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															 	 																				ABSTRACT	OF	THESIS	

Lithospheric	attachment	 to	 the	high-velocity	 Isabella	anomaly	 (IA)	 in	 central	California	

was	 tested	 by	 mapping	 the	 lateral	 extent	 of	 interruption	 of	 the	 lithosphere-asthenosphere	

boundary	(LAB).	The	study	area	spans	the	location	of	two	plausible	origins	for	the	anomaly,	the	

Monterey	microplate	(Wang	et	al.,	2013)	and	Sierra	Nevada	batholith	(Ducea	&	Saleeby,	1998).	

Results	 include	 918	 binned	 receiver	 functions	 that	 were	 made	 using	 multi-channel	 spectral	

deconvolution	 and	 an	 array-based	 spectral	 source	 estimation	 on	 the	 event	 data	 from	an	 18-

month	deployment	of	a	high	density	array	from	the	coast	to	the	Sierra	Nevada	crossing	the	lateral	

location	of	the	Isabella	anomaly.	Common	conversion	point	(CCP)	scattered	wave	imaging	shows	

a	strong	negative	velocity	gradient	(NVG)	west	of	the	San	Andreas	Fault	(SAF)	and	a	gap	in	a	NVG	

horizon	 east	 of	 the	 SAF.	 This	 is	 interpreted	 as	 prominent	 arrivals	 at	 the	 base	 of	 a	 partially	

subducted	microplate	that	become	undetectable	as	the	plate	dips	too	steeply	east	of	the	SAF	for	

reliable	recovery	of	Sp	converted	phases.	The	gap	 in	consistent	NVG	arrivals	would	 indicate	a	

local	disruption	of	the	LAB	along	the	lateral	extent	of	the	anomaly.	Although	the	LAB	disruption	

cannot	 constrain	 the	 tectonic	 origin	 of	 the	 Isabella	 anomaly,	 it	 does	 indicate	 the	 anomaly	 is	
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adjacent	or	attached	to	North	American	lithosphere.	S-to-P	(Sp)	conversions	west	of	the	SAF	are	

consistent	 with	 a	 sharp	 LAB	 contrast,	 but	 whether	 the	 mantle	 section	 of	 the	 lithosphere	 is	

composed	of	Monterey	microplate	mantle	or	North	America	forearc	mantle	is	unknown.	Imaging	

also	 shows	 a	weak	 east-dipping	NVG	 in	 the	 eastern	 half	 of	 the	Great	 Valley.	 This	 suggests	 a	

continental	LAB	at	the	western	edge	of	the	Sierra	Nevada	foothills	down	to	100km	depth.	Sharp	

changes	in	Sp	arrivals	near	and	shallower	than	the	Moho	are	consistent	with	a	previously	imaged	

west	dipping	sub-crustal	shear	zone	extending	down	to	about	30	km	depth	beneath	the	Great	

Valley.	The	Moho	detected	45	km	below	the	Sierra	Nevada	foothills	shows	that	at	least	locally	

there	is	not	a	Moho	hole	as	suggested	by	prior	studies	and	any	interruption	of	the	Moho	at	this	

latitude	 is	 constrained	 farther	 to	 the	 west	 beneath	 the	 Great	 Valley.	 The	 results	 and	

interpretations	in	this	study	are	in	agreement	with	prior	studies	(Wang	et	al.,	2013;	Pikser	et	al.,	

2012)	that	suggest	the	IA	is	a	steeply	dipping	continuation	of	the	partially	subducted	Monterey	

microplate.	
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1.	Introduction	

Over	the	past	45	years,	significant	increases	in	seismic	network	resolution	have	allowed	

the	development	of	studies	on	the	lithosphere	and	upper	mantle	at	all	scales	for	scattered	wave	

(e.g.	Hansen	&	Dueker,	2009;	Levander	&	Miller,	2012)	and	tomographic	(e.g.	Boyd	et	al.,	2004;	

Schmandt	&	Humphreys,	2010)	imaging.	The	effects	of	these	studies	have	married	the	tectonic	

evolution	of	 the	 Earth	with	 subsurface	processes	 (e.g.,	Humphreys	&	Hager,	 1990).	 Likewise,	

Raikes	(1976)	first	noted	a	high	velocity	anomaly	near	Lake	Isabella	 in	central	California,	since	

then	referred	to	as	the	‘Isabella	anomaly’	(IA).	It	was	later	proposed	that	the	IA	is	a	fragment	of	

lithospheric	delamination	of	the	Sierra	Nevada	batholith	that	resulted	in	a	more	buoyant	upper	

mantle	and	gave	rise	to	the	uplift	of	the	southern	Sierra	Nevada	since	the	Oligocene	(Jones	et.	al,	

1994).	This	“mantle	drip”	theory	for	the	origin	of	Isabella	was	contested	later	with	an	alternative	

theory	 that	 the	 anomaly	 is	 a	 fragment	 of	 the	 Monterey	 oceanic	 lithosphere	 translating	

continuously	beneath	North	America	 (Brocher	et	 al.,	 1999;	Wang	et	 al.,	 2013).	As	 a	 result	of	

relatively	 sparse	 seismograph	 coverage	 in	 the	 Great	 Valley,	 the	 origin	 of	 the	 IA	 has	 been	 in	

contention	and	the	topic	of	numerous	geophysical,	geochemical,	and	geodynamic	studies	(e.g.	

Nicholson	et.	al.,	1992;	Nicholson	et.	al.,	1994;	Ducea	&	Saleeby,	1998;	van	Wijk	et.	al.,	2001;	

Zandt,	 2003/2004;	 Saleeby	 &	 Foster,	 2004;	 Park,	 2004;	 Boyd	 et.	 al.,	 2004;	 Schmandt	 &	

Humphreys,	2010;	Pikser	et.	al.,	2012;	Wang	et.	al.,	2013).	

This	study	provides	constraint	on	the	subject	from	the	perspective	of	testing	whether	or	

not	the	IA	is	attached	to	overlying	North	America	lithosphere	by	mapping	seismic	discontinuities	

in	 the	 crust	 and	 uppermost	 mantle	 using	 scattered	 wave	 imaging	 along	 an	 SW-NE	 profile	

intersecting	 both	 of	 the	 plausible	 origin	 areas	 of	 the	 IA.	 Prior	 studies	 of	 uppermost	 mantle	
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discontinuities	in	California	indicate	a	sharp	and	laterally	continuous	discontinuity	at	~50-80	km	

depth	that	is	widely	interpreted	as	the	lithosphere-asthenosphere	boundary	(LAB;	Rychert	et	al.,	

2010;	Levander	&	Miller,	2012;	Lekić	&	Fischer,	2013).	If	the	IA	represents	actively	foundering	

mantle	lithosphere	a	local	disruption	of	the	sharp	LAB	is	expected.	Such	a	disruption	has	not	been	

detected	by	prior	studies	possibly	because	of	 inadequate	array	resolutions	for	 imaging	a	 local	

disruption	of	 the	 seismic	 LAB	near	 the	 IA.	A	gap	 in	 the	 LAB	would	 indicate	 that	 the	 IA	 is	 still	

attached	or	directly	adjacent	to	overlying	 lithosphere.	 If	there	is	not	a	gap	in	the	sharp	LAB	it	

would	indicate	that	the	IA	is	detached	from	the	overlying	lithosphere	and	sinking	through	the	

asthenosphere.	Whether	 or	 not	 a	 sharp	 LAB	 exists	 near	 the	 IA	 is	 evaluated	with	 S-to-P	 (Sp)	

converted	wave	receiver	function	analysis,	which	isolates	Sp	conversions	from	seismic	interfaces	

in	the	subsurface	(Hansen	&	Dueker,	2009).	Unlike	Ps	converted	waves,	Sp	converted	waves	at	

depths	 of	 ~50	 –	 150	 km	 are	 temporally	 separated	 from	 free	 surface	 S-multiples,	 which	 can	

interfere	with	 imaging	of	the	LAB	(e.g.	Farra	&	Vinnik,	2000).	Sp	receiver	functions	have	been	

used	in	the	past	to	map	a	continuous	sharp	LAB	under	the	southwestern	U.S.	(Lekic	et	al,	2011;	

Ford	et	al.,	2014;	Levander	&	Miller,	2012).	However,	this	study	provides	an	order	of	magnitude	

greater	station	resolution	near	the	IA	because	of	the	recently	deployed	Central	California	Seismic	

Experiment	(CCSE)	array	with	an	average	station	spacing	of	~7	km	(Figure	1).	
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2.	Background	

