	

the	 rotation	 axis.	 (b	 and	 d)	 travel	 time	 anomalies	 corrected	 for	 the	OIC	 (Sun	 and	275	

Song,	2008b)	and	normalised	by	path	length	in	the	IMIC,	versus	ξe	measured	relative	276	

to	 an	 anisotropy	 axis	 at	 9°N,	 89°W.	 Ballistic	 data	 are	 grey	 circles,	 with	 moving	277	

averages	as	black	diamonds,	and	corresponding	1-σ	error	bars	calculated	every	10°.	278	

Data	collected	in	this	study	are	shown	in	green.	(a	and	c)	Fits	to	observations	in	the	279	

IC	 are	 shown	 by	 black	 solid	 lines.	 (b	 and	 d)	 Models	 derived	 from	 coda-based	280	

observations	of	Wang	et	al.	(2015)	and	Wang	&	Song	(2017)	are	shown	by	red	lines.	281	

For	 figures	 constructed	 using	 only	 PKPdf	 absolute	 travel	 time	 anomalies	 only	 see	282	

Supplementary	Figure	2.	283	
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	284	

	 We	 next	 test	 the	 fit	 of	 our	 data	 to	 the	 predictions	 of	 the	 IC	models	 of:	 (1)	285	

Beghein	&	Trampert	(2003),	which	has	smoothly	varying	anisotropy	as	a	function	of	286	

radius,	 becoming	negative	 at	 radii	 less	 than	400	km	with	 the	 fast	 direction	 at	 the	287	

equator	and	a	slow	direction	inclined	at	~40°	with	respect	to	the	rotation	axis,	(2)	288	

Ishii	&	Dziewonski	(2002),	which	has	a	weakly	anisotropic	OIC	and	an	IMIC	with	a	289	

radius	 of	 300	 km	 and	 stronger	 anisotropy	with	 a	 slow	direction	 at	~45°,	 and	 (3)	290	

Romanowicz	et	al.,	(2016)	which	uses	the	weakly	anisotropic	OIC	of	Sun	and	Song,	291	

(2008a)	 and	 has	 a	 strongly	 anisotropic	 IMIC	with	 a	 radius	 of	 600	 km	 and	 a	 slow	292	

direction	at	56°.	In	the	latter	two	models,	the	fast	axes	of	anisotropy	in	both	layers	293	

are	 aligned	 with	 the	 rotation	 axis.	 We	 find	 our	 data	 to	 be	 very	 poorly	 fit	 by	 the	294	

model	of	Beghein	and	Trampert	(2003)	indicated	by	the	negative	variance	reduction	295	

(Table	1,	model	L),	and	fairly	well	fit	by	the	models	of	Ishii	and	Dziewonski	(2002)	296	

(Table	1,	model	K)	and	Romanowicz	et	al.,	(2016)	(Table	1,	model	F),	although	in	the	297	

former	model	 the	velocity	anomaly	 in	 the	 slow	direction	of	 the	 IMIC	 is	 too	strong	298	

compared	with	the	data,	resulting	in	a	poorer	fit	than	the	Wang	et	al.,	(2015)	model	299	

(Table	1	and	Supplementary	Figure	3).	Note	that	the	discrepancy	between	variance	300	

reduction	values	in	Table	1	for	the	Romanowicz	et	al.,	(2016)	model	and	that	shown	301	

in	these	authors’	Table	1	results	from	a	difference	in	the	method	of	calculating	the	302	

variance	 reduction,	 but	 the	models	 are	 actually	 quite	 similar.	 Nonetheless,	 of	 the	303	

three	published	models	considered,	and	compared	to	the	Wang	et	al.	(2015)	model,		304	

the	model	of	Romanowicz	et	al.	(2016)	best	fits	our	data.	We	also	note	an	error	in	305	
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the	values	cited	in	Romanowicz	et	al.	(2016)	for	the	anisotropic	parameters	ε	and	γ	306	

for	their	best-fitting	IMIC	model	(these	should	be	ε=0.054	and	γ=-0.0357).		307	

Finally,	we	relax	the	constraint	on	the	OIC	anisotropy	model	and	fit	a	2-layer	308	

model	to	our	dataset.	Assuming	that	the	deep,	nearly	antipodal	paths	turning	within	309	

600	 km	 of	 centre	 of	 the	 core	will	 likely	 traverse	 both	 hemispheres	 of	 the	 IC,	 we	310	

ignore	hemispherical	variations.	First,	we	build	a	model	of	OIC	anisotropy,	using	the	311	

data	with	turning	radius	greater	than	600	km	(that	do	not	sample	the	IMIC,	at	least	312	

in	a	ray	theoretical	sense).	Then,	we	construct	a	model	of	IMIC	anisotropy	from	the	313	

remaining	data,	corresponding	to	deeper	turning	rays,	after	correcting	them	for	the	314	

effect	of	 the	OIC.	 In	 this	 experiment,	 the	 symmetry	axes	of	 anisotropy	 in	both	 the	315	

