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Abstract	
	

Volcanic	activity	in	the	southwest	Pacific	Ocean	provides	ample	opportunity	

to	study	various	tectonic	settings	spanning	as	much	as	~140	million	years.	High-

precision	stable	and	radiogenic	isotopes	are	powerful	geochemical	tools	capable	of	

identifying	melt	source	contributions	and	petrological	processes	in	mantle-derived	

melts	in	various	tectonic	settings,	expanding	our	understanding	of	the	dynamics	of	

underlying	Pacific	mantle	domains.	

In	this	dissertation,	I	present	methodological	improvements	to	Fe	isotopic	

measurement	methods	capable	of	achieving	an	analytical	precision	of	±0.046‰.	An	

accompanying	secondary	statistical	correction	can	account	for	instrumental	drift	

between	analyses.	At	such	high	precision,	potential	exists	to	resolve	Fe	isotope	

fractionation	behavior	in	response	to	processes	such	as	melting,	fractionation,	and	

metasomatism	in	ultramafic	materials.	Predictable	Fe	isotope	behavior	can	also	be	

used	to	identify	isotopically	distinct	source	compositions	contributing	to	mantle-

derived	melts.	Here,	Fe	isotope	behavior	is	characterized	in	a	suite	of	young	

boninitic	melts	from	the	Mata	Volcanic	Field,	located	in	the	northeastern	Lau	Basin.	

The	combination	of	δ56Fe	and	melt	compositions	suggest	that	Mata	volcanoes	see	

variable	input	from	a	subduction	fluid-like	component,	and	the	degree	of	its	

contribution	may	be	influenced	by	proximity	to	the	Tonga	forearc	versus	nearby	

backarc	basin	spreading	centers.	

The	isotopically	distinct,	long-lived	(120+	Myr)	Rurutu	hotspot	track	is	a	

third	potential	constraint	to	hotspot-based	Pacific	absolute	plate	motion	models,	

which	are	subject	to	large	model	uncertainty,	particularly	after	~47-50	Ma.	Located	
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in	a	geologically	complex	region	of	the	southwest	Pacific	known	as	the	“Hotspot	

Highway”,	other	hotspot	tracks	overlap	with	the	Rurutu	track,	requiring	use	of	

radiogenic	(Sr-Pb-Nd-Hf)	isotope	ratios	to	identify	Rurutu-origin	seamounts.	Paired	

with	40Ar-39Ar	age	data,	I	present	evidence	of	age-progressive	(~75-42	Ma),	dual	

track	Rurutu	volcanism	in	the	Tuvalu	chain.	Additionally,	I	present	a	computational	

method	that	identifies	the	highest-probability	location	and	age	of	the	Rurutu	Bend,	

analogous	to	the	~47-50	Ma	Hawaiian-Emperor	Bend.	Identification	of	this	~50-49	

Ma	Bend	in	the	Rurutu	hotspot	track	confirms	the	continuity	of	Rurutu	volcanic	

activity	throughout	the	Pacific	ocean	basin,	establishing	its	importance	as	a	third	

major,	singly-sourced	constraint	on	Pacific	absolute	plate	motion.	
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CHAPTER	1.	INTRODUCTION	 1	

1.1.Dissertation	theme	 2	

The	southwest	Pacific	hosts	volcanic	activity	spanning	a	range	of	roughly	140	 3	

million	years,	from	Cretaceous	Era	large	igneous	provinces	to	modern-day	activity	at	 4	

tectonic	boundaries	and	within	plates	(e.g.,	Konter	et	al.,	2008;	Koppers	et	al.,	2004,	2003;	 5	

Mahoney	et	al.,	2005;	Resing	et	al.,	2011).	The	region,	particularly	from	the	Wake	Island	 6	

chain	southward	to	the	Tuvalu	chain	and	Lau	Basin	(Figure	1.1),	has	been	only	partially	 7	

explored	because	of	its	remote	location,	extremely	large	area,	and	commonly	deeply	 8	

submerged	volcanoes.	Studies	of	volcanic	activity	in	the	southwest	Pacific	have	proven	 9	

crucial	to	our	understanding	of	the	fundamental	principles	of	mantle	dynamics,	plate	 10	

tectonics,	and	magmatic	evolution	of	seamounts	(Nakanishi	et	al.,	1999;	Taylor,	2006;	 11	

Taylor	et	al.,	1996;	Wessel	and	Kroenke,	2008).	Central	to	understanding	these	dynamics	is	 12	

the	ability	to	evaluate	the	geochemical	and	petrogenetic	signatures	preserved	in	rocks	 13	

erupted	from	these	seamounts.	Isotopic	signatures	from	stable	or	radiogenic	isotope	 14	

systems,	when	combined	with	other	age	or	geochemical	data,	become	powerful	tracers	of	 15	

processes	influencing	the	development	of	igneous	systems	(e.g.,	Konter	et	al.,	2016,	2008;	 16	

Sossi	et	al.,	2012;	Staudigel	et	al.,	1991;	Teng	et	al.,	2013;	Williams	et	al.,	2005).	These	 17	

signatures	also	provide	clues	into	compositions	of	the	heterogeneous	mantle	sources	from	 18	

which	melts	are	generated	(e.g.,	Hanyu	and	Kaneoka,	1997;	Jackson	et	al.,	2007;	Salters	et	 19	

al.,	2011;	Zindler	and	Hart,	1986).	Studying	the	origins	of	these	mantle	heterogeneities	 20	

expressed	at	Earth’s	surface	allows	extrapolation	into	Earth’s	mantle	and	the	dynamic	 21	

processes	driving	its	evolution,	both	past	and	present.	 22	
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This	dissertation	presents	improvements	to	Fe	isotope	analytical	methods,	 23	

statistical	approaches,	and	new	isotope	data	from	southwest	Pacific	volcanoes	to	 24	

investigate	contributions	to,	and	evolution	of,	oceanic	volcanism	(Figure	1.1).	Stable	and	 25	

radiogenic	isotope	geochemistry	are	powerful	tools	capable	of	tracing	processes	and	 26	

sources	that	are	otherwise	difficult,	if	not	impossible	to	trace	through	other	methods.	The	 27	

utility	of	isotope	work	is	increased	by	the	ability	to	maximize	current	instrumental	 28	

precision	and	developing	methods	to	improve	data	quality.	Maximizing	data	quality	allows	 29	

us	to	identify	subtle	geochemical	patterns	in	a	magmatic	dataset.	Chapter	2	presents	a	new	 30	

high-precision	Fe	isotope	measurement	technique	and	data	quality	analysis	based	on	 31	

robust	statistical	approaches.	Fe	isotopes	are	a	relatively	new	tool	used	in	geochemical	 32	

investigations	of	high-temperature	environments	that	require	the	highest	achievable	 33	

analytical	precision	to	resolve	magmatic	variations.	Chapter	3	uses	high-precision	Fe	 34	

isotopes	in	combination	with	compositional	data	to	explore	magmatic	processes	in	the	 35	

northern	Lau	backarc,	the	site	of	a	rare,	early-stage	backarc	environment	that	has	recently	 36	

erupted	boninitic	lavas.	Few	Fe	isotope	data	exist	for	subduction	zones,	and	controls	on	Fe	 37	

isotope	variations	in	subduction-related	melts	are	not	fully	understood	(Sossi	et	al.,	2016).	 38	

However,	an	early-stage	subduction	environment	is	the	ideal	setting	to	study	the	response	 39	

of	redox-sensitive	Fe	isotope	ratios	to	generation	of	highly	oxidized,	high-degree	flux	melts.	 40	

North	of	the	Vitiaz	Lineament	bounding	the	north	terminus	of	the	Lau	Basin	lies	the	Tuvalu	 41	

island	chain,	the	site	of	Chapter	4.	In	this	study,	I	use	a	combination	of	Sr-Pb-Nd-Hf	isotopes	 42	

and	age	data	to	identify	and	characterize	a	missing	segment	of	the	long-lived,	yet	under- 43	

recognized	Rurutu	hotspot.	This	work	builds	on	studies	of	nearby,	related	volcanic	chains	 44	

(Bonneville	et	al.,	2002;	Konter	et	al.,	2008;	Koppers	et	al.,	2007,	2003;	Staudigel	et	al.,	 45	
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1991)	to	trace	the	Rurutu	hotspot	track	through	the	Tuvalu	island	chain,	revealing	its	~49	 46	

Ma	morphological	bend	(referred	to	herein	as	the	“Bend”).	The	Rurutu	Bend	is	akin	to	the	 47	

characteristic	Hawaiian-Emperor	Bend	that	occurred	between	~47-50	Ma,	thought	to	 48	

correspond	to	initiation	of	subduction	along	the	Izu-Bonin-Mariana	arc	system	(Sharp	and	 49	

Clague,	2006).	Besides	locating	this	Bend	in	the	newly-characterized	Tuvalu	segment,	the	 50	

data	define	a	bilaterally	zoned	plume.	Identification	of	Tuvalu	seamounts	belonging	to	 51	

Rurutu	confirms	an~120	Ma	record	of	Pacific	plate	motion,	restoring	Morgan's	(1972)	 52	

forgotten	“Austral-Gilbert-Marshall”	hotspot	track	as	a	major	Pacific	tectonic	feature.		 53	

	 54	

1.2.	Isotope	geochemistry	and	applications	to	magmatic	and	tectonic	processes	 55	

This	section	briefly	explains	the	fundamental	principles	of	stable	and	radiogenic	 56	

isotope	fractionation,	and	the	utility	of	these	tools	in	mantle	exploration	settings.	These	are	 57	

included	to	provide	background	and	a	brief	literature	review	of	the	principles	upon	which	 58	

interpretation	of	isotope	data	are	based.	 59	

	 60	

1.2.1.	Stable	isotope	fractionation	(Fe)	 61	

Stable	isotopes	of	elements	are	isotopes	whose	abundance	in	the	Solar	System	 62	

remain	constant,	although	now-extinct	decay	systems	influenced	isotopic	abundances	of	 63	

some	elements	early	in	Earth’s	history.	Commonly	analyzed	stable	isotope	systems	include,	 64	

but	are	not	limited	to,	the	so-called	“traditional”	light	elements	–	such	as	N,	O,	C	–	and	the	 65	

“non-traditional”	heavier	elements	–	such	as	Fe,	Mg,	Si,	and	Cr.	While	global	averages	of	 66	

stable	isotope	abundances	remain	constant	with	time,	it	is	possible	to	change	stable	isotope	 67	

ratios	in	systems	within	Earth	via	several	fractionation	mechanisms,	detailed	below.	These	 68	
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mechanisms	can	be	grouped	into	two	categories:	1)	Mass-independent	and	2)	mass- 69	

dependent.	Mass-independent	processes	such	as	nuclear	volume	(Schauble,	2007)	or	 70	

magnetic	isotope	(Buchachenko,	2001)	effects	may	fractionate	stable	isotopes	in	specific	 71	

settings.	The	nuclear	volume	effect	is	thought	to	be	significant	in	very	heavy	elements	such	 72	

as	mercury	or	uranium	(Schauble,	2007;	Schauble	et	al.,	2009),	and	the	magnetic	isotope	 73	

effect	is	not	thought	to	be	significant	at	magmatic	temperatures	(Buchachenko,	2001).	For	 74	

Fe,	redox	state	produces	the	most	significant	fractionation	effects	in	igneous	systems	 75	

(Dauphas	et	al.,	2014)	of	all	known	fractionation	mechanisms;	therefore	mass-independent	 76	

mechanisms	will	not	be	discussed	further	in	this	dissertation.	The	second	category,	mass- 77	

dependent	fractionation,	includes	several	distinct	processes,	discussed	in	more	detail	 78	

below.	Mass-dependent	fractionation	is	a	kinetic	principle;	displacing	a	lighter	isotope	 79	

requires	less	energy	than	a	heavier	isotope,	both	in	chemical	bonds	and	chemical	or	 80	

thermal	diffusion	gradients	(e.g.,	Huang	et	al.,	2010;	Sio	et	al.,	2013;	Teng	et	al.,	2011).	 81	

Equilibrium	fractionation	is	another	process	common	in	stable	isotope	systems.	For	Fe,	 82	

equilibrium	fractionation	is	known	to	occur	between	oxidation	states	of	Fe	(e.g.,	elevated	 83	

Fe3+/Fe2+	typically	correlates	with	an	increase	in	δ56Fe).	This	makes	stable	isotope	systems	 84	

useful	tracers	of	mass-dependent	processes	affecting	an	evolving	system,	particularly	with	 85	

common	rock-forming	elements	that	are	ubiquitous	in	most	terrestrial	environments.	 86	

Prior	to	advances	in	multicollection	mass	spectrometry	in	the	early	2000s,	stable	 87	

isotopic	fractionation	of	elements	heavier	than	the	traditional	light	elements	was	 88	

considered	to	be	negligible	in	high-temperature	settings	(Beard	and	Johnson,	1999).	 89	

Improvements	in	analytical	precision,	however,	revealed	small	(<1‰)	systematic	 90	

fractionation	patterns	in	igneous	Fe	isotopic	ratios	(e.g.,	Konter	et	al.,	2016;	Schuessler	et	 91	
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al.,	2009;	Sossi	et	al.,	2012;	Teng	et	al.,	2013,	2008;	Williams	et	al.,	2005;	Zambardi	et	al.,	 92	

2014).	Further	study	and	modeling	of	igneous	Fe	isotopic	fractionation	processes	have	 93	

since	become	possible,	including	the	potential	to	distinguish	characteristic	signatures	of	 94	

ultramafic	mantle	mineral	phases,	and	mantle	materials	affected	by	changes	in	oxidation	 95	

state	(Dauphas	et	al.,	2014,	2009a;	Sossi	et	al.,	2012;	Teng	et	al.,	2008;	Williams	et	al.,	 96	

2004).	 97	

Mechanisms	known	to	fractionate	Fe	isotope	ratios	magmatically	include	 98	

assimilation/fractional	crystallization	(AFC)	(Xhu	et	al.,	2002),	fractional	melting,	changes	 99	

in	redox	state	(as	Fe	can	exist	in	2+,	3+,	and	0	valence	states)	(Sossi	et	al.,	2012),	and	kinetic	 100	

or	equilibrium	fractionation	between	phases	(Sio	et	al.,	2013).	Typical	mass-dependent	 101	

fractionation	occurs	as	a	kinetic	effect;	the	result	of	heavier	isotopes	forming	stronger	 102	

bonds	than	lighter	isotopes.	Correspondingly,	more	energy	is	required	to	break	bonds	with	 103	

heavier	isotopes	than	those	with	lighter	isotopes.	More	strongly	bonded	phases	(or	melts	 104	

generated	from	sources	where	Fe3+	is	more	incompatible,	such	as	mantle	peridotite)	 105	

typically	display	net	heavier	Fe	isotopic	compositions	(e.g.	Polyakov	and	Mineev,	2000;	 106	

Schoenberg	and	Von	Blanckenburg,	2005;	Weyer	and	Ionov,	2007;	Williams	et	al.,	2012,	 107	

2004).	The	Fe	isotopic	effects	generated	in	these	settings,	though,	tend	to	remain	small.	The	 108	

magnitude	of	fractionation	decreases	with	increasing	temperature	approximating	~1/T2	 109	

(Polyakov	and	Mineev,	2000).	As	temperature	increases,	the	greater	available	energy	in	a	 110	

system	reduces	the	probability	of	disrupting	a	chemical	bond	with	a	lighter	isotope	over	a	 111	

heavier	isotope.	Similarly,	higher	temperatures	correlate	with	smaller	differences	in	bond	 112	

strength	between	different	isotopes,	which	also	factors	into	relatively	small	fractionation	in	 113	

magmatic	settings.	For	Fe,	this	translates	to	<1‰	variations	in	igneous	materials,	making	 114	
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reliable,	precise	analysis	of	stable	isotopic	variations	in	igneous	systems	challenging	(e.g.,	 115	

Dauphas	et	al.,	2009;	Dideriksen	et	al.,	2006;	Millet	et	al.,	2012;	Weyer	and	Schwieters,	 116	

2003).	However,	these	challenges	can	be	overcome	by,	increasing	precision	of	analytical	 117	

techniques,	and	for	some	systems,	using	isotopic	“spikes”	or	averages	of	repeated	 118	

measurements	via	standard-sample	bracketing	to	correct	for	instrumental	fractionation.		 119	

Recent	application	of	techniques	such	as	X-ray	Absorption	Near	Edge	Structure	 120	

(XANES;	Cottrell	et	al.,	2009;	Cottrell	and	Kelley,	2013)	and	Nuclear	Resonant	Inelastic	X- 121	

ray	Scattering	(NRIXS;	Dauphas	et	al.,	2014)	have	provided	insight	into	the	mechanisms	of	 122	

crystallization-driven	Fe	fractionation	in	igneous	systems.	Fe3+	does	not	partition	in	any	 123	

significant	quantity	into	olivine	(Dauphas	et	al.,	2014);	thus	as	olivine	fractionates	from	a	 124	

melt,	Fe2+	is	depleted,	increasing	Fe3+/Fe2+melt	and	correspondingly	the	melt	oxygen	 125	

fugacity	(Sossi	et	al.,	2012).	NRIXS	measurements	of	57Fe	in	olivine	reveals	that	its	bond	 126	

strength	is	comparable	to	that	of	many	host	melts	in	which	olivine	may	precipitate	 127	

(Dauphas	et	al.,	2014),	and	produces	results	in	agreement	with	XANES	(Cottrell	and	Kelley,	 128	

2013)	and	Mössbauer	techniques	(e.g.	Polyakov	and	Mineev,	2000).	This	similarity	in	bond	 129	

strength	indicates	that	Fe2+	incorporation	into	olivine	alone	is	not	a	significant	source	of	 130	

isotopic	fractionation	of	the	melt	(Dauphas	et	al.,	2014).	Instead,	the	significant	equilibrium	 131	

fractionation	between	Fe2+	and	Fe3+	oxidation	states,	which	concentrate	heavier	isotopes	 132	

into	the	more	oxidized	(higher	bond	strength)	state,	drives	major	isotopic	shifts	of	melts	 133	

(Dauphas	et	al.,	2014;	Sossi	et	al.,	2012).	Thus,	crystal	fractionation	indirectly	controls	melt	 134	

oxidation	state,	and	therefore	Fe	isotopic	composition	(Dauphas	et	al.,	2014).	 135	

Changes	in	redox	in	igneous	systems	convert	Fe	between	its	2+	and	3+	oxidation	 136	

states.	Fe	isotopic	fractionation	from	oxidation	follows	a	mass-dependent	principle,	with	 137	
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oxidized	compositions	preferentially	retaining	net	heavier	Fe	during	equilibrium	 138	

fractionation	with	Fe2+.	Several	magmatic	processes,	including	metasomatism,	melting,	and	 139	

crystallization	can	affect	redox	states	of	mantle	domains	and	mantle-derived	melts.	 140	

Metasomatic	fluids	are	commonly	implicated	in	the	oxidation	of	mantle	domains	 141	

(Williams	et	al.,	2004).	Fe-depletion	by	metasomatism	more	easily	disrupts	the	bonds	of	 142	

lighter	Fe	isotopes,	leaving	behind	a	net	higher	isotopic	signature	in	metasomatized	mantle	 143	

(e.g.,	Debret	et	al.,	2016;	Konter	et	al.,	2016;	Su	et	al.,	2015).	Accordingly,	melt	produced	 144	

from	oxidized,	higher	fO2	mantle	is	thought	to	yield	heavier	Fe	isotopic	compositions	than	 145	

lower	fO2	sources	(Konter	et	al.,	2016;	Sossi	et	al.,	2012).		 146	

Assimilation/fractional	crystallization	(AFC)	processes	are	common	in	magmatic	 147	

systems.	Assimilation	involves	digestion	of	host	rock	or	other	pre-existing	material	by	a	 148	

magma.	Fractional	crystallization	involves	the	formation	and	separation	of	mineral	phases	 149	

that	precipitate	as	a	melt	evolves.	These	processes	produce	predictable	mineral-melt	 150	

fractionation	patterns,	making	it	possible	to	quantitatively	model	the	isotopic	evolution	of	a	 151	

system	(e.g.	Dauphas	et	al.,	2009a;	Teng	et	al.,	2008;	Williams	et	al.,	2004;	Konter	et	al.,	 152	

2016).	This	in	turn	can	be	used	as	a	predictive	tool	for	Fe	isotopic	compositions	in	certain	 153	

mantle	systems	and	a	method	by	which	to	identify	potential	initial	isotopic	conditions	of	 154	

primary	mantle	melts	and	the	depleted	mantle	sources	feeding	volcanic	systems.	Mantle	Fe	 155	

isotopic	composition,	therefore,	may	be	useful	as	a	proxy	for	oxidation	state,	useful	to	infer	 156	

influence	of	chemical	processes	(e.g.,	metasomatism,	assimilation-fractional	crystallization,	 157	

melting,	zone	refining)	and	source	input	(Dauphas	et	al.,	2009a;	Teng	et	al.,	2013;	Williams	 158	

et	al.,	2005;	Zambardi	et	al.,	2014).	 159	
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Fractional	melting	is	another	process	capable	of	fractionating	Fe	isotopes	(Dauphas	 160	

et	al.,	2009a;	Teng	et	al.,	2013).	Melt	generation	preferentially	partitions	Fe3+	into	the	liquid	 161	

phase	because	of	its	more	incompatible	nature	in	many	melts	compared	to	Fe2+	(Cottrell	 162	

and	Kelley,	2011).	Equilibrium	fractionation,	discussed	previously,	occurs	between	Fe3+	 163	

and	Fe2+	states,	concentrating	heavier	isotopes	in	the	3+	redox	state	(Dauphas	et	al.,	2014).	 164	

Hence,	melting	produces	a	liquid	with	a	net	higher	Fe3+/Fe2+	and	correspondingly	heavier	 165	

δ56Fe	composition	(Teng	et	al.,	2008).	As	melt	fraction	increases,	however,	melt	Fe3+/Fe2+	 166	

and	δ56Fe	increasingly	resemble	the	composition	of	the	source	(Dauphas	et	al.,	2009a;	 167	

Konter	et	al.,	2016;	Figure	3.7).	 168	

Diffusion	between	olivine	and	melt	is	another	possible	driver	of	Fe	isotopic	 169	

fractionation	as	a	function	of	mineral	precipitation,	although	it	requires	significant	cooling	 170	

time	(~20	years)	and	a	large	crystal	fraction	to	produce	any	measurable	effects	on	a	host	 171	

melt	(Dauphas	et	al.,	2014;	Sio	et	al.,	2013;	Teng	et	al.,	2011).	While	Mg	tends	to	diffuse	out	 172	

of	crystals	and	into	more	Fe-rich	melt,	Fe	simultaneously	diffuses	into	the	crystal	lattice	 173	

(Teng	et	al.,	2011).	Since	diffusion	is	a	kinetic	process,	54Fe	will	diffuse	into	the	crystal	 174	

faster	than	heavier	isotopes	of	Fe.	This	may	produce	a	small	increase	in	melt	δ56Fe,	 175	

depending	on	the	crystal	fraction	present	in	the	melt	and	timescale	of	cooling.	Other	 176	

phases,	such	as	orthopyroxene,	may	take	up	to	an	order	of	magnitude	longer	than	olivine	to	 177	

reach	equilibrium	(Dauphas	et	al.,	2014;	Sio	et	al.,	2013;	Teng	et	al.,	2011).	 178	

	 179	

1.2.1.1.	Redox,	melting,	and	Fe	isotope	ratios	in	subduction	zones	 180	

Some	recent	work	has	been	done	to	evaluate	Fe	isotope	fractionation	in	subduction	 181	

zone	environments,	although	the	total	dataset	remains	small	and	cannot	account	for	the	 182	
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significant	variability	of	Fe	behavior	(δ56Fe	-0.2‰	to	+0.2‰)	in	arc	melts	throughout	time	 183	

or	in	a	specific	location	(Dauphas	et	al.,	2009a;	Nebel	et	al.,	2014,	2013b;	Sossi	et	al.,	2016).	 184	

According	to	simple	melting	models	(e.g.,	Dauphas	et	al.,	2009a),	melts	should	be	 185	

isotopically	heavier	in	Fe	than	their	source	regardless	of	tectonic	setting	(Dauphas	et	al.,	 186	

2009a;	Teng	et	al.,	2008)	due	to	the	relatively	incompatible	nature	of	Fe3+	in	ultramafic	 187	

source	rocks	(Cottrell	and	Kelley,	2011).	Multiple	melt	extraction	events,	therefore,	should	 188	

deplete	the	upper	mantle	of	heavy	Fe,	and	arc	(and	backarc)	magmas	derived	from	mantle	 189	

may	carry	a	Fe	signature	heavier	than	their	source	rocks.	However,	the	history	of	mantle	 190	

depletion	and/or	refertilization,	and	therefore	any	influence	on	Fe	isotope	signature,	is	not	 191	

well	characterized.for	the	MVF.	The	effect	is	further	enhanced	in	arcs	compared	to	other	 192	

tectonic	settings	because	of	more	oxidizing	conditions	there	(e.g.,	Evans	and	Tomkins,	 193	

2011).	However,	this	expectation	is	not	consistently	observed,	and	the	limited	data	on	Fe	 194	

isotope	behavior	in	boninitic	melts	reveals	unexpectedly	low	δ56Fe	(Dauphas	et	al.,	2009a).	 195	

Other	arc	compositions	span	a	range	from	isotopically	heavy	to	light	(Dauphas	et	al.,	2009a;	 196	

Debret	et	al.,	2016;	Nebel	et	al.,	2015,	2013a;	Su	et	al.,	2015).	 197	

Subducting	crust	is	thought	to	have	progressively	higher	δ56Fe	as	it	loses	increasing	 198	

amounts	of	low-δ56Fe	fluids	into	the	overlying	mantle	(Debret	et	al.,	2016).	This	is	based	on	 199	

δ56Fe	changes	with	increasing	metamorphic	grade	in	exhumed,	metamorphosed	subducted	 200	

crust	that	suggests	Fe	isotope	fractionation	occurs	during	dehydration	processes	(Debret	et	 201	

al.,	2016;	Su	et	al.,	2015).	An	isotopically	light	subduction	fluid	component	provides	a	 202	

potential	source	of	unexpectedly	light	Fe	isotopes	in	arc	magmas	(Debret	et	al.,	2016),	 203	

although	a	much	larger	global	dataset	is	required	to	fully	constrain	controls	on	the	 204	

observed	relatively	low	δ56Fe	(Figure	3.5)	in	subduction	zone	magmas.	 205	
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1.2.2.	Radiogenic	isotope	fractionation	(Sr,	Pb,	Nd,	and	Hf)	 206	

1.2.2.1.	Radiogenic	ingrowth	and	origin	of	variations	 207	

Radiogenic	isotopes	(e.g.,	87Sr,	208Pb,	207Pb,	206Pb,	177Hf,	and	143Nd)	are	generated	by	 208	

decay	of	an	unstable	parent	nuclide.	In	contrast	to	stable	isotope	fractionation,	radiogenic	 209	

isotope	fractionation	is	not	driven	in	any	significant	manner	by	magmatic	processes	or	 210	

redox	state.	Instead,	radiogenic	isotope	variations	are	controlled	by	ingrowth	from	 211	

radioactive	parent	nuclides.	Minerals	forming	within	a	melt	all	have	the	same	initial	ratio	of	 212	

a	radiogenic	isotope	(e.g.,	206Pb,	stable	decay	product	of	238U)	of	an	element	relative	to	a	 213	

stable	or	“common”	isotope	(204Pb).	Over	time,	238U	parent	atoms	decay	and	increase	the	 214	

abundance	of	206Pb,	modifying	its	ratio	relative	to	204Pb.	Any	differences	in	ratio	between	 215	

minerals	crystallized	from	the	same	melt	represent	the	time-integrated	effect	of	parent- 216	

daughter	fractionation	that	occurred	during	its	formation	(e.g.,	Taylor	and	McLennan,	 217	

1985).	This	allows	us	to	track	radiogenic	ingrowth	of	an	isotope	in	a	rock,	mineral,	or	 218	

reservoir	over	time.	These	time-integrated	ratios	can	also	be	recycled	into	different	 219	

geochemical	reservoirs,	providing	a	useful	indicator	of	the	source	of	geochemical	provinces	 220	

with	implications	for	mantle	dynamics	(Zindler	and	Hart,	1986).	 221	

The	amount	of	radiogenic	ingrowth	is	dependent	on	the	proportion	of	the	 222	

radioactive	parent	isotope	to	the	radiogenic	daughter	isotope	(Zindler	and	Hart,	1986).	In	 223	

the	case	of	a	sample	containing	large	amounts	of	parent	relative	to	the	concentration	of	its	 224	

daughter	isotope,	relatively	rapid	radiogenic	ingrowth	occurs	relative	to	the	common	 225	

isotope	of	the	daughter	element.	Conversely,	slow	radiogenic	ingrowth	occurs	if	large	 226	

amounts	of	the	daughter	element	are	present	relative	to	parent	element	abundances.	 227	

Therefore,	the	radiogenic	isotope	ratios	(compared	to	a	stable	isotope)	are	a	time- 228	
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integrated	representation	of	the	parent/daughter	ratio	of	a	given	sample’s	source	material	 229	

(e.g.,	Hofmann	and	White,	1982;	Zindler	and	Hart,	1986).	On	a	larger	scale,	such	time- 230	

integrated	behavior	contributes	to	our	understanding	of	the	evolution	of	major	 231	

geochemical	reservoirs	in	the	Earth,	such	as	crust-mantle	differentiation	(e.g.,	Taylor	and	 232	

McLennan,	1985).		 233	

The	ability	to	identify	different	source	reservoirs	ultimately	relies	on	the	differing	 234	

partition	coefficients	of	parent	and	daughter	elements	between	two	materials,	e.g.,	mantle	 235	

and	partial	melt,	and	the	passage	of	adequate	time	for	radiogenic	ingrowth	of	daughter	 236	

isotopes	(e.g.,	Hofmann,	2007	and	references	therein).	Indeed,	fractionation	of	the	 237	

parent/daughter	ratio	during	melting	(or	crystallization)	produces	distinctive	signatures	in	 238	

oceanic	crust	and	other	materials	such	as	continental	crust	and	sediments	that	may	later	be	 239	

subducted	back	into	the	mantle	and	recycled	in	mantle	plumes	(e.g.,	Zindler	and	Hart,	 240	

1986).	Radiogenic	ratios	are	therefore	also	useful	in	determining	how	a	source	material	 241	

may	have	been	fractionated	and	by	proxy,	which	process(es)	may	have	fractionated	it	prior	 242	

to	being	incorporated	into	a	reservoir.	The	use	of	multiple	isotope	systems	is	important	 243	

here,	as	each	system	has	different	sensitivity	to	different	processes.	Thus,	a	combination	of	 244	

isotopic	systems	will	best	reflect	specific	processes	that	have	affected	a	mantle	source,	in	 245	

turn	inferring	its	likely	origin.	This	provides	evidence	for	recycling	of	various	crustal,	 246	

lithospheric,	and	mantle	materials	within	the	dynamic	earth	system	(Zindler	and	Hart,	 247	

1986)	in	addition	to	providing	a	way	to	distinguish	the	origins	of	mantle-derived	melts.	 248	

	 249	
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1.2.2.2.	Mantle	plumes	 250	

Mantle	plumes	are	buoyant	parcels	of	thermochemically	anomalous	mantle	material	 251	

(relative	to	ambient	upper	and	lower	mantle	compositional	averages),	in	some	cases	 252	

possibly	arising	from	near	the	core-mantle	boundary	(CMB;	e.g.	Hart	et	al.,	1973;	Morgan,	 253	

1972).	Plumes	are	the	likely	cause	of	so-called	mantle	“hotspots”,	which	represent	melting	 254	

anomalies	associated	with	upwelling	mantle	(Morgan,	1972).	Originally	thought	to	be	 255	

stationary	features	in	the	mantle,	some	hotspots	have	been	shown	to	undergo	varying	 256	

degrees	of	drift	over	time	in	response	to	the	flow	of	ambient	mantle	(Doubrovine	and	 257	

Tarduno,	2004;	Steinberger	et	al.,	2004;	Tarduno,	2007;	Tarduno	et	al.,	2009,	2003).	The	 258	

combination	of	plume	drift	and	passage	of	crust	over	these	hotspots	produces	volcanic	 259	

tracks	on	the	seafloor	that	become	progressively	older	with	distance	from	the	current	 260	

location	of	the	hotspot	(Morgan,	1972;	Wilson,	1965,	1963).	Plumes	are	typically	thought	to	 261	

have	a	large	plume	head	that,	upon	impacting	the	underside	of	the	lithosphere,	generate	 262	

large	volumes	of	basaltic	volcanism	that	form	large	igneous	provinces	(LIPs;	Head	III	and	 263	

Coffin,	1997).	Following	exhaustion	of	the	plume	head,	a	tail,	or	column,	of	hot	rock	 264	

remains	(French	and	Romanowicz,	2014;	Hart	et	al.,	1992;	Morgan,	1972;	White,	2010),	 265	

producing	a	mantle	“hotspot”	below	the	lithosphere	where	increased	mantle	melting	takes	 266	

place.		 267	

Mantle	plume	generation	has	been	linked	to	large	low-shear	velocity	provinces	 268	

(LLSVPs)	located	below	the	SW	Pacific	Ocean	and	continental	Africa,	detectable	via	seismic	 269	

studies	and	visible	in	tomographic	models	(Lekic	et	al.,	2012;	Torsvik	et	al.,	2006)	just	 270	

above	the	CMB.	LLSVPs	are	steep-sided	and	seismically	slow	compared	to	regions	of	the	 271	

lower	mantle	residing	just	above	the	CMB	(To	et	al.,	2011;	Torsvik	et	al.,	2006;	Weis	et	al.,	 272	
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2011).	These	regions	could	be	geochemically	distinct	reservoirs	formed	by	pooled	 273	

subducted	material	accumulating	at	the	base	of	the	mantle	(Hofmann	and	White,	1982).	 274	

Also	possible	is	that	LLSVPs	are	remnants	of	a	basal	“magma	ocean”	formed	early	in	Earth’s	 275	

history	(e.g.	Labrosse	et	al.,	2007;	Li	et	al.,	2014).	Using	a	downward	projection	model,	 276	

Torsvik	et	al.	(2006)	found	that	most	hotspots	correlate	with	edges	of	LLSVPs	and	 277	

suggested	plumes	are	generated	as	thermal	instabilities	from	the	steep-sided	LLSVP	 278	

boundaries.	Plume	ascent,	however,	may	not	be	vertical;	some	plumes	may	be	deflected	by	 279	

solid-state	flow	within	the	mantle	while	rising,	resulting	in	a	laterally	drifting	hotspot	 280	

relative	to	its	source	(Doubrovine	and	Tarduno,	2004;	Tarduno,	2007;	Tarduno	et	al.,	 281	

2009).	It	is	still	a	matter	of	debate	whether	the	plumes	contain	ambient	lower	mantle	 282	

compositions,	or	whether	they	also	entrain	material	from	the	LLSVP.	Regardless	of	the	 283	

origins	of	these	reservoirs	in	the	mantle,	volcanism	generated	from	most	mantle	plumes	 284	

yields	chemically	and	isotopically	distinct	signatures,	commonly	attributed	to	variable	 285	

proportions	of	recycled	subducted	materials	(Zindler	and	Hart,	1986),	as	discussed	in	more	 286	

detail	in	the	next	section.	 287	

Alternative	models	have	been	proposed	to	explain	hotspot	volcanism.	Some	smaller,	 288	

“secondary”	plumes	may	arise	from	shallower	boundaries	within	the	mantle	(Courtillot	et	 289	

al.,	2003).	Much	of	the	ocean	island	basalt	(OIB)	activity	observed	in	the	southwestern	 290	

Pacific	has	been	associated	with	a	South	Pacific	Isotope	and	Thermal	Anomaly,	or	SOPITA,	 291	

linked	to	the	Pacific	LLSVP	(Hart,	1984;	Staudigel	et	al.,	1991;	White,	2015).	This	anomaly	 292	

was	originally	attributed	to	a	high	concentration	of	subducted,	compositionally	 293	

heterogeneous	material	concentrated	in	a	localized	region.	The	subducted	materials	were	 294	

thought	to	have	metasomatized	overlying	mantle,	enhancing	plume	formation	in	the	SW	 295	
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Pacific	(Staudigel	et	al.,	1991).	Other	models	attempting	to	explain	the	unusually	high	 296	

density	of	volcanism	in	this	region	include	secondary	plumes	rising	from	a	“superplume”	 297	

(Courtillot	et	al.,	2003;	McNutt	and	Fischer,	1987;	Menard,	1973)	and	so-called	mantle	 298	

“hotline”	volcanism	(Bonatti	et	al.,	1977)	to	explain	complex	age	progressions	and	 299	

overlapping	compositions	in	regions	such	as	the	so-called	“Hotspot	Highway”	(Jackson	et	 300	

al.,	2010).	In	this	case,	a	hotline	was	proposed	as	a	linear	upwelling	in	the	mantle	to	explain	 301	

the	complicated	age	progressions	in	the	Easter	and	possibly	Cook-Austral	chains	(e.g.,	 302	

Barsczus	et	al.,	1994).	Some	suggest	that	mantle	plumes	do	not	adequately	explain	hotspot	 303	

volcanism,	instead	proposing	alternative	models	such	as	passive	upwelling	of	ambient	 304	

mantle	(e.g.,	Anderson,	2006,	2000;	Foulger	et	al.,	2005).	Most	southwest	Pacific	hotspot	 305	

volcanism	has	since	been	explained	by	primary	mantle	plumes,	including	3	extant	plumes	 306	

in	the	Cook-Australs	(Chauvel	et	al.,	1997).	Recent	research	using	high-resolution	 307	

tomography	(e.g.,	French	and	Romanowicz,	2014;	Niu	et	al.,	2002),	and	geochemical	 308	

evidence	in	the	form	of	dual-trend	volcanism	(e.g.,	Harpp	et	al.,	2014;	Huang	et	al.,	2011;	 309	

O’Connor	and	Jokat,	2015;	Payne	et	al.,	2013;	Weis	et	al.,	2011;	Workman	and	Hart,	2004)	 310	

however,	support	a	deep	primary	plume	origin	for	many	age-progressive	Pacific	hotspot	 311	

tracks.	The	discovery	of	parallel	geochemical-geographic	“dual-trend”	volcanism	in	some	 312	

hotspot	tracks	is	proposed	as	a	consequence	of	a	bilaterally	zoned,	heterogeneous	plume.	 313	

Plumes	are	thought	to	result	from	convective	instabilities	from	the	steep	edges	of	LLSVPs,	 314	

potentially	sampling	two	different	mantle	domains	(Weis	et	al.,	2011).	One	side	samples	an	 315	

enriched	component	(possibly	LLSVP	material)	and	the	other	a	more	depleted	component	 316	

(ambient	mantle).	Furthermore,	plumes	have	often	been	found	to	align	with	modeled	 317	

LLSVP	boundaries,	with	enriched	hemispheres	oriented	toward	the	LLSVP	(Figure	1.2;	e.g.	 318	
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Harpp	et	al.,	2014).	Dual-trend	hotspot	tracks	include	Hawaii,	Marquesas,	Samoa,	Society,	 319	

Cook-Austral,	and	Walvis	(Abouchami	et	al.,	2005;	Hanyu	et	al.,	2013;	Harpp	et	al.,	2014;	 320	

Huang	et	al.,	2011;	Nebel	et	al.,	2013b;	O’Connor	and	Jokat,	2015;	Payne	et	al.,	2013;	 321	

Tatsumoto,	1978;	Weis	et	al.,	2011).	The	geographic	separations	between	parallel	 322	

compositional	trends	in	a	hotspot	track	is	typically	on	the	order	of	~45	km	(Weis	et	al.,	 323	

2011),	but	can	be	as	large	as	~400	km	(O’Connor	and	Jokat,	2015).	Advances	in	 324	

tomographic	resolution	show	that	velocity	anomalies	under	some	volcanically	active	 325	

seamount	tracks	extend	to	the	CMB,	rendering	them	“primary”	(sourced	from	the	CMB)	 326	

mantle	plumes	(French	and	Romanowicz,	2014).	Previously,	resolution	was	not	sufficient	 327	

to	image	deep-mantle	plume-like	features	beneath	some	hotspots	(e.g.	Montelli	et	al.,	 328	

2004).	 329	

	 330	

1.2.2.3.	Isotopic	fingerprinting	and	absolute	plate	motion	 331	

Ocean	island	basalts	(OIBs)	are	products	of	intraplate	volcanism	that	exhibit	 332	

characteristic	87Sr/86Sr,	206Pb/204Pb,	207Pb/204Pb,	208Pb/204Pb,	176Hf/177Hf,	and	143Nd/144Nd	 333	

isotopic	signatures	representing	mixtures	of	endmember	compositions	(HIMU,	EM1,	and	 334	

EM2).	Plotted	in	isotope	space	(87Sr/86Sr-206Pb/204Pb-143Nd/144Nd),	these	endmembers	 335	

define	the	extreme	values	in	the	known	range	of	magmatic	isotopic	compositions	(e.g.	 336	

Figure	1.3;	adapted	from	Hart	et	al.,	1992).	These	are	sourced	from	heterogeneous	 337	

compositional	reservoirs	in	the	lower	mantle	that	mix	with	a	“common”	composition	(“C”	–	 338	

Hanan	et	al.,	2000;	Hanan	and	Graham,	1996;	“FOZO”,	Hart	et	al.,	1992;	Hauri	and	Hart,	 339	

1994;	“PREMA”,	Wörner	et	al.,	1986;	Zindler	and	Hart,	1986;	or	an	ancient,	dense,	high- 340	

3He/4He	reservoir,	Jackson	et	al.,	2017)	thought	to	be	ambient	lower	mantle	(Zindler	and	 341	
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Hart,	1986).	These	endmembers	are	chemically	and	isotopically	distinct	from	mid-ocean	 342	

ridge	basalts	(MORB)	and	their	depleted	MORB	mantle	(DMM)	source	and	thought	to	be	 343	

derived	from	a	range	of	recycled	subducted	materials	such	as	oceanic	(HIMU)	and	 344	

continental	crust	(EM2)	and	pelagic	sediments	(EM1),	although	consensus	on	origins	has	 345	

not	yet	been	reached	(e.g.	Blichert-Toft	et	al.,	1999;	Eisele	et	al.,	2002;	Hanyu	and	Kaneoka,	 346	

1997;	Jackson	et	al.,	2007;	Panter,	2006;	Parai	et	al.,	2009;	Weaver,	1991;	Workman	et	al.,	 347	

2004).	OIB	compositions	display	heterogeneity	between,	and	commonly	within	seamounts,	 348	

although	it	should	be	noted	that	plumes	have	often	(erroneously)	been	described	in	terms	 349	

of	a	single	specific	composition.	Compositional	variations	within	plumes	form	a	mixing	 350	

array	(Zindler	and	Hart,	1986)	and/or	variations	due	to	time-integrated	radiogenic	 351	

ingrowth	(Hofmann	and	White,	1982)	in	isotope	space	between	a	compositional	 352	

endmember	(or	mixture	of	endmembers),	and	a	common	composition	such	as	FOZO.	Other	 353	

compositional	shifts	between	endmembers	have	also	been	observed.	For	example,	most	 354	

seamounts	comprising	the	Macdonald	hotspot	track	in	the	Cook-Austral	islands	have	a	 355	

strongly	HIMU	signature.	However,	the	Macdonald	plume	transitioned	to	an	EM1-like	 356	

composition	at	~8	Ma,	observed	in	the	youngest	Macdondald	seamounts:	Rapa,	Marotiri,	 357	

and	Macdonald	(Chauvel	et	al.,	1997).	 358	

Through	a	combination	of	trace	element	geochemistry	and	distinctive	isotopic	 359	

signatures	generated	from	parent	nuclide	decay,	it	is	further	possible	to	identify	 360	

(“fingerprint”)	geochemically	distinct	reservoirs	within	the	mantle.	These	reservoirs	are	 361	

thought	to	be	formed	from	subduction	of	different	recycled	materials	present	in	hotspot	 362	

volcanism	that	act	as	sources	for	thermochemical	mantle	plumes	(Zindler	and	Hart,	1986).	 363	

The	ability	to	establish	age-progressive	volcanic	tracks	and	geochemically	link	them	to	a	 364	



	 17	

single	hotspot	source	provides	the	key	constraint	for	absolute	plate	motion	models	(e.g.,	 365	

Konter	et	al.,	2008;	Morgan,	1972).	The	semi-fixed	nature	of	hotspots	beneath	the	 366	

lithosphere	provides	an	absolute	reference	frame,	rather	than	relative	to	a	specific	plate,	by	 367	

which	to	characterize	plate	motion	vectors.	The	discovery	of	age-progressive	volcanism	has	 368	

led	to	multiple	generations	of	hotspot-constrained	plate	motion	models	(e.g.,	Duncan	and	 369	

Clague,	1985;	Morgan,	1972;	Wessel	and	Kroenke,	2008).	Paleomagnetic	analyses	 370	

quantified	latitudinal	drift	(but	not	longitudinal)	and	inter-hotspot	motion	of	both	the	 371	

Hawaiian-Emperor	and	Louisville	hotspots,	likely	due	to	displacement	by	mantle	flow	 372	

(Doubrovine	and	Tarduno,	2004;	Koppers	et	al.,	2012,	2011;	Tarduno,	2007;	Tarduno	et	al.,	 373	

2009,	2003).	This	led	to	development	of	additional	absolute	plate	motion	(APM)	models	 374	

that	integrate	plume	drift	and	global	mantle	flow	dynamics	(e.g.	(Doubrovine	et	al.,	2012;	 375	

Steinberger	et	al.,	2004).	 376	

APM	models	tend	to	predict	~50-0	Ma	plate	motion	well,	but	the	combination	of	 377	

hotspot	drift	and	mismatches	between	the	different	hotspot	tracks	(e.g.,	comparing	Hawaii- 378	

Emperor	and	Louisville),	plate	motion	uncertainty	increases	greatly,	underscoring	the	need	 379	

for	additional	constraints	(Koppers	et	al.,	1998;	Wessel	and	Kroenke,	2008).	Furthermore,	 380	

both	Hawaii-Emperor	and	Louisville	tracks	extend	only	to	~80	Ma	and	plate	motion	older	 381	

than	that	is	estimated	by	piecing	together	discontinuous	volcanic	segments	(Koppers	et	al.,	 382	

2003;	Wessel	and	Kroenke,	2008).	A	third	major	hotspot	track	in	the	Pacific	Ocean	basin	is	 383	

required	to	test	fits	of	existing	APM	models	and	develop	new	models.	Previous	research	has	 384	

identified	volcanic	chains	up	to	~120	Ma	in	the	southwest	Pacific	that	have	been	linked	to	 385	

the	Rurutu	hotspot,	but	an	important	constraining	feature	in	the	Bend	had	not	yet	been	 386	

identified,	which	is	discussed	in	Chapter	4.	 387	
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	 388	

1.3.	Dissertation	Structure	 389	

1.3.1.	Chapter	2	–	Fe	isotope	technique	development	 390	

Chapter	2,	published	in	Geochemistry,	Geophysics,	Geosystems	in	2015	(Finlayson	et	 391	

al.,	2015),	introduces	an	improved	high-precision	iron	(Fe)	isotope	analytical	method	that	 392	

has	potential	to	distinguish	small	(<0.1‰)	isotopic	differences	among	ultramafic	mineral	 393	

phases	(olivine,	orthopyroxene,	and	clinopyroxene)	commonly	found	in	mantle	xenoliths.	 394	

Analysis	via	multicollector	inductively-coupled	plasma	mass	spectrometry,	however,	 395	

complicates	high-precision	determinations	of	the	small	Fe	isotope	fractionation	that	occurs	 396	

at	magmatic	temperatures.	In	brief,	instrumental	fractionation	produces	a	predictable	shift	 397	

in	measured	ratios	that	requires	correction.	Although	there	are	several	methods	to	correct	 398	

this,	use	of	an	exponential	curve	is	the	most	common	correction	method,	and	care	must	be	 399	

taken	to	determine	the	magnitude	of	fractionation,	as	this	can	vary	unpredictably	with	 400	

time.	Other	complications	include	polyatomic	argide	interferences	present	on	all	Fe	masses	 401	

and	isobaric	elements	that	interfere	on	two	Fe	masses,	all	described	in	detail	in	Chapter	2.	 402	

Fe	ratio	analyses	were	performed	using	one	of	two	methods:	1)	Standard-sample	 403	

bracketing	(Dauphas	et	al.,	2004),	and	2)	Analysis	with	an	isotopic	“spike”	mixed	with	 404	

sample	(Finlayson	et	al.,	2015;	Konter	et	al.,	2016).	In	the	first	method,	analyses	alternate	 405	

between	repeatedly	measuring	samples	and	a	standard	solution,	then	calculating	the	offset	 406	

of	the	sample	(as	δ56Fe)	relative	to	the	standard	measurements	immediately	before	and	 407	

after.	In	this	method,	most	instrumental	drift	that	might	affect	measurements	is	accounted	 408	

for.	Multiple	sample	measurements	are	averaged	together	to	provide	the	best	estimate	of	 409	

sample	composition	(e.g.	Dauphas	et	al.,	2004).	The	second	method	is	to	“spike”,	or	add	an,	 410	
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artificial,	known	isotopic	composition	of	the	same	element	(or	element	of	similar	mass,	 411	

such	as	in	the	case	of	using	a	known	203Tl/205Tl	composition	to	track	fractionation	during	 412	

measurements	of	Pb	isotopes;	Albarède	et	al.,	2004)	to	the	standard	and	sample	aliquots.	 413	

With	the	Fe	double	spike,	however,	any	double	spike	composition	will	mix	with	the	natural	 414	

fraction	of	the	same	isotopes	in	the	natural	sample,	requiring	additional	solutions	to	 415	

determine	instrumental	fractionation	(e.g.	Siebert	et	al.,	2001).	Because	the	spike	 416	

composition	is	a	known	quantity,	it	can	be	iteratively	“unmixed”	from	the	sample	solution	 417	

while	simultaneously	correcting	for	instrumental	bias.	Solutions	for	Fe	usually	involve	 418	

double	and	triple	spikes	(non-natural	mixture	of	two	and	three	Fe	isotopes,	respectively;	 419	

Johnson	and	Beard,	1999)	This	method	is	advantageous	in	that	it	typically	requires	fewer	 420	

repeat	analyses	of	a	single	solution	to	achieve	high	precision.	 421	

The	method	described	in	Chapter	2	requires	use	of	a	57Fe-58Fe	double	spike	with	a	 422	

precisely	known	composition	to	determine	sample	56Fe/54Fe	composition.	The	iterative	 423	

double	spike	correction	method	is	sensitive	to	the	small	amounts	of	58Ni,	an	isobaric	 424	

interference	contributing	to	the	total	58	atomic	mass	unit	(amu)	signal,	which	may	remain	 425	

in	standards	and	samples	in	picogram	(pg)	quantities.	To	counter	these	interferences,	the	 426	

method	accounts	for	58Ni	and	54Cr	(another	possible	isobaric	interference	on	the	54	amu	 427	

ion	beam),	by	monitoring	60Ni	and	52Cr,	respectively.	In	addition,	a	robust	three- 428	

dimensional	statistical	outlier	identification	method	was	used	to	remove	any	data	 429	

potentially	affected	by	instrumental	drift,	which	may	occur	during	analysis,	improving	 430	

overall	analytical	precision	by	~10%.	This	method	was	tested	on	olivine,	orthopyroxene,	 431	

and	clinopyroxene	mineral	separates	from	mantle	xenoliths	recovered	from	Kilbourne	Hole	 432	

maar	in	southern	New	Mexico,	and	from	rejuvenated	lavas	on	Savaiʻi,	Samoa.	Results	 433	
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indicate	the	technique	(including	statistical	outlier	rejection)	is	capable	of	achieving	 434	

0.046‰	reproducibility,	with	fewer	replicate	analyses	compared	to	standard-sample	 435	

bracketing,	providing	strong	potential	to	resolve	the	small	isotopic	variations	between	 436	

some	ultramafic	mineral	phases.	 437	

	 438	

1.3.2.	Chapter	3	–	δ56Fe	of	young	SW	Pacific	boninites	 439	

The	predictable	fractionation	behavior	of	Fe	isotopes	can	be	used	in	combination	 440	

with	compositional	data	to	determine	the	dominant	processes	and	mantle	sources	that	 441	

control	petrogenesis	of	boninite,	a	rare	rock	type	characterized	by	high	MgO	and	high	SiO2,	 442	

in	the	North	Tonga	backarc.	Of	particular	interest	is	the	effect	of	the	inferred	high	oxidation	 443	

state	of	subduction-related	lavas	on	Fe	isotope	fractionation,	although	limited	data	has	not	 444	

provided	a	clear	understanding	of	the	fractionation	patterns	in	subduction-related	melt	 445	

(e.g.	Dauphas	et	al.,	2009a;	Foden	et	al.,	2013;	Nebel	et	al.,	2014,	2013a;	Sossi	et	al.,	2016).	 446	

In	Chapter	3,	intended	for	Geochemistry,	Geophysics,	Geosystems,	the	combination	of	Fe	 447	

isotopes	and	major	element	compositions	of	glasses,	and	selected	whole	rock	trace	element	 448	

data	can	be	used	to	investigate	effects	of	various	magmatic	processes	and	source	 449	

contributions	affecting	boninites	erupted	from	the	Mata	Volcanic	Field	(MVF),	located	 450	

within	the	northern	Lau	Basin/Tonga	backarc	region.	The	MVF	contains	a	small	array	of	 451	

young	volcanoes	located	in	the	northern	Tonga	backarc,	between	the	Tonga	arc	system	and	 452	

the	local	NE	Lau	Spreading	Center	(NELSC).	The	volcanoes	erupt	primarily	boninitic	and	 453	

boninite-like	compositions,	thought	to	be	generated	by	high	extents	of	partial	melting	of	 454	

depleted	mantle	resulting	from	“fluxing”	by	subduction-derived	fluids,	and	possibly	 455	

involving	mantle	material	from	the	Samoan	plume	several	hundred	kilometers	NE	of	the	 456	
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MVF.	The	MVF	sits	near	a	confluence	of	tectonic	styles	and	mantle	compositions,	providing	 457	

a	window	into	underlying	mantle	geochemistry	and	source	contributions	to	early-stage	 458	

subduction	zones,	where	the	processes	and	contribution	to	melt	generation	are	a	topic	of	 459	

ongoing	debate.	The	combination	of	glass	δ56Fe	ratios,	and	whole	rock	trace	elemental	 460	

proxies	of	subduction	fluid	input	reveal	systematically	different	within-volcano	trends	in	 461	

δ56Fe	and	MgO	of	two	well-sampled	volcanoes	in	this	study:	Mata	Tolu	and	West	Mata.	 462	

Located	in	the	northwest	and	southeast	halves	of	the	MVF,	respectively,	Mata	Tolu	is	 463	

proximal	to	the	NE	Lau	Spreading	Center	(NELSC),	and	West	Mata	closer	to	the	Tonga	Arc.	 464	

The	Mata	Tolu	trend	bears	geochemical	characteristics	resembling	a	mixture	of	MVF	and	 465	

NELSC	compositions,	while	West	Mata	is	more	Ba-enriched,	bearing	a	more	arc-like	trace	 466	

element	signature	(Lupton	et	al.,	2015).	Magmatism	at	West	Mata	likely	involved	slightly	 467	

greater	incorporation	of	subduction	fluid	into	its	melts	compared	to	Mata	Tolu.	The	δ56Fe	 468	

compositions	of	MVF	volcanoes,	however,	are	considerably	lower	than	ratios	expected	for	 469	

mantle-derived	melts,	instead	resembling	typical	depleted	mantle	composition.	This	lower- 470	

than-expected	signature	may	be	related	to	a	combination	of	the	large	degree	of	melt	 471	

required	to	produce	boninitic	compositions	and	the	incorporation	of	isotopically	light	 472	

subduction	fluids.	 473	

	 474	

1.3.3.	Chapter	4	–	SW	Pacific	hotspot	tracks	and	absolute	plate	motion	 475	

Immediately	north	of	the	northern	terminus	of	the	Tonga	Arc	lies	the	so-called	 476	

“Hotspot	Highway”	region	of	the	southwest	Pacific	(Figure	1.1).	Chapter	4,	submitted	to	 477	

Earth	and	Planetary	Science	Letters,	focuses	on	the	origins	of	the	little-studied	Tuvalu	island	 478	

chain	within	this	region.	To	properly	identify	the	geochemical	and	mantle	provenance	of	 479	
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the	volcanoes	comprising	the	Tuvalu	chain,	we	use	a	combination	of	Sr,	Pb,	Nd,	and	Hf	 480	

radiogenic	ratios.	Tuvalu	volcanism	was	generated	by	several	sources:	1)	the	Rurutu	 481	

hotspot,	2)	the	Samoan	hotspot,	and	3)	volcanic	activity	likely	linked	to	the	breakup	of	 482	

Ontong-Java	Nui.	Tuvalu	volcanoes	sourced	by	the	Rurutu	hotspot	are	used	to	find	the	 483	

location	of	the	Rurutu	hotspot	Bend	that	might	correlate	with	the	archetypal	~47-50	Ma	 484	

Bend	(Sharp	and	Clague,	2006)	first	characterized	in	the	Hawaiian-Emperor	hotspot	track.		 485	

The	intersection	of	the	Tuvalu	chain	and	western	Samoa	complicates	an	otherwise	 486	

simple	visual	estimation	of	the	Bend	location.	To	assist	location	efforts,	a	statistical	 487	

technique	is	used	to	pinpoint	the	highest-probability	Bend	locations	for	each	of	three	 488	

fundamentally	different	APM	models	(Doubrovine	et	al.,	2012;	Duncan	and	Clague,	1985;	 489	

Wessel	and	Kroenke,	2008).	A	Monte	Carlo	simulation	was	used	to	estimate	the	uncertainty	 490	

of	the	calculated	Bend	locations.	The	combination	of	age	determinations,	radiogenic	 491	

geochemical	compositions,	and	Bend	location	estimate	provide	crucial	evidence	that	the	 492	

Rurutu	hotspot	persisted	up	to	~120	Ma.	This	complete,	long-lived	hotspot	track	allows	for	 493	

the	development	of	new	APM	models	that	use	three	major	hotspot	tracks:	the	traditional	 494	

Hawaiian-Emperor	and	Louisville	tracks,	and	now	the	Rurutu	track.	 495	

	 	 496	
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	 497	

Figure	1.1.	Map	showing	locations	of	the	study	areas	discussed	in	this	dissertation.	A)	 498	
Wide-view	map	of	the	southwestern	Pacific	basin,	showing	the	known	extent	of	the	Rurutu	 499	
hotspot	track.	The	Mata	Volcanic	Field	(MVF;	small	black	square)	sits	in	the	northeastern	 500	
Lau	Basin,	SE	of	the	Tuvalu	segment	of	the	Rurutu	track.	B)	Detailed	view	of	the	MVF	and	 501	
volcanoes	sampled	in	this	dissertation.	 502	
	 	 503	
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	 504	

Figure	1.2.	Map	showing	the	locations	and	proposed	orientations	of	bilaterally	zoned	 505	
mantle	plumes	superimposed	over	the	SAW642AN	model	(2800	km	depth	to	capture	the	 506	
Pacific	LLSVP;	Panning	and	Romanowicz,	2006),	adapted	from	Harpp	et	al.	(2014).	Also	 507	
shown	with	previously	published	hotspot	locations	is	the	Rurutu	hotspot	to	display	similar	 508	
bilateral	heterogeneity	with	probable	N-S	orientation	(full	discussion	is	found	in	Chapter	 509	
4).	The	depleted	Sil	trend	(Chapter	4)	roughly	aligns	with	a	small	increase	in	seismic	shear	 510	
wave	velocity	anomaly	centered	around	155°W,	25°S.	The	same	region	also	aligns	with	the	 511	
depleted	Moua	trend	in	the	Society	plume.	The	enriched	Niu	trend	corresponds	with	an	 512	
decrease	in	seismic	shear	wave	velocity	anomaly	near	160°W,	40°S.	 513	
	 	 514	
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	 515	

Figure	1.3.	The	mantle	tetrahedron	(after	Hart	et	al.,	1992)	formed	by	mantle-derived	 516	
compositions	in	Sr-Pb-Nd	isotope	space.	This	illustrates	the	geochemical	variability	of	 517	
various	OIBs	and	their	relationship	to	FOZO,	one	of	the	definitions	of	a	“common”	 518	
geochemical	reservoir	in	the	mantle.	The	corners	of	the	tetrahedron	are	defined	by	the	 519	
most	extreme	“endmember”	compositions	observed	in	OIBs.	The	space	enclosed	by	the	 520	
tetrahedron	defines	the	range	in	which	most	mantle	compositions	plot.	 521	
	 	 522	
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Abstract	

We	present	a	new	method	capable	of	measuring	iron	isotope	ratios	of	igneous	

materials	to	high	precision	by	multicollector	inductively	coupled	plasma	mass	

spectrometry	(MC-ICP-MS)	using	a	57Fe-58Fe	double	spike.	After	sample	purification,	near-

baseline	signal	levels	of	nickel	are	still	present	in	the	sample	solution,	acting	as	an	isobaric	

interference	on	58	amu.	To	correct	for	the	interference,	the	minor	60Ni	isotope	is	monitored	

and	used	to	subtract	a	proportional	58Ni	signal	from	the	total	58	amu	beam.	The	60Ni	signal	

is	difficult	to	precisely	measure	on	the	Faraday	detector	due	to	Johnson	noise	occurring	at	

similar	magnitude.	This	noise-dominated	signal	is	subtracted	from	the	total	58	amu	beam,	

and	its	error	amplified	during	the	double	spike	correction.	Placing	the	60Ni	beam	on	an	ion	

counter	produces	a	more	precise	measurement,	resulting	in	a	near-threefold	improvement	

in	δ56Fe	reproducibility,	from	±0.145‰	when	measured	on	Faraday	to	0.052‰.	Faraday	

detectors	quantify	the	60Ni	signal	poorly,	and	fail	to	discern	the	transient	20Ne40Ar	

interference	visible	on	the	ion	counter,	which	is	likely	responsible	for	poor	reproducibility.	