2.1	Tectonic	evolution	of	central	California	

During	the	Late	Triassic	(230	Ma),	Pacific	oceanic	lithosphere	began	subduction	beneath	

the	 western	 edge	 of	 the	 North	 American	 plate	 (Schweickert	 &	 Cowan,	 1975).	 Long	 lived	

subduction	continued	up	to	28	Ma	when	the	Pacific	spreading	ridge	encountered	the	western	

North	 American	 subduction	margin	 near	 the	 present	 day	 latitude	 of	 ~32°N	 (Figure	 2A).	 Two	

resulting	triple	junctions	progressively	shut	down	subduction	after	28	Ma.	The	Mendocino	triple	

junction	 has	 propagated	 north	 and	 the	 Rivera	 triple	 junction	 propagated	 south,	 with	 an	

intervening	transform	margin	along	the	San	Andreas	fault	and	transtensional	rift	margin	in	the	
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Figure 1. Study area. Central California Seismic Experiment (CCSE) array shown in red triangles. Location of the Isabella high velocity anomaly at 70km (Schmandt et 
al., 2015) shown in blue. Bold dashed line is the San Andreas fault system. Light dashed lines are the coastal thrust block.
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Gulf	of	California	(Figure	2B).	By	22	Ma,	the	Monterey	microplate	was	isolated	on	both	ends	by	

an	expanding	strike-slip	(Lonsdale,	1991)	margin	(Figure	2C).	Monterey-Pacific	spreading	ceased	

by	19	Ma,	indicating	the	end	of	slab-pull	from	the	subducted	Farallon	as	a	result	of	its	detachment	

from	the	Monterey	lithosphere.	Farther	south,	Arguello-Pacific	spreading	continued	until	~17	Ma	

(Figure	2D;	Miller,	1992).		

	

The	two	opposing	triple	junctions	continued	terminating	subduction	and	forming	right-

lateral	 plate	 boundaries.	 This	 changed	 the	 margin	 with	 California	 from	 oblique	 northeast	

subduction	 to	 a	 transtensional	 dextral	 transform	 motion	 and	 the	 Monterey	 microplate	 was	

Figure 2. Summary history for the tectonic detachment of the Farallon and pacific plate capture of the Monterey microplate over 
the past 28 Myr. MTJ, Mendicino triple junction; RTJ, Rivera triple junction; F, Farallon; M, Monterey; A, Arguello plate. A, Pacific 
ridge contact with NA forming the MTJ. B, northward propogation of dextral transform.  C, Pacific-Arguello ridge makes contact 
with NA forming the RTJ. D, Monterey subduction is cut off and the plate assumes Pacific plate motion by 20 Ma. 
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captured	by	 the	Pacific	plate	 (Nicholson	et	

al.,	 1994).	 Extension	 of	 the	 Monterey	

microplate	 just	 beneath	 coastal	 California	

has	 been	 seismically	 imaged,	 but	 the	

eastern	 limit	 of	Monterey	 underneath	 the	

continental	lithosphere	has	never	been	fully	

constrained	(Brocher	et	al.,	1999;	Nicholson,	

1992;	Meltzer	&	 Levander,	 1991).	 	 East	 of	

the	 Coast	 Ranges	 are	 the	 Sierra	 Nevada	

mountains,	 which	 have	 hosted	 post-

subduction	 volcanism	 with	 mantle	 melts	

ascended	 through	 the	 lithosphere	 of	 the	

primarily	Cretaceous	batholith	(Bateman,	1967).	 	Based	upon	anomalous	exhumation	rates	of	

the	 southern	 Sierra	Nevada	 and	 xenoliths	 reflecting	 partial	melt	 at	 higher	 temperatures	 and	

shallower	depths,	prior	studies	hypothesize	 that	dense	eclogite-rich	 lower	mantle	 lithosphere	

beneath	 the	 southern	 Sierra	 Nevada	 batholith	 delaminated	 by	 about	 3.5	 Ma	 (Clark,	 2005;	

Saleeby,	2003).	

2.2	The	Isabella	Anomaly	

The	IA	is	a	high-velocity	anomaly	that	extends	in	depth	from	~50	to	≥200	km	and	a	lateral	

diameter	of	~100	km	in	recent	tomography	studies	(Figure	3;	Wang	et	al.,	2013;	Jones	et	al,	2014).	

P	and	S	velocity	structure	from	body	and	surface	wave	tomography	of	the	anomaly	image	≥3%	

lateral	velocity	contrast	in	a	near	cylindrical	region	that	dips	to	the	east	(Boyd	et	al.,	2004;	Wang	
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et	al.,	2013;	Gilbert	et	al.,	2007).	Beneath	the	Great	Valley,	where	the	IA	is	inferred	to	be	actively	

delaminating	 from	 the	 overlying	 lithosphere,	 Ps	 receiver	 functions	 do	 not	 identify	 a	 sharp	

continental	Moho	(Zandt	et	al.,	2004).	However,	prior	temporary	seismic	arrays	have	focused	

primarily	on	the	Sierra	Nevada	and	regions	of	California	farther	north	and	south,	so	there	is	little	

data	to	constrain	the	Moho	and	upper	mantle	interface	structure	beneath	central	California	west	

of	the	Sierra	Nevada	that	may	be	disrupted	by	the	Isabella	Anomaly.		

Debate	regarding	the	origin	of	the	IA	has	persisted	for	over	forty	years,	partly	because	the	

difference	 in	predicted	present	day	thermal	profiles	between	a	young,	stalled	slab	and	a	slab	

window	is	relatively	small	(van	Wijk	et	al.,	2001).	Two	plausible	origin	hypotheses	exist	for	the	

Isabella	anomaly.	One	posits	that	it	may	be	a	continuation	of	the	partially	subducted	Monterey	

oceanic	 lithosphere	 (Figure	 4C;	Wang	 et	 al.,	 2013).	 This	 is	 supported	 by	 an	 absence	 in	 slab-

window	style	volcanism	in	the	area	between	Isabella	and	the	Monterey	microplate	(Wang	et	al.,	

2013;	McLaughlin	et	al.,	1996).	If	Monterey	does	extend	as	far	as	the	IA	then	basal	traction	on	

the	base	of	the	continental	lithosphere	for	300km	of	Pacific	plate	motion	could	be	a	contributing	

factor	 to	 the	 rotation	 of	 the	 transverse	 ranges	 (Pikser	 et	 al.,	 2012;	 Nicholson	 et	 al.,	 1994).	

Furthermore,	an	influx	of	volatiles	from	a	dehydrating	slab	at	the	base	of	the	SAF	could	contribute	

to	the	aseismic	creep,	non-volcanic	tremor,	and	ascent	of	mantle	volatiles	observed	in	this	area	

(Fulton,	2009;	Becken	et	al.,	2011).	Refraction	and	reflection	surveys	in	the	past	25	years	(e.g.	

Meltzer	&	Levander,	1991;	Miller	et	al.,	1992;	Henstock	et	al.,	1997)	have	imaged	the	Monterey	

microplate	from	beneath	the	offshore	basins	to	beneath	California	west	of	the	San	Andreas	fault	

but	cannot	constrain	uppermost	mantle	structure	between	the	San	Andreas	fault	and	the	Great	

Valley	(Brocher	et	al.,	1999).	While	the	lateral	extent	of	a	basaltic	layer	beneath	the	coastal	block	
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crust	is	unknown,	if	it	were	to	cross	the	SAF,	this	would	suggest	a	piece	of	Monterey	lithosphere	

translating	cohesively	beneath	North	America	with	Pacific	plate	motion.	

An	alternative	hypothesis	contends	that	 Isabella	 is	a	piece	of	delaminating	continental	

lithosphere	from	beneath	the	Sierra	Nevada	batholith	(Figure	4B;	Zandt,	2003;	Boyd	et	al,	2004).	