OIC	 and	 IMIC	 are	 set	 to	 the	 rotation	 axis.	We	 find	 this	model	 to	 out-perform	 the	316	

other	 two	 layer	models,	 and	 it	 requires	 anisotropy	 in	 the	 IMIC	 of	 5.5%	 (Table	 1,	317	

model	C).	In	an	additional	test,	instead	of	conducting	the	inversion	in	two	steps,	first	318	

inverting	 for	 OIC	 and	 next	 for	 the	 IMIC	 anisotropy	 structure,	 we	 simultaneously	319	

invert	 for	both	OIC	and	IMIC	parameters	using	our	entire	dataset,	and	 find	results	320	

consistent	with	 the	 two-step	 inversion.	When	we	 allow	 the	 radius	 of	 the	 IMIC	 to	321	

vary	we	 find	 best	 fit	 to	 the	 data	 for	 an	 IMIC	 of	 750±50	 km,	which	 requires	 4.6%	322	

anisotropy	(Supplementary	Figure	4	and	Table	1,	model	B).	323	

	 We	 also	 test	 the	 effectiveness	 of	 a	 1-layer,	 constant	 anisotropy	model	with	324	

the	 symmetry	 axis	 aligned	with	 the	 rotation	 axis.	 Again,	we	 ignore	 hemispherical	325	

variations	 and	 search	 for	 the	 best	 fitting	 constant	 anisotropy	 parameters	 using	326	

equation	(2),	with	ξp	measured	relative	to	the	rotation	axis.	The	data	is	well	fit	by	a	327	

constant	anisotropy	model	with	the	maximum	velocity	anomaly	at	the	lowest	ξp	i.e.	328	
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close	 to	 the	 rotation	 axis.	 The	1-layer	model	 outperforms	 all	 2-layer	models	 from	329	

the	literature	with	symmetry	axis	either	inclined	or	parallel	to	the	rotation	axis,	as	330	

demonstrated	 by	 higher	 adjusted	 R2	 and	 variance	 reduction	 (Table	 1,	 model	 E).	331	

However,	the	two-layered	model	constructed	from	our	data	independently	of	other	332	

studies	still	fits	the	data	better,	even	when	taking	account	of	the	increased	degrees	333	

of	freedom	using	the	adjusted	R2	criterion.	334	

	335	

Table	1:	Fit	of	ballistic	PKPab-df	differential	and	PKPdf	absolute	data	at	all	turning	336	

depths	to	IC	models,	sorted	by	best	variance	reduction.	Models	marked	with		“+	MC”	337	

are	 corrected	 for	 mantle	 structure	 derived	 from	 P-wave	 tomography	 model	338	

MIT_P08	(Li	et	al.,	2008).	We	quantify	the	misfit	between	the	observations	and	the	339	

model	 predictions	 using	 the	 following	 criteria	 defined	 as	 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅! = 1−340	

(!"#!!"#$)!

(!"#!!"#)!
!!!

!!!!!
,	 and	𝑉𝑅 = 1− (!"#!!"#$)!

!"#!
,	 where	 	refers	 to	 the	 average	 of	341	

all	 observations,	 and	 n	 and	 p	 denote	 number	 of	 observations	 and	 degrees	 of	342	

freedom,	respectively.	Anisotropy	strength	 is	shown	for	ξp=0°	and	ξe=0°	 in	the	OIC	343	

and	 IMIC,	 respectively.	 IMIC	 radius	 is	 600	 km	 unless	 otherwise	 noted.	 For	 list	 of	344	

model	parameters	see	supplementary	table	2.	345	

	346	
Label	 Model	 Adjusted	

R2	
Variance	
Reduction	

Anisotropy	
strength	(%)	
OIC	 IMIC	

2-layer	models	
A	 2-layer	fit	OIC	and	fit	IMIC	+	

MC	
0.47	 0.51	 1.31	 5.50	

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

0.47	 0.51	 0.87	 4.62	

C	 2-layer	fit	OIC	and	fit	IMIC	 0.46	 0.50	 1.20	 5.73	
1-layer	models	

obs
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D	 1-layer	bulk	+	MC	 0.35	 0.39	 2.06	
E	 1-layer	bulk		 0.33	 0.39	 2.06	

Previously	published	models	
F	 2-layer	Romanowicz	et	al.,	

(2016)	
0.31	 0.	37	 1.86	 5.41	

G	 2-layer	Sun	and	Song	
(2008b)	OIC	and	fit	IMIC	+	
MC	

0.30	 0.34	 1.86	 0.49	

H	 2-layer	Sun	and	Song	
(2008b)	OIC	and	fit	IMIC	

0.29	 0.35	 1.86	 0.40	

I	 2-layer	Wang	et	al.,	(2015)	+	
MC	

0.27	 0.31	 1.86	 1.71	

J	 2-layer	Wang	et	al.,	(2015)	 0.26	 0.31	 1.86	 1.71	
K	 2-layer	Ishii	and	Dziewonski	

(2002)	
0.21	 0.28	 1.75	 3.7	

L	 2-layer	Beghein	and	
Trampert	(2003)	

