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Abstract	12	

Because	ocean	circulation	impacts	global	heat	transport,	understanding	the	13	

relationship	between	deep	ocean	circulation	and	climate	is	important	for	predicting	14	

the	ocean’s	role	in	climate	change.	A	common	approach	to	reconstruct	ocean	15	

circulation	patterns	employs	the	neodymium	isotope	compositions	of	authigenic	16	

phases	recovered	from	marine	sediments.		In	this	approach,	mild	chemical	17	

extractions	of	these	phases	is	thought	to	yield	information	regarding	the	εNd	of	the	18	

bottom	waters	that	are	in	contact	with	the	underlying	sediment	package.		However,	19	

recent	pore	fluid	studies	present	evidence	for	neodymium	cycling	within	the	upper	20	

portions	of	the	marine	sediment	package	that	drives	a	significant	benthic	flux	of	21	

neodymium	to	the	ocean.		This	internal	sedimentary	cycling	has	the	potential	to	22	

obfuscate	any	relationship	between	the	neodymium	signature	recovered	from	the	23	

authigenic	coating	and	the	overlying	neodymium	signature	of	the	seawater.		For	this	24	

manuscript,	we	present	sedimentary	leach	results	from	three	sites	on	the	Oregon	25	

margin	in	the	northeast	Pacific	Ocean.		Our	goal	is	to	examine	the	potential	26	



	 2	

mechanisms	controlling	the	exchange	of	Nd	between	the	sedimentary	package	and	27	

the	overlying	water	column,	as	well	as	the	relationship	between	the	εNd	composition	28	

of	authigenic	sedimentary	coatings	and	that	of	the	pore	fluid.		In	our	comparison	of	29	

the	neodymium	concentrations	and	isotope	compositions	from	the	total	sediment,	30	

sediment	leachates,	and	pore	fluid	we	find	that	the	leachable	components	account	31	

for	about	half	of	the	total	solid-phase	Nd,	therefore	representing	a	significant	32	

reservoir	of	reactive	Nd	within	the	sediment	package.		Based	on	these	and	other	33	

data,	we	propose	that	sediment	diagenesis	determines	the	εNd	of	the	pore	fluid,	34	

which	in	turn	controls	the	εNd	of	the	bottom	water.		Consistent	with	this	notion,	35	

despite	having	1	to	2	orders	of	magnitude	greater	Nd	concentration	than	the	bottom	36	

water,	the	pore	fluid	is	still	<0.001%	of	the	total	Nd	reservoir	in	the	upper	sediment	37	

column.		Therefore,	the	pore	fluid	reservoir	is	too	small	to	maintain	a	unique	38	

signature,	and	instead	must	be	controlled	by	the	larger	reservoir	of	Nd	in	the	39	

reactive	coatings.			In	addition,	to	achieve	mass	balance,	we	find	it	necessary	to	40	

invoke	a	cryptic	radiogenic	(εNd	of	+10)	trace	mineral	source	of	neodymium	within	41	

the	upper	sediment	column	at	our	sites.	When	present,	this	cryptic	trace	metal	42	

results	in	more	radiogenic	pore	fluid.		43	

Keywords	44	
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	46	

Highlights	47	

• Sediment	diagenesis	determines	pore	fluid	εNd,	which	controls	bottom	water	48	

εNd.	49	

• Authigenic	phases	drive	the	diagenetic	system,	since	they	are	a	large,	reactive	50	

Nd	reservoir.	51	
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• Trace	minerals	can	influence	the	pore	fluid	εNd.	52	

	53	

1.0 Introduction 54	

	 The	neodymium	isotope	composition	(εNd)	of	seawater	is	commonly	used	as	55	

a	quasi-conservative	tracer	of	ocean	circulation	(e.g.	Frank	2002;	Goldstein	and	56	

Hemming,	2003).	The	neodymium	isotope	value	is	reported	as	εNd,	defined	as	57	

[(143Ndsample/144NdSample)/(143NdCHUR/144NdCHUR)-1]	×	104	where	CHUR	is	the	58	

Chondritic	Uniform	Reserve,	used	as	an	average	earth	value	(143Nd/144Nd	59	

=0.512638;	Jacobsen	and	Wasserburg,	1980).		The	εNd	of	bottom	water	is	thought	to	60	

be	recorded	in	marine	sedimentary	authigenic	phases,	including	Fe	or	Mn	61	

(oxy)hydroxides	that	are	directly	precipitated	from	seawater	(Frank,	2002).	The	62	

changes	in	the	εNd	of	these	authigenic	phases	over	time	are	therefore	interpreted	as	63	

shifts	in	global	ocean	circulation	(e.g.	Haley	et	al.,	2008;	Piotrowski	et	al.,	2005;	64	