Another	consideration	is	instrumental	stability	(defined	herein	as	drift	in	peak	center	

mass),	which	affects	high	resolution	analyses.	Analyses	experiencing	large	drift	relative	to	

bracketing	standards	often	yield	non-replicating	data.	Based	on	this,	we	present	a	

quantitative	outlier	detection	method	capable	of	detecting	drift-affected	data.	After	outlier	

rejection,	long-term	precision	on	individual	runs	of	our	secondary	standard	improves	to	

±0.046‰.	Averaging	3-4	analyses	further	improves	precision	to	0.019‰,	allowing	

distinction	between	ultramafic	minerals.
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2.1.	Introduction	 1	

Iron	isotope	compositions	have	recently	become	more	commonplace	for	tracking	a	 2	

variety	of	geological,	biological,	and	environmental	processes.	While	iron	isotopic	ratios	 3	

tend	to	vary	across	fairly	large	ranges	in	low-temperature	and	biological	systems,	only	 4	

small	variations	are	observed	at	high	temperatures	(e.g.,	Arnold	et	al.,	2004;	Beard	and	 5	

Johnson,	1999;	Kehm	et	al.,	2003;	Teng	et	al.,	2013,	2008;	Williams	et	al.,	2006).	Such	small	 6	

signals	are	now	resolvable	following	a	number	of	improvements	in	the	analytical	 7	

procedures	involved.	Particularly,	the	use	of	multi-collector	inductively	coupled	plasma	 8	

mass	spectrometry	(MC-ICP-MS)	for	iron	isotopic	ratios	has	significantly	improved	long- 9	

term	precision	(Dauphas	and	Rouxel,	2006).	 10	

While	more	precise	than	TIMS,	using	MC-ICP-MS	to	measure	iron	isotopic	ratios	also	 11	

increases	mass	fractionation	(Albarède	et	al.,	2004).	On	an	MC-ICP-MS,	mass	fractionation	 12	

can	be	corrected	for	with	sample-standard	bracketing	or	doping	with	an	element	of	similar	 13	

mass,	or	with	an	isotopic	double	spike	(Albarède	and	Beard,	2004;	Beard	and	Johnson,	 14	

1999;	Dideriksen	et	al.,	2006;	Rudge	et	al.,	2009;	Siebert	et	al.,	2001).		 15	

At	present,	the	highest	precision	for	iron	isotopic	ratios	are	reported	by	Dauphas	et	 16	

al.	(2009a)	and	Millet	et	al.	(2012),	who	report	precisions	of	±0.02	–	0.03‰	(2σ)	and	 17	

±0.02‰	(2σ),	respectively.	Dauphas	et	al.	(2009a)	obtain	5-9	analyses	per	sample	 18	

normalized	by	standard-sample	bracketing	replicated	(n=23)	analyses	of	unspiked	BHVO- 19	

1.	Millet	et	al.	(2012)	report	a	2σ	reproducibility	of	±0.02	‰	over	51	replicate	analyses	of	 20	

double	spiked	IRMM-014	(without	correction	for	the	isobaric	58Ni	interference,	while	 21	

recommending	a	50%	longer	analytical	time	than	we	suggest,	and	specific	instrumental	 22	
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settings).	Dideriksen	et	al.	(2006)	report	reproducibility	of	±0.05‰	(2σ)	for	a	58Fe-54Fe	 23	

double	spiked	hematite	standard.	 24	

In	this	study,	we	evaluate	the	importance	of	monitoring	and	correcting	the	nickel	 25	

interference	in	double	spiked	compositions.	By	using	an	ion	counter,	it	becomes	possible	to	 26	

obtain	high	precision	measurements	of	non-interfered	60Ni	and	therefore	correct	a	 27	

proportional	amount	of	58Ni	from	the	total	58	amu	signal	prior	to	implementing	the	double	 28	

spike	correction.	The	double	spike	correction	uses	the	measured	spike/sample	mixture	and	 29	

the	assumption	of	exponential	mass	dependent	fractionation	to	derive	the	56Fe/54Fe	 30	

composition	of	the	sample.	Use	of	the	ion	counter	instead	of	a	Faraday	detector	to	measure	 31	

60Ni	improves	precision	nearly	threefold,	from	±0.145‰	to	0.052‰.	The	relatively	high	 32	

uncertainty	on	Faraday-corrected	analyses	may	stem	from	two	possibilities:	1)	Our	choice	 33	

of	double	spike	composition	with	lower	58Fe/57Fe	than	the	recommended	composition	by	 34	

Rudge	et	al.	(2009)	exhibits	increased	sensitivity	to	Faraday-corrected	Ni.	2)	Incorrect	58Ni	 35	

signal	subtraction	from	contribution	to	the	60Ni	signal	of	a	transient	20Ne40Ar	interference	 36	

detectable	by	ion	counter,	but	not	by	Faraday	detector.	If	the	interference	is	present	and	 37	

cannot	be	discerned	from	60Ni	by	Faraday,	it	is	not	possible	to	confirm	that	the	interference	 38	

is	avoided	during	analysis	and	contribute	to	poor	precision.	 39	

In	addition,	we	present	a	statistical	outlier	detection	method	capable	of	identifying	 40	

most	measurements	affected	by	machine	instability.	Using	this	method,	we	can	improve	 41	

our	precision	from	0.052‰	to	a	long-term,	error-weighted	precision	of	±0.046‰.	Double	 42	

spiking	and	ion	counter-based	Ni	correction	reduces	the	amount	of	time	required	 43	

compared	to	multiple	analyses	of	an	unspiked	sample	(1	run	of	60	ratios	vs.	5-9	runs	of	at	 44	

least	20	ratios),	yet	produces	comparable	precision	to	recent	studies	using	unspiked	 45	
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compositions	(Craddock	and	Dauphas,	2010;	Dauphas	et	al.,	2009a;	Schoenberg	and	Von	 46	

Blanckenburg,	2005;	Teng	et	al.,	2013,	2008).	Below,	we	provide	details	on	our	new	 47	

analytical	technique,	and	we	present	results	for	both	extensive	tests	with	standard	 48	

materials	and	natural	samples.	 49	

	 50	

2.2.	Analytical	Methods	 51	

Measuring	high-precision	iron	isotope	ratios	presents	several	analytical	challenges	 52	

that	have	been	described	by	other	authors	(Albarède	et	al.,	2004;	Beard	and	Johnson,	1999;	 53	

Dauphas	et	al.,	2009a,	2004;	Millet	et	al.,	2012;	Weyer	and	Schwieters,	2003).	These	issues	 54	

include	the	ability	to	(partially)	resolve	iron	from	polyatomic	argides,	isobaric	elemental	 55	

interference	correction,	achieving	precision	high	enough	to	distinguish	variations	in	 56	

igneous	samples,	and	understanding	potential	sources	of	error	introduced	during	sample	 57	

preparation	and	analysis.		 58	

We	developed	a	new	technique	that	manages	these	issues,	and	we	describe	it	in	 59	

detail	below.	In	brief,	measurements	were	performed	on	a	Nu	Plasma	HR	MC-ICP-MS	at	the	 60	

University	of	Texas	at	El	Paso	(UTEP)	with	twelve	Faraday	detectors	and	three	ion	counters	 61	

on	the	low	mass	side	of	the	collector	array.	The	instrument	is	used	in	20V	mode	for	masses	 62	

56	and	57	(detector	array,	see	Table	2.1).	The	Nu	Plasma	HR	at	UTEP	has	been	modified	to	 63	

continuously	pump	the	pre-amplifier	bin	(~0.05	mbar)	with	a	dedicated	scroll	pump	 64	

(Varian	IDP3),	reducing	baseline	noise.	We	use	a	57Fe-58Fe	double	spike	for	both	standards	 65	

and	samples	to	correct	for	mass	fractionation.	Due	to	the	collector	configuration	of	the	 66	

UTEP	Nu	Plasma	HR,	measurements	are	made	using	a	3-cycle	program	(1	cycle	for	Fe	 67	

isotopes,	2	cycles	for	interference	monitoring).	We	monitor	for	isobaric	interferences	from	 68	
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54Cr	and	58Ni,	by	monitoring	52Cr	on	a	Faraday	and	60Ni	on	an	ion	counter.	To	remove	the	 69	

58Ni	interference	from	the	baseline-corrected	58	amu	beam,	we	calculate	the	58Ni	signal,	 70	

using	the	measured	58Ni/60Ni	ratio	obtained	at	the	beginning	of	each	analytical	session	and	 71	

the	60Ni	signal	measured	each	cycle	(Equation	1):		 72	

58Fe =
58
Fe+Ni( )

m
− 60Nim *

58Ni
60Ni

⎛

⎝⎜
⎞

⎠⎟m 		 	 	 	 (Equation	1)	 73	

54Cr	is	calculated	using	the	same	approach	as	Equation	1,	although	an	assumed	 74	

fractionated	ratio	(54Cr/52Cr	=	0.02920)	is	used	in	lieu	of	measuring	a	natural	Cr	solution.	 75	

Polyatomic	interferences	(40Ar14N+	on	54Fe+,	40Ar16O+	on	56Fe+,	40Ar16OH+	and	40Ar17O	 76	

on	57Fe+,	and	40Ar18O+	on	58Fe+)	are	avoided	by	using	a	desolvating	nebulizer	(DSN-100)	to	 77	

boost	the	Fe	signal	intensity,	and	with	(pseudo-)	high	resolution	to	enable	measurements	 78	

on	the	non-interfered	low-mass	peak	shoulder	(achieving	~300ppm	peak	flat	with	a	typical	 79	

resolution	of	5000-7000).	Data	reduction	is	performed	partially	offline,	where	instrument	 80	

drift	is	evaluated	using	peak	center	mass	drift,	and	blocks	with	large	drift	are	rejected.	 81	

Further	instrumental	settings	are	provided	in	Supplemental	Table	S.2.1.	 82	

	 83	

2.3.	Materials	analyzed	 84	

2.3.1.	Standards	 85	

For	our	primary	standard,	we	used	an	IRMM-014-double	spike	mixture,	and	Fe	 86	

isotope	compositions	are	reported	as	δ56Fe	with	respect	to	IRMM-014	DS	as	the	bracketing	 87	

standard.	A	secondary	in-house	standard	(Alfa	Aesar	Specpure	Fe;	lot	no.	14-19107H)	was	 88	

similarly	spiked	and	also	analyzed	to	assess	precision.	Double	spiking	of	the	standards	was	 89	

performed	using	gravimetric	dilution	to	obtain	standard-spike	mixtures	with	a	57Fe/58Fe	 90	
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lower	than	that	recommended	by	Rudge	et	al.	(2009),	although	still	expected	to	produce	a	 91	

low	error	from	double	spike	correction	(Table	2.2).	Determination	of	an	optimal	double	 92	

spike	composition	is	discussed	further	in	Section	4.1.	Standard-double	spike	mixtures	were	 93	

prepared	in	0.05N	HNO3	and	diluted	to	approximately	4	ppm	stock	solutions.	Analyses	 94	

were	run	with	concentrations	of	approximately	2	ppm	(15-18V	on	56Fe	with	a	~80μL/min	 95	

uptake	rate).	 96	

	 97	

2.3.2.	Natural	materials	 98	

Samples	used	in	this	study	are	mineral	separates	obtained	from	mantle	xenolith	 99	

samples	from	Kilbourne	Hole,	(NM)	USA	and	Savai‘i,	Samoa	(Table	2.3).	Mantle	xenoliths	 100	

from	Kilbourne	Hole	are	examples	of	sub-continental	lithospheric	mantle	bearing	MORB- 101	

like	compositions	(Takahashi	et	al.,	1993),	while	the	mantle	xenoliths	from	Savai‘i	are	more	 102	

enriched	and	metasomatized	samples	from	an	oceanic	hotspot	setting	(Hauri	et	al.,	1993).	 103	

Mineral	types	analyzed	include	olivine,	orthopyroxene,	and	clinopyroxene.	All	three	phases	 104	

were	recovered	from	Kilbourne	Hole	sample	peridotite	KH-7,	and	clinopyroxene	only	from	 105	

pyroxenites	KH-26	and	KH-60B	(Perkins	and	Anthony,	2011;	Anthony,	unpublished	data).	 106	

Olivine	and	orthopyroxene	were	recovered	from	a	suite	of	five	peridotite	xenoliths	from	a	 107	

cinder	cone	on	the	island	of	Savai‘i	(SAV09-15	samples;	Konter	et	al.,	in	prep).	Crystals	 108	

were	selected	for	a	combination	of	1)	large	size	where	possible	and	2)	purity	to	ensure	no	 109	

isotopic	contamination	from	other	mineral	phase(s)	was	present.	Each	sample	represents	a	 110	

batch	of	five	to	ten	crystals.	Samples	are	digested	in	4mL	of	a	3:1	mixture	of	concentrated	 111	

HF	(~24N)	and	concentrated	HNO3	(15.2-15.4M)	for	~1	week	at	>80°C.	Once	dissolved,	 112	

samples	are	dried	down	and	subsequently	redissolved	for	~24	hours	in	~2mL	 113	
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concentrated	HNO3	to	break	down	insoluble	fluoride	complexes.	This	step	is	repeated	 114	

multiple	times.	The	sample	is	then	dried	and	~2mL	of	3-4N	HCl	is	added	to	dissolve	nitrate	 115	

salts	formed	during	the	HNO3	step.	Once	the	sample	is	completely	dissolved,	it	is	dried	 116	

down	a	final	time,	then	dissolved	in	0.5mL	9N	HCl	+	0.001%	H2O2.	Sample	Fe	separation	 117	

followed	a	technique	modified	from	Kehm	et	al.	(2003).	The	dissolved	sample	is	loaded	 118	

onto	a	0.3mL	AG1-X4	column	and	washed	through	with	6mL	of	9N	HCl	+	0.001%	H2O2.	Fe	is	 119	

then	eluted	in	1.5mL	of	0.1N	HCl.	Sample	yields	were	quantitative,	assuring	no	Fe	 120	

fractionation	occurred	during	separation	(Anbar	et	al.,	2000;	Kehm	et	al.,	2003).	Procedural	 121	

blanks	were	<10ng,	which,	at	<0.001%	of	total	sample	Fe,	do	not	measurably	influence	 122	

sample	δ56Fe.	After	separation,	we	tested	aliquots	of	each	sample	with	the	Nu	Plasma	HR	to	 123	

verify	concentrations	in	order	to	obtain	an	optimal	double	spike-sample	solution,	similar	to	 124	

the	spiking	method	described	in	Millet	et	al.	(2012).	After	spiking,	each	sample	was	dried	 125	

down	to	remove	HCl	from	the	double	spike	solution	and	redissolved	in	0.05N	HNO3.	 126	

Multiple	digestions	of	single	crystals	and	batch	digestions	were	used	to	determine	 127	

variability	of	the	isotopic	compositions	of	individual	crystals	versus	batches	of	crystals.	 128	

Additionally,	we	used	USGS	powdered	standard	BCR-2	(recommended	δ56Fe	is	0.091‰,	 129	

similar	to	our	value	of	0.116‰;	Craddock	and	Dauphas,	2010)	to	verify	that	the	Fe	 130	

separation	chemistry	did	not	isotopically	fractionate	samples	or	introduce	contamination.	 131	

	 132	

2.4.	Technique	development	and	results	 133	

2.4.1.	Mass	fractionation	correction	by	double	spike	and	Ni	interference	 134	

Adding	an	amount	of	calibrated	double	spike	to	a	sample	solution	is	a	common	 135	

practice	to	correct	an	unknown	(sample)	iron	isotopic	composition	for	mass-dependent	 136	
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fractionation	during	analysis.	Albarède	and	Beard	(2004)	suggest	a	Newton-Raphson	 137	

iterative	solution	for	mass-dependent	fractionation	following	the	exponential	law	to	solve	 138	

for	the	corrected	56Fe/54Fe	ratio.	Siebert	et	al.	(2001)	employ	an	iterative	solution	and	 139	

assume	that	all	mass-dependent	fractionation	(natural	and	instrumental)	follow	the	 140	

exponential	law.	The	correction	then	applies	a	linear	approximation	to	estimate	the	 141	

predicted	exponential	fractionation	behavior.	For	simplicity,	we	use	the	Siebert	method	to	 142	

reduce	our	data.	In	addition,	we	employ	time-corrected	standard-sample	bracketing	with	 143	

IRMM-014	DS	to	eliminate	variation	from	instrumental	drift.	 144	

We	employ	a	57Fe-58Fe	double	spike	(Table	2.2)	for	both	standard	and	sample	 145	

analysis	because	it	allows	real-time	monitoring	of	the	fractionation	factor	during	a	 146	

measurement	block,	instead	of	relying	solely	on	the	bracketing	standards	for	fractionation	 147	

correction.	This	double	spike	composition	differs	from	the	optimal	composition	calculated	 148	

by	Rudge	et	al.	(2009),	however	the	predicted	error	for	double	spike	corrections	stays	low	 149	

across	a	large	range	of	double	spike	compositions	(~15%-85%	57Fe	in	a	57Fe-58Fe	double	 150	

spike).	 151	

Using	the	minor	57Fe	and	58Fe	isotopes	in	a	double	spike	should	lead	to	small	 152	

analytical	errors	(e.g.,	Rudge	et	al.,	2009),	however	the		58Fe	in	the	double	spike	is	sensitive	 153	

to	interfering	Ni	signals.	The	mass	58	signal	consists	of	both	58Fe	and	58Ni.	This	Ni	 154	

interference	can	be	reduced	by	wet	separation	and	purification	chemistry;	however	small	 155	

amounts	may	be	present	from	the	desolvating	membrane,	the	cones	and	the	blank	level	in	 156	

the	diluting	acid.	This	is	not	a	factor	in	fractionation	correction	of	unspiked	iron	samples	 157	

that	often	only	include	56Fe/54Fe	and	57Fe/54Fe,	although	(Schoenberg	and	Von	 158	

Blanckenburg,	2005)	recommended	that	sample	measurements	with	levels	of	58Ni	in	excess	 159	
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of	1%	of	the	total	signal	are	rejected.	Any	57Fe-58Fe-based	double	spike	correction	is	 160	

sensitive	to	a	small	contribution	from	58Ni;	analytical	uncertainty	in	its	correction	is	 161	

amplified	throughout	the	double	spike	reduction	and	exerts	significant	influence	on	the	 162	

double	spike-corrected	56Fe/54Fe	ratio.	Thus,	with	spiked	iron	compositions,	monitoring	 163	

and	correction	for	nickel	in	a	sample	is	an	important	step	in	the	analysis.		 164	

Reanalysis	of	our	initial	data,	including	outliers,	showed	that	ignoring	the	nickel	 165	

correction	had	a	substantial	effect	on	the	corrected	56Fe/54Fe	ratio	(Table	2.4).	This	is	 166	

caused	by	the	poor	precision	of	the	beam	monitored	for	58Ni	correction	(60Ni)	at	its	usual	 167	

sub-mV	intensity,	transient	presence	of	the	small	20Ne40Ar	interference,	and	the	 168	

amplification	of	the	error	(to	the	more	abundant	58Ni)	propagated	through	the	double	spike	 169	

reduction.	More	specifically,	since	the	Faraday	noise	level	is	approximately	20μV	for	a	10	 170	

second	integration	(Nu	Plasma	specifications),	a	Faraday-based	correction	for	58Ni	is	 171	

limited	to	about	two	significant	digits.	This	error	is	then	propagated,	reducing	overall	 172	

precision.	Modeling	the	double	spike	correction	while	ignoring	the	Ni	correction	results	in	 173	

an	average	(non-weighted,	non-outlier	rejected)	δ56Fe	of	our	in-house	standard	(Alfa	Fe	 174	

DS)	of	0.392	±0.384‰,	and	0.620	±0.590‰	for	olivine	crystals	from	Kilbourne	Hole	 175	

peridotites	(full	results	found	in	Table	2.4).	These	values	compare	to	Ni-corrected	values	of	 176	

0.473	±0.046‰	and	0.034	±0.056‰	respectively,	and	these	extreme	differences	result	 177	

from	a	combination	of	the	propagated	error	of	the	58Ni	measurement	and	slight	 178	

measurement	imperfections	on	mass	54	(seen	in	raw	54Fe/56Fe).	This	is	likely	caused	by	a	 179	

peak	coincidence	setting	that	is	not	centered	on	the	flat	part	of	the	Fe-only	peak-shoulder.	 180	

The	combination	of	non-corrected	Ni	and	displacements	from	the	true	fractionation	curve	 181	

passing	through	the	true	composition	controlled	by	the	finite	amount	of	error	on	analyses	 182	
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and	slight	daily	variations	in	instrumental	behavior	cause	the	double	spike	geometry	in	 183	

three	isotope	space	to	define	a	different	fractionation	trend	for	the	analyzed	spike-standard	 184	

mixture.	This	trend	then	forces	a	different	best-fit	mixing	line	between	the	true	double	 185	

spike	composition	and	the	fractionation	trend	through	natural	Fe.		In	other	words,	the	 186	

effect	of	ignoring	the	Ni	interference	is	an	amplification	of	the	slight	inaccuracies	on	the	 187	

measured	Fe	ratios,	which	presents	as	a	less	reproducible	sample	or	standard	56Fe/54Fe	 188	

estimate	that	is	not	observed	when	Ni	is	accounted	for.	The	remaining	samples	behave	in	a	 189	

similar	fashion	without	the	Ni	correction.	Turning	off	only	the	Cr	correction	during	 190	

reanalysis	results	in	a	minimal	change	for	all	standards	and	samples,	within	error	of	the	 191	

fully	corrected	averages.	This	is	due	to	the	low	interference	levels,	and	the	error	 192	

demagnification	from	monitoring	the	more	abundant	52Cr	beam	to	remove	54Cr	from	the	54	 193	

amu	signal.		 194	

In	order	to	isolate	the	Ni	interference	as	the	primary	cause	of	large	analytical	 195	

uncertainty,	we	compared	Ni	measurements	collected	by	Faraday	and	measurements	 196	

collected	by	ion	counter.	First	we	established	the	reproducibility	of	the	Fe	standard	IRMM- 197	

014	DS	with	six	runs	in	a	single	analytical	session	(Supplemental	Table	S.2.2),	using	 198	

instrumental	conditions	similar	to	those	used	for	the	whole	dataset	obtained	in	this	study.	 199	

The	session	δ56Fe	of	0.000‰	±0.145‰	was	calculated	as	offset	of	individual	IRMM-014	DS	 200	

analyses	from	the	session	average.	Next,	we	tested	the	response	of	the	measurements	to	 201	

small	differences	in	Ni	contribution.	 202	

The	response	of	the	method	was	tested	with	small	58Ni	and	60Ni	signals	on	the	 203	

Faraday	detectors.	Using	dilutions	of	an	in-house	Ni	solution	of	known	concentration,	we	 204	

measured	signal	levels	for	Ni	over	several	orders	of	magnitude,	including	the	levels	 205	
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normally	found	in	our	samples	(usually	near	the	detection	limits	of	the	Faraday	detectors).	 206	

Our	results	show	the	expected	linear	correlation	of	signal	to	concentration	above	0.1	ppb	 207	

(1	mV)	Ni	on	both	58Ni	and	60Ni	(Figure	2.1,	Supplemental	Table	S.2.3).	Below	0.1	ppb	 208	

concentration	(1	mV),	the	relationship	is	no	longer	linear	with	higher	than	expected	signal	 209	

levels	recorded	for	a	particular	concentration	on	both	isotopes.	As	a	result,	both	the	60Ni	 210	

and	58Ni	intensity	vs.	Ni	concentration	correlations	break	down	between	the	detector	noise	 211	

level	(approximately	20μV;	Johnson	noise)	and	~1	mV	of	60Ni	signal.	This	is	likely	related	to	 212	

a	change	in	analyte,	not	a	detector	effect	(the	Ni	isotope	intensities	are	different	at	the	 213	

breakdown	level	of	the	Faraday	measurements).	The	likeliest	cause	lies	in	either	remaining	 214	

Ni	washing	out	of	the	DSN-100	membrane,	and/or	potentially	a	small	blank	in	the	diluting	 215	

acid.	However,	this	signal	level	is	representative	for	sample	runs	and	limits	the	precision	of	 216	

the	Ni	ratio	to	roughly	two	significant	digits,	with	the	same	ratio	across	the	measured	 217	

range.	Improvement	of	this	measurement	can	be	achieved	using	an	ion	counter,	and	is	 218	

particularly	important	if	it	results	from	washout	of	the	introduction	system.		 219	

To	avoid	Faraday	noise	propagation,	we	place	60Ni	on	an	ion	counter,	with	mass	58	 220	

in	one	of	the	Faraday	detectors	(Table	2.1).	Prior	to	analyses,	we	define	a	60Ni/58Ni	ratio	 221	

that	includes	mass	fractionation	and	ion	counter	gain	by	measuring	an	in-house	nickel	 222	

solution	assumed	to	represent	a	natural	ratio	at	the	attainable	precision.	It	should	be	noted	 223	

that	calibration	of	the	ion	counter	will	affect	the	measured	nickel	ratio,	and	there	may	be	a	 224	

long-term	drift	in	the	calibration	that	may	be	detector-dependent.	However,	in	our	case	 225	

drift	in	the	measured	58Ni/60Ni	is	not	resolvable	above	the	error	during	daylong	tests,	so	we	 226	

measured	the	Ni	standard	only	once	at	the	beginning	of	each	analytical	session.		 227	
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54Cr	is	similarly	corrected	via	monitoring	52Cr.	However,	Cr	has	little	effect	on	the	 228	

double	spike	correction	and	precise	measurement	of	52Cr	by	ion	counter	is	not	required	 229	

due	to	the	demagnification	of	error	when	monitoring	52Cr	for	a	Cr	correction	on	54Fe.	 230	

Modeling	of	collected	data	using	an	artificially	increased	Cr	signal	(signal	multiplied	2x,	3x,	 231	

5x,	and	10x)	suggests	that	the	corrected	56Fe/54Fe	ratio	increases	at	a	rate	of	approximately	 232	

0.03-0.05‰	per	mV	52Cr	(Figure	2.2).	When	the	Cr	signal	is	increased	to	5-7	times	that	of	a	 233	

typical	measurement	(52Cr	=	0.2-0.4	mV),	the	Δ56Fe	ratio	(δ56Fereanalyzed	-	δ56Feoriginal)	of	 234	

most	samples	and	standards	increases	beyond	the	±0.046‰	reproducibility	reported	for	 235	

Alfa	Fe	DS	(Supplemental	Table	S.2.4).	Sub-mV	variations	in	the	52Cr	signal	from	processed	 236	

sample	to	non-processed	standard	(such	as	IRMM-014	DS)	will	minimally	affect	the	offset	 237	

between	the	two;	variations	are	well	within	error	of	the	best	precision	currently	reported	 238	

in	literature.		 239	

	 240	

2.4.2.	Statistical	treatment	of	instrumental	drift	 241	

The	Nu	Plasma	analysis	program	uses	a	peak	centering	routine	prior	to	 242	

measurement	of	each	block	of	data	to	determine	the	optimal	magnet	setting	for	a	 243	

measurement.	For	Fe	analyses,	the	optimal	measurement	setting	occurs	in	the	middle	of	 244	

the	uninterfered	Fe	peak	flat,	far	enough	to	avoid	contribution	from	any	argide	abundance	 245	

sensitivity	while	not	measuring	on	the	sloped	part	of	the	uninterfered	Fe	beam	where	 246	

signal	begins	to	decrease.	This	placement	is	determined	by	the	user	setting	the	“delta	M”	 247	

(M/ΔM)	value	in	the	Nu	Plasma	software.	Instrumental	drift	and	instabilities	can	affect	the	 248	

position	of	isotopic	peaks	on	a	mass	range.	Typically,	this	drift	is	small	or	negligible	 249	

(averaging	5	ppm	for	the	Fe	cycle,	5	ppm	for	the	Ni	cycle,	and	2	ppm	for	the	Cr	cycle)	 250	
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between	blocks,	although	occasional	periods	of	relatively	large	drift	(>10	ppm)	do	occur.	 251	

While	the	drift	is	not	enough	to	affect	an	interference-free	measurement	at	low	resolution,	 252	

it	presents	a	challenge	to	iron	isotopic	measurements	because	the	narrow	range	of	 253	

uninterfered	Fe	peak	flat	does	not	accommodate	substantial	or	abrupt	instrumental	drift.	 254	

Hence,	we	use	peak	center	mass	as	a	proxy	for	instrumental	stability.	 255	

Acquiring	peak	centers	before	each	measurement	block	captures	the	bulk	variations	 256	

than	can	occur	between	measurements,	although	tracking	drift	during	a	measurement	is	 257	

not	possible.	Similar	to	the	bracketing	formula	used	to	calculate	δ56Fe	values,	we	calculated	 258	

ppm-level	changes	in	peak	center	masses	(here	referred	to	as	η)	of	secondary	standards	 259	

and	samples	as	a	function	of	the	peak	center	masses	obtained	for	each	of	the	three	cycles	of	 260	

bracketing	IRMM-014	DS	measurements	(Equation	2).	P	is	peak	center	mass	of	a	standard	 261	

or	sample	as	specified	in	subscripts.	IRMM-014	DS(1)	and	IRMM-014	DS(2)	are	subscripts	 262	

denoting	the	two	standard	measurements	bracketing	a	sample	measurement.	Since	several	 263	

sample	measurements	were	made	between	bracketing	standards,	we	assumed	a	linear	 264	

approximation	of	drift	between	standards	and	weighted	the	standard	measurements	 265	

accordingly	(X	and	Y).	 266	

η =106 *
Psample

X *PIRMM−014DS(1) +Y *PIRMM−014DS(2)

X +Y
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	 	 	 	 (Equation	2)	 267	

Iron,	nickel,	and	chromium	peak	center	offsets	from	first	and	second	measurement	 268	

blocks	of	all	secondary	standards	and	samples	are	used	in	this	analysis	(Supplemental	 269	

Table	S.2.5).	Plotting	ηFe,	ηNi,	and	ηCr	of	secondary	standards	and	samples	shows	that	most	 270	
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of	the	data	clusters	near	the	origin,	indicating	minimal	peak	center	drift	relative	to	 271	

bracketing	standards	(Figure	2.3).	Extreme	η	values	plot	dominantly	above	the	center	of	 272	

the	data,	indicating	drift	typically	occurred	toward	heavier	mass	during	analysis.	Samples	 273	

with	δ56Fe	values	inconsistent	with	recommended	values,	or	with	the	average	for	their	 274	

mineral	type	in	this	study,	often	plot	away	from	the	center	of	the	data,	suggesting	shifts	in	 275	

peak	center	mass	are	coupled	to	unexpected	δ56Fe.	We	interpret	this	behavior	as	a	result	of	 276	

the	measurement	taking	place	off	the	measureable	peak	flat,	either	at	a	mass	high	enough	 277	

to	measure	iron	plus	a	small	amount	of	the	interfering	tail,	or	low	enough	that	some	slope	 278	

from	the	peak	shoulders	slightly	lowers	measured	intensity	on	one	(or	more)	of	the	 279	

masses.	 280	

To	determine	which	points	may	be	considered	outliers,	we	computed	the	minimum	 281	

covariance	determinant-based	(MCD)	centroid	and	covariance	matrix	of	the	bracketed	iron,	 282	

nickel,	and	chromium	peak	center	masses.	MCD	is	preferable	to	classical	covariance	in	this	 283	

application	because	unlike	classical	covariance,	it	is	not	significantly	influenced	by	outlying	 284	

data.	The	MCD	of	the	data	was	computed	in	MATLAB	using	an	implementation	of	the	FAST- 285	

MCD	algorithm	included	in	the	LIBRA	robust	analysis	library	(Rousseeuw	and	Driessen,	 286	

1999;	Verboven	and	Hubert,	2005).	The	centroid	and	covariance	matrix	can	then	be	used	to	 287	

calculate	the	distance	of	each	point	from	the	average	peak	center	masses.	This	distance	 288	

then	identifies	potentially-outlying	data.	Since	the	data	cloud	does	not	vary	uniformly	along	 289	

all	three	axes,	geometric	distance	between	individual	points	and	the	centroid	is	not	a	 290	

reliable	indicator	of	outlying	data.	A	dimensionless	number,	Mahalanobis	distance,	 291	

indicates	how	far	a	point	in	a	multivariate	dataset	(in	this	case,	Fe-Ni-Cr	space)	lies	from	 292	

the	centroid	while	scaling	that	distance	by	normalizing	the	residuals	to	the	variances	(from	 293	
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the	covariance	matrix).	This	provides	a	method	in	which	to	identify	possible	outliers	that	 294	

cannot	be	easily	determined	using	geometric	distance	when	each	axis	displays	a	different	 295	

variance.	Squared	Mahalanobis	distances	(Supplemental	Table	S.2.5)	were	calculated	 296	

(Mahalanobis,	1936)	in	R	using	the	same	centroid	and	covariance	data	determined	in	 297	

MATLAB.		 298	

Outlier	identification	is	aided	by	knowing	how	far	each	point	lies	from	the	centroid	 299	

and	best	constrained	with	a	tolerance	ellipsoid	representing	a	surface	of	constant	 300	

Mahalanobis	distance.	The	1σ	tolerance	ellipse	is	empirically	determined	to	correspond	to	 301	

a	squared	Mahalanobis	distance	(D2)	of	approximately	4.3.	With	normally-distributed	data,	 302	

a	comparison	of	a	Mahalanobis	distance	cutoff	to	χ2	distribution	is	recommended.	 303	

However,	in	this	case,	the	data	is	not	normally	distributed	(Supplemental	Figure	S.2.2)	and	 304	

resulting	cutoff	value	cannot	be	estimated	with	a	χ2	comparison;	instead,	it	must	be	 305	

determined	by	comparing	the	radius	of	the	1σ	ellipsoid	to	Mahalanobis	values	of	the	 306	

dataset.	Tests	with	different	tolerance	levels	(i.e.	2σ)	eliminated	extreme	outliers,	but	some	 307	

questionable	data	remained	and	little	to	no	improvement	of	in-house	double	spiked	 308	

standard	Alfa	Fe	DS	occurred.	Similarly,	lower	tolerance	levels	rejected	acceptable	data,	 309	

and	the	reproducibility	of	Alfa	Fe	DS	decreased	(Figure	2.4).	Any	data	points	with	a	D2	 310	

greater	than	4.3	are	identified	as	outliers	and	rejected	from	the	data	set,	with	the	exception	 311	

of	points	outlying	only	along	the	chromium	axis.	 312	

It	should	be	noted	that	analyses	with	outlying	chromium	peak	center	masses,	but	 313	

within	tolerance	for	iron	and	nickel,	are	not	rejected	because	the	very	low	levels	of	Cr	 314	

present	in	the	sample	do	not	significantly	affect	analyses.	Hence,	outliers	in	Fe-Ni	two- 315	

dimensional	space	are	considered.	As	an	example,	one	outlying	USGS	rock	standard	BCR-2	 316	
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measurement	yielded	a	δ56Fe	of	0.022‰	while	the	recommended	value	is	0.091‰	 317	

(Craddock	and	Dauphas,	2010).	Both	blocks	for	that	analysis	fall	outside	of	the	1σ	ellipsoid.	 318	

Similarly,	this	technique	identified	one	block	that	yielded	a	high	δ56Fe	(0.078‰)	for	an	 319	

olivine	separate	from	a	peridotite	from	the	island	of	Savai‘i		(Samoan	Islands;	SAV09-15.4;	 320	

Figure	2.3).	Removing	this	block	and	the	other	outliers	identified	in	Fe-Ni	space	improves	 321	

precision	of	the	δ56Fe	data.	 322	

The	identified	Mahalanobis	distance	and	tolerance	ellipse	can	be	used	to	calculate	a	 323	

maximum	shift	in	peak	center,	and	by	extension	a	gauge	of	the	available	true	peak	flat.	For	 324	

the	Fe	and	Ni	cycles,	this	amounts	to	approximately	60	and	80	ppm	of	drift	respectively	 325	

(Figure	2.3).	Compared	to	peak-scan	estimates	of	peak	flat	of	~100-300	ppm	(Δm/m;	 326	

Weyer	and	Schwieters,	2003);	this	study),	this	suggests	instrumental	drift	during	a	single	 327	

analysis	needs	to	be	limited	half	or	less	of	the	observed	peak-scan	width	estimate	to	 328	

achieve	optimal	δ56Fe	measurements.	Any	larger	amount	of	drift	significantly	increases	the	 329	

probability	that	the	measurement	includes	some	amount	of	an	interference	or	moves	off	 330	

the	peak	flat	and	is	measuring	the	low-mass,	sloped	peak	sides.	Our	suggested	60	ppm	drift	 331	

limit	for	the	Fe	cycle	agrees	with	the	60	ppm	usable	peak	flat	estimate	by	Millet	et	al.	 332	

(2012),	beyond	which	they	report	significant	reduction	in	reproducibility.	 333	

We	suggest	that	applying	standard-sample	bracketing	to	peak	center	masses	and	 334	

comparing	to	a	1σ	(68%)	covariance	ellipse	will	reliably	identify	data	affected	by	 335	

instrumental	drift	resulting	in	measurement	occurring	outside	of	the	ideal	peak	flat	range.	 336	

Removing	outliers	identified	by	this	method	improves	precision	of	double	spiked	Alfa	Fe	 337	

DS	measurements	from	δ56Fe	=	0.471	±0.051‰	(2σ,	n=19)	to	δ56Fe	=	0.473	±0.046‰	(2σ,	 338	

n=17).	The	averages	reported	in	this	study	are	error-weighted	unless	otherwise	noted.	 339	
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Similar	improvements	in	precision	following	outlier	rejection	occur	for	the	mineral	phases	 340	

with	the	exception	of	some	Savai‘i	mineral	separates	(Table	2.5).	However,	for	natural	 341	

materials,	different	values	might	be	expected	for	distinct	dissolutions	due	to	sample	 342	

heterogeneity	or	alteration.	 343	

	 344	

2.4.3.	Precision	and	data	reduction	techniques	from	other	studies	 345	

2.4.3.1.	Average	calculations	 346	

	In	order	to	compare	the	precision	of	our	approach	to	some	of	the	highest	reported	 347	

precisions	in	the	literature,	averaging	is	required.	For	example,	Dauphas	et	al.	(2009a)	 348	

obtain	5-9	sample	runs	to	average	as	one	δ56Fe,	and	multiple	sets	of	analyses	are	used	to	 349	

determine	an	external	precision	of	0.02-0.03‰	(2σ).	Grouping	in-house	standard	Alfa	Fe	 350	

DS	analyses	(prior	to	outlier	rejection)	in	this	manner	(n=5,	n=5,	n=5,	n=4)	and	calculating	 351	

a	long-term	average	of	these	groups	suggests	an	average	non-weighted	δ56Fe	of	0.471	 352	

±0.029‰	(2σ).	 353	

Excluding	outlying	data,	Alfa	Fe	DS	δ56Fe	becomes	0.471	±0.027‰	(n=5,	n=4,	n=4,	 354	

n=4).	Additional	permutations	yielded	δ56Fe	=	0.474	±0.019‰	(n=4,	n=4,	n=3,	n=3,	n=3)	 355	

and	0.475	±0.031‰	(n=3,	n=2,	n=2,	n=2,	n=2,	n=2,	n=2,	n=2).	Given	the	external	precision	 356	

is	effectively	the	same	for	averages	of	2	through	5	runs,	our	double	spike	technique	 357	

requires	fewer	repeat	analyses	of	a	sample	to	produce	precision	similar	to	the	standard- 358	

sample	bracketing	techniques	described	by	(Craddock	and	Dauphas,	2010;	Dauphas	et	al.,	 359	

2009a;	Millet	et	al.,	2012).	 360	

	 361	

	 362	
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2.4.3.2.	Standard-sample	bracketing	comparison	 363	

In	order	to	compare	our	technique	to	a	standard-sample	bracketing	approach	 364	

directly,	we	also	calculate	the	error	from	bracketing	our	collected	data	without	applying	 365	

the	double	spike	correction	routine.	This	requires	knowledge	of	the	true	exact	composition	 366	

of	the	standard-double	spike	mixture,	which	we	have	calculated	as	the	average	of	all	our	 367	

double	spiked	IRMM	analyses	(the	double	spiked	IRMM-014	solution	was	prepared	as	one	 368	

large	batch).	We	then	used	the	measured	data	for	the	double	spiked	IRMM-014	runs	to	 369	

bracket	the	fractionation	on	our	Alfa	Fe	DS	standard	(also	prepared	as	one	batch).	This	 370	

results	in	an	average	δ56Fe	of	0.056	±0.054‰.	Data	are	reported	in	Supplemental	Table	 371	

S.2.6.	With	no	double	spike	correction,	the	measured	ratios	represent	a	mixture	of	the	 372	

standard	and	double	spike.	The	spike:standard	ratios	of	Alfa	Fe	DS	and	IRMM-014	DS	differ	 373	

slightly,	which	changes	the	expected	δ56Fe	offset	between	the	two	standards.	However,	the	 374	

reproducibility	should	still	be	representative	of	the	bracketing	method.	With	outlier	 375	

rejection,	this	improves	approximately	6%	to	a	δ56Fe	of	0.059	±	0.051‰.	Compared	to	 376	

standard-sample	bracketing	without	the	double	spike	correction,	precision	is	improved	 377	

10%	with	double	spike	correction	both	before	and	after	outlier	rejection.	 378	

	 379	

2.5.	Results	for	natural	materials	 380	

Results	are	reported	in	Table	2.6.	We	analyzed	our	in-house	standard	(Alfa	Fe	DS)	 381	

19	times	in	addition	to	24	natural	sample	analyses	and	2	analyses	of	USGS	reference	 382	

standard	BCR-2	before	outlier	rejection.	Two	Alfa	Fe	DS	measurements	and	single	blocks	 383	

from	two	other	measurements	were	rejected	by	the	outlier	analysis	and	are	not	considered	 384	

in	the	long-term	average	(n=17).	These	repeat	analyses	suggest	a	2σ	long-term	error	of	 385	
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±0.046‰	in	δ56Fe	(equivalent	to	±0.019‰	2σ	if	each	analysis	is	calculated	as	an	average	of	 386	

~3-4	analyses).	These	values	should	be	considered	the	limit	of	attainable	precision	for	the	 387	

samples	reported	below.	 388	

	 389	

2.5.1.	Mineral	Analyses	 390	

Results	from	the	mineral	samples	after	double	spike	correction	and	outlier	rejection	 391	

are	found	in	Table	2.6.	The	internal	error	(1	standard	error,	or	1SE)	on	the	corrected	δ56Fe	 392	

of	all	standards	and	samples	averaged	±0.013‰.	Kilbourne	Hole	olivines	yielded	an	 393	

average	δ56Fe	of	0.028	±0.047‰	(2σ,	n=6)	and	orthopyroxenes	had	an	average	δ56Fe	of	 394	

0.023	±0.055‰	(2σ,	n=2).	The	clinopyroxenes	from	pyroxenites	KH-26	(n=1)	and	KH-60B	 395	

(n=1)	yielded	δ56Fe	values	of	0.115±0.019‰	(1SE)	and	0.158±0.006‰	(1SE),	respectively.	 396	

Internal	precision	in	standard	error	is	reported	since	only	one	analysis	of	each	sample	is	 397	

available	except	where	a	duplicate	measurement	of	the	same	sample	preparation	is	listed.	 398	

Savai‘i	xenolith	olivines	from	multiple	different	hand	pieces	average	a	δ56Fe	of	0.033	 399	

±0.072‰	(2σ,	n=4),	and	the	orthopyroxenes	average	a	δ56Fe	of	0.053	±0.044‰	(n=2).	The	 400	

larger	uncertainty	of	these	averages	results	from	the	inclusion	of	multiple	xenolith	hand	 401	

pieces	in	the	average.	The	average	olivine	and	orthopyroxene	δ56Fe	values	for	Kilbourne	 402	

Hole	and	Savai‘i	are	within	error	of	each	other	(Table	2.6,	Figure	2.6)	and	not	isotopically	 403	

distinguishable	without	a	far	larger	number	of	analyses	available	for	averaging,	or	further	 404	

improvement	in	analytical	precision.	However,	the	clinopyroxenes	from	the	pyroxenites	 405	

are	significantly	higher	in	δ56Fe,	and	particularly	δ56Fe	values	for	KH-60B	are	statistically	 406	

different	from	the	olivines	and	orthopyroxenes	of	peridotite	KH-7.	 407	

	 408	
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2.6.	Caveats	and	further	potential	 409	

2.6.1.	Possible	sources	of	remaining	error	 410	

A	remaining	challenge	is	to	identify	the	source	or	sources	of	error	remaining	in	the	 411	

measurement	method.	Instrumental	instability	that	may	be	insignificant	in	standard	 412	

resolution	has	a	measurable	effect	on	data	obtained	in	(pseudo)	high	resolution	mode,	 413	

given	the	smaller	amount	of	peak	flat	available	on	the	low-mass	shoulders	of	the	interfered	 414	

peaks.	 415	

Nickel	cycle	peak	centering	takes	place	at	the	low-mass	end	of	the	collector	array	 416	

where	beam	distortion	increases	relative	to	the	center	of	the	array.	Part	of	this	distortion	 417	

comes	from	the	unusual	mass	separation	(0.4	amu	instead	of	0.25	or	0.33)	and	related	high	 418	

voltages	on	the	quadrupole	lenses	required	to	collect	mass	60	in	IC0	and	mass	58	in	L5	 419	

(Table	2.1).	As	the	nickel-based	isobaric	correction	has	a	significant	influence	on	the	 420	

corrected	56Fe/54Fe	ratio,	the	greater	variation	in	the	nickel	cycle	peak	center	mass	is	likely	 421	

the	dominant	cause	of	remaining	variations	in	the	δ56Fe.	Unfortunately,	the	architecture	of	 422	

the	collector	array	prevents	a	more	optimal	setup;	a	high-mass	ion	counter	would	be	 423	

required	to	place	the	58	amu	beam	into	a	more	central	Faraday	detector	and	therefore	less	 424	

distorted	beam.	 425	

	 426	

2.6.2.	Potential	for	iron	isotopic	signatures	of	mineral	phases	and	applications	 427	

to	understanding	mantle	processes	 428	

Clinopyroxenes	from	Kilbourne	Hole	pyroxenite	xenoliths	yield	δ56Fe	values	≥0.1‰	 429	

higher	than	any	of	the	phases	from	the	peridotites	(Figure	2.6).	These	results	are	very	 430	

similar	to	elevated	values	in	pyroxenites	reported	by	Williams	et	al.	(2005)	and	Williams	 431	
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and	Bizimis	(2014).	Williams	and	Bizimis	(2014)	propose	that	their	elevated	δ57Fe	values	 432	

in	pyroxenites	relative	to	peridotites	are	related	to	fractional	crystallization	of	pyroxene	 433	

from	a	melt.	This	would	be	the	case	if	these	pyroxenites	represent	veins	of	wall-cumulates	 434	

or	replacive	pyroxenites	from	melts	interacting	with	peridotite	(e.g.,	Bodinier	and	Godard,	 435	

2003).	In	either	of	these	cases	the	pyroxenites	would	likely	have	δ56Fe	values	related	to	 436	

melt,	which	is	thought	to	have	higher	values	than	peridotite	(Dauphas	et	al.,	2009b;	 437	

Williams	et	al.,	2004).	Our	pyroxenite	data	follows	this	relationship.	 438	

The	values	we	report	for	mineral	phases	in	peridotite	overlap	with	the	values	of	 439	

Williams	and	Bizimis	(2014),	but	are	slightly	elevated	compared	to	an	estimate	for	 440	

primitive	mantle	(δ56Fe	~0.02‰;	Weyer	and	Ionov,	2007).	Our	samples	from	Kilbourne	 441	

Hole	are	slightly	above,	but	within	error	of	this	value,	and	we	can	therefore	not	distinguish	 442	

their	values	from	a	relatively	pristine	mantle	value.	The	values	found	in	the	Samoan	 443	

xenoliths,	in	contrast,	are	nearly	all	above	δ56Fe	~0.02‰	ranging	up	to	values	of	~0.07‰,	 444	

and	likely	were	affected	by	an	additional	process.	Weyer	and	Ionov	(2007)	suggest	that	 445	

metasomatic	action	of	Si-undersaturated	melt	will	replace	orthopyroxene	with	 446	

clinopyroxene	and	elevate	δ56Fe	values.	Independently,	Hauri	et	al.	(1993)	have	suggested	 447	

that	orthopyroxene	to	clinopyroxene	replacement	has	taken	place	through	metasomatism	 448	

in	the	set	of	xenoliths	they	studied,	based	on	petrography	and	geochemical	compositions.	 449	

Thus,	the	simplest	interpretation	of	our	elevated	peridotite	values	for	Samoa	lies	in	a	 450	

metasomatic	event	affecting	the	δ56Fe	values	of	the	mantle.	Alternatively,	variability	in	 451	

mantle	δ56Fe	values	has	also	been	related	to	variations	in	oxygen	fugacity	(e.g.,	Williams	et	 452	

al.,	2004).	Since	recent	work	on	Samoan	lavas	has	shown	extreme	fO2	values	(Cottrell	and	 453	

Kelley,	2014),	perhaps	the	δ56Fe	values	in	the	xenoliths	reflect	a	Samoan	mantle	fO2.	 454	
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	 455	

2.7.	Conclusions	 456	

We	have	developed	a	new	measurement	technique	for	MC-ICP-MS	that	uses	a	new	 457	

type	of	isobaric	interference	correction	and	instrument	stability	assessment	for	57Fe-58Fe	 458	

double	spike	analyses.	We	find	that	the	isobaric	interference	from	Ni	must	be	accounted	 459	

for,	in	order	to	obtain	the	greatest	possible	precision	with	our	double	spike	composition.	 460	

Placing	60Ni	on	a	low-abundance	ion	counter	increases	precision	of	the	measurement,	 461	

which	prevents	propagation	of	Faraday	noise	into	the	double	spike	correction.	After	double	 462	

spike	correction	and	outlier	removal,	we	can	achieve	a	δ56Fe	value	of	0.473	±0.046‰	(2σ)	 463	

on	our	secondary	standard	Alfa	Fe	DS	relative	to	IRMM-014	DS.		 464	

Tracking	instrumental	stability	is	valuable	for	data	quality	monitoring.	Peak	center	 465	

masses	are	a	useful	proxy	for	stability	and	may	be	used	in	statistical	outlier	detection	to	 466	

reliably	remove	data	points	with	ratios	likely	to	have	been	influenced	by	polyatomic	argide	 467	

tails	that	interfere	with	iron	isotope	beams.	Tolerance	ellipses	and	Mahalanobis	distances	 468	

are	effective	outlier	detection	tools,	as	points	plotting	outside	of	the	ellipse	tend	to	have	 469	

questionable	δ56Fe	values	and	are	likely	to	have	been	measured	outside	of	the	ideal	peak	 470	

flat	region	where	interfering	argides	may	have	encroached.	 471	

Our	technique	produces	high	precision	Fe	isotope	data.	Further	improvements	are	 472	

possible	with	multiple	analyses	and	statistical	tests	of	representative	crystals	of	each	 473	

mineral	phase	in	order	to	distinguish	iron	isotopic	signatures	of	the	mineral	phases.	Our	 474	

data	set	suggests	that	different	ultramafic	rock	types	may	be	distinguished	with	this	 475	

approach.	Our	outlier	test	helps	reduce	the	uncertainty	of	mineral	averages.	Potentially,	the	 476	
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technique	can	be	extended	to	different	minerals	phases,	given	enough	repeat	analyses	per	 477	

sample.		 478	

	 479	
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Table	2.2.	Concentrations	and	masses	of	
standards	and	double	spike	used	to	make	
spiked	standard	solutions.	
Double	spike	
composition	(ratio)	

	 Ratio	

58Fe/56Fe	 	 4.7671	
57Fe/56Fe	 	 36.473	
54Fe/56Fe	 	 0.000154	
Ideal	57Fe/56Fe	of	
spike/sample	mix	

	 0.834533	

Double	spike	
composition	(wt%)	

	 Percent	

58Fe	 	 11.286%	
57Fe	 	 2.3674%	
56Fe	 	 86.347%	
54Fe	 	 3.6E-6%	

	 491	

	 	 492	
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Table	2.3.	Sample	information.	
Sample	Name	 Location	 Host	sample	type	 Mineral	Type	 Mass	

(mg)	
OL-2	 Kilbourne	

Hole,	NM	
KH-7	peridotite	
xenolith	

Olivine	(single	
crystal)	

14.76	

OL-3	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(single	
crystal)	

14.40	

B-OL	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(batch)	 52.09	

B-OL.1	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(batch)	 44.34	

B-OL.3	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(batch)	 26.57	

B-OPX	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(batch)	 31.77	

B-OPX.1.2	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Olivine	(batch)	 22.96	

B-OPX.3	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Orthopyroxene	
(batch)	

15.43	

SAV09-15	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 65.48	
SAV09-15NI	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 35.50	
SAV09-15.1	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 45.91	
SAV09-15.2	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 33.22	
SAV09-15.3	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 37.08	
SAV09-15.4	 Savai’i	 peridotite	xenolith	 Olivine	(batch)	 38.45	
SAV09-15OPX	 Savai’i	 peridotite	xenolith	 Orthopyroxene	

(batch)	
41.38	

SAV09-15.1OPX	 Savai’i	 peridotite	xenolith	 Orthopyroxene	
(batch)	

9.93	

B-CPX	 Kilbourne	
Hole,	NM	

KH-7	peridotite	
xenolith	

Clinopyroxene	
(batch)	

39.18	

KH-26	 Kilbourne	
Hole,	NM	

KH-26	pyroxenite	 Clinopyroxene	
(batch)	

18.66	

KH-60B	 Kilbourne	
Hole,	NM	

KH-60B	
pyroxenite	

Clinopyroxene	
(batch)	

13.74	

	 493	

	 	 494	
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Table	2.4.	Behavior	of	results	(averages,	when	given,	are	non-error	weighted,	prior	to	outlier	
rejection)	with	and	without	interference	correctionsa.	