-0.43	 -0.31	 2.15	 -2.65	

	347	
5.	Orientation	of	the	axis	of	anisotropy	348	

Previous	 PKP	 body	 wave	 studies	 that	 considered	 uniform	 models	 of	349	

anisotropy	 in	 the	 IC	 have	 found	 the	 symmetry-	 and	 fast-axis	 of	 anisotropy	 to	 be	350	

either	aligned	with	the	rotation	axis	or	slightly	inclined	to	the	rotation	axis	by	up	to	351	

10°	 (Shearer	 and	 Toy,	 1991;	 Su	 and	Dziewonski,	 1995;	 Song	 and	 Richards,	 1996;	352	

McSweeney	 et	 al.,	 1997;	 Irving	 and	 Deuss,	 2011).	 	 Here,	 we	 grid	 search	 over	 all	353	

latitudes	and	longitudes	to	 find	the	best	 fitting	axis	of	anisotropy.	We	first	assume	354	

uniform	anisotropy	within	the	IC	and	find,	not	surprisingly,	that	the	model	that	best	355	

fits	our	entire	PKP	dataset	 for	all	 turning	depths,	has	a	 symmetry	axis	orientation	356	

within	 6°	 of	 the	 rotation	 axis	 (84°N,	 46°E),	 with	 an	 uncertainty	 range	 over	 ±10°	357	

latitude	 axis	 (Figure	 4a).	 Second,	 we	 consider	 two	 2-layer	 models	 with	 an	 OIC	358	

anisotropy	 axis	 set	 to	 the	 rotation	 axis	 and	 search	 for	 the	 best	 fitting	 axis	 of	359	

anisotropy	in	the	IMIC:	(1)	correcting	for	the	OIC	(down	to	600	km	radius)	using	the	360	

model	of	Sun	&	Song	(2008a),	and	(2)	correcting	for	an	OIC	model	derived	from	our	361	
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data	 turning	 above	 600	 km.	 Third,	 we	 consider	 a	 2-layer	 model	 where	 we	 first	362	

determine	 the	best	 fitting	orientation	of	 the	OIC	anisotropy	axis,	and	 then	use	 the	363	

corresponding	anisotropy	model	to	correct	the	data	sensitive	to	the	central	part	of	364	

the	IC	and	find	the	direction	of	the	best	fitting	axis	of	anisotropy	in	the	IMIC.	When	365	

the	 OIC	 anisotropy	 axis	 is	 fixed	 to	 the	 rotation	 axis	 the	 best	 fitting	 IMIC	 axis	 is	366	

inclined	at	8°	to	the	rotation	axis	(82°N,	68°E	and	82°N,	70°E	for	models	(1)	and	(2),	367	

respectively)	with	a	90%	best	fit	region	spread	over	±10°	latitude	(Figures	4b	and	368	

4c).	When	the	OIC	anisotropy	axis	is	allowed	to	vary,	the	best	fitting	fast	axis	in	the	369	

OIC	is	found	at	82°N,	34°E	(Figure	4d).	Meanwhile,	the	IMIC	fast	axis	is	oriented	at	370	

84°N,	84°E,	possibly	indicating	that	when	the	axis	inclination	is	slightly	larger	in	the	371	

OIC,	as	 implied	by	our	data	(8°	away	from	the	rotation	axis),	 the	 inclination	of	 the	372	

fast	axis	in	the	IMIC	is	less	pronounced.	While	all	2-layer	models	require	the	axis	of	373	

anisotropy	in	the	IMIC	to	be	the	fast	direction	(i.e.	velocity	anomaly	is	maximum	at	374	

ξ=0°)	 and	 oriented	 close	 to	 the	 rotation	 axis,	 they	 also	 require	 very	 strong	 IMIC	375	

anisotropy	 of	 6-7%	 (Supplementary	 Figure	 5c),	 in	 contrast	 with	 ~2%	 constant	376	

anisotropy	for	a	1-layer	model	(Supplementary	Figure	5a).	In	all	these	calculations,	377	

however,	we	have	not	accounted	for	possible	contamination	by	mantle	structure.	378	

It	 has	 been	 suggested	 that	 an	 inclined	 axis	 of	 anisotropy	 may	 be	 a	379	

misinterpretation	of	hemispherical	anisotropy	continuing	deep	into	the	IC	(Lythgoe	380	

et	 al.,	 2014).	 We	 test	 this	 and	 also	 the	 reverse	 situation:	 that	 hemispherical	381	

structures	could	be	misidentified	as	an	 inclined	 fast	direction	of	anisotropy.	Using	382	

the	 source	and	receiver	 locations	 in	our	dataset,	we	construct	a	 synthetic	velocity	383	

anomaly	dataset	 from	a	model	with	 strong	 anisotropy	 in	 the	western	hemisphere	384	
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(3%),	and	weak	anisotropy	in	the	eastern	hemisphere	(1.5%),	where	the	fast	axis	of	385	

anisotropy	 is	 aligned	 with	 the	 rotation	 axis	 and	 anisotropy	 magnitude	 does	 not	386	

depend	on	depth.	We	 then	grid	search	over	 the	 location	of	 the	pole	of	anisotropy,	387	

finding	the	synthetic	data	to	be	best	 fit	by	a	 fast	axis	of	anisotropy	aligned	exactly	388	

with	the	rotation	axis	(Supplementary	Figure	6).	We	then	select	a	model	of	constant	389	

anisotropy	 (5%)	 and	 randomly	 select	 a	 pole	 for	 this	 anisotropy,	 calculate	 the	390	

orientation	 of	 our	 data	 relative	 to	 this	 axis	 (ξs)	 and	 predict	 the	 observed	 velocity	391	

anomalies	 for	 these	 synthetic	data.	We	 find	 that	 a	 symmetry	axis	of	 anisotropy	at	392	