This	is	consistent	with	the	timing	of	detachment	of	dense	lower	lithosphere	from	beneath	the	

Sierra	Nevada	in	drip	models,	which	usually	assume	that	the	anomaly	has	never	fully	detached	

from	the	lithosphere	farther	west	beneath	the	Great	Valley	(Saleeby	et	al.,	2003;	Le	Pourhiet	et	

al.,	2006).	A	localized	delaminating	lithosphere	would	also	be	consistent	with	the	anomalous	rate	

of	crustal	subsidence	centered	over	Isabella	as	well	as	a	gravitational	instability	as	the	cause	of	

the	anomalous	uplift	of	 the	Sierras	after	 the	 time	of	detachment	 (Saleeby	&	Foster,	2004;	Le	

Pourhiet	et	al.,	2006).	If	Isabella	originated	from	beneath	the	Sierra	Nevada	it	would	require	SSW	

motion	toward	the	plate	margin	 relative	 to	North	America,	 suggesting	a	much	more	complex	

shallow	mantle	flow	field	(Zandt,	2003)	that	is	inconsistent	with	predictions	from	most	mantle	

circulation	models	(e.g.	Silver	&	Holt,	2002;	Becker	et	al.,	2006).	The	geomorphic	expression	of	

the	western	Sierra	changes	dramatically	centering	over	the	location	of	the	Isabella.	The	rivers	to	

the	north	of	the	anomaly	aggrade	and	drain	to	the	North,	while	the	rivers	at	and	immediately	to	

the	South	drain	into	the	Tulare	Lake	basin,	an	area	of	anomalously	high	topographic	subsidence	

overlying	Isabella	(Saleeby	and	Foster,	2004).	This	focused	area	of	active	subsidence	overlying	

Isabella	is	consistent	with	a	Rayleigh-Taylor	convective	instability	(Houseman	et	al.,	2000).	While	

this	may	be	used	to	argue	the	hypothesis	that	Isabella	is	delaminating	lithosphere	from	the	Sierra	

Nevada	batholith,	it	does	not	answer	the	question	as	to	why	the	anomalous	subsidence	is	offset	

to	the	west	of	the	greater	Sierra	batholith	(Saleeby	&	Foster,	2004).	
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2.3	Sp	receiver	functions	in	California	

Compared	to	surface	and	body	wave	travel	time	tomography,	converted	waves	are	more	

sensitive	to	the	sharpness	and	contrast	of	sub-horizontal	discontinuities	(Kind	et	al.,	2012).	Unlike	

P	waves,	S	waves	are	characterized	by	lower	frequencies	than	P	waves	due	to	stronger	S	wave	

attenuation	at	higher	frequencies	 in	the	upper	mantle	(Kind	et	al.,	2012).	 In	addition	to	being	

generally	free	of	crustal	multiples,	this	makes	Sp	receiver	functions	better	at	detecting	the	depth	

of	the	LAB.	The	largest	negative	Sp	phase	amplitude	correlates	well	with	the	LAB	depth	inferred	

from	 surface	 wave	 tomography	 for	 the	 western	 U.S.	 (Abt	 et	 al.,	 2010;	 Lekic	 et	 al.,	 2011).	

Furthermore,	the	Sp	amplitude	in	the	tectonically	active	western	U.S.	is	greater	than	anywhere	

else	in	the	country,	indicating	a	sharp	discontinuity	and	large	contrast	in	velocity	across	the	LAB	

(Kind	et	al.,	2015).	If	the	Isabella	Anomaly	is	still	connected	to	the	overlying	lithosphere	a	locally	

broader	gradient	and	reduced	velocity	contrast	would	be	expected	and	consequently	lower-to-

negligible	amplitude	Sp	conversions	near	the	regional	mean	depth	of	the	LAB.	This	difference	in	

Sp	characteristic	allows	for	an	ability	to	distinguish	whether	or	not	the	Isabella	Anomaly	is	still	

attached	to	the	overlying	North	America	lithosphere.	

3.	Hypotheses	

While	scattered	wave	imaging	can	not	complete	the	argument	on	the	origin	of	Isabella	by	

itself,	it	is	capable	of	providing	significant	constraints.	The	primary	objective	of	this	study	is	to	

constrain	whether	or	not	the	the	IA	is	attached	to	the	overlying	lithosphere	of	the	Great	Valley	

in	order	to	test	two	main	hypotheses:	

Hypothesis	1:	Negligible	evidence	from	Sp	receiver	functions	for	a	sharp	LAB	across	the	width	of	

Isabella	indicates	that	the	anomaly	is	still	attached	to	overlying	Great	Valley	lithosphere	(Figure	
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4A)	If	the	position	of	the	gap	in	the	LAB	were	restricted	to	either	the	western	or	eastern	edge	of	

the	Great	Valley	it	would	favor	a	fossil	slab	origin	(Figure	4C)	or	Sierra	Nevada	root	origin	(Figure	

4B),	respectively.	

Hypothesis	2:	High	Sp	receiver	function	amplitudes	indicative	of	≥3%	Vs	drop	across	the	seismic	

LAB	exist	across	the	width	of	the	Isabella	Anomaly	(Figure	4A),	implying	that	the	anomaly	is	no	

longer	attached	to	the	lithosphere	and	is	sinking	through	the	asthenosphere.	

	

4.	Method	

4.1	Receiver	functions	

Information	on	the	properties	of	the	upper	mantle	is	essential	for	understanding	tectonic	

and	lithospheric	evolution.	With	knowledge	on	the	location	of	major	discontinuities	in	the	upper	

mantle	and	lithosphere,	inferences	can	be	made	on	major	structures	with	resolutions	dependent	

on	the	data	being	used.	To	this	end,	receiver	functions	have	been	used	for	decades	to	look	at	the	
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crust-mantle	boundary	(Moho)	and	have	more	recently	been	employed	to	map	discontinuities	

consistent	with	the	lithosphere-asthenosphere	boundary	(LAB).	

In	1964,	Phinney	proposed	that	the	ratio	of	vertical	(e.g.	P)	to	horizontal	(e.g.	SV)	energy	

is	dependent	on	the	structure	beneath	a	station,	which	he	demonstrates	by	identifying	the	base	

of	 the	Moho	discontinuity.	Burdick	and	Langston	(1977)	performed	a	similar	 technique	 in	 the	

time-domain	by	comparing	the	amplitude,	and	 later	 timing	 (Langston,	1979),	of	an	 incident	P	

wave	on	the	Moho	to	the	resulting	scattered	phases	(Ps).	More	recently,	a	technique	to	identify	

the	conversion	of	S-to-P	at	upper	mantle	discontinuities	(Farra	&	Vinnik,	2000)	has	been	applied	

to	mapping	the	LAB	(e.g.	Vinnik	et.	al.,	2005;	Li	et	al.,	2007;	Savage	&	Silver,	2008;	Hansen	et	al.,	

2009;		Rychert	et	al.,	2010).	Receiver	functions	have	also	been	in	many	other	studies	of	mantle	

discontinuities,	 including	 identifying	 depth	 of	 the	Moho	 (e.g.,	 Zhu	&	 Kanamori,	 2000;	 Yan	&	

Clayton,	2007b),	the	dip	of	the	Moho	(e.g.,	Yan	and	Clayton,	2007a),	and	mantle	transition	zones	

at	410	km	and	660	km	(e.g.,	Gurrola	et	al.,	1994).	

The	 advantage	 of	 using	 receiver	 functions	 to	 find	 discontinuities	 is	 the	 sensitivity	 to	

sudden	changes	in	material	velocity	in	the	vertical	direction.	This	is	superior	to	other	methods	

used	 in	 imaging	 the	LAB	such	as	surface	wave	tomography	which	can	not	distinguish	velocity	

changes	in	the	mantle	that	occur	instantaneously	from	those	spread	over	many	kilometers	(Eaton	

et	al.,	2009)	or	body-wave	tomography	which	lacks	vertical	resolution	in	the	uppermost	mantle	

as	most	waves	comes	in	at	near-vertical	incidence.	Both	P-	(Rychert	et	al.,	2005;	Chen	et	al.,	2009)	

and	 S-wave	 receiver	 functions	 have	 been	 used	 to	 observe	 the	 LAB	 but	 strong	 crustal	

reverberations	from	incident	P-	and	Ps-waves	generally	limits	detection	of	the	LAB	to	S-receiver	

functions.	
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Similar	 to	 body-wave	 tomography,	 the	 seismic	 information	 employed	 in	 receiver	

functions	 is	 also	 mostly	 vertical	 however	 unlike	 body-waves	 the	 depth	 information	 is	 not	

integrated	with	the	receiver	function	and	thus	relies	on	an	independent	velocity	model	to	migrate	

the	receiver	functions	to	the	depth	domain.	The	viability	of	receiver	function	detection	of	the	

LAB	is	best	using	mostly	vertically	incident	waves,	at	no	more	than	40°,	from	teleseismic	waves	

between	distances	55-85°	 for	 S	 and	≥	85°	 for	 SKS	 (Yuan	et	 al.,	 2006).	Utilizing	nearly	 vertical	

incidence	angles	on	discontinuities	beneath	stations	ensures	higher	lateral	resolution	as	opposed	

to	techniques	similar	to	wide-angle	reflection	and	refraction	which	tend	to	have	more	than	100	

km	of	lateral	movement	through	the	crust	and	upper	mantle	depending	on	the	phases	used	(e.g.	

PmP,	Pn;	Zhu	and	Kanamori,	2000).	