Rutberg	et	al.,	2000).		However,	authigenic	ferromanganese	εNd	is	likely	influenced	65	

by	processes	during	early	sediment	diagenesis	(e.g.	Elderfield	et	al.,	1981;	Elderfield	66	

and	Sholkovitz,	1987;	Grousset	et	al.,	1988)	and	may	represent	a	mix	of	in	situ	67	

authigenic	and	preformed	Fe-Mn	oxyhydroxides	(Bayon	et	al.,	2004).		Furthermore,	68	

remobilization	of	these	Fe-Mn	oxyhydroxides	during	early	diagenesis	may	also	bias	69	

the	ferromanganese	εNd		signature	(e.g.	Elderfield	et	al.,	1981;	Elderfield	and	70	

Sholkovitz,	1987;	Palmer	and	Elderfield,	1986).		In	addition	to	these	diagenetic	71	

caveats,	the	interpretation	of	εNd	as	a	paleoproxy	for	circulation	is	dependent	on	the	72	

quasi-conservative	behavior	of	Nd	throughout	the	global	ocean	(Tachikawa	et	al.,	73	

2003)	and	the	ability	to	consistently	recover	a	bottom	water	εNd	signature	from	the	74	

sediment	record.	However,	Nd	is	not	conservative	in	the	global	oceans	and	its	75	
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behavior	is	not	biogeochemically	consistent	with	εNd	appearing	to	be	conservative;	a	76	

discrepancy	coined	the	“Nd	paradox”	(Arsouze	et	al.,	2009;	Goldstein	and	Hemming,	77	

2003;	Jones	et	al.,	2008).	78	

The	main	source	of	Nd	to	the	ocean	has	conventionally	been	assumed	to	be	79	

the	riverine	dissolved	load	with	a	minor	contribution	from	atmospheric	deposition	80	

(e.g.	Elderfield	et	al.,	1990;	Jones	et	al.,	1994).		In	addition	to	concerns	that	result	81	

from	the	Nd	paradox,	observed	changes	to	water	mass	εNd	along	margins	imply	the	82	

presence	of	an	additional	Nd	source	(e.g.	Jeandel	et	al.,	1998;	2007).	Furthermore,	83	

models	indicate	that	the	current	budget	of	Nd	does	not	account	for	95%	of	the	84	

ocean’s	Nd	and	cannot	reproduce	modern	εNd	distributions	without	additional	Nd	85	

sources	(Arsouze	et	al.,	2009;	Jones	et	al.,	2008).		If	the	dissolved	river	flux	supplies	86	

only	a	fraction	of	the	ocean’s	Nd,	then	other	Nd	sources	must	control	the	global	87	

distribution	of	εNd.	The	particulate	Nd	flux	to	the	ocean	is	nearly	100	times	that	of	88	

the	dissolved	riverine	Nd	flux	(Oelkers	et	al.,	2011).	Jeandel	et	al.	(2015)	propose	89	

that	dissolution	in	the	water	column	of	less	than	3%	of	this	particulate	load	can	90	

account	for	the	“missing”	Nd	in	the	ocean.	Alternatively,	we	have	proposed	that	the	91	

role	of	the	particles	is	most	significant	within	the	sediments,	through	post	92	

depositional	Nd	release	driven	by	sediment	diagenesis	(Abbott	et	al.,	2015	a,	b).	This	93	

idea	builds	upon	studies	that	have	highlighted	the	importance	of	sediments	as	a	94	

source	of	Nd	to	the	ocean	(e.g.	Abbott	et	al.,	2015a,	b;	Arsouze	et	al.,	2009;	Bayon	et	95	

al.,	2011;	Carter	et	al.,	2012;	Elderfield	and	Sholkovitz,	1987;	Freslon	et	al.,	2014;	96	

Grousset	et	al.,	1988;	Haley	and	Klinkhammer,	2003;	Jeandel	et	al.,	2007;	Lacan	and	97	