60°N,	-60°E	could	produce	a	similar	pattern	of	velocity	anomalies	to	that	seen	in	the	393	

data,	 but	 such	 an	 inclined	 axis	 would	 be	 clearly	 identifiable	 in	 the	 data	394	

(Supplementary	 Figure	 7).	 We	 conclude	 that,	 given	 our	 testing	 procedure,	 an	395	

inclined	 fast	 axis	 of	 anisotropy	 could	 not	 be	 misinterpreted	 as	 resulting	 from	396	

hemispherically	distinct	anisotropy,	and	vice	versa.	397	

	398	

6.	Discussion	399	

Our	dataset	 shows	scatter	around	 the	best	 fitting	1-layer	anisotropy	model	400	

including	at	high	ξp	angles,	where	the	travel	time	anomaly	is	small	(Figure	3a).		Our	401	

analysis	 of	 2-layer	models	 has	 shown	 that	 this	 variability	 is	 not	 some	 systematic	402	

pattern	 introduced	 by	 the	 existence	 of	 an	 IMIC	 or	 an	 inclined	 anisotropy	 axis	403	

(Supplementary	Figure	3	and	Table	1),	but	there	may	be	some	cause	for	the	scatter	404	

on	equatorial	paths	other	 than	an	 IMIC.	 In	 this	section	we	discuss	 the	 influence	of	405	

heterogeneity	throughout	the	mantle	on	PKP	body	waves,	possible	reasons	for	the	406	
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discrepancy	with	the	PKPdf2-PKIIKP2	measurements,	and	an	interpretation	of	our	407	

observations	in	terms	of	inner	core	structure.	408	

	409	

	410	

Figure	4:	Best	fitting	symmetry	axes	of	anisotropy	for	(a)	1-layer	inner	core,	and	(b-411	

d)	the	IMIC	part	of	2	layer	models	with	(b)	OIC	anisotropy	aligned	with	the	rotation	412	

axis	fixed	to	that	of	Sun	&	Song	(2008b),	(c)	OIC	anisotropy	aligned	with	the	rotation	413	

axis	 fit	 from	 data,	 (d)	 OIC	 anisotropy	 axis	 at	 88°N,	 34°E	 fit	 from	 data.	 	 Fit	 is	414	

quantified	with	the	R2	criteria	and	the	best	fitting	anisotropy	axis	and	region	of	90%	415	

best	 fit	 (90%	 of	 the	maximum	R2	 value)	 are	marked	 by	 a	 red	 point	 and	 contour,	416	

respectively.	All	four	models	show	their	fastest	velocity	anomaly	at	the	rotation	axis.	417	
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Corresponding	 anisotropy	 curves	 as	 a	 function	 of	 angle	 ξ	 are	 shown	 in	418	

Supplementary	Figure	5.	419	

	420	

6.1	Contamination	by	mantle	and	core	structure	421	

PKP	 waves	 traverse	 the	 mantle	 twice,	 thus	 may	 accumulate	 travel	 time	422	

anomalies	due	to	mantle	heterogeneity.	The	majority	of	the	events	in	our	dataset	are	423	

from	subduction	zones,	the	paths	from	which	may	interact	with	the	slab	where	they	424	

could	accumulate	travel	time	anomalies	(Vidale	1987;	Helffrich	&	Sacks	1994,	Frost	425	

and	Romanowicz,	in	prep.).	While	the	differential	measurements	should	account	for	426	

the	 influence	 of	 upper	 mantle	 structure,	 in	 the	 lower	 mantle,	 the	 PKPdf	 path	427	

becomes	separated	from	the	path	of	the	reference	phase,	PKPab.	The	lower	mantle	428	

shows	significant	seismic	heterogeneity	on	a	range	of	spatial	scales:	P-velocity	and	429	

scaled	S-velocity	tomographic	models	display	velocity	anomalies	of	±1%	and	±2%,	430	

respectively	with	RMS	values	of	~0.2%	and	~1%,	respectively.	Velocity	variations	at	431	

low	 latitudes	 are	 significant	 due	 to	 the	 presence	 of	 the	 Large	 Low	 Shear	 Velocity	432	

Provinces	(LLSVPs),	which	may	influence	the	equatorial	PKP	data.	At	 large	source-433	

receiver	distances,	PKPab	has	a	long	path	within	the	D′′	region	of	the	lower	mantle	434	