4.2	Method	summary	

Teleseismic	 receiver	 functions	are	Green’s	 function	 for	 teleseismic	body	wave	 sources	

with	 angles	 of	 incidence	 less	 than	 ~40	 degrees.	 They	 are	 empirically	 defined	 through	 the	

separation	of	a	teleseismic	event	source	signal	from	the	local	Green’s	function	by	deconvolution.	

The	process	of	scattered	wave	imaging	using	receiver	functions	in	this	experiment	begins	with	

the	rotation	and	culling	of	teleseismic	event	data	(Vinnik,	1977)	followed	by	a	spectral	estimation	

of	 the	 source	 signal	 and	 deconvolution	 of	 the	 source	 signal	 estimate	 from	 the	 observed	

seismograms	using	a	multi-channel	inversion	method	(Hansen	and	Dueker,	2009).	The	resulting	

receiver	functions	are	then	used	to	create	a	3-D	structural	image	using	common-conversion	point	

(CCP)	stacking	(Dueker	and	Sheehan,	1998).	Forward	modeling	is	then	performed	to	evaluate	the	

plausible	range	of	amplitudes	and	sharpness	of	structural	interfaces	identified	in	the	CCP	image.	
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4.3	Data	

The	most	basic	goal	when	processing	seismic	data	for	receiver	functions	is	to	isolate	the	

weak	scattered	(converted)	signals	that	are	created	at	a	discontinuity	such	as	the	LAB.	No	matter	

the	technique	used,	the	quantity	and	quality	of	the	event	data	is	essential	to	this	goal.	The	ray	

path	distance	 travelled	 for	 S	 and	 SKS	phases	 range	 from	6,000	 to	 19,000	 km	 from	 source	 to	

receiver,	encountering	all	ray	path	phenomena	that	leads	to	scattering	and	attenuation	before	it	

arrives	at	the	LAB	beneath	the	station.	From	what	energy	remains	at	this	point,	only	a	very	small	

percentage	of	 it	on	the	order	of	≤1-10%	is	converted	at	the	discontinuity	to	an	Sp	phase,	the	

signal	sought	in	this	experiment.	Multiple	techniques	(sections	4.4-4.8)	are	used	to	improve	the	

resolution	of	this	signal	for	receiver	function	processing.	

	

This	experiment	utilizes	the	complete	dataset	for	the	CCSE	array,	which	includes	an	18	

month	continuous	deployment	of	38	three-component	broadband	stations	along	a	E-W	profile	

Figure 5. Teleseismic ray coverage. Red events in the map are SKS events, blue are S events. Inset Figure shows the incidence angles upon the 
CCSE array for all events used after culling.
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line	with	an	average	spacing	of	~7	km	from	the	coastline	to	the	Sierra	Nevada	with	15	outliers	(7	

of	which	were	deployed	for	only	5	months)	located	25-60	km	from	the	main	line	(Figure	2).	Similar	

station	 spacing	 in	 other	 settings	 has	 been	 sufficient	 to	 image	 young	 subducting	 oceanic	

lithosphere	 (e.g.,	Rondenay	et	al.,	2001).	All	 stations	used	broadband	seismometers	 including	

Guralp	30T	and	Nanometrics	Trillium	three-component	velocity	sensors.		

4.4	Distance	culling	

While	Sp	conversions	at	depths	consistent	

with	the	LAB	are	usually	deeper	than	most	P-wave	

multiples,	 such	 surface	 reflections	 (e.g.	 PP,	 PPP,	

etc.)	may	arrive	with	significant	amplitudes	prior	

to	S,	still	causing	interference	with	Sp	conversion	

amplitudes	 at	 the	 LAB	 (Yuan	 et.	 al.,	 2006).	 This	

may	 result	 in	 the	 weaker	 conversions	 being	

masked	 (Bock,	 1994)	 which	 is	 generally	 avoided	

with	culling	of	teleseismic	distances,	however	low-

velocity	 sedimentary	 layers	 such	 as	 the	 Great	

Valley	 that	 trap	 seismic	noise	 can	 still	 cause	 interference.	 Furthermore,	a	 crossover	 in	arrival	

times	for	S	and	SKS	exists	around	80-85°	and	beyond	120°	SKS	phase	often	has	low	signal-to-noise	

ratio	(Kennet	and	Engdahl,	1991;	Astiz	et	al.,	1996).	For	these	reasons,	event	distances	of	55-85°	

for	S	and	85-120°	for	SKS	are	used	(Figure	5;	Wilson,	2006;	Yuan	et	al.,	2006).	The	minimum	and	

maximum	event	distance	for	S	insulates	the	converted	phase	from	the	P	coda	and	ensures	plane	

wave	arrival	across	the	array	and	lies	outside	the	critical	incidence	for	S	and	lies	outside	the	S/SKS	
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crossover	(Yuan	et	al.,	2006;	Figure	6).	The	minimum	and	maximum	event	distance	for	SKS	avoids	

the	S/SKS	crossover	and	interferences	with	P	phases,	respectively	(Figure	6).		

4.5	Rotation	

Optimized	rotation	of	the	components	of	ground	motion	is	important	for	identifying	and	

enhancing	the	weak	converted	signals	(Kind	et	al.,	2012).	Since	the	incident	S	and	SKS	used	are	

vertically	 polarized	 shear	 waves	 (SV)	 and	 the	 converted	 daughter	 phase,	 Sp,	 is	 a	 vertically	

polarized	compression	wave,	rotation	of	the	raw	seismic	trace	from	the	Z-N-E	reference	system	

to	P-SV-SH	will	 isolate	the	parent	phase	and	converted	phase	on	separate	components.	Using	

back	azimuth	to	the	event	(ba)	and	a	ray	parameter	based	on	a	reference	model	(Ak135c),	the	

arriving	incidence	angle	(i)	is	found	and	used	in	the	rotation	matrix	to	P-SV-SH	(Ferguson,	2009;	

eq.	1).	Over	or	under	estimation	of	 the	 incidence	angle	can	 result	 in	 loss	of	 converted	phase	

energy	to	the	SV	component.	
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4.6	Signal-to-noise	ratio	(SNR)	and	magnitude	culling	

The	amplitude	ratio	between	P	and	S	waves	depends	on	numerous	factors,	for	example,	

orientation	and	frequency	content	of	the	source.	In	the	case	between	S	and	its	daughter	phase	

Sp,	source	side	effects	are	removed	with	receiver	function	processing	and	the	amplitude	ratio	is	

now	primarily	a	function	of	the	velocity	contrast	and	thickness	of	the	discontinuity,	the	incidence	

angle	upon	the	discontinuity,	the	attenuation	between	the	discontinuity	and	the	receiver,	and	

contaminating	phase	energy	(e.g.	PP,	PPP).	The	cumulative	effect	of	all	these	factors	can	lead	to	

less	 than	 ideal	 receiver	 functions.	For	 this	 reason,	a	user	defined	short-time-average	 (STA)	 to	
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long-time-average	(LTA)	ratio	of	1.7	for	S	and	1.9	for	SKS	was	used	as	the	minimum	threshold	

before	 utilizing	 the	 event	 and	 for	 only	 those	 seismic	 events	Mb	 ≥	 5.5,	with	 the	 STA	window	

duration	of	3	sec.	and	LTA	window	duration	of	24	sec.	A	higher	minimum	STA/LTA	was	used	for	

SKS	because	there	is	a	higher	risk	of	contamination	by	the	S-wave	coda	at	and	for	a	few	degrees	

beyond	the	crossover	distance	(~80-88°).	

4.7	Phase	culling	and	deconvolution	windowing	

Once	 the	 event	 has	 passed	 all	 prior	 mentioned	 criteria,	 the	 multi-channel	 cross-

correlation	method	of	Vandecar	and	Crosson	(1990)	 is	used	to	calculate	travel	time	residuals.	

This	is	performed	by	isolating	the	trace	signal	of	parent	(S,SKS)	and	converted	phase	energy	(Sp)	

through	visually	windowing	and	aligning	by	multi-channel	waveform	cross-correlation.	Using	the	

aligned	SV	waveforms	the	deconvolution	window	is	defined	as	the	100s	including	and	prior	to	

the	direct	S/SKS	arrival.	For	receiver	functions	that	follow	the	same	amplitude	convention	as	Ps,	

the	parity	of	the	trace	is	then	flipped	prior	to	deconvolution.	Unlike	Ps,	the	initial	impulse,	direct	

S/SKS,	arrives	at	the	receiver	after	the	converted	phase	but	to	maintain	a	near	minimum	phase	

assumption	(4.10)	for	the	receiver	function	spectra,	the	impulse	must	occur	at	the	start	of	the	

trace	followed	by	lower	amplitude	arrivals	such	as	the	Sp	phase.	For	this	reason,	the	trace	is	also	

reversed	in	time	prior	to	deconvolution.	