Jeandel	2001,	2005;	Sholkovitz	and	Elderfield,	1988;	Sholkovitz	et	al.,	1989;	98	
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Tachikawa	et	al.,	2003;	Van	de	Flierdt	et	al.,	2004;	Wilson	et	al.,	2013),	and	that	this	99	

benthic	source	likely	determines	the	εNd	distribution	of	the	deep	ocean	(Abbott	et	al.,	100	

2015b).		101	

The	influence	of	the	benthic	flux	on	the	bottom	water	εNd	will	depend	on	both	102	

the	magnitude	and	the	εNd	value	of	the	flux	(Abbott	et	al.,	2015b).		An	understanding	103	

of	the	mechanistic	relationship	among	the	sediment	characteristics,	the	magnitude	104	

of	the	flux,	and	the	εNd	of	the	pore	fluid	is	required	to	estimate	the	influence	of	the	105	

benthic	flux	of	Nd	on	bottom	water	εNd	along	the	ocean’s	flow	path.	Here,	we	attempt	106	

to	constrain	the	factors	and	processes	that	control	the	magnitude	and	εNd	signature	107	

of	the	benthic	flux.	108	

2.0 Methods 109	

Sediment	cores	were	collected	from	three	sites	in	the	eastern	North	Pacific	110	

(Figure	1)	in	October	2012	(HH1200	and	HH3000)	and	July	2013	(HH200).		111	

Detailed	sample	collection	and	core	collection	techniques	are	published	elsewhere	112	

(Abbott	et	al.,	2015a;	Supplemental	information).		These	sites	form	an	east-west	113	

transect	near	the	mouth	of	the	Umpqua	River	on	the	Oregon	margin	in	a	region	114	

influenced	by	seasonal	upwelling.		The	sites	are	from	water	depths	of	200	m	115	

(HH200),	1200	m	(HH1200),	and	3000	m	(HH3000).	The	oxygen	minimum	zone	in	116	

this	region	occurs	between	500	and	1200	m	water	depth.			117	

Sediment	leaching	procedures	were	used	to	collect	an	acid	leachable	fraction	118	

and	reducible	fraction.	Subsamples	of	the	freeze-dried	sediment	were	weighed	(2-3	119	

g	dry	weight)	and	transferred	to	acid-rinsed	Falcon	®	Blue	Max	50	mL	polystyrene	120	

conical	tubes.	The	leaching	procedure	began	with	three	milli-Q	water	(MQ)	rinses	121	
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each	time	shaken	by	hand	for	one	minute	and	centrifuged	for	15	minutes,	and	then	122	

decanted	to	remove	salts.		Next,	a	20	mL	buffered	acetic	acid	leach	solution	(0.5	M	123	

sodium	acetate	and	3.5	M	glacial	acetic	acid	in	MQ;	pH	3.5-4)	was	added	and	shaken	124	

for	2	hours,	centrifuged	for	20	min,	and	60%	of	the	leachate	was	collected	and	125	

stored	in	a	clean	Teflon	vial	(this	solution	will	be	referred	to	as	the	“acid	leachable”	126	

fraction).		The	rationale	for	only	collecting	60%	of	the	leachate	is	that	this	approach	127	

reduces	the	risk	of	contamination	from	particles;	the	remaining	40%	was	discarded.	128	

Following	the	acetic	acid	and	three	more	MQ	rinses,	a	~50	mM	hydroxylamine	leach	129	

solution	(0.1M	hydroxylamine	hydrochloride,	5	M	>99,9%	pure	glacial	acetic	acid	130	

and	0.7M	sodium	hydroxide	in	MQ;	pH	3.5	-	4)	was	added	and	the	solution	was	131	

stirred	for	2	hours,	centrifuged	for	20	min,	and	60%	of	the	leachate	was	collected	132	

and	stored	in	clean	Teflon	(this	solution	will	be	referred	to	as	the	“reducible”	133	

fraction).			134	

Leachate	and	total	solid	digest	solutions	were	analyzed	on	the	Thermo	VG	135	

ExCell	quadropole	ICP-MS	at	the	W.M.	Keck	Collaboratory	for	Plasma	Mass	136	

Spectrometry	at	Oregon	State	University	(ICP-MS	specs	in	Abbott	et	al.,	2015a)	for	137	

rare	earth	element	(REE)	concentrations.		REE	concentrations	for	leachate	and	total	138	

solid	are	reported	as	ng	REE	per	g	dry	sediment.	Oxide	formation	on	the	ICP-MS	was	139	