Sample	 Type	

δ56Fe		
Ni	correction	on	
Cr	correction	on	

δ56Fe		
Ni	correction	off	
Cr	correction	on	

δ56Fe		
Ni	correction	on	
Cr	correction	off	

δ56Fe		
Ni	correction	off	
Cr	correction	off	

Alfa	Fe	DS	 Standard	 0.439	 0.584	 0.440	 0.585	
Alfa	Fe	DS	 Standard	 0.478	 0.826	 0.497	 0.846	
Alfa	Fe	DSb	 Standard	 0.452	 0.582	 0.450	 0.582	
Alfa	Fe	DS	 Standard	 0.450	 0.562	 0.448	 0.563	
Alfa	Fe	DS	 Standard	 0.469	 0.543	 0.471	 0.545	
Alfa	Fe	DS	 Standard	 0.501	 0.274	 0.502	 0.275	
Alfa	Fe	DS	 Standard	 0.487	 0.270	 0.488	 0.271	
Alfa	Fe	DS	 Standard	 0.491	 0.267	 0.492	 0.269	
Alfa	Fe	DS	 Standard	 0.448	 0.151	 0.448	 0.155	
Alfa	Fe	DS	 Standard	 0.516	 0.221	 0.518	 0.220	
Alfa	Fe	DS	 Standard	 0.454	 0.166	 0.456	 0.165	
Alfa	Fe	DS	 Standard	 0.477	 0.188	 0.479	 0.188	
Alfa	Fe	DSb	 Standard	 0.420	 0.302	 0.420	 0.303	
Alfa	Fe	DSb	 Standard	 0.458	 0.325	 0.458	 0.325	
Alfa	Fe	DS	 Standard	 0.496	 0.376	 0.497	 0.376	
Alfa	Fe	DS	 Standard	 0.486	 0.333	 0.485	 0.336	
Alfa	Fe	DS	 Standard	 0.511	 0.297	 0.511	 0.297	
Alfa	Fe	DS	 Standard	 0.464	 0.474	 0.459	 0.466	
Alfa	Fe	DS	 Standard	 0.445	 0.697	 0.440	 0.693	
Average	Alfa	 0.471	 0.392	 0.472	 0.393	
2σ	 	 0.052	 0.384	 0.055	 0.387	
Average	(no	outliers)	 0.473	 0.389	 0.477	 0.391	
2σ	 	 0.046	 0.405	 0.051	 0.409	
	 	 	 	 	 	
USGS	Rock	Standardc	 	 	 	 	
BCR-2b	 	 0.022	 0.604	 0.024	 0.605	
BCR-2	 	 0.116	 0.913	 0.120	 0.916	
	 	 	 	 	 	
aData	is	presented	with	nickel	and	chromium	corrections	(recommended),	no	nickel	correction	
(chromium	corrected),	no	chromium	correction	(nickel	corrected),	and	with	neither	correction.	The	
nickel	correction	exerts	significant	control	on	δ56Fe,	particularly	when	comparing	processed	samples	
with	low	Ni	levels	to	unprocessed	standards	with	slightly	higher	Ni	levels.	Non-weighted	averages	
are	calculated	for	in-house	standard	Alfa	Fe	DS.	Data	are	also	presented	for	USGS	Reference	standard	
BCR-2,	Kilbourne	Hole	olivines	(KHol),	Kilbourne	Hole	orthopyroxenes	(KHopx),	Kilbourne	Hole	
peridotite	and	pyroxenite	clinopyroxenes	(KHcpx),	Savai’i	olivines	(SAVol),	and	Savai’i	
orthopyroxenes	(SAVopx).	
bItalicized	Samples	had	one	or	more	blocks	are	identified	as	outliers	in	Fe-Ni	space	(see	discussion	in	
Section	2.4).		
cBCR-2	average	is	not	calculated	because	one	of	the	analyses	was	identified	as	an	outlier	and	
rejected.	
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Table	2.4	(continued)	

Sample	 Type	

δ56Fe		
Ni	correction	on	
Cr	correction	on	

δ56Fe		
Ni	correction	off	
Cr	correction	on	

δ56Fe		
Ni	correction	on	
Cr	correction	off	

δ56Fe		
Ni	correction	off	
Cr	correction	off	

OL-2	 KHol	 0.030	 0.556	 0.034	 0.560	
OL-3b	 KHol	 0.069	 0.648	 0.067	 0.652	
B-OL	 KHol	 -0.012	 0.318	 -0.007	 0.322	
duplicate	 KHol	 0.025	 0.350	 0.032	 0.357	
B-OL.1	 KHol	 0.056	 1.126	 0.059	 1.130	
B-OL.3	 KHol	 0.037	 0.720	 0.040	 0.723	
	 	 	 	 	 	
B-OPX	 KHopx	 -0.005	 -0.400	 -0.016	 -0.409	
B-OPX.1.2	 KHopx	 0.019	 0.928	 0.000	 0.912	
duplicateb	 KHopx	 0.025	 0.572	 0.008	 0.555	
B-OPX.3	 KHopx	 0.050	 0.748	 0.055	 0.754	
	 	 	 	 	 	
B-CPXb	 KHcpx	 0.088	 0.756	 0.047	 0.715	
duplicateb	 KHcpx	 0.004	 0.679	 -0.040	 0.636	
KH-26b	 KHcpx	 0.125	 0.674	 0.130	 0.679	
KH-60bb	 KHcpx	 0.170	 0.065	 0.177	 0.072	
	 	 	 	 	 	
SAV09-15	 SAVol	 0.046	 0.998	 0.047	 1.001	
SAV09-15NI	 SAVol	 0.043	 1.041	 0.045	 1.044	
duplicateb	 SAVol	 -0.060	 0.553	 -0.055	 0.554	
SAV09-15.1	 SAVol	 -0.019	 0.997	 -0.017	 1.002	
duplicateb	 SAVol	 -0.005	 0.602	 -0.001	 0.602	
SAV09-15.2	 SAVol	 0.047	 0.544	 0.048	 0.545	
SAV09-15.3	 SAVol	 0.070	 0.421	 0.072	 0.423	
SAV09-15.4b	 SAVol	 0.040	 0.707	 0.041	 0.709	
	 	 	 	 	 	
SAV09-
15OPX	b	 SAVopx	 0.035	 0.386	 0.038	 0.389	
SAV09-
15.1OPX	 SAVopx	 0.073	 0.776	 0.075	 0.776	

	 495	
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Table	2.5.	Comparison	of	iron	isotopic	data	before	and	after	outlier	rejectiona	

	 Without	outlier	rejection	 	 With	outlier	rejection	
	 Average	δ56Feb	 2σ	 	 Average	δ56Feb	 2σ	

Alfa	 0.471	 0.051	 	 0.473	 0.046	
KHol	 0.033	 0.052	 	 0.028	 0.047	
SAVol	 0.025	 0.087	 	 0.033	 0.072	
KHopx	 0.023	 0.045	 	 0.023	 0.055	
SAVopx	 0.052	 0.037	 	 0.053	 0.044	
KHcpx	 0.103	 0.165	 	 0.149	 0.051	
BCR-2	 0.061	 0.132	 	 0.116	 N/Ac	
aExplanations	of	sample	types	can	be	found	in	Table	3.	
bAverages	and	2σ	are	error-weighted.	
cBCR-2	n=1	after	outlier	rejection.	
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Table	2.6.	Iron	isotopic	data	for	secondary	standard	Alfa	Fe	DS,	
USGS	powdered	standard	BCR-2	and	mineral	samples	after	outlier	
rejection.	“Duplicate”	analyses	are	a	re-measurement	of	the	same	
dissolution	of	the	previously	listed	sample.	1SE	is	the	internal	
error	reported	for	the	double	spike-corrected	56Fe/54Fe	ratio.	
Sample	 Type	 δ56Fe	(‰)	 1SE	
Alfa	Fe	DS	 Standard	 0.439	 1.66E-02	
Alfa	Fe	DS	 Standard	 0.478	 1.59E-02	
Alfa	Fe	DS	 Standard	 0.450	 1.66E-02	
Alfa	Fe	DS	 Standard	 0.469	 9.55E-03	
Alfa	Fe	DS	 Standard	 0.501	 1.31E-02	
Alfa	Fe	DS	 Standard	 0.487	 1.11E-02	
Alfa	Fe	DS	 Standard	 0.491	 1.20E-02	
Alfa	Fe	DS	 Standard	 0.448	 9.87E-03	
Alfa	Fe	DS	 Standard	 0.516	 1.13E-02	
Alfa	Fe	DS	 Standard	 0.454	 1.10E-02	
Alfa	Fe	DS	 Standard	 0.477	 1.13E-02	
Alfa	Fe	DS	 Standard	 0.443	 1.54E-02	
Alfa	Fe	DS	 Standard	 0.496	 1.48E-02	
Alfa	Fe	DS	 Standard	 0.486	 1.31E-02	
Alfa	Fe	DS	 Standard	 0.505	 1.33E-02	
Alfa	Fe	DS	 Standard	 0.464	 8.34E-03	
Alfa	Fe	DS	 Standard	 0.445	 9.56E-03	
Weighted	average	 	 0.475	 	
Weighted	2σ	 	 0.045	 	
	 	 	 	
BCR-2	 USGS	Ref.	 0.116	 1.19E-02	
	 	 	 	
OL-2	 KHol	 0.030	 1.10E-02	
OL-3	 KHol	 0.023	 1.75E-02	
B-OL	 KHol	 -0.012	 1.01E-02	
duplicate	 KHol	 0.025	 8.41E-03	
B-OL.1	 KHol	 0.056	 9.56E-03	
B-OL.3	 KHol	 0.037	 1.13E-02	
Weighted	average	 	 0.028	 	
Weighted	2σ	 	 0.047	 	
	 	 	 	
B-OPX	 KHopx	 -0.004	 1.13E-02	
B-OPX.1.2	 KHopx	 0.018	 1.10E-02	
B-OPX.3	 KHopx	 0.049	 1.03E-02	
Weighted	average	 	 0.023	 	
Weighted	2σ	 	 0.055	 	
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Table	2.6	(continued)	 	

Sample	 Type	 δ56Fe	(‰)	 1SE	
KH-26	 KHcpx	 0.115	 1.80E-02	
KH-60b	 KHcpx	 0.158	 9.43E-03	
	 	 	 	
SAV09-15	 SAVol	 0.046	 1.08E-02	
SAV09-15NI	 SAVol	 0.043	 1.11E-02	
SAV09-15.1	 SAVol	 -0.019	 1.06E-02	
duplicate	 SAVol	 -0.018	 1.77E-02	
SAV09-15.2	 SAVol	 0.047	 1.20E-02	
SAV09-15.3	 SAVol	 0.070	 8.86E-03	
SAV09-15.4	 SAVol	 0.002	 1.64E-02	
	 	 	 	
SAV09-15OPX	 SAVopx	 0.018	 1.80E-02	
SAV09-15.1OPX	 SAVopx	 0.073	 1.34E-02	

	 499	

	 	 500	



	

	 67	

	 501	

Figure	2.1.	Behavior	of	nickel	signal	with	concentration	on	the	Faraday	detectors.	Below	 502	
0.1	ppb,	signal	is	dominated	by	background	levels	of	Ni	in	the	diluting	acid	and	the	 503	
relationship	of	signal	to	concentration	is	no	longer	linear	(green	trendline).	 504	
	 	 505	
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	 506	

Figure	2.2.	Change	in	δ56Fe	of	selected	standard	and	sample	analyses	with	modeled	 507	
increases	in	52Cr	signal.	2σ	uncertainty	of	Alfa	Fe	DS	is	shown.	 508	
	 	 509	
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	 510	

Figure	2.3.	Sample	data	plotted	as	peak	center	offsets	for	iron,	nickel,	and	chromium.	The	 511	
plot	is	oriented	to	look	down	the	Cr	axis	since	data	points	plotting	as	outliers	are	not	 512	
rejected	from	analysis	(additional	projections	provided	in	Supplementary	Data).	Points	 513	
plotting	outside	of	the	1σ	ellipsoid	in	this	projection	are	considered	to	be	outlying	data	and	 514	
are	rejected	from	the	average.	Points	joined	by	a	line	are	paired	blocks	representing	one	 515	
sample	measurement.	In	the	case	where	only	one	block	of	a	measurement	is	identified	as	 516	
an	outlier,	that	block	is	rejected.	To	compensate	for	single-block	measurements,	the	 517	
measurements	are	weighted	by	error	when	calculating	long-term	Alfa	Fe	DS	average	and	 518	
mineral	averages.	Several	rejected	points	are	identified.	One	measurement	of	USGS	 519	
reference	standard	BCR-2	yielded	a	low	δ56Fe.	Both	blocks	plot	outside	of	the	ellipsoid	and	 520	
are	rejected.	Similarly,	one	block	of	Savai‘i	olivine	plots	outside	of	the	ellipsoid	while	the	 521	
other	plots	within	the	ellipsoid.	The	outlying	block	has	a	δ56Fe	=	0.078‰,	somewhat	higher	 522	
than	the	average	Savai‘i	xenolith	olivine	(δ56Fe	=	0.033‰).	Conversely,	the	inlying	block	 523	
has	a	δ56Fe	=	0.002‰,	closer	to	the	average	value.	 	 524	
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	 525	

Figure	2.4.	Plot	of	Alfa	Fe	DS	2σ	(unweighted)	versus	squared	Mahalanobis	distance.	 526	
Varying	the	Mahalanobis	distance	of	the	ellipsoid	allows	an	ideal	ellipsoid	size	to	be	 527	
determined.	Too	small	an	ellipsoid	eliminates	too	many	measurements	(that	are	also	likely	 528	
valid);	too	large	an	ellipsoid	fails	to	exclude	a	majority	of	measurement	that	may	not	be	 529	
valid.	Hence,	we	expect	elevated	error	at	small	Mahalanobis	distance	and	small	sample	size,	 530	
and	large	Mahalanobis	distances	where	potentially	bad	data	is	included.	An	error	minimum	 531	
occurs	between	D2	values	of	3.8	and	4.7,	corresponding	well	with	the	proposed	1σ	 532	
tolerance	ellipsoid.	Data	outlying	only	along	the	Cr-axis	are	considered	included	when	 533	
squared	Mahalanobis	distance	is	greater	than	3.	 534	
	 	 535	
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	 536	

	 537	

Figure	2.5.	Ideal	magnet	placement	on	interference-free	peak	flat.	Width	and	estimated	 538	
tolerances	are	plotted	with	magnet	placement.	 539	
	 	 540	
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	 541	

Figure	2.6.	Distribution	of	δ56Fe	values	sorted	by	mineral	phase.	KHol	is	Kilbourne	Hole	 542	
olivine,	KHopx	is	Kilbourne	Hole	orthopyroxene,	cpx	is	Kilbourne	Hole	clinopyroxene,	 543	
SAVol	is	Savai‘i	olivine,	and	SAVopx	is	Savai‘i	orthopyroxene.	Error	bars	represent	internal	 544	
precision	of	measurements	(permil	1SE).	 545	
	 	 546	
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CHAPTER	3:	SOLVING	THE	PARADOX	OF	HIGH-fO2	BONINITIC	MELTS	WITH	LOW	 636	

δ56FE:	SOURCE	INPUT	VS.	MAGMATIC	PROCESSES	IN	THE	YOUNG	LAU	BASIN	 637	

BACKARC	 638	

	 	 639	
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Abstract	 640	

The	Fe	isotopic	compositions	of	magmatic	systems	may	relate	to	the	fO2	of	the	 641	

evolving	melts,	resulting	in	high	δ56Fe	values	for	closed	systems	that	evolve	to	high	fO2.	If	 642	

indeed	fO2	plays	such	a	vital	role	in	generating	high	δ56Fe	values,	magmas	with	known	high	 643	

fO2	should	also	display	unusual	δ56Fe	values.	Such	high	fO2	conditions	are	present	in	 644	

subduction	zone	environments	and	expected	to	be	characteristic	for	boninites,	which	are	 645	

thought	to	form	from	fluid-flux	melting.	Therefore,	the	δ56Fe	composition	of	boninites	may	 646	

improve	our	understanding	of	the	relationship	between	δ56Fe	and	fO2.	 647	

The	Northeast	Lau	Basin	backarc	hosts	the	Mata	Volcanic	Field	(MVF),	a	cluster	of	 648	

small,	young	volcanoes	that	recently	erupted	boninitic	lavas	related	to	early	stages	of	 649	

subduction.	Here	we	present	the	first	Fe	isotopic	data	for	a	suite	of	MVF	high-Ca	boninitic	 650	

glasses.	These	melts	are	derived	directly	from	underlying	mantle	and	have	short	crustal	 651	

residence	times,	preserving	geochemical	characteristics	reflecting	parental	melt	 652	

compositions.	Furthermore,	elevated	redox	state	in	the	MVF	compared	to	typical	mid- 653	

ocean	ridge	settings	provides	an	ideal	location	to	evaluate	the	known	correlation	between	 654	

redox	and	Fe	isotope	composition.	Coupling	of	redox-sensitive	Fe	isotope	ratios	to	 655	

compositional	data	can	therefore	provide	clues	into	the	relationships	between	redox	state,	 656	

magmatic	processes,	source	contributions	and	Fe	isotope	composition	of	a	melt.		 657	

MVF	δ56Fe	values	(average	~+0.013‰)	are	unusually	low	for	a	mantle-derived	melt	 658	

(average	~+0.1‰),	instead	resembling	depleted	upper	mantle	δ56Fe	(~0.0‰).	High	redox	 659	

state	has	often	been	associated	with	elevated	δ56Fe	in	literature,	rendering	low	δ56Fe	values	 660	

of	boninites	paradoxical	considering	their	elevated	redox	states.	Notably,	MVF	δ56Fe	values	 661	

display	geochemical	correlations	not	previously	observed	in	boninites.	Specifically,	the	 662	
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northwestern	part	of	the	MVF	proximal	to	the	NE	Lau	Spreading	Center,	particularly	Tolu	 663	

Volcano,	have	higher	glass	MgO	and	δ56Fe,	and	lower	whole-rock	Ba/Nb.	To	the	southeast,	 664	

lower	glass	MgO	and	δ56Fe	and	higher	whole	rock	Ba/Nb,	particularly	in	West	Mata	 665	

Volcano,	are	dominant.	This	suggests	West	Mata,	which	sits	closer	to	the	Tonga	arc,	may	 666	

reflect	incorporation	of	greater	amount	of	a	low-	δ56Fe,	LILE-enriched,	lower	Mg#	 667	

subduction-derived	fluid	component	that	metasomatized	mantle	wedge.	Furthermore,	such	 668	

a	mechanism	offers	a	possible	explanation	of	high-fO2	melts	with	low	δ56Fe.	In	contrast,	 669	

Mata	Tolu-type	compositions	more	closely	resemble	compositions	enriched	in	some	 670	

elements	similarly	to	the	nearby	Northeast	Lau	Spreading	Center	and	likely	contain	less	of	 671	

the	subduction	fluid	component.	This	indicates	that	Fe	isotopes	may	be	a	useful	tracer	of	 672	

subduction	fluid	input	in	arc-generated,	mantle-derived	melts.		 673	

	 	 674	
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3.1.	Introduction		 675	

The	Lau	Basin	is	a	young	ocean	basin	that	has	been	the	subject	of	many	geophysical	 676	

and	geochemical	studies	because	of	its	widespread	volcanic	activity	and	complex	ridge	 677	

system	(Figure	3.1).	The	northeastern	part	of	the	Lau	backarc	in	particular	has	generated	 678	

interest	due	to	the	discovery	of	active	submarine	volcanic	eruptions	in	2008	during	the	 679	

TN227	expedition	(R/V	Thompson)	and	has	since	been	revisited	during	Northeast	Lau	 680	

Response	Cruises	(Resing	et	al.,	2011).	The	eastern	Lau	Basin	hosts	the	Tonga	backarc,	 681	

where	the	production	of	mantle-derived	melts	serves	as	a	window	into	the	geochemical	 682	

makeup	of	underlying	heterogeneous	mantle	domains	that	act	as	controls	on	the	 683	

geochemistry	of	Lau	Basin	volcanism	(e.g.,	Falloon	et	al.,	1992).	This	discovery	of	these	 684	

backarc	compositions	has	provided	the	basis	for	understanding	the	petrological	conditions	 685	

present	in	young	subduction	settings	as	well	as	the	influence	of	different	geochemical	 686	

domains	on	the	genesis	of	melt	in	subduction	settings.	 687	

Early	studies	(Falloon	and	Crawford,	1991;	Sinton	and	Fryer,	1987)	demonstrated	 688	

the	uniqueness	of	backarc	basin	basaltic	compositions	in	the	North	Tonga	region	and	 689	

discussed	general	boninite	petrogenesis.	These	studies	also	revealed	the	relatively	complex	 690	

source	contributions	to	Tongan	boninites,	including	identification	of	at	least	three	major	 691	

source	components,	their	redox	states,	and	characterization	of	regional	chemical	 692	

heterogeneities.	As	boninites	are	thought	to	be	a	product	of	fluid	flux	in	an	oxidizing	 693	

environment,	they	provide	a	useful	setting	to	study	igneous	processes	capable	of	 694	

fractionating	Fe	isotopes	in	early	stages	of	subduction.	Melt	sources	in	subduction	zones	 695	

have	elevated	redox	states	compared	to	intraplate	and	mid-ocean	ridge	settings	(Kelley	and	 696	

Cottrell,	2009),	providing	ideal	settings	to	evaluate	the	relationship	between	redox	and	Fe	 697	
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isotope	composition.	Additionally,	Fe	isotopes	have	potential	as	a	useful	tool	to	determine	 698	

the	cumulative	effect	of	different	magmatic	processes	and	contributions	on	melt	 699	

compositions.	While	cumulative	Fe	fractionation	behaviors	have	been	fairly	well	studied	in	 700	

other	magmatic	environments,	the	outcome	of	these	processes	on	δ56Fe	in	subduction	 701	

zones	currently	remains	inconclusive.	The	small	global	subduction	zone	dataset	for	δ56Fe	 702	

suggests	a	large	degree	of	variation	exists	in	arc	and	backarc	melts,	which	is	not	well	 703	

understood	at	this	time	(Sossi	et	al.,	2016).	We	present	new	Fe	isotopic	data	for	a	set	of	25	 704	

fresh	glass	samples	recovered	from	the	Mata	Volcanic	Field	(MVF).	The	sensitivity	of	Fe	 705	

isotopic	composition	to	source	oxidation	state	and	magmatic	processes	allows	further	 706	

exploration	of	boninite	melt	petrogenesis.	 707	

	 708	

3.2.	The	Tonga	Trench	and-Lau	Basin	backarc	system	 709	

The	Lau	Basin	began	opening	at	~6.5-4	Ma	in	response	to	rollback	of	the	Tonga	 710	

Trench,	with	opening	accommodated	across	the	Australian,	Tongan,	and	Niuafoʻou	plates	 711	

(Taylor	et	al.,	1996;	Yan	and	Kroenke,	1993;	Zellmer	and	Taylor,	2001).	The	Vitiaz	 712	

Lineament	comprises	the	northern	boundary	of	the	Lau	Basin	and	is	thought	to	be	a	fossil	 713	

convergent	zone	prior	to	initiation	of	slab	rollback	(Calmant	et	al.,	2003).	This	feature	 714	

converted	to	a	strike-slip	boundary	that	accommodates	slip	past	the	tear	in	Pacific	 715	

lithosphere	at	the	northern	terminus	of	the	Tonga	trench	and	Tofua	Arc,	which	forms	the	 716	

eastern	boundary	of	the	Lau	Basin.	Immediately	north	of	the	Vitiaz	Lineament	is	the	 717	

Samoan	hotspot	track.	Some	Samoan	plume	material	may	be	“leaking”	or	channeling	into	 718	

the	northern	Lau	Basin,	providing	the	enriched	signature	common	in	the	NW	Lau	Basin	 719	

region	(Danyushevsky	et	al.,	1995;	Falloon	et	al.,	2007;	Price	et	al.,	2014;	Turner	and	 720	
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Hawkesworth,	1998),	but	not	in	the	northeastern	Lau	Basin	(Lupton	et	al.,	2015).	Volcanic	 721	

activity	occurs	throughout	the	northern	Lau	Basin,	with	small	volumes	of	boninites	and	 722	

boninite-like	melts	with	variable	TiO2	contents	and	multiple	source	contributions	produced	 723	

primarily	in	the	northern	part	of	the	basin	(Falloon	et	al.,	2008,	2007).	This	study	focuses	 724	

on	the	North	Tonga	backarc	near	the	intersection	of	the	Vitiaz	Lineament	and	the	Tonga	 725	

Trench,	which	hosts	the	Mata	Volcanic	Field	(MVF).	This	field	lies	between	the	arc	and	the	 726	

Northeast	Lau	Spreading	Center	(NELSC;	Lupton	et	al.,	2015;	Resing	et	al.,	2011),	and	is	 727	

comprised	of	young,	en	echelon	boninitic	volcanoes.	The	presence	of	disequilibrium	 728	

textures,	xenocrysts	and	antecrysts,	and	compositional	variations	within	individual	 729	

volcanoes	suggests	that	the	MVF	melts	have	short	crustal	residence	times	and	lack	a	large,	 730	

well-developed	magma	chamber.	Melts	therefore	may	not	have	had	time	to	homogenize	or	 731	

equilibrate	with	the	source	or	crust	prior	to	eruption	(Rubin	et	al.,	2013),	contributing	to	 732	

compositional	variations	found	throughout	MVF	volcanoes.	Additionally,	it	has	been	found	 733	

(Michael	et	al.,	2009;	Rubin	et	al.,	2013)	that	crystal	fractionation	processes	control	trends	 734	

in	major	element	data	–	such	as	CaO/Al2O3	versus	MgO	–	in	MVF	melts,	providing	evidence	 735	

of	how	melt	compositions	were	affected	prior	to	eruption.	 736	

	 737	

3.3.	Boninite	petrogenesis	 738	

Boninites	sensu	stricto	are	rare,	mantle-derived	melts	with	unusual	chemical	 739	

compositions	usually	associated	with	early-stage	subduction.	Characterized	by	high	whole- 740	

rock	SiO2,	low	TiO2,	and	high	H2O	(formally	requiring	SiO2	>	52	wt.	%,	MgO	>	8	wt.	%	and	 741	

TiO2	<	0.5	wt.	%;	Le	Bas,	2000).	Boninites	from	the	North	Tonga	backarc	region	require	 742	
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specific	petrogenetic	conditions	(high	T	at	~1300°C	and	low	P	at	~10	kbar)	exclusive	to	 743	

early-stage	subduction	settings	(Danyushevsky	et	al.,	1995;	Falloon	and	Crawford,	1991).		 744	

Crawford	et	al.	(1989)	propose	a	boninite	subtype	classification	scheme	based	on	 745	

multiple	boninite	suites	including	samples	from	the	type	locality	in	the	Izu-Bonin	arc,	based	 746	

on	relative	Ca	and	Al	abundance:	1)	High-Ca	boninites,	and	2)	low-Ca	boninites.	The	latter	 747	

subtype	may	be	further	classified	into	three	types	(see	discussion	in	Crawford	et	al.,	1989).	 748	

High-Ca	boninites	are	thought	to	require	a	less-depleted,	or	somewhat	more	pyroxene-rich	 749	

lherzolite	source	(Crawford	et	al.,	1989).	In	contrast,	low-Ca	boninites	are	thought	to	be	 750	

derived	from	clinopyroxene-poor	lherzolite	or	harzburgite	(e.g.,	Cooper	et	al.,	2010;	Stern	 751	

and	Bloomer,	1992).	Typical	boninite	extended	trace	element	patterns	reflect	concave- 752	

upward	“spoon-shaped”	profiles	with	some	heavy	rare	earth	element	(HREE)	enrichment	 753	

due	to	melt	depletion	followed	by	later-stage	re-enrichment	of	LREE	(e.g.,	Hickey	and	Frey,	 754	

1982).	North	Tongan	boninites	do	not	reflect	this	pattern,	instead	showing	enrichment	in	 755	

HREE	compared	to	boninite	sensu	stricto	(Rubin,	2017;	personal	communication).	 756	

Up	to	three	components	are	thought	to	contribute	to	boninite	petrogenesis	in	the	 757	

North	Tongan	region:	1)	Mantle	wedge	previously	depleted	by	basaltic	melt	extraction,	or	 758	

refractory	OIB	mantle	(Crawford	et	al.,	1989),	2)	an	OIB	(pyroxenite)	component	for	high- 759	

Ca	boninites	(Cooper	et	al.,	2010;	Danyushevsky	et	al.,	1995;	Falloon	and	Crawford,	1991;	 760	

Turner	and	Hawkesworth,	1998),	and	3)	a	slab-derived	fluid	with	very	high	H2O/K2O	and	 761	

LILE	(Danyushevsky	et	al.,	1995;	Sobolev	and	Danyushevsky,	1994).	This	fluid	component	 762	

fluxes	the	depleted	mantle	wedge,	lowering	its	solidus	temperature	to	produce	boninitic	 763	

melts.	Variable	mixtures	of	these	components	may	produce	compositional	enrichments	and	 764	

depletions	(indicated	by	variations	in	ratios	such	as	CaO/Al2O3;	e.g.,	Crawford	et	al.,	1989;	 765	
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Falloon	and	Crawford,	1991).	Hydrous	conditions	were	typically	considered	a	requirement	 766	

for	boninite	melt	generation,	however,	an	anhydrous	model	has	been	proposed	(Cooper	et	 767	

al.,	2010).	In	this	model,	the	authors	argue	that	high-Ca	boninite	compositions	can	be	 768	

generated	by	multistage	anhydrous	(high	temperature)	melting	of	fertile	peridotite.	Later	 769	

stages	of	melt	generation	were	then	thought	to	include	slab-derived	fluids,	imparting	the	 770	

elevated	water	content	characteristic	of	boninites.	 771	

North	Tonga	backarc	volcanism	produces	both	low-Ca	and	high-Ca	boninite	 772	

compositions	(Falloon	et	al.,	2008),	but	this	study	presents	data	only	from	high-Ca	samples.	 773	

North	Tongan	high-Ca	boninites	are	generated	under	redox	conditions	near	or	slightly	 774	

above	the	NNO	fO2	buffer	(a	reference	point	defined	by	stable	mineral	phase	assemblages	 775	

at	a	given	redox	state,	where	NNO	=	nickel-nickel	oxide	and	FMQ	=	fayalite-magnetite- 776	

quartz),	as	determined	by	equilibrium	olivine-spinel	pairs	(Danyushevsky	and	Sobolev,	 777	

1996).	Recent	work	by	Glancy	(2014)	on	MVF	boninites	also	suggests	highly	oxidizing	 778	

conditions	during	melt	generation	(Fe3+/Fe2+	=	0.357-1.32;	fO2	=	FMQ	+	1.8-4.8).	Within	the	 779	

North	Tonga	region,	Danyushevsky	et	al.	(1995)	noted	that	“eastern”	and	“western”	 780	

boninite	have	slight	chemical	differences	controlled	by	differences	in	either	melt	 781	

composition	or	oxidation	state.	The	eastern	melts,	sampled	near	the	MVF,	may	also	be	 782	

more	magnesian.	This	is	evidenced	by	slightly	more	magnesian	eastern	olivines	(Fo94)	 783	

compared	to	western	ones	(Fo93),	and	higher	Fe	content	in	eastern	spinels	compared	to	 784	

western.	If	the	regional	variability	in	North	Tonga	is	a	function	of	changing	redox	state,	 785	

corresponding	shifts	in	Fe	isotopic	composition	throughout	the	backarc	region	can	be	 786	

expected.		 787	
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Magma	mixing	and	assimilation	also	appear	to	be	an	important	feature	of	North	 788	

Tongan	boninites.	Zoned	olivine	phenocrysts	from	Volcano	A	in	the	Tonga	Arc	preserve	a	 789	

complex	history	of	recharge	of	magmas	with	differing	compositions	(Cooper	et	al.,	2010).	 790	

Similarly,	Resing	et	al.	(2011)	find	both	equilibrium	and	antecryst/xenocryst	populations	in	 791	

West	Mata	samples.	Sampling	at	West	Mata	was	more	extensive	than	at	other	MVF	 792	

volcanoes,	characterizing	several	different,	geochemically	distinct	eruptions	(Rubin	et	al.,	 793	

2014,	2013).	Lavas	from	different	eruptions	at	West	Mata	show	variations	in	elements	such	 794	

as	CaO/Al2O3,	MgO,	and	TiO2	that	are	interpreted	as	reflecting	differing	parental	melt	 795	

compositions	and	short	residence	times	in	the	crust	(Glancy,	2014;	Michael	et	al.,	2009;	 796	

Resing	et	al.,	2011;	Rubin	et	al.,	2014,	2013).		 797	

	 798	

3.3.1.	MVF	boninites	and	magmatic	evolution	 799	

Previously	published	major	(glass)	and	limited	trace	element	(whole	rock)	data	 800	

(Glancy,	2014;	Lupton	et	al.,	2015;	Michael	et	al.,	2009;	Rubin	et	al.,	2013),	are	reported	in	 801	

Tables	3.1	and	3.2,	respectively.	The	glass	samples	do	not	plot	within	the	boninite	field	 802	

(Figure	3.2;	Le	Bas,	2000),	although	whole	rock	compositions	classify	as	boninites.	All	but	 803	

one	of	the	samples	are	considered	“low	TiO2”	samples	(TiO2	<	0.70	wt.	%),	plus	one	 804	

“medium	TiO2”	(0.70	<	TiO2	<	1.0	wt.	%)	and	three	“evolved”	(SiO2	=	68-70	wt%)	boninitic	 805	

compositions,	following	the	classification	scheme	and	nomenclature	presented	in	Glancy	 806	

(2014).	The	low-TiO2	group	includes	samples	with	heterogeneous	MgO	and	SiO2	wt.	%	 807	

potentially	traceable	to	different	parental	melts	(Michael	et	al.,	2009;	Rubin	et	al.,	2013).	 808	

Major	element	behavior	in	this	sample	set	(Figure	3.3)	agrees	with	a	melt	evolution	 809	

path	controlled	largely	by	fractionation	of	clinopyroxene	and	olivine	(Michael	et	al.,	2009)	 810	
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from	a	high-MgO	parental	melt	(see	Section	3.6.4	for	discussion	of	parental	melt	estimates).	 811	

However,	earlier	stages	of	the	crystallization	sequence	were	probably	controlled	by	some	 812	

combination	of	olivine	and	orthopyroxene	precipitation	(Michael	et	al.,	2009).	Mata	Ua	and	 813	

Mata	Tolu	samples	roughly	parallel	the	differentiation	trend	formed	by	East	and	West	Mata	 814	

samples	in	SiO2	vs.	MgO	and	CaO/Al2O3	vs.	MgO	(Figure	3.3A,	3.3D).	Crystallizing	only	 815	

olivine	(or	orthopyroxene	and	olivine)	from	the	melts	would	not	substantially	fractionate	 816	

CaO/Al2O3	because	olivine	incorporates	only	very	small	amounts	of	Ca	(Figure	3.3D).	In	 817	

contrast,	clinopyroxene	incorporates	Ca	into	its	structure,	depleting	the	melt	of	CaO	 818	

relative	to	Al2O3	(which	is	not	part	of	pyroxene	stoichiometry).	 819	

In	addition	to	crystal	fractionation,	variations	in	source	composition	are	also	 820	

important,	and	southeastern	West	Mata	and	northeastern	Mata	Tolu	volcanoes	provide	the	 821	

best	examples	of	compositional	variability	due	to	both	factors.	These	volcanoes	form	 822	

parallel	evolutionary	paths	in	MgO	vs.	SiO2	and	MgO	vs.	CaO/Al2O3	(Figure	3.3A,	3.3D),	 823	

suggesting	similar	crystal	fractionation,	but	West	Mata	is	more	incompatible-enriched	(K2O	 824	

=	0.65-1.00	wt.	%;	Mg#	=	0.4-0.58;	CaO/Al2O3	=	0.59-0.77;	compared	to	Mata	Tolu	K2O	=	 825	

0.50-0.85	wt.	%;	Mg#	=	0.53-0.63;	CaO/Al2O3	=	0.70-0.82).	In	MgO	vs.	FeO,	West	and	East	 826	

Mata	cluster	toward	more	differentiated	(higher	FeO,	lower	MgO)	compositions	compared	 827	

to	Tolu	and	Ua,	which	have	higher	MgO	and	lower	FeO.		 828	

Previously	published	whole	rock	trace	element	data	are	available	for	a	subset	of	the	 829	

MVF	samples	evaluated	in	this	study	(Table	3.2;	Glancy,	2014;	Lupton	et	al.,	2015).	No	trace	 830	

element	data	was	obtained	for	the	high-MgO	East	Mata	compositions	evaluated	for	Fe	 831	

isotopes	in	this	study.	Mata	Ua	compositions	have	variable	TiO2	contents	compared	to	 832	

other	MVF	volcanoes	and	therefore	are	not	easily	characterized	with	the	few	data	available.	 833	
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For	East	Mata,	trace	elements	are	only	available	for	evolved	samples.	As	such,	most	 834	

interpretation	based	on	these	data	focuses	on	Tolu	and	West	Mata.	Variations	in	fluid- 835	

mobile	elements	such	as	Ba,	and	relatively	immobile	elements	such	as	Nb	can	be	used	to	 836	

track	influence	of	slab-derived	fluids	versus	other	local	domains,	such	as	the	Nb-enriched	 837	

NELSC	(Elliot,	2003;	Lupton	et	al.,	2015).	West	Mata	and	Mata	Ua	samples	are	enriched	in	 838	

Ba	and	depleted	in	Nb,	but	do	not	plot	within	the	arc	field	defined	in	Figure	3.4A.	Thus,	MVF	 839	

melts	appear	to	incorporate	less	of	the	slab-derived	fluid	component	in	the	backarc	region	 840	

than	arc	melts	generated	closer	to	the	Tonga	Trench.	Compared	to	West	Mata,	Tolu	is	less	 841	

enriched	in	Ba	and	has	higher	Nb,	more	closely	resembling	the	NELSC	than	arc	 842	

compositions	(Figure	3.4A,	3.4B).	 843	

	 844	

3.3.2.	Boninites	and	Fe	isotopes	as	a	proxy	for	source	oxidation	state	 845	

A	suite	of	Izu-Bonin	and	New	Caledonia	boninites	has	shown	that	boninitic	whole- 846	

rock	δ56Fe	values	are	similar	to	average	global	MORB	values	despite	their	differences	in	 847	

MgO	and	SiO2,	with	little	to	no	systematic	variations	with	whole	rock	major	elements	 848	

(Dauphas	et	al.,	2009).	The	New	Caledonia	samples	are	low-Ca	classification	and	the	Izu- 849	

Bonin	samples	are	high-Ca.	The	Izu-Bonin	and	New	Caledonia	boninites	yield	Fe	isotopic	 850	

ratios	similar	to	or	slightly	above	typical	mantle	(δ56Femantle	=	~+0.00-0.01‰;	Craddock	et	 851	

al.,	2013;	Dauphas	et	al.,	2009;	Weyer	and	Ionov,	2007),	in	contradiction	to	observations	 852	

that	mantle-derived	melts	have	a	δ56Fe	value	elevated	~0.1‰	relative	to	their	source	(e.g.,	 853	

Teng	et	al.,	2013).	This	elevated	signal	in	mantle	melts	is	a	function	of	Fe3+	behaving	 854	

moderately	incompatibly	during	melting	(Teng	et	al.,	2013).	Equilibrium	fractionation	 855	

between	Fe3+	and	Fe2+	is	expected	to	produce	a	higher	isotopic	ratio	in	Fe3+	than	Fe2+	 856	
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(Dauphas	et	al.,	2009;	Polyakov	and	Mineev,	2000).	To	explain	this	discrepancy	between	 857	

oxidation	state	and	δ56Fe,	Dauphas	et	al.	(2009)	proposed	a	large	fraction	of	the	mantle	 858	

source	melted	to	generate	boninitic	compositions.	These	melts	then	isotopically	 859	

equilibrated	with	their	depleted	sources,	adopting	a	lower,	mantle-like	ratio.		 860	

In	contrast,	metasomatic	processes	can	preferentially	remove	light	Fe	isotopes	from	 861	

mantle	material,	leaving	behind	elevated	δ56Fe	in	the	mantle	(Debret	et	al.,	2016).	Konter	et	 862	

al.	(2016)	show	that	unusually	high	δ56Fe	in	Samoan	rejuvenated	lavas	cannot	be	 863	

reasonably	explained	by	common	fractionation	processes	alone,	assuming	a	typical	upper	 864	

mantle	signature	of	~0.0-0.02‰.	Instead,	elevated	δ56Fe	must	be	a	feature	of	the	source,	 865	

and	Konter	et	al.,	(2016)	suggest	metasomatism	is	one	possible	cause.	Evidence	for	this	 866	

exists	in	metasomatized	mantle	xenolith	minerals	recovered	from	rejuvenated	lavas	on	 867	

Savaiʻi,	that	display	Fe	isotopic	signatures	elevated	as	much	as	~0.1‰	above	average	 868	

mantle	(Finlayson	et	al.,	2015).	Other	metasomatized	mantle	xenoliths	have	shown	similar	 869	

behavior	(Williams	et	al.,	2005,	2004;	Williams	and	Bizimis,	2014).	Boninites	are	highly	 870	

oxidized	with	high	Fe3+/Fe2+	and	associated	with	metasomatic	fluid	flux,	yet	have	lower	 871	

δ56Fe	than	most	other,	lower-redox	oceanic	igneous	rocks.	We	find	similarly	low	δ56Fe	 872	

values	in	North	Tongan	boninite	samples	studied	here,	which	would	imply	rather	low	δ56Fe	 873	

mantle	source	values	(~-0.10‰	vs.	~0.00‰;	Nebel	et	al.,	2013).	We	explore	the	potential	 874	

reasons	for	this	paradoxical	combination	of	high	oxidation	state	and	low	δ56Fe	of	boninites	 875	

in	this	study.	 876	

The	unique	combination	of	tectonic	setting,	heterogeneous	mixtures	of	mantle	 877	

compositions	within	a	relatively	small	area	and	within	individual	MVF	volcanoes	 878	

potentially	preserve	source	signatures	and	effects	of	magmatic	processes.	Accordingly,	 879	
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variations	in	Fe	isotopic	ratios	may	be	preserved	within	and	among	individual	volcanoes.	 880	

Coupling	δ56Fe	to	existing	compositional	data	(Glancy,	2014;	Lupton	et	al.,	2015)	allows	an	 881	

evaluation	of	common	magmatic	fractionation	processes,	redox	state,	and	source	 882	

contributions	as	possible	controls	on	the	unusual	combination	of	low	δ56Fe	ratios	in	high- 883	

fO2	magmas.	 884	

	 885	

3.4.	Methods	 886	

3.4.1.	Sample	selection	and	preparation	 887	

Samples	in	this	study	were	selected	from	a	suite	recovered	from	multiple	cruises:	 888	

TN-234	(R/V	Thomas	Thompson),	KM1024	and	KM1129a	(R/V	Kilo	Moana),	and	RR1211	 889	

(R/V	Roger	Revelle)	(Lupton	et	al.,	2015).	Samples	are	a	mixture	of	mantle-derived	 890	

boninitic,	high-Ti	boninitic,	and	basaltic	compositions.		 891	

Previously	published	major	element	data	for	sample	glasses	used	in	this	study	were	 892	

obtained	by	microprobe	at	the	University	of	Tulsa	and	the	University	of	Hawaiʻi	at	Mānoa	 893	

(Table	3.1).	We	also	report	selected	whole-rock	trace	element	data	corresponding	to	a	 894	

subset	of	samples	used	in	this	study,	collected	via	XRF	at	the	University	of	Hawaiʻi	at	 895	

Mānoa.	We	determined	Fe	isotope	data	on	fresh	glass	samples	selected	from	dredge	and	 896	

ROV	sampling	sites	within	the	MVF,	that	provide	an	opportunity	to	study	effects	of	various	 897	

controls	on	Fe	isotope	fractionation	in	several	different	volcanoes,	differing	parent	 898	

compositions,	and	across	a	range	of	compositional	variations.		 899	

	 900	
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3.4.2.	Processing	and	separation	technique	 901	

Glass	(180-260	mg)	was	picked	from	each	sample	for	dissolution.	Phenocryst	 902	

phases	were	removed	in	order	to	better	preserve	the	Fe	isotopic	signature	of	the	melt	 903	

rather	than	the	crystal	fractions.	Samples	were	placed	in	a	1:1	mixture	of	concentrated	HF	 904	

and	concentrated	HNO3	and	heated	on	a	hot	plate	for	a	minimum	of	24	hours	until	digested,	 905	

then	sonicated	in	this	mixture	to	break	down	the	remaining	insoluble	fraction	as	 906	

completely	as	possible	and	left	to	digest	further	if	necessary.	After	the	dissolutions	were	 907	

complete,	samples	were	treated	twice	with	200-300	μL	concentrated	HNO3,	with	a	 908	

complete	drydown	after	each	step.	Next,	samples	were	dissolved	in	~6	mL	of	an	~6N	HCl	 909	

solution.		 910	

Sample	splits	(~5-10	mg)	were	taken	from	the	dissolutions	and	were	purified	for	Fe	 911	

using	the	method	described	in	Finlayson	et	al.	(2015).	In	brief,	sample	splits	were	loaded	 912	

onto	a	bed	of	Eichrom	AG1-x4	100-200	mesh	in	9N	HCl	+	0.001%	H2O2	and	washed	in	the	 913	

same	reagent	to	remove	matrix.	Fe	was	collected	in	0.1N	HCl,	with	yields	exceeding	97%.	A	 914	

subset	of	the	samples	were	also	processed	in	~10	mg	split	sizes	for	analysis	at	the	 915	

University	of	Chicago	Origins	Lab	using	the	separation	technique	described	by	Dauphas	et	 916	

al.	(2004),	which	uses	a	similarly	high	normality	HCl	separation	on	AG1-x8	resin.	Samples	 917	

were	analyzed	at	the	University	of	Chicago	Origins	Lab	via	standard-sample	bracketing	on	a	 918	

ThermoFinnigan	Neptune	Plus	MC-ICP-MS.	Rock	standards	BCR-2,	BIR-1,	and	KIL1919	 919	

were	also	included	to	determine	sample	and	instrumental	reproducibility	and	track	day-to- 920	

day	analytical	variations.	 921	

	 922	



	

	 90	

3.5.	Results	 923	

Fe	isotopic	results	are	given	in	Table	3.1,	reported	as	δ56Fe	=	 924	

1000*[(56Fe/54Fesample/56Fe/54Festandard)-1],	referenced	to	the	IRMM-014	standard.	The	 925	

weighted	average	values	for	each	sample	(δ56Fe	=	-0.038	‰	±	0.099	to	+0.051	‰	±	0.046;	 926	

2σ)	display	a	compositional	range	similar	to	the	boninitic	δ56Fe	values	(-0.01‰	±	0.029	to	 927	

0.057‰	±	0.039;	95%	ci)	published	in	Dauphas	et	al.	(2009).	Glass	data	are	not	available	 928	

for	the	samples	studied	by	Dauphas	et	al.	(2009),	but	their	whole	rock	compositions	(MgO	 929	

=	12-22	wt%)	are	similar	to	the	range	of	whole	rock	compositions	displayed	in	the	MVF	(6- 930	

20	wt.	%;	Glancy,	2014;	Resing	et	al.,	2011).		 931	

The	majority	of	the	MVF	Fe	isotopic	compositions	(average	δ56Fe	=	0.009‰	±	0.055	 932	

2σ,	n=25)	cluster	at	or	slightly	below	whole-rock	boninite	δ56Fe	(Figure	3.5)	from	the	Izu- 933	

Bonin	and	New	Caledonia	arcs	(+0.031‰	±	0.036,	n=21;	Dauphas	et	al.,	2009),	with	a	total	 934	

δ56Fe	(weighted	average)	variation	of	~0.09‰.	The	MVF	data,	and	boninites	in	general,	 935	

have	low	δ56Fe	compared	to	the	global	basaltic	δ56Fe	compositions	(~0.1‰)	reported	in	 936	

many	studies	(e.g.,	Hibbert	et	al.,	2012;	Schuessler	et	al.,	2009;	Sossi	et	al.,	2012;	Teng	et	al.,	 937	

2013;	Zambardi	et	al.,	2014).	Instead	δ56Fe	values	in	boninites	resemble	depleted	or	 938	

residual	mantle	δ56Fe	(e.g.,	Teng	et	al.,	2013;	Figure	3.5).		 939	

	 940	

3.6.	Discussion	 941	

3.6.1.	Geochemical	correlations	with	δ56Fe	 942	

Although	glass	compositions	best	represent	evolving	liquid	compositions,	boninite	 943	

compositions	in	the	literature	are	usually	obtained	on	whole	rocks	due	to	a	lack	of	fresh	 944	

glass.	It	is	therefore	necessary	to	consider	whole	rock	data	for	the	MVF	as	well.	The	glasses	 945	
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of	this	study	have	much	lower	MgO,	slightly	decreased	TiO2,	and	slightly	higher	SiO2	 946	

contents	than	associated	whole	rocks	(Glancy,	2014;	Resing	et	al.,	2011).	This	was	 947	

attributed	to	the	glass	rinds	reflecting	effects	of	low-pressure	differentiation	relative	to	the	 948	

whole	rocks	(Resing	et	al.,	2011).	However,	inclusion	of	phenocrysts	and	more	primitive	 949	

xenocrysts	and/or	antecrysts	in	the	whole	rock	compositions	would	have	the	same	effect	 950	

compared	to	the	melt	fraction	represented	by	the	glass.		 951	

Whole	rock	major	element	data	for	MVF	samples	(Glancy,	2014)	highlight	the	 952	

compositional	differences	between	the	high-Ca	MVF	boninite	lavas	(average	glass	 953	

CaO/Al2O3	=	0.69)	and	the	largely	low-Ca	(average	CaO/Al2O3	=	0.48)	Izu-Bonin	and	New	 954	

Caledonia	boninites.	The	Ca-based	subcategories	are	commonly	attributed	to	presence	 955	

(high-Ca)	or	absence	(low-Ca)	of	pyroxenite	in	source	compositions	(e.g.,	Falloon	and	 956	

Crawford,	1991).	Whole	rock	MgO	contents	of	both	datasets,	have	significant	compositional	 957	

overlap	(MVF	MgOwhole	rock	=	6.08-20.04	wt.	%	vs.	Izu-Bonin/New	Caledonia	MgOwhole	rock	=	 958	

12.27-22.12	wt.	%),	although	the	New	Caledonia	boninites,	unlike	the	MVF	and	Izu-Bonin	 959	

samples	discussed	herein,	classify	as	the	low-Ca	subtype.	MVF	whole	rock	Al2O3	is	also	 960	

somewhat	elevated	relative	to	Izu-Bonin	(Figure	3.3E),	which	probably	results	from	the	 961	

lack	of	plagioclase	precipitation	during	melt	evolution.	The	Izu-Bonin	whole	rock	data	 962	

overall	suggest	similar	source	compositions	to	the	Lau	Basin	boninites.	These	data,	unlike	 963	

our	glass	compositions,	only	show	correlation	between	δ56Fe	and	TiO2,	attributed	to	 964	

changes	in	melting	and	water	flux	with	depth	(Dauphas	et	al.,	2009).	Critically,	presence	of	 965	

xenocrysts	and	antecrysts	indicates	that	whole	rock	compositions	are	unlikely	to	represent	 966	

liquid	compositions.	The	variable	crystallinity	and	phenocryst	assemblages	in	whole	rock	 967	

data	may	obscure	any	correlations.	Unfortunately,	glass	fractions	are	not	present	for	the	 968	
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Izu-Bonin/New	Caledonia	samples,	rendering	a	direct	comparison	of	Izu-Bonin/New	 969	

Caledonia	and	MVF	melt	fractions	impossible.		 970	

The	MVF	data	is	on	average	slightly	lower	in	δ56Fe,	although	individual	samples	 971	

overlap	in	error	compared	to	the	Izu-Bonin/New	Caledonia	sample	suite.		With	decreasing	 972	

MgO	in	MVF	samples	δ56Fe	increases	slightly,	appearing	to	define	trends	in	West	Mata	and	 973	

Mata	Tolu	(Figure	3.5)	that	parallel	differentiation	patterns	displayed	in	other	igneous	 974	

systems	(e.g.,	Konter	et	al.,	2016;	Schuessler	et	al.,	2009;	Sossi	et	al.,	2012;	Teng	et	al.,	2013,	 975	

2008;	Zambardi	et	al.,	2014).	Given	that	the	isotopic	ranges	is	small	compared	to	the	 976	

analytical	uncertainty	on	Fe	isotope	analyses,	statistical	evaluations	are	required	to	 977	

determine	the	robustness	of	this	parallelism.	 978	

To	test	the	parallelism,	we	focus	on	the	Tolu	δ56Fe	vs.	MgO	data	(n=4),	which	show	a	 979	

negative	correlation	with	a	slope	of	~-0.0195.	With	a	Pearson	product-moment	correlation	 980	

test	we	test	the	null	hypothesis	that	the	δ56Fe	and	MgO	are	not	related,	but	find	a	high	 981	

correlation	of	-99.7%	and	a	low	probability	(p	=	2.7e-3	at	99%	confidence)	that	the	null	 982	

hypothesis	is	correct	(i.e.,	the	variables	are	correlated).	However,	this	test	ignores	 983	

analytical	uncertainty	for	each	measurement	and	the	sample	size	is	low.	To	further	test	the	 984	

correlation,	we	calculate	MSWD	of	the	Tolu	samples	(~0.14).	Such	a	low	value	(<1)	 985	

suggests	a	much	better	fit	to	the	trend	line	than	would	be	expected	given	the	magnitude	of	 986	

the	analytical	errors,	and	therefore	the	errors	may	be	overestimated.	Thus,	both	statistical	 987	

tests	and	the	parallelism	with	other	magmatic	systems	imply	that	the	Tolu	data	display	a	 988	

robust	trend.	 989	

Similar	tests	performed	on	the	West	Mata	data	(n=13)	also	produce	a	low	MSWD	 990	

(0.034	for	δ56Fe-MgO),	and	a	Pearson	product-moment	correlation	that	suggests	δ56Fe	and	 991	
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MgO	are	correlated	(-80.9%	correlation	with	a	slope	of	-0.021;	probability	of	non- 992	

correlation	=	8e-4	at	99%	confidence).	Overall,	West	Mata	data	is	slightly	more	scattered	 993	

due	to	the	likely	influence	of	significantly	different	parental	melt	compositions	for	the	 994	

various	lavas	sampled	across	this	volcano	(Rubin	et	al.,	2013).	However,	it	does	suggest	 995	

similarly	robust,	parallel	behavior	to	that	of	the	Tolu	samples.		 996	

Thus,	statistically	there	are	two	parallel	trends	in	δ56Fe	vs.	MgO,	and	these	show	 997	

great	similarity	to	other	magmatic	systems,	which	are	thought	to	reflect	the	evolution	of	 998	

δ56Fe	during	magmatic	processes	(e.g.,	Sossi	et	al.,	2012).	 999	

	 1000	

3.6.2.	Constraining	influences	on	evolution	of	boninitic	melts	 1001	

The	evolution	of	the	boninitic	melts	likely	involves	processes	such	as	assimilation	or	 1002	

magma	recharge	and	mixing,	given	the	presence	of	xenocrysts	and	antecrysts	in	the	 1003	

samples	(Resing	et	al.,	2011;	see	Section	3.6.4).	We	explore	the	effects	of	several	magmatic	 1004	

processes	and	source	variables	on	boninite	melts	in	the	following	sections.	The	competing	 1005	

effects	and	unknown	extents	of	these	processes	on	melt	δ56Fe	makes	estimates	of	their	 1006	

contributions	non-unique,	but	a	first-order	evaluation	of	their	effects	is	made	below.	 1007	

	 1008	

3.6.3.	Crystal-melt	interaction	and	controls	on	Fe	isotope	ratios	 1009	

Analytical	precision	has	only	recently	revealed	Fe	isotope	fractionation	in	igneous	 1010	

systems	and	although	multiple	processes	might	contribute,	redox	state	plays	an	important	 1011	

role	(Dauphas	et	al.,	2014).	Olivine	crystallization	removes	Fe2+	from	the	melt,	enriching	 1012	

the	melt	in	isotopically	heavier,	more	incompatible	Fe3+	(e.g.,	Sossi	et	al.,	2012;	Dauphas	et	 1013	

al.,	2014).	Thus,	in	a	magmatic	system	that	is	closed	to	oxygen	exchange,	olivine	 1014	
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fractionation	will	considerably	increase	melt	fO2	values	that	result	in	increasing	Fe3+	 1015	

content	and	higher	melt	δ56Fe	(Dauphas	et	al.,	2014).	This	type	of	evolution	has	been	 1016	

observed	at	Kilauea	Iki	(Hawaii),	Society	Islands,	Samoa	Islands,	and	Red	Hill	instrusion	 1017	

(Australia)	(Teng	et	al.,	2008;	2013;	Sossi	et	al.,	2012;	Konter	et	al.,	2016).	Alternatively,	if	 1018	

the	system	is	open	to	oxygen,	Fe3+	will	not	show	the	same	strong	increase	in	the	melt,	and	 1019	

the	melt	will	not	evolve	to	high	δ56Fe	values.	This	process	results	in	a	relatively	flat	to	 1020	

slightly	negative	MgO	vs.	δ56Fe	fractionation	trend,	followed	by	an	exponential	increase	in	 1021	

δ56Fe	at	very	low	MgO,	as	suggested	for	Cedar	Butte	(Zambardi	et	al.,	2014).	Hekla	volcano	 1022	

(Schuessler	et	al.,	2009)	also	follows	this	evolution.	Thus	two	evolutionary	patterns	are	 1023	

possible	in	igneous	systems,	depending	on	the	occurrence	or	lack	of	oxygen	exchange,	 1024	

combined	with	crystal	fractionation	(Sossi	et	al.,	2012).	 1025	

In	the	MVF	melts,	major	element	evolution	is	mainly	controlled	by	olivine	and	 1026	

clinopyroxene	crystallization,	despite	the	dominant	occurrence	of	orthopyroxene	 1027	

phenocrysts	(Michael	et	al.,	2009;	Rubin	et	al.,	2013).	For	example,	at	West	Mata	major	 1028	

element	patterns	versus	Mg#	reflect	control	by	olivine	and	clinopyroxene	(Michael	et	al.,	 1029	

2009).	However,	the	exact	Fe	isotope	fractionation	for	each	mineral	is	not	yet	well	 1030	

established.	Instead	magmatic	trends	for	δ56Fe	have	recently	been	modeled	using	an	 1031	

effective	bulk	fractionation	factor	describing	the	evolution	of	δ56Femelt	as	mafic	phases	are	 1032	

removed	from	the	melt	(e.g.	Konter	et	al.,	2016).	 1033	

Multiple	igneous	systems	with	extensive	differentiation	have	been	identified	 1034	

showing	increasing	δ56Fe	with	decreasing	MgO,	attributed	to	differentiation	under	 1035	

conditions	closed	to	oxygen	exchange	(e.g.,	Kilauea	Iki	(Hawaii),	Society,	Samoa,	Red	Hill	 1036	

(Tasmania);	Teng	et	al.,	2008;	2013;	Sossi	et	al.,	2012;	Konter	et	al.,	2016).	Their	trends	in	 1037	
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MgO	vs.	δ56Fe	are	virtually	identical	to	the	MVF	lavas,	and	have	been	relatively	successfully	 1038	

modeled	with	a	simple	Rayleigh	fractionation	model	describing	bulk	mineral	fractionation	 1039	

from	a	primary	melt	using	a	fractionation	factor	of	-0.3‰	(Teng	et	al.,	2008;	Figure	3.5),	 1040	

although	the	true	control	on	fractionation	may	actually	result	from	enrichment	of	 1041	

isotopically	heavy	Fe3+	in	the	melt	(e.g.,	Dauphas	et	al.,	2014;	Sossi	et	al.,	2012).		 1042	

Although	the	MVF	lavas	show	parallel	trends	to	these	other	locations,	a	Rayleigh	 1043	

model	through	the	West	Mata	and	Mata	Tolu	data	would	require	a	primary	melt	with	a	 1044	

rather	negative	δ56Fe	value	(Figure	3.5).	However,	establishing	the	exact	composition	of	the	 1045	

primary	melt	is	difficult,	as	this	is	usually	accomplished	through	olivine	back-addition	until	 1046	

the	melt	composition	is	in	equilibrium	with	mantle	olivine	(Fo=91-92%).	Unfortunately,	 1047	

the	MVF	lavas	are	controlled	by	more	than	simple	olivine	fractionation,	phenocrysts	and	 1048	

xenocrysts	may	have	had	a	hard-to-quantify	effect,	and	more	importantly	a	very	depleted	 1049	

mantle	such	as	a	boninite	source	may	have	Fo=94%.	Thus,	simple	olivine	back-addition	 1050	

oversimplifies	the	likely	history	of	these	melts	and	it	is	unclear	at	what	Fo	value	back- 1051	

addition	should	stop.		 1052	

Since	the	modeling	is	underconstrained	in	this	case,	an	example	fractionation	 1053	

pattern	is	shown	in	Figure	3.5	(see	Section	3.6.4)	that	is	not	a	unique	solution,	but	it	 1054	

illustrates	the	main	components	of	any	solution;	(1)	the	primary	melt	and	original	source	 1055	

had	a	rather	low	δ56Fe	value,	(2)	there	is	no	single	fractionation	trend	that	passes	through	 1056	

both	West	Mata	and	Mata	Tolu;	instead	two	parallel	trends	are	needed.	Eventual	 1057	

crystallization	of	magnetite	in	this	type	of	evolution	should	cause	a	reversal	in	the	Fe3+	and	 1058	

δ56Fe	increase	(e.g.,	Sossi	et	al.,	2012),	and	this	might	explain	the	lowest	MgO	samples	with	 1059	

their	low	δ56Fe	values	(average	-0.022‰	±	0.026,	n=3).	It	cannot	be	ruled	out	that	these	 1060	
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samples	were	formed	by	evolution	in	an	open	(to	oxygen)	magmatic	system,	however	that	 1061	

would	require	both	open	and	closed	magmatic	evolution	in	the	general	area.	Therefore,	we	 1062	

prefer	explaining	the	data	with	a	single	process:	Differentiation	under	closed	conditions,	 1063	

where	the	offset	between	the	West	Mata	and	Mata	Tolu	data	might	be	explained	by:	1)	 1064	

Assimilation	or	magma	mixing	(Section	3.6.4),	2)	diffusion-based	kinetic	Fe	isotope	 1065	

fractionation,	and	3)	differences	in	primary	melt	compositions	(Section	3.6.6).		 1066	

	 1067	

3.6.4.	Assimilation	and	magma	mixing	 1068	

Some	of	the	crystal	cargo	in	MVF	magmas	are	xenocrysts	and	antecrysts	(Resing	et	 1069	

al.,	2011),	suggesting	that	assimilation	and	or	crystal	accumulation	affected	magma	 1070	

compositions	and	potentially	δ56Femelt.	This	severely	complicates	estimations	of	the	 1071	

parental	melt	compositions.	However,	for	a	first-order	compositional	estimate,	we	assume	 1072	

a	simplified	system	that	does	not	assimilate	crystals	and	only	precipitates	phases	that	are	 1073	

in	equilibrium	with	the	melt.	This	estimate	is	calculated	by	stepwise	back-addition	of	 1074	

equilibrium	crystal	phases	to	the	melt,	starting	with	the	composition	of	the	most	 1075	

magnesian	glass	reported	here	(Mata	Tolu	sample	KM	1129a	D07-R01;	MgO	=	7.34	wt.	%).	 1076	

Stepwise	equilibrium	clinopyroxene	and	olivine	are	added	to	each	sample	composition	in	 1077	

equal	proportions	until	MgO	=	8	wt.	%,	above	which	only	olivine	is	assumed	to	control	melt	 1078	

evolution.	Additionally,	~8	wt.	%	MgO	sits	roughly	at	the	intersection	of	the	liquid	line	of	 1079	

descent	defined	by	MVF	compositional	data	and	an	olivine-controlled	liquid	line	of	descent	 1080	

from	estimates	of	North	Tongan	parental	melt	compositions	(e.g.,	Danyushevsky	et	al.,	 1081	

1995).	Therefore,	we	assume	that	clinopyroxene	fractionated	CaO/Al2O3	relative	to	MgO	 1082	

when	MgO	<	8	wt.	%.	When	glass	MgO	>	8	wt.	%,	only	equilibrium	olivine	is	added	to	the	 1083	
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melt	until	composition	of	equilibrium	olivine	reaches	Fo91.5,	the	composition	of	the	most	 1084	

magnesian	olivines	found	in	MVF	samples	(Glancy,	2014).	We	assume	a	Kd=0.3	for	melt- 1085	

olivine	MgO/FeO	fractionation	(Roeder	and	Emslie,	1970)	and	Kd=0.4	for	clinopyroxene	 1086	

(Bedard,	2010).	This	approach	is	modeled	after	similar	estimates	by	Danyushevsky	et	al.	 1087	

(1995),	although	their	“PM1”	primary	estimate	was	determined	using	stepwise	addition	of	 1088	

only	olivine	to	a	whole	rock	composition	to	Fo94.	 1089	

Stepwise	modeling	suggests	that	a	parental	melt	for	KM1129a	D07-R01	glass	has	an	 1090	

MgO	of	15.4	wt.	%	in	equilibrium	with	Fo91.5.	Comparatively,	measured	whole-rock	 1091	

compositions	from	the	MVF	are	as	high	as	~20	wt.	%	MgO	(Glancy,	2014),	suggesting	 1092	

accumulation	of	the	identified	xenocrysts	likely	affected	the	high-MgO	whole	rocks.	These	 1093	

xenocrysts	would	need	to	be	high-Fo	(probably	mantle)	olivine	and/or	pyroxene,	and	a	 1094	

significant	mass	fraction	is	required	to	drive	the	parental	whole-rock	composition	high	 1095	

enough	to	produce	the	magnesian	compositions	erupted	by	MVF	volcanoes.		 1096	

A	simple	mass	balance	exercise	suggests	a	minimum	addition	of	20%	olivine	(Fo91.5)	 1097	

to	the	parental	melt	estimate	is	required	to	bring	the	parental	whole-rock	composition	to	 1098	

~20	wt.	%	MgO.	If	olivines	are	slightly	less	magnesian	or	more	pyroxene	is	involved,	a	 1099	

larger	fraction	must	be	added.	Consequently,	this	exercise	demonstrates	that	the	evolution	 1100	

of	MVF	boninites	requires	petrogenetic	conditions	that	cannot	be	reproduced	by	simple	 1101	

crystal	fractionation	mechanisms.	Addition	of	a	large	volume	of	mantle	olivine	with	a	 1102	

mantle-like	δ56Fe	signature	may	also	serve	to	lighten	the	Fe	isotopic	composition	of	a	melt	 1103	

while	also	increasing	MgO	(Figure	3.6A).		 1104	

In	addition	to	an	unknown	mass	of	accumulated	minerals,	their	compositions	and	 1105	

relative	proportions	are	not	tightly	constrained	either.	For	example,	the	proportions	of	 1106	
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xenocrysts	in	the	rocks	may	not	perfectly	reflect	the	proportions	of	the	accumulated	 1107	

minerals,	if	the	crystal	mush	was	not	representatively	sampled	upon	eruption.	Without	the	 1108	

mass	and	exact	composition,	a	truly	representative	model	is	not	possible.	Furthermore,	the	 1109	

timing	of	an	assimilation	or	mixing	event	during	magmatic	evolution	cannot	be	constrained	 1110	

either,	while	the	resultant	increase	in	MgO	and	decrease	in	δ56Fe	of	the	system	could	either	 1111	

partially	or	fully	“reset”	the	evolution	trend	(Figure	3.6A).	We	argue	here	that	the	potential	 1112	

wide	variety	actually	provides	an	argument	against	the	importance	of	all	these	factors	in	 1113	

the	melt	δ56Fe	evolution.	 1114	

If	the	processes	above	were	all	critical	to	the	evolution	of	West	Mata	and	Mata	Tolu,	 1115	

it	is	exceedingly	unlikely	that	both	groups	would	have	developed	parallel	slopes	at	a	given	 1116	

MgO	range,	not	only	to	each	other,	but	also	to	the	available	continental	and	oceanic	igneous	 1117	

systems	in	the	literature.	Consequently,	it	appears	most	likely	that	the	observed	trends	are	 1118	

mainly	controlled	by	other	processes,	and	two	other	explanations	need	to	be	considered	for	 1119	

the	offset	between	the	two	groups;	diffusion-based	kinetic	fractionation,	or	a	different	 1120	

starting	composition.	 1121	

	 1122	

3.6.5.	Diffusion,	equilibrium	fractionation,	and	effect	on	melt	δ56Fe	 1123	

Olivine,	orthopyroxene	and	clinopyroxene	all	crystallize	from	these	melts	(Michael	 1124	

et	al.,	2009;	Resing	et	al.,	2011),	therefore	isotopic	fractionation	by	kinetic	diffusion	 1125	

between	mineral	and	melt	must	be	considered.	Sio	et	al.	(2013)	suggests	that	Fe-Mg	kinetic	 1126	

interdiffusion	between	olivine	and	melt	has	an	isotopic	effect	that	may	fractionate	the	Fe	 1127	

isotopic	content	of	both	olivine	and	melt	if	cooling	occurs	over	a	long	enough	time	period	 1128	

(up	to	~20	years;	Sio	et	al.,	2013;	Teng	et	al.,	2011).	Fe-Mg	interdiffusion	is	also	possible	in	 1129	
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orthopyroxenes,	although	the	diffusion	rate	is	considerably	slower	(by	as	much	as	an	order	 1130	

of	magnitude)	than	that	of	olivine	(Klügel,	2001).	Any	fractionating	effect	from	presence	of	 1131	

orthopyroxene,	therefore,	may	be	minimal.	Geochemical	evidence	of	syn-eruptive	magma	 1132	

recharge	indicates	relatively	short	MVF	residence	times	(e.g.,	Rubin	et	al.,	2014),	providing	 1133	

little	to	no	time	for	significant	mass	exchange	between	mineral	and	melt.	Similarly,	nearby	 1134	

North	Tongan	boninites	have	also	been	shown	to	have	very	short	residence	times,	often	 1135	

less	than	3-5	months	(Danyushevsky	et	al.,	2002).	 1136	

Diffusion	of	Fe2+	into	high	Mg#	olivines	preferentially	incorporates	the	faster- 1137	

diffusing	lighter	Fe	isotopes	(Dauphas	et	al.,	2014),	while	Mg	diffuses	out	of	the	crystal	and	 1138	

into	the	melt.	This	would	produce	a	net	increase	in	δ56Femelt	and	Mg#,	assuming	a	large	 1139	

olivine	fraction	is	present	in	the	melt,	and	a	storage/cooling	time	on	the	order	of	decades	 1140	

(Dauphas	et	al.,	2010;	Teng	et	al.,	2011).	While	MVF	melt	residence	times	have	not	been	 1141	

fully	quantified,	olivine-driven	diffusion	may	not	be	a	significant	control	on	δ56Femelt	 1142	

because	of	the	minimum	decades-long	exchange	times	required	for	olivine	and	 1143	

orthopyroxene	in	melt,	versus	the	likely	months-scale	residence	times	of	MVF	magmas.		 1144	