4.8	Binning	

To	 ensure	 all	 events	 used	 for	 a	 single	 receiver	 function	 encountered	 the	 same	

transmission	path	phenomena	from	a	similar	source	location	to	receiver,	event	data	was	then	

placed	 in	 non-overlapping	 bins	 defined	 by	 slowness	 (with	 incidence	 angles	 ≤40°)	 and	 back-

azimuth.	This	resulted	 in	one	receiver	 function	for	each	bin	and	one	source	function	for	each	
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event	for	the	entire	array	that	observed	the	event	(Bostock,	2004;	Baig	et	al.,	2005;	Mercier	et	

al.,	2006).	

	

4.9	Source	estimation	

An	initial	source	estimation	is	required	for	the	deconvolution	to	have	an	over-determined	

system	yielding	a	unique	and	reproducible	 receiver	 function.	Since	 (2)	 is	 the	convolution	of	a	

continuous	band-limited	source	with	an	impulsive	Green’s	function	in	the	time	domain,	then	the	

log-spectral	 domain	 (3)	 is	 the	 superposition	 of	 a	 smoothed	 band-limited	 source,	 assuming	

minimal	 source-side	 scattering,	 with	 a	 rough	 and	 statistically	 white	 Green’s	 function	 spectra	

(Escalante	et	al.,	2007).	Under	this	assumption,	the	source	function	log-spectra	can	be	estimated	

using	spectral	smoothing	(Claerbout,	1992).	This	is	applied	by	fitting	a	piecewise	continuous	cubic	
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spline	 function	 to	 the	 observed	 spectrum	 that	 optimizes	 the	 trade-off	 between	 data	 fit	 and	

smoothness	for	each	station	observing	the	event	and	then	linearly	stacked	(Figure	7).		

4.10	Multi-channel	deconvolution	

A	teleseismic	wave	observed	at	a	station	consists	of	the	original	source	function	for	the	event	

convolved	with	the	Earth's	response	to	that	source	function	which	 includes	converted	phases	

from	 reverberations	 caused	 by	 near	 surface	 structure	 such	 as	 the	 LAB.	 Obtaining	 a	 receiver	

function	for	a	station	focuses	on	deconvolving	these	two	pieces	of	information	from	the	observed	

signal	(Langston,	1979).	

Consider	an	event,	m,	observed	at	a	station	such	that	

	

𝑷" 𝑡 = 	𝑆" 𝑡 ∗ 𝑮 𝑡 									 2 .	

	

Where	the	seismic	trace,	𝑷" 𝑡 ,	is	expressed	as	the	convolution	of	the	source	function,	𝑆" 𝑡 ,	

and	the	Earth	3-component	response	function	to	the	source,	𝑮 𝑡 .		Transforming	(1)	into	the	log-

spectral	domain	linearizes	the	equation	such	that	

Log{|𝐏𝐦 𝜔 }| = log	{|𝑆" 𝜔 |}I7 	+ log	{|𝑮(𝜔)|}									(3).	

Where	the	source	and	Green’s	function	are	defined	as		

					𝑷" 𝜔 = [𝑃" 𝜔 , 𝑆𝑉" 𝜔 , 𝑆𝐻" 𝜔 ]A									(4)			and	

𝑮 𝜔 =	 [𝐺D 𝜔 , 𝐺EF 𝜔 , 𝐺EG 𝜔 ]A									(5),	respectively.	

Note	that	all	m	events	are	organized	such	that	they	have	similar	back-azimuth	and	slowness	to	

ensure	that	that	each	event	in	the	deconvolution	encounters	the	same	ray-path	phenomena.	This	
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allows	the	receiver	function,	G,	to	be	the	same	for	each	event.	Expanding	(2)	into	a	system	of	

equations	for	m	events	and	augmenting	with	m	source	function	estimates,	Ś"(𝜔),		yields	

 

The	solution	to	(5)	results	is	a	log	amplitude	spectral	estimate	of	the	3-component	Green’s	

function.	We	can	then	assume	the	SV	component	trace	to	be	minimum	phase	as	the	trace	used	

in	the	deconvolution	includes	the	direct	arrival	(e.g.	S,	SKS)	and	100	seconds	prior	to	the	direct	

arrival	of	lower	amplitude	scattered	waves,	making	the	trace	near	minimum	phase.	Under	this	

minimum	phase	assumption,	the	phase	spectra	can	be	reconstructed	by	applying	several	all-pass	

filters	 to	 the	 amplitude	 spectra	 which	 then	 can	 be	 used	 to	 transform	 the	 three-component	

Green’s	function	to	the	time	domain	(Bostock,	2004).	This	entire	deconvolution	procedure	is	then	

repeated	for	individual	stations	in	each	bin	of	events	that	are	defined	by	overlapping	slowness	

and	back-azimuth.	
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4.11	Common	conversion-point	stacking	(CCP)	imaging	

The	method	 of	 common	 conversion-point	 (CCP)	 stacking	 relies	 on	 the	 idea	 that	 rays	

intersecting	in	the	sub-surface	at	a	discontinuity	should	have	similar	converted	phase	amplitudes	

and	 thus	 by	 stacking	 the	 amplitudes	 at	 these	 piercing-points	 the	 signal	 can	 become	 more	

resolved	(Dueker	&	Sheehan,	1998).	To	create	a	CCP	image,	the	receiver	function	amplitudes	are	
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migrated	into	a	physical	2D	volume	defined	by	depth,	latitude,	and	longitude	using	1D	ray	tracing	

along	 the	 bin	 back-azimuth	 and	 ray	 parameter	 for	 each	 station	 using	 the	 velocity	 model	 of	

Schmandt	et	al.	2015	GRL	(Figure	8).	The	model	slice	beneath	the	line	is	defined	every	1km	in	

depth	and	0.03°	along	profile	(~3.3	km).	The	amount	of	contribution	every	receiver	function	gives	

to	each	point	in	the	model	is	defined	as	a	function	of	the	model	point	distance	relative	to	Fresnel	

zone	width	for	the	dominant	period	 in	each	receiver	function	projected	 into	the	model	space	

around	the	ray	path	also	mapped	into	the	model	space	(Figure	9).	

Let	𝛥K	 	be	 the	horizontal	distance	between	a	point	 in	 the	model	and	a	given	 receiver	

function	at	 the	same	depth.	The	Fresnel	 zone	half	width,	𝛥L,	 for	 the	receiver	 function	with	a	

dominant	wavelength	of	𝜆	at	depth	zk	is	defined	as	

𝛥L λ	 = 	 Z
[
+ 𝑧]

^
− 𝑧]^			(6).	
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3-dimensional layers for  P and S velocity down to 160km. The data set consists of 295 bins, one for each ray.  
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The	weighted	average	contribution	a	receiver	

function	gives	to	each	point	at	zk	in	the	slice	

is	then	defined	as	

ϒ 𝛥K = 	 𝑒
ab
ac

d

		(7).	

This	 yields	 a	 slice	 of	 subsurface	 velocity	

gradients	along	the	array	line	(section	5).	

4.12	Forward	modeling	overview	

At	 this	 phase	 of	 the	 experiment	

interpretation	of	the	resulting	scattered	wave	

image	will	 be	 required.	 Simple	1D	 synthetic	

seismograms	 are	 made	 to	 measure	

theoretical	 Sp	 conversion	amplitudes	across	

varying	hypothetical	scenarios	for	the	LAB,	or	

lack	 thereof	 (Figure	 10).	 The	 1D	 approach	

uses	 the	 reflectivity	 method	 of	 Fuchs	 and	

Mueller	 (1971).	 As	 there	 is	 much	 lateral	

heterogeneity	from	the	coast	to	the	Sierras	in	

terms	 of	 tectonic	 regime	 and	 geologic	 development,	 multiple	 scenarios	 are	 tested.	 From	 all	

previous	studies	of	the	LAB	in	the	region	the	range	of	values	for	Sp	conversion	amplitudes	are	

consistent	with	arrivals	across	sharp	and	broad	gradients	 from	10	to	25-km	with	5-10%	shear	

velocity	contrasts	(Figure	10).	If	the	LAB	arrival	is	weak	near	the	Isabella	Anomaly,	the	key	goal	

of	forward	modeling	will	be	to	determine	the	minimum	gradient	thickness	and	maximum	shear	
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velocity	contrast	that	would	result	in	an	arrival	amplitude	consistent	with	those	observed	in	the	

CCP	imaging.	