<3%	based	on	monitoring	of	cerium	oxide	formation.			140	

Total	solid,	leachate,	and	seawater	samples	were	run	through	a	series	of	141	

columns	to	isolate	the	Sr	and	Nd	fractions	for	isotope	analyses.		First,	samples	were	142	

eluted	through	columns	consisting	of	2	mL	of	AG-1x	resin	to	remove	Fe	from	the	143	

solution	to	increase	the	yield	and	efficiency	of	the	remaining	columns.		The	resin	144	
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was	cleaned	with	6	mL	of	6M	HNO3,	6	mL	MQ,	and	then	conditioned	with	6	mL	of	6M	145	

1x	distilled	HCl.		Samples	were	then	re-dissolved	in	1	mL	of	6M	distilled	HCl,	and	146	

centrifuged	for	5	minutes	at	13400	rpm	before	loading	onto	the	column.	Collection	147	

of	the	sample	began	when	the	sample	was	loaded	onto	the	column	and	completed	148	

with	5	mL	of	6M	distilled	HCl.	The	eluate	was	dried	completely,	redissolved	in	1M	149	

distilled	HCl,	and	loaded	onto	cation	exchange	columns	(1.8	mL	AG50W-X8	HCl	form	150	

resin).	The	AG50W-X8	resin	was	loaded	with	MQ,	cleaned	with	6	mL	of	6M	distilled	151	

HCl,	and	conditioned	with	6	mL	of	1M	distilled	HCl	before	the	sample	was	loaded.		152	

Samples	were	eluted	with	3	mL	of	1M	distilled	HCl,	6	mL	of	MQ,	and	4	mL	of	2M	153	

distilled	HNO3	and	then	the	Sr	fraction	was	collected	in	7	mL	of	2M	distilled	HNO3.		154	

After	the	collection	of	the	Sr	fraction,	the	REE	fraction	was	collected	in	10	mL	of	6M	155	

distilled	HNO3.			156	

The	Sr	fraction	was	further	purified	using	50	μL	Sr	Spec	Resin	(Eichrom®	157	

part	SR-B505,	50-100	μm).		Resin	was	cleaned	with	300	μL	of	H2SO4,	MQ,	and	3M	158	

HNO3	before	the	50	μL	sample	was	loaded	in	3M	HNO3,	and	eluted	with	600	μL	of	159	

3M	HNO3.		Sr	was	then	collected	in	500	μL	MQ.		Immediately	after	collection,	3	mL	of	160	

3%	HNO3	was	added	to	each	sample.		The	samples	were	analyzed	on	the	Nu	Plasma	161	

ICP-MS	multi	collector	in	the	Keck	Laboratory	at	Oregon	State	University.		Precision	162	

was	determined	by	repeated	analysis	of	an	in-house	standard,	EMD,	which	yielded	a	163	

mean	87Sr/86Sr	=	0.708185	with	a	2σ	standard	deviation	of	±0.000051	(n=79).		164	

National	Bureau	of	Standards	reference	material	987	(NBS-987)	was	measured	for	165	

these	analysis	at	87Sr/86Sr	=	0.710245	with	a	2σ	standard	deviation	of	±0.000052	(n	166	

=	91)	normalized	to	86Sr/88Sr	=	0.1194.	NBS-987	and	EMD	were	analyzed,	at	a	167	
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minimum,	after	every	6	samples	and	analyzed	in	replicate	at	the	beginning	and	end	168	

of	every	sample	group.	169	

Neodymium	was	isolated	from	the	REE	fraction	using	2	mL	of	50-100	μm	170	

mesh	Ln	resin	(Eichrom®	part	LN-B50-5).		The	column	was	cleaned	with	4	mL	of	171	

6M	HCl	and	6	mL	of	MQ,	and	then	conditioned	in	4	mL	of	0.1M	HCl	before	the	0.5	mL	172	

sample	was	loaded	in	0.1M	HCl.		The	column	was	eluted	with	15	mL	of	0.1M	HCl	and	173	

0.25M	HCl	before	Nd	was	collected	in	8	mL	of	0.25M	HCl.		The	samples	were	174	

analyzed	on	the	Nu	Plasma	multi-collector	ICP-MS	at	Oregon	State	University	for	175	

144Nd	and	143Nd.		The	SpecPure	standard	was	used	for	in-house	reproducibility,	176	

yielding	a	mean	143Nd/144Nd	=	0.511205	with	a	2σ	standard	deviation	of	±0.000014.		177	