	 1145	

3.6.6.	Fe	isotope	ratios	as	source	tracers	 1146	

The	final,	and	most	likely	control	on	δ56Femelt	variations	in	the	MVF	lies	is	primary	 1147	

magma	heterogeneity.	It	has	been	shown	in	several	igneous	systems	that	Fe	isotope	ratios	 1148	

tend	to	follow	predictable	major	element-stable	isotope	fractionation	patterns	during	melt	 1149	

differentiation,	despite	complexities	in	the	individual	magmatic	systems.	The	observation	 1150	

that	boninites	have	considerably	lower	δ56Fe	than	many	other	oceanic	systems	may	reflect	 1151	

the	relatively	large	degree	of	melting	(>20%)	required	for	boninitic	melt	petrogenesis.	 1152	
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Large	melt	fractions	are	capable	of	lowering	δ56Femelt	to	mantle-like	ratios	(Dauphas	et	al.,	 1153	

2009;	Teng	et	al.,	2013),	although	increasing	the	system	Fe3+/Fe2+	ratio	increases	the	melt	 1154	

fraction	required	to	achieve	low	primary	δ56Femelt.	Arc	settings	generally	have	high	 1155	

Fe3+/Fe2+	in	the	source	mantle	(up	to	0.3;	Kelley	and	Cottrell,	2009),	and	this	is	 1156	

conservative	for	relevant	melts	here	(sample	Fe3+/Fe2+	=	0.36-1.62;	Glancy,	2014).	At	arc	 1157	

redox	conditions,	in	excess	of	50%	melting	is	required	to	produce	Δ56Femelt-source	of	 1158	

~0.04‰	or	less,	similar	in	magnitude	to	Izu-Bonin	and	New	Caledonia	boninites	(Dauphas	 1159	

et	al.,	2009).	An	even	greater	melt	fraction	>50%	is	required	to	reproduce	MVF	 1160	

compositions	(Figure	3.7).	While	Kushiro	(2007)	suggests	that	boninite	compositions	 1161	

probably	require	>20%	mantle	melting,	the	deduced	value	of	>50%	melting	is	 1162	

unreasonably	high.	Alternative	solutions	to	lower	δ56Femelt	include	boninitic	melt	 1163	

equilibrating	with	isotopically	lighter	source	mantle	(Dauphas	et	al.,	2009),	or	 1164	

incorporation	of	an	isotopically	light	component	derived	from	the	subducted	slab	during	 1165	

melting.		 1166	

Variations	in	source	geochemistry	may	be	invoked	here	to	explain	the	offset	 1167	

between	West	Mata	and	Mata	Tolu,	not	unlike	the	“source	effect”	argued	in	Konter	et	al.	 1168	

(2016).	Material	“leaking”	into	the	Lau	Basin	mantle	from	the	nearby	Samoan	plume	is	 1169	

capable	of	enriching	melt	compositions	and	has	been	invoked	as	a	likely	component	of	 1170	

North	Tongan	melts	(Falloon	et	al.,	2007;	Price	et	al.,	2014;	Turner	and	Hawkesworth,	 1171	

1998).	However,	input	from	a	relatively	enriched,	more	alkalic	(e.g.,	Natland,	1980)	Samoan	 1172	

component	would	likely	enrich	the	major	element	chemistry	of	MVF	melts	in	the	pattern	 1173	

we	observe	here.	However,	OIBs	tend	to	have	δ56Fe	similar	to	or	heavier	than	typical	 1174	

depleted	mantle	(e.g.,	Teng	et	al.,	2013),	and	therefore	are	unlikely	to	produce	the	Fe	 1175	
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isotope	ratios	we	see	here.	Therefore,	the	presence	of	an	OIB	component	in	North	Tonga	is	 1176	

likely	not	a	major	control	over	δ56Femelt.	Instead,	an	alternative	LILE-	and	Fe-enriched	 1177	

component	could	be	present	in	slab-derived	fluid.	 1178	

The	mantle	wedge	in	an	arc	setting	undergoes	metasomatism,	a	process	expected	to	 1179	

elevate	δ56Fe	in	the	refractory	peridotite	(Su	et	al.,	2015).	However,	high-degree	melt	 1180	

production	is	required	for	boninitic	compositions	to	maintain	the	observed	unusually	low	 1181	

isotopic	ratios	at	the	high	fO2	conditions	found	in	arc	systems.	If	a	Rayleigh	model	 1182	

accurately	describes	the	evolution	of	the	system,	the	source	δ56Fe	composition	must	be	 1183	

below	average	mantle	values	(~0.00‰)	as	shown	in	Figure	3.5.	This	signature	is	opposite	 1184	

of	the	expected	redox-driven	effect	of	metasomatic	processes	on	depleted	mantle	 1185	

(Finlayson	et	al.,	2015;	Konter	et	al.,	2016;	Williams	et	al.,	2004),	although	these	studies	 1186	

have	looked	at	melts	and	xenoliths	derived	from	previously	metasomatized	residual	 1187	

mantle.	Here,	we	evaluate	the	boninitic	melts	likely	generated	by	a	metasomatic	event,	 1188	

which	presumably	includes	the	volatile	phase	that	escaped	the	residual	mantle	described	 1189	

above.	Therefore,	it	is	likely	that	during	melting,	oxidizing	subduction	fluids	carrying	light	 1190	

δ56Fe	extracted	from	the	downgoing	slab	are	incorporated	into	boninitic	melt	 1191	

compositions.	Presence	of	a	subduction	component	is	further	evidenced	by	enrichment	of	 1192	

incompatible	elements	and	some	trace	element	ratios	as	seen	in	Figures	3.3	and	3.4.	 1193	

To	further	explore	the	possibility	of	subduction	fluid	control	on	Fe	isotopic	 1194	

composition,	we	employ	the	only	available	trace	element	data	(whole	rock)	for	some	of	our	 1195	

samples	(Table	3.2).	Because	assimilated	material	may	affect	whole	rock	compositions,	we	 1196	

only	focus	on	comparing	the	general	pattern	between	West	Mata	and	Mata	Tolu	in	 1197	

subduction-sensitive	trace	elements,	glass	TiO2,	and	glass	δ56Fe.	West	Mata	whole	rock	 1198	
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Ba/Nb	vs.	1/Nb	(Figure	3.4A;	after	Lupton	et	al.,	2015)	are	somewhat	depleted	relative	to	 1199	

arc	compositions,	but	relative	to	Mata	Tolu	they	are	enriched	in	Ba,	a	fluid-mobile	element	 1200	

often	elevated	relative	to	immobile	elements	in	subduction	melts	(Elliot,	2003).	In	contrast,	 1201	

Mata	Tolu	Ba/Nb	plots	between	most	of	the	other	Mata	volcanoes	and	the	NELSC	(Figure	 1202	

3.4;	Lupton	et	al.,	2015).	Additionally,	slight	enrichment	in	Mata	Tolu	whole	rock	Nb	vs.	 1203	

glass	TiO2	is	in	agreement	with	a	lower	subduction	signal	and	NELSC-like	(high	Nb)	 1204	

composition	in	Mata	Tolu	melts	(Figure	3.4B).	In	contrast,	the	West	Mata	melts	may	be	 1205	

slightly	Nb-depleted	as	a	result	of	Nb	mobility	in	fluids,	a	common	signature	in	arc	melts	 1206	

(e.g.,	Green,	1995;	Figure	3.4B).	Therefore,	in	this	case,	we	argue	that	LILE-enriched,	 1207	

isotopically	light	subduction	fluids	(e.g.,	Danyushevsky	et	al.,	1995;	Su	et	al.,	2015)	fluxed	 1208	

depleted	mantle	wedge	and	may	exert	considerable	control	over	δ56Fe.	 1209	

This	process	is	capable	of	driving	the	resultant	high-fO2	melt	to	low	δ56Fe,	thus	 1210	

explaining	the	paradoxical	combination	of	low	δ56Fe	and	extremely	high	oxidation	state	(as	 1211	

high	as	FMQ	+	4.8;	Glancy,	2014)	of	these	melts	(Figure	3.7).	The	slightly	depleted	whole	 1212	

rock	Ba/Nb	ratios,	higher	glass	Mg#,	and	lower	glass	(Na2O+K2O)/MgO	ratios	of	Mata	Tolu	 1213	

samples	relative	to	West	Mata	suggests	that	the	NELSC	and	Tolu	volcanic	systems	 1214	

incorporate	less	of	the	subduction	fluid	component	than	the	West	Mata	melts	that	are	 1215	

closer	to	the	backarc	axis.	Differing	fractions	of	subduction	fluid	in	a	volcanic	system	would	 1216	

also	be	capable	of	generating	near-parallel	differentiation	trends	between	Mata	Tolu	and	 1217	

West	Mata	(Figure	3.6B).	While	quantifying	the	amount	of	subduction	fluid	contributing	to	 1218	

melt	genesis	at	each	volcano	is	difficult	at	best,	it	is	apparent	that	Fe	isotopes	may	be	useful	 1219	

tracers	of	slab-derived	fluid	input	to	metasomatic	melts.	 1220	
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Considering	the	potential	difference	in	input	of	subduction	fluids	across	the	Lau	 1221	

Basin,	volcanoes	closer	to	the	NELSC	may	see	a	lower	proportion	of	a	LILE-enriched	 1222	

subduction	fluid	than	volcanoes	closer	to	the	arc.	Therefore,	Mata	Tolu	might	be	expected	 1223	

to	contain	a	smaller	contribution	from	the	subduction	fluid	than	West	Mata,	and	this	is	 1224	

supported	by	lower	whole	rock	Ba/Nb	ratios	in	Mata	Tolu,	which	geochemically	resembles	 1225	

a	mixture	of	MVF	and	the	nearby	NELSC	(e.g.,	Elliot,	2003	and	references	therein;	Figure	 1226	

3.4).	Mata	Tolu	could	potentially	reflect	melting	of	a	more	depleted,	oxidized,	MORB-like	 1227	

source	with	high	Mg#	(Workman	and	Hart,	2005),	lower	Ba/Nb,	and	elevated	δ56Fe	relative	 1228	

to	mantle	infiltrated	with	subduction-derived	fluids.	Mata	Tolu	trace	element	behavior	is	 1229	

somewhat	more	like	that	published	for	the	NELSC,	while	West	Mata	looks	more	arc-like	 1230	

(Lupton	et	al.,	2015).	If	so,	the	chemical	and	stable	isotopic	characteristics	of	Mata	Tolu	 1231	

may	mark	a	transition	in	melts	generated	from	mid-backarc	to	rear-backarc	spreading	 1232	

corresponding	to	a	decrease	in	subduction	fluid	input	to	melts	generated	in	the	 1233	

northwestern	part	of	the	MVF	(Figure	3.8).	 1234	

	 1235	

3.7.	Conclusions	 1236	

Mata	Tolu	data	define	a	negative	trend	in	δ56Fe	vs.	MgO,	weakly	paralleled	by	West	 1237	

Mata.	Offset	between	the	parallel	Tolu	and	West	Mata	trends	can	be	explained	by	different	 1238	

source	compositions	supplying	the	volcanoes,	which	are	then	affected	by	similar	 1239	

fractionation	processes.	The	expression	of	nearly	parallel	differentiation	trends	in	two	 1240	

volcanoes	suggests	boninite	melt	compositions	evolve	along	predictable	pathways	despite	 1241	

the	complexity	of	melt	generation	in	subduction	zones.	Furthermore,	the	differentiated	 1242	
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East	Mata	compositions	provide	a	potential	constraint	with	low	δ56Fe	values	relative	to	the	 1243	

higher	MgO	composition,	suggesting	closed	fO2	fractionation	pathways	control	δ56Fe.	 1244	

Major	and	trace	element	data	define	a	broad	geographic	pattern	of	major	 1245	

compositional	characteristics	(Figure	3.8).	Lower	melt	δ56Fe	and	Mg#	also	tend	to	 1246	

correspond	with	elevated	Na	and	K	in	glasses	and	high	Ba/Nb	ratios	in	whole	rocks.	These	 1247	

compositions	are	found	dominantly	in	volcanoes	from	the	southeastern	part	of	the	MVF,	 1248	

which	sits	closer	to	the	Tonga	arc,	where	a	larger	proportion	of	subduction	fluid	may	be	 1249	

incorporated	into	SE	MVF	melts.	Conversely,	more	depleted	compositions	found	in	Tolu	 1250	

volcano	feature	higher	Mg#	and	δ56Fe,	lower	Na	and	K	in	glasses,	and	lower	whole	rock	 1251	

Ba/Th,	and	Ba/Nb.	Generally,	Tolu	melts	exhibit	enriched	geochemical	characteristics,	such	 1252	

as	elevated	Nb,	compared	to	other	MVF	volcanoes.	Simultaneously,	Tolu	samples	display	 1253	

lower	levels	of	Ba	and	higher	Mg#	suggestive	of	less	subduction	fluid	input	than	other	MVF	 1254	

volcanoes	such	as	West	Mata.	 1255	

The	processes	controlling	this	compositional	difference	cannot	be	uniquely	 1256	

constrained	at	present,	but	source	composition	and	magmatic	differentiation	that	 1257	

indirectly	controls	melt	Fe3+/Fe2+	are	likeliest	to	have	any	significant	influence	on	boninite	 1258	

δ56Fe.	The	repetition	of	only	two	distinct	differentiation	trends	(relatively	flat	versus	 1259	

increasing)	in	δ56Fe	vs.	MgO	in	the	literature	suggests	that	magmatic	processes	may	only	 1260	

exert	minimal	control	on	Fe	isotope	compositions	of	these	melts.	Instead,	changes	in	fO2	in	 1261	

response	to	open-	or	closed-system	fractional	crystallization	appear	to	control	δ56Fe,	 1262	

producing	the	Tolu	and	West	Mata	differentiation	trends,	but	not	the	offset	between	the	 1263	

two	volcanoes.	No	other	magmatic	process	we	explore	here	is	likely	to	produce	the	 1264	

relationship	between	compositional	enrichment	and	low	δ56Fe	between	Mata	Tolu	and	 1265	
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West	Mata.	Therefore,	the	likeliest	explanation	for	offset	parallelism	between	offset	trends	 1266	

in	MVF	volcanoes	is	isotopic	variation	in	mantle	source	components.	The	source	 1267	

component	responsible	for	this	offset	may	also	effectively	explain	why	boninites	carry	a	 1268	

light	δ56Fe	signature	at	high	fO2	compared	to	other	igneous	systems.	 1269	

The	discrepancy	between	boninite	δ56Fe	composition	and	most	other	oceanic	 1270	

basalts	can	be	explained	in	part	by	the	subduction	fluid	flux	process	invoked	as	a	key	 1271	

mechanism	in	boninite	generation.	The	light	Fe	isotopic	signature	of	boninites	may	be	 1272	

derived	from	low	δ56Fe	fluids	extracted	from	the	subducting	slab.	The	effect	may	be	 1273	

enhanced	if	these	fluids	overprinted	an	already-light	refractory	mantle	wedge	signature	 1274	

(Debret	et	al.,	2016;	Su	et	al.,	2015)	compared	to	previously	metasomatized	(higher	δ56Fe)	 1275	

mantle	wedge.	Fluxing	by	subduction	fluids	is	a	process	crucial	to	boninitic	melt	 1276	

generation,	and	these	enriched,	isotopically	light	fluids	may	be	incorporated	into	the	melt	 1277	

fraction	derived	from	the	mantle	wedge	(Danyushevsky	et	al.,	1995).	Thus,	a	lower-than- 1278	

expected	δ56Fe	signature	is	imparted	to	the	resulting	boninitic	melts	despite	the	probability	 1279	

of	elevating	δ56Femelt	during	melting.	The	contribution	of	slab-derived,	isotopically	light	 1280	

fluid	to	boninite	may	explain	the	unusually	light	isotopic	signature	coexisting	with	high	 1281	

Fe3+/Fe2+	in	boninites	compared	to	mantle-derived	volcanism	in	other	settings.	 1282	

	 1283	
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University	of	Tulsa. 1289	
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	 1290	
Table	3.1.	Sample	information	and	major	element	data.	
Sample	 Cruise	 SiO2	 TiO2	 Al2O3	 FeO	 MnO	 MgO	 CaO	 Na2O	 K2O	 P2O5	 sum	 Cl	 F	 S	 CaO/	

Al2O3	

Na2O	

+K2O	

Petrologic	

Group	

δ
56
Fe		 2WSD	 n	 Mg#	

West	Mata	-	2009	eruption	
J2-413-
R13	

TN-234	 55.60	 0.57	 14.10	 8.58	 0.15	 5.83	 10.16	 1.92	 0.73	 0.18	 98.00	 0.16	 	 0.016	 0.72	 2.65	 low	TiO2	 -0.024	 0.046	 1	 0.5493	

J2-417-
R09	

TN-234	 55.79	 0.54	 13.75	 8.80	 0.17	 6.71	 10.59	 1.90	 0.65	 0.17	 99.07	 0.13	 0.04	 0.004	 0.77	 2.55	 low	TiO2	 -0.040	 0.099	 2	 0.5778	

J2-418-
R18	

TN-234	 55.77	 0.57	 13.99	 8.54	 0.15	 6.02	 10.29	 1.88	 0.72	 0.17	 98.29	 0.16	 	 0.009	 0.74	 2.60	 low	TiO2	 -0.027	 0.032	 1	 0.5585	

J2-420-
R17	

TN-234	 55.70	 0.53	 14.43	 8.96	 0.14	 6.04	 10.51	 1.94	 0.66	 0.09	 99.01	 0.13	 0.04	 0.005	 0.73	 2.60	 low	TiO2	 -0.001	 0.043	 1	 0.5474	

West	Mata	-	low	Ti,	low	Si	
J2-418-
R01	

TN-234	 58.69	 0.48	 14.51	 8.88	 0.14	 3.24	 8.31	 1.98	 0.94	 0.15	 97.54	 0.19	 	 0.012	 0.57	 2.92	 low	TiO2	 0.034	 0.065	 4	 0.3958	

J2-418-
C02	

TN-234	 57.40	 0.50	 14.66	 8.90	 0.15	 3.99	 8.54	 2.14	 0.99	 0.17	 97.70	 0.24	 	 0.004	 0.58	 3.13	 low	TiO2	 0.048	 0.011	 2	 0.4455	

J2-418-
R04	

TN-234	 57.54	 0.54	 14.41	 8.85	 0.13	 4.15	 8.82	 2.11	 1.00	 0.19	 98.00	 0.24	 	 0.012	 0.61	 3.11	 low	TiO2	 0.047	 0.046	 4	 0.4566	

J2-418-
R05	

TN-234	 57.70	 0.51	 14.28	 8.97	 0.13	 4.26	 8.87	 2.04	 0.96	 0.17	 98.13	 0.23	 	 0.005	 0.62	 3.00	 low	TiO2	 0.045	 0.018	 3	 0.4599	

J2-420-
R01	

TN-234	 57.26	 0.46	 14.64	 8.83	 0.14	 3.52	 8.59	 2.13	 0.95	 0.18	 97.00	 0.30	 	 0.01	 0.59	 3.08	 low	TiO2	 0.034	 0.005	 2	 0.4171	

J2-420-
R02	

TN-234	 57.06	 0.46	 14.37	 8.85	 0.15	 4.00	 8.87	 2.06	 0.91	 0.15	 97.14	 0.25	 	 0.01	 0.62	 2.96	 low	TiO2	 0.040	 0.038	 2	 0.4479	

West	Mata	-	low	Ti,	high	Si	
KM1024	
D12-R01	

KM1024	 58.36	 0.42	 14.34	 8.96	 0.15	 3.63	 8.63	 2.05	 0.91	 0.15	 97.87	 0.26	 	 0.01	 0.60	 2.96	 low	TiO2	 0.010	 0.043	 1	 0.4210	

KM1024	
D12-R06	

KM1024	 58.12	 0.42	 14.33	 8.80	 0.14	 4.01	 9.08	 2.03	 0.83	 0.12	 98.11	 0.23	 	 0.01	 0.63	 2.86	 low	TiO2	 0.008	 0.043	 1	 0.4496	

KM1024	
D12-R08	

KM1024	 58.34	 0.43	 14.46	 8.89	 0.14	 3.69	 8.65	 2.05	 0.89	 0.14	 97.94	 0.25	 	 0.01	 0.60	 2.94	 low	TiO2	 0.020	 0.043	 1	 0.4270	

North	Mata	(Ua)	
RR1211	
Q325-R01		

RR1211	 57.90	 0.47	 14.69	 8.04	 0.13	 4.72	 9.21	 1.77	 0.77	 0.16	 98.03	 0.17	 	 0.00	 0.63	 2.54	 low	TiO2	 -0.013	 0.043	 1	 0.5127	

RR1211-
Q325-R03	

RR1211	 54.00	 0.85	 13.06	 8.68	 0.16	 6.77	 11.08	 1.86	 1.17	 0.22	 98.02	 0.18	 	 0.00	 0.85	 3.03	 med	TiO2	 -0.008	 0.045	 3	 0.5832	

KM1129a	
D10-R01	

KM1129
a	

57.18	 0.70	 13.39	 8.22	 0.15	 6.28	 9.85	 1.67	 1.08	 0.15	 98.81	 0.15	 	 0.01	 0.74	 2.75	 med	TiO2	 0.003	 0.043	 1	 0.5779	

North	Mata	(Tolu)	
KM1129a	
D07-R01		

KM1129
a	

56.72	 0.41	 13.01	 7.79	 0.14	 7.34	 10.70	 1.85	 0.50	 0.21	 98.79	 0.11	 	 0.01	 0.82	 2.35	 low	TiO2	 0.011	 0.036	 3	 0.6283	

KM1129a	
D07-R02		

KM1129
a	

56.91	 0.44	 13.70	 7.90	 0.14	 6.52	 10.43	 1.96	 0.55	 0.20	 98.88	 0.12	 	 0.00	 0.76	 2.52	 low	TiO2	 0.025	 0.047	 3	 0.5970	

KM1129a	
D08-R07	

KM1129
a	

57.49	 0.50	 14.25	 8.46	 0.14	 5.39	 9.93	 1.82	 0.85	 0.18	 99.20	 0.17	 	 0.01	 0.70	 2.67	 low	TiO2	 0.049	 0.060	 3	 0.5333	

KM1129a	
D08-R08		

KM1129
a	

56.00	 0.51	 14.49	 8.22	 0.14	 6.21	 10.68	 1.90	 0.70	 0.24	 99.24	 0.13	 	 0.01	 0.74	 2.60	 low	TiO2	 0.031	 0.014	 2	 0.5756	
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Table	3.1.	(continued)	

Sample	 Cruise	 SiO2	 TiO2	 Al2O3	 FeO	 MnO	 MgO	 CaO	 Na2O	 K2O	 P2O5	 sum	 Cl	 F	 S	 CaO/	

Al2O3	

Na2O	

+K2O	

Petrologic	

Group	

δ
56
Fe		 2WSD	 n	 Mg#	

East	Mata	
KM1024	
D14-R02	

KM1024	 57.41	 0.42	 12.36	 8.76	 0.17	 5.57	 9.76	 1.80	 0.98	 0.19	 97.62	 0.21	 	 0.01	 0.79	 2.78	 low	TiO2	 0.010	 0.030	 2	 0.5330	

KM1024	
D14-R05	

KM1024	 57.66	 0.44	 13.01	 8.87	 0.15	 4.94	 9.55	 1.84	 1.01	 0.18	 97.87	 0.22	 	 0.01	 0.73	 2.85	 low	TiO2	 -0.008	 0.058	 2	 0.4995	

East	Mata	-	differentiated	
KM1129a	
D02-R01	

KM1129
a	

70.69	 0.64	 11.97	 6.37	 0.09	 0.49	 3.65	 2.28	 2.44	 0.32	 99.36	 0.41	 	 0.01	 0.31	 4.71	 evolved	 -0.036	 0.032	 1	 0.1221	

KM1129a	
D02-R03	

KM1129
a	

68.56	 0.53	 12.53	 6.92	 0.11	 1.10	 4.67	 2.33	 2.09	 0.31	 99.52	 0.35	 	 0.01	 0.37	 4.42	 evolved	 -0.011	 0.032	 1	 0.2223	

KM1129a	
D02-R04	

KM1129
a	

68.69	 0.53	 12.53	 6.89	 0.10	 1.13	 4.68	 2.34	 2.08	 0.30	 99.63	 0.36	 	 0.00	 0.37	 4.42	 evolved	 -0.019	 0.032	 1	 0.2275	

Estimated	parental	melt	composition	from	stepwise	equilibrium	phase	addition	
KM1129a	
D07-R01	
(parent)	

	 53.95	 0.34	 10.61	 8.52	 0.14	 15.38	 8.98	 1.50	 0.41	 0.17	 100.0	 	 	 	 0.85	 	 	 -0.077	 	 	 0.7629	

	

Standards	for	Fe	analysis	
																						Separation	procedure	used	
BCR-2	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.064	 0.056	 	 	
BCR-2	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.071	 0.042	 	 	
BCR-2	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.085	 0.044	 	 	
BCR-2	 UHM	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.065	 0.037	 	 	
BCR-2	 UHM	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.055	 0.046	 	 	
Average	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.068	 0.022	 5	 	
BIR-1	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.006	 0.056	 	 	
BIR-1	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.030	 0.042	 	 	
BIR-1	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.062	 0.044	 	 	
BIR-1	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.080	 0.032	 	 	
BIR-1	 UHM	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.023	 0.037	 	 	
Average	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.047	 0.064	 5	 	
KIL1919	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.066	 0.056	 	 	
KIL1919	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.107	 0.042	 	 	
KIL1919	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.077	 0.053	 	 	
KIL1919	 UHM	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.048	 0.046	 	 	
KIL1919	 UHM	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.040	 0.037	 	 	
KIL1919	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.119	 0.032	 	 	
KIL1919	 UC	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.096	 0.043	 	 	
Average	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 0.083	 0.057	 7	 	
Glass	major	elements	and	Fe	isotope	compositions	(weighted	mean	and	2*standard	deviations	are	reported	where	n	>	1).	Fe	isotope	standard	data	are	also	given	with	weighted	averages	and	weighted	2*standard	deviations.	
Compositional	and	Fe	isotope	estimate	for	a	parental	liquid	is	also	given,	based	on	the	most	magnesian	sample	in	the	dataset.	The	method	used	to	calculate	composition	is	given	in	Section	3.6.4,	and	Fe	isotope	ratio	in	Figure	3.5.	

	 1291	
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Table	3.2.	Selected	whole	rock	trace	element	data	for	the	sample	set,	obtained	via	XRF	at	University	of	Hawaiʻi	at	Mānoa.	All	data	are	given	in	ppm.	
Sample	 Nb	 Zr	 Y	 Sr	 U	 Rb	 Th	 Pb	 Co	 Cr	 V	 Ba	 Zn	 Cu	 Ni	 Sc	 Mn	
West	Mata	-	2009	eruption	

J2-413-R13	 7 34 8 216 1.5 9 1.3 1.6 50 984 242 127 70  216 45 1312 
J2-417-R09	 6 32 7 194 1.5 8 1.3 1.6 57 1114 223 107 68 70 251 43 1341 
J2-418-R18	 6 35 8 225 1.5 10 1.3 1.6 52 928 252 126 70  209 46 1327 
J2-420-R17	 6 30 7 186 1.5 9 1.3 1.6 54 1021 233 105 68 72 221 44 1336 
West	Mata	-	low	Ti,	high	Si	
J2-418-R01	 6 30 7 218 1.5 14 1.8 3.3 40 413 260 137 72 72 71 51 1358 
J2-418-C02	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
J2-418-R04	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
J2-418-R05	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
J2-420-R01	 6 30 7 204 1.5 12 1.3 2.2 45 695 250 123 70 72 113 47 1362 
J2-420-R02	 6 31 7 212 1.5 13 1.8 1.7 44 634 252 124 72 73 110 46 1348 
West	Mata	-	low	Ti,	high	Si	
KM1024	D12-R01	 5 29 6 206 2.1 12 1.8 2.4 43 583 255 119 71 83 100 48 1342 
KM1024	D12-R06	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
KM1024	D12-R08	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
North	Mata	(Ua)	
RR1211	Q325-R01	 7 35 8 227 1.5 14 2.2 3 41 582 258 148 72 83 133 42 1233 
RR1211	Q325-R03	 30 44 11 287 1.6 20 1.4 2 131 605 264 274 75 76 144 41 1306 
KM1129a	D10-R01	 4 20 5 162.44 1.52 13 1.38 1.65 63 1508.33 201.38 123.17 70 59.78 419.03 38 1325.97 
North	Mata	(Tolu)	
KM1129a	D07-R01	 13 36 8 298 1.5 8 2.5 2 57 1250 214 222 74 79 292 37 1268 
KM1129a	D07-R02	 13 34 8 272.34 2.28 9 2.6 1.66 57 1378.98 213.87 200.76 70 84.69 314.61 39 1292.1 
KM1129a	D08-R07	 8 33 7 198.62 1.85 12 1.23 1.68 55 930.66 237.77 140.5 73 76.25 196.67 43 1346.45 
KM1129a	D08-R08	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
East	Mata	
KM1024	D14-R02	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
KM1024	D14-R05	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
East	Mata	Differentiated	Lavas	

KM1129a	D02-R04	 14 52 8 335.39 2.32 25 2.17 2.79 26 260.11 230.99 272.99 68 104.11 28.04 36 1109.59 
KM1129a	D02-R01	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
KM1129a	D02-R03	 13 50 8 328.37 2.04 24 1.73 2.05 29 287.35 237.3 262.41 69 92.7 25.01 39 1174.59 
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	 1295	
Figure	3.1.	Map	of	the	greater	Lau	Basin	and	Tonga	arc	region,	SW	Pacific.	Inset	shows	the	 1296	
Mata	Volcanic	Field	(MVF)	and	northern	segment	of	the	NE	Lau	Spreading	Center	(NELSC).	 1297	
	 	 1298	
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	 1299	
Figure	3.2.	TAS	diagram	from	Le	Bas	(2000)	showing	compositions	of	the	samples	used	in	 1300	
this	study	vs.	previously	published	whole-rock	and	glass	data	(Resing	et	al.,	2011).	 1301	
Boninitic	compositions	in	this	study	do	not	fit	the	published	definition	of	a	boninite;	 1302	
however,	they	are	directly	derived	from	boninite	compositions.	 1303	
	 	 1304	
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	 1305	
Figure	3.3.	MgO	vs.	major	element	plots	characterizing	general	behavior	of	the	MVF	and	 1306	
patterns	within	individual	volcanoes.	Whole	data	available	for	most	MVF	samples	are	also	 1307	
plotted,	as	well	as	the	Izu-Bonin/New	Caledonia	data	from	Dauphas	et	al.	(2009).	All	data	 1308	
are	given	as	wt.	%.	A)	MgO	vs.	SiO2.	The	general	differentiation	pattern	shows	that	all	MVF	 1309	
volcanoes	follow	a	similar	differentiation	slope.	B)	MgO	vs	K2O.	While	the	data	display	 1310	
somewhat	more	scatter	than	with	SiO2,	this	is	largely	limited	to	more	compositionally	 1311	
variable	Mata	Ua	samples.	C)	MgO	vs.	FeO.	West	Mata	and	Mata	Tolu	compositions	vary	 1312	
along	a	direction	orthogonal	to	the	differentiation	trend	suggested	by	the	low	MgO	East	 1313	
Mata	evolved	samples.	Given	the	limited	variability	in	FeO	of	the	boninitic	compositions	 1314	
(~1	wt.	%)	and	large	variability	in	MgO,	this	offset	between	volcanoes	is	likely	due	to	 1315	
different	parental	melt	compositions.	Offsets	are	also	observed	in	samples	from	various	 1316	
eruptive	episodes	in	West	Mata,	suggesting	different	parental	compositions	are	erupting	 1317	
from	a	single	volcano.	D)	MgO	vs.	CaO/Al2O3	provides	a	marker	for	mineral	precipitation.	 1318	
In	this	case,	CaO	is	being	removed	from	the	melt	relative	to	Al2O3,	indicating	clinopyroxene	 1319	
was	precipitating	from	the	melt.	Despite	the	differing	parental	compositions	between	West	 1320	
Mata	and	Mata	Tolu,	the	glass	compositions	fall	on	the	same	trendline,	indicating	the	melts	 1321	
were	being	fractionated	by	identical	crystallization	processes.	Crystallization,	therefore,	is	 1322	
not	capable	of	producing	the	offsets	seen	in	C.	E)	MgO	vs.	Al2O3,	showing	some	offset	 1323	
between	West	Mata	and	Mata	Tolu,	although	this	behavior	follows	a	more	typical	 1324	
fractionation	pattern.	East	Mata	boninites,	however,	have	lower	Al2O3	than	boninites	from	 1325	
the	other	volcanoes,	the	origin	of	which	is	currently	unconstrained.	F)	MgO	vs.	TiO2	shows	 1326	
that	TiO2	for	most	samples	remains	fairly	uniform.	Two	Mata	Ua	samples	have	higher	TiO2	 1327	
than	the	rest	of	the	sample	set,	and	the	East	Mata	evolved	samples	have	slightly	elevated	 1328	
average	TiO2	compared	to	the	rest	of	the	group,	suggested	that	oxide	fractionation	may	 1329	
have	removed	primarily	Fe	from	the	melts,	rather	than	Ti.	 1330	
	 	 1331	
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	 1332	
Figure	3.4.	Selected	trace	elements	as	proxies	for	subduction	input,	after	Lupton	et	al.	 1333	
(2015).	Grey	fields	are	labeled	with	representative	source	compositions	(NELSC	vs.	arc- 1334	
like)	A)	Ba/Nb	vs.	1/Nb	showing	the	relative	depletion	of	Ba,	a	subduction	fluid	tracer	 1335	
relative	to	HFSE	(Nb)	in	Tolu	melts.	Slightly	Ba-enriched	West	Mata	melts	are	still	more	 1336	
depleted	than	arc	melts,	but	have	a	stronger	arc-like	signal	than	Tolu.	B)	Nb/TiO2,	adapted	 1337	
from	Lupton	et	al.	(2015).	Ti	may	be	used	to	approximate	behavior	of	Yb	in	the	absence	of	 1338	
REE	data.	NELSC	melts	are	more	Nb-enriched	relative	to	TiO2	than	MVF	melts	(Lupton	et	 1339	
al.,	2015).	Our	Tolu	samples	plot	between	West	Mata	and	the	NELSC	field.	The	influence	of	 1340	
the	subduction	fluid	component	on	East	Mata	compositions	is	unclear,	as	trace	element	 1341	
data	is	only	available	for	the	differentiated	subgroup,	but	not	any	of	the	more	primitive	 1342	
compositions.	C)	Ba/Nb	vs.	δ56Fe,	showing	the	slight	negative	correlation	between	Fe	 1343	
isotopic	composition	and	presence	of	the	subduction	fluid	component.	 1344	
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Figure	3.5.	MgO	vs.	δ56Fe	of	the	sample	set	compared	to	other	magmatic	systems,	adapted	
from	Konter	et	al.	(2016).	Rayleigh	curves	are	shown	using	fractionation	factors	of	-0.05,	-
0.1,	-0.2,	and	-0.3‰,	assuming	a	boninitic	parental	melt	with	MgO	=	15.4	wt.	%	(Table	3.1).	
The	δ56Feinitial	of	-0.077‰	for	the	parental	melt	estimate	was	calculated	using	KM1129a	
D07-R01	δ56Femeasured	and	estimates	of	melt	fraction	along	the	boninite	liquid	line	of	
descent.	Melt	fraction	can	be	estimated	by	assuming	a	general	relationship	between	
measured	KM1129a	D07-R01	K2O	and	FeO	and	K2O	and	FeO	of	the	estimated	parent	
composition	(Teng	et	al.,	2008,	2013).	The	red	arrow	shows	the	approximate	
differentiation	pattern	shown	by	the	sample	set	during	melt	evolution,	which	reflects	a	
closed-system	differentiation	pattern	similar	to	Red	Hill-	or	Society-style	differentiation.	
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	 1358	

	 1359	
Figure	3.6.	Conceptual	models	showing	effects	of	magma	mixing	or	assimilation	processes	 1360	
on	Fe	isotope	Rayleigh	differentiation	pathways.	Black	dashed	lines	show	the	expected	 1361	
fractionation	pathway	without	subduction	fluid	modification.	Arrows	indicate	the	expected	 1362	
shift	in	composition	with	addition	of	a	component,	and	blue	lines	are	new,	modified	 1363	
pathways.	MgO	and	δ56Fe	values	are	arbitrary.	A)	Effect	of	adding	a	primitive	or	mantle- 1364	
like	assimilant	to	an	existing	melt	composition	(high	MgO)	along	its	differentiation	 1365	
pathway.	The	point	at	which	the	assimilant	is	added	is	arbitrary,	as	this	is	not	presently	a	 1366	
constrainable	parameter.	This	composition	will	have	both	lower	δ56Fe	and	higher	MgO,	 1367	
shifting	the	path	backward.	Depending	on	the	system	response	and	change	in	oxidation	 1368	
state	of	the	melt,	δ56Fe	fractionation	may	“reset”,	producing	less	overall	fractionation,	or	 1369	
the	pathway	may	merely	be	displaced.	The	latter	is	less	likely	as	the	assimilant	likely	has	a	 1370	
lower	fO2,	particularly	if	it	is	olivine-rich.	Additionally,	a	“reset”	occurring	further	along	the	 1371	
original	evolutionary	pathway	will	decrease	the	chances	of	parallel	evolutionary	slopes	 1372	
between	compositions.	B)	Addition	of	a	subduction	component	during	melt	generation.	 1373	
The	effect	on	MgO	content	may	be	minimal;	instead,	Mg#	of	these	melts	is	altered	by	 1374	
incorporation	of	Fe	(likely	transported	as	fluid-mobile	Cl	complexes,	e.g.,	Debret	et	al.	 1375	
(2016),	which	in	this	schematic	is	reflected	by	lower	δ56Fe	than	the	original	composition.	In	 1376	
this	case,	the	differentiation	slopes	between	the	two	compositions	remain	roughly	parallel,	 1377	
providing	a	possible	explanation	of	the	offset	in	the	West	Mata	and	Tolu	trends.		 1378	
	 	 1379	
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Figure	3.7.	Non-buffered	fractional	melting	modeling	of	expected	Fe	isotope	fractionation	
between	melt	and	source	(after	Dauphas	et	al.,	2009;	Konter	et	al.,	2016).	Various	
Fe3+/Fe2+source	compositions	are	shown;	the	light	blue	field	defines	the	range	of	backarc	to	
arc	oxidation	states	(Kelley	and	Cottrell,	2009).	Grey	boxes	indicate	proposed	degrees	of	
melt	for	boninites	(>20%;	Kushiro,	2007)	and	the	minimum	melt	degree	suggested	by	
measured	data.	At	highly	oxidized	arc	settings,	melt	fractions	in	excess	of	50%	are	required	
to	produce	the	Δ56Fe(melt-source)	found	in	Izu-Bonin/New	Caledonia	boninites,	assuming	
typical	mantle	δ56Fe	(~0.0‰).	An	even	larger	melt	fraction	(calculated	~80%,	not	plotted)	
is	required	to	achieve	average	MVF	glass	values	(excluding	the	evolved	East	Mata	subset).	
Such	a	large	melt	fraction	may	be	unreasonable	even	for	boninitic	melts.	Instead,	another	
mechanism	or	addition	of	an	isotopically	light	component	is	required	to	explain	the	low	
δ56Fe	in	boninites.	
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	 1394	
Figure	3.8.	δ56Fe	vs.	Mg#	of	melt	compositions	mapped	at	each	sampled	Mata	volcano,	 1395	
showing	the	spatial	distribution	of	compositions	throughout	the	MVF.	At	a	certain	Mg#	 1396	
(symbol	size),	a	simple,	single-parent	system	should	have	similar	δ56Fe.	As	Mg#	decreases,	 1397	
δ56Fe	should	decrease	until	very	low	Mg#.	However,	comparably-sized	West	Mata	and	Mata	 1398	
Tolu	symbols	have	different	δ56Fe.	Mata	Ua	suggests	some	similarity	to	West	Mata	despite	 1399	
its	proximity	to	Mata	Tolu,	suggesting	differing	levels	of	subduction	fluid	input	at	 1400	
juxtaposed	volcanoes.	 1401	
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Abstract	 1586	

Current	Pacific	absolute	plate	motion	(APM)	models	include	two	major,	long-lived	 1587	

hotspot	tracks:	the	~80	Ma	Hawaiian-Emperor	and	the	~79	Ma	Louisville	tracks.	Prior	to	 1588	

~50	Ma,	these	two	tracks	appear	to	show	significant	inter-hotspot	drift,	possibly	due	to	 1589	

southern	motion	of	the	Hawaiian	plume.	With	the	addition	of	a	third	long-lived	hotspot	 1590	

track	featuring	a	well-constrained	hotspot	location	and	a	Hawaiian-Emperor-style	Bend	 1591	

(herein	referred	to	as	the	“Bend”),	a	more	robust	evaluation	of	the	relationship	between	 1592	

APM	models	and	inter-hotspot	drift	becomes	possible.	Such	a	candidate	exists	in	the	 1593	

Rurutu	hotspot	track.	The	youngest	volcanism	(~10-0.2	Ma)	associated	with	the	Rurutu	 1594	

hotspot	is	located	in	the	Cook-Austral	Islands.	Here	we	show	that	Rurutu	hotspot-related	 1595	

islands	and	seamounts	along	the	older	portion	of	the	hotspot	track	can	be	related	to	 1596	

compositions	and	APM	model	predictions,	using	40Ar/39Ar	ages	and	Sr-Pb-Nd-Hf	“isotopic	 1597	

fingerprints”.	 1598	

The	Rurutu	hotspot	has	a	distinctive	composition	that	trends	toward	the	HIMU	 1599	

mantle	endmember,	characterized	in	206Pb/204Pb	(≥20.0)	and	87Sr/86Sr	(≤0.704)	ratios.	This	 1600	

is	a	rare	composition,	and	only	two	other	hotspots	worldwide	have	a	similar	composition.	 1601	

Rurutu	is	the	only	HIMU	hotspot	that	continues	into	the	West	Pacific,	allowing	its	effective	 1602	

use	as	a	fingerprint.	This	HIMU	signature	can	be	traced	through	Samoa,	through	a	Bend	in	 1603	

the	south	Tuvalu	Islands,	continuing	through	the	~63-74	Ma	Gilbert	Ridge	and	the	~78- 1604	

120	Ma	Wake	seamounts.	The	new	data	also	reveal	that	this	hotspot	track	consists	of	dual	 1605	

trend	volcanism,	possibly	a	consequence	of	bilateral	plume	heterogeneity.	This	is	most	 1606	

clearly	reflected	in	the	Tuvalu	Islands,	just	north	of	the	Bend	that	is	located	where	Tuvalu	 1607	

and	Samoa	volcanoes	intersect.	However,	precisely	locating	the	Rurutu	Bend	is	complicated	 1608	
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because	of	the	presence	of	two	intersecting	hotspot	tracks.	Therefore,	we	present	a	 1609	

computational	Bend	location	method	that	tests	a	range	of	APM	models,	all	producing	 1610	

similar	Bend	locations	within	error	of	the	models.	Our	new	results	confirm	the	presence	of	 1611	

a	third	major	hotspot	track	in	the	Pacific	as	originally	proposed	by	Morgan,	with	a	~50.5- 1612	

49	Ma	Bend	at	178.48°E	and	8.56°S,	in	closer	age	agreement	with	the	Hawaiian-Emperor	 1613	

Bend	than	the	Louisville	Bend.	 1614	

	 	 1615	
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4.1.	Introduction	 1616	

Pacific	hotspot	tracks	were	the	early	basis	for	absolute	plate	motion	(APM)	 1617	

estimates.	Under	the	initial	assumption	of	hotspots	as	fixed	locations	of	upwelling	in	 1618	

Earth’s	mantle,	APM	modeling	relied	heavily	on	the	long	tracks	of	the	Hawaiian-Emperor	 1619	

and	Louisville	hotspots	(Figure	4.1).	Large	uncertainty	exists	in	these	models	for	Pacific	 1620	

plate	motion	older	than	~50	Ma	(e.g.	Wessel	and	Kroenke,	2008),	underscoring	the	need	 1621	

for	additional	APM	constraints	from	a	third	long-lived	Pacific	hotspot.		 1622	

Recent	work	suggests	that	the	thermochemical	anomalies	sourcing	hotspot	 1623	

volcanism	may	not	remain	stationary	beneath	tectonic	plates;	instead	these	sources	might	 1624	

drift	within	the	mantle	over	time	(Koppers	et	al.,	2011a;	Tarduno,	2007;	Tarduno	et	al.,	 1625	

2003).	This	adds	uncertainty	to	fixed-hotspot	APM	models	as	the	Hawaiian-Emperor	plume	 1626	

possibly	underwent	southerly	drift	during	formation	of	the	Emperor	track	segment	(>47	 1627	

Ma),	producing	a	sharper	Hawaiian-Emperor	Bend	than	suggested	by	comparison	to	the	 1628	

Indo-Atlantic	hotspot	reference	frame	(Cande	et	al.,	1995).	In	contrast,	the	Louisville	plume	 1629	

underwent	a	lesser	degree	of	latitudinal	drift	and	an	unknown,	possibly	large,	amount	of	 1630	

longitudinal	drift	prior	to	~55	Ma	(Koppers	et	al.,	2012;	Wessel	and	Kroenke,	2008).	 1631	

Pacific	APM	models	are	hampered	by	a	mismatch	of	Bend	ages	between	Louisville	 1632	

(50-51	Ma;	Koppers	et	al.,	2011a)	and	Hawaii	(47	Ma,	bending	initiated	at	~50	Ma	 1633	

according	to	Sharp	and	Clague,	2006),	uncertainty	in	the	present-day	location	of	the	 1634	

Louisville	plume	(Koppers	et	al.,	2011a),	and	the	use	of	a	patchwork	of	short-lived,	age- 1635	

progressive	volcanic	tracks	distributed	throughout	the	Pacific	plate	(e.g.,	Koppers	et	al.,	 1636	

2001;	Wessel	and	Kroenke,	2008).		 1637	
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Finally,	the	absence	of	a	hotspot	track	traceable	beyond	80	Ma	introduces	significant	 1638	

uncertainty	into	tectonic	reconstructions	into	the	Mesozoic.	With	a	lack	of	known	 1639	

seamount	tracks	older	than	100	Ma,	Large	Igneous	Provinces	(LIPs),	such	as	the	Mid-Pacific	 1640	

Mountains,	have	been	used	to	estimate	Mesozoic	APM	(Wessel	and	Kroenke,	2008).	 1641	

However,	large	eruptive	volumes	of	LIPs	and	their	poorly	understood	eruption	modes	do	 1642	

not	place	tight	constraints	on	plate	motion,	hence	a	well-defined	hotspot	track	traceable	 1643	

beyond	80	Ma	is	needed	to	test	existing	APM	models.	Morgan	(1972)	originally	proposed	a	 1644	

long-lived	“Austral-Gilbert-Marshall”	hotspot	track,	based	solely	on	Pacific	Ocean	seamount	 1645	

track	morphologies.	This	is	now	considered	part	of	the	Rurutu	hotspot	track	(e.g.,	Konter	et	 1646	

al.,	2008),	but	until	this	study,	a	Bend	in	the	Rurutu	track	corresponding	to	the	archetypal	 1647	

47-50	Ma	Hawaiian-Emperor	Bend	had	not	been	located.	Thus,	new	data	are	needed	to	 1648	

fully	trace	this	hotspot	and	integrate	it	with	ages,	,	~47-50	Ma	Bends	for	Louisville	and	 1649	

Hawaii,	and	existing	Pacific	APM	models.	 1650	

Evidence	for	a	long-lived	Rurutu	hotspot	track	in	the	western	Pacific	Ocean	was	 1651	

previously	reported	by	Konter	et	al.	(2008),	Koppers	et	al.	(2003),	and	Staudigel	et	al.	 1652	

(1991),	but	these	studies	were	limited	to	volcanoes	older	than	~63	Ma.	In	this	study,	we	 1653	

characterize	the	section	that	includes	the	Bend	and	connects	existing	data	sets.	We	present	 1654	

new	elemental	abundance	and	Pb-Sr-Nd-Hf	isotope	data	from	recently	dredged	samples	in	 1655	

the	Tuvalu	and	western	Samoan	(WESAM)	seamounts	(R/V	Roger	Revelle,	expedition	 1656	

RR1310;	Figure	4.1	inset).	These	data	are	used	to	first	identify	multiple	compositional	 1657	

groups.	We	use	compositions	and	new	age	determinations	(Konrad	et	al.,	submitted)	to	 1658	

distinguish	a	group	of	isolated	Cretaceous	seamounts	formed	at	an	extinct	mid-ocean	ridge	 1659	

and	another	group	of	younger	volcanoes	related	to	the	Samoan	hotspot.	More	importantly,	 1660	
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we	identify	another	group	of	volcanoes	that	fits	the	expected	Rurutu	composition	and	age	 1661	

progression.	Sampling	density	within	the	Rurutu-related	volcanoes	is	high	enough	to	 1662	

distinguish	two	parallel	trends	that	explain	scatter	in	the	compositional	data	and	age	 1663	

progression	of	the	hotspot.	Having	identified	the	locations	of	Rurutu	volcanoes,	we	then	 1664	

locate	the	Rurutu	Bend.	The	complex	volcanic	history	of	the	Tuvalu	area	prevents	 1665	

straightforward	identification	of	the	Bend	location,	which	we	instead	locate	via	a	 1666	

computational	method	reliant	on	newly-identified	Rurutu	volcanoes	in	the	Tuvalu	chain.	 1667	

The	Rurutu	Bend,	occurring	at	~49	Ma,	is	a	key	morphological	feature	in	the	chemically	 1668	

distinct	Rurutu	hotspot	track,	which	we	show	continues	from	the	Cook-Austral	islands	to	 1669	

the	Samoan	and	Tuvalu	chains,	through	the	Gilbert	Ridge,	and	into	the	Western	Pacific.	 1670	

	 1671	

4.2.	Geologic	History	of	the	Southwest	Pacific	 1672	

4.2.1.	Pacific	Cretaceous	Activity	and	Large	Igneous	Provinces	 1673	

Volcanic	activity	in	the	Western	Pacific	increased	during	the	early	Cretaceous	 1674	

(starting	~140-120	Ma)	with	the	development	of	the	Pacific-Izanagi-Farallon	triple	 1675	

junction	and	formation	of	multiple	LIPs	(Nakanishi	et	al.	1999;	Neal	et	al.	1997),	including	 1676	

the	Ontong	Java	Nui	“super	plateau”.	Hochmuth	et	al.	(2015)	and	Taylor	(2006)	suggest	 1677	

that	Ontong	Java	Nui	formed	around	122	Ma,	then	rifted	into	three	separate	oceanic	 1678	

plateaux	(Ontong-Java,	Manihiki,	and	Hikurangi)	shortly	thereafter.	Manihiki	Plateau	and	 1679	

Ontong	Java	Plateau	(OJP)	rifting	possibly	initiated	by	119	Ma,	forming	the	short-lived	 1680	

Ellice	Basin	(Taylor,	2006),	which	ceased	spreading	at	~86	Ma	(Chandler	et	al.,	2012).	Late- 1681	

stage	OJP	volcanic	activity	flared	up	at	~95-90	Ma	(Taylor,	2006)	and	plate	reconstructions	 1682	

suggest	that	by	~60	Ma,	the	Rurutu	hotspot	formed	volcanoes	in	the	northern	Ellice	Basin	 1683	
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(Konter	et	al.,	2008;	Koppers	et	al.,	2003),	producing	the	NNW-SSE	trending	Tuvalu	chain	 1684	

and	the	projected	Rurutu	Bend	near	the	intersection	of	the	Tuvalu	chain	and	WESAM.		 1685	

	 1686	

4.2.2.	The	Hotspot	Highway		 1687	

The	central	South	Pacific	hosts	a	number	of	hotspot	tracks	that	each	define	a	limited	 1688	

but	unique	region	of	isotopic	space,	yet	together	they	span	the	largest	compositional	range	 1689	

in	the	Pacific	basin	(e.g.,	87Sr/86Sr	=	0.7025-0.7205;	206Pb/204Pb	=	17.4-22.0;	143Nd/144Nd	=	 1690	

0.5123-0.5132;	e.g.,	Staudigel	et	al.,	1991,	Jackson	et	al.,	2007).	Some	hotspots	define	 1691	

extreme	“endmember”	compositions	that	represent	geochemically	distinct	mantle	 1692	

reservoirs:	HIMU,	EM1,	EM2,	and	MORB	(Zindler	and	Hart,	1986).	The	endmembers,	when	 1693	

plotted	in	87Sr/86Sr	-143Nd/144Nd	-206Pb/204Pb	isotopic	space,	anchor	each	apex	of	the	so- 1694	

called	“mantle	tetrahedron”	and	enclose	the	range	of	all	known	mantle	isotopic	 1695	

compositions.	Hotspot	tracks	plotted	on	these	axes	tend	to	form	distinct	arrays	that	radiate	 1696	

away	from	a	common	composition	central	to	the	tetrahedron	(‘FOZO’;	Hart	et	al.,	1992	or	 1697	

‘C’;	Hanan	and	Graham,	1996).	 1698	

These	distinct	seamount	isotopic	compositions	and	radiometric	ages	are	used	as	a	 1699	

“fingerprint”	to	uniquely	identify	individual	hotspot	tracks	in	areas	where	multiple	 1700	

episodes	of	hotspot	activity	have	overlapped	(Konter	et	al.,	2008;	Koppers	et	al.,	2003;	 1701	

Staudigel	et	al.,	1991).	During	the	last	~60	Myr,	for	example,	the	Ellice	Basin	region	(Figure	 1702	

4.1,	Supplemental	Figure	S.4.1)	passed	over	multiple	isotopically	distinct	mantle	plumes,	 1703	

each	separated	by	at	least	950	km	–Samoa,	Rarotonga,	Rurutu	and	Macdonald.	The	plumes	 1704	

left	overlapping	hotspot	tracks,	resulting	in	areas	of	juxtaposed	seamounts	with	different	 1705	

ages	and	geochemical	signatures.	This	swath	of	the	Pacific	with	the	highest	density	of	 1706	
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overlapping	hotspot	tracks	was	consequently	dubbed	the	“Hotspot	Highway”	(Jackson	et	 1707	

al.,	2010).	The	Samoan	track	bears	strong	EM2	signatures	(87Sr/86Sr	>	0.704	and	 1708	

206Pb/204Pb	~18.5-19.5;	Jackson	et	al.,	2007)	and	some	EM1-like	rejuvenation	stage	lavas	 1709	

(Konter	and	Jackson,	2012),	both	of	which	are	distinct	from	the	less	radiogenic	Sr	and	more	 1710	

radiogenic	Pb,	Nd	and	Hf	compositions	characteristic	of	Rurutu.	Rurutu	hotspot	isotopic	 1711	

compositions	range	from	HIMU	(206Pb/204Pb	≥	20.0	from	high	µ	–	238U/204Pb	–	ratios	in	the	 1712	

mantle	source;	87Sr/86Sr	<0.7035),	dominant	in	the	older	volcanoes,	to	FOZO,	found	 1713	

primarily	in	more	recent	volcanism	(Chauvel	et	al.,	1997).	Similarly,	the	Rarotonga	track	is	 1714	

distinguished	by	an	EM1	isotopic	signature	(206Pb/204Pb	<	18.0,	143Nd/144Nd	<	0.5126)	 1715	

largely	distinct	from	Rurutu	and	overlapping	with	rejuvenated	Samoa	(Jackson	et	al.,	 1716	

2010).		 1717	

In	addition,	APM	projections	indicate	that	the	Rurutu,	Samoa,	and	Rarotonga	tracks	 1718	

overlap	in	the	Samoan	chain	(Figure	4.1),	but	along	the	Hotspot	Highway,	Rurutu	hotspot	 1719	

volcanoes	are	~10	Ma	and	~20	Ma	older	than	Rarotonga	hotspot	and	Samoan	hotspot	 1720	

volcanoes,	respectively.	The	Macdonald	hotspot	produced	the	type	HIMU	signature	similar	 1721	

to	Rurutu,	but	it	is	located	too	far	east	to	overlap	in	the	Ellice	Basin	(Supplementary	Figure	 1722	

S.4.1).	Thus,	the	locations,	ages	and	geochemistry	of	seamounts	along	the	Hotspot	Highway	 1723	

can	be	used	to	assign	each	volcano	to	the	Rurutu,	Rarotonga,	or	Samoa	hotspot.		 1724	

	 1725	

4.2.3.	Tracing	the	Rurutu	Hotspot	 1726	

The	Rurutu	hotspot	track	can	be	broken	up	into	several	different	segments,	 1727	

extending	as	far	back	as	~120	Ma	in	the	Northern	Wake	chain,	where	the	track	is	lost	due	 1728	

to	low	sampling	density	(Konter	et	al.,	2008;	Koppers	et	al.,	2003).	A	younger	Rurutu	 1729	



	

	 131	

segment	comprises	the	Gilbert	Ridge	(73-64	Ma;	Koppers	et	al.,	2007).	Within	the	Samoan	 1730	

chain,	“interloper”	seamounts	like	Rose	Atoll	and	Malulu	bear	non-Samoan	HIMU-	to	FOZO- 1731	

like	signatures	that	contrast	with	the	characteristically	Samoan	EM2	signature	(Jackson	et	 1732	

al.,	2010).	While	age	determinations	for	these	interlopers	could	not	be	obtained,	thick	 1733	

ferromanganese	rinds	and	advanced	alteration	of	recovered	samples	suggests	these	 1734	

volcanoes	are	older	than	adjacent	Samoan	seamounts,	consistent	with	formation	by	an	 1735	

older	hotspot	(Jackson	et	al.,	2010).	East	of	Rose	Atoll	in	the	easternmost	region	of	the	 1736	

Samoan	chain	lies	a	swath	of	unsampled	seafloor	extending	to	the	western	Cook	Islands	 1737	

that	hosts	relatively	little	volcanic	activity.	Further	east	still,	the	Young	Rurutu	trend	in	the	 1738	

Cook-Austral	islands	(10-0	Ma;	Chauvel	et	al.,	1997)	has	modern	activity	near	Arago	 1739	

Seamount	(Bonneville	et	al.,	2002).	 1740	

Between	the	Gilbert	Ridge	and	the	interloper-hosting	Samoan	chain	lies	the	Tuvalu	 1741	

chain.	The	southern	end	of	the	Gilbert	Ridge	was	investigated	as	the	Bend,	but	found	to	be	 1742	

an	older	intersection	of	volcanic	tracks	with	widely	varying	compositions	(~66,	75,	and	 1743	

115	Ma;	Koppers	and	Staudigel,	2005;	Konter	et	al.,	2008).	In	this	study,	we	argue	that	the	 1744	

Rurutu	Bend	is	located	in	the	southern	part	of	the	Tuvalu	chain.	A	Tuvalu-based	Bend	is	 1745	

consistent	with	existing	APM	models	and	the	Gilbert	Ridge	ages	(Figure	4.1).	This	suggests	 1746	

that	Morgan's	(1972)	“Austral-Gilbert-Marshall”	track	is	now	finally	confirmed,	with	its	 1747	

expected	Bend	in	Tuvalu,	and	its	active	eruptive	center	at	Arago	seamount	in	the	Cook- 1748	

Austral	Islands.	 1749	

In	this	study,	we	focus	on	identifying	the	Rurutu	hotspot	Bend	and	linking	all	known	 1750	

Rurutu	segments	into	a	single	long	hotspot	track	by	using	its	distinctive	isotopic	signature	 1751	

and	expected	age	progression	to	trace	the	hotspot	through	the	Tuvalu	and	WESAM	study	 1752	
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area.	Because	the	origins	of	Tuvalu	volcanoes	have	not	been	extensively	studied	in	prior	 1753	

work,	we	first	assess	the	mantle	source	signatures.	Tuvalu	volcanoes	with	a	Rurutu	 1754	

signature	are	then	used	to	identify	the	most	probable	Rurutu	hotspot	track	morphology,	 1755	

using	fundamentally	different	APM	models	to	assess	the	potential	error	in	Bend	location.		 1756	

	 1757	

4.3.	Samples	 1758	

Most	samples	analyzed	in	this	study	were	obtained	during	the	2013	R/V	Roger	 1759	

Revelle	RR1310	cruise.	We	evaluate	a	total	of	42	samples	(Table	4.1),	representing	27	 1760	

RR1310	dredges,	two	dredges	from	KK820316	(R/V	Kana	Keoki;	Sinton	et	al.,	1985),	two	 1761	

MW8602	samples	(R/V	Moana	Wave;	Keating,	1996),	and	one	from	the	SO66/59DSR	cruise	 1762	

(F/S	Sonne;	Bau	et	al.,	1996).	Samples	are	mainly	basaltic	pillow	and	tube	fragments	with	 1763	

variable	degrees	of	alteration	(altered	olivine	phenocrysts	and	groundmass;	some	veins).	 1764	

The	area	represented	by	this	sample	set	is	largely	limited	to	the	Tuvalu	chain,	extending	 1765	

slightly	southward	into	WESAM	to	capture	the	predicted	Rurutu	Bend	(Figure	4.1	inset).	 1766	

	 1767	

4.4.	Methods	 1768	

The	RR1310	samples	were	analyzed	for	major	and	trace	element	groundmass	 1769	

compositions	(Supplemental	Tables	S.4.1,	S.4.2)	and	Sr,	Pb,	Nd,	and	Hf	isotopes	 1770	

(Supplemental	Table	S.3).	In	brief,	samples	were	crushed	with	metal	free	techniques.	Major	 1771	

and	trace	element	analyses	were	performed	using	XRF	and	LA-ICP-MS	at	Michigan	State	 1772	

University	(Rooney	et	al.,	2015)	on	unleached	rock	chips	that	were	handpicked	to	minimize	 1773	

the	effects	of	alteration.	Samples	analyzed	for	radiogenic	isotopes	were	acid-leached	 1774	

following	the	protocol	modified	from	Koppers	et	al.	(2003)	and	analyzed	from	single	 1775	
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dissolutions	for	Pb-Sr-Nd	isotopes	following	Konter	and	Storm	(2014)	and	Hf	isotopes	 1776	

following	Connelly	et	al.	(2006).	Age	corrected	isotope	data	and	correction	methods	are	 1777	

presented	in	Supplemental	Table	S.4.4.	A	leaching	experiment	was	performed	on	two	 1778	

samples	to	evaluate	the	removal	of	secondary	Pb	isotopic	signatures	(see	Section	4.6).	All	 1779	

separations	used	Eichrom	resins,	purifying	Sr	by	Sr-Spec,	Pb	by	Sr-Spec	and	AG1-x8,	Nd	by	 1780	