	

5.	Results	

5.1	CCP	imaging	results	

Figure	11	shows	a	CCP	image	across	the	main	line	of	the	CCSE	(Figure	2	&	13)	from	the	

coast	to	the	Sierras	using	918	binned	receiver	functions.	West	of	the	SAF	exist	a	 large	area	of	

localized	negative	velocity	gradients	(NVG)	from	45-85	km.	The	10-15km	wide	negative	arrivals	

consistently	show	conversions	at	6%	of	direct-S	nearest	to	the	coast	line	(-121.5°),	by	-121°	they	

have	diminished	to	~3.5%.	Across	the	Great	Valley	from	-120.45°	to	-119°	at	depths	70-100km,	

NVG	amplitudes	are	greater	than	2.5%	in	only	 isolated	sections.	The	 locations	of	the	greatest	
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NVG	amplitude	are	located		along	a	coherent	dipping	horizon	beneath	the	eastern	half	of	the	

Great	Valley,	but	at	most	only	<3%	of	direct-S.	Beginning	beneath	the	Sierra	Nevada	and	dipping	

West	to	the	middle	of	the	Great	Valley,	exists	a	sharply	defined	change	from	prominent	positive	

arrivals	consistent	in	depth	with	the	Moho	to	diminished	to	absent	arrivals	for	Ps	conversions.	

Positive	arrivals	appear	again	at	a	deeper	and	more	 localized	depth	at	the	eastern	end	of	the	

image	at	45km	depth	at	the	eastern	edge	of	the	image.		

	

5.2	Data	fold		

The	CCSE	array	recorded	continously	over	an	18	month	deployment	resulting	in	97	quality	

events	for	a	total	of	3,912	seismic	traces	(average	41	stations	per	event)	used	to	make	918	binned	

receiver	 functions.	Each	bin	has	an	average	of	4.4	source-receiver	pairs.	Hereafter	 in	 the	text	
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binned	receiver	functions	are	referred	to	as	receiver	functions.	Figure	12	shows	the	number	of	

receiver	 functions	 stacked	 at	 every	 point	 in	 the	 model	 systematically	 increasing	 toward	 the	

center	of	the	array	beneath	the	Great	Valley.	The	peak	in	data	fold	 is	the	approximate	lateral	

location	of	the	diminished	<3%	NVG	arrivals	observed	in	Figure	12.	This	is	important	as	low	signal-

to-noise	S	waveforms	are	common	in	the	valley	making	it	an	area	of	the	model	that	requires	the	

greatest	amount	of	stacking	to	achieve	quality	results.	The	edges	of	the	model	are	the	lowest	but	

still	well	over	100	receiver	functions.	The	west	dipping	trend	of	the	data	fold	alludes	to	the	fact	

that	the	bulk	source	of	the	events	used	in	this	experiment	came	from	the	western	Pacific.	
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Figure 13. Arrival amplitudes across the array consistent with the depth and parity of the LAB. Defined as the local minima below the Moho and shallower than 110 km. 
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5.3	NVG	arrival	amplitudes	

Figure	 13	 puts	 the	 NVG	 amplitudes	 into	 context	with	 the	 rest	 of	 the	major	 fault	 systems	 in	

California	as	well	as	 the	 lateral	outline	of	 Isabella	at	70km(red)	and	100km(blue).	NVG	arrival	

amplitudes	change	dramatically	when	crossing	the	SAF.	Within	25km	of	the	SAF,	the	amplitudes	

drop	below	4%.	The	smaller	conversions	in	the	Great	Valley	occur	at	the	lateral	locations	(and	

depths)	of	the	IA	within	its	100	and	70km	outlines	from	Wang	et	al.,	2012.	

5.4	Stacked	receiver	functions	

Five	traces	made	by	stacking	all	 receiver	 functions	across	distinct	areas	of	 interest	are	

shown	in	Figure	14.	The	power	spectra	across	all	receiver	functions	peaks	and	begins	to	taper	off	

by	about	0.24	Hz	(Figure	15),	indicating	a	dominant	period	of	~4	sec	across	each	receiver	function	

or	 about	 25km	dominant	wavelength	 at	 depths	 consistent	with	 the	 LAB.	 Since	 the	minimum	

resolvable	length	scale	is	λ/4	(Sheriff	&	Geldart,	1995),	layer	thicknesses	larger	than	6.25km	

are	resolvable.	This	is	primarily	controlled	by	the	frequency	content	of	the	source	mechanism	

and	 the	 bandpass	 filter	 from	 3-30s	 period	 applied	 to	 the	 receiver	 functions.	 The	 receiver	

functions	 in	 each	 stack	 were	 randomly	 resampled	 with	 replacement	 200	 times	 to	 find	 one	

standard	deviation	of	the	mean,	which	is	a	measure	of	the	stability	of	the	mean	amplitude	at	

each	depth	in	the	stacks.	1-sigma	standard	deviation	of	the	resampled	mean	varies	by	15-28%	of	

the	peak	NVG	amplitude	across	the	array.	The	amount	of	change	in	this	variation	across	the	array	

diminishes	in	proportion	to	source-receiver	pairs,	peaking	at	a	1-sigma	deviation	of	0.9%.	NVG	

amplitudes	greater	than	1-sigma	of	the	randomly	resampled	mean	are	evaluated	and	compared	

with	synthetic	receiver	functions	in	the	next	section	(5.5).	
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The	receiver	function	stack	at	A	on	the	coast	have	a	mean	NVG	amplitude	of	6.0%	±0.7.	

The	receiver	functions	at	B	just	west	of	the	SAF	have	a	mean	peak	NVG	arrival	amplitude	of	3.7%	

±0.7.	The	receiver	functions	at	C	just	east	of	the	SAF	have	a	mean	peak	NVG	amplitude	of	2.8%	

±0.9.	Points	D	and	E	 in	the	Great	Valley	have	very	small	negative	arrival	amplitudes	<0.9-3.0%	

±0.7.	D	goes	through	the	points	of	highest	NVG	amplitudes	in	the	Great	Valley.	
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5.5	Forward	modeling	

Four	 possible	 scenarios	 for	 LAB	 arrivals	 are	 evaluated	with	 1D	 synthetic	 seismograms	

shown	in	Figure	10.	Two	are	25km	gradients,	one	with	a	high	shear	velocity	contrast	(10%,	blue)	

and	one	with	a	low	contrast	(5%,	red).	The	other	two	are	over	a	10km	sharp	transition	at	both	a	

high	 (10%,	 black)	 and	 low	 (5%,	 magenta)	 contrast.	 The	 LAB	 arrival	 amplitudes	 in	 the	 sharp	

transitions	range	from	3.5-6.0%,	the	amplitudes	for	the	25km	gradient	scenarios	range	from	2.7-

1.8%.	 The	 stacked	 receiver	 functions	 at	 both	 A	 and	 B	 are	 consistent	 with	 the	 synthetic	

seismograms	for	a	sharp	LAB	transition	between	a	5-10%	shear	velocity	contrast.	The	stack	at	C	

is	comparable	with	some	hybrid	between	a	sharp/low	contrast	discontinuity	and	a	broad/high	

contrast	discontinuity.	The	stack	at	D	is	in	agreement	with	a	sharp	but	very	low	(<5%)	contrast	

discontinuity.	 The	 stacks	 at	E	 are	 below	 the	 arrival	 amplitudes	 for	 even	 the	most	 subtle	 LAB	

scenario	(low	contrast	25km	gradient).	
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6.Discussion	

	

Figure 15. i, the preferred interpretation of CCP image. ii, interpretation overlayed on the shear velocity model (Schmandt et al., 2015) used in CCP imaging. Topographic 
profile at the top with lateral width of the Isabella at 70km implied in Schmandt et al., 2015. Orange line denotes the interpretation for the negative arrival west of the SAF as 
conversions at the base of partially subducted Monterey lithosphere. Dashed line denotes the approximate base of a steeply ducting Monterey lithosphere suggested in 
other studies (e.g. Wang et al., 2013). Green line denotes the interpreted location of a continental LAB. Yellow line denotes a sharp west dipping boundary in conversions at 
the Moho consistent in dip and depth with a deep crustal shear zone at the base of the metamorphic belt along the Sierra foothills (Miller & Mooney, 1994). At the east end is 
a positive arrival ~45km in depth interpreted as conversions at a Moho beneath the Sierra Nevada, suggesting the hole observed in the Moho in other studies (e.g. Zandt et 
al., 2004) to be more localized to the west at these lattitudes and not consistent with detachment of overlying mantle lithosphere.
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6.1	Coastal	block	NVG	

High	amplitude	 (5-6%)	NVG	 in	 the	uppermost	mantle	exists	 from	45-75km	 in	 localized	

areas	beneath	the	coastline	up	to	the	SAF	(Figure	16),	which	I	interpret	to	be	a	conversion	caused	

by	 either	 the	 base	 of	 Monterey	 oceanic	 lithosphere	 or	 a	 juvenile	 LAB	 developed	 after	

underplating	of	the	Monterey	crust.	The	arrival	is	similar	in	depth	but	slightly	stronger	than	prior	

studies	 on	 the	 LAB	 in	 central	 California	 (Kumar	 et	 al.,	 2012;	 Ford	 et	 al.,	 2014).	 The	 dramatic	

differences	in	results	between	this	study	and	those	prior	(e.g.	Ford	et	al.,	2014)	are	likely	caused	

by	the	significant	differences	in	station	coverage	as	well	as	along-strike	heterogeneities	in	mantle	

structure	at	this	latitude.	Specifically,	the	Sp	results	from	the	CCSE	array	suggest	that	the	regional	

scale	contrast	in	Sp	converted	energy	across	the	San	Andreas	fault	detected	by	Ford	et	al.	[2014]	

is	locally	interrupted	at	this	latitude	because	of	the	IA.	