(a	total	of	37°	within	the	lowest	300	km	of	the	mantle	at	Δ=170°),	thus	can	possibly	435	

accumulate	 large	 travel	 time	 anomalies.	 In	 contrast,	 PKPdf	 absolute	 times	 do	 not	436	

take	into	account	any	correction	for	mantle	structure	at	any	depth	and	can	also	be	437	

affected	by	errors	in	source	parameters,	however,	due	to	their	steep	paths	they	may	438	

not	accumulate	large	anomalies	in	the	D′′	region.		439	
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	 We	attempt	to	estimate	the	influence	that	mantle	structure	may	have	on	our	440	

PKP	observations.	We	calculate	tomographic	corrections	by	1D	ray-tracing	through	441	

P-velocity	models	GAP_P4	(Obayashi	et	al.,	2013)	and	MIT_P08	(Li	et	al.,	2008),	and	442	

S-velocity	 models	 S40RTS	 (Ritsema	 et	 al.,	 2011)	 and	 SEMUCB-WM1	 (French	 and	443	

Romanowicz,	2014),	scaled	to	P-velocity,	and	by	3D	ray-tracing	through	P-velocity	444	

model	LLNL_G3Dv3	(Simmons	et	al.,	2012).	The	amplitude	of	the	corrections	may	be	445	

weaker	than	 in	reality,	given	the	damping	and	smoothing	 inherent	 in	tomographic	446	

inversion	 (Becker	and	Boschi,	2002).	To	account	 for	 this,	we	calculate	 corrections	447	

for	 models	 where	 velocity	 structure	 in	 the	 lowest	 300	 km	 of	 the	 mantle	 is:	 (1)	448	

amplified	by	a	factor	of	two,	and	(2)	saturated	to	the	extremes	of	velocity	anomaly	449	

in	 each	 layer.	 Nevertheless,	 for	 all	 models	 we	 find	 a	 weak	 positive	 correlation	450	

between	 PKPab-df	 differential	 travel	 time	 anomalies	 along	 near-equatorial	 paths	451	

(ξp>60°)	 and	 tomographic	 corrections	 (Supplementary	 Figure	 8),	 showing	 that	452	

mantle	structure	could	account	for	some	minor	degree	of	scatter	at	a	given	ξ	angle.	453	

In	contrast,	PKPdf	absolute	travel	time	anomalies	show	a	much	weaker	correlation	454	

with	 the	 tomographic	 corrections,	 implying	 that	 they	 are	 less	 affected	 by	mantle	455	

structure,	 at	 least	 as	 given	 by	 tomographic	 models.	 When	 applying	 the	 mantle	456	

corrections	to	the	data	we	find	only	small	improvements	in	fit	to	our	1-layer	and	2-457	

layer	 IC	 models	 (Table	 1	 models	 D	 and	 A,	 and	 Supplementary	 Figure	 9)	 and	458	

negligible	 changes	 in	 the	 location	of	 the	anisotropy	axis	 (Supplementary	Table	3).	459	

Mantle	 structure	 may	 also	 affect	 the	 PKPdf2-PKIIKP2	 coda	 interferometry	460	

measurements,	potentially	increasing	scatter.		 	461	
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It	 has	 been	 demonstrated	 that	 the	mantle	 contains	more	 extreme	 velocity	462	

heterogeneity	on	 smaller	 spatial	 scales,	 such	as	Ultra	Low	Velocity	Zones	 (ULVZs)	463	

and	topography	on	the	D′′	discontinuity,	with	P-wave	velocity	reductions	of	~10%	464	

and	 increases	of	~3%,	respectively	 (Weber	and	Davis,	1990;	Garnero	et	al.,	1993).	465	

Interaction	of	the	PKP	wave	with	such	features	could	introduce	±1	s	scatter	to	the	466	

observations.	 It	 has	 been	 suggested	 that	 ULVZs	 show	 preferential	 location	 in	 and	467	

around	 the	 LLSVPs	 (McNamara	 et	 al.,	2010),	 however	 ULVZs	 are	 of	 small	 lateral	468	

extent	and	the	D′′	discontinuity	has	large	lateral	variations,	so	it	is	unlikely	that	our	469	

data	contains	systematic	bias	from	small-scale	mantle	structure.	470	

	 The	uppermost	400	km	of	 the	quasi-eastern	hemisphere	of	 the	 IC	has	been	471	

observed	to	be	isotropic,	while	the	isotropic	layer	is	only	100	km	thick	in	the	quasi-472	

western	hemisphere	(Garcia	and	Souriau,	2000;	Niu	and	Wen,	2001;	Ouzounis	and	473	