TRU	and	LN-resin,	and	Hf	by	AG50-x8	and	DGA	resin.	Pb	was	analyzed	by	MC-ICP-MS	using	 1781	

standard-sample	bracketing	and	monitoring	fractionation	with	Tl	doping.	Sr,	Nd	and	Hf	 1782	

were	analyzed	by	MC-ICP-MS	(Konter	and	Storm,	2014),	with	a	subset	of	Sr	analyses	 1783	

duplicated	via	TIMS.	Full	sample	separation	and	analytical	details	are	provided	in	the	 1784	

supplement.	 1785	

40Ar/39Ar	plateau	ages	for	a	subset	of	seamounts	in	this	study	were	obtained	at	the	 1786	

Oregon	State	University	Argon	Geochronology	Laboratory	via	laser	step-heating	(Konrad	et	 1787	

al.,	submitted).	All	40Ar/39Ar	age	determinations	discussed	herein	are	normalized	to	a	Fish	 1788	

Canyon	Tuff	standard	age	of	28.201	±	0.046	Ma	(Kuiper	et	al.,	2008)	and	errors	are	 1789	

reported	with	2σ	uncertainties.	For	convenience,	age	data	relevant	to	this	study	are	found	 1790	

in	Supplemental	Table	S.4.4	and	Supplemental	Age	Data.	 1791	

	 1792	

4.5.	Results	 1793	

4.5.1.	Major	and	Trace	Elements	 1794	

Sample	compositions	show	relatively	enriched	concentrations	of	incompatible	 1795	

elements	relative	to	more	compatible	elements	(Supplemental	Table	S.4.2,	Supplemental	 1796	

Figures	S.4.2,	S.4.3,	S.4.4).	Samples	show	a	range	in	absolute	(unnormalized)	concentration	 1797	

ratios	La/Yb	(~5-35)	vs.	La/Sm	(~2-10)	that	is	typical	of	OIB	compositions	(e.g.,	Weaver,	 1798	
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1991).	Primitive	mantle-normalized	trace	element	patterns	(Sun	and	McDonough,	1989;	 1799	

Figure	4.2)	for	different	geochemical	groups	occurring	in	Tuvalu,	best	defined	in	isotope	 1800	

space	(Section	4.5.2),	show	both	subtle	differences	between	the	groups	and	the	effects	of	 1801	

post-eruptive	alteration.	Trace	element	variations	reflecting	alteration	are	discussed	in	 1802	

Section	4.6.	Compositional	differences	between	volcanic	groups	are	most	clearly	displayed	 1803	

in	the	slopes	of	the	trace	element	patterns.	Group	1	trace	element	patterns	are	generally	 1804	

steepest,	falling	within	the	expected	HIMU	range	(Weaver,	1991),	and	within	the	field	 1805	

defined	by	Young	Rurutu	samples	from	the	Cook-Austral	region	(Figure	4.2A).	Group	2	 1806	

samples	(89	to	95	Ma)	exhibit	intermediate	slopes	and	isotopic	behavior,	similar	to	 1807	

previously	documented	~90	Ma	late-stage	OJP	volcanism	in	the	region,	in	particular	the	 1808	

Sigana	Alkalic	Suite,	which	is	distinct	from	the	relatively	flat	patterns	of	the	main	120	Ma	 1809	

phase	of	OJP	activity	(Tejada	et	al.,	1996;	Figure	4.2B).	Group	3	has	relatively	flat	trace	 1810	

element	patterns	(Figure	4.2C)	and	tholeiitic	to	alkalic	major	element	composition	 1811	

(Supplemental	Figure	S.4.2),	which	agree	well	with	depleted	WESAM	compositions	such	as	 1812	

those	from	Alexa	Bank	(Hart	et	al.,	2004;	Figure	4.1).	The	Group	4	sample,	while	similar	in	 1813	

age	to	Group	3,	displays	a	much	steeper	trace	element	pattern	with	geochemical	signatures	 1814	

similar	to	those	of	some	eastern	Samoan	lavas.		 1815	

	 1816	

4.5.2.	Radiogenic	Isotopes	and	Geochemical	Groups	 1817	

The	radiogenic	isotopic	compositions	reported	here	cover	nearly	a	third	of	the	 1818	

isotopic	ranges	defining	MORB	and	OIB.	However,	Rurutu-related	volcanoes	are	clearly	 1819	

distinguished	from	other	sources	when	also	incorporating	age	data.	Relying	on	the	 1820	

combination	of	isotopic	compositions	and	ages,	we	distinguish	four	groups;	1)	similar	to	 1821	
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present-day	Rurutu	hotspot,	2)	similar	to	the	Sigana	Alkalic	Suite	(late-stage	OJP),	3)	 1822	

similar	to	tholeiitic	Samoan	samples	from	Alexa	Bank,	4)	similar	to	common	alkalic	Samoan	 1823	

lavas.	Below,	present-day	as	well	as	age-corrected	isotope	ratios	are	presented	 1824	

(Supplemental	Table	S.4.4),	using	parent/daughter	ratios	calculated	from	the	trace	element	 1825	

data.	 1826	

4.5.2.1	Group	1:	Similar	to	Rurutu	 1827	

Group	1	lavas	(including	samples	from	dredges	D02-D11,	D13-D16,	D18,	D22,	D23,	 1828	

D24,	D27	older	series)	have	ages	75-42	Ma	(Supplemental	Table	S.4.4)	and	geochemical	 1829	

and	isotopic	compositions	consistent	with	Rurutu	hotspot	track	predictions.	The	samples	 1830	

plot	between	the	FOZO	and	HIMU	endmembers	(Supplemental	Table	S.4.3).	Two	 1831	

seamounts	(D02,	D22)	plot	near	FOZO,	similar	to	some	Rurutu	hotspot-related	Gilbert	 1832	

volcanoes	(Konter	et	al.,	2008).	Overall,	measured	206Pb/204Pb	covers	a	wide	range	from	 1833	

19.256	to	21.654,	207Pb/204Pb	ranges	from	15.418	to	15.800,	and	208Pb/204Pb	varies	 1834	

38.840-42.059.	Similar	to	Pb	isotopes,	87Sr/86Sr	is	variable	(0.70269-0.70366),	as	are	 1835	

143Nd/144Nd	(0.51280-0.51304),	and	176Hf/177Hf	(0.28283-0.28309);	these	values	align	 1836	

with	expectations	for	the	Rurutu	hotspot	(e.g.,	Konter	et	al.,	2008).	 1837	

Group	1	volcanoes	split	into	two	distinct	radiogenic	isotopic	compositions	that	form	 1838	

parallel	volcanic	tracks:	the	incompatible-depleted	“Sil”	(more	radiogenic	143Nd/144Nd	and	 1839	

176Hf/177Hf)	and	incompatible-enriched	“Niu”	(less	radiogenic	143Nd/144Nd	and	176Hf/177Hf)	 1840	

trends.	These	are	most	distinct	in	143Nd/144Nd	vs.	206Pb/204Pb	(Figure	4.3A),	although	 1841	

visible	in	all	other	isotopic	axes	except	for	207Pb/204Pb	vs.	206Pb/204Pb	(Figure	4.3D).	 1842	

Measured	206Pb/204Pb	values	for	the	Niu	trend	range	from	19.301-21.654,	while	87Sr/86Sr	 1843	

ranges	from	0.70282-0.70366.	143Nd/144Nd	(0.51279-0.51290)	and	176Hf/177Hf	(0.28284- 1844	
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0.28301)	for	Niu-trend	lavas	are	both	relatively	unradiogenic.	The	Sil	trend	also	displays	a	 1845	

wide	range	in	206Pb/204Pb	(19.254-20.454).	87Sr/86Sr	is	less	radiogenic	and	more	MORB- 1846	

like	(0.70269-0.70285)	than	the	Niu	trend.	Similarly,	143Nd/144Nd	(0.51293-0.51304)	and	 1847	

176Hf/177Hf	(0.28299-0.28310)	are	more	depleted	(radiogenic),	also	trending	toward	 1848	

MORB-like	ratios.	The	Niu	and	Sil	trends	remain	after	age	correction	to	initial	ratios	and	 1849	

forward	modeling	to	present	day	compositions	using	modeled	reservoir	parent-daughter	 1850	

ratios,	suggesting	the	trends	reflect	true	compositional	heterogeneity	in	the	plume,	rather	 1851	

than	an	effect	of	radiogenic	ingrowth	(Supplemental	Table	S.4.4,	Supplemental	Figure	S.4.5,	 1852	

Supplemental	Figure	S.4.6).	 1853	

	 1854	

4.5.2.2	Group	2:	Similar	to	Sigana	Alkalic	Suite	(OJP)	 1855	

Group	2	(D12,	D19,	D20)	features	more	evolved	major	element	chemistry	(MgO	<	 1856	

1.5	wt.	%)	than	the	other	groups,	large	ion	lithophile	element	(LILE)-enriched	trace	 1857	

element	chemistry,	and	moderately	to	highly	radiogenic	isotopic	compositions.	The	 1858	

samples	predate	(95-89	Ma;	Supplemental	Table	S.4.4)	the	predicted	age	range	for	Rurutu	 1859	

volcanoes	in	Tuvalu	by	~30	Myr	(Supplemental	Figure	S.4.1),	and	their	mismatch	in	 1860	

composition	and	age	suggests	they	are	not	related	to	the	Rurutu	hotspot.	 1861	

Group	2	samples	have	high	143Nd/144Nd	(0.51294-0.51322),	high	206Pb/204Pb	 1862	

(19.761-20.603),	and	intermediate	208Pb/204Pb	and	207Pb/204Pb	(38.054-39.297;	15.541- 1863	

15.702).	Overall,	the	sample	ratios	plot	within	HIMU	and	MORB	compositional	ranges	 1864	

although	deviations	occur:	87Sr/86Sr	(0.70278-0.70478)	and	176Hf/177Hf	(0.28288-0.28303),	 1865	

for	example,	plot	within	the	range	defined	by	MORB	and	HIMU,	but	176Hf/177Hf	is	decoupled	 1866	

from	143Nd/144Nd	(Figure	4.3C,	4.3E).	In	208Pb/204Pb	vs.	206Pb/204Pb	(Figure	4.3B),	these	 1867	
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samples	form	a	scattered	subhorizontal	trend	well	below	the	Northern	Hemisphere	 1868	

Reference	Line	(NHRL;	Hart,	1984),	while	in	207Pb/204Pb	vs.	206Pb/204Pb	(Figure	4.3D),	 1869	

these	samples	plot	with	Group	1	in	the	HIMU	field.		 1870	

	 1871	

4.5.2.3	Group	3:	Similar	to	Alexa	Bank	Samoan	tholeiites	 1872	

Group	3	(D21,	D26,	D27	younger	series,	D33)	samples	were	obtained	from	 1873	

seamounts	in	southern	Tuvalu	and	WESAM	with	compositions	that	do	not	fit	the	combined	 1874	

geochemical	characteristics	and	ages	expected	for	the	Rurutu	hotspot.	Instead,	sample	 1875	

compositions	(143Nd/144Nd	ranges	0.51293-0.51301;	206Pb/204Pb	18.614-19.033;	87Sr/86Sr	 1876	

0.70355-0.70417;	176Hf/177Hf	0.28307-0.28314)	match	closely	with	the	depleted	signatures	 1877	

characteristic	of	Alexa	Bank	in	the	Samoan	WESAM	province	(Hart	et	al.,	2004).	Dated	 1878	

samples	are	much	younger	(15-9	Ma)	than	the	age	range	reported	for	Group	1,	falling	 1879	

within	the	age	range	expected	for	the	WESAM	province	(Supplemental	Figure	S.4.1,	S.4.7).	 1880	

Notably,	this	group	includes	a	14.8	Ma	sample	from	D27,	which	also	yielded	older	(46-42	 1881	

Ma)	Group	1-type	samples,	suggesting	the	seamount	underwent	two	distinct	periods	of	 1882	

activity.	 1883	

	 1884	

4.5.2.4	Group	4:	Similar	to	alkalic	Samoan	lavas	 1885	

The	single	Group	4	sample	has	an	age	and	geochemistry	consistent	with	an	EM2	 1886	

origin	and	lacks	the	depleted	component	characteristic	of	Group	3	(D32-02/Lafetoga,	11.1	 1887	

Ma;	Supplemental	Table	S.4.4).	The	sample	displays	radiogenic	87Sr/86Sr	(0.705108),	 1888	

moderately	radiogenic	206Pb/204Pb	(19.0508)	and	relatively	unradiogenic	143Nd/144Nd	and	 1889	

176Hf/177Hf	(0.512662,	0.282879),	plotting	within	the	Samoan	field.	Compared	to	Group	3,	 1890	
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this	sample	has	a	steeper	trace	element	pattern,	and	an	isotopic	composition	further	from	 1891	

FOZO,	and	closer	to	the	EM2	end-member,	also	defined	by	Samoan	lavas.	 1892	

	 1893	

4.6.	Alteration	and	Non-Rurutu	Sources	 1894	

4.6.1	Alteration	Signatures	 1895	

4.6.1.1	Trace	Elements	 1896	

Seawater	alteration	visible	in	hand	sample	and	thin	section	indicates	that	alteration	 1897	

processes	may	have	overprinted	some	major	and	trace	element	data,	particularly	data	for	 1898	

fluid-mobile	elements.	Both	elemental	and	isotopic	compositions	of	samples	are	subject	to	 1899	

secondary	alteration.	For	isotopes,	this	is	addressed	through	acid	leaching	samples,	 1900	

discussed	further	in	Supplemental	Methods.	Since	leaching	may	fractionate	the	original	 1901	

magmatic	trace	element	ratios,	however,	these	values	consequently	are	usually	measured	 1902	

on	unleached	samples	(e.g.,	Koppers	et	al.,	2003)	where	alteration	effects	are	readily	 1903	

observed.	Alteration	effects	are	clearest	in	fluid-mobile	elements,	which	show	significant	 1904	

scatter	compared	to	more	immobile	elements	such	as	the	high	field	strength	elements	 1905	

(HFSE;	Figure	4.2).	Alteration	in	fluid-mobile	elements	can	be	quantified	by	the	Ba/Rb	 1906	

ratio,	which	is	commonly	~12	for	both	OIB	and	MORB;	altered	submarine	samples	have	 1907	

lower	values	because	of	Rb	enrichment	(e.g.,	Hart	et	al.,	1999).	Half	of	the	Tuvalu	samples	 1908	

have	ratios	below	12,	down	to	2.5,	implying	caution	should	be	exercised	in	the	 1909	

interpretation	of	trace	elements	with	respect	to	magmatic	processes.	 1910	

Secondary	carbonates,	ferromanganese	crust,	and	clay	contribute	seawater	 1911	

compositions	to	the	samples,	while	marine	phosphate	can	enrich	rocks	in	elements	that	are	 1912	

typically	low	abundance	in	seawater	(e.g.,	Cheng	et	al.,	1987;	Grandjean	et	al.,	1987).	On	 1913	
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mantle-normalized	diagrams,	several	samples	show	a	small	positive	anomaly	in	Y,	as	well	 1914	

as	nearly	flat	heavy	rare	earth	element	(HREE)	pattern,	features	previously	interpreted	to	 1915	

indicate	marine	phosphate	addition	(e.g.,	Vanderkluysen	et	al.,	2014).	Given	these	effects,	 1916	

we	emphasize	isotopic	compositions,	although	below	we	discuss	specific	circumstances	in	 1917	

which	alteration	effects	remain	after	leaching.	 1918	

	 1919	

4.6.1.2	Isotopic	Compositions	 1920	

In	combination	with	leaching,	hand-picking	the	samples	removes	obvious	 1921	

ferromanganese	crust	and	carbonate.	Although	seemingly	effective	for	ferromanganese	 1922	

crust,	elevated	87Sr/86Sr	ratios	and	206Pb/204Pb	ratios	–	the	result	of	Sr	exchange	and	U	 1923	

enrichment,	summarized	in	Bach	et	al.	(2003)	–	are	clearly	present	in	unleached	rocks,	 1924	

while	leached	samples	often	still	display	scatter	in	87Sr/86Sr	ratios	(e.g.,	Koppers	et	al.,	 1925	

2003).	In	this	case,	despite	the	aggressive	acid	leaching	during	sample	preparation,	some	 1926	

effects	remain.	We	identify	two	sets	of	outlying	compositions	in	radiogenic	isotopes,	and	 1927	

these	two	groups	are	distinguished	by	differing	isotopic	signatures;	1)	elevated	 1928	

143Nd/144Nd	and	206Pb/204Pb	ratios,	and	2)	elevated	208Pb/204Pb	ratios.	We	discuss	these	 1929	

cases	below.	However,	the	majority	of	the	samples	(particularly	<75	Ma)	do	not	display	any	 1930	

outlier	compositions	for	single	isotope	ratios,	suggesting	that	leaching	was	effective.	 1931	

The	first	outlier	group,	with	elevated	143Nd/144Nd	and	206Pb/204Pb	ratios,	are	found	 1932	

in	Group	2	samples,	which	differ	from	Group	1	(Rurutu	volcanoes)	in	their	radiogenic	 1933	

143Nd/144Nd	and	unradiogenic	87Sr/86Sr	(Figure	4.3).	The	Nd-Sr	composition	is	 1934	

characteristic	of	MORB,	despite	their	OIB-like,	LILE-enriched	trace	element	patterns.	 1935	

However,	the	outlying	Group	2	143Nd/144Nd	values	are	clearly	unusual	compared	to	 1936	
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206Pb/204Pb	and	176Hf/177Hf,	plotting	outside	most	known	mantle	compositions.	Leaching	 1937	

studies	have	shown	that	marine	phosphate	is	a	common	alteration	phase	with	high	Sm/Nd	 1938	

that	can	be	removed	from	old	seafloor	basalts	(Cheng	et	al.,	1987),	and	it	is	probably	the	 1939	

cause	of	unusual	Group	2	Nd	isotopic	compositions.	Marine	phosphate	Sm/Nd	ratios	up	to	 1940	

three	times	higher	than	most	rocks	(e.g.,	Grandjean	et	al.,	1987)	can	result	from	phosphate	 1941	

recrystallization	during	which	Sm	and	Nd	are	exchanged	with	seawater	(Reynard	et	al.,	 1942	

1999).	Thus,	remobilized	phosphate	deposited	shortly	after	rock	formation	could	disrupt	 1943	

the	primary	signature	and	cause	the	observed	radiogenic	143Nd/144Nd	over	time,	even	after	 1944	

leaching.	Moreover,	phosphates	may	have	extremely	high	U/Th	values	(Baturin,	2001),	and	 1945	

the	low	208Pb*/206Pb*	present	in	Group	2	might	reflect	this	process.	Thus,	Group	2	samples	 1946	

have	likely	high	time-integrated	Nd	and	Pb	isotope	compositions	due	to	phosphate	that	 1947	

have	offset	their	present-day	compositions	from	the	FOZO/C	side	of	the	MORB	field.	 1948	

The	second	outlier	group,	consisting	of	three	samples	from	this	study	and	the	 1949	

studies	of	Konter	et	al.	(2008)	and	Koppers	et	al.	(2003),	contain	elevated	208Pb/204Pb	 1950	

ratios	plotting	significantly	above	the	NHRL,	unlike	other	Rurutu	volcanoes	and	HIMU	 1951	

compositions	in	general	(Figure	4.3).	Given	the	unusual	isotopic	composition	of	D05-08,	a	 1952	

duplicate	analysis	of	the	sample	was	obtained.	Unlike	duplicates	of	other	samples	the	Pb	 1953	

isotope	compositions	did	not	reproduce	within	error	(Supplemental	Table	S.4.3).	 1954	

Consequently,	this	sample	was	subjected	to	a	more	aggressive	stepwise	leaching	test.	The	 1955	

leach	compositions	progressively	approached	the	final	leached	composition	(Supplemental	 1956	

Table	S.4.5),	which	again,	did	not	reproduce	previous	isotope	values	for	the	sample.	In	 1957	

contrast,	leaches	from	our	other	test	sample	(D20-15)	replicated	the	original	Pb	isotope	 1958	

values	(see	Supplement).	This	suggests	that	alteration	effects	are	not	limited	to	secondary	 1959	
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products	removed	by	leaching;	rather	they	can	be	hosted	in	a	more	resistant	phase.	The	 1960	

isotopic	compositions	provide	some	insight	into	possible	causes.	 1961	

Since	both	206Pb/204Pb	and	208Pb/204Pb	values	are	high	for	D05-08,	its	composition	 1962	

must	represent	high	time-integrated	parent/daughter	ratios.	Particularly,	the	high	κ	 1963	

(232Th/238U)	necessary	to	produce	the	observed	208Pb/204Pb	(κ	>	4;	Supplemental	Figure	 1964	

S.4.8)	is	unusual	for	mantle-derived	melts.	Typical	alteration	processes	instead	increase	U	 1965	

(and	Th,	to	an	extent)	content,	lowering	the	κ	(e.g.,	Fowler	and	Zierenberg,	2016;	 1966	

Macdougall	et	al.,	1979;	Valsami-Jones	and	Ragnarsdottir,	1997).	Thorium	is	usually	 1967	

immobile	during	alteration,	but	large	κ	values	are	possible	in	ocean	crust	gabbros	 1968	

representing	the	deep,	high	temperature	section	of	a	hydrothermal	cell.	These	gabbros	can	 1969	

have	κ	values	up	to	~20,	with	Th	likely	hosted	in	either	allanite	(epidote)	or	monazite	 1970	

(phosphate)	(Hart	et	al.,	1999).	Since	sample	D05-08	is	a	fine-grained	volcanic	rock	lacking	 1971	

either	mineral	phase,	we	interpret	the	sample’s	high	κ	of	~4.9,	and	elevated	κ	of	several	 1972	

other	samples,	to	result	from	assimilation	of	small	amounts	of	hydrothermally	altered	 1973	

gabbro	into	the	parental	magma.	Elevated	Sr/Sr*	(>1;	Supplemental	Table	S.4.2)	is	 1974	

consistent	with	this	process,	although	it	also	could	be	attributed	to	seawater	alteration.	 1975	

Assimilation	into	parental	melt	also	explains	our	inability	to	remove	the	signature	by	 1976	

leaching.	Furthermore,	the	significant	208Pb/204Pb	ingrowth	suggests	assimilation	of	 1977	

Cretaceous	oceanic	crust	is	likelier	than	younger	intrusives	from	the	seamount	interior	that	 1978	

had	less	time	for	ingrowth.	In	all	other	isotopic	compositions,	this	sample	resembles	other	 1979	

Rurutu	volcanoes	in	the	area,	which	is	predicted	by	simple	assimilation-fractional	 1980	

crystallization	modeling.	It	thus	appears	that	Rurutu	magmas	sample	this	crustal	 1981	
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component,	and	perhaps	localized	hydrothermal	alteration	pathways	are	only	locally	 1982	

incorporated.	 1983	

	 1984	

4.6.2	Non-Rurutu	Sources:	Ontong-Java	and	Samoa		 1985	

In	addition	to	Rurutu	volcanoes,	two	other	geologic	provinces	appear	to	be	present	 1986	

in	Tuvalu;	one	related	to	the	break-up	of	Ontong	Java	Nui	(Taylor,	2006)	and	subsequent	 1987	

seafloor	generation,	and	the	other	related	to	the	Samoan	hotspot.	 1988	

	 1989	

4.6.2.1.	A	link	between	Group	2	and	Ontong-Java	Nui	breakup?	 1990	

Given	its	95-90	Ma	age,	Group	2	may	be	related	to	the	waning	stages	of	the	 1991	

Cretaceous	Ontong-Java	Nui	activity	and	opening	of	the	Ellice	Basin	between	Ontong-Java	 1992	

Plateau	(OJP)	and	Manihiki	Plateau.	The	main	~120	Ma	volcanic	phase	of	the	OJP	is	 1993	

generally	C/FOZO-like	in	composition	and	may	be	sourced	by	an	ancient	primitive	 1994	

reservoir,	although	other	compositions	also	occur	(e.g.,	Jackson	and	Carlson,	2011;	Tejada	 1995	

et	al.,	1996).	A	smaller,	second	volcanic	pulse	at	~90	Ma	includes	the	Sigana	basalts	and	 1996	

Sigana	Alkalic	Group	on	Santa	Isabel	in	the	Solomon	Islands	(Tejada	et	al.,	1996)	and	late- 1997	

stage	activity	on	the	Hikurangi	Plateau	(Hoernle	et	al.,	2010).	The	Sigana	basalts	have	OJP- 1998	

like	isotopic	compositions,	while	the	Sigana	Alkalic	Group	are	rare	alkalic	basalt	dikes	 1999	

bearing	weakly	HIMU-like	(206Pb/204Pb	≥	20.0)	signatures.	Trace	element	patterns	and	 2000	

isotopic	compositions	of	these	dikes	are	similar	to	the	Tuvalu	Group	2	lavas	(Figure	4.2B),	 2001	

with	the	exception	of	phosphate-contaminated	radiogenic	143Nd/144Nd	and	low	 2002	

208Pb*/206Pb*	(Section	4.6.1;	Supplemental	Table	S.4.3).	Consequently,	Group	2	lavas	may	 2003	

have	the	same	source	as	the	late-stage	Ontong-Java	and	Hikurangi	lavas.	 2004	
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Alternatively,	Group	2	seamounts	may	be	generated	by	off-axis	ridge	magmatism	 2005	

related	to	the	opening	of	the	Ellice	Basin.	Few	age	constraints	exist	for	the	Ellice	Basin,	 2006	

where	models	are	based	on	the	assumption	of	a	constant	opening	rate	from	~120-86	Ma	 2007	

(e.g.,	Chandler	et	al.,	2012),	although	a	crustal	sample	recovered	from	the	southern	part	of	 2008	

the	basin	(near	46-Ma	sample	D22-29)	dates	to	~83	Ma	(Taylor,	2006).	OIB-like	trace	 2009	

element	geochemistry	paired	with	MORB-like	isotopic	signatures	have	been	previously	 2010	

documented	in	off-axis	ridge	magmatism	(White,	2014	and	references	therein),	supporting	 2011	

the	hypothesis	that	Group	2	samples	may	have	been	generated	in	response	to	Ontong-Java	 2012	

Nui	breakup.	 2013	

	 2014	

4.6.2.2.	Samoan	hotspot	activity	in	Southern	Tuvalu	 2015	

Groups	3	and	4	carry	a	Samoan	plume	signature,	and	at	least	one	dredge	(D27,	E.	 2016	

Niulakita)	has	two	sample	groups	with	ages	and	compositions	that	match	the	Rurutu	(45- 2017	

42	Ma)	and	the	Samoan	(15	Ma)	hotspots.	This	suggests	that,	in	some	cases,	older	Rurutu	 2018	

volcanoes	may	have	been	reactivated	by	the	Samoan	hotspot.	Age	and	location	 2019	

relationships	suggest	that	one	of	the	seamounts	in	this	group	(D21/Nukulaelae	Atoll)	is	 2020	

younger	than	APM-based	Samoan	age	progression	models	(Supplemental	Figure	S.4.7).	 2021	

Nukulaelae	yielded	ages	of	10.4-8.6	Ma,	postdating	the	predicted	age	by	~5	Ma.	However,	 2022	

this	discrepancy	is	within	the	time	span	of	activity	at	the	Samoan	island	of	Savai‘i	(Konter	 2023	

and	Jackson,	2012).	This	volcano	and	the	rest	of	Group	3,	plotting	between	EM2	and	MORB	 2024	

in	isotope	space,	resemble	Alexa	Bank,	the	most	depleted	WESAM	seamount	(Figures	4.1,	 2025	

4.4;	Hart	et	al.,	2004;	Jackson	et	al.,	2010),	and	Bayonnaise	and	Favavesi	(Koppers	et	al.,	 2026	

2011b).	Unlike	other	Samoan	volcanoes,	Nukulaelae	lies	~250	km	north	of	the	east-west	 2027	
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trending	Samoan	hotspot	track,	suggesting	a	parallel	to	the	rejuvenated-composition	North	 2028	

Arch	volcanic	field	from	the	Hawaiian	Islands	(Frey	et	al.,	2005).	However,	Samoan-sourced	 2029	

rejuvenated	volcanism	normally	carries	an	EM1	component	(e.g.,	Konter	and	Jackson,	 2030	

2012)	not	seen	in	Nukulaelae.	Instead,	it	may	simply	represent	a	rare	component	in	 2031	

Samoan	volcanism	formed	well	off-axis	of	the	hotspot	track.	 2032	

Finally,	the	single	Group	4	sample,	dredged	from	Lafetoga	seamount	(~11	Ma),	 2033	

exhibits	an	EM2	isotopic	composition	lacking	any	evidence	of	a	depleted	component	 2034	

diagnostic	of	Group	3.	Its	geographic	location	and	age	match	the	expected	behavior	of	 2035	

Samoan	plume-sourced	volcanoes.		 2036	

	 2037	

4.7.	Rurutu	Hotspot	Composition	and	Track	 2038	

Rurutu	hotspot	compositions	span	a	limited	range,	and	the	densely	sampled	Tuvalu	 2039	

chain	reveals	a	geographic	pattern	to	compositional	variations.	The	combination	of	 2040	

composition	and	ages	allows	the	Rurutu	hotspot	track	to	be	identified	as	the	dominant	 2041	

magmatic	source	for	the	volcanic	chain.	 2042	

	 2043	

4.7.1.	Compositional	and	Geographic	Patterns	in	Rurutu	Volcanism	 2044	

Our	new	data	reveals	a	geographic	pattern	in	the	isotopic	compositions	that	 2045	

suggests	bilateral	isotopic	heterogeneity	defined	by	the	Niu	and	Sil	compositional	groups.	 2046	

Hawaii,	Samoa,	Society,	Marquesas,	Walvis,	Easter,	and	Galapagos	hotspots	exhibit	similar	 2047	

bilateral	heterogeneity	reflected	in	enriched	and	depleted	trends	in	208Pb*/206Pb*	and	εNd	 2048	

isotopes	that	are	geographically	separated	(Harpp	et	al.,	2014;	Huang	et	al.,	2011;	O’Connor	 2049	

and	Jokat,	2015;	Payne	et	al.,	2013;	Weis	et	al.,	2011).	The	enriched	trends	(high	 2050	
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208Pb*/206Pb*,	low	εNd),	are	attributed	to	an	ancient	subducted	crustal	component	and	 2051	

thought	to	sample	the	Pacific	large	low-shear	velocity	province	(LLSVP;	e.g.,	Harpp	et	al.,	 2052	

2014;	Huang	et	al.,	2011).	When	Tuvalu	Group	1	isotopic	data	are	recalculated	as	 2053	

208Pb*/206Pb*	and	εNd	(Supplemental	Table	S.4.3),	the	Niu	and	Sil	trends	display	trends	 2054	

similar	to	other	dual-trend	hotspots	(Figure	4.4).	 2055	

An	endmember	mixing	model	(Supplemental	Table	S.4.6)	suggests	that	the	 2056	

geochemically-enriched	Niu	trend	is	generated	by	mixing	between	HIMU	and	a	FOZO/EM1	 2057	

mixture	(Supplemental	Figure	S.4.9).	The	depleted	Sil	trend	features	a	kinked	pathway	in	 2058	

isotope	space,	requiring	up	to	four	components	mixing	in	a	specific	sequence:	HIMU	 2059	

compositions	mix	with	a	depleted,	MORB-influenced	composition	before	interacting	with	a	 2060	

5%	EM1/95%	FOZO	mixture	(Supplemental	Figure	S.4.9).	Depending	on	the	exact	 2061	

compositions	used,	the	MORB-HIMU	mixture	requires	up	to	80%	MORB	(e.g.,	D22-23).	 2062	

The	Cook-Austral	compositions	used	as	background	data	in	this	study	were	 2063	

previously	identified	as	hosting	two	geochemical	trends	similar	to	the	Sil	and	Niu	trends	we	 2064	

describe	(Hanyu	et	al.,	2013;	Nebel	et	al.,	2013;	Figure	4.3),	suggesting	longevity	of	both	 2065	

trends	in	the	Rurutu	track.	Previously	unrecognized,	both	Niu	and	Sil	trends	(Supplemental	 2066	

Table	S.4.3)	also	occur	in	the	Wake	Seamounts	and	Samoan	interlopers	(Jackson	et	al.,	 2067	

2010;	Konter	et	al.,	2008;	Koppers	et	al.,	2003;	Staudigel	et	al.,	1991),	while	the	Gilbert	 2068	

Ridge	samples	(Konter	et	al.,	2008)	are	Niu	composition	except	for	Tuba	seamount	at	the	 2069	

southern	terminus	of	the	chain.		 2070	

The	cause	of	the	shift	to	dominantly	Niu	trend	compositions	along	the	Gilbert	Ridge	 2071	

remains	speculative	at	best.	The	data	are	currently	lacking	to	test	for	any	volume- 2072	

composition	relationship,	since	many	samples	in	the	Gilbert	segment	were	taken	from	 2073	
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smaller	satellite	seamounts	in	areas	where	the	large	atolls	lacked	suitable	exposures.	 2074	

Alternatively,	the	Rurutu	plume	conduit	may	have	a	roughly	N-S-elongated	horizontal	 2075	

cross-section	(rather	than	circular),	resulting	in	the	wide	across-track	spacing	seen	in	 2076	

Wake	and	Tuvalu.	This	could	mean	that	large	N-S-oriented	Gilbert	seamounts	were	Niu- 2077	

composition	during	their	early	stages,	then	capped	by	later	Sil-composition	activity,	if	Sil	is	 2078	

present	in	the	large	Gilbert	volcanoes.	However,	because	of	the	previously	mentioned	 2079	

sampling	bias,	this	possibility	remains	untested.		 2080	

Compared	to	morphological	characteristics	of	other	dual-trend	hotspot	tracks,	 2081	

Rurutu	displays	relatively	wide	across-track	scatter.	While	forming	an	array	offset	to	the	 2082	

NE	side	of	the	Tuvalu	chain	(Figure	4.5A),	Sil-trend	seamounts	also	sit	85-330	km	directly	 2083	

north	of	similarly-aged	Niu-trend	seamounts.	Assuming	simple	plume	geometry	and	purely	 2084	

vertical	transport,	the	Sil-Niu	trend	orientations	suggest	compositional	hemispheres	with	a	 2085	

N-S	orientation	within	the	plume	(Figure	4.5B).	This	is	possibly	mirrored	by	the	Wake	 2086	

seamounts,	although	low	sampling	density	prevents	thorough	geographic-geochemical	 2087	

characterization.	The	Walvis	Ridge	in	the	Atlantic	Ocean	shows	an	even	wider	spacing	of	 2088	

hundreds	of	km,	presumed	related	to	control	on	eruptive	sites	by	weaknesses	in	the	 2089	

underlying	plate	(e.g.,	O’Connor	and	Jokat,	2015).	Perhaps	a	similar	control	played	a	more	 2090	

limited	role	as	the	Ellice	Basin	moved	over	the	hotspot.	 2091	

	 2092	

4.7.2.	APM-based	backtracking	and	a	Rurutu	Bend	in	southern	Tuvalu	 2093	

Different	APM	model	projections	of	the	Rurutu	hotspot	track	from	its	present	 2094	

location	under	Arago	Seamount	(Bonneville	et	al.,	2002)	suggest	that	its	Bend	occurs	in	the	 2095	

southern	Ellice	Basin,	approximately	halfway	between	the	southern	boundaries	of	the	OJP	 2096	
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and	Manihiki	plateaux.	In	this	area,	Samoa	and	Rurutu	volcanoes	overlap,	making	a	visual	 2097	

estimate	of	the	Bend	location	difficult	(Figure	4.1).	The	paucity	of	Rurutu-related	volcanoes	 2098	

in	the	WESAM	region	may	be	due	to	subduction	of	part	of	the	Rurutu	hotspot	track	beneath	 2099	

Tonga	(e.g.,	Price	et	al.,	2016),	or	due	to	overprinting	~20	Myr	later	by	the	Samoan	hotspot.	 2100	

Instead,	the	Bend	identification	is	augmented	using	APM	projections	of	the	Rurutu	track	 2101	

using	age-dated	Tuvalu	seamounts	with	HIMU-	and	FOZO-like	Group	1	compositions	to	 2102	

estimate	the	highest-probability	location	of	the	Rurutu	Bend	(see	Supplement	for	details).		 2103	

The	analysis	is	limited	to	Rurutu-sourced	Tuvalu	volcanoes,	since	uncertainty	in	 2104	

APM	models	increases	with	age.	Furthermore,	any	plume	motion	becomes	increasingly	 2105	

important	in	analyses	that	include	the	older	Gilbert	and	Wake	volcanoes.	In	fact,	when	 2106	

Rurutu-origin	Gilbert	and	Wake	volcanoes	are	backtracked,	or	restored	backward	in	time	 2107	

through	APM	stage	poles,	to	their	original	eruptive	locations,	they	scatter	~15°	(~2000	 2108	

km)	from	Arago	Seamount	(Figure	4.6).	APM-seamount	track	mismatch	was	originally	 2109	

thought	to	suggest	a	more	complex,	discontinuous	record	of	short-lived,	“secondary”	 2110	

hotspot	volcanism	in	the	southwest	Pacific,	and	in	particular,	older	tracks	were	considered	 2111	

“orphaned”	(Koppers	et	al.,	2003).	For	example,	the	formerly-orphaned	Wake	seamounts	 2112	

had	been	associated	with	a	different,	extinct	hotspot	that	produced	a	“bend”	in	southern	 2113	

Gilbert	Ridge	through	a	combination	of	plume	drift	deceleration	and	localized	short-term	 2114	

crustal	extension	before	dying	out	(Koppers	et	al.,	2007;	Koppers	and	Staudigel,	2005;	 2115	

Wessel	and	Kroenke,	2008).	Since	these	seamounts	are	now	linked	to	the	Rurutu	hotspot	 2116	

(Konter	et	al.,	2008)	the	mismatch	between	model	and	hotspot	track	may	simply	be	due	to	 2117	

poor	APM	fit	to	oldest	Rurutu	segments.	Therefore,	limiting	the	input	range	of	seamounts	 2118	

reduces	error	arising	from	model	misfits	and	lack	of	plume	fixity.	However,	as	a	finite	 2119	
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number	of	samples	are	required	as	input	to	ensure	the	robustness	of	a	quantitative	 2120	

approach,	this	study	uses	all	available	Rurutu	age	data	from	Tuvalu	volcanoes	to	construct	 2121	

one	best-fit	Bend	location.		 2122	

In	order	to	limit	an	effect	on	the	outcome	by	any	specific	model,	we	use	the	“WK08”	 2123	

(Wessel	and	Kroenke,	2008),	“D12”	(Doubrovine	et	al.,	2012),	and	“DC85”	(Duncan	and	 2124	

Clague,	1985)	APM	models.	Kernel	density	estimates	of	the	track	projections	through	each	 2125	

volcano	then	pinpoint	each	model’s	Bend	location,	which	fall	within	~100	km	of	each	other,	 2126	

surrounded	by	three	~50.5-49	Ma	HIMU	Tuvalu	seamounts	(Figure	4.7).	The	final	location	 2127	

estimate	is	determined	from	a	combination	of	all	three	estimates.	 2128	

Using	the	new	Tuvalu	Group	1	data,	our	model	results	are	consistent	with	the	Bend	 2129	

for	the	Rurutu	track	located	near	the	intersection	of	the	Tuvalu	chain	and	WESAM	(Figure	 2130	

4.1)	where	the	trend	of	~50	Ma	HIMU	volcanism	changes	from	NW-SE	in	the	Tuvalu	islands	 2131	

to	WNW-ESE	in	the	Samoan	islands	with	a	bend	of	~135°,	shallower	than	the	Hawaiian- 2132	

Emperor	Bend	(120°),	yet	greater	than	Louisville	(155°).	We	propose	that,	based	on	new	 2133	

isotopic	fingerprinting,	age	data,	and	the	kernel	density	estimation,	that	the	Rurutu	Bend	 2134	

lies	near	Funafuti	(D18)	and	Nukufetau	(D14)	islands,	at	178.48°E	and	8.56°S	(Figure	4.7).	 2135	

Konrad	et	al.	(submitted)	report	an	age	of	~49	Ma	for	Nukufetau	and	Funafuti	and	 2136	

50.5	Ma	for	Tayasa,	in	good	agreement	with	the	50-47	Ma	Hawaii	and	Louisville	Bends	 2137	

(Koppers	et	al.,	2011a;	Wessel	and	Kroenke,	2008).	One	Nukufetau	sample	has	a	43.6	Ma	 2138	

age,	~6	Ma	younger	than	the	ages	obtained	on	another	sample	from	the	same	dredge.	 2139	

However,	seamounts	can	remain	volcanically	active	for	7	(or	more)	Myr	(e.g.,	Konter	et	al.,	 2140	

2009),	and	this	younger	age	may	represent	rejuvenated-stage	volcanism.	Consequently,	the	 2141	

bend	in	Rurutu	hotspot	occurred	at	~50.5-49	Ma.	Volcanism	in	this	area	continued	for	a	 2142	
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significant	amount	of	time	afterward,	which	is	important	to	recognize	for	APM	modeling	 2143	

efforts	that	plot	age	against	opening	angle.	Thus,	with	a	third	long-lived	hotspot	placing	 2144	

new	constraints	on	plate	motion	around	the	time	of	the	Bend	and	the	period	prior,	new	 2145	

APM	models	are	now	possible.	This	hotspot	specifically	holds	the	promise	of	tracking	a	 2146	

single,	geochemically	distinct	volcanic	track	well	past	the	age	limitations	of	Hawaii	and	 2147	

Louisville,	as	volcanoes	that	may	be	associated	with	the	Rurutu	hotspot	extend	back	to	120	 2148	

Ma	(Koppers	et	al.,	2003;	Konter	et	al.,	2008).	Some	of	the	implications	for	plate,	plume	and	 2149	

global	mantle	motion	are	assessed	further	in	Konrad	et	al.	(submitted).	However,	with	 2150	

current	APMs,	the	uncertainty	of	backtracked	eruptive	locations	is	significant	for	the	oldest	 2151	

Rurutu	hotspot	volcanoes	in	particular	(Wake	Seamounts;	Figure	4.6),	with	a	~15°	spread	 2152	

away	from	present-day	Rurutu,	and	much	less	so	earlier.	This	is	of	similar	magnitude	to	the	 2153	

shift	in	paleomagnetic	latitude	suggested	in	the	Emperor	stage	of	the	Hawaiian	hotspot	 2154	

(Tarduno	et	al.,	2003),	which	may	be	partly	explained	with	N-S	plume	motion	(e.g.,	 2155	

Doubrovine	et	al.,	2012).	However,	if	Rurutu	hotspot	indeed	underwent	little	drift,	 2156	

mismatch	between	modeled	and	actual	Rurutu	tracks	may	be	controlled	by	APM	 2157	

uncertainty	prior	to	60	Ma,	suggesting	significant	model	revisions	may	be	required.	 2158	

	 2159	

4.8.	Conclusions	 2160	

Most	volcanoes	in	Tuvalu	represent	~75-42	Ma	Rurutu	hotspot	volcanism,	although	 2161	

other	regional	volcanic	events	and	alteration	signatures	are	recognized.	The	new	data	 2162	

supplement	an	existing	body	of	data	supporting	the	longevity	and	continuity	of	the	Rurutu	 2163	

hotspot.	The	new	Tuvalu	data	clearly	define	hemispherically	distributed	compositions	 2164	
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within	the	source,	as	one	hemisphere	interacted	with	a	depleted	component	prior	to	 2165	

exposure	to	the	FOZO	component	common	to	most	hotspots.	 2166	

With	a	kernel	density-based	computational	method,	Rurutu-related	Tuvalu	 2167	

volcanoes	constrain	the	location	and	age	of	a	previously-uncharacterized	segment	of	the	 2168	

Rurutu	hotspot	track,	including	its	~50.5-49	Ma	Bend.	When	combined	with	a	known	 2169	

current	hotspot	location	and	~120	Ma	of	eruptive	history,	the	Rurutu	hotspot	track	 2170	

represents	a	third	long-lived	Pacific	hotspot	track	with	a	longer	eruptive	record	than	 2171	

Hawaii-Emperor,	re-establishing	the	importance	of	Morgan’s	“Austral-Gilbert-Marshall”	 2172	

track	as	a	major	constraint	on	Pacific	APM.	 2173	

	 2174	
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Table	4.1.	Sample	information.	
Sample	 Seamount	 Longitude	 Latitude	 Sample	type	
D02-06	 Manu	Lele	Vai	 175.63	E	 3.9	S	 leached	gm	
D03-24	 Taring	Nui	 176.6	E	 4.75	S	 leached	gm	
D04-01D	 Logotau	 175.65	E	 5.66	S	 leached	gm	
D05-08	 Nanumanga	 176.31	E	 6.43	S	 leached	gm	
D05-08dup	 Nanumanga	 176.31	E	 6.43	S	 leached	gm	
D06-14	 Maumau	 176.75	E	 6.35	S	 leached	gm	
D07-22b	 Tefolaha	 176.9	E	 5.98	S	 leached	gm	
D07-30	 Tefolaha	 176.9	E	 5.98	S	 leached	gm	
D08-27	 Niutao	Atoll	 177.22	E	 6.12	S	 leached	gm	
D09-14	 Na	Kaa	 176.71	E	 6.55	S	 leached	gm	
D10-16	 Nui	Island	 177.24	E	 7.7	S	 leached	gm	
D10-32	 Nui	Island	 177.24	E	 7.7	S	 leached	gm	
D10-32dup	 Nui	Island	 177.24	E	 7.7	S	 leached	gm	
D11-06	 Laupapa	 177.02	E	 8.25	S	 leached	gm	
D12-01	 Fialua	 177.27	E	 8.46	S	 leached	gm	
D12-04	 Fialua	 177.27	E	 8.46	S	 leached	gm	
D13-01	 Tayasa	 177.9	E	 8.66	S	 leached	gm	
D14-01	 Nukufetau	 178.39	E	 8.19	S	 leached	gm	
D15-12	 Vaitupu	 178.6	E	 7.22	S	 leached	gm	
D15-17	 Vaitupu	 178.6	E	 7.22	S	 leached	gm	
D16-38cpx	 Telematua	 179.27	E	 7.42	S	 leached	cpx	
D18-11	 Funafuti	 178.99	E	 8.32	S	 leached	gm	
D19-03	 Pae	 178.87	E	 9.44	S	 leached	gm	
D19-08	 Pae	 178.87	E	 9.44	S	 leached	gm	
D20-15	 Foumatua	 178.85	E	 9.8	S	 leached	gm	
D21-19	 Nukulaelae	Atoll	 179.67	E	 9.3	S	 leached	gm	
D21-26	 Nukulaelae	Atoll	 179.67	E	 9.3	S	 leached	gm	
D22-23	 Silaga	 179.82	W	 10.31	S	 leached	gm	
D23-05	 Macaw	Bank	 179.25	W	 10.77	S	 leached	gm	
D24-04	 Kosciusko	 179.67	E	 10.36	S	 leached	gm	
D24-14A	 Kosciusko	 179.67	E	 10.36	S	 leached	gm	
D26-02	 Niulakita	 179.34	E	 10.81	S	 leached	gm	
D27-31	 Bayonnaise	 179.88	E	 11.33	S	 leached	gm	
D27-35	 Bayonnaise	 179.88	E	 11.33	S	 leached	gm	
D27-57	 Bayonnaise	 179.88	E	 11.33	S	 leached	gm	
D28B-06	 Bustard	 179.7	W	 11.52	S	 leached	gm	
D32-02	 Lafetoga	 178.04	W	 12.94	S	 leached	gm	
D33-32	 Tuscarora	 178.45	W	 12.06	S	 leached	gm	
TUV-1	 Fialua	 177.32	E	 8.39	S	 leached	WR	
TUV-2	 near	Silaga	 179.41	W	 10.002	S	 leached	WR	
TUV-3	 near	Silaga	 179.41	W	 10.002	S	 leached	WR	
TUV-4	 Telematua	 179.04	E	 7.4	S	 leached	cpx	separates	
TUV-5	 Telematua	 179.04	E	 7.4	S	 leached	WR	

	 2183	

	 	 2184	
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Figure	4.1.	Map	of	the	west	Pacific	showing	the	Hawaiian-Emperor	and	Louisville	hotspot	
tracks.	The	estimated	Rurutu	track	is	shown	as	density	contours	(see	Supplemental	
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Methods)	and	likely	Bend	location	marked	by	the	diamond.	The	inset	shows	names	and	 2188	
locations	of	all	Tuvalu	and	WESAM	seamounts	discussed	in	this	study.	Track	 2189	
reconstructions	use	the	following	hotspot	locations:	150.73°W,	23.44°S	(Rurutu/Arago	 2190	
Seamount;	Bonneville	et	al.,	2002),	155.25°W,	18.93°N	(Hawaiʻi/Loihi	Seamount,	Seamount	 2191	
Catalog	at	https://earthref.org);	137.2°W,	52.4°S	(Louisville/Hollister	Ridge;	Wessel	and	 2192	
Kroenke,	2008).	Inset:	Dredge	locations	in	the	Tuvalu	islands.	Symbol	color	is	defined	by	 2193	
isotopic	composition	after	Konter	et	al.	(2008)..	Circles	are	Group	1,	Squares	are	Group	2,	 2194	
Triangles	are	Group	3,	and	the	diamond	is	Group	4.	See	Sections	4.5	and	4.6	for	discussion	 2195	
of	Group	geochemistry	and	interpretations.	 2196	
	 	 2197	
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Figure	4.2.	Primitive	mantle	(PM)-normalized	extended	trace	element	diagrams	after	Sun	
and	McDonough	(1995).	Background	data	(grey	fields)	are	from	compositionally	filtered	
(see	Supplemental	Methods)	GEOROC	and	PetDB	datasets.	A)	Group	1	(Rurutu)	samples	
with	Cook-Austral	Atiu	samples	as	background.	B)	Group	2	(95-90	Ma)	samples	with	
Ontong-Java	background	data,	including	~90	Ma	Sigana	alkalic	suite	data	(Tejada	et	al.,	
1996).	C)	Groups	3	and	4	samples	against	Samoan	seamount	background	data.	
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Figure	4.3.	Isotopic	data.	A)	143Nd/144Nd	vs.	206Pb/204Pb.	B)	143Nd/144Nd	vs.	87Sr/86Sr.	C)	
207Pb/204Pb	vs.	206Pb/204Pb	D)	208Pb/204Pb	vs.	206Pb/204Pb.	E)	176Hf/177Hf	vs.	143Nd/144Nd.	
Background	data	fields	were	generated	using	two-dimensional	kernel	density	estimates	
(see	Supplement	for	methods	and	data/endmember	sources).	
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Figure	4.4.	Comparison	of	208Pb*/206Pb*	vs.	εNd	data	(after	Huang	et	al.,	2011)	from	
Hawaii,	Marquesas,	and	Samoa	hotspots	displaying	dual	trend	patterns	and	Tuvalu	(Group	
1/Rurutu	data	only).	The	hand-drawn	fields	for	other	hotspot	tracks	were	sourced	from	
Huang	et	al.	(2011)	and	Payne	et	al.	(2013).	
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	 2218	

Figure	4.5.	Geographic	distribution	of	isotopic	data	in	Tuvalu	(Group	1/Rurutu	data	only)	 2219	
isotopic	data	143Nd/144Nd	(color)	and	206Pb/204Pb	(size),	or	176Hf/177Hf	(size),	delineating	 2220	
the	Niu	and	Sil	trends.	Ages,	where	present,	are	plotted	next	to	seamounts.	Only	Group	1	 2221	
seamount	names	are	shown.	Dashed	lines	between	Niu	and	Sil	seamounts	indicate	where	 2222	
seamounts	of	similar	age	are	found	between	enriched	and	depleted	compositions,	showing	 2223	
the	N-S,	en	echelon	orientation	of	the	geochemical	hemispheres	in	the	plume.	 2224	
	 	 2225	
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	 2226	

Figure	4.6.	Backtracked	Rurutu-related	seamounts	(Tuvalu,	Cook-Austral	Young	Rurutu,	 2227	
Gilbert,	and	Wake	seamounts	with	isotopic	signatures	of	Rurutu	hotspot)	to	original	 2228	
eruptive	locations	using	the	Doubrovine	et	al.	(2012)	APM	model	without	compensating	for	 2229	
hotspot	drift.	While	Samoan	and	younger	(<64	Ma)	Rurutu	seamounts	are	restored	to	a	 2230	
cloud	clustering	around	a	single	location,	the	projected	points	for	older	Rurutu	seamounts	 2231	
plot	to	the	northwest,	near	the	Manihiki	Plateau.	Note	that	the	main	Rurutu	cluster	does	 2232	
not	actually	converge	near	Arago	Seamount,	instead	clustering	closer	to	the	Society	 2233	
hotspot.	This	could	be	a	consequence	of	this	model	attempting	to	fit	a	globally	averaged	 2234	
hotspot	reference	frame	with	moving	plumes,	while	the	Pacific-only	fixed-plume	models	 2235	
WK08	and	DC85	restore	these	seamounts	closer	to	Arago/Rurutu	Island.	Sample	color	is	 2236	
same	as	in	Figure	4.1	(inset)	and	shows	relative	relative	proportion	of	the	various	isotopic	 2237	
endmembers.	 2238	
	 	 2239	
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	 2240	

Figure	4.7.	Results	of	the	Bend	locator	approach	using	the	APM	models	A:	Wessel	and	 2241	
Kroenke	(2008),	of	B:	Duncan	and	Clague	(1985),	and	C:	Doubrovine	et	al.	(2012).	 2242	
Individual	model	results	are	shown	as	combined	contours	and	individual	projected	tracks	 2243	
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from	each	dated	Group	1	seamount;	contours	only	are	displayed	for	combined	models.	 2244	
Combined	models	(D	and	E;	WK08	&	D12,	all	three,	respectively)	are	also	provided,	 2245	
showing	the	average	of	the	models.	A	2-	and	3-model	combination	provides	identical	 2246	
results;	WK08	and	D12	are	more	influential	than	DC85.	Upper	right:	The	final	Rurutu	Bend	 2247	
location	estimate	of	178.76°W,	8.82°S	is	taken	from	the	combined	models,	sitting	between	 2248	
D14	and	D18	with	an	estimated	age	of	~50-49	Ma.	Individual	model	results	give	178.48°W,	 2249	
8.56°S	(WK08),	179.18°W,	9.08°S	(D12),	and	179.04°W,	9.73°S	(DC85).	Error	ellipses	are	 2250	
calculated	using	a	Monte	Carlo	simulation,	discussed	further	in	the	supplement.	Inset:	 2251	
Example	of	trackline	clustering	at	the	Bend,	which	is	used	to	calculate	kernel	density	 2252	
estimate	(KDE)	contours	and	likeliest	Bend	location	using	each	model.	 2253	
	 2254	
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A.2.1.	Introduction	

This	material	contains	information	about	instrumental	settings	used	for	the	Nu	

Plasma	HR,	peak	center	mass	data,	modeled	isotopic	data,	and	additional	projections	of	the	

outlier	analysis	ellipsoid.	Peak	center	masses	were	determined	at	the	time	of	sample	

analysis	using	the	software	interface	with	the	Nu	Plasma	HR.	Isotopic	modeling	was	

performed	with	the	reanalysis	routine	and	double	spike	correction	code	using	the	same	

software.	Outlier	rejection	ellipsoid	was	generated	in	MATLAB	using	FAST-MCD	

implementations	of	the	LIBRA	robust	software	package.	
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Supplemental	Table	S.2.1.	Nu	Plasma	instrumental	
settings	
RF	Power	 1300	W	
Coolant	gas	flow	 13	L/min	
Auxiliary	gas	flow	 0.9	L/min	
High	voltage	 6000V	
Interface	Pressure	 ~0.7	mbar	
Variable	slit	width	 0.03	mm	
	 	
Sample	uptake	rate	 ~0.1	mL/min	(100uL	neb)	
Neb	pressure	 34.7	
Preamp	bin	backing	 Varian	IDP-3	scroll	pump	
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Supplemental	Table	S.2.2.	IRMM-014	DS	analyses	with	60Ni	monitored	
on	a	Faraday	collector	instead	of	ion	counter.	