The	 strong	NVG	 beneath	 the	 coast	may	 represent	 the	 base	 of	Monterey	 lithosphere.	

Reflection	studies	showing	the	depth	of	the	Monterey	crust	at	the	coastal	block	to	be	no	more	

than	22km	implies	these	conversions	could	not	be	from	the	top	of	the	oceanic	plate.	If	the	NVG	

represents	conversions	at	the	bottom	of	the	Monterey	slab	then	the	fossil	slab	would	be	between	

23-53km	thick.	The	melt-depleted	and	dehydrated	section	beneath	young	oceanic	crust	near	the	

East	Pacific	Rise	is	50-60km	thick	(Evans	et	al.,	2005).	If	a	similar	lithosphere	beneath	a	partially	

subducted	Monterey	crust	exists	then	an	NVG	between	~70-85km	would	be	expected	beneath	

the	coast,	which	would	be	consistent	with	the	deeper	arrivals	for	the	NVG	at	the	coast.	While	this	

cause	would	be	 consistent	with	 the	deeper	 arrivals,	 it	 does	not	 explain	 the	 localized	 shallow	

arrival	at	45km	beneath	the	coast.			
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Alternatively,	 if	 the	Monterey	 crust	 was	 underplated	 at	 the	margin	while	 the	mantle	

lithosphere	of	Monterey	continued	to	subduct,	the	NVG	represents	a	juvenile	LAB	at	the	bottom	

of	a	thin	thermal	boundary	layer.	This	would	be	consistent	with	conductive	cooling	models	of	

thermal	 boundary	 layer	 growth	 (e.g.	 Parsons	 &	 Sclater,	 1977;	 Stein	 &	 Stein,	 1992)	 with	 a	

depression	of	the	1200℃	isotherm	by	20-30km	over	~20	myr.,	predicting	an	NVG	at	~50km.	This	

would	be	consistent	with	the	shallow	arrival	at	the	coast	at	45km	depth	but	not	consistent	with	

the	deeper	arrivals	at	70-85km	depth.		

With	both	of	these	plausible	and	mutually	exclusive	explanations	for	the	coastal	NVG,	the	

arrivals	cannot	constrain	the	presence	or	absence	of	Monterey	slab	beneath	the	coastal	block.	

Although	we	cannot	clearly	distinguish	based	on	the	new	Sp	CCP	 imaging	alone,	the	 localized	

absence	 of	 coastal	 block	magmatism	 (Wilson	 et	 al.,	 2005)	 suggests	 the	 complete	 removal	 of	

Monterey	mantle	 lithosphere	 is	 unlikely,	 favoring	 the	 NVG	 occurring	 across	 the	 base	 of	 the	

Monterey	lithosphere.	

6.2	Absent	to	weak	NVG	in	the	Great	Valley	

NVG	amplitudes	east	of	the	SAF	are	less	than	half	(<1-3%)	of	those	west	of	the	SAF	and	

lie	between	1	to	2-sigma	bootstrap	resampling	uncertainty.	The	NVG	arrivals	are	contained	to	

two	areas,	a	single	localized	arrival	at	approximately	-120.45	longitude	and	a	mostly	coherent	

and	 dipping	 section	 across	 the	 eastern	 half	 of	 the	 valley.	 I	 interpret	 these	 arrivals	 in	 two	

scenarios.	The	first	is	that	the	dipping	arrivals	are	conversions	at	a	shallow	subducting	plate	that	

has	retained	a	basaltic	crust	yet	to	transform	to	eclogite.	The	second	is	that	the	dipping	arrivals	

are	conversions	at	the	base	of	continental	lithosphere	which	is	obstructed	at	the	west	end	of	the	

valley	by	a	steeply	dipping	oceanic	lithosphere.		
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	 The	first	scenario,	a	shallow	dipping	plate	with	basaltic	crust,	would	require	the	transition	

of	basaltic	crust	to	eclogite	to	be	delayed	up	to	at	least	100km	depth	in	order	to	be	consistent	

with	 the	dipping	NVG.	However,	 this	would	also	 require	 the	dipping	NVG	 to	overly	a	dipping	

oceanic	 Moho	 (e.g.	 Li	 et	 al.,	 2003;	 Peacock,	 1993),	 which	 is	 not	 shown	 in	 the	 CCP	 image.	

Furthermore,	the	transition	of	basaltic	crust	to	eclogite	in	a	warm	subduction	zone	is	expected	

to	happen	beginning	at	about	50-60km	depth	(Fukao	et	al.,	1983;	Peacock,	1993).	This	would	

result	 in	diminished	to	negligible	Sp	conversions	which	 is	also	not	consistent	with	the	dipping	

NVG	 (e.g.	 Bostock,	 2002).	 Since	 this	 dipping	 horizon	 exists	 only	 below	 60km	 and	 is	 also	 not	

accompanied	with	an	oceanic	Moho,	this	would	not	be	consistent	with	either	a	delayed	transition	

of	basalt	to	eclogite	or	an	eclogitic	crust.	Consequently,	a	different	explanation	appears	necessary	

for	the	NVG	at	the	eastern	end	of	the	CCSE	array.		

The	 second	 scenario,	 a	 dipping	 continental	 LAB	obstructed	 at	 the	western	 end	of	 the	

Great	Valley	by	more	steeply	dipping	oceanic	Monterey	lithosphere,	would	require	the	IA	to	be	

constrained	to	the	western	half	of	the	Great	Valley.	Modern	tomography	(Schmandt	et	al.,	2015;	

Figure	8)	suggests	the	IA	to	be	more	constrained	to	the	western	half	of	the	Great	Valley	than	

prior	studies	(Wang	et	al.,	2013)	and	located	over	the	approximate	location	of	the	gap	in	NVG	

arrivals	at	the	west	end	of	the	valley.	This	location	lacks	a	coherent	horizon	of	arrivals	except	for	

a	single	highly	localized	low-amplitude	NVG	arrival	at	-120.45	longitude.	If	Monterey	lithosphere	

begins	to	have	a	steeper	dip	just	east	of	the	San	Andreas	fault,	as	has	been	suggested	in	prior	

studies	 (e.g.	Wang	 et	 al.,	 2013;	 Pikser	 et	 al.,	 2012),	 the	 slab	 interfaces	 could	 be	 beyond	 the	

theoretical	limit	for	reliable	recovery	with	receiver	function	CCP	imaging	(Mackenzie	et	al,	2010;	



-	32	-	 	

Cassidy,	1992).	In	this	context	the	localized	weak	NVG	arrival	beneath	the	western	Great	Valley	

could	be	an	artifact	of	CCP	imaging	of	a	steeply	dipping	structure.		

More	generally	the	obstruction	of	NVG	arrivals	at	this	longitude	indicates	there	is	not	a	

sharp	sub-horizontal	boundary	between	continental	lithosphere	and	asthenosphere	

immediately	east	of	the	SAF	at	the	latitude	of	the	CCSE	array.	If	the	disruption	of	the	NVG	arrivals	

beneath	the	western	Great	Valley	is	caused	by	a	steeply	dipping	slab,	then	the	re-appearance	of	

NVG	 arrivals	 farther	 east	 is	 expected	 to	 result	 from	 an	 NVG	 at	 the	 base	 of	 North	 American	

lithosphere	east	of	the	Isabella	Anomaly.	This	would	be	congruent	with	the	gap	in	slab-window	

volcanism	(Wang	et	al.,	2013;	McLaughlin	et	al.,	1996)	at	this	latitude	and	the	presence	of	sub-

horizontal	Monterey	microplate	oceanic	crust	beneath	coastal	California	(Meltzer	and	Levander,	

1991).		