Creager,	 2001;	 Waszek	 et	 al.,	 2011).	 In	 some	 orientations	 equatorial	 waves	 may	474	

sample	only	the	eastern	hemisphere,	thus	may	experience	a	greater	thickness	of	the	475	

isotropic	 part	 of	 the	 inner	 core	 compared	 with	 paths	 located	 in	 the	 western	476	

hemisphere	which	would	traverse	 the	anisotropic	part.	However,	at	high	ξp	angles	477	

the	 anisotropic	 velocity	 anomaly	 would	 likely	 be	 less	 than	 1%	 (Figure	 2a),	 thus	478	

would	impart	at	most	a	0.3	s	travel	time	anomaly,	and	so	this	is	also	likely	not	the	479	

source	of	the	scatter	that	we	observe.	480	

	481	

6.2	Cause	for	disagreement	with	coda	interferometry	data	482	

We	 note	 that	 recent	 work	 on	 the	 retrieval	 of	 body	 waves	 from	 seismic	483	

interferometry	 suggests	 that	 phases	 retrieved	 from	 coda	 correlation	 may	 not	 be	484	
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representative	 of	 the	 surface	 focus	 Green’s	 function,	 unlike	 surface	 waves	 from	485	

cross-correlation	 of	 ambient	 noise	 (Phạm	 et	 al.,	 2018;	 Tkalčić	 and	 Phạm,	 2018).		486	

Instead,	phases	in	the	correlation	wavefield	represent	the	difference	between	waves	487	

with	the	same	slowness	and	common	propagation	legs.	As	PKIIKP2	and	PKPdf2	do	488	

not	 share	 propagation	 legs	 the	 correlation	 of	 these	 phases	 may	 introduce	489	

information	 from	outside	of	 the	 targeted	region	of	 the	 IC,	and	 thus	measurements	490	

made	by	this	technique	may	not	be	accurate.		491	

	492	

6.3	Orientation	of	the	fast	direction	of	anisotropy	in	the	IMIC	493	

Using	 ballistic	 data,	 our	 study	 confirms	 that	 the	 axis	 of	 symmetry	 of	494	

anisotropy	 in	 the	 IMIC	 is	 in	 the	 direction	 of	 the	 Earth's	 rotation	 axis,	 and	 also	495	

corresponds	with	 the	direction	 of	 fastest	 propagation.	 This	 result	 is	 in	 agreement	496	

with	earlier	work	by	Ishii	and	Dziewonski	(2002),	Cao	and	Romanowicz	(2007),	Niu	497	

and	Chen	(2008),	and	Romanowicz	et	al.,	(2016),	but	in	disagreement	with	the	coda	498	

interferometry	 results	 of	Wang	et	al.	 (2015)	 and	Wang	 and	 Song	 (2017)	 and	 also	499	

with	some	of	the	earlier	work	based	on	ballistic	PKP	measurements,	that	found	fast	500	

direction	near	the	equatorial	plane	in	the	IMIC	(Calvet	et	al.,	2006).	As	pointed	out	501	

by	Calvet	et	al.,	(2006)	themselves,	the	constraints	available	from	their	dataset	were	502	

insufficient	to	discriminate	robustly	between	different	models,	because	of	the	lack	of	503	

observations	 at	 near-antipodal	 distances	 for	 near-polar	 propagation	 directions.	504	

Specifically,	 the	 presence	 of	 a	 minimum	 in	 velocity	 at	 intermediate	 ξ	 angles	 for	505	

paths	 sampling	 the	 deepest	 inner	 core	 opens	 the	 possibility	 -	 if	 appropriate	506	

constraints	are	not	available	-	for	the	fast	direction	to	be	either	close	to	the	pole	or	507	
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close	 to	 the	 equator.	 	Without	data	 at	high	polar	 angles,	 this	becomes	ambiguous.	508	

The	dataset	presented	here	contains	near-polar	paths	(ξ	<30°)	for	symmetry	axes	in	509	

both	 polar	 and	 equatorial	 directions	 (i.e.	 ξp	 and	 ξe),	 providing	 more	 robust	510	

constraints.	While	we	have	demonstrated	 this	 quantitatively,	 it	 can	 easily	be	 seen	511	

qualitatively	 that	 the	 data	 shown	 in	 Figure	 3	 does	 indicate	 that	 polar	 paths	 are	512	

faster	 than	 equatorial	 paths,	 even	 in	 the	 deep	 IC.	 Normal	 mode	 studies,	 such	 as	513	

Beghein	and	Trampert	(2003)	also	suffer	from	poor	sensitivity	of	core	modes	within	514	

the	central	part	of	the	inner	core.	All	these	previous	studies,	and	our	own,	do	agree	515	

that	 there	 is	a	 change	 in	 the	orientation	of	 the	slow	direction	of	propagation	with	516	

depth	in	the	inner	core.	517	

	518	

6.4	Implications	for	inner	core	structure	519	

It	is	assumed	that	IC	anisotropy	results	from	the	intrinsic	anisotropy	of	iron,	520	

thus	the	strength	and	shape	of	the	observed	IC	anisotropy	may	be	used	to	infer	the	521	

crystallographic	properties	of	the	IC.	In	particular,	the	slow	direction	of	anisotropy	522	

may	help	 to	distinguish	between	different	 iron	crystal	 structures	and	characterise	523	

the	degree	of	crystal	alignment.		524	

	 We	observe	that	the	orientation	of	the	slow	direction	of	anisotropy	changes	525	

gradually	 as	 a	 function	 of	 radius.	 We	 perform	 bootstrap	 resampling	 (Efron	 and	526	