	
56Fe/54Fe	
ratio	 SE	

δ56Fe	from	average	
IRMM-014	

IRMM-014	DS	 15.6920	 4.49E-03	 0.058	
IRMM-014	DS	 15.6897	 2.43E-04	 -0.090	
IRMM-014	DS	 15.6906	 3.79E-04	 -0.034	
IRMM-014	DS	 15.6928	 2.66E-04	 0.110	
IRMM-014	DS	 15.6910	 2.98E-04	 -0.008	
IRMM-014	DS	 15.6905	 2.57E-04	 -0.037	
	 	 	 	
Average	IRMM-014	DS	 15.6911	 	 0.000	

2σ	 0.00227	 	 0.145	

No.	analyses	 6	 	 	
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Supplemental	Table	S.2.3.	Results	of	Faraday	
response	test	with	dilutions	of	an	in-house	Ni	test	
solution	
Concentration	
(ppb)	 60Ni	(V)	 58Ni	(V)	 58Ni/60Ni	
100	 0.949	 2.32	 2.44	
10	 8.65E-2	 0.211	 2.44	
1	 8.91E-3	 2.20E-2	 2.47	
0.5	 4.90E-3	 1.22E-2	 2.49	
0.1	 9.89E-4	 2.79E-3	 2.82	
0.01	 1.69E-4	 5.39E-4	 3.20	
0.005	 1.11E-4	 3.91E-4	 3.52	
0.0001	 7.8E-5	 3.25E-4	 4.17	
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Supplemental	Table	S.2.4.	Data	modeled	with	artificially	altered	Cr	signal	(No	Cr	signal	subtraction,	2x,	3x,	5x,	7x,	and	10x)a	

Name	

56Fe/54Fe	
(1x	52Cr)	 52Cr	(mV)	

No	Cr	
correction	 Δ56FenoCr	

56Fe/54Fe	
(2x	52Cr)	 Δ56Fe2xCr	

56Fe/54Fe	
(3x	52Cr)	 Δ56Fe3xCr	

56Fe/54Fe	
(5x	52Cr)	 Δ56Fe5xCr	

56Fe/54Fe	
(7x	52Cr)	 Δ56Fe7xCr	

56Fe/54Fe	
(10x	52Cr)	 Δ56Fe10xCr	

IRMM-014	
DS	 15.6893	 0.286	 15.6892	 -0.008	 15.6895	 0.008	 15.6896	 0.017	 15.6899	 0.034	 15.6901	 0.050	 15.6905	 0.075	
IRMM-014	
DS	 15.6899	 0.268	 15.6897	 -0.008	 15.6900	 0.008	 15.6901	 0.016	 15.6904	 0.033	 15.6906	 0.048	 15.6901	 0.016	
IRMM-014	
DS	 15.6900	 0.270	 15.6902	 0.009	 15.6904	 0.025	 15.6906	 0.034	 15.6908	 0.051	 15.6911	 0.068	 15.6915	 0.093	
IRMM-014	
DS	 15.6901	 0.205	 15.6900	 -0.008	 15.6902	 0.008	 15.6903	 0.015	 15.6905	 0.030	 15.6908	 0.045	 15.6911	 0.068	
IRMM-014	
DS	 15.6901	 0.221	 15.6899	 -0.013	 15.6903	 0.008	 15.6904	 0.017	 15.6907	 0.034	 15.6909	 0.050	 15.6913	 0.076	
IRMM-014	
DS	 15.6899	 0.243	 15.6897	 -0.008	 15.6900	 0.008	 15.6901	 0.017	 15.6904	 0.033	 15.6906	 0.049	 15.6910	 0.074	
IRMM-014	
DS	 15.6902	 0.249	 15.6901	 -0.009	 15.6903	 0.009	 15.6905	 0.018	 15.6908	 0.035	 15.6910	 0.053	 15.6914	 0.075	
IRMM-014	
DS	 15.6900	 0.245	 15.6899	 -0.008	 15.6902	 0.009	 15.6903	 0.018	 15.6906	 0.035	 15.6908	 0.052	 15.6913	 0.078	
IRMM-014	
DS	 15.6901	 0.231	 15.6899	 -0.008	 15.6902	 0.008	 15.6903	 0.017	 15.6906	 0.034	 15.6909	 0.050	 15.6913	 0.076	
IRMM-014	
DS	 15.6893	 0.231	 15.6891	 -0.009	 15.6894	 0.008	 15.6896	 0.017	 15.6898	 0.034	 15.6901	 0.052	 15.6905	 0.077	

Alfa	Fe	DS	 15.6970	 0.222	 15.6968	 -0.008	 15.6971	 0.008	 15.6972	 0.017	 15.6975	 0.032	 15.6977	 0.049	 15.6981	 0.073	
IRMM-014	
DS	 15.6910	 0.479	 15.6907	 -0.018	 15.6913	 0.018	 15.6916	 0.036	 15.6921	 0.072	 15.6927	 0.108	 15.6936	 0.169	
IRMM-014	
DS	 15.6908	 0.668	 15.6904	 -0.022	 15.6911	 0.022	 15.6915	 0.044	 15.6921	 0.087	 15.6928	 0.131	 15.6938	 0.196	
IRMM-014	
DS	 15.6901	 0.864	 15.6896	 -0.029	 15.6905	 0.029	 15.6910	 0.059	 15.6919	 0.118	 15.6928	 0.177	 15.6941	 0.258	
IRMM-014	
DS	 15.6904	 1.388	 15.6896	 -0.048	 15.6911	 0.048	 15.6919	 0.097	 15.6934	 0.194	 15.6950	 0.298	 15.6973	 0.444	

Alfa	Fe	DS	 15.6977	 0.243	 15.6975	 -0.010	 15.6978	 0.010	 15.6980	 0.019	 15.6983	 0.038	 15.6986	 0.057	 15.6990	 0.086	
IRMM-014	
DS	 15.6900	 0.254	 15.6898	 -0.009	 15.6901	 0.009	 15.6903	 0.018	 15.6905	 0.035	 15.6908	 0.053	 15.6912	 0.080	

Alfa	Fe	DS*	 15.6972	 0.217	 15.6970	 -0.009	 15.6973	 0.009	 15.6974	 0.018	 15.6977	 0.036	 15.6980	 0.054	 15.6984	 0.082	
Permil	(‰)	differences	(Δ56Fe)	are	calculated	from	the	1x	Cr	signal	correction.	Raw	52Cr	signal	is	provided;	note	the	deviation	of	an	analysis	is	greater	when	a	higher	initial	signal	
is	present.	When	the	signal	is	multiplied	5-7	times	that	of	the	original	measurement,	most	analyses	are	shifted	to	a	higher	ratio	outside	of	the	long-term	reproducibility	for	Alfa	Fe	
DS.	Processed	samples	generally	have	a	lower	Cr	content	than	IRMM-014	DS	and	Alfa	Fe	DS,	and	as	a	result,	typically	change	less	than	those	standards.	Within	the	measured	Cr	
signal	levels,	however,	Cr	variations	are	not	expected	to	significantly	influence	δ56Fe	offsets.	Based	on	the	modeling	results,	this	tolerance	should	extend	out	to	52Cr	levels	as	high	
as	approximately	1	mV.	When	the	signal	is	increased	further,	the	measurement	may	no	longer	capture	the	true	offset.	
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Supplemental	Table	S.2.4	(continued)	

Name	

56Fe/54Fe	
(1x	52Cr)	 52Cr	(mV)	

No	Cr	
correction	 Δ56FenoCr	

56Fe/54Fe	
(2x	52Cr)	 Δ56Fe2xCr	

56Fe/54Fe	
(3x	52Cr)	 Δ56Fe3xCr	

56Fe/54Fe	
(5x	52Cr)	 Δ56Fe5xCr	

56Fe/54Fe	
(7x	52Cr)	 Δ56Fe7xCr	

56Fe/54Fe	
(10x	52Cr)	 Δ56Fe10xCr	

IRMM-014	
DS	 15.6901	 0.253	 15.6901	 -0.005	 15.6903	 0.009	 15.6904	 0.018	 15.6907	 0.036	 15.6910	 0.055	 15.6914	 0.082	

Alfa	Fe	DS	 15.6971	 0.184	 15.6969	 -0.009	 15.6972	 0.009	 15.6974	 0.018	 15.6976	 0.036	 15.6979	 0.054	 15.6984	 0.081	
IRMM-014	
DS	 15.6899	 0.249	 15.6898	 -0.010	 15.6901	 0.010	 15.6902	 0.019	 15.6905	 0.038	 15.6908	 0.057	 15.6913	 0.087	
IRMM-014	
DS	 15.6902	 0.237	 15.6901	 -0.010	 15.6904	 0.010	 15.6905	 0.019	 15.6908	 0.038	 15.6911	 0.057	 15.6915	 0.085	
IRMM-014	
DS	 15.6916	 0.402	 15.6914	 -0.013	 15.6918	 0.013	 15.6920	 0.026	 15.6924	 0.052	 15.6928	 0.078	 15.6933	 0.110	
IRMM-014	
DS	 15.6915	 0.414	 15.6913	 -0.012	 15.6917	 0.012	 15.6919	 0.024	 15.6923	 0.048	 15.6926	 0.072	 15.6932	 0.108	
IRMM-014	
DS	 15.6906	 0.385	 15.6904	 -0.011	 15.6907	 0.011	 15.6909	 0.023	 15.6913	 0.046	 15.6916	 0.069	 15.6922	 0.103	
IRMM-014	
DS	 15.6908	 0.310	 15.6907	 -0.011	 15.6910	 0.011	 15.6912	 0.021	 15.6915	 0.043	 15.6918	 0.064	 15.6923	 0.096	
IRMM-014	
DS	 15.6917	 0.207	 15.6915	 -0.013	 15.6918	 0.008	 15.6920	 0.021	 15.6924	 0.046	 15.6928	 0.071	 15.6934	 0.108	
IRMM-014	
DS	 15.6916	 0.284	 15.6915	 -0.009	 15.6917	 0.008	 15.6919	 0.017	 15.6921	 0.034	 15.6924	 0.054	 15.6928	 0.080	

Alfa	Fe	DS	 15.6990	 0.240	 15.6988	 -0.007	 15.6991	 0.007	 15.6992	 0.014	 15.6994	 0.031	 15.6997	 0.045	 15.7000	 0.066	
IRMM-014	
DS	 15.6947	 0.258	 15.6946	 -0.009	 15.6949	 0.008	 15.6950	 0.017	 15.6953	 0.035	 15.6956	 0.053	 15.6960	 0.080	
IRMM-014	
DS	 15.6938	 0.252	 15.6936	 -0.009	 15.6939	 0.009	 15.6941	 0.018	 15.6943	 0.036	 15.6947	 0.057	 15.6951	 0.083	
IRMM-014	
DS	 15.6934	 0.248	 15.6933	 -0.009	 15.6935	 0.008	 15.6937	 0.017	 15.6939	 0.034	 15.6942	 0.052	 15.6946	 0.078	

Alfa	Fe	DS	 15.7012	 0.258	 15.7011	 -0.008	 15.7013	 0.008	 15.7014	 0.016	 15.7017	 0.032	 15.7020	 0.048	 15.7023	 0.073	

Alfa	Fe	DS	 15.7009	 0.239	 15.7008	 -0.008	 15.7010	 0.008	 15.7011	 0.015	 15.7014	 0.031	 15.7016	 0.046	 15.7020	 0.070	

OL-2	 15.6936	 0.138	 15.6936	 -0.004	 15.6937	 0.004	 15.6938	 0.009	 15.6939	 0.018	 15.6941	 0.027	 15.6943	 0.041	
IRMM-014	
DS	 15.6931	 0.229	 15.6929	 -0.009	 15.6932	 0.009	 15.6934	 0.018	 15.6936	 0.036	 15.6939	 0.054	 15.6943	 0.080	

OL-3**	 15.6939	 0.149	 15.6939	 -0.005	 15.6940	 0.006	 15.6941	 0.011	 15.6943	 0.022	 15.6944	 0.032	 15.6947	 0.048	

B-OL	 15.6926	 0.150	 15.6925	 -0.005	 15.6927	 0.006	 15.6928	 0.011	 15.6930	 0.022	 15.6931	 0.032	 15.6934	 0.048	
IRMM-014	
DS	 15.6927	 0.230	 15.6925	 -0.010	 15.6928	 0.009	 15.6929	 0.018	 15.6932	 0.037	 15.6935	 0.055	 15.6940	 0.083	

Alfa	Fe	DS	 15.7005	 0.245	 15.7003	 -0.009	 15.7006	 0.008	 15.7007	 0.017	 15.7010	 0.032	 15.7012	 0.049	 15.7016	 0.076	
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Supplemental	Table	S.2.4	(continued)	

Name	

56Fe/54Fe	
(1x	52Cr)	 52Cr	(mV)	

No	Cr	
correction	 Δ56FenoCr	

56Fe/54Fe	
(2x	52Cr)	 Δ56Fe2xCr	

56Fe/54Fe	
(3x	52Cr)	 Δ56Fe3xCr	

56Fe/54Fe	
(5x	52Cr)	 Δ56Fe5xCr	

56Fe/54Fe	
(7x	52Cr)	 Δ56Fe7xCr	

56Fe/54Fe	
(10x	52Cr)	 Δ56Fe10xCr	

B-OL	 15.6932	 0.127	 15.6932	 -0.002	 15.6933	 0.005	 15.6934	 0.010	 15.6935	 0.020	 15.6937	 0.033	 15.6940	 0.048	
IRMM-014	
DS	 15.6929	 0.245	 15.6928	 -0.010	 15.6931	 0.009	 15.6932	 0.018	 15.6935	 0.037	 15.6938	 0.055	 15.6942	 0.083	
IRMM-014	
DS	 15.6917	 0.239	 15.6916	 -0.009	 15.6918	 0.009	 15.6920	 0.018	 15.6923	 0.036	 15.6926	 0.058	 15.6930	 0.085	
IRMM-014	
DS	 15.6914	 0.216	 15.6912	 -0.008	 15.6915	 0.008	 15.6916	 0.017	 15.6919	 0.037	 15.6922	 0.057	 15.6926	 0.082	
IRMM-014	
DS	 15.6916	 0.233	 15.6915	 -0.008	 15.6917	 0.008	 15.6918	 0.015	 15.6921	 0.031	 15.6923	 0.047	 15.6927	 0.070	

Alfa	Fe	DS	 15.6982	 0.196	 15.6981	 -0.008	 15.6984	 0.008	 15.6985	 0.017	 15.6988	 0.033	 15.6990	 0.050	 15.6994	 0.075	

Alfa	Fe	DS	 15.6989	 0.201	 15.6988	 -0.008	 15.6991	 0.008	 15.6992	 0.016	 15.6994	 0.031	 15.6997	 0.047	 15.7000	 0.071	
IRMM-014	
DS	 15.6905	 0.195	 15.6903	 -0.011	 15.6905	 0.005	 15.6907	 0.013	 15.6909	 0.029	 15.6912	 0.046	 15.6916	 0.070	

Alfa	Fe	DS	 15.6976	 0.173	 15.6975	 -0.008	 15.6978	 0.008	 15.6979	 0.016	 15.6981	 0.032	 15.6984	 0.047	 15.6988	 0.071	

Alfa	Fe	DS	 15.6980	 0.179	 15.6979	 -0.008	 15.6982	 0.008	 15.6983	 0.016	 15.6985	 0.032	 15.6988	 0.048	 15.6992	 0.071	
IRMM-014	
DS	 15.6906	 0.204	 15.6905	 -0.008	 15.6907	 0.008	 15.6909	 0.017	 15.6911	 0.033	 15.6914	 0.050	 15.6917	 0.071	
IRMM-014	
DS	 15.6907	 0.213	 15.6905	 -0.008	 15.6908	 0.009	 15.6909	 0.018	 15.6912	 0.036	 15.6915	 0.057	 15.6920	 0.083	
IRMM-014	
DS	 15.6900	 0.209	 15.6898	 -0.009	 15.6901	 0.008	 15.6902	 0.017	 15.6905	 0.031	 15.6907	 0.048	 15.6911	 0.075	
IRMM-014	
DS	 15.6902	 0.290	 15.6900	 -0.009	 15.6903	 0.009	 15.6904	 0.017	 15.6907	 0.035	 15.6910	 0.053	 15.6914	 0.079	

Alfa	Fe	DS	 15.6969	 0.255	 15.6968	 -0.009	 15.6970	 0.009	 15.6972	 0.018	 15.6975	 0.036	 15.6977	 0.054	 15.6982	 0.080	

Alfa	Fe	DS*	 15.6977	 0.242	 15.6975	 -0.010	 15.6978	 0.009	 15.6979	 0.018	 15.6982	 0.036	 15.6985	 0.054	 15.6989	 0.081	
IRMM-014	
DS	 15.6906	 0.258	 15.6905	 -0.010	 15.6907	 0.009	 15.6909	 0.018	 15.6912	 0.037	 15.6915	 0.055	 15.6919	 0.083	

Alfa	Fe	DS	 15.6977	 0.253	 15.6975	 -0.009	 15.6978	 0.009	 15.6979	 0.018	 15.6982	 0.036	 15.6985	 0.054	 15.6989	 0.080	
IRMM-014	
DS	 15.6899	 0.265	 15.6897	 -0.010	 15.6900	 0.009	 15.6902	 0.018	 15.6905	 0.037	 15.6907	 0.055	 15.6912	 0.083	
IRMM-014	
DS	 15.6890	 0.276	 15.6889	 -0.009	 15.6892	 0.010	 15.6893	 0.018	 15.6896	 0.037	 15.6899	 0.055	 15.6903	 0.083	

Alfa	Fe	DS	 15.6967	 0.238	 15.6966	 -0.010	 15.6969	 0.009	 15.6970	 0.018	 15.6973	 0.036	 15.6976	 0.054	 15.6980	 0.082	

Alfa	Fe	DS*	 15.6972	 0.250	 15.6970	 -0.010	 15.6973	 0.010	 15.6975	 0.019	 15.6978	 0.038	 15.6981	 0.057	 15.6985	 0.085	
IRMM-014	
DS	 15.6892	 0.294	 15.6891	 -0.010	 15.6894	 0.010	 15.6895	 0.019	 15.6898	 0.039	 15.6901	 0.058	 15.6906	 0.087	
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Supplemental	Table	S.2.4	(continued)	

Name	

56Fe/54Fe	
(1x	52Cr)	 52Cr	(mV)	

No	Cr	
correction	 Δ56FenoCr	

56Fe/54Fe	
(2x	52Cr)	 Δ56Fe2xCr	

56Fe/54Fe	
(3x	52Cr)	 Δ56Fe3xCr	

56Fe/54Fe	
(5x	52Cr)	 Δ56Fe5xCr	

56Fe/54Fe	
(7x	52Cr)	 Δ56Fe7xCr	

56Fe/54Fe	
(10x	52Cr)	 Δ56Fe10xCr	

IRMM-014	
DS	 15.6911	 0.271	 15.6910	 -0.010	 15.6913	 0.009	 15.6914	 0.018	 15.6917	 0.038	 15.6920	 0.056	 15.6925	 0.084	
IRMM-014	
DS	 15.6905	 0.255	 15.6904	 -0.009	 15.6907	 0.009	 15.6908	 0.018	 15.6911	 0.036	 15.6914	 0.054	 15.6918	 0.081	
IRMM-014	
DS	 15.6917	 0.290	 15.6915	 -0.010	 15.6918	 0.010	 15.6920	 0.018	 15.6923	 0.038	 15.6926	 0.057	 15.6930	 0.085	
IRMM-014	
DS	 15.6907	 0.284	 15.6905	 -0.010	 15.6908	 0.010	 15.6910	 0.019	 15.6913	 0.039	 15.6916	 0.058	 15.6920	 0.087	

B-OL.1	 15.6916	 0.221	 15.6915	 -0.007	 15.6917	 0.006	 15.6918	 0.013	 15.6920	 0.025	 15.6922	 0.038	 15.6925	 0.055	

B-OPX	 15.6907	 0.668	 15.6904	 -0.021	 15.6910	 0.022	 15.6914	 0.043	 15.6920	 0.085	 15.6927	 0.128	 15.6937	 0.192	

SAV09-15	 15.6915	 0.297	 15.6914	 -0.009	 15.6917	 0.009	 15.6918	 0.018	 15.6921	 0.036	 15.6924	 0.054	 15.6928	 0.082	
IRMM-014	
DS	 15.6908	 0.303	 15.6907	 -0.010	 15.6910	 0.010	 15.6911	 0.020	 15.6915	 0.040	 15.6918	 0.059	 15.6922	 0.088	
SAV09-
15.1	 15.6901	 0.205	 15.6899	 -0.007	 15.6902	 0.008	 15.6903	 0.015	 15.6906	 0.033	 15.6908	 0.048	 15.6912	 0.071	

B-OPX.1.2	 15.6902	 0.757	 15.6897	 -0.029	 15.6906	 0.029	 15.6911	 0.057	 15.6920	 0.114	 15.6929	 0.171	 15.6942	 0.257	
SAV09-
15NI	 15.6901	 0.191	 15.6900	 -0.007	 15.6902	 0.008	 15.6903	 0.015	 15.6905	 0.029	 15.6908	 0.043	 15.6910	 0.062	
IRMM-014	
DS	 15.6889	 0.267	 15.6888	 -0.010	 15.6891	 0.010	 15.6892	 0.020	 15.6896	 0.041	 15.6899	 0.061	 15.6904	 0.091	
SAV09-
15.3	 15.6899	 0.251	 15.6898	 -0.008	 15.6901	 0.008	 15.6902	 0.017	 15.6905	 0.034	 15.6907	 0.051	 15.6911	 0.077	

B-OL.3	 15.6893	 0.258	 15.6892	 -0.008	 15.6894	 0.008	 15.6896	 0.017	 15.6898	 0.033	 15.6900	 0.045	 15.6905	 0.073	
SAV09-
15.4*	 15.6893	 0.312	 15.6891	 -0.010	 15.6894	 0.009	 15.6895	 0.018	 15.6898	 0.036	 15.6901	 0.054	 15.6905	 0.082	
IRMM-014	
DS	 15.6885	 0.332	 15.6884	 -0.011	 15.6887	 0.011	 15.6889	 0.022	 15.6892	 0.043	 15.6896	 0.064	 15.6901	 0.097	

B-CPX*	 15.6899	 1.702	 15.6891	 -0.052	 15.6907	 0.053	 15.6915	 0.106	 15.6932	 0.211	 15.6948	 0.316	 15.6973	 0.474	
SAV09-
15.2	 15.6892	 0.309	 15.6890	 -0.010	 15.6893	 0.010	 15.6895	 0.020	 15.6898	 0.039	 15.6901	 0.059	 15.6906	 0.087	
IRMM-014	
DS	 15.6884	 0.343	 15.6882	 -0.011	 15.6886	 0.011	 15.6888	 0.022	 15.6891	 0.045	 15.6895	 0.067	 15.6900	 0.101	
IRMM-014	
DS	 15.6908	 0.288	 15.6907	 -0.010	 15.6910	 0.010	 15.6911	 0.019	 15.6914	 0.038	 15.6917	 0.057	 15.6922	 0.086	
IRMM-014	
DS	 15.6905	 0.278	 15.6903	 -0.010	 15.6906	 0.010	 15.6908	 0.018	 15.6910	 0.034	 15.6913	 0.050	 15.6917	 0.078	
IRMM-014	
DS	 15.6897	 0.280	 15.6895	 -0.010	 15.6898	 0.010	 15.6900	 0.020	 15.6903	 0.039	 15.6905	 0.055	 15.6910	 0.084	
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Supplemental	Table	S.2.4	(continued)	

Name	

56Fe/54Fe	
(1x	52Cr)	 52Cr	(mV)	

No	Cr	
correction	 Δ56FenoCr	

56Fe/54Fe	
(2x	52Cr)	 Δ56Fe2xCr	

56Fe/54Fe	
(3x	52Cr)	 Δ56Fe3xCr	

56Fe/54Fe	
(5x	52Cr)	 Δ56Fe5xCr	

56Fe/54Fe	
(7x	52Cr)	 Δ56Fe7xCr	

56Fe/54Fe	
(10x	52Cr)	 Δ56Fe10xCr	

B-CPX*	 15.6896	 1.536	 15.6887	 -0.053	 15.6904	 0.054	 15.6912	 0.106	 15.6929	 0.214	 15.6946	 0.320	 15.6971	 0.480	

B-OPX.1.2*	 15.6898	 0.994	 15.6893	 -0.027	 15.6902	 0.026	 15.6906	 0.053	 15.6914	 0.105	 15.6922	 0.158	 15.6935	 0.237	
IRMM-014	
DS	 15.6892	 0.317	 15.6891	 -0.010	 15.6894	 0.010	 15.6895	 0.020	 15.6899	 0.040	 15.6902	 0.060	 15.6906	 0.090	

BCR-2*	 15.6895	 0.243	 15.6894	 -0.008	 15.6896	 0.007	 15.6898	 0.015	 15.6900	 0.029	 15.6902	 0.045	 15.6906	 0.067	
SAV09-
15.1OPX	 15.6903	 0.264	 15.6902	 -0.008	 15.6904	 0.008	 15.6905	 0.015	 15.6908	 0.031	 15.6910	 0.046	 15.6914	 0.069	
SAV09-
15.1*	 15.6890	 0.214	 15.6900	 -0.006	 15.6891	 0.006	 15.6892	 0.013	 15.6894	 0.025	 15.6896	 0.038	 15.6899	 0.056	
IRMM-014	
DS	 15.6891	 0.278	 15.6889	 -0.010	 15.6892	 0.010	 15.6894	 0.020	 15.6897	 0.040	 15.6900	 0.059	 15.6905	 0.089	
SAV09-
15NI*	 15.6880	 0.204	 15.6879	 -0.006	 15.6881	 0.007	 15.6882	 0.014	 15.6885	 0.028	 15.6887	 0.042	 15.6890	 0.062	

Alfa	Fe	DS	 15.6961	 0.518	 15.6958	 -0.017	 15.6964	 0.017	 15.6966	 0.034	 15.6972	 0.068	 15.6977	 0.103	 15.6985	 0.154	
IRMM-014	
DS	 15.6887	 0.325	 15.6885	 -0.013	 15.6889	 0.010	 15.6890	 0.020	 15.6893	 0.040	 15.6896	 0.061	 15.6901	 0.091	
IRMM-014	
DS	 15.6892	 0.424	 15.6890	 -0.014	 15.6894	 0.013	 15.6896	 0.027	 15.6900	 0.054	 15.6905	 0.080	 15.6911	 0.120	
IRMM-014	
DS	 15.6891	 0.451	 15.6889	 -0.013	 15.6893	 0.013	 15.6895	 0.027	 15.6899	 0.054	 15.6904	 0.080	 15.6910	 0.120	
IRMM-014	
DS	 15.6905	 0.456	 15.6903	 -0.013	 15.6908	 0.013	 15.6910	 0.027	 15.6914	 0.054	 15.6918	 0.081	 15.6924	 0.121	

KH-26*	 15.6923	 0.264	 15.6922	 -0.008	 15.6925	 0.008	 15.6926	 0.017	 15.6928	 0.033	 15.6931	 0.050	 15.6935	 0.074	

KH-60B*	 15.6929	 0.227	 15.6928	 -0.006	 15.6930	 0.006	 15.6931	 0.013	 15.6933	 0.025	 15.6934	 0.038	 15.6937	 0.057	

BCR-2	 15.6918	 0.311	 15.6917	 -0.010	 15.6920	 0.010	 15.6922	 0.020	 15.6925	 0.039	 15.6928	 0.058	 15.6932	 0.087	
IRMM-014	
DS	 15.6898	 0.422	 15.6896	 -0.013	 15.6901	 0.013	 15.6903	 0.027	 15.6907	 0.054	 15.6911	 0.080	 15.6917	 0.120	
SAV09-
15OPX*	 15.6907	 0.325	 15.6905	 -0.010	 15.6909	 0.010	 15.6910	 0.020	 15.6914	 0.041	 15.6917	 0.062	 15.6922	 0.092	

B-OPX.3	 15.6912	 0.267	 15.6911	 -0.008	 15.6914	 0.008	 15.6915	 0.015	 15.6917	 0.031	 15.6920	 0.047	 15.6923	 0.069	

Alfa	Fe	DS	 15.6977	 0.597	 15.6975	 -0.017	 15.6980	 0.017	 15.6983	 0.034	 15.6988	 0.069	 15.6994	 0.103	 15.7002	 0.155	
IRMM-014	
DS	 15.6911	 0.370	 15.6909	 -0.012	 15.6913	 0.012	 15.6914	 0.024	 15.6918	 0.047	 15.6922	 0.071	 15.6927	 0.106	
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Supplemental	Table	S.2.5.	Blocks	1	and	2	D2	(squared	Mahalanobis	distances)	values	and	peak	center	offsets	(η)	for	
the	secondary	standards	and	samples	

Sample	Name	 Type	
ηFe	
block	1	

ηNi	
block	1	

ηCr	
block	1	 Block	1	D2	

ηFe	
block	2		

ηNi	
block	2		

ηCr	
block	2		 Block	2	D2	

Alfa	Fe	DSa	 Standard	 -10.73	 -11.46	 -18.07	 3.08	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 0.00	 13.09	 4.75	 3.76	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 -10.73	 4.09	 5.70	 18.09b	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 3.58	 0.82	 3.80	 0.13	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 0.00	 -8.19	 -1.90	 0.94	 -7.16	 -16.38	 -17.12	 5.23	
Alfa	Fe	DS	 Standard	 -1.79	 2.87	 -5.23	 0.91	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 -7.16	 -10.65	 -78.98	 217.93c	 6.26	 -13.11	 -15.23	 24.16c	
Alfa	Fe	DS	 Standard	 1.19	 1.64	 -1.90	 0.36	 -0.60	 -1.09	 -2.54	 0.26	
Alfa	Fe	DS	 Standard	 -3.58	 -6.55	 2.54	 2.48	 0.00	 3.28	 0.00	 0.35	
Alfa	Fe	DS	 Standard	 0.00	 3.28	 3.17	 0.99	 5.37	 11.47	 -1.90	 2.31	
Alfa	Fe	DS	 Standard	 6.56	 -2.18	 10.78	 1.87	 3.58	 8.74	 4.44	 0.45	
Alfa	Fe	DS	 Standard	 11.33	 3.82	 13.96	 1.34	 14.31	 9.28	 6.98	 3.02	
Alfa	Fe	DS	 Standard	 7.16	 -12.02	 5.07	 4.71b		 -2.98	 -23.50	 1.90	 6.17b		
Alfa	Fe	DS	 Standard	 1.79	 8.75	 0.63	 0.71	 20.87	 -19.13	 -3.81	 49.71b	

Alfa	Fe	DS	 Standard	 7.16	 8.20	 43.76	 59.32c	 --	 --	 --	 --	
Alfa	Fe	DS	 Standard	 9.54	 -1.09	 6.98	 1.82	 1.19	 3.83	 -2.54	 0.60	
Alfa	Fe	DS	 Standard	 -5.96	 37.17	 -142.06	 802.30b		 -6.56	 -7.11	 -3.17	 1.52	
Alfa	Fe	DS	 Standard	 19.08	 19.10	 18.39	 0.95	 4.77	 9.82	 3.80	 0.31	
Alfa	Fe	DS	 Standard	 17.89	 20.47	 17.60	 0.76	 5.81	 18.42	 15.69	 6.72c	
OL-2	 KHol	 -1.79	 -7.78	 -8.09	 1.99	 -9.39	 -15.56	 -7.61	 1.65	
OL-3	 KHol	 84.68	 -4.37	 -10.78	 566.60b		 -1.19	 -8.19	 -9.52	 3.28	
B-OL	 KHol	 -9.54	 -8.74	 -15.86	 2.44	 -16.70	 -19.66	 -19.03	 2.54	
aBracketing	peak	center	mass	has	been	estimated	based	on	a	stable	drift	throughout	analysis	day.	
bOutliers	in	Fe-Ni	space.	
cOutliers	along	the	Cr	axis	only;	measurement	is	not	removed	from	average.	
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Supplemental	Table	S.2.5	(continued)	
Sample	
Name	 Type	

Fe	block	
1	offsets	

Ni	block	
1	offsets	

Cr	block	
1	offsets	 Block	1	D2	

Fe	block	
2	offsets	

Ni	block	
2	offsets	

Cr	block	
2	offsets	 Block	2	D2	

B-OL	 KHol	 -4.77	 1.64	 -236.00	 2284.34c	 9.54	 9.28	 4.44	 1.03	
B-OL.1	 KHol	 9.39	 21.68	 3.33	 2.97	 16.09	 14.32	 18.06	 0.87	
B-OL.3	 KHol	 2.68	 4.09	 4.75	 0.39	 7.15	 7.36	 8.56	 0.17	
B-OPX	 KHopx	 20.56	 28.63	 16.16	 2.30	 32.18	 35.18	 36.13	 4.13	
B-OPX.1.2	 KHopx	 -7.15	 -15.54	 -1.90	 2.93	 3.58	 3.27	 0.00	 0.41	
B-OPX.1.2	 KHopx	 -62.00	 -40.92	 -52.62	 39.02b		 -56.04	 -106.94	 -54.53	 42.05b		
B-OPX.3	 KHopx	 19.68	 16.37	 10.46	 4.88c	 8.05	 5.73	 -0.95	 3.29	
B-CPX	 KHcpx	 --	 --	 --	 --	 -11.32	 4.91	 -8.24	 6.15b		
B-CPX	 KHpx	 -41.73	 -22.92	 -34.87	 21.66b		 -24.44	 -42.01	 -32.97	 9.29b		
KH-26	 KHcpx	 29.97	 53.64	 23.79	 9.53b		 31.31	 35.62	 24.74	 5.21c	
KH-60B	 KHcpx	 20.58	 30.30	 22.83	 2.13	 34.00	 41.76	 38.06	 4.90b		
SAV09-15	 SAVol	 31.73	 29.04	 38.50	 5.64c	 26.82	 28.22	 33.27	 4.03	
SAV09-15.1	 SAVol	 -7.15	 -15.13	 -8.56	 1.35	 -8.94	 -9.00	 -10.46	 1.09	
SAV09-15.1	 SAVol	 -8.94	 13.50	 -2.85	 10.32b		 -15.65	 -27.83	 -15.69	 3.42	
SAV09-15NI	 SAVol	 0.00	 -7.77	 2.85	 1.28	 -5.36	 -5.73	 -2.85	 1.08	
SAV09-15NI	 SAVol	 45.31	 44.74	 44.38	 8.27b		 45.31	 40.92	 45.65	 8.84b		
SAV09-15.2	 SAVol	 -0.60	 9.27	 -9.51	 4.27	 2.38	 -4.91	 8.24	 2.37	
SAV09-15.3	 SAVol	 -9.39	 -12.68	 -8.08	 1.35	 0.00	 -0.41	 0.48	 0.21	
SAV09-15.4	 SAVol	 5.81	 33.95	 15.69	 14.48b		 0.00	 0.41	 9.03	 4.24	
SAV09-15OPX	 SAVopx	 1.79	 20.47	 1.43	 4.39	 6.71	 7.78	 9.04	 0.36	
SAV09-
15.1OPX	 SAVopx	 7.15	 7.37	 3.80	 0.36	 -9.84	 -21.28	 -10.46	 2.32	
BCR-2	 USGS	Ref.	 17.89	 50.33	 21.87	 13.10b		 17.44	 -6.55	 25.20	 10.90b		
BCR-2	 USGS	Ref.	 9.39	 23.33	 10.46	 2.34	 20.57	 33.16	 17.12	 2.89	
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Supplemental	Table	S.2.6.	Iron	isotopic	data	without	double	spike	
correction.	

Name	 Type	 δ56Fe	
block	1	
δ56Fe	

block	2	
δ56Fe	

Alfa	Fe	DS	 Standard	 0.070	 	 	
Alfa	Fe	DS	 Standard	 0.060	 	 	
Alfa	Fe	DSa	 Standard	 0.029	 	 	
Alfa	Fe	DS	 Standard	 0.027	 	 	
Alfa	Fe	DS	 Standard	 0.057	 	 	
Alfa	Fe	DS	 Standard	 0.079	 	 	
Alfa	Fe	DS	 Standard	 0.065	 	 	
Alfa	Fe	DS	 Standard	 0.070	 	 	
Alfa	Fe	DS	 Standard	 0.027	 	 	
Alfa	Fe	DS	 Standard	 0.098	 	 	
Alfa	Fe	DS	 Standard	 0.035	 	 	
Alfa	Fe	DS	 Standard	 0.057	 	 	
Alfa	Fe	DSa	 Standard	 0.011	 	 	
Alfa	Fe	DSb	 Standard	 0.049	 0.034	 	
Alfa	Fe	DS	 Standard	 0.093	 	 	
Alfa	Fe	DS	 Standard	 0.080	 	 	
Alfa	Fe	DSb	 Standard	 0.101	 	 0.095	
Alfa	Fe	DS	 Standard	 0.040	 	 	
Alfa	Fe	DS	 Standard	 0.023	 	 	
	 	 	 	 	

	 	 All	analyses	
Outliers	
removed	 	

Average	Alfa	 0.056	 0.059	 	
2σ	 	 0.054	 0.050	 	
aEntire	measurement	was	identified	as	an	outlier	and	discarded	
bOne	block	identified	as	an	outlier	and	discarded.	For	these	
measurements,	the	non-outlying	block	δ56Fe	value	is	listed.	
	
	 	 0	
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	 	 1	

	
Supplemental	Figure	S.2.1.	Additional	projections	of	the	outlier	detection	ellipsoid	showing	variation	along	
the	Cr	axis.	
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	 2	
Supplemental	Figure	S.2.2.	Q-Q	plot	of	dataset	Mahalanobis	distances	(given	in	Table	S.6)	 3	
showing	the	non-normal	distribution	of	the	data.	 4	
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SUPPLEMENTAL	METHODS	AND	DISCUSSION	FOR	“A	HAWAIIAN-EMPEROR	STYLE	
BEND	IN	THE	HEMISPHERICALLY-ZONED	RURUTU	HOTSPOT	REVEALED	BY	SR-PB-

ND-HF	ISOTOPES”	
	

V.A.	Finlayson,	J.G.	Konter,	K.	Konrad,	A.A.P.	Koppers,	M.G.	Jackson,	T.O.	Rooney	
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A.4.1.	Sample	preparation	

Initial	sample	processing	took	place	during	the	RR1310	cruise.	After	recovery	from	

the	dredge,	samples	were	cut	with	a	diamond-tipped	rock	saw,	cleaned	with	fresh	water,	

and	prepared	for	petrographic	descriptions	via	microscope.	Thin	section-sized	billets	were	

prepared	for	groundmass	major	element	estimates	by	portable	laser-induced	breakdown	

spectroscopy	(LIBS).	Using	a	combination	of	onboard	petrography	and	compositional	data,	

multiple	(where	possible)	representative	samples	from	each	dredge	were	selected	as	

candidates	for	geochemical	and	isotopic	analyses.	

From	onboard	sample	selections,	the	smaller	subset	of	samples	ultimately	

presented	in	this	study	was	later	selected	to	represent	bulk	dredge/seamount	behavior	

across	the	length	of	the	Tuvalu	chain	and	into	western	Samoa.	Selection	criteria	

emphasized	samples	with	the	least	alteration	and	secondary	mineralization	while	including	

as	many	unique	seamounts	as	possible	along	the	track	to	best	capture	and	define	the	

Rurutu	Bend	region	(Figures	4.1	and	4.7	in	main	text).	

Prior	to	geochemical	analyses,	samples	were	trimmed	with	a	diamond-tipped	saw	to	

remove	visibly	altered	rinds	and	secondary	mineralization	in	veins	and	fractures,	then	

crushed	in	a	ceramic	jaw	crusher	to	<1mm	pieces.	Prior	to	crushing	each	sample,	the	

ceramic	plates	were	precontaminated	with	the	alteration	rinds	trimmed	from	each	sample,	

and	then	the	plates	and	collection	tray	were	thoroughly	cleaned	with	metal-free	tools.	The	

sample	was	then	crushed	and	collected,	and	the	equipment	cleaned	again.	The	crushed	

sample	was	then	split,	with	one	fraction	reserved	for	compositional	analyses	and	the	other	

for	isotopic	analyses.	
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A.4.2.	Major	and	trace	element	chemistry	

Each	sample	was	picked	under	a	microscope	to	separate	phenocryst	phases	and	

secondary	mineralization	from	groundmass.	Although	groundmass	was	altered	by	

seawater	and,	for	some	samples,	subaerial	weathering	processes,	it	is	the	rock	fraction	that	

best	preserves	the	geochemical	profiles	of	the	melt	at	the	time	of	eruption.	Secondary	

minerals	were	removed	to	reduce	the	influence	of	open-system	and	alteration/weathering	

behavior	on	groundmass	composition.	Phenocryst	phases	such	as	clinopyroxene	were	also	

removed	as	completely	as	possible	to	reduce	the	chance	of	phenocryst	over-representation,	

skewing	the	major	element	geochemistry	toward	mineral	compositions.	

10-15	grams	of	sample	were	hand-picked,	then	hand-powdered	with	an	agate	

mortar	and	pestle.	These	powders	were	then	combined	with	lithium	tetraborate	at	

Michigan	State	University	in	a	low	dilution	flux	fusion	procedures	that	is	detailed	

elsewhere	(Rooney	et	al.,	2012).	One	sample	(D04-01D)	was	prepared	by	high-dilution	

fusion.	Major	element	analysis	of	the	flux-fused	discs	also	took	place	at	the	Michigan	State	

University	using	a	Bruker	S4	Pioneer	X-Ray	Fluorescence	(XRF).	Major	elements	were	used	

as	an	internal	standard	for	trace	element	analysis,	which	was	carried	out	on	the	same	flux	

fused	disks	analyzed	for	major	elements.	The	trace	element	analysis	was	carried	out	using	

a	Laser	Ablation	Inductively	Coupled	Plasma	Mass	Spectrometry	(LA-ICPMS)	system	

comprised	of	a	Photon	Machines	Analyte	G2	laser	coupled	to	a	Thermo	iCap-Q	ICPMS.		LA-

ICP-MS	methods	and	standards	used	for	calibration	are	described	in	Rooney	et	al.	(2015).	

Each	disk	was	analyzed	in	triplicate	with	drift	correction	being	applied	throughout	the	day.	

The	results	of	these	analyses	and	the	standards	run	as	unknowns	are	presented	in	the	

Supplemental	Tables	S.4.1	and	S.4.2.		
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The	majority	of	the	samples	in	this	study	are	alkalic	or	transitional	basalts	or	basalt	

differentiates,	and	three	are	tholeiitic	basalts	(Supplemental	Figure	S.4.2;	Supplemental	

Table	S.4.1).	All	three	RR1310	Group	2	samples	have	MgO	<	1.5%,	suggesting	the	parental	

magmas	underwent	more	differentiation	than	the	other	three	groups	(2.1-7.6	wt%;	

Supplemental	Figure	S.4.3).	Two	of	the	three	Group	2	samples	also	display	the	highest	SiO2	

contents	of	the	sample	set,	up	to	49.8	wt%.	The	third	Group	2	sample,	however,	has	SiO2	

indistinguishable	(43.9	wt%)	from	the	main	cluster	of	samples.	All	other	samples	have	

similar	compositions,	such	that	the	four	compositional	groups	described	in	Sections	5	and	6	

of	the	main	text	cannot	be	reliably	distinguished	based	on	major	element	composition	

alone.	

	

A.4.3.	Isotopic	separations	

The	Pb-Nd-Hf-Sr	isotope	analyses	were	performed	on	the	Nu	Plasma	HR	

multicollector	inductively	coupled	plasma	mass	spectrometer	(MC-ICPMS)	at	the	

University	of	Hawaiʻi	at	Mānoa	(UHM)	Department	of	Geology	and	Geophysics.	Sr	replicate	

analyses	were	performed	on	the	UHM	VG	Sector	thermal	ionization	mass	spectrometer	

(TIMS).	Elements	analyzed	for	isotopic	ratios,	particularly	Sr	and	Pb,	may	be	subject	to	

seawater	alteration	processes.	Splits	of	crushed	sample,	described	previously,	that	were	

reserved	for	isotopic	analysis	underwent	a	series	of	leaches	of	increasing	strength	to	

remove	any	secondary	isotopic	overprint	and	the	majority	of	any	secondary	isotopic	

overprinting	(modified	after	Koppers	et	al.,	2003).	This	leaching	approach	is	generally	

successful	at	removing	the	seawater	contribution	to	our	rocks,	reflected	by	the	

correspondence	of	isotopic	ratios	in	leached	whole	rocks	and	mineral	separates	(Konter	et	
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al.,	2008;	Koppers	et	al.,	2003).	However,	there	are	some	exceptions,	discussed	in	Section	4	

of	this	Supplemental	Methods	document	and	Section	6	of	the	main	text.	

Crushed	samples	are	leached	on	a	hot	plate	for	approximately	one	hour	in	2N	HCl,	

then	rinsed	three	times	in	18MΩ	H2O	to	stop	the	leach.	This	sequence	is	repeated	using	6N	

HCl,	then	once	more	with	4N	HNO3.	Samples	are	then	dried	under	a	heating	lamp.	Next,	

500-600	mg	cuts	of	crushed	and	leached	sample	underwent	a	final	overnight	leach,	lasting	

~16	hours,	in	1	mL	~6N	HCl	immediately	prior	to	dissolution	to	remove	any	altered	or	

secondary	material	that	the	first	leach	did	not	remove.	After	leaching	was	complete,	the	

samples	were	inspected	for	any	remaining	secondary	minerals.	If	present,	secondary	

minerals	were	picked	out	with	clean	metal-free	tools.	After	the	overnight	leach,	samples	

were	digested	in	a	mixture	of	concentrated	HF	and	8N	or	concentrated	HNO3	for	

approximately	one	week.	Once	completely	broken	down,	the	sample	set	underwent	a	series	

of	seven	separation	procedures	to	isolate	Sr,	Pb,	Nd,	and	Hf	for	analysis	(Supplemental	

Figure	S.4.10)	described	in	more	detail	below.	

Sr	and	Pb	primary	separations	were	performed	on	a	single	Sr-Spec	resin	column	

using	a	procedure	discussed	in	detail	by	(Konter	and	Storm,	2014).	The	remaining	bulk	

sample	was	retained	for	Nd	and	Hf	separation.	Secondary	column	separations	for	Sr	and	Pb	

separates	are	necessary	for	further	purification	and	removal	of	potential	interfering	

elements.	The	secondary	Sr	separation	procedure	was	identical	to	the	primary	separation,	

except	that	the	Pb	separation	step	was	not	included.	Sr	analyses	on	the	Nu	Plasma	were	

performed	in	wet	plasma	mode,	using	a	multidynamic	program	with	online	Kr	interference	

correction	was	used	to	collect	isotopic	data	and	the	reported	results	were	normalized	to	a	
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recommended	86Sr/88Sr	ratio	of	0.1194	(Konter	and	Storm,	2014).	Selected	Sr	samples	and	

processed	USGS	standards	were	replicated	via	VG	Sector	TIMS.	

The	secondary	Pb	separation	uses	100-200	mesh	AG1-X8	resin	(after	Hanan	and	

Schilling,	1989)	to	remove	any	matrix	still	remaining	after	the	primary	separation	

procedure.	Pb	was	analyzed	using	the	desolvating	nebulizer	(DSN),	monitoring	

fractionation	with	a	Tl	spike	(NIST	SRM	997;	205Tl/203Tl	=	2.3889)	and	standard-sample	

bracketing	against	reference	standard	NIST	SRM	981	(following	White	et	al.,	2000).	Pb	

blanks	ranged	from	37-78	pg.	

Nd	is	separated	from	the	matrix	wash	collected	from	the	first	(Sr	and	Pb)	column,	

following	Horwitz	et	al.	(1993),	Konter	and	Storm	(2014),	and	Pin	et	al.	(1997).	The	first	of	

two	steps	separates	REEs	from	the	matrix	on	Eichrom	TRU	resin.	To	reduce	Fe3+	to	Fe2+,	

ascorbic	acid	is	added	to	each	sample	prior	to	being	placed	on	the	column,	preventing	

overloading	of	the	TRU	resin.	The	REE	cut	is	placed	on	an	Eichrom	LN	resin	bed	for	

chromatographic	REE	separation,	from	which	Nd	was	collected.	Nd	analysis	on	the	Nu	

Plasma	used	a	multidynamic	program	with	online	REE	interference	correction	and	

exponential	mass	bias-correction	to	an	assumed	146Nd/144Nd	ratio	of	0.7219.	Sample	

analyses	were	standard-sample	bracketed	with	runs	of	Nd	standard	JNdi-1	analyzed	every	

2-3	sample	analyses.	Several	analyses	of	the	La	Jolla	Nd	standard	averaged	0.511865	±	6e-6	

(2σ),	but	all	analyses	were	normalized	to	La	Jolla	143Nd/144Nd	=	0.511859.	Nd	blanks	

ranged	from	26-121	pg.	

Hafnium	was	separated	from	the	matrix	left	over	from	Sr,	Pb,	and	Nd	separations	

following	a	technique	modified	from	(Connelly	et	al.,	2006).	First,	the	remaining	sample	

was	loaded	on	13	mL	AG50-x8	(100-200	mesh)	in	a	mixture	of	0.5M	HCl/0.15M	HF,	and	
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subsequently	the	HFSE	are	eluted	in	15	mL	of	0.5M	HCl/0.15M	HF.	This	cut	is	dried	down	

and	redissolved	in	3.5M	HNO3/0.06M	H3BO3.	A	cleanup	procedure	using	Eichrom	DGA	

resin	(normal,	50-100	μm)	separates	Hf	from	Ti.	The	sample	was	loaded	on	the	column	in	

3.5M	HNO3	and	Ti	was	washed	off	in	13.125	mL	3.5M	HNO3,	then	Hf	was	eluted	in	22	mL	

1M	HNO3/0.35M	HF.	The	Hf	cut	was	then	dried	down	and	prepared	for	analysis.	Hf	blanks	

ranged	from	50-87	pg.	

176Hf/177Hf	was	run	with	a	static	analytical	program	using	an	internal	correction	to	a	

179Hf/177Hf	ratio	of	0.7325.	Ratios	were	drift-corrected	by	standard-sample	bracketing	

against	in-house	standard	“Alfa	Hf”	prepared	from	an	Alfa	Aesar	Hf	concentration	standard	

(10000	ppm,	lot	no.	02-12722F).	In	addition,	Hf	standard	JMC	475	averaged	0.282160	±3e-

6	(2σ,	n=3),	after	all	values	were	normalized	to	JMC	475	176Hf/177Hf		=	0.282160.	

	

A.4.4.	Leaching	experiment	results	and	probable	contamination	of	HIMU	melts	by	

hydrothermally	altered	lower	oceanic	crust	

A	stepwise	leaching	experiment	performed	on	replicates	of	D05-08	and	D20-15	

provided	insight	into	the	influence	of	secondary	mineralization	(Supplemental	Table	S.4.5).	

The	replicate	sample	fractions	were	subjected	to	the	final	16	hour	leach	in	a	series	of	four	

hour-long	increments,	plus	a	~12	hour	step	to	bring	the	total	time	spent	in	leach	to	~16	

hours,	best	replicating	conditions	of	the	main	sample	set..	After	each	step,	the	leachate	

fraction	was	collected	in	a	separate	clean	beaker,	except	for	the	final	12	hour	leach	step,	

which	was	not	expected	to	contain	significant	amounts	of	Pb	and	was	discarded.	1	mL	fresh	

~6N	HCl	was	added	to	the	sample	to	continue	the	leach	process	during	each	step.	After	~16	
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hours	of	total	leach	time,	the	leach	was	stopped	and	the	samples	were	processed	for	Pb	

isotopes	using	the	described	separation	procedures.	

The	earliest	D20-15	leach	step	yielded	a	composition	most	similar	to	the	rock	

composition.	Later	leachates	bear	progressively	lighter	compositions,	suggesting	the	

composition	of	the	secondary	phase	–	probably	marine	phosphate	–	exerted	a	significant	

control	on	the	Pb	composition	of	the	rock	itself.	The	isotopically	lighter	secondary	phases	

that	dissolved	in	the	later	steps,	however,	do	not	appear	to	have	heavily	influenced	the	Pb	

signature	remaining	in	the	rock.	

In	contrast,	the	stepwise	D05-08	leaches	showed	a	substantial	difference	between	

Pb	isotope	compositions	of	the	secondary	minerals	removed	by	the	leach	versus	the	

composition	of	the	rock	residue.	The	first	leachate	step	removed	the	largest	Pb	fraction,	

yielding	the	lowest	Pb	ratios	and	subsequent	leachates	drifted	higher,	as	magmatic	Pb	

comprised	an	increasingly	larger	fraction	of	the	leachate	signature.		

The	difference	in	degree	of	leaching	between	a	stepwise	approach	and	the	single-

step	approach	used	for	the	main	sample	set	becomes	obvious	with	the	D05-08	replicate.	

Our	stepwise	leaching	ultimately	removed	more	Pb	than	16	hours	of	single-step	leaching	

due	to	the	repeated	addition	of	fresh	HCl.	In	this	case,	the	extreme	difference	in	ratio	

between	secondary	alteration	signatures	and	primary	(presumably	magmatic)	signature	in	

the	rock	makes	sample	replication	challenging	and	the	leaching	experiment	produces	a	far	

higher	set	of	Pb	ratios	than	the	D05-08	replicates	leached	using	the	standard	approach.	

This	agrees	with	similar	observations	in	OIB	samples	reported	by	Hanano	et	al.	(2009)	and	

Silva	et	al.	(2009),	which	were	also	attributed	to	incomplete	removal	of	secondary	phases	

by	leaching.	
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The	208Pb/204Pb	ratio	provided	in	Supplemental	Table	S.6	is	the	most	extreme	

thorogenic	Pb	ratio	ever	obtained	in	a	terrestrial	igneous	sample,	but	probably	is	not	

directly	representative	of	plume	material.	The	Th/U	initial	ratio	required	to	produce	the	

observed	208Pb/204Pb	vs.	206Pb/204Pb	is	far	higher	than	any	Bulk	Earth	estimates	(e.g.	

Chauvel	et	al.,	1992	and	references	therein)	and	many	common	processes	capable	of	

fractionating	Th/U	(subduction,	shallow	hydrothermal	alteration,	and	differentiation	of	

various	Earth	reservoirs)	tend	to	lower	the	Th/U	ratio	of	a	potential	source	(e.g.	Alt,	1995;	

Bach	et	al.,	2003;	Hanyu	et	al.,	2014;	Staudigel	et	al.,	1996).		

However,	a	possible	explanation	for	this	behavior	exists	in	assimilation	of	

hydrothermally	altered	gabbros	from	lower	oceanic	crust	into	ascending	Rurutu	magmas.	

At	higher	P-T	conditions,	hydrothermal	alteration	systems	are	thought	to	deplete	Pb	from	

the	crust,	similar	to	the	depletion	found	in	the	shallower	parts	of	a	hydrothermal	system.	

Unlike	shallower	alteration	processes,	though,	hydrothermal	alteration	processes	at	depth	

do	not	appear	to	remobilize	seawater	U	into	the	crust,	producing	Th/U	ratios	as	high	as	

~20	(e.g.	Hart	et	al.,	1999).		

Indeed,	measured	(unleached)	groundmass	data	suggest	melt	Th/U	was	as	high	as	

~8	in	some	of	our	samples	(compared	to	Bulk	Earth	estimated	at	4.2-4.3;	e.g.	Allègre	et	al.,	

1986;	Liew	and	Hofmann,	1990).	These	ratios	cannot	be	produced	from	post-eruptive	

alteration	of	the	U-Th-Pb	systematics,	as	addition	of	secondary	phases,	such	as	discussed	

for	the	Group	2	rocks,	will	decrease	Th/U.	Epidosite	is	a	common	secondary	rock	type	

produced	from	the	hydrothermal	alteration	of	plagioclase-rich	gabbros.	Allanite,	a	Th-rich	

epidote	group	mineral,	may	concentrate	in	enough	quantity	in	epidosite	zones	or	veins	in	
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these	altered,	lower	crustal	gabbros	to	increase	the	Th/U	signature	of	the	magma	

generating	a	given	seamount.		

This	would	also	explain	the	larger	degree	of	scatter	in	208Pb/204Pb	vs.	206Pb/204Pb	of	

the	Rurutu	data	compared	to	the	data	from	the	net	younger	Macdonald	seamounts.	The	

general	Rurutu	208Pb/204Pb	vs.	206Pb/204Pb	systematics	generally	indicate	Rurutu	Pb	is	

more	thorogenic	than	in	the	relatively	young	Mangaia	and	Tubuai	samples	that	define	the	

HIMU	endmember.	Most	likely,	this	is	probably	a	function	of	age.	Older	(40-60	Ma)	

seamounts	comprising	the	Tokelau	chain	(linked	to	the	Macdonald	hotspot)	also	exhibit	

more	thorogenic	Pb	signatures	than	expected	for	HIMU.	This	probably	reflects	a	similar	

assimilation	of	altered,	thorium-rich	crustal	gabbro	that	is	reflected	to	varying	degree	by	

the	greater	Rurutu	hotspot	dataset,	which	is	not	yet	seen	in	the	young	Cook-Austral	

volcanoes	because	of	the	slow	ingrowth	of	208Pb.	

	

A.4.5.	Plotting	background	isotopic	data	

Isotopic	results	are	plotted	with	background	data	sourced	from	GEOROC	and	PetDB	

precompiled	datasets	for	various	OIBs,	LIPs,	and	Pacific	MORB	that	represent	a	range	of	

isotopic	compositions	and	mantle	endmembers.	The	Nd-Hf	reference	line	is	from	Vervoort	

and	Blichert-Toft	(1999).	Endmember	compositions	were	sourced	from	multiple	

publications.	HIMU	(Mangaia	Suite):	Nebel	et	al.	(2013)	and	Woodhead	(1996);	EM2	

(dredge	D115-18	data):	Jackson	et	al.	(2007)	and	Salters	et	al.	(2011);	EM1:	Eisele	et	al.	

(2002);	MORB	Chauvel	and	Blichert-Toft	(2001);	FOZO:	Hart	et	al.	(1992)	and	Hauri	and	

Hart	(1994),	C:	(Hanan	et	al.,	2000;	Hanan	and	Graham,	1996).	No	176Hf/177Hf	estimate	

exists	for	FOZO	and	the	composition	is	not	plotted	on	Hf	axes.	Background	data	used	in	
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isotopic	plots	was	sourced	from	the	GEOROC	and	PetDB	online	databases,	and	additional	

Young	Rurutu	trend	Nd-Hf	isotopic	was	sourced	from	Salters	et	al.	(2011).		

To	objectively	present	background	data	in	isotopic	figures	instead	of	arbitrary	hand-

drawn	fields,	we	used	MATLAB	to	produce	two-dimensional	kernel	density	estimates	(2D	

KDE)	of	each	dataset,	which	are	then	used	to	generate	the	fields.	The	2D	KDE	matrix	

characterizes	the	probability	density	function	of	a	dataset,	which	we	then	treat	as	a	three-

dimensional	density	“surface”	in	order	to	consider	the	volume.	The	volume	under	the	

surface,	acting	as	a	proxy	for	confidence	level,	can	be	used	to	generate	a	contour	that	

represents	a	95%	confidence	level	by	contouring	around	the	upper	95%	of	the	volume	of	

the	KDE	matrix.	The	resulting	distribution	after	filtering	leaves	KDE	matrices	for	each	of	

the	datasets	close	to	a	lognormal	distribution.	Multimodal	datasets	(from	sampling	bias	or	

natural	behavior)	may	not	exhibit	a	perfect	lognormal	fit,	but	yield	a	contour	level	close	to	

that	calculated	from	the	actual	volume.	

Rather	than	using	the	more	computationally	expensive	approach	of	calculating	

volume	under	a	surface	and	determining	the	contour,	we	instead	find	that	taking	the	

lognormal	2SD	of	the	matrix	produces	a	quantitatively	equivalent	contour.	Calculating	the	

contour	level	in	this	manner,	while	efficient,	leaves	it	vulnerable	to	skew	from	zero	values	

in	the	matrix,	which	otherwise	would	not	be	counted	during	a	true	volume	calculation.	If	

these	zero	values	are	left	in	the	matrix,	the	resulting	incorrect	contour	level	is	too	low	and	

over-represents	the	2D	KDE	of	the	dataset.	To	avoid	skewing	the	contour,	any	grid	values	

less	than	<0.0001	are	replaced	with	a	“NaN”	value	(Not	a	Number),	which	are	not	

considered	in	the	calculation.	
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A.4.6.	Bend	Location	

When	quantitatively	determining	a	Bend	of	a	hotspot	track	obscured	by	volcanism	

from	other	sources,	the	Bend	location	method	must	be	constructed	in	such	a	way	as	to	

avoid	introducing	any	age	bias	that	might	influence	the	Bend	location.	We	assume	that	1)	

the	Rurutu	hotspot	did	not	drift	substantially	while	erupting	its	Tuvalu	phase,	and	2)	that	

APM	models	correctly	estimate	the	hotspot	track	from	~60	Ma,	through	the	bend,	and	into	

the	younger	track	segments.	Rurutu	plume	motion	has	not	been	accounted	for	in	this	

approach,	but	APM	model	projections	of	the	Tuvalu	volcanoes	to	their	estimated	0	Ma	

location	results	in	a	reasonably	tight	cluster	(see	Figure	4.7	in	main	text),	so	Assumption	1	

is	likely	valid.	Furthermore,	Assumption	2	is	likely	valid,	given	the	WK08	track	projection	

from	Arago	seamount,	the	modern	location	of	the	Rurutu	hotspot,	matches	reasonably	well	

with	the	known	Rurutu	track	through	Tuvalu,	before	deviating	from	the	Gilbert	segment.	In	

accordance	with	Assumption	1,	we	limit	input	to	the	Bend	locator	to	age-dated	Tuvalu	

Group	1	seamounts.	

To	avoid	introducing	any	age	biases	or	other	cutoffs	that	could	influence	the	Bend	

location	estimate,	we	employ	an	approach	that	relies	on	changes	in	motion	between	stage	

poles	to	produce	local	increases	in	overlap,	and	therefore	density,	of	Rurutu	track	

projections	estimated	for	each	age-dated	seamount.	While	high	densities	will	also	occur	as	

a	result	of	a	dense	cluster	of	track	projections,	the	highest	will	occur	at	stage	pole	changes	

capturing	the	most	pronounced	changes	in	APM,	such	as	the	Bend.	

Using	the	GMT	backtracker	function	(Wessel	et	al.,	2013),	which	allows	the	user	to	

project	“tracklines”	along	a	model	APM	track	for	any	age-dated	seamount,	we	projected	the	

modeled	120-0	Ma	Rurutu	hotspot	track	from	each	age-dated	seamount	in	the	Tuvalu	
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chain,	assuming	hotspot	drift	was	negligible	during	the	segment	of	Rurutu	activity	

preserved	in	Tuvalu.	Track	projections	using	age	dates	for	Rurutu-sourced	seamounts	were	

determined	using	the	Global	Moving	Hotspot	Reference	Frame	(GMHRF,	referred	to	herein	

as	“D12”;	Doubrovine	et	al.,	2012),	WK08	(Wessel	and	Kroenke,	2008),	and	DC85	(Duncan	

and	Clague,	1985)	APM	models,	as	a	series	of	densely-spaced	coordinates	defining	the	

modeled	tracklines.	Once	plotted	on	a	map,	the	projections	produce	a	cluster	of	projected	

Bends	capable	of	providing	an	estimate	of	the	likeliest	actual	Bend	location.	

The	GMT	backtracker	function	outputs	projected	tracks	as	a	series	of	coordinates	

and	age	estimates	for	each	seamount.	From	the	location	output,	we	calculate	2D	kernel	

density	estimates	of	all	seamount	projections	calculated	via	each	APM	model.	The	resulting	

2D	KDE	matrices	for	each	model	and	combinations	of	models	provide	the	coordinates	for	

the	highest	density	in	the	matrix,	at	which	we	place	the	Bend	for	that	particular	APM	

model.	

	

A.4.6.1.	Error	estimates	

The	Bend	location	estimate	is	a	simple	exercise	in	finding	a	density	high	

corresponding	to	the	likeliest	location	where	the	Rurutu	track	bends.	The	drawback	to	this	

approach	is	that	it	does	not	provide	an	estimate	of	uncertainty	on	the	location.	Instead,	we	

employ	a	Monte	Carlo	approach	(n=1000)	to	simulate	uncertainties	on	results	for	all	

models	(Figure	4.7	in	main	text).	To	determine	error,	all	age	data	are	assumed	to	represent	

mean	seamount	ages,	which	should	also	correspond	with	peak	seamount	volcanic	activity.	