The	JNdi-1	standard	was	used	for	normalization	to	143Nd/144Nd	=	0.512115	with	a	178	

2σ	standard	deviation	of	±0.000011	(reference	value	0.512115	±	0.000007	(Tanaka	179	

et	al.,	2000)).	JNdi-1	and	SpecPure	were	analyzed,	at	minimum,	after	every	6	180	

samples	and	analyzed	in	replicate	at	the	beginning	and	end	of	every	batch	run.	The	181	

column	chromatography	procedural	blank	was	≤0.02	ppb	Nd.	182	

3.0 Results 183	

3.1 Pore Fluid 184	

Pore	fluids	are	middle	rare	earth	element	(MREE)	enriched	relative	to	Post	185	

Archaen	Australian	Shale	(PAAS)	at	all	three	sites	(Figure	2,	Abbott	et	al.,	2015a).	186	

Pore	fluids	are	heavy	rare	earth	element	(HREE)	depleted	relative	to	the	total	solid	187	

at	HH200	and	HH1200	(Figure	2).		HH3000	pore	fluids	can	be	either	depleted	or	188	

enriched	in	HREE	relative	to	the	total	solid	depending	on	the	interval,	but	they	are	189	

generally	HREE	enriched	compared	to	HH200	and	HH1200	pore	fluids	(Figure	2).			190	
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The	maximum	concentration	of	Nd	in	the	pore	fluid	increases	and	occurs	191	

deeper	within	the	sediment	column	from	HH200	to	HH1200	to	HH3000	(Figure	3,	192	

Abbott	et	al	2015a,	b).	This	trend	does	not	correlate	to	any	other	measured	variable	193	

in	the	pore	fluids	(Figure	3;	Supplemental	Information	Table	2).	Specifically,	the	194	

maximum	concentration	of	dissolved	Fe	in	the	pore	fluid	decreases	in	magnitude	195	

and	occurs	deeper	within	the	sediment	column	from	HH200	(~80	μM,	6	cm)	to	196	

HH1200	(~35	μM,	9	cm)	to	HH3000	(~8	μM,	11	cm;	Figure	3).		Dissolved	Mn	is	197	

below	detection	at	HH200	and	HH1200,	but	reaches	concentrations	of	50	μM	at	198	

HH3000.	Additionally,	the	dissolved	Li	concentration	profile	at	HH3000	has	a	199	

steeper	decrease	with	depth	than	observed	in	the	pore	fluid	Li	concentration	profile	200	

at	HH1200	(Figure	3).	This	decrease	in	dissolved	Li	is	likely	a	result	of	Li	201	

incorporation	during	authigenic	clay	mineral	formation	(e.g.	Stoffyn-Egli	and	202	

Mackenzie,	1984).		Li	and	P	data	are	unavailable	for	pore	fluids	from	HH200.	At	203	

HH1200	dissolved	P	increases	downcore	from	~4	μM	in	near	surface	pore	fluids	to	204	

~16	μM	at	8	cm	while	dissolved	P	generally	remains	between	6	and	8	μM	205	

throughout	the	measured	pore	fluids	at	HH3000	with	the	lowest	(~6	μM)	occurring	206	

in	the	upper	most	pore	fluids	(Figure	3).		As	an	aside,	if	phosphate	precipitation	or	207	

dissolution	reactions	were	controlling	REE	concentrations	(e.g.	Schacht	et	al.,	2010),	208	

we	might	expect	the	concentrations	of	P	to	covary	with	the	Nd	in	the	pore	fluids,	209	

which	is	not	the	case.		With	the	exception	of	the	upper	two	data	points	from	210	

HH1200,	the	εNd	of	the	pore	fluids	is	relatively	constant	at	each	site	(Figure	3)	and	211	

becomes	less	radiogenic	from	HH200	(average	εNd	-0.2)	to	HH1200	(average	εNd	-212	

1.5)	to	HH3000	(average	εNd	-1.8;	Figure	3;	Abbott	et	al.,	2015b).	Deviations	from	213	
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the	site	average	pore	fluid	εNd	are	largely	restricted	to	the	HH1200.		We	do	not	214	

attempt	to	account	for	these	minor	deviations	in	our	model	(discussed	below)	and	215	

instead	focus	on	the	average	pore	fluid	εNd	at	each	site,	which	represents	first	order	216	

controls	on	the	system.		Pore	fluid	87Sr/86Sr	is	indistinguishable	from	seawater	at	all	217	

sites	(Figure	4).	218	

3.2 Total Solid Phase  219	

Total	solid	phase	characteristics	show	little	variation	among	sites.	Total	solid	220	