Tibshirani,	 1991)	 to	 determine	 the	 robustness	 of	 the	 resolved	 directions	 and	527	

strengths.	While	 there	 is	no	marked	velocity	minimum	in	the	top	part	of	 the	IC,	at	528	

radii	 less	 than	~900	km	a	distinct	 slow	direction	 can	be	 seen	 to	 emerge	 at	 ξ≈60°	529	

(Figure	5	and	Supplementary	Figure	10).	This	direction	is	more	equatorial	than	that	530	
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reported	in	previous	body	wave	studies	of	the	deep	inner	core	(Ishii	and	Dziewonski,	531	

2002;	Beghein	and	Trampert,	2003;	Sun	and	Song,	2008a)	but	very	similar	 to	that	532	

found	 by	 Lythgoe	 et	 al.,	 (2014).	 The	 sharp	 onset	 of	 an	 inclined	 slow	 direction	 at	533	

smaller	radii	was	used	as	evidence	of	a	distinct	IMIC	(Ishii	and	Dziewonski,	2002),	534	

but	 we	 find	 that	 the	 difference	 in	 strength	 of	 the	 velocity	 anomaly	 between	 the	535	

slowest	 and	 the	 equatorial	 direction	 gradually	 increases	 without	 a	 sharp	 onset		536	

down	to	400	km	radius,	and	is	stable	at	smaller	radii.	This	result	is	consistent	with	537	

that	 of	 Calvet	 et	 al.,	 (2006)	 who	 can	 fit	 their	 observations	 with	 a	 smoothly	538	

parameterised	model,	and	an	 IMIC	of	radius	between	430	and	550	km,	dependent	539	

on	 their	 choice	of	priors.	 Furthermore,	when	 splitting	 the	data	 into	west	 and	east	540	

hemispheres	 based	 on	 the	 boundaries	 of	 Irving	 and	 Deuss	 (2011)	 we	 find	 both	541	

hemisphere	 to	have	a	slow	direction	at	around	ξ≈60°,	and	 that	 the	strength	of	 the	542	

slow	 direction	 increases	 with	 depth	 in	 both	 hemispheres	 (Supplementary	 Figure	543	

11),	in	contrast	with	the	results	of	Lythgoe	et	al.	(2014).	544	

	545	

Figure	5:	(a)	Orientation	and	(b)	magnitude	of	the	slow	direction	of	anisotropy	as	a	546	

function	of	radius	 in	the	IC.	The	magnitude	is	calculated	as	a	difference	 in	velocity	547	
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anomaly	 between	 that	 on	 the	 slowest	 direction,	 and	 that	 on	 equatorial	 paths	 (ξp	548	

=90°).	 	Shown	are	the	means	and	1-σ	error	bars	constructed	from	1000	bootstrap	549	

resamples	 of	 data	 in	 each	 depth	 range.	 For	 data	 and	 hemispherical	 patterns	 see	550	

Supplementary	Figures	10	and	11.	551	

	552	

Experiments	 suggest	 that	 hcp	 is	 the	 most	 likely	 structure	 of	 iron	 at	 core	553	

conditions	(Tateno	et	al.,	2010),	and	recent	experiments	cast	 further	doubt	on	 the	554	

existence	of	bcc	 iron	in	the	inner	core	(Vočadlo	et	al.,	2008;	Cui,	Zhang	and	Zhang,	555	

2013).	All	mineralogical	models	compiled	in	Romanowicz	et	al.,	 (2016)	predict	the	556	

slow	direction	of	anisotropy	at	smaller	ξp	(more	polar	angles,		ξp=	~45-50°)	than	seen	557	

in	our	data	or	previous	studies	(Lythgoe	et	al.,	2014);	although	the	model	of	Vočadlo	558	

et	 al.	 (2009)	 is	marginally	 closer	 to	 our	 observations.	 It	 is	 notable	 that	when	 the	559	

spread	of	c-axis	orientations	of	the	hcp	model	of	Vočadlo	et	al.	(2009)	is	increased	560	

(e.g.	Romanowicz	et	al.,	2016),	it	results	in	an	overall	decrease	in	the	strength	of	the	561	

anisotropy	in	addition	to	a	decrease	in	the	relative	magnitude	of	the	slow	direction.	562	

We	 observe	 the	 magnitude	 of	 the	 velocity	 anomaly	 corresponding	 to	 the	 slow	563	

direction	of	anisotropy	to	increase	with	decreasing	radius	from	~0%	at	the	ICB	to	-564	

0.45%	at	the	earth’s	centre,	as	measured	with	respect	to	the	velocity	for	equatorial	565	

paths	(Figure	5	and	Supplementary	Figure	11).	This	is	compatible	with	the	dynamic	566	

model	 of	 Yoshida,	 et	 al.	 (1996)	 which	 predicts	 increasing	 texturing	 with	 depth.	567	