Using	a	normal	distribution	random	number	generator,	1000	simulated	age	datasets	are	

produced,	where	each	age	date	is	individually,	randomly	perturbed	±	0-3.5	Myr	from	its	
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corresponding	actual	(mean)	age	(assuming	a	total	of	7	Ma	of	volcanic	activity,	as	reported	

for	other	seamounts	in	the	Pacific;	Konter	et	al.,	2009).	Each	simulated	dataset	is	then	

backtracked	using	the	above	approach	for	all	three	APM	models	and	combinations	of	

models,	from	which	peak	densities	and	their	corresponding	coordinates	(simulated	Bend	

location	estimate)	are	found.	The	aggregated	simulated	Bend	locations	can	then	be	used	to	

determine	95%	covariance	ellipses	for	each	model	and	combined	model.	The	results	

suggest	the	actual	Bend	location	estimates	have	maximum	uncertainties	of	~2-3°	latitude	

and	~1°	longitude.	Multiple	simulations	at	n=100	and	n=1000	produced	estimates	within	

error	of	each	other.	
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Table	S.4.1.	Major	element	data,	obtained	via	XRF	at	Michigan	State	University.	
Sample	 Group	 SiO2	 TiO2	 Al2O3	 Fe2O3	 MnO	 MgO	 CaO	 Na2O	 K2O	 P2O5	 Sum	 LOI	
D02-06	 1-Niu	 45.97	 2.54	 13.40	 10.06	 0.14	 6.01	 15.57	 2.46	 0.67	 0.36	 97.18	 2.66	
D03-24	 1-Niu	 42.62	 3.46	 16.53	 10.89	 0.13	 4.37	 12.51	 2.65	 1.62	 0.71	 95.49	 4.29	
D04-01D	 1-Niu	 42.65	 3.25	 15.69	 12.78	 0.15	 2.13	 11.42	 3.48	 1.73	 2.88	 96.16	 3.63	
D05-08	 1-Niu	 38.79	 3.60	 15.59	 14.84	 0.19	 5.24	 12.35	 1.64	 1.13	 1.77	 95.14	 4.61	
D06-14	 1-Niu	 43.74	 2.34	 19.45	 12.30	 0.25	 2.66	 10.15	 2.83	 1.22	 1.33	 96.27	 3.46	
D09-14	 1-Niu	 37.90	 3.34	 13.55	 15.18	 0.16	 5.40	 12.65	 1.42	 1.56	 2.67	 93.83	 5.97	
D10-16	 1-Niu	 48.16	 1.62	 15.74	 11.83	 0.11	 5.24	 11.49	 2.68	 0.65	 0.93	 98.45	 1.43	
D10-32	 1-Niu	 42.91	 2.69	 15.88	 13.38	 0.16	 5.35	 12.73	 2.08	 0.84	 0.92	 96.94	 2.83	
D11-06	 1-Niu	 42.16	 2.69	 15.74	 13.77	 0.19	 5.18	 11.48	 2.09	 1.47	 1.21	 95.98	 3.76	
D13-01	 1-Niu	 41.85	 2.89	 17.11	 14.04	 0.17	 4.88	 11.30	 1.96	 0.97	 0.79	 95.96	 3.86	
D14-01	 1-Niu	 44.68	 2.28	 18.37	 11.07	 0.15	 3.60	 12.29	 2.35	 0.84	 0.60	 96.23	 3.52	
D18-11	 1-Niu	 45.66	 1.95	 17.04	 11.88	 0.21	 4.49	 9.37	 4.17	 1.93	 0.55	 97.25	 2.50	
D23-05	 1-Niu	 34.05	 4.99	 13.37	 15.67	 0.19	 3.96	 12.18	 1.97	 1.88	 6.03	 94.29	 5.45	
D24-14A	 1-Niu	 44.27	 2.27	 14.61	 13.17	 0.15	 7.31	 12.50	 2.23	 0.59	 0.50	 97.60	 2.20	
D07-30	 1-Sil	 45.07	 2.99	 15.54	 11.46	 0.11	 4.95	 12.66	 2.44	 1.52	 1.19	 97.93	 1.91	
D08-27	 1-Sil	 41.48	 3.00	 14.81	 14.22	 0.20	 4.43	 10.77	 2.58	 1.68	 1.97	 95.14	 4.62	
D15-17	 1-Sil	 46.49	 2.55	 16.78	 12.43	 0.11	 4.86	 10.39	 2.81	 1.08	 0.52	 98.02	 1.84	
D12-04	 2	 43.89	 2.57	 18.30	 10.52	 0.05	 1.40	 10.21	 3.13	 2.13	 4.20	 96.40	 3.39	
D19-08	 2	 49.77	 2.97	 18.93	 10.13	 0.09	 1.22	 6.66	 3.92	 2.31	 1.29	 97.29	 2.49	
D20-15	 2	 48.87	 3.14	 17.56	 12.57	 0.16	 1.21	 4.82	 3.91	 3.76	 1.12	 97.12	 2.62	
D21-26	 3	 46.44	 1.37	 15.67	 12.68	 0.19	 7.63	 11.58	 3.05	 0.54	 0.24	 99.39	 0.47	
D26-02	 3	 46.28	 3.67	 16.11	 13.92	 0.19	 3.27	 8.66	 4.17	 1.45	 1.36	 99.08	 0.75	
D28B-06	 3	 48.85	 2.39	 13.86	 12.89	 0.17	 7.64	 10.97	 2.35	 0.38	 0.24	 99.74	 0.14	
D33-32	 3	 42.33	 2.18	 14.22	 13.12	 0.11	 6.37	 12.93	 2.78	 0.45	 2.14	 96.63	 3.23	
D32-02	 4	 46.64	 3.40	 13.59	 12.34	 0.17	 5.92	 11.01	 3.00	 1.58	 0.53	 98.18	 1.60	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
Standards	 	 	 	 	 	 	 	 	 	 	 	 	 	
RGM-1	 	 73.74	 0.27	 13.75	 1.87	 0.04	 0.26	 0.98	 4.39	 4.32	 0.05	 99.67	 0.19	
RGM-1	GIVEN	 73.45	 0.27	 13.72	 1.86	 0.036	 0.27	 1.15	 4.07	 4.3	 0.048	 99.17	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
BHVO-1	 	 49.36	 2.73	 13.44	 12.35	 0.17	 7.25	 11.44	 2.28	 0.53	 0.28	 99.83	 0.03	
BHVO-1	GIVEN	 49.94	 2.71	 13.8	 12.23	 0.168	 7.23	 11.4	 2.26	 0.52	 0.273	 100.531	 	
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Table	S.4.2.	Trace	element	data,	obtained	via	LA-ICP-MS	at	Michigan	State	University.	
Sample	 Group	 Sc	 %σ	 V	 %σ	 Cr	 %σ	 Co	 %σ	 Ni	 %σ	 Rb	 %σ	 Sr	 %σ	

D02-06	 1-Niu	 34.15	 0.19%	 275.1	 0.98%	 621.3	 0.53%	 52.94	 0.07%	 158.55	 0.51%	 10.17	 0.52%	 327.7	 0.22%	
D03-24	 1-Niu	 18.83	 0.35%	 259.2	 1.48%	 7.25	 3.35%	 31.44	 0.42%	 34.67	 1.14%	 37.20	 0.21%	 885.3	 0.31%	
D04-01D	 1-Niu	 18.45	 4.70%	 282.9	 0.60%	 81.23	 1.05%	 35.14	 1.48%	 54.42	 0.71%	 36.67	 1.09%	 747.6	 0.79%	
D05-08	 1-Niu	 27.67	 0.44%	 317.5	 0.97%	 43.03	 0.45%	 40.90	 0.41%	 55.92	 0.63%	 28.26	 1.81%	 766.9	 0.91%	
D06-14	 1-Niu	 3.35	 4.55%	 56.9	 0.35%	 0.34	 9.24%	 17.69	 0.76%	 25.04	 2.28%	 24.01	 0.39%	 1118.2	 0.54%	
D09-14	 1-Niu	 28.77	 1.12%	 321.4	 0.32%	 512.9	 0.15%	 44.20	 0.74%	 120.88	 0.49%	 33.79	 1.07%	 292.2	 0.35%	
D10-16	 1-Niu	 27.23	 1.11%	 192.6	 1.03%	 388.1	 0.75%	 31.25	 0.58%	 71.76	 0.25%	 13.96	 0.79%	 404.6	 1.13%	
D10-32	 1-Niu	 34.31	 0.63%	 277.2	 0.35%	 531.3	 0.59%	 46.45	 0.22%	 94.07	 0.91%	 18.57	 0.57%	 682.6	 0.84%	
D11-06	 1-Niu	 28.36	 0.85%	 250.8	 0.17%	 405.1	 0.03%	 43.24	 1.16%	 70.32	 1.37%	 31.71	 1.80%	 781.1	 0.50%	
D13-01	 1-Niu	 33.48	 0.34%	 318.2	 0.97%	 302.5	 0.96%	 46.05	 0.94%	 93.95	 0.57%	 19.25	 0.53%	 630.9	 0.83%	
D14-01	 1-Niu	 30.53	 1.17%	 268.9	 0.34%	 87.57	 0.81%	 37.63	 1.24%	 59.73	 1.02%	 14.70	 3.64%	 581.6	 0.59%	
D18-11	 1-Niu	 18.67	 0.68%	 172.4	 1.48%	 106.5	 0.80%	 35.50	 1.64%	 62.02	 1.22%	 53.82	 0.49%	 776.9	 0.56%	
D23-05	 1-Niu	 19.20	 1.01%	 214.8	 0.24%	 1.56	 6.67%	 38.22	 1.15%	 73.71	 0.11%	 43.77	 0.65%	 706.7	 0.35%	
D24-14A	 1-Niu	 34.98	 1.50%	 298.1	 0.83%	 528.5	 1.34%	 49.35	 0.92%	 191.54	 1.17%	 9.99	 1.76%	 527.5	 1.21%	
D07-30	 1-Sil	 32.37	 1.32%	 316.0	 0.69%	 39.91	 2.61%	 40.20	 0.26%	 64.67	 1.22%	 35.92	 1.58%	 516.9	 0.82%	
D08-27	 1-Sil	 28.85	 1.08%	 272.9	 0.53%	 533.8	 0.29%	 64.31	 0.77%	 133.25	 0.20%	 32.84	 1.57%	 614.0	 0.30%	
D15-17	 1-Sil	 31.39	 0.23%	 243.7	 1.07%	 165.0	 0.71%	 34.57	 1.06%	 67.08	 0.31%	 33.10	 0.84%	 335.4	 0.37%	
D12-04	 2	 24.05	 1.40%	 223.3	 1.23%	 156.1	 1.08%	 6.59	 1.28%	 51.22	 0.91%	 27.80	 2.49%	 615.8	 1.01%	
D19-08	 2	 26.38	 0.70%	 137.7	 1.29%	 169.7	 0.75%	 17.06	 1.07%	 45.29	 0.72%	 32.49	 1.22%	 638.7	 0.70%	
D20-15	 2	 22.73	 1.28%	 186.0	 0.53%	 146.5	 0.25%	 32.78	 1.42%	 90.68	 0.59%	 74.69	 0.20%	 694.3	 0.83%	
D21-26	 3	 31.80	 2.06%	 263.1	 1.02%	 362.2	 0.52%	 59.41	 1.31%	 197.15	 0.61%	 11.28	 2.02%	 379.5	 1.26%	
D26-02	 3	 17.43	 0.98%	 221.8	 0.20%	 4.23	 4.58%	 28.54	 1.34%	 24.40	 0.84%	 23.60	 1.28%	 649.7	 0.87%	
D28B-06	 3	 34.09	 1.31%	 297.8	 1.02%	 281.3	 0.28%	 46.58	 0.82%	 135.93	 0.31%	 5.74	 4.93%	 279.6	 1.15%	
D33-32	 3	 27.37	 0.72%	 273.7	 0.64%	 413.2	 0.46%	 43.56	 1.37%	 133.19	 1.23%	 13.67	 2.06%	 342.4	 0.87%	
D32-02	 4	 28.19	 0.57%	 290.5	 1.57%	 361.4	 1.07%	 45.72	 0.47%	 137.86	 0.88%	 31.30	 0.72%	 603.3	 1.15%	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	Standards	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	Average	JB1a	 27.769	 1.07%	 199.759	 0.87%	 416.667	 1.13%	 37.911	 1.13%	 139.941	 1.38%	 37.833	 2.05%	 440.729	 0.93%	

Average	BHVO-1	 31.387	 2.27%	 312.609	 0.89%	 282.055	 1.12%	 43.609	 1.03%	 116.799	 1.04%	 9.288	 2.71%	 395.011	 0.65%	

Sample	data	are	the	average	of	three	replicate	analyses,	from	which	a	relative	standard	deviation	(%σ,	n=3)	is	calculated.	Italicized	values	are	near	detection	limits.	

Sr/Sr*	and	Eu/Eu*	are	calculated	after	Hart	et	al.	(1999)	as	Sr/(0.5	Nd	+	0.5	Sm)	and	Eu/(0.5	Sm	+	0.5	Tb),	respectively.	
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Table	S.4.2.	(Continued)	
Sample	 Y	 %σ	 Zr	 %σ	 Nb	 %σ	 Cs	 %σ	 Ba	 %σ	 La	 %σ	 Ce	 %σ	

D02-06	 24.69	 0.98%	 140.5	 0.87%	 23.35	 1.04%	 0.351	 3.99%	 78.3	 2.06%	 15.33	 1.22%	 34.16	 1.24%	
D03-24	 32.65	 0.76%	 316.5	 0.31%	 105.17	 0.53%	 0.482	 2.09%	 530.8	 1.21%	 64.41	 0.30%	 124.83	 0.54%	
D04-01D	 52.34	 0.66%	 261.4	 0.72%	 81.65	 1.46%	 0.832	 0.60%	 396.1	 0.74%	 68.06	 1.96%	 106.14	 2.25%	
D05-08	 39.79	 0.43%	 293.1	 0.79%	 121.99	 0.43%	 1.010	 1.19%	 578.0	 1.35%	 106.89	 0.84%	 171.40	 0.64%	
D06-14	 43.87	 0.75%	 458.3	 0.85%	 156.88	 0.40%	 0.531	 2.19%	 601.5	 0.81%	 110.08	 0.75%	 201.64	 0.47%	
D09-14	 29.71	 0.70%	 244.8	 0.33%	 54.01	 0.55%	 1.014	 1.35%	 131.3	 0.21%	 41.65	 0.30%	 81.90	 0.33%	
D10-16	 20.45	 0.99%	 96.1	 0.50%	 21.38	 1.01%	 0.741	 3.91%	 64.3	 1.10%	 18.13	 0.53%	 34.97	 1.47%	
D10-32	 31.79	 1.02%	 247.5	 0.93%	 69.63	 0.44%	 0.634	 2.33%	 370.2	 1.39%	 52.78	 1.23%	 97.64	 1.26%	
D11-06	 36.02	 0.22%	 304.9	 0.53%	 108.68	 0.19%	 0.865	 2.50%	 518.5	 0.31%	 78.62	 0.19%	 147.84	 0.58%	
D13-01	 29.62	 0.49%	 168.5	 0.28%	 51.15	 0.44%	 0.698	 0.85%	 268.9	 0.56%	 33.75	 0.60%	 68.07	 0.84%	
D14-01	 26.53	 1.69%	 150.4	 1.81%	 58.20	 0.77%	 0.466	 5.39%	 953.4	 0.62%	 36.62	 2.03%	 68.94	 0.72%	
D18-11	 30.35	 1.20%	 378.3	 1.65%	 128.82	 0.53%	 0.774	 0.99%	 497.9	 0.53%	 85.06	 0.54%	 151.03	 0.73%	
D23-05	 83.55	 1.30%	 472.3	 0.83%	 134.99	 0.26%	 1.314	 1.61%	 664.6	 0.70%	 114.20	 0.75%	 190.18	 0.55%	
D24-14A	 27.65	 3.00%	 157.0	 1.80%	 44.69	 0.99%	 0.461	 3.20%	 148.8	 2.23%	 32.39	 1.61%	 62.18	 0.69%	
D07-30	 28.42	 0.64%	 220.0	 0.96%	 55.78	 0.65%	 1.683	 0.79%	 218.3	 0.86%	 39.67	 0.51%	 79.68	 0.57%	
D08-27	 28.41	 0.48%	 227.1	 0.61%	 65.57	 0.29%	 1.241	 0.55%	 280.3	 0.28%	 42.29	 1.16%	 84.88	 0.88%	
D15-17	 26.22	 1.95%	 138.1	 0.92%	 33.95	 0.29%	 2.658	 0.29%	 127.7	 0.78%	 17.63	 0.36%	 35.35	 0.20%	
D12-04	 101.49	 2.68%	 340.9	 2.90%	 72.47	 1.33%	 0.888	 1.96%	 289.4	 2.10%	 95.58	 2.75%	 93.30	 1.97%	
D19-08	 50.18	 0.47%	 317.4	 0.83%	 42.57	 0.96%	 0.907	 1.23%	 388.2	 0.26%	 45.42	 0.97%	 89.11	 0.74%	
D20-15	 56.58	 0.43%	 453.8	 0.18%	 73.93	 0.69%	 1.341	 0.56%	 614.1	 1.26%	 66.83	 0.68%	 116.64	 0.60%	
D21-26	 22.87	 2.11%	 86.3	 1.09%	 20.28	 0.97%	 0.444	 1.51%	 171.1	 0.58%	 18.81	 1.22%	 36.87	 0.87%	
D26-02	 68.61	 0.91%	 368.8	 0.52%	 36.98	 1.00%	 0.279	 3.29%	 226.3	 1.22%	 39.91	 0.96%	 77.79	 0.39%	
D28B-06	 28.84	 1.56%	 152.3	 2.41%	 11.41	 0.98%	 0.237	 4.31%	 39.0	 0.79%	 10.38	 0.92%	 25.80	 0.77%	
D33-32	 37.95	 1.22%	 129.4	 1.06%	 9.82	 0.68%	 1.393	 1.23%	 34.2	 1.00%	 12.86	 0.73%	 25.29	 0.38%	
D32-02	 29.37	 1.05%	 258.9	 0.39%	 44.40	 0.93%	 0.481	 3.98%	 365.2	 0.49%	 38.60	 0.45%	 79.56	 0.61%	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	Standards	
	 	 	 	 	 	 	 	 	 	 	 	 	 	Average	

JB1a	 22.922	 1.43%	 137.221	 0.88%	 27.584	 0.79%	 1.239	 1.79%	 490.298	 1.19%	 38.123	 0.68%	 66.476	 1.22%	
Average	
BHVO-1	 26.432	 1.33%	 174.262	 0.92%	 18.224	 0.68%	 0.099	 6.53%	 129.444	 1.41%	 15.787	 0.84%	 38.179	 0.89%	
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Table	S.4.2.	(Continued)	

Sample	 Pr	 %σ	 Nd	 %σ	 Sm	 %σ	 Eu	 %σ	 Gd	 %σ	 Tb	 %σ	 Dy	 %σ	

D02-06	 4.54	 1.10%	 20.29	 0.57%	 5.095	 0.54%	 1.785	 0.63%	 5.559	 0.90%	 0.830	 1.09%	 4.795	 1.28%	
D03-24	 14.51	 0.51%	 56.38	 0.25%	 10.508	 0.77%	 3.210	 0.37%	 9.284	 0.74%	 1.188	 0.62%	 6.772	 0.48%	
D04-01D	 13.037	 1.46%	 50.43	 1.12%	 9.468	 0.13%	 2.941	 2.21%	 8.779	 1.74%	 1.216	 2.68%	 6.973	 2.14%	
D05-08	 19.85	 0.26%	 72.85	 1.10%	 12.097	 0.87%	 3.582	 0.86%	 10.497	 1.04%	 1.321	 1.44%	 7.406	 1.92%	
D06-14	 22.52	 0.64%	 82.48	 0.90%	 13.810	 1.61%	 4.145	 0.66%	 11.574	 0.92%	 1.460	 0.53%	 8.472	 1.01%	
D09-14	 10.09	 0.78%	 41.95	 0.90%	 8.659	 1.05%	 2.813	 0.61%	 8.202	 1.84%	 1.070	 1.10%	 5.863	 0.35%	
D10-16	 4.23	 1.36%	 17.93	 0.89%	 4.403	 0.70%	 1.594	 1.44%	 4.703	 0.96%	 0.701	 0.31%	 3.916	 0.26%	
D10-32	 11.35	 0.72%	 44.72	 1.26%	 8.556	 0.87%	 2.718	 0.72%	 8.082	 1.73%	 1.083	 0.49%	 6.247	 1.40%	
D11-06	 16.51	 1.16%	 61.34	 0.32%	 10.543	 1.79%	 3.219	 0.44%	 9.266	 0.69%	 1.222	 1.09%	 6.972	 1.28%	
D13-01	 8.18	 0.41%	 33.63	 0.85%	 6.846	 1.79%	 2.273	 0.37%	 6.747	 0.66%	 0.960	 0.77%	 5.747	 1.44%	
D14-01	 7.96	 0.67%	 31.05	 1.10%	 6.069	 2.39%	 2.009	 1.26%	 5.838	 0.92%	 0.830	 1.29%	 4.823	 2.01%	
D18-11	 15.89	 0.57%	 55.99	 0.50%	 9.045	 1.39%	 2.736	 0.35%	 7.699	 0.63%	 1.022	 1.48%	 5.902	 1.96%	
D23-05	 23.25	 0.63%	 91.73	 0.23%	 16.543	 0.92%	 4.928	 1.31%	 15.060	 1.20%	 1.827	 1.28%	 10.830	 0.75%	
D24-14A	 7.45	 1.23%	 29.97	 0.80%	 6.268	 2.34%	 2.053	 0.54%	 6.279	 3.29%	 0.887	 1.44%	 5.075	 1.01%	
D07-30	 9.80	 0.80%	 40.23	 1.56%	 8.225	 1.09%	 2.588	 0.52%	 7.708	 1.64%	 1.036	 1.95%	 5.848	 0.90%	
D08-27	 10.11	 0.71%	 41.07	 0.30%	 8.285	 2.21%	 2.604	 0.80%	 7.745	 0.94%	 1.021	 1.10%	 5.678	 0.88%	
D15-17	 4.53	 0.79%	 19.75	 0.64%	 4.846	 0.88%	 1.707	 1.52%	 5.417	 0.71%	 0.817	 1.40%	 4.853	 1.26%	
D12-04	 14.14	 2.78%	 56.90	 2.26%	 10.581	 2.46%	 3.337	 1.35%	 12.309	 3.21%	 1.591	 3.09%	 10.492	 3.14%	
D19-08	 12.08	 0.89%	 53.31	 0.50%	 11.898	 2.20%	 3.839	 0.58%	 12.509	 0.69%	 1.675	 0.75%	 10.187	 0.61%	
D20-15	 14.95	 0.59%	 61.76	 0.56%	 13.104	 1.27%	 3.890	 0.84%	 13.417	 0.76%	 1.749	 1.08%	 10.448	 0.24%	
D21-26	 4.43	 0.77%	 18.08	 1.63%	 3.995	 1.00%	 1.382	 0.81%	 4.221	 1.72%	 0.672	 0.77%	 4.079	 1.50%	
D26-02	 11.71	 0.34%	 54.15	 0.36%	 13.268	 0.82%	 4.281	 0.99%	 14.325	 0.81%	 1.913	 1.09%	 11.621	 0.81%	
D28B-06	 3.81	 1.74%	 18.54	 1.15%	 5.282	 1.13%	 1.830	 1.46%	 6.108	 2.07%	 0.915	 0.99%	 5.462	 2.40%	
D33-32	 3.71	 1.35%	 18.38	 0.47%	 5.106	 2.53%	 1.812	 0.79%	 6.204	 0.66%	 0.914	 1.72%	 5.486	 0.64%	
D32-02	 9.93	 0.19%	 40.85	 0.69%	 8.564	 0.87%	 2.692	 0.74%	 8.167	 0.93%	 1.071	 1.64%	 5.975	 0.44%	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	Standards	
	 	 	 	 	 	 	 	 	 	 	 	 	 	Average	

JB1a	 7.053	 1.40%	 26.409	 0.80%	 5.134	 1.92%	 1.492	 1.46%	 4.751	 1.59%	 0.707	 1.25%	 4.062	 1.40%	
Average	
BHVO-1	 5.373	 1.91%	 25.039	 1.36%	 6.230	 1.73%	 2.085	 1.41%	 6.464	 1.44%	 0.923	 1.47%	 5.292	 1.23%	

	

	 	



	

	 201	

	

Table	S.4.2.	(Continued)	

Sample	 Ho	 %σ	 Er	 %σ	 Tm	 %σ	 Yb	 %σ	 Lu	 %σ	 Hf	 %σ	 Ta	 %σ	 Pb	 %σ	

D02-06	 0.901	 0.70%	 2.336	 0.64%	 0.322	 0.36%	 1.943	 0.78%	 0.268	 2.05%	 3.567	 0.95%	 1.577	 0.91%	 1.094	 0.52%	
D03-24	 1.200	 0.45%	 3.225	 1.12%	 0.436	 1.33%	 2.722	 0.37%	 0.377	 1.82%	 6.897	 0.43%	 6.569	 0.52%	 4.222	 0.34%	
D04-01D	 1.407	 2.17%	 3.824	 2.18%	 0.509	 3.12%	 3.063	 1.69%	 0.485	 4.13%	 6.025	 1.04%	 5.505	 1.40%	 3.024	 3.76%	
D05-08	 1.337	 0.75%	 3.586	 0.57%	 0.482	 0.76%	 3.001	 1.53%	 0.434	 0.70%	 6.812	 0.83%	 7.688	 0.40%	 4.876	 2.56%	
D06-14	 1.523	 0.91%	 4.230	 0.87%	 0.574	 1.54%	 3.650	 1.03%	 0.505	 1.53%	 8.716	 1.73%	 9.839	 0.47%	 6.918	 1.07%	
D09-14	 1.017	 0.68%	 2.558	 1.44%	 0.329	 1.04%	 1.915	 0.27%	 0.266	 1.43%	 5.490	 1.19%	 3.389	 0.39%	 2.350	 1.45%	
D10-16	 0.746	 1.23%	 1.866	 0.84%	 0.258	 0.75%	 1.497	 0.44%	 0.215	 1.47%	 2.440	 1.66%	 1.217	 0.60%	 1.461	 0.87%	
D10-32	 1.143	 1.05%	 3.108	 1.17%	 0.421	 0.91%	 2.618	 2.29%	 0.362	 1.94%	 5.522	 2.31%	 4.414	 1.05%	 2.895	 1.36%	
D11-06	 1.286	 0.85%	 3.507	 1.27%	 0.477	 0.64%	 3.025	 1.38%	 0.436	 0.77%	 6.324	 1.00%	 6.672	 0.12%	 4.322	 2.00%	
D13-01	 1.094	 0.80%	 3.051	 0.26%	 0.419	 1.45%	 2.658	 1.12%	 0.376	 0.93%	 4.003	 0.74%	 3.265	 0.21%	 2.535	 0.54%	
D14-01	 0.920	 1.04%	 2.501	 1.78%	 0.351	 2.31%	 2.210	 1.42%	 0.320	 1.92%	 3.456	 1.96%	 3.524	 0.61%	 2.300	 1.98%	
D18-11	 1.079	 1.39%	 3.010	 1.13%	 0.428	 1.65%	 2.733	 2.33%	 0.392	 1.22%	 7.462	 1.08%	 8.330	 0.14%	 5.805	 1.29%	
D23-05	 2.030	 0.52%	 6.099	 1.67%	 0.829	 0.74%	 5.419	 0.40%	 0.830	 0.87%	 10.549	 0.59%	 8.540	 0.76%	 4.743	 0.48%	
D24-14A	 0.963	 0.99%	 2.552	 2.01%	 0.352	 1.79%	 2.157	 2.55%	 0.305	 0.31%	 3.846	 2.51%	 2.791	 2.16%	 2.593	 2.70%	
D07-30	 1.045	 0.54%	 2.719	 2.23%	 0.356	 1.13%	 2.167	 0.47%	 0.304	 3.03%	 5.322	 0.57%	 3.665	 0.98%	 2.262	 0.65%	
D08-27	 1.010	 0.61%	 2.621	 0.96%	 0.350	 1.54%	 2.111	 0.90%	 0.292	 2.74%	 5.208	 0.41%	 4.144	 0.81%	 2.082	 1.51%	
D15-17	 0.942	 0.30%	 2.548	 0.40%	 0.347	 1.41%	 2.178	 0.73%	 0.306	 1.02%	 3.495	 0.72%	 2.327	 1.20%	 0.958	 1.15%	
D12-04	 2.211	 3.47%	 6.978	 3.69%	 0.969	 2.45%	 6.374	 2.73%	 0.951	 2.50%	 7.182	 2.32%	 4.824	 2.51%	 2.732	 1.38%	
D19-08	 1.823	 0.67%	 5.109	 1.08%	 0.677	 0.85%	 4.189	 0.52%	 0.564	 0.53%	 7.361	 0.34%	 2.559	 0.91%	 1.915	 0.96%	
D20-15	 1.892	 0.27%	 5.419	 0.30%	 0.721	 0.92%	 4.582	 0.91%	 0.629	 1.05%	 10.275	 0.98%	 4.639	 0.81%	 3.129	 2.10%	
D21-26	 0.828	 0.60%	 2.282	 1.28%	 0.328	 0.79%	 2.078	 1.29%	 0.299	 0.93%	 2.185	 0.80%	 1.257	 0.19%	 1.342	 1.71%	
D26-02	 2.085	 0.45%	 6.011	 0.53%	 0.796	 2.05%	 4.956	 1.24%	 0.704	 0.86%	 8.846	 1.48%	 2.506	 0.91%	 3.048	 0.49%	
D28B-06	 1.040	 1.20%	 2.806	 2.94%	 0.388	 2.11%	 2.392	 1.66%	 0.336	 2.44%	 3.851	 2.38%	 0.790	 1.61%	 1.098	 3.01%	
D33-32	 1.067	 1.59%	 2.896	 1.57%	 0.395	 2.01%	 2.408	 1.65%	 0.356	 1.99%	 3.273	 0.86%	 0.633	 0.45%	 2.821	 2.38%	
D32-02	 1.058	 0.40%	 2.694	 0.32%	 0.359	 0.88%	 2.100	 0.14%	 0.291	 1.99%	 6.131	 0.70%	 2.837	 0.34%	 3.657	 1.04%	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	Standards	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	Average	

JB1a	 0.808	 1.50%	 2.196	 1.51%	 0.323	 1.06%	 2.091	 1.98%	 0.304	 1.31%	 3.466	 0.83%	 1.748	 1.82%	 6.443	 2.39%	
Average	
BHVO-1	 0.977	 1.31%	 2.520	 1.19%	 0.337	 1.69%	 2.031	 1.44%	 0.279	 2.63%	 4.398	 1.39%	 1.202	 1.86%	 2.224	 1.97%	
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Table	S.4.2.	(Continued)	

Sample	 Th	 %σ	 U		 %σ			 Sr/Sr*	 Th/U		 Eu/Eu*	

D02-06	 1.476	 0.31%	 0.590		 1.41%	 25.82	 2.50	 0.6025	
D03-24	 7.608	 0.33%	 1.734		 0.33%	 26.47	 4.39	 0.5490	
D04-01D	 6.559	 0.38%	 1.555		 0.91%	 24.96	 4.22	 0.5504	
D05-08	 13.327	 0.25%	 2.732		 1.12%	 18.06	 4.88	 0.5339	
D06-14	 14.386	 1.17%	 1.712		 0.66%	 23.23	 8.40	 0.5429	
D09-14	 4.364	 0.62%	 1.844		 1.03%	 11.55	 2.37	 0.5782	
D10-16	 2.494	 0.64%	 0.637		 1.90%	 36.23	 3.91	 0.6244	
D10-32	 6.093	 0.86%	 1.330		 0.23%	 25.62	 4.58	 0.5641	
D11-06	 8.974	 0.38%	 2.119		 0.54%	 21.73	 4.23	 0.5472	
D13-01	 3.376	 0.37%	 1.241		 0.29%	 31.17	 2.72	 0.5825	
D14-01	 4.380	 1.33%	 0.909		 2.10%	 31.34	 4.82	 0.5824	
D18-11	 12.485	 1.05%	 2.950		 1.12%	 23.89	 4.23	 0.5435	
D23-05	 11.977	 0.97%	 4.318		 0.48%	 13.05	 2.77	 0.5365	
D24-14A	 3.755	 1.93%	 1.051		 1.39%	 29.11	 3.57	 0.5739	
D07-30	 4.367	 1.11%	 2.293		 1.03%	 21.34	 1.90	 0.5589	
D08-27	 4.750	 0.59%	 1.791		 1.10%	 24.88	 2.65	 0.5597	
D15-17	 1.928	 0.99%	 0.679		 0.80%	 27.27	 2.84	 0.6028	
D12-04	 5.989	 2.82%	 1.889		 1.67%	 18.25	 3.17	 0.5482	
D19-08	 2.877	 0.91%	 0.876		 1.04%	 19.59	 3.28	 0.5657	
D20-15	 6.430	 0.71%	 1.780		 0.75%	 18.55	 3.61	 0.5238	
D21-26	 1.840	 1.83%	 0.448		 1.75%	 34.38	 4.11	 0.5922	
D26-02	 3.053	 0.48%	 1.446		 1.04%	 19.27	 2.11	 0.5639	
D28B-06	 0.943	 0.92%	 0.205		 2.35%	 23.48	 4.59	 0.5907	
D33-32	 0.787	 1.51%	 1.281		 0.64%	 29.15	 0.61	 0.6019	
D32-02	 4.263	 0.12%	 1.111		 0.45%	 24.42	 3.84	 0.5588	
	

	 	 	
	 	 	 	

Standards	
	 	 	

	 	 	 	
Average	JB1a	 9.103	 1.46%	 1.603		 2.63%	 	 	 	
Average	BHVO-1	 1.233	 1.64%	 0.408	 4.57%	 	 	 	
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Table	S.4.3.	Sample	and	standard	isotopic	data.	

Sample	 Group	 208Pb/	
204Pb	

2SE	 207Pb/	
204Pb	

2SE	 206Pb/	
204Pb	

2SE	 208Pb*/	
206Pb*	

87Sr/86Sr	 2SE	 143Nd/	
144Nd	

2SE	 εNd	 176Hf/177Hf	 2SE	

D02-06	 1-Niu	 39.4093	 7.00E-04	 15.6198	 3.00E-04	 19.7808	 3.00E-04	 0.94849	 0.703658	 5.00E-06	 0.512846	 1.20E-05	 4.1	 0.282888	 6.00E-06	
D03-24	 1-Niu	 40.1725	 6.00E-04	 15.7016	 2.00E-04	 20.6274	 3.00E-04	 0.94497	 0.702994	 6.00E-06	 0.512898	 8.00E-06	 5.1	 0.282964	 5.00E-06	
D04-01D	 1-Niu	 40.2963	 1.20E-03	 15.6817	 7.00E-04	 20.3989	 5.00E-04	 0.97561	 0.703448	 6.00E-06	 0.512841	 1.10E-05	 4	 0.282932	 3.00E-06	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.703465	 1.30E-05	 --	 --	 --	 --	 --	
D05-08	 1-Niu	 42.0587	 1.20E-03	 15.7962	 3.00E-04	 21.4171	 3.00E-04	 1.03911	 0.702978	 6.00E-06	 0.512794	 5.00E-06	 3	 --	 --	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.70298	 1.60E-05	 --	 --	 --	 --	 --	
D05-
08dup	

1-Niu	 42.0239	 8.00E-04	 15.7914	 3.00E-04	 21.3711	 4.00E-04	 1.04018	 --	 --	 --	 --	 --	 0.282877	 5.00E-06	

D06-14	 1-Niu	 40.7754	 7.00E-04	 15.7728	 4.00E-04	 21.0077	 4.00E-04	 0.96579	 0.702986	 6.00E-06	 0.512823	 5.00E-06	 3.6	 0.282898	 4.00E-06	
D09-14	 1-Niu	 40.3858	 9.00E-04	 15.6771	 4.00E-04	 20.2418	 4.00E-04	 0.99781	 0.703331	 7.00E-06	 0.512876	 4.00E-06	 4.6	 0.282956	 4.00E-06	
D10-16	 1-Niu	 39.6928	 1.10E-03	 15.6715	 4.00E-04	 20.0565	 4.00E-04	 0.95053	 0.703119	 6.00E-06	 0.512851	 7.00E-06	 4.1	 0.282941	 5.00E-06	
D10-32	 1-Niu	 40.8197	 8.00E-04	 15.7664	 3.00E-04	 21.0968	 4.00E-04	 0.96224	 0.702963	 7.00E-06	 0.512856	 5.00E-06	 4.3	 0.282946	 5.00E-06	
D10-
32dup	

1-Niu	 40.7693	 7.00E-04	 15.7688	 3.00E-04	 21.0737	 3.00E-04	 0.95985	 0.702944	 5.00E-06	 0.512855	 5.00E-06	 4.2	 --	 --	

(rerun)	 	 40.7423	 1.00E-03	 15.7658	 3.00E-04	 21.0691	 4.00E-04	 0.95793	 --	 --	 --	 --	 --	 --	 --	
D11-06	 1-Niu	 40.9641	 1.00E-03	 15.7405	 5.00E-04	 21.0713	 4.00E-04	 0.97661	 0.702944	 4.00E-06	 0.512852	 5.00E-06	 4.2	 0.282982	 6.00E-06	
D13-01	 1-Niu	 40.6004	 1.00E-03	 15.7664	 3.00E-04	 21.0621	 3.00E-04	 0.94644	 0.703016	 5.00E-06	 0.512871	 4.00E-06	 4.5	 0.283014	 5.00E-06	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.703006	 1.30E-05	 --	 --	 --	 --	 --	
D14-01	 1-Niu	 40.6768	 1.10E-03	 15.7202	 4.00E-04	 20.8045	 4.00E-04	 0.97428	 0.703082	 6.00E-06	 0.512878	 6.00E-06	 4.7	 0.282979	 4.00E-06	
D18-07	 1-Niu	 40.6248	 7.00E-04	 15.7217	 5.00E-04	 21.0122	 4.00E-04	 0.95255	 0.702951	 6.00E-06	 0.512877	 3.00E-06	 4.7	 0.28297	 5.00E-06	
D18-11	 1-Niu	 40.4366	 8.00E-04	 15.7186	 3.00E-04	 20.9178	 3.00E-04	 0.94409	 0.703004	 6.00E-06	 0.51287	 5.00E-06	 4.5	 0.282974	 4.00E-06	
D23-05	 1-Niu	 39.7766	 5.00E-04	 15.6804	 2.00E-04	 20.2018	 3.00E-04	 0.94555	 0.703557	 6.00E-06	 0.512831	 1.10E-05	 3.8	 0.282843	 5.00E-06	
D24-04	 1-Niu	 40.3419	 8.00E-04	 15.7501	 3.00E-04	 21.0868	 4.00E-04	 0.9225	 0.703056	 5.00E-06	 0.512867	 4.00E-06	 4.5	 0.282961	 6.00E-06	
D24-14A	 1-Niu	 40.7392	 6.00E-04	 15.7787	 2.00E-04	 21.2754	 3.00E-04	 0.94117	 0.703165	 6.00E-06	 0.512844	 4.00E-06	 4	 0.282947	 7.00E-06	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.703147	 9.00E-06	 --	 --	 --	 --	 --	
D27-35	 1-Niu	 40.8038	 6.00E-04	 15.8003	 2.00E-04	 21.6541	 3.00E-04	 0.91753	 0.703207	 7.00E-06	 0.512839	 3.20E-05	 3.9	 0.282921	 6.00E-06	
D27-57	 1-Niu	 40.5866	 6.00E-04	 15.786	 2.00E-04	 21.29	 3.00E-04	 0.92729	 0.703336	 6.00E-06	 0.512837	 4.00E-06	 3.9	 0.282902	 1.00E-05	
TUV-1	 1-Niu	 40.422	 2.30E-03	 15.754	 7.00E-04	 20.936	 9.00E-04	 0.94134	 0.703069	 4.00E-06	 0.512858	 4.00E-06	 4.3	 --	 --	
D22-23	 1-Sil	 39.0137	 6.00E-04	 15.6097	 3.00E-04	 19.3006	 3.00E-04	 0.95449	 0.702777	 6.00E-06	 0.512949	 7.00E-06	 6.1	 0.283012	 5.00E-06	
D07-30	 1-Sil	 40.1986	 7.00E-04	 15.6772	 6.00E-04	 20.897	 4.00E-04	 0.92524	 0.702868	 8.00E-06	 0.51293	 6.00E-06	 5.7	 0.282991	 6.00E-06	
D08-27	 1-Sil	 39.8599	 6.00E-04	 15.6193	 3.00E-04	 20.2878	 3.00E-04	 0.94573	 0.702818	 6.00E-06	 0.512966	 5.00E-06	 6.4	 0.283063	 1.30E-05	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.702818	 1.30E-05	 --	 --	 --	 --	 --	
D15-02	 1-Sil	 39.7581	 8.00E-04	 15.598	 3.00E-04	 20.2049	 4.00E-04	 0.94359	 0.702691	 7.00E-06	 0.513021	 4.00E-06	 7.5	 0.283098	 5.00E-06	
D15-17	 1-Sil	 39.6321	 1.00E-03	 15.587	 3.00E-04	 20.0949	 3.00E-04	 0.94153	 0.702691	 5.00E-06	 0.513021	 5.00E-06	 7.5	 0.283099	 5.00E-06	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.702689	 1.30E-05	 --	 --	 --	 --	 --	
D16-
38cpx	

1-Sil	 39.8502	 3.00E-03	 15.6208	 1.10E-03	 20.2516	 1.00E-03	 0.94798	 0.702706	 1.00E-05	 0.513021	 5.00E-06	 7.5	 --	 --	

TUV-2	 1-Sil	 40.634	 4.80E-03	 15.596	 1.80E-03	 20.454	 2.00E-03	 1.00107	 0.702795	 3.00E-06	 0.512952	 4.00E-06	 6.1	 --	 --	
TUV-4	 1-Sil	 38.84	 2.13E-02	 15.42	 8.40E-03	 19.26	 1.04E-02	 0.9413	 0.702749	 4.00E-06	 0.513004	 1.00E-05	 7.1	 --	 --	
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Table	S.4.3.	(Continued)	 	 	 	 	 	 	 	 	 	 	 	 	

Sample	 Group	 208Pb/	
204Pb	

2SE	 207Pb/	
204Pb	

2SE	 206Pb/	
204Pb	

2SE	 208Pb*/	
206Pb*	

87Sr/86Sr	 2SE	 143Nd/	
144Nd	

2SE	 εNd	 176Hf/177Hf	 2SE	

TUV-5	 1-Sil	 39.564	 1.20E-03	 15.593	 4.00E-04	 20.126	 6.00E-04	 0.93254	 0.70285	 4.00E-06	 0.513038	 9.00E-06	 7.8	 --	 --	
D12-01	 2	 39.2965	 7.00E-04	 15.6445	 4.00E-04	 20.1363	 4.00E-04	 0.90694	 0.702844	 7.00E-06	 0.513132	 1.30E-05	 9.6	 0.283032	 4.00E-06	
D12-04	 2	 38.9807	 1.20E-03	 15.626	 4.00E-04	 19.7607	 4.00E-04	 0.90931	 0.702777	 9.00E-06	 0.513055	 1.40E-05	 8.1	 0.283022	 4.00E-06	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.283023	 4.00E-06	
D19-03	 2	 38.9826	 7.00E-04	 15.6909	 3.00E-04	 20.5661	 4.00E-04	 0.84443	 0.703047	 6.00E-06	 0.513218	 1.60E-05	 11.3	 0.282896	 5.00E-06	
D19-08	 2	 38.8339	 8.00E-04	 15.6691	 3.00E-04	 20.0438	 3.00E-04	 0.87166	 0.703024	 5.00E-06	 0.513029	 1.50E-05	 7.6	 0.282887	 3.00E-06	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.703029	 1.10E-05	 --	 --	 --	 --	 --	
D20-15	 2	 39.1484	 1.10E-03	 15.7023	 4.00E-04	 20.5319	 4.00E-04	 0.86178	 0.703178	 8.00E-06	 0.512939	 1.50E-05	 5.9	 0.282875	 3.00E-06	
TUV-3	 2	 38.054	 8.80E-03	 15.541	 4.00E-03	 20.603	 5.00E-03	 0.75945	 0.704775	 3.00E-06	 0.5131	 3.00E-04	 9.1	 --	 --	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
D21-19	 3	 38.4651	 1.60E-03	 15.5297	 8.00E-04	 18.7003	 9.00E-04	 0.95708	 0.703546	 6.00E-06	 0.512974	 3.00E-06	 6.5	 0.283137	 7.00E-06	
D21-26	 3	 38.7315	 1.70E-03	 15.5622	 5.00E-04	 19.0325	 6.00E-04	 0.95178	 0.70369	 5.00E-06	 0.512932	 8.00E-06	 5.7	 0.283105	 7.00E-06	
D26-02	 3	 38.4534	 9.00E-04	 15.5424	 3.00E-04	 18.711	 3.00E-04	 0.95474	 0.704171	 6.00E-06	 0.512965	 6.00E-06	 6.4	 0.283082	 3.00E-06	
D27-31	 3	 38.5771	 5.00E-04	 15.5448	 2.00E-04	 18.7676	 2.00E-04	 0.96211	 0.703825	 6.00E-06	 0.513009	 5.00E-06	 7.2	 0.283079	 4.00E-05	
D28B-06	 3	 38.394	 8.00E-04	 15.5212	 3.00E-04	 18.6141	 2.00E-04	 0.95831	 0.704137	 7.00E-06	 0.512959	 1.00E-05	 6.3	 0.283073	 5.00E-06	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.704122	 1.40E-05	 --	 --	 --	 --	 --	
D33-32	 3	 38.4409	 9.00E-04	 15.5125	 3.00E-04	 18.7813	 4.00E-04	 0.94634	 0.703605	 6.00E-06	 0.512978	 7.00E-06	 6.6	 0.283094	 4.00E-06	
D32-02	 4	 39.2571	 1.60E-03	 15.6307	 5.00E-04	 19.0508	 5.00E-04	 1.00393	 0.705108	 5.00E-06	 0.512662	 6.00E-06	 0.5	 0.282879	 4.00E-06	
Standard
s	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

BCR-2	 	 38.7426	 8.00E-04	 15.6237	 3.00E-04	 18.7601	 3.00E-04	 --	 --	 --	 --	 --	 --	 --	 --	
(rerun)	 	 38.7205	 6.00E-04	 15.6168	 3.00E-04	 18.7547	 3.00E-04	 --	 --	 --	 --	 --	 --	 --	 --	
BCR-2	duplicate1	 38.7397	 7.00E-04	 15.6238	 3.00E-04	 18.761	 3.00E-04	 --	 0.705	 6.00E-06	 0.512629	 4.00E-06	 --	 0.28287	 4.00E-06	
(rerun)	 	 38.7262	 2.00E-03	 15.6208	 6.00E-04	 18.7629	 5.00E-04	 --	 0.705009	 6.00E-06	 0.512635	 4.00E-06	 --	 0.282871	 4.00E-06	
(rerun)	 	 38.7164	 7.00E-04	 15.6124	 3.00E-04	 18.7596	 3.00E-04	 --	 0.705013	 8.00E-06	 --	 --	 --	 --	 --	
(rerun)	 	 38.7089	 7.00E-04	 15.6158	 3.00E-04	 18.7572	 3.00E-04	 --	 0.705025	 1.20E-05	 --	 --	 --	 --	 --	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.705013	 5.00E-06	 --	 --	 --	 --	 --	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.705008	 5.00E-06	 --	 --	 --	 --	 --	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 0.705016	 6.00E-06	 --	 --	 --	 --	 --	
BCR-2	duplicate2	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.512626	 1.20E-05	 --	 0.282863	 3.00E-06	
Average	BCR-2	(2σ)	 38.7257	 2.65E-02	 15.6189	 9.30E-03	 18.7593	 5.80E-03	 --	 0.705012	 1.50E-05	 0.51263	 9.00E-06	 --	 0.282868	 9.00E-06	
La	Jolla	
Nd	

	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.511861	 7.00E-06	 --	 --	 --	

(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.511855	 3.00E-06	 --	 --	 --	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.511861	 6.00E-06	 --	 --	 --	
Average	La	Jolla	(2σ)	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.511859	 6.00E-06	 --	 --	 --	
BHVO-1	 	 38.3463	 7.00E-04	 15.5671	 3.00E-04	 18.7064	 3.00E-04	 --	 --	 --	 --	 --	 --	 --	 --	
BHVO-1	duplicate	 38.3589	 6.00E-04	 15.5711	 3.00E-04	 18.7095	 3.00E-04	 --	 0.70346	 6.00E-06	 0.512983	 4.00E-06	 --	 --	 --	
Average	BHVO-1	(2σ)	 38.3526	 1.78E-02	 15.5691	 5.70E-03	 18.7079	 4.50E-03	 --	 --	 --	 --	 --	 --	 --	 --	
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Table	S.4.3.	(Continued)	 	 	 	 	 	 	 	 	 	 	 	 	

Sample	 Group	 208Pb/	
204Pb	

2SE	 207Pb/	
204Pb	

2SE	 206Pb/	
204Pb	

2SE	 208Pb*/	
206Pb*	

87Sr/86Sr	 2SE	 143Nd/	
144Nd	

2SE	 εNd	 176Hf/177Hf	 2SE	

BIR-1	 	 38.4747	 6.00E-04	 15.6517	 3.00E-04	 18.8452	 3.00E-04	 --	 0.703102	 5.00E-06	 0.513096	 8.00E-06	 --	 0.283114	 2.00E-05	
(TIMS	replicate)	 --	 --	 --	 --	 --	 --	 --	 0.703102	 1.40E-05	 --	 --	 --	 --	 --	
BIR-1	duplicate	 38.4729	 1.00E-03	 15.6506	 4.00E-04	 18.8451	 4.00E-04	 --	 --	 --	 --	 --	 --	 --	 --	
(rerun)	 	 38.4732	 8.00E-04	 15.6517	 3.00E-04	 18.8469	 3.00E-04	 --	 --	 --	 --	 --	 --	 --	 --	
Average	BIR-1	(2σ)	 38.4736	 1.90E-03	 15.6513	 1.20E-03	 18.8457	 2.10E-03	 --	 0.703102	 4.00E-07	 --	 --	 --	 --	 --	
JMC475	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.282159	 5.00E-06	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.282162	 5.00E-06	
(rerun)	 	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.282159	 4.00E-06	
Average	JMC475	
(2σ)	

--	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 --	 0.28216	 3.00E-06	

All	sample	data,	unless	noted	otherwise,	were	obtained	via	Nu	Plasma	HR	MC-ICP-MS.	Samples	in	italic	had	a	low	yield	and	consequently	produced	a	lower-precision	ratio	during	analysis.	
Several	sample	and	standard	87Sr/86Sr	were	replicated	via	Sector	TIMS,	marked	“TIMS	replicate”.	Some	sample	solutions	(“rerun”)	were	reanalyzed	to	confirm	consistent	instrumental	operating	
conditions.	Uncertainties	for	single	analyses	are		given	as	2*standard	error	(2SE),	and	averages	of	multiple	standard	analyses	are	given	as	2*standard	deviations	(2σ).	

	

	



	

	 206	

Table	S.4.4.	Age	corrected	(initial)	isotopic	ratios	and	forward-modeled	isotopic	data	for	a	subset	of	samples.	

Sample	 Group	
Age	
(Ma)	

Error	
(2σ)	 Phase/sample	dated	

238U/	
204Pb	

235U/	
204Pb	

232Th/	
204Pb	

87Rb/	
86Sr	

147Sm/	
144Nd	

176Lu/	
177Hf	

D02-06	 1-Niu	 74.57	 0.28†	 gm/D02-04	 38.275	 0.278	 96.418	 0.09	 0.16	 0.010	
D03-24	 1-Niu	 61.57	 0.50†	 gm/D03-23	 29.131	 0.211	 128.722	 0.12	 0.12	 0.008	
D04-01D	 1-Niu	 63.66	 0.34†	 plag/D04-01D	 36.468	 0.265	 154.895	 0.14	 0.12	 0.011	
D11-06	 1-Niu	 52.89	 0.25	 hbl	avg/D11-10	(n=2)	 34.770	 0.252	 148.290	 0.11	 0.11	 0.010	
D13-01	 1-Niu	 50.52	 0.20†	 plag/D13-01	 34.723	 0.252	 95.140	 0.09	 0.13	 0.013	
D14-01	 1-Niu	 49.82	 0.18†	 plag/D14-08	 28.040	 0.203	 136.038	 0.07	 0.12	 0.013	
D18-07*	 1-Niu	 48.88	 0.12†	 hbl/D18-07	 33.131	 0.240	 131.908	 0.20	 0.10	 0.007	
D18-11	 1-Niu	 48.91	 0.07	 hbl	avg/D18-07,D18-23	(n=2)	 36.037	 0.262	 153.632	 0.20	 0.10	 0.007	
D24-04*	 1-Niu	 47.37	 0.11†	 gm/D24-04	 33.131	 0.240	 131.908	 0.05	 0.13	 0.011	
D24-14A	 1-Niu	 47.77	 1.12	 gm/D24-04.D24-11	(n=2)	 28.751	 0.209	 103.454	 0.05	 0.13	 0.011	
D27-35*	 1-Niu	 42.24	 0.82†	 hbl/D27-35	 33.131	 0.240	 131.908	 0.11	 0.12	 0.011	

D07-30	 1-Sil	 52.70	 4.95	
cpx,	plag,	gm	avg/D07-09,D07-22b	
(n=5)	 71.866	 0.522	 137.892	 0.20	 0.13	 0.008	

D15-02*	 1-Sil	 49.03	 0.19†	 gm/D15-02	 61.059	 0.443	 140.800	 0.28	 0.15	 0.012	
D15-17	 1-Sil	 49.31	 0.78	 gm	avg/D15-02,D15-12	(n=2)	 50.251	 0.365	 143.708	 0.28	 0.15	 0.012	
D12-01*	 2	 91.46	 0.22†	 gm/D12-01	 40.598	 0.295	 136.893	 0.13	 0.12	 0.018	
D12-04	 2	 89.46	 0.41†	 gm/D12-04	 49.020	 0.356	 156.583	 0.13	 0.12	 0.018	
D19-03*	 2	 92.03	 1.15†	 plag/D19-03	 40.598	 0.295	 136.893	 0.14	 0.14	 0.011	
D19-08	 2	 93.01	 2.77	 plag/D19-03,D19-12	(n=2)	 32.449	 0.235	 107.317	 0.14	 0.14	 0.011	
D20-15	 2	 95.00	 0.19†	 plag/D20-15	 40.326	 0.293	 146.779	 0.30	 0.13	 0.009	
D21-26	 3	 9.29	 1.96	 gm/D21-03,D21-19	(n=3)	 23.670	 0.172	 97.935	 0.08	 0.14	 0.019	
D26-02‡	 3	 14.00	 2.86	 gm	avg(tf)/D26-01,D26-03	(n=2)	 33.644	 0.244	 71.560	 0.10	 0.15	 0.011	
D28B-06	 3	 13.31	 1.18	 gm,	plag/D28B-01,D28B-04,D28B-05	 13.270	 0.096	 61.322	 0.06	 0.18	 0.012	
D21-19*	 3	 9.29	 1.96	 gm/D21-03,D21-19	(n=3)	 23.528	 0.171	 76.939	 0.08	 0.14	 0.019	
D27-31*	 3	 14.76	 0.12†	 plag/D27-31	 23.528	 0.171	 76.939	 0.08	 0.16	 0.014	
D32-02	 4	 11.10	 0.23	 plag,	gm/D32-01,D32-04	(n=2)	 21.542	 0.156	 83.257	 0.15	 0.13	 0.007	
D33-32	 4	 12.24	 0.13	 plag/D33-05	 39.823	 0.289	 24.645	 0.11	 0.17	 0.015	
The	following	do	not	have	an	age	date,	so	assumed	ages	are	assigned.	Shifting	ages	±15	Ma	produces	ratios	within	analytical	error	except	for	Pb.	
D05-08	 1-Niu	 55	

	 	
39.727	 0.288	 195.230	 0.10	 0.10	 0.009	

D05-
08dup	 1-Niu	 55	

	 	
39.727	 0.288	 195.230	 0.10	 0.10	 0.009	

D06-14	 1e	 55	
	 	

17.548	 0.127	 148.536	 0.06	 0.11	 0.008	
D08-27	 1-Sil	 55	

	 	
60.997	 0.443	 162.983	 0.15	 0.13	 0.008	

D09-14	 1-Niu	 50	
	 	

55.648	 0.404	 132.644	 0.33	 0.13	 0.007	
D10-16	 1-Niu	 50	

	 	
30.936	 0.224	 121.963	 0.10	 0.15	 0.012	

D10-32	 1-Niu	 50	
	 	

32.571	 0.236	 150.339	 0.08	 0.12	 0.009	
D23-05	 1-Niu	 45	 		 		 64.567	 0.469	 180.385	 0.17	 0.11	 0.011	
-	Initial	isotopic	ratios	for	a	subset	of	samples	were	calculated	using	parent/daughter	ratios	from	the	sample	data.	For	the	full	isotopic	dataset,	see	
Table	2.	The	initial	ratios	were	then	forward-modeled	using	fixed	parent-daughter	ratios	from	Nebel	et	al.	(2013),	except	for	87Rb/86Sr	(Sun	and	
McDonough,	1989)	and	approximate	ages	(50	Ma	for	Group	1,	90	Ma	for	Group	2,	15	Ma	for	Groups	3	and	4).	To	find	modeled	232Th/204Pb	and	
235U/204Pb,	232Th	abundances	were	assumed	using	age-corrected	MORB	Th/U	(Sun	and	McDonough,	1989)	and	age-corrected	238U/235U,	and	
assuming	μ	=	28.6.	The	ratios	used	include:	μ	=28.6,	87Rb/86Sr	=	0.851,	147Sm/144Nd	=	0.22,	176Lu/177Hf	=	0.031.	Parent/daughter	ratios	for	207Pb/204Pb,	
and	208Pb/204Pb	were	derived	from	the	modeled	μ	value	and	assuming	a	MORB	Th/U	ratio	(Sun	and	McDonough,	1989).	Using	Nd	and	Hf	
parent/daughter	ratios	calculated	from	Sun	and	McDonough	(1989)	MORB	abundances	produced	forward-modeled	ratios	identical	within	error	of	
the	Nebel	et	al.	(2013)	ratios.	The	low	μ	of	the	MORB	estimate	does	not	reproduce	any	Pb	isotopic	results.	Decay	constants	used	are	
238U=1.55125e-10	yr^-1,	235U=9.8571e-10yr^-1,	232Th=4.948e-11	yr^-1,	87Rb=1.42e-11	yr^-1,	147Sm=6.54e-12	yr^-1,	176Lu=1.867e-11	yr^-1	
(White	2014;	Mattinson	2010).	
-	Samples	marked	with	a	(*)	do	not	have	trace	element	data	available.	Instead,	parent-daughter	ratio	estimates	(italicized)	are	determined	from	a	
sample	from	the	same	dredge,	or	an	average	of	compositional	data	from	the	sample	group/subgroup	were	used.	
†Errors	reported	are	standard	deviation	(σ)	for	a	single	analysis.	All	other	errors	are	standard	deviation	of	two	or	more	seamount	ages	(see	
Supplemental	Ages,	Konrad	et	al.,	submitted).	
‡Age	determinations	for	D26	samples	did	not	form	a	consistent	plateau,	but	yielded	ages	in	good	agreement	with	age	of	Samoan	activity	in	adjacent	
volcanoes	(~12-15	Ma).	Details	are	provided	in	Supplemental	Ages.	
-	Forward-modeled	176/177Hf	and	143Nd/144Nd	ratios	(using	modeled	ratios	from	Sun	and	McDonough,	1989)	are	not	displayed	in	the	Supplemental	
Figures.	Instead,	these	are	used	to	confirm	that	they	reproduce	the	modeled	data	using	the	ratios	published	by	Nebel	et	al.	(2013).	
-	Age	data	are	40Ar/39Ar	plateau	ages	from	Konrad	et	al.	(submitted).	Where	possible,	ages	from	the	same	sample	and/or	mineral	phase	ages	are	
favored	over	sample-dredge	ages	and/or	groundmass	ages.	Where	noted	as	"avg"	in	the	phase/sample	information	column,	ages	shown	are	
seamount	averages	and	error	represents	2σ	of	the	average.	Correspondingly,	errors	are	given	as	2σ.	Single	age	2σ	errors	(†)	are	from	Konrad	et	al.	
(submitted).	A	(tf)	indicates	where	a	total	fusion	age	was	used;	no	plateau	age	vailable.	Individual	sample	ages	for	Rurutu	Group	1	(also	used	
	in	the	Bend	locator	model)	are	found	in	Figure	6.	Individual	ages	for	seamounts	in	the	other	groups	may	be	found	in	Konrad	et	al.	(submitted).	
Phases	used	include	groundmass	(gm),	plagioclase	(plag),	hornblende	(hbl),	and	clinopyroxene	(cpx).	