The	preferred	interpretation	here	is	that	the	dipping	NVG	horizon	beneath	the	eastern	

half	of	 the	valley	 is	more	consistent	with	the	base	of	continental	 lithosphere.	The	diminished	

amplitude	 for	 this	 LAB	 would	 be	 comparable	 with	 decreased	 Sp	 conversions	 beneath	 thick	

continental	lithosphere	at	80-100km	depth	(Abt	et	al.,	2010;	Kind	et	al.,	2012),	and	indicate	that	

there	has	not	been	complete	removal	of	mantle	lithosphere	beneath	the	Sierra	Nevada	foothills	

at	 this	 latitude.	Such	an	 interpretation	would	also	agree	with	 the	Ps	conversion	arrival	at	 the	

eastern	edge	of	the	CCP	image	indicating	a	Moho	at	the	western	edge	of	the	Sierra	Nevada	(Hoots	

et	 al.,	 2015).	 The	 presence	 of	 thick	mantle	 lithosphere	 along	 the	western	 edge	 of	 the	 Sierra	

Nevada	would	also	be	consistent	 low	mantle	heat	flux	 in	the	Sierra	Nevada	foothills	and	high	

mantle	heat	flux	in	the	high	Sierra	Nevada	(Saltus	&	Lachenbruch,	1991).	Such	an	interpretation	

is	 still	 consistent	with	detachment	of	 lower	mantle	 lithosphere	 to	 the	east	of	 the	CCP	 image	
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associated	with	 the	high	elevation	area	of	 the	 southern	Sierra	Nevada	batholith	 (Liu	&	Shen,	

1998).		

6.3	Sierra	Nevada	foothills	Moho	

In	the	CCP	image	under	the	Great	Valley	there	is	weak	or	absent	Moho	conversion	and			

farther	 east	 a	 positive	 arrival	 appears	 at	 ~45km	 depth	 beneath	 the	 Sierra	 foothills.	 This	 is	

consistent	with	Ps	CCP	imaging	using	the	CCSE	array	data	(Hoots	et	al.,	2015).	The	Moho	arrival	

that	 is	 shown	 is	 somewhat	 shallower	 than	 prior	 estimates	 farther	 to	 the	 north	 in	 the	 Sierra	

foothills	(~50-55	km;	Frasseto	et	al.,	2011).	Prior	studies	did	not	clearly	image	a	Moho	beneath	

the	 foothills	 and	 have	 suggested	 it	 was	 due	 to	 partial	 entrainment	 of	 lower	 crust	 into	 a	

lithospheric	drip	associated	with	the	Isabella	(Zandt	et	al.,	2004).	The	positive	Sp	arrival	found	

beneath	the	Sierra	Nevada	foothills	could	make	the	prior	interpretation	of	a	Moho	hole	locally	

unnecessary	or	suggest	a	smaller	area	of	crustal	entrainment	away	from	the	latitude	of	the	CCSE	

array.	

6.4	Deep	crustal	shear	zone	

Near	and	above	the	expected	Moho	depth	beneath	the	Sierra	Nevada	foothills,	the	CCP	

image	shows	a	sharply	west-dipping	transition	from	positive	to	negative	conversions.	Preliminary	

Ps	receiver	 function	 imaging	also	highlights	 this	 feature	 (Hoots	et	al.,	2015).	This	 feature	 is	 in	

agreement	in	dip	and	depth	with	a	sharp	west	dipping	reflector	imaged	by	Miller	et	al.,	1994	that	

was	interpreted	as	a	deep	crustal	shear	zone	along	the	base	of	the	metamorphic	belt	along	the	

Sierra	 Nevada	 foothills.	 An	 alternative	 interpretation	 suggests	 this	 feature	 is	 the	 top	 of	 an	

accreted	 ophiolite	 (Godfrey	 and	 Klemperer,	 1998).	 Regardless	 of	 interpretation	much	 of	 this	

dipping	interface	may	be	too	shallow	to	be	accurately	represented	by	Sp	CCP	imaging.	
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6.5	Conclusion	

CCP	 receiver	 function	 imaging	 of	 Sp	 converted	waves	 shows	 a	 prominent	 uppermost	

mantle	NVG	west	of	the	SAF,	which	is	interpreted	as	the	base	of	the	partially	subducted	Monterey	

microplate.	These	Sp	conversions	west	of	the	SAF	are	in	agreement	with	a	sharp	LAB	contrast,	

but	the	wide	range	in	depth	of	observed	NVG	arrivals	beneath	the	coastal	block	suggests	greater	

structural	complexity	than	a	single	sharp	LAB.	Whether	the	mantle	section	of	the	lithosphere	is	

composed	of	Monterey	microplate	mantle	or	North	America	forearc	mantle	is	unknown	based	

on	seismic	imaging	alone,	but	the	absence	of	post-subduction	magmatism	on	the	coastal	block	

favors	a	Monterey	fossil	slab	origin.	

Immediately	east	of	the	SAF,	a	weak-to-absent	NVG	horizon	is	interpreted	as	an	area	of	

Monterey	whose	lithosphere-asthenosphere	boundary	becomes	undetectable	as	the	plate	dips	

too	 steeply	 for	 reliable	 recovery	 in	 CCP	 imaging.	 This	 larger	 scale	 gap	 in	 a	 NVG	 horizon	

approximately	 coincides	with	 the	width	 of	 the	 IA.	 Even	 though	 CCP	 imaging	 showing	 a	 local	

disruption	of	the	LAB	cannot	constrain	the	origin	of	Isabella	without	also	improving	the	velocity	

structure	model	 that	 is	 used	 to	migrate	 receiver	 functions,	 it	 does	 imply	 that	 the	anomaly	 is	

attached	or	at	 least	adjacent	 to	 the	overlying	North	American	 lithosphere.	The	results	of	 this	

study	that	show	a	week-to-absent	NVG	east	of	the	SAF	could	be	addressed	with	a	more	thorough	

treatment	of	CCP	imaging	such	as	a	migration	using	a	3-D	velocity	model	to	accurately	constrain	

the	amplitude	and	polarity	of	scattered	arrivals	from	steeply	dipping	interfaces	(e.g.	Abe	et	al.,	

2011;	de	Kool	et	al.,	2006).	Forward	modeling	to	evaluate	the	accuracy	of	future	scattered	wave	

images	could	also	be	improved	through	use	of	2-D	or	3-D	elastic	wave	propagation	(e.g.,	Graves,	

1996).		
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If	the	preferred	interpretation	in	this	study	is	correct	and	the	weak-to-absent	NVG	is	a	

result	of	steeply	dipping	Monterey	lithosphere	east	of	the	SAF,	it	would	mean	this	young	oceanic	

lithosphere	 has	 undergone	 >300km	 of	 translation	 with	 pacific	 plate	 motion	 beneath	 North	

America	since	18	Ma	without	breaking	apart	 (Nicholson	et	al.,	1994;	Pikser	et	al.,	2012).	One	

aspect	 of	 the	 CCP	 imaging	 that	 potentially	 conflicts	 with	 the	 interpretation	 above	 is	 that	 a	

localized	NVG	arrival	exists	within	this	gap.	This	spatially	isolated	NVG	arrival	may	be	an	imaging	

artifact	associated	with	steeply	dipping	structures.		

Sp	receiver	function	CCP	imaging	results	also	show	a	low	amplitude	NVG	dipping	to	the	

east	in	the	eastern	half	of	the	Great	Valley	down	to	about	100km.	This	would	be	consistent	with	

conversions	at	a	LAB	at	the	base	of	continental	 lithosphere	at	the	western	edge	of	the	Sierra	

Nevada	foothills.	Sharp	changes	in	arrivals	near	above	the	foothills	Moho	suggest	a	west	dipping	

crustal	 interface	 extending	 to	 about	 30	 km	 depth.	 A	 positive	 amplitude	 arrival	 from	 Ps	

conversions	at	the	eastern	limit	of	the	CCP	detected	at	45	km	below	the	Sierra	Nevada	foothills	

suggests	that,	at	least	at	this	latitude,	the	hole	in	the	Moho	shown	in	prior	studies	of	the	Sierra	

Nevada	lithosphere	is	more	constrained	to	the	Great	Valley.	At	least	at	this	latitude,	this	would	

indicate	there	is	not	active	entrainment	of	Sierra	Nevada	foothills	lower	crust	into	the	mantle.	

The	results	of	this	study	and	subsequent	interpretations	generally	in	agreement	with	the	tectonic	

origin	theory	for	the	 IA	(Wang	et	al.,	2013;	Pikser	et	al.,	2012)	that	suggests	the	anomaly	 is	a	

continuation	of	Monterey	oceanic	lithosphere	that	begins	to	dip	steeply	on	the	east	side	of	the	

SAF.			
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