Alternatively,	variation	in	single	crystal	elastic	properties	as	a	function	of	pressure	568	

and	 temperature	 could	 generate	 the	 pattern	 of	 increasing	 velocity	 anomaly	569	

corresponding	 to	 the	 slow	direction	with	depth	 that	we	observe,	 as	 is	 seen	 in	 the	570	
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experimental	 results	 of	 Vočadlo,	 et	 al.	 (2009).	 Taken	 together,	 if	 both	 the	 crystal	571	

alignment	and	anisotropic	properties	are	depth-dependent	 then	both	 the	 strength	572	

and	geometry	of	 the	effective	anisotropy	of	 the	aggregate	of	crystals	sampled	by	a	573	

PKP	path	may	also	depend	on	depth.		574	

Dynamic	models	of	 IC	growth	suggest	that	the	IC	should	have	at	most	~4%	575	

anisotropy	 depending	 on	 the	 dominant	 slip	 system	 of	 plastic	 deformation	 in	 hcp	576	

iron	 and	 process	 of	 IC	 growth	 (Lincot	 et	al.,	 2016).	 Using	 experimental	 results	 of	577	

deformed	hcp	Fe,	Nishihara	et	al.,	 (2018)	 find	 that	 the	 inner	 core	may	have	up	 to	578	

6.5%	 anisotropy,	 although	 this	 is	 calculated	 using	 the	 results	 of	 Martorell	 et	 al.,	579	

(2013)	 which	 show	 very	 high	 single	 crystal	 anisotropy	 of	 21.4%	 in	 iron	 at	 IC	580	

conditions,	due	to	pre-melting	effects.	The	addition	of	other	elements	may	influence	581	

the	anisotropy	of	single	iron	crystals,	although	the	effects	may	depend	on	the	phase	582	

of	 iron:	 for	 example,	 Martorell	 et	 al.,	 (2013)	 show	 that	 NiFe	 alloys	 in	 the	 hcp	583	

structure	have	slightly	stronger	anisotropy	than	pure	hcp	Fe,	but	Ni	has	little	effect	584	

on	the	anisotropy	of	fcc	iron.	Overall,	there	is	little	mineralogical	support	for	high	IC	585	

anisotropy,	 thus	 we	 consider	 IMIC	 models	 that	 require	 >5%	 anisotropy	 unlikely	586	

(Table	 1),	 instead	 suggesting	 a	 more	 gradual	 increase	 of	 anisotropy	 with	 depth	587	

across	the	whole	of	the	IC.	588	

	589	

7.	Conclusion	590	

Using	a	 large	 collection	of	ballistic	PKP	 travel	 time	 residual	measurements,	591	

augmented	by	data	specifically	aimed	at	sampling	the	potential	fast	axis	direction	in	592	

the	IMIC,	steeply	inclined	with	respect	to	the	earth's	rotation	axis,	as	suggested	by	593	
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Wang	et	al.	(2015)	and	Wang	&	Song	(2017)	from	coda	interferometry	data,	we	find	594	

that	 our	 dataset	 is	 not	 well	 fit	 by	 such	 a	 model.	 Particularly,	 PKP	 travel	 time	595	

anomalies	 on	 equatorial	 paths	 show	 a	 fairly	 uniform	 distribution	 with	 longitude,	596	

which	 is	 not	 predicted	 by	 an	 IMIC	 with	 quasi-equatorial	 fast	 axis	 of	 anisotropy.	597	

Compared	with	the	IMIC	models	tested,	our	observations	are	better	fit	either	by	an	598	

inner	 core	 with	 a	 single	 layer	 of	 constant	 anisotropy	 with	 the	 symmetry	 axis	 of	599	

anisotropy	 within	 ~10°	 of	 the	 rotation	 axis	 and	 corresponding	 to	 the	 fastest	600	

direction	of	propagation,	as	 found	 in	previous	studies	of	 inner	core	anisotropy,	or	601	

else	a	two	layer	model	with	fast	symmetry	axis	aligned	with	the	rotation	axis	in	both	602	

layers.	Our	analysis	 indicates	that	the	character	of	 IC	anisotropy	does	change	with	603	

depth;	 specifically,	 the	 orientation	 of	 the	 slow	 propagation	 direction	 becomes	604	

steeper	(compared	to	the	equator)	in	the	deep	inner	core,	and	the	amplitude	of	the	605	

fast	direction	increases.	However,	a	sharply	defined	two-layer	IC	is	unlikely	at	this	606	

time,	 given	 that	 large	 anisotropy	 in	 the	 IMIC	 is	not	 compatible	with	most	mineral	607	

physics	 considerations.	 A	 gradually	 changing	 anisotropic	 structure	 with	 some	608	

scatter	 in	 the	 observations	 imparted	 by	 mantle	 heterogeneity	 is	 more	 consistent	609	

with	 seismic	 and	 mineral	 physics	 constraints.	 The	 presence	 of	 a	 minimum	 in	610	

velocity	 along	 directions	 inclined	 at	 ~60°	 to	 the	 rotation	 axis	 that	 gradually	611	

increases	in	magnitude	with	depth	into	the	IC	suggests	depth	dependent	alignment	612	

of	iron	crystals,	possibly	due	to	the	morphology	of	convection,	rather	than	a	phase	613	

change	or	change	in	slip	systems	due	to	pressure,	which	we	expect	to	be	sharp.	614	
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