	

	 207	

	
Table	S.4.4.	(Continued)	

Sample	
206Pb/	
204Pb	meas	 2SE	

206Pb/	
204Pb	initial	

206Pb/	
204Pb	modeled	

207Pb/	
204Pb	meas	 2SE	

207Pb/	
204Pb	initial	

207Pb/	
204Pb	modeled	

D02-06	 19.7808	 3.0E-04	 19.3355	 19.6682	 15.6198	 3.0E-04	 15.5986	 15.6151	
D03-24	 20.6274	 3.0E-04	 20.3478	 20.6223	 15.7016	 2.4E-04	 15.6884	 15.7019	
D04-01D	 20.3989	 4.6E-04	 20.0370	 20.3208	 15.6817	 6.8E-04	 15.6646	 15.6786	
D11-06	 21.0713	 4.3E-04	 20.7848	 21.0205	 15.7405	 3.8E-04	 15.7270	 15.7386	
D13-01	 21.0621	 3.0E-04	 20.7889	 21.0139	 15.7664	 3.2E-04	 15.7536	 15.7646	
D14-01	 20.8045	 4.3E-04	 20.5869	 20.8088	 15.7202	 4.0E-04	 15.7099	 15.7208	
D18-07*	 21.0122	 3.7E-04	 20.7600	 20.9777	 15.7217	 4.7E-04	 15.7098	 15.7205	
D18-11	 20.9178	 3.3E-04	 20.6433	 20.8611	 15.7186	 2.9E-04	 15.7057	 15.7164	
D24-04*	 21.0868	 4.0E-04	 20.8425	 21.0534	 15.7501	 3.2E-04	 15.7386	 15.7489	
D24-14A	 21.2754	 2.8E-04	 21.0615	 21.2743	 15.7787	 2.1E-04	 15.7686	 15.7791	
D27-35*	 21.6541	 3.3E-04	 21.4363	 21.6243	 15.8003	 2.4E-04	 15.7901	 15.7993	
D07-30	 20.8970	 3.8E-04	 20.3071	 20.5419	 15.6772	 6.1E-04	 15.6494	 15.6609	
D15-02*	 20.2049	 3.9E-04	 19.7387	 19.9571	 15.5980	 3.0E-04	 15.5761	 15.5868	
D15-17	 20.0949	 3.3E-04	 19.7090	 19.9286	 15.5870	 3.3E-04	 15.5689	 15.5796	
D12-01*	 20.1363	 3.6E-04	 19.5562	 19.9649	 15.6445	 3.6E-04	 15.6167	 15.6378	
D12-04	 19.7607	 4.2E-04	 19.0757	 19.4753	 15.6260	 4.0E-04	 15.5932	 15.6138	
D19-03*	 20.5661	 3.6E-04	 19.9823	 20.3936	 15.6909	 2.9E-04	 15.6630	 15.6842	
D19-08	 20.0438	 3.1E-04	 19.5722	 19.9879	 15.6691	 3.0E-04	 15.6465	 15.6680	
D20-15	 20.5319	 4.0E-04	 19.9332	 20.3578	 15.7023	 4.1E-04	 15.6736	 15.6955	
D21-26	 19.0325	 5.9E-04	 18.9984	 19.0396	 15.5622	 5.4E-04	 15.5606	 15.5625	
D26-02‡	 18.7110	 3.1E-04	 18.6379	 18.7001	 15.5424	 3.0E-04	 15.5390	 15.5419	
D28B-06	 18.6141	 2.5E-04	 18.5866	 18.6458	 15.5212	 2.9E-04	 15.5199	 15.5227	
D21-19*	 18.7003	 9.2E-04	 18.6663	 18.7076	 15.5297	 7.4E-04	 15.5282	 15.5301	
D27-31*	 18.7676	 2.2E-04	 18.7136	 18.7792	 15.5448	 1.9E-04	 15.5423	 15.5453	
D32-02	 19.0508	 5.4E-04	 19.0136	 19.0629	 15.6307	 5.5E-04	 15.6289	 15.6312	
D33-32	 18.7813	 3.5E-04	 18.7056	 18.7600	 15.5125	 2.6E-04	 15.5090	 15.5116	
The	following	do	not	have	an	age	date,	so	assumed	ages	are	assigned.	Shifting	ages	±15	Ma	produces	ratios	within	analytical	error	except	for	Pb.	
D05-08	 21.4171	 2.7E-04	 21.0767	 21.3218	 15.7962	 2.5E-05	 15.7801	 15.7922	
D05-
08dup	 21.3711	 3.6E-04	 21.0307	 21.2758	 15.7914	 2.7E-04	 15.7754	 15.7874	
D06-14	 21.0077	 3.9E-04	 20.8573	 21.1024	 15.7728	 3.5E-04	 15.7657	 15.7778	
D08-27	 20.2878	 3.0E-04	 19.7652	 20.0102	 15.6193	 2.6E-04	 15.5946	 15.6067	
D09-14	 20.2418	 3.7E-04	 19.8085	 20.0312	 15.6771	 3.7E-04	 15.6567	 15.6676	
D10-16	 20.0565	 3.7E-04	 19.8156	 20.0383	 15.6715	 3.8E-04	 15.6602	 15.6711	
D10-32	 21.0968	 3.7E-04	 20.8432	 21.0659	 15.7664	 3.3E-04	 15.7545	 15.7654	
D23-05	 20.2018	 2.6E-04	 19.7495	 19.9498	 15.6804	 2.1E-04	 15.6591	 15.6690	
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Table	S.4.4.	(Continued)	

Sample	
208Pb/	
204Pb	meas	 2SE	

208Pb/	
204Pb	initial	

208Pb/	
204Pb	modeled	

87Sr/	
86Sr	meas	 2SE	

87Sr/	
86Sr	initial	

87Sr/	
86Sr	modeled	(S&D)	

D02-06	 39.4093	 6.6E-04	 39.0529	 39.4839	 0.703658	 4.7E-06	 0.703506	 0.703596	
D03-24	 40.1725	 6.3E-04	 39.7797	 40.1355	 0.702994	 5.7E-06	 0.702868	 0.702943	
D04-01D	 40.2963	 1.2E-03	 39.8077	 40.1756	 0.703448	 6.1E-06	 0.703318	 0.703395	
D11-06	 40.9641	 1.0E-03	 40.5756	 40.8811	 0.702944	 4.2E-06	 0.702836	 0.702900	
D13-01	 40.6004	 1.0E-03	 40.3623	 40.6541	 0.703016	 4.7E-06	 0.702913	 0.702974	
D14-01	 40.6768	 1.1E-03	 40.3410	 40.6288	 0.703082	 6.2E-06	 0.702980	 0.703040	
D18-07*	 40.6248	 7.0E-04	 40.3054	 40.5877	 0.702951	 5.6E-06	 0.702851	 0.702910	
D18-11	 40.4366	 8.2E-04	 40.0643	 40.3469	 0.703004	 6.1E-06	 0.702904	 0.702963	
D24-04*	 40.3419	 7.6E-04	 40.0323	 40.3060	 0.703056	 5.2E-06	 0.702960	 0.703017	
D24-14A	 40.7392	 6.3E-04	 40.4944	 40.7704	 0.703165	 5.8E-06	 0.703067	 0.703125	
D27-35*	 40.8038	 6.2E-04	 40.5278	 40.7718	 0.703207	 6.6E-06	 0.703121	 0.703172	
D07-30	 40.1986	 7.5E-04	 39.8385	 40.1430	 0.702868	 8.0E-06	 0.702760	 0.702824	
D15-02*	 39.7581	 8.0E-04	 39.4161	 39.6994	 0.702691	 7.3E-06	 0.702591	 0.702650	
D15-17	 39.6321	 9.6E-04	 39.2810	 39.5659	 0.702691	 4.8E-06	 0.702590	 0.702650	
D12-01*	 39.2965	 6.9E-04	 38.6756	 39.2045	 0.702844	 6.7E-06	 0.702658	 0.702768	
D12-04	 38.9807	 1.2E-03	 38.2861	 38.8034	 0.702774	 8.6E-06	 0.702591	 0.702700	
D19-03*	 38.9826	 7.5E-04	 38.3578	 38.8900	 0.703047	 5.7E-06	 0.702859	 0.702970	
D19-08	 38.8339	 7.9E-04	 38.3389	 38.8768	 0.703020	 5.4E-06	 0.702830	 0.702943	
D20-15	 39.1484	 1.1E-03	 38.4568	 39.0062	 0.703181	 7.8E-06	 0.702987	 0.703102	
D21-26	 38.7315	 1.7E-03	 38.6865	 38.7401	 0.703690	 5.1E-06	 0.703671	 0.703682	
D26-02‡	 38.4534	 9.1E-04	 38.4038	 38.4846	 0.704171	 6.1E-06	 0.704142	 0.704159	
D28B-06	 38.3940	 8.3E-04	 38.3536	 38.4304	 0.704137	 6.6E-06	 0.704110	 0.704126	
D21-19*	 38.4651	 1.6E-03	 38.4298	 38.4834	 0.703546	 6.2E-06	 0.703527	 0.703538	
D27-31*	 38.5771	 4.9E-04	 38.5209	 38.6061	 0.703825	 5.9E-06	 0.703795	 0.703813	
D32-02	 39.2571	 1.6E-03	 39.2114	 39.2754	 0.705108	 5.3E-06	 0.705086	 0.705099	
D33-32	 38.4409	 8.9E-04	 38.4260	 38.4966	 0.703605	 5.9E-06	 0.703580	 0.703595	
The	following	do	not	have	an	age	date,	so	assumed	ages	are	assigned.	Shifting	ages	±15	Ma	produces	ratios	within	analytical	error	except	for	Pb.	
D05-08	 42.0587	 1.2E-03	 41.5267	 41.8445	 0.702978	 5.5E-06	 0.702866	 0.702932	
D05-
08dup	 42.0239	 7.5E-04	 41.4919	 41.8096	

	 	 	 	D06-14	 40.7754	 7.3E-04	 40.3706	 40.6884	 0.702986	 5.7E-06	 0.702874	 0.702940	
D08-27	 39.8599	 6.3E-04	 39.4157	 39.7335	 0.702818	 6.0E-06	 0.702706	 0.702772	
D09-14	 40.3858	 8.9E-04	 40.0572	 40.3461	 0.703331	 6.6E-06	 0.703229	 0.703289	
D10-16	 39.6928	 1.1E-03	 39.3907	 39.6795	 0.703119	 5.8E-06	 0.703017	 0.703077	
D10-32	 40.8197	 8.5E-04	 40.4473	 40.7361	 0.702963	 7.3E-06	 0.702861	 0.702921	
D23-05	 39.7766	 5.0E-04	 39.3745	 39.6344	 0.703557	 6.2E-06	 0.703465	 0.703520	
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Table	S.4.4.	(Continued)	

Sample	
143Nd/	
144Nd	meas	 2SE	

143Nd/	
144Nd	initial	

143Nd/	
144Nd	modeled	
(Nebel)	

143Nd/	
144Nd	modeled	
(S&D)	

176Hf/	
177Hf	meas	 2SE	

176Hf/	
177Hf	initial	

176Hf/	
177Hf	modeled	
(Nebel)	

176Hf/	
177Hf	modeled	
(S&D)	

D02-06	 0.512846	 1.2E-05	 0.512769	 0.512877	 0.512870	 0.282888	 6.0E-06	 0.282873	 0.282916	 0.282920	
D03-24	 0.512898	 7.9E-06	 0.512851	 0.512939	 0.512934	 0.282964	 5.0E-06	 0.282955	 0.282991	 0.282994	
D04-01D	 0.512841	 1.1E-05	 0.512792	 0.512884	 0.512878	 0.282932	 2.9E-06	 0.282919	 0.282956	 0.282959	
D11-06	 0.512852	 5.2E-06	 0.512814	 0.512890	 0.512886	 0.282982	 6.0E-06	 0.282972	 0.283003	 0.283005	
D13-01	 0.512871	 4.2E-06	 0.512829	 0.512901	 0.512897	 0.283014	 4.8E-06	 0.283001	 0.283031	 0.283033	
D14-01	 0.512878	 5.6E-06	 0.512838	 0.512909	 0.512905	 0.282979	 4.2E-06	 0.282967	 0.282996	 0.282998	
D18-07*	 0.512877	 3.0E-06	 0.512845	 0.512915	 0.512911	 0.282970	 2.6E-06	 0.282963	 0.282991	 0.282993	
D18-11	 0.512870	 5.3E-06	 0.512837	 0.512908	 0.512903	 0.282974	 3.7E-06	 0.282967	 0.282996	 0.282998	
D24-04*	 0.512867	 3.8E-06	 0.512827	 0.512895	 0.512891	 0.282961	 3.2E-06	 0.282951	 0.282978	 0.282980	
D24-14A	 0.512844	 4.2E-06	 0.512803	 0.512872	 0.512868	 0.282947	 6.7E-06	 0.282937	 0.282965	 0.282967	
D27-35*	 0.512839	 3.2E-05	 0.512807	 0.512868	 0.512864	 0.282921	 3.2E-06	 0.282912	 0.282937	 0.282939	
D07-30	 0.512930	 5.8E-06	 0.512886	 0.512961	 0.512957	 0.282991	 6.0E-06	 0.282983	 0.283013	 0.283016	
D15-02*	 0.513021	 3.6E-06	 0.512972	 0.513042	 0.513038	 0.283098	 2.7E-06	 0.283087	 0.283116	 0.283118	
D15-17	 0.513021	 4.7E-06	 0.512971	 0.513042	 0.513038	 0.283099	 5.0E-06	 0.283088	 0.283117	 0.283119	
D12-01*	 0.513132	 1.3E-05	 0.513062	 0.513193	 0.513186	 0.283032	 2.0E-06	 0.283001	 0.283054	 0.283058	
D12-04	 0.513055	 1.4E-05	 0.512987	 0.513116	 0.513108	 0.283022	 4.0E-06	 0.282991	 0.283043	 0.283047	
D19-03*	 0.513218	 1.6E-05	 0.513134	 0.513266	 0.513258	 0.282896	 2.6E-06	 0.282878	 0.282931	 0.282935	
D19-08	 0.513029	 1.5E-05	 0.512943	 0.513077	 0.513069	 0.282887	 3.4E-06	 0.282869	 0.282923	 0.282927	
D20-15	 0.512939	 1.5E-05	 0.512855	 0.512992	 0.512984	 0.282875	 3.3E-06	 0.282860	 0.282915	 0.282920	
D21-26	 0.512932	 8.1E-06	 0.512924	 0.512937	 0.512937	 0.283105	 7.0E-06	 0.283102	 0.283107	 0.283108	
D26-02‡	 0.512965	 5.9E-06	 0.512950	 0.512971	 0.512969	 0.283082	 3.4E-06	 0.283079	 0.283087	 0.283088	
D28B-06	 0.512959	 1.0E-05	 0.512943	 0.512963	 0.512961	 0.283073	 5.0E-06	 0.283070	 0.283078	 0.283078	
D21-19*	 0.512974	 3.3E-06	 0.512965	 0.512979	 0.512978	 0.283137	 3.6E-06	 0.283134	 0.283139	 0.283140	
D27-31*	 0.513009	 5.0E-06	 0.512993	 0.513015	 0.513013	 0.283079	 2.1E-05	 0.283075	 0.283083	 0.283084	
D32-02	 0.512662	 6.2E-06	 0.512653	 0.512669	 0.512668	 0.282879	 3.7E-06	 0.282877	 0.282884	 0.282884	
D33-32	 0.512978	 6.7E-06	 0.512964	 0.512982	 0.512981	 0.283094	 3.5E-06	 0.283091	 0.283098	 0.283098	
The	following	do	not	have	an	age	date,	so	assumed	ages	are	assigned.	Shifting	ages	±15	Ma	produces	ratios	within	analytical	error	except	for	Pb.	
D05-08	 0.512794	 5.4E-06	 0.512757	 0.512836	 0.512831	 0.282877	 2.5E-06	 0.282868	 0.282899	 0.282902	
D05-
08dup	

	 	 	 	 	 	 	 	 	 	D06-14	 0.512823	 4.7E-06	 0.512785	 0.512864	 0.512859	 0.282898	 3.8E-06	 0.282890	 0.282922	 0.282924	
D08-27	 0.512966	 5.4E-06	 0.512921	 0.513000	 0.512995	 0.283063	 1.3E-05	 0.283055	 0.283087	 0.283089	
D09-14	 0.512876	 4.4E-06	 0.512834	 0.512906	 0.512901	 0.282956	 3.7E-06	 0.282949	 0.282978	 0.282981	
D10-16	 0.512851	 7.0E-06	 0.512800	 0.512872	 0.512868	 0.282941	 5.0E-06	 0.282930	 0.282959	 0.282961	
D10-32	 0.512856	 4.6E-06	 0.512817	 0.512888	 0.512884	 0.282946	 5.0E-06	 0.282938	 0.282967	 0.282969	
D23-05	 0.512831	 1.1E-05	 0.512797	 0.512862	 0.512858	 0.282843	 4.5E-06	 0.282834	 0.282860	 0.282862	
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Table	S.4.5.	Leaching	experiment	
results.	

	 	 	 	 	 	

	 	 208Pb/204Pb	 2SE	 207Pb/204Pb	 2SE	 206Pb/204Pb	 2SE	 Approximate	
undiluted	
voltage	in	cut	

D05-08	 Leachate	1	 40.3081	 2.0E-03	 15.7571	 8.1E-04	 20.7608	 9.7E-04	 97.5	

	 Leachate	2	 40.4589	 3.3E-03	 15.7617	 1.1E-03	 20.8437	 1.2E-03	 13.25	

	 Leachate	3	 --	 --	 --	 --	 --	 --	 --	

	 Leachate	4	 40.7571	 7.9E-03	 15.7734	 3.1E-03	 20.9445	 4.2E-03	 2.75	

	 Sample	 42.8683	 2.3E-03	 15.8050	 9.2E-04	 21.6696	 1.0E-03	 10.75	

	 	 	 	 	 	 	 	 	

D20-15	 Leachate	1	 39.0642	 1.8E-03	 15.6947	 7.0E-04	 20.4123	 7.5E-04	 47.5	

	 Leachate	2	 38.9005	 2.8E-03	 15.6947	 1.2E-03	 20.2729	 1.3E-03	 17.75	

	 Leachate	3	 --	 --	 --	 --	 --	 --	 --	

	 Leachate	4	 38.8555	 3.4E-03	 15.6943	 1.1E-03	 20.2234	 1.4E-03	 6.25	

	 Sample	 39.1442	 1.7E-03	 15.6991	 7.6E-04	 20.5301	 7.9E-04	 28.75	

Each	leach	step	was	performed	using	1	mL	~6N	double-distilled	HCl	for	~1	hour	on	500-600	mg	crushed	sample.	A	final	
12	hour	leach	was	then	performed	to	bring	the	total	time	spent	in	leach	to	~16	hours	to	best	replicate	the	conditions	of	
the	main	sample	set.	This	leach	fraction	was	not	expected	to	contain	significant	amount	of	Pb	and	was	discarded.	The	
leachate	was	then	pipetted	into	a	separate,	clean	Teflon	beaker.	The	sample	was	rinsed	3x	with	18MΩ	water,	which	was	
drawn	off	of	the	sample	each	time	and	added	to	the	leachate	to	ensure	the	entire	leachate	fraction	was	captured.	The	
leaches	were	then	processed	through	Pb	separation	and	cleanup	chemistry	and	analyzed	as	described	in	the	
Supplemental	Methods.	Since	Leachate	3	was	not	analyzed	for	either	sample	and	represents	a	relatively	small	fraction	
of	total	sample	Pb,	it	is	not	considered	in	this	estimate.	
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Table	S.4.6.	Mixing	model	parameters.	 	 	

	 HIMU	 MORB	 EM1	 FOZO	
143Nd/144Nd	 0.512909	 0.51327	 0.512509	 0.51282	
206Pb/204Pb	 21.652	 17.72	 17.804	 19	
207Pb/204Pb	 15.821	 15.5	 15.4728	 15.55	
208Pb/204Pb	 40.534	 37.91	 39.001	 38.9	
87Sr/86Sr	 0.702817	 0.70215	 0.704511	 0.704	
176Hf/177Hf	 0.282885	 0.28326	 0.282718	 0.2828	

Nd	(ppm)	 38.13	 12.03	 46.14	 32.67	

Pb	(ppm)	 2.29	 0.57	 4.34	 1.68	

Sr	(ppm)	 542.18	 129	 603.00	 506.17	

Hf	(ppm)	 4.95	 2.79	 7.11	 5.27	

MORB	is	from	Chauvel	and	Blichert-Toft	(2001)and	Gale	et	al.	
(2013),	HIMU	from	Woodhead	(1996),	EM1	from	Eisele	et	al.,	(2002),	
EM2	from	Jackson	et	al.	(2007),	and	FOZO	is	from	Hart	et	al.	(1992),	
Hauri	and	Hart	(1994),	and	trace	elements,	assumed	to	be	similar	to	
the	FOZO/C	Louisville	hotspot,	are	from	Vanderkluysen	et	al.	(2014).	
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Supplemental	Figure	S.4.1.	Map	of	the	Pacific	Ocean	showing	the	track	overlap	in	the	
Hotspot	Highway.	Hawaiian-Emperor	and	Louisville	tracks	also	shown	for	reference.	
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Supplemental	Figure	S.4.2.	Total	alkali-silica	(TAS)	diagram.	
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Supplemental	Figure	S.4.3.	MgO	plots	for	various	major	elements.	
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Supplemental	Figure	S.4.4.	La/Yb	vs.	La/Sm	ratios	of	the	RR1310	samples.	Ratios	
represent	absolute	elemental	compositions;	no	normalization	was	used.	Group	1	(Rurutu)	
are	enriched	and	plot	with	typical	OIB	compositions.	Group	2	plot	in	the	depleted	third	of	
samples	for	La/Yb,	with	one	outlier	suggesting	an	anomalous	Sm	depletion	resulting	in	an	
unusually	enriched	La/Sm	ratio.	Group	3	are	the	most	depleted	of	the	sample	set,	while	
Group	4,	as	a	true	Samoan	composition,	plots	within	the	OIB-typical	field	defined	by	the	
Group	1	samples.	
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Supplemental	Figure	S.4.5.	Age-corrected	and	forward-modeled	isotopic	data	plotted	
against	the	background	data	used	in	Figure	4.	Niu	and	Sil	trends	remain	after	age	
correction	and	forward	modeling,	suggesting	the	trends	are	primary	to	the	magmas.	
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Supplemental	Figure	S.4.6.	Age-corrected	isotopic	data	plotted	against	background	data	
used	in	Figure	4,	showing	Niu	and	Sil	trends	remain	after	correction	back	to	an	initial	ratio.	
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Supplemental	Figure	S.4.7.	Along-track	distance	vs.	age	plot	for	all	existing	Rurutu	
hotspot	and	Samoan	seamounts	identified	in	this	study.	Rurutu	data	sources:	Konter	et	al.	
(2008),	Koppers	et	al.	(2003),	Staudigel	et	al.	(1991).	Model	fits	include	WK08,	DC85,	and	
D12	projected	from	Arago	Seamount	(Rurutu),	and	Vailuluʻu	Seamount	(Samoa).		
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Supplemental	Figure	S.4.8.	Comparison	of	Group	1	isotopic	data	to	the	μ-κ	ingrowth	
model	of	Hanyu	et	al.	(2014).	Rurutu	compositions	display	greater	κ	variability	than	that	
found	in	traditional	HIMU,	suggesting	some	Rurutu	magmas	probably	assimilated	
heterogeneous,	variably	Th/U-enriched	(via	zones	of	allanite	and/or	monazite)	sections	of	
hydrothermally	altered	oceanic	crust	gabbros.	
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Supplemental	Figure	S.4.9.	Possible	mixing	models	for	a	four-component	system	in	
different	isotope	axes	(emphasizing	143Nd/144Nd	vs.	206Pb/204Pb).	Note	the	poor	fit	in	
207Pb/204Pb	vs.	206Pb/204Pb	for	the	Sil	trend,	which	plots	below	the	NHRL	and	the	Niu	trend.	
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Supplemental	Figure	S.4.10.	Flow	chart	illustrating	the	single-digestion	elemental	
separation	sequence,	described	in	further	detail	in	Supplemental	Methods.	
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Supplemental	Ages.	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	Konrad	et	al.	
(submitted).	

Supplemental Ages - Summary
	 	

		Sample 		Material 		Seamount Age	 ±	2σ	(i) 		±	2σ	(f) 39Ar K/Ca ±	2σ MSWD n N Age	 ±	2σ	(i) 		±	2σ	(f) 40Ar/36Ar ±	2σ SF MSWD Age	 ±	2σ	(i) 		±	2σ	(f) K/Ca ±	2σ
		Name intercept

RR1310-D12-01 Groundmass Fialua 91.46 ±		0.22	Ma ±	2.05	Ma 31% 0.481 ±		0.068 3.09 14 33 92.08 ±		0.75	Ma ±	2.19	Ma 225.08 ±		70.94 1% 2.73 86.81 ±		0.17	Ma ±	1.94	Ma 0.646 ±		0.025
RR1310-D12-04 Groundmass Fialua 89.46 ±		0.41	Ma ±	2.04	Ma 29% 0.36 ±		0.032 3.8 19 35 88.41 ±		0.85	Ma ±	2.15	Ma 303.89 ±		6.11 41% 2.75 82.18 ±		0.20	Ma ±	1.85	Ma 0.369 ±		0.013

RR1310-D19-03 Plagioclase Pae 24 89.35 ±		0.19	Ma ±	2.00	Ma 0.034 ±		0.000
RR1310-D19-03 Plagioclase Pae 24 89.36 ±		0.27	Ma ±	2.01	Ma 0.035 ±		0.000
RR1310-D19-03 Plagioclase Pae 92.03 ±		1.15	Ma ±	2.35	Ma 95% 0.029 ±		0.002 2.09 10 14 91.77 ±		1.58	Ma ±	2.58	Ma 324.6 ±		82.21 16% 2.2 92.49 ±		0.99	Ma ±	2.29	Ma 0.029 ±		0.002
RR1310-D19-12 Plagioclase Pae 93.99 ±		0.43	Ma ±	2.14	Ma 52% 0.047 ±		0.002 2 14 26 94.03 ±		0.53	Ma ±	2.16	Ma 293.72 ±		18.93 30% 2.18 93.35 ±		0.29	Ma ±	2.10	Ma 0.047 ±		0.001

RR1310-D20-10 Plagioclase Foumatua 94.06 ±		0.20	Ma ±	2.11	Ma 48% 0.064 ±		0.001 0.16 6 24 94.04 ±		0.23	Ma ±	2.11	Ma 302.36 ±		30.39 3% 0.15 93.81 ±		0.19	Ma ±	2.10	Ma 0.065 ±		0.001
RR1310-D20-15 Plagioclase Foumatua 95.00 ±		0.19	Ma ±	2.13	Ma 77% 0.079 ±		0.001 1.1 13 24 95.18 ±		0.51	Ma ±	2.18	Ma 206.03 ±		113.09 1% 1.15 94.99 ±		0.19	Ma ±	2.13	Ma 0.08 ±		0.001

RR1310-D21-03 Groundmass Nukulaelae 10.42 ±		0.05	Ma ±	0.24	Ma 42% 0.006 ±		0.007 1.49 5 29 10.38 ±		0.16	Ma ±	0.28	Ma 325.26 ±		113.62 14% 1.79 15.65 ±		0.06	Ma ±	0.36	Ma 0.055 ±		0.000
RR1310-D21-19 Groundmass Nukulaelae 8.81 ±		0.10	Ma ±	0.22	Ma 86% 0.038 ±		0.002 0.54 29 36 8.87 ±		0.16	Ma ±	0.25	Ma 293.82 ±		3.49 66% 0.52 8.49 ±		0.13	Ma ±	0.23	Ma 0.027 ±		0.000
RR1310-D21-19 Groundmass Nukulaelae 8.64 ±		0.16	Ma ±	0.25	Ma 81% 0.032 ±		0.002 0.46 27 36 8.6 ±		0.27	Ma ±	0.33	Ma 300.14 ±		23.02 48% 0.47 8.54 ±		0.17	Ma ±	0.26	Ma 0.023 ±		0.000

RR1310-D26-01 Groundmass West	Niulakita 36 12.99 ±		0.03	Ma ±	0.29	Ma 0.153 ±		0.002
RR1310-D26-03 Groundmass West	Niulakita 34 15.01 ±		0.03	Ma ±	0.34	Ma 0.177 ±		0.002

RR1310-D27-31 Groundmass East	Niulakita 13.46 ±		0.05	Ma ±	0.31	Ma 56% 0.211 ±		0.011 0.65 8 36 13.1 ±		0.78	Ma ±	0.84	Ma 303.4 ±		17.43 5% 0.61 13.53 ±		0.05	Ma ±	0.31	Ma 0.185 ±		0.002
RR1310-D27-31 Plagioclase East	Niulakita 14.76 ±		0.12	Ma ±	0.35	Ma 34% 0.02 ±		0.002 1.54 7 24 15.05 ±		0.23	Ma ±	0.41	Ma 287.12 ±		5.95 27% 0.33 15.96 ±		0.08	Ma ±	0.37	Ma 0.03 ±		0.000
RR1310-D27-32 Plagioclase East	Niulakita 21 17.56 ±		0.08	Ma ±	0.40	Ma 0.006 ±		0.000
RR1310-D27-33 Groundmass East	Niulakita 31 13.75 ±		0.04	Ma ±	0.31	Ma 0.198 ±		0.000
RR1310-D27-42 Groundmass East	Niulakita 14.76 ±		0.05	Ma ±	0.34	Ma 54% 0.177 ±		0.017 0.87 14 31 14.76 ±		0.08	Ma ±	0.34	Ma 328.37 ±		3.93 25% 1.58 15.16 ±		0.05	Ma ±	0.34	Ma 0.152 ±		0.000

RR1310-D32-01 Groundmass Lafetoga 11.18 ±		0.06	Ma ±	0.26	Ma 35% 0.428 ±		0.077 1.69 4 28 11.08 ±		0.18	Ma ±	0.31	Ma 309.53 ±		22.95 11% 1.43 10.68 ±		0.07	Ma ±	0.25	Ma 0.355 ±		0.002
RR1310-D32-04 Plagioclase Lafetoga 11.02 ±		0.04	Ma ±	0.25	Ma 77% 0.033 ±		0.000 0.64 18 24 11.04 ±		0.07	Ma ±	0.26	Ma 286.28 ±		31.60 17% 0.66 11.05 ±		0.04	Ma ±	0.25	Ma 0.033 ±		0.000

RR1310-D33-05 Plagioclase Tuscarora 12.24 ±		0.13	Ma ±	0.31	Ma 36% 0.005 ±		0.000 0.58 10 21 12.13 ±		0.21	Ma ±	0.34	Ma 318.44 ±		30.32 25% 0.32 12.64 ±		0.08	Ma ±	0.30	Ma 0.006 ±		0.000

Inverse	Isochron Total	Fusion

All	age	are	normalized	to	the	FCT-2	sanidine	age	of	28.201	(Kuiper	et	al.,	2008)
Italic	samples	indicate	the	plateau	values	are	recalculated	using	the	inverse	isochron	intercept	for	40Ar/36Ar.	

(i) indicatede internal uncertainity and (f) indicates full external uncertainity
n=steps used in calculating plateau age; N=total steps in the heating spectrum

SF = Spreading factor

Sample	Information Plateau
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.04352 ± 0.22 3.09  31.10
± 0.15% ± 0.24% 0%  14

± 2.05 1.78  
± 0.13 1.7565  

± 0.01390 ± 0.17
± 0.05% ± 0.19%

± 1.94
± 0.04

± 83.21 ± 0.24120 ± 0.76 2.76  31.10
± 39.55% ± 0.82% ± 0.82% 0%  14

± 2.19 1.82  
± 0.74 1.6602  

± 70.94 ± 0.24064 ± 0.75 2.73  31.10
± 31.52% ± 0.82% ± 0.82% 0%  14

± 2.19 1.82  
± 0.73 1.6535  

  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D12-01  >  Groundmass  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A32-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 

  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 

  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 

  Age Classification = Eruption Age 
  IGSN = Undefined 
  Rock Class = Undefined 
  Lithology = Basalt 

  Air Shot 40Ar/36Ar = 303.8680 ± 0.4436 
  Air Shot MDF = 0.99310653 ± 0.00067761 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit
Analytical Error Error Magnification

0.48 ± 0.07Age Plateau
Error Mean

29.22457 91.46

± 0.02

Full External Error

86.81 33 0.65Total Fusion Age 27.70066  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A32-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 37.3 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 
  Sample = RR1310-D12-01 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.85384 ± 0.00841 
  FCT-NM J-value = 0.00177521 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Preferred Age = Plateau Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron
Error Chron

29.46779 92.20

Full External Error

Error Magnification
Full External Error 2ʍ Confidence Limit

210.40

40(a)/36(a) ± 2σ

Spreading Factor1%  
Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Error Chron

29.42637225.08

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

92.08
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.12152 ± 0.41 3.80  28.92
± 0.42% ± 0.45% 0%  19

± 2.04 1.67  
± 0.37 1.9488  

± 0.04411 ± 0.20
± 0.17% ± 0.25%

± 1.85
± 0.14

± 6.13 ± 0.27485 ± 0.85 2.79  28.92
± 2.02% ± 0.97% ± 0.97% 0%  19

± 2.15 1.69  
± 0.84 1.6696  

± 6.11 ± 0.27380 ± 0.85 2.75  28.92
± 2.01% ± 0.97% ± 0.96% 0%  19

± 2.15 1.69  
± 0.84 1.6588  

  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D12-04  >  Groundmass  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A34-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 

  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 

  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 

  Age Classification = Eruption Age 
  IGSN = Undefined 
  Rock Class = Undefined 
  Lithology = Basalt 

  Air Shot 40Ar/36Ar = 335.0000 ± 2.0100 
  Air Shot MDF = 0.97048429 ± 0.00142445 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit
Analytical Error Error Magnification

0.360 ± 0.032Age Plateau
Error Mean

28.61080 89.46

± 0.013

Full External Error

82.18 35 0.369Total Fusion Age 26.22792  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A34-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 39.5 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 
  Sample = RR1310-D12-04 

  FCT-NM Reference = Kuiper et al (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.86645 ± 0.00842 
  FCT-NM J-value = 0.00177268 ± 0.00000168 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Preferred Age = Plateau Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron
Error Chron

28.25850 88.39

Full External Error

Error Magnification
Full External Error 2ʍ Confidence Limit

303.90

40(a)/36(a) ± 2σ

Spreading Factor41%  
Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Error Chron

28.26520303.89

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

88.41
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.03200 ± 0.19
± 0.11% ± 0.22%

± 2.00

± 0.10

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Undefined 

  Age Classification = Undefined 

  Air Shot MDF = 0.99295922 ± 0.00065762 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 

RR1310-D19-03  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A10-14)  >  Incremental Heating  >  Kevin Konrad

  Location = Rurutu Hotspot 
  Region = Tuvalu 

Inverse Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

Analytical Error

Normal Isochron
Cannot Calculate

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 304.0520 ± 0.3953 

  Sample = RR1310-D19-03 

  FCT-NM Reference = Kuiper et al. 2008 
  FCT-NM 40Ar/39Ar Ratio = 8.83481 ± 0.00839 
  FCT-NM J-value = 0.00177903 ± 0.00000169 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 14 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 

28.47055
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A10-14) ± 0.0001

Full External Error

89.35 24 0.0335Total Fusion Age

Age Plateau
Cannot Calculate

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Atmospheric 40/36(a) = 295.50 

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.000 0.010 0.020 0.030 0.040 0.050 0.060

39Ar / 40Ar

36
Ar

 /
 4

0A
r  

   

40

50

60

70

80

90

100

110

120

130

0 10 20 30 40 50 60 70 80 90 100

Cumulative 39Ar Released [ % ]

Ag
e 

[ M
a 

]  
   

0.02   

0.00   

0.02   

0.04   

0.06   

0.08   

0.10   

0.12   

0.14   

0.16   

0.18   

K/
Ca

   
  

14D23574.one-pager.xls printed at 18-10-2016 (16:20)
ArArCALC v2.7.0 -- Beta Version



	

	 226	

	

Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.06838 ± 0.27
± 0.24% ± 0.30%

± 2.01
± 0.21

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 
  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Undefined 
  Age Classification = Undefined 

  Air Shot MDF = 0.99295762 ± 0.00065645 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 

RR1310-D19-03  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A10-14)  >  Incremental Heating  >  Kevin Konrad

  Location = Rurutu Hotspot 
  Region = Tuvalu 

Inverse Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

Analytical Error

Normal Isochron
Cannot Calculate

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 304.0540 ± 0.3922 

  Sample = RR1310-D19-03 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.83481 ± 0.00839 
  FCT-NM J-value = 0.00177903 ± 0.00000169 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 14 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 

28.47433  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A10-14) ± 0.0003

Full External Error

89.36 24 0.0348Total Fusion Age

Age Plateau
Cannot Calculate

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Atmospheric 40/36(a) = 295.50 
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.37296 ± 1.15 2.09  95.08

± 1.27% ± 1.25% 3%  10

± 2.35 1.94  

± 1.14 1.4445  

± 0.32001 ± 0.99
± 1.08% ± 1.07%

± 2.29

± 0.98

± 91.64 ± 0.53822 ± 1.65 2.39  95.08

± 31.38% ± 1.82% ± 1.79% 1%  10

± 2.64 2.00  

± 1.65 1.5463  

± 82.21 ± 0.51289 ± 1.58 2.20  95.08

± 25.33% ± 1.75% ± 1.72% 2%  10

± 2.58 2.00  

± 1.57 1.4827  

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D19-03  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A10-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Air Shot 40Ar/36Ar = 303.8240 ± 0.4527 
  Air Shot MDF = 0.99314179 ± 0.00068157 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 
  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Preferred Age = Plateau Age 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit

Analytical Error Error Magnification

0.0288 ± 0.0023
Age Plateau
Error Mean

29.34862 92.03

± 0.0018

Full External Error

92.49 14 0.0293Total Fusion Age 29.49631
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A10-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 14 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 
  Sample = RR1310-D19-03 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.83481 ± 0.00839 
  FCT-NM J-value = 0.00177903 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Age Classification = Eruption Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron
No Convergence

29.49267 92.47

Full External Error

Error Magnification

Full External Error 2ʍ Confidence Limit

292.01

40(a)/36(a) ± 2σ

Spreading Factor16%  

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Error Chron

29.26376324.60

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

91.77
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.13036 ± 0.43 2.00  51.97

± 0.43% ± 0.46% 2%  14

± 2.14 1.78  

± 0.40 1.4154  

± 0.07804 ± 0.29
± 0.26% ± 0.32%

± 2.10

± 0.24

± 22.25 ± 0.19059 ± 0.61 2.96  51.97

± 7.88% ± 0.63% ± 0.64% 0%  14

± 2.19 1.82  

± 0.58 1.7200  

± 18.93 ± 0.16404 ± 0.53 2.18  51.97

± 6.44% ± 0.55% ± 0.56% 1%  14

± 2.16 1.82  

± 0.50 1.4749  

  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 

  Air Shot MDF = 0.99313858 ± 0.00068156 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

94.03

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Error Chron

29.98418293.72

Spreading Factor30%  

40(a)/36(a) ± 2σ

Full External Error 2ʍ Confidence Limit

282.36

Error Magnification

Analytical Error

Normal Isochron
No Convergence

30.14585 94.52

Full External Error

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 303.8280 ± 0.4527 

  Sample = RR1310-D19-12 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.82973 ± 0.00839 
  FCT-NM J-value = 0.00178005 ± 0.00000169 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 15.5 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 

29.76231
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A11-14) 

Full External Error

± 0.0011

Full External Error

93.35 26 0.0469Total Fusion Age

2ʍ Confidence Limit

Analytical Error Error Magnification

0.0474 ± 0.0023
Age Plateau
Error Mean

29.97061 93.99

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

RR1310-D19-12  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A11-14)  >  Incremental Heating  >  Kevin Konrad
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.02936 ± 0.20 0.16  48.06

± 0.10% ± 0.21% 98%  6

± 2.11 2.26  

± 0.09 1.0000  

± 0.02431 ± 0.19
± 0.08% ± 0.20%

± 2.10

± 0.07

± 30.41 ± 0.04992 ± 0.23 0.16  48.06

± 10.13% ± 0.17% ± 0.25% 96%  6

± 2.11 2.41  

± 0.15 1.0000  

± 30.39 ± 0.04993 ± 0.23 0.15  48.06

± 10.05% ± 0.17% ± 0.25% 96%  6

± 2.11 2.41  

± 0.15 1.0000  

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D20-10  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A7-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 

  Air Shot MDF = 0.99309452 ± 0.00066635 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

94.04

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Overestimated 

30.06417302.36

Spreading Factor3%  

40(a)/36(a) ± 2σ

Full External Error 2ʍ Confidence Limit

300.15

Error Magnification

Analytical Error

Normal Isochron
Overestimated 

30.06853 94.05

Full External Error

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 303.8830 ± 0.4163 

  Sample = RR1310-D20-10 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.85259 ± 0.00841 
  FCT-NM J-value = 0.00177546 ± 0.00000169 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 10 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 

29.98936
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A7-14) 

Full External Error

± 0.001

Full External Error

93.81 24 0.065Total Fusion Age

2ʍ Confidence Limit

Analytical Error Error Magnification

0.064 ± 0.001
Age Plateau
Overestimated 

30.07325 94.06

Results 40(r)/39(k) ± 2σ
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K/Ca ± 2σ
(Ma)

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.02533 ± 0.19 1.10  77.39

± 0.08% ± 0.20% 35%  13

± 2.13 1.82  

± 0.08 1.0486  

± 0.02405 ± 0.19
± 0.08% ± 0.20%

± 2.13

± 0.07

± 241.20 ± 0.16211 ± 0.52 1.21  77.39

± 84.53% ± 0.53% ± 0.55% 27%  13

± 2.18 1.85  

± 0.49 1.1014  

± 113.09 ± 0.15592 ± 0.51 1.15  77.39

± 54.89% ± 0.51% ± 0.53% 32%  13

± 2.18 1.85  

± 0.48 1.0708  

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D20-15  >  Plagioclase  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A8-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Lat-Lon = Undefined - Undefined 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 

  Age Classification = Eruption Age 
  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 

  Air Shot 40Ar/36Ar = 303.8790 ± 0.4163 
  Air Shot MDF = 0.99309772 ± 0.00066636 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 
  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 

  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit

Analytical Error Error Magnification

0.079 ± 0.001Age Plateau 30.35500 95.00

± 0.001

Full External Error

94.99 24 0.080Total Fusion Age 30.35164
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A8-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 11.5 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 
  Sample = RR1310-D20-15 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.84520 ± 0.00840 
  FCT-NM J-value = 0.00177694 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Preferred Age = Plateau Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron 30.35849 95.01

Full External Error

Error Magnification

Full External Error 2ʍ Confidence Limit

285.33

40(a)/36(a) ± 2σ

Spreading Factor1%  

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron
Clustered Points

30.41431206.03

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

95.18
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.01107 ± 0.05 1.49  42.13
± 0.34% ± 0.48% 20%  5

± 0.24 2.41  
± 0.04 1.2197  

± 0.00916 ± 0.06
± 0.19% ± 0.39%

± 0.36
± 0.03

± 125.23 ± 0.05596 ± 0.18 2.16  42.13
± 37.36% ± 1.71% ± 1.74% 9%  5

± 0.30 2.63  
± 0.18 1.4710  

± 113.62 ± 0.04823 ± 0.16 1.79  42.13
± 34.93% ± 1.47% ± 1.51% 15%  5

± 0.28 2.63  
± 0.15 1.3397  

  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D21-03  >  Groundmass  >  KONRAD (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

15-OSU-04 (4A19-15)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Negative Intensities = Allowed 
  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 

  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Unknown 
  IGSN = Undefined 

  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 3.00 min 

  Atmospheric 40/36(a) = 295.50 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

0.0063 ± 0.0070

Analytical Error Error Magnification

Age Plateau 3.28630 10.42

Full External Error 2ʍ Confidence Limit
Analytical Error Error Magnification

Total Fusion Age 4.94229

Spreading Factor14%  
Error Magnification

15.65 29 0.0546 ± 0.0003

Full External Error

Full External Error

  Region = Tuvalu 
  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-04 (4A19-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 8.93418 ± 0.01519 
  FCT-NM J-value = 0.00175924 ± 0.00000299 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 304.4600 ± 0.5541 
  Air Shot MDF = 0.99263320 ± 0.00072600 (LIN) 

Analytical Error

Information on Analysis
and Constants Used in Calculations

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 26.87 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Sample = RR1310-D21-03 
  Material = Groundmass 
  Location = Rurutu Hotspot 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

Full External Error 2ʍ Confidence Limit

335.24
Normal Isochron
No Convergence

3.26663 10.36

Inverse Isochron 3.27379 10.38325.26

2ʍ Confidence Limit

40(a)/36(a) ± 2σ

Analytical Error
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.05111 ± 0.16 0.46  81.36

± 1.83% ± 1.83% 99%  27

± 0.25 1.55  

± 0.16 1.0000  

± 0.05589 ± 0.17
± 2.02% ± 2.03%

± 0.26

± 0.17

± 22.60 ± 0.08810 ± 0.27 0.49  81.36

± 7.58% ± 3.18% ± 3.18% 98%  27

± 0.33 1.57  

± 0.27 1.0000  

± 23.02 ± 0.08779 ± 0.27 0.47  81.36

± 7.67% ± 3.16% ± 3.16% 99%  27

± 0.33 1.57  

± 0.27 1.0000  

  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 

  Air Shot MDF = 0.99294722 ± 0.00065642 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

8.60

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron 2.78010300.14

Spreading Factor48%  

40(a)/36(a) ± 2σ

Full External Error 2ʍ Confidence Limit

298.14

Error Magnification

Analytical Error

Normal Isochron 2.76670 8.56

Full External Error

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 304.0670 ± 0.3922 

  Sample = RR1310-D21-19 

  FCT-NM Reference = Kuiper et al. 2008 
  FCT-NM 40Ar/39Ar Ratio = 9.16993 ± 0.00844 
  FCT-NM J-value = 0.00171401 ± 0.00000158 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 66.3 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 

2.76193
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A56-14) 

Full External Error

± 0.0002

Full External Error

8.54 36 0.0235Total Fusion Age

2ʍ Confidence Limit

Analytical Error Error Magnification

0.0315 ± 0.0023Age Plateau 2.79372 8.64

Results 40(r)/39(k) ± 2σ

M
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D

K/Ca ± 2σ
(Ma)

RR1310-D21-19  >  Groundmass  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A56-14)  >  Incremental Heating  >  Kevin Konrad
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.03206 ± 0.10 0.54  85.97
± 1.13% ± 1.14% 98%  29

± 0.22 1.53  
± 0.10 1.0000  

± 0.04085 ± 0.13
± 1.49% ± 1.50%

± 0.23
± 0.13

± 3.47 ± 0.05073 ± 0.16 0.56  85.97
± 1.18% ± 1.77% ± 1.78% 97%  29

± 0.25 1.54  
± 0.16 1.0000  

± 3.49 ± 0.05096 ± 0.16 0.52  85.97
± 1.19% ± 1.78% ± 1.78% 98%  29

± 0.25 1.54  
± 0.16 1.0000  

  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D21-19  >  Groundmass  >  RURUTU (13-INT-08)
TUVALU  >  RURUTU HOTSPOT

14-OSU-02 (2A56-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 

  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 

  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 

  Age Classification = Eruption Age 
  IGSN = Undefined 
  Rock Class = Undefined 
  Lithology = Basalt 

  Air Shot 40Ar/36Ar = 304.0210 ± 0.3952 
  Air Shot MDF = 0.99298403 ± 0.00065769 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit
Analytical Error Error Magnification

0.0378 ± 0.0021Age Plateau 2.84847 8.81

± 0.0002

Full External Error

8.49 36 0.0267Total Fusion Age 2.74551  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A56-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 66.3 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 
  Sample = RR1310-D21-19 

  FCT-NM Reference = Kuiper et al. 2008 
  FCT-NM 40Ar/39Ar Ratio = 9.16993 ± 0.00844 
  FCT-NM J-value = 0.00171401 ± 0.00000158 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Preferred Age = Plateau Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron 2.86273 8.85

Full External Error

Error Magnification
Full External Error 2ʍ Confidence Limit

293.95

40(a)/36(a) ± 2σ

Spreading Factor66%  
Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron 2.86811293.82

Analytical Error

  Location = Rurutu Hotspot 
  Region = Tuvalu 

8.87

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

39Ar / 40Ar

36
A

r 
/ 

40
A

r 
   

 

8.81 ± 0.10 Ma

0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 40 50 60 70 80 90 100

Cumulative 39Ar Released [ % ]

A
ge

 [ 
M

a 
]  

   

14D23486.one-pager.xls printed at 18-10-2016 (16:21)
ArArCALC v2.7.0 -- Beta Version



	

	 234	

	

Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.00568 ± 0.03
± 0.14% ± 0.24%

± 0.29
± 0.02

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D26-01  >  Groundmass  >  RURUTU (13-INT-08)
SAMOA  >  RURUTU HOTSPOT

14-OSU-02 (2A26-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 

  Instrument = ARGUS-VI-D 
  Preferred Age = Undefined 
  Age Classification = Undefined 

  IGSN = Undefined 

  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 10.00 min 

  Air Shot 40Ar/36Ar = 304.0270 ± 0.4074 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

Age Plateau
Cannot Calculate

± 0.002

Full External Error

12.99 36 0.153Total Fusion Age 4.04917
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A26-14) 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 30.2 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 
  Sample = RR1310-D26-01 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.82587 ± 0.00838 
  FCT-NM J-value = 0.00178083 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot MDF = 0.99297922 ± 0.00066241 (LIN) 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

Inverse Isochron
Cannot Calculate

  Location = Rurutu Hotspot 
  Region = Samoa 
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.00505 ± 0.03
± 0.10% ± 0.21%

± 0.34

± 0.02

  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Undefined 
  Age Classification = Undefined 

  Air Shot MDF = 0.99305367 ± 0.00066382 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 

  Location = Rurutu Hotspot 
  Region = Samoa 

Inverse Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

Analytical Error

Normal Isochron
Cannot Calculate

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 303.9340 ± 0.4103 

  Sample = RR1310-D26-03 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 9.15042 ± 0.00842 
  FCT-NM J-value = 0.00171767 ± 0.00000158 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 65.1 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 

4.85346
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A55-14) ± 0.002

Full External Error

15.01 34 0.177Total Fusion Age

Age Plateau
Cannot Calculate

Results 40(r)/39(k) ± 2σ

M
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D

K/Ca ± 2σ
(Ma)

RR1310-D26-03  >  Groundmass  >  RURUTU (13-INT-08)
SAMOA  >  RURUTU HOTSPOT

14-OSU-02 (2A55-14)  >  Incremental Heating  >  Kevin Konrad
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	

included	in	Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.03591 ± 0.12 1.54  33.98

± 0.78% ± 0.80% 16%  7

± 0.35 2.15  

± 0.11 1.2416  

± 0.02428 ± 0.08
± 0.49% ± 0.52%

± 0.37

± 0.08

± 5.95 ± 0.07200 ± 0.23 0.34  33.98

± 2.07% ± 1.54% ± 1.54% 89%  7

± 0.41 2.26  

± 0.23 1.0000  

± 5.95 ± 0.07193 ± 0.23 0.33  33.98

± 2.07% ± 1.53% ± 1.54% 89%  7

± 0.41 2.26  

± 0.23 1.0000  

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D27-31  >  Plagioclase  >  RURUTU (13-INT-08)
SAMOA  >  RURUTU HOTSPOT

14-OSU-02 (2A18-14)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Lat-Lon = Undefined - Undefined 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 

  Age Classification = Eruption Age 
  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 

  Air Shot 40Ar/36Ar = 303.9990 ± 0.4165 
  Air Shot MDF = 0.99300163 ± 0.00066610 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 

  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit

Analytical Error Error Magnification

0.0204 ± 0.0015Age Plateau 4.59666 14.76

± 0.0002

Full External Error

15.96 24 0.0303Total Fusion Age 4.97305
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A18-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 23 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 
  Sample = RR1310-D27-31 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.81735 ± 0.00838 
  FCT-NM J-value = 0.00178255 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Preferred Age = Plateau Age 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron 4.68937 15.05

Full External Error

Error Magnification

Full External Error 2ʍ Confidence Limit

287.14

40(a)/36(a) ± 2σ

Spreading Factor27%  

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron 4.68990287.12

Analytical Error

  Location = Rurutu Hotspot 
  Region = Samoa 

15.05
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.01517 ± 0.05 0.65  56.34

± 0.36% ± 0.41% 72%  8

± 0.31 2.07  

± 0.05 1.0000  

± 0.01372 ± 0.05
± 0.32% ± 0.37%

± 0.31

± 0.04

± 17.43 ± 0.24628 ± 0.79 0.61  56.34

± 5.75% ± 6.02% ± 6.00% 72%  8

± 0.84 2.15  

± 0.79 1.0000  

± 17.43 ± 0.24483 ± 0.78 0.61  56.34

± 5.74% ± 5.98% ± 5.96% 72%  8

± 0.84 2.15  

± 0.78 1.0000  

  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 

  Rock Class = Undefined 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 10.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 

  Air Shot MDF = 0.99299523 ± 0.00065772 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 

RR1310-D27-31  >  Groundmass  >  RURUTU (13-INT-08)
SAMOA  >  RURUTU HOTSPOT

14-OSU-02 (2A31-14)  >  Incremental Heating  >  Kevin Konrad

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

2ʍ Confidence Limit

Analytical Error Error Magnification

0.211 ± 0.011Age Plateau 4.20364 13.46

± 0.002

Full External Error

13.53 36 0.185Total Fusion Age 4.22648
  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A31-14) 

Full External Error

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 35.7 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Groundmass 
  Sample = RR1310-D27-31 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 8.84584 ± 0.00840 
  FCT-NM J-value = 0.00177681 ± 0.00000169 

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 304.0070 ± 0.3952 

  Atomic Weight K = 39.0983 ± 0.0001 g 

Analytical Error

Normal Isochron 4.09289 13.10

Full External Error

Error Magnification

Full External Error 2ʍ Confidence Limit

303.34

40(a)/36(a) ± 2σ

Spreading Factor5%  

Analytical Error Error Magnification

2ʍ Confidence Limit

Inverse Isochron 4.09229303.40

Analytical Error

  Location = Rurutu Hotspot 
  Region = Samoa 
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.02045 ± 0.08
± 0.38% ± 0.47%

± 0.40
± 0.07

  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 

  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 

  Instrument = ARGUS-VI-D 
  Preferred Age = Undefined 
  Age Classification = Undefined 

  IGSN = Undefined 

  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 1.50 min 

  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 

RR1310-D27-32  >  Plagioclase  >  KONRAD (13-INT-08)
PACIFIC OCEAN  >  SAMOA

15-OSU-06 (6A7-15)  >  Incremental Heating  >  Kevin Konrad

  Negative Intensities = Allowed 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

Age Plateau
Cannot Calculate

Total Fusion Age 5.43556 17.56 21 0.0064 ± 0.0000

Full External Error

  Region = Pacific Ocean 
  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-06 (6A7-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 8.75579 ± 0.01226 
  FCT-NM J-value = 0.00179509 ± 0.00000251 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 304.7630 ± 0.4206 
  Air Shot MDF = 0.99239165 ± 0.00066564 (LIN) 

Information on Analysis
and Constants Used in Calculations

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 15.67 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Sample = RR1310-D27-32 
  Material = Plagioclase 
  Location = Samoa 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

Normal Isochron
Cannot Calculate

Inverse Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

Analytical Error
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.00662 ± 0.04
± 0.15% ± 0.31%

± 0.31

± 0.02

  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 

  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 

  Preferred Age = Undefined 

  Age Classification = Undefined 

  IGSN = Undefined 

  Rock Class = Undefined 

  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 3.00 min 
  Instrument = ARGUS-VI-D 

RR1310-D27-33  >  Groundmass  >  KONRAD (13-INT-08)
PACIFIC OCEAN  >  SAMOA

15-OSU-06 (6A19-15)  >  Incremental Heating  >  Kevin Konrad

  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

Age Plateau
Cannot Calculate

Total Fusion Age 4.47380 ± 0.000

Full External Error

13.75 31 0.198
  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-06 (6A19-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 9.21005 ± 0.01234 
  FCT-NM J-value = 0.00170655 ± 0.00000229 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 304.7610 ± 0.4206 
  Air Shot MDF = 0.99239324 ± 0.00066565 (LIN) 
  Experiment Type = Incremental Heating 

Information on Analysis
and Constants Used in Calculations

  Sample = RR1310-D27-33 
  Material = Groundmass 
  Location = Samoa 
  Region = Pacific Ocean 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

Normal Isochron
Cannot Calculate

40(a)/36(a) ± 2σ

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 40.66 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

Inverse Isochron
Cannot Calculate

Analytical Error
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.00827 ± 0.05 0.87  54.08
± 0.17% ± 0.32% 58%  14

± 0.34 1.78  
± 0.03 1.0000  

± 0.00721 ± 0.05
± 0.15% ± 0.31%

± 0.34
± 0.02

± 3.97 ± 0.02107 ± 0.08 1.61  54.08
± 1.21% ± 0.44% ± 0.52% 8%  14

± 0.34 1.82  
± 0.07 1.2685  

± 3.93 ± 0.02084 ± 0.08 1.58  54.08
± 1.20% ± 0.44% ± 0.51% 9%  14

± 0.34 1.82  
± 0.06 1.2583  

  Atmospheric 40/36(a) = 328.40 ± 1.94 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D27-42  >  Groundmass  >  KONRAD (13-INT-08)
PACIFIC OCEAN  >  SAMOA

15-OSU-06 (6A16-15)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Negative Intensities = Allowed 
  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 

  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 
  IGSN = Undefined 

  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 3.00 min 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

0.177 ± 0.017

Analytical Error Error Magnification

Age Plateau 4.73590 14.76

Full External Error 2ʍ Confidence Limit
Analytical Error Error Magnification

Total Fusion Age 4.86395

Spreading Factor25%  
Error Magnification

15.16 31 0.152 ± 0.000

Full External Error

Full External Error

  Region = Pacific Ocean 
  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-06 (6A16-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 9.08112 ± 0.01226 
  FCT-NM J-value = 0.00173078 ± 0.00000234 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 304.7550 ± 0.4175 
  Air Shot MDF = 0.99239802 ± 0.00066444 (LIN) 

Analytical Error

Information on Analysis
and Constants Used in Calculations

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 34.96 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Sample = RR1310-D27-42 
  Material = Groundmass 
  Location = Samoa 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

Full External Error 2ʍ Confidence Limit

328.19Normal Isochron 4.73652 14.76

Inverse Isochron 4.73584 14.76328.37

2ʍ Confidence Limit

40(a)/36(a) ± 2σ

Analytical Error
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.01693 ± 0.06 1.69  34.55
± 0.49% ± 0.56% 17%  4

± 0.26 2.63  
± 0.05 1.2984  

± 0.02071 ± 0.07
± 0.63% ± 0.68%

± 0.25
± 0.07

± 22.80 ± 0.05369 ± 0.18 1.43  34.55
± 7.37% ± 1.56% ± 1.58% 24%  4

± 0.31 3.00  
± 0.17 1.1960  

± 22.95 ± 0.05399 ± 0.18 1.43  34.55
± 7.41% ± 1.57% ± 1.59% 24%  4

± 0.31 3.00  
± 0.17 1.1977  

  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

RR1310-D32-01  >  Groundmass  >  KONRAD (13-INT-08)
PACIFIC OCEAN  >  SAMOA

15-OSU-06 (6A8-15)  >  Incremental Heating  >  Kevin Konrad

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Negative Intensities = Allowed 
  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 

  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 
  IGSN = Undefined 

  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 77 sec 
  Isolation = 3.00 min 

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

0.428 ± 0.077

Analytical Error Error Magnification

Age Plateau 3.46599 11.18

Full External Error 2ʍ Confidence Limit
Analytical Error Error Magnification

Total Fusion Age 3.31197

Spreading Factor11%  
Error Magnification

10.68 28 0.355 ± 0.002

Full External Error

Full External Error

  Region = Pacific Ocean 
  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-06 (6A8-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 8.78639 ± 0.01230 
  FCT-NM J-value = 0.00178883 ± 0.00000250 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 326.5000 ± 3.6568 
  Air Shot MDF = 0.97623272 ± 0.00259361 (LIN) 

Analytical Error

Information on Analysis
and Constants Used in Calculations

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 18.03 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Sample = RR1310-D32-01 
  Material = Groundmass 
  Location = Samoa 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

Full External Error 2ʍ Confidence Limit

309.48Normal Isochron 3.43421 11.07

Inverse Isochron 3.43438 11.08309.53

2ʍ Confidence Limit

40(a)/36(a) ± 2σ

Analytical Error
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.01107 ± 0.04 0.64  76.91
± 0.31% ± 0.36% 86%  18

± 0.25 1.69  
± 0.03 1.0000  

± 0.01067 ± 0.04
± 0.30% ± 0.35%

± 0.25
± 0.03

± 31.05 ± 0.02244 ± 0.07 0.92  76.91
± 10.99% ± 0.64% ± 0.66% 55%  18

± 0.26 1.71  
± 0.07 1.0000  

± 31.60 ± 0.02229 ± 0.07 0.66  76.91
± 11.04% ± 0.63% ± 0.66% 84%  18

± 0.26 1.71  
± 0.07 1.0000  

  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 
  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 

  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 
  Collector Calibrations = 40Ar 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 

  IGSN = Undefined 
  Rock Class = Undefined 
  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 

  Isolation = 6.00 min 
  Instrument = ARGUS-VI-D 
  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 

  Air Shot MDF = 0.99295442 ± 0.00066235 (LIN) 
  Experiment Type = Incremental Heating 
  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 

RR1310-D32-04  >  Plagioclase  >  RURUTU (13-INT-08)
SAMOA  >  RURUTU HOTSPOT

14-OSU-02 (2A50-14)  >  Incremental Heating  >  Kevin Konrad

Analytical Error

  Location = Rurutu Hotspot 
  Region = Samoa 

11.04

Analytical Error Error Magnification
2ʍ Confidence Limit

Inverse Isochron 3.53375286.28

Spreading Factor17%  

40(a)/36(a) ± 2σ

Full External Error 2ʍ Confidence Limit

282.62

Error Magnification

Analytical Error

Normal Isochron 3.53170 11.03

Full External Error

  Atomic Weight K = 39.0983 ± 0.0001 g 
  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 
  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  Air Shot 40Ar/36Ar = 304.0580 ± 0.4074 

  Sample = RR1310-D32-04 

  FCT-NM Reference = Kuiper et al. (2008) 
  FCT-NM 40Ar/39Ar Ratio = 9.06949 ± 0.00843 
  FCT-NM J-value = 0.00173300 ± 0.00000161 

Information on Analysis
and Constants Used in Calculations

  Project = RURUTU (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 59.7 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

  Material = Plagioclase 

3.53527  Analyst = Kevin Konrad 
  Irradiation = 14-OSU-02 (2A50-14) 

Full External Error

± 0.0002

Full External Error

11.05 24 0.0327Total Fusion Age

2ʍ Confidence Limit
Analytical Error Error Magnification

0.0326 ± 0.0004Age Plateau 3.52793 11.02

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 

  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 

  Atmospheric 40/36(a) = 295.50 
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Supplemental	Ages	(Continued).	40Ar/39Ar	age	data	for	Tuvalu	seamounts	not	included	in	

Konrad	et	al.	(submitted).	

OSU Argon Geochronology Lab
CEOAS Oregon State University, Corvallis, USA

Age ± 2σ 39Ar(k)
(%,n)

± 0.04337 ± 0.13 0.58  36.40
± 1.05% ± 1.07% 82%  10

± 0.31 1.94  
± 0.13 1.0000  

± 0.02651 ± 0.08
± 0.62% ± 0.67%

± 0.30
± 0.08

± 29.88 ± 0.06721 ± 0.20 0.41  36.40
± 9.56% ± 1.63% ± 1.65% 91%  10

± 0.34 2.00  
± 0.20 1.0000  

± 30.32 ± 0.06949 ± 0.21 0.32  36.40
± 9.52% ± 1.69% ± 1.71% 96%  10

± 0.34 2.00  
± 0.20 1.0000  

  Collector Calibrations = 36Ar 
  Decay 40K = 5.530 ± 0.048 E-10 1/a 
  Decay 39Ar = 2.940 ± 0.016 E-07 1/h 
  Decay 37Ar = 8.230 ± 0.012 E-04 1/h 

  Lithology = Basalt 
  Lat-Lon = Undefined - Undefined 
  Age Equations = Min et al. (2000) 
  Negative Intensities = Allowed 

  Preferred Age = Plateau Age 
  Age Classification = Eruption Age 
  IGSN = Undefined 
  Rock Class = Undefined 

  Extraction Method = Bulk Laser Heating 
  Heating = 0 sec 
  Isolation = 1.50 min 
  Instrument = ARGUS-VI-D 

Analytical Error

2ʍ Confidence Limit

Inverse Isochron 4.10396 12.13

40(a)/36(a) ± 2σ

  Project = KONRAD (13-INT-08) 

  Position = X: 0 | Y: 0 | Z/H: 54.46 mm 
  FCT-NM Age = 28.201 ± 0.023 Ma 

318.44

Full External Error 2ʍ Confidence Limit

312.40
Normal Isochron
No Convergence

4.11528 12.16

  Abundance Ratio 40K/K = 1.1700 ± 0.0100 E-04 
  Atomic Weight K = 39.0983 ± 0.0001 g 

  Production 40/39(k) = 0.003823 ± 0.000102 
  Production 38/39(k) = 0.012031 ± 0.000019 
  Production 36/38(cl) = 262.80 ± 1.71 
  Scaling Ratio K/Ca = 0.430 

  Sample = RR1310-D33-05 
  Material = Plagioclase 
  Location = Samoa 
  Region = Pacific Ocean 

Analytical Error

Information on Analysis
and Constants Used in Calculations

  Analyst = Kevin Konrad 
  Irradiation = 15-OSU-06 (6A27-15) 

  Production 36/37(ca) = 0.0002663 ± 0.0000004 

  FCT-NM 40Ar/39Ar Ratio = 9.58415 ± 0.01227 
  FCT-NM J-value = 0.00163994 ± 0.00000210 

  Production 38/37(ca) = 0.0000718 ± 0.0000092 

  FCT-NM Reference = Kuiper et al (2008) 

  Air Shot 40Ar/36Ar = 304.6670 ± 0.7007 
  Air Shot MDF = 0.99246813 ± 0.00080183 (LIN) 
  Experiment Type = Incremental Heating 

Error Magnification

12.64 21 0.0056 ± 0.0000

Full External Error

Full External Error

Spreading Factor25%  

2ʍ Confidence Limit
Analytical Error Error Magnification

Total Fusion Age 4.27807

0.0052 ± 0.0001

Analytical Error Error Magnification

Age Plateau 4.14301 12.24

Full External Error

Results 40(r)/39(k) ± 2σ

M
SW

D

K/Ca ± 2σ
(Ma)

RR1310-D33-05  >  Plagioclase  >  KONRAD (13-INT-08)
PACIFIC OCEAN  >  SAMOA

15-OSU-06 (6A27-15)  >  Incremental Heating  >  Kevin Konrad

  Decay 36Cl = 2.257 ± 0.015 E-06 1/a 
  Decay 40K(EC,ɴЀ) = 0.580 ± 0.009 E-10 1/a 
  Decay 40K(ɴЁ) = 4.950 ± 0.043 E-10 1/a 
  Atmospheric 40/36(a) = 295.50 
  Atmospheric 38/36(a) = 0.1869 
  Production 39/37(ca) = 0.0006756 ± 0.0000089 
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