REE	patterns	are	similar	among	all	sites	with	both	MREEs	and	HREEs	enriched	221	

relative	to	PAAS	(Figure	2,	Abbott	et	al.,	2015a).	At	all	sites,	total	solid	εNd	ranges	222	

between	0.0	and	-2.5,	but	the	average	εNd	becomes	less	radiogenic	from	HH200	(-223	

1.4)	to	HH1200	(-1.8)	to	HH3000	(-2.2,	Figure	5).		The	concentration	of	Nd	in	the	224	

digests	exhibits	little	variation	within	each	core,	but	the	concentration	of	Nd	225	

increases	slightly	with	increasing	water	depth	from	HH200	(average	14	μg	g-1)	to	226	

HH1200	(average	16	μg	g-1)	to	HH3000	(average	17	μg	g-1).		Bulk	sediment	organic	227	

carbon	concentrations	average	between	1.7%	and	2.0%	at	all	sites,	with	a	slight	228	

downcore	decrease	at	HH1200	(Figure	5).		Sedimentary	Fe	concentration	is	lowest	229	

at	HH200	(<5%)	and	greatest	at	HH1200	(5	-	8%;	Supplemental	Information	230	

Table	3).		Solid	phase	Mn	concentrations	are	constant	at	~450	ppm	down-core	at	231	

both	HH200	and	HH1200.	However,	Mn	concentrations	reach	almost	3600	ppm	in	232	

the	surface	sediments	at	HH3000	before	decreasing	to	~680	ppm	at	7	cm	233	

(Supplemental	Information	Table	3).		Solid-phase	Ca	concentrations	decrease	234	

from	HH200	(1.6	±	0.03%)	to	HH1200	(1.4	±	0.15%)	to	HH3000	(1.0±	0.08%,	235	

(Supplemental	Information	Table	3).	The	87Sr/86Sr	of	the	sediment	digests	is	236	
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constant	with	depth	at	each	site	and	becomes	increasingly	more	radiogenic	with	237	

increasing	water	depth:	the	average	87Sr/86Sr	at	HH200	(0.70757)	<	HH1200	238	

(0.70816)	<	HH3000	(0.70977)	(Figure	5).		This	off-shore	trend	in	sedimentary	239	

87Sr/86Sr	is	consistent	with	published	values	for	the	Cascadia	basin	(Carpentier	et	240	

al.,	2014).		Only	the	total	solid	at	HH3000	has	Sr	isotopic	values	more	radiogenic	241	

than	seawater	(Figure	4,	Figure	5).			242	

The	mineralogy	of	the	marine	sediment	was	similar	among	all	sites	243	

(Supplemental	Information	Figure	1).		All	samples	consisted	of	quartz,	albite,	a	244	

white	mica	(illite	or	muscovite)	and	a	chlorite	mineral	(clinochlore).	The	only	245	

difference	between	pre-leach	and	post-leach	sediments	that	we	could	observe	in	the	246	

XRD	analyses	was	the	presence	of	crystalline	halite	in	the	pre-leach	sediments,	likely	247	

formed	during	sample	freeze-drying.		248	

	 Grain	size	distributions	were	consistent	downcore	at	each	site	for	both	pre-	249	

and	post-leach	measurements	(Supplemental	Information	Table	1).		Pre-leach	250	

and	post-leach	distributions	are	largely	bimodal.		The	primary	peak	is	at	~85	μm	at	251	

HH200	and	~180	μm	in	pre-leach	samples	at	both	HH1200	and	HH3000.		The	252	

secondary	peak	is	between	450	μm	and	500	μm	in	all	pre-leached	samples.		The	253	

overall	mean	of	the	pre-leach	distribution	increases	from	HH3000	(120	μm)	to	254	

HH1200	(185	μm)	to	HH200	(205	μm;	Figure	6).		The	post-leach	distributions	are	255	

bimodal,	with	the	smallest	overall	mean	at	HH3000	(~20	μm)	and	larger	means	at	256	

both	HH200	(~110	μm)	and	HH1200	(~140	μm;	Figure	6).	The	most	prevalent	257	

grain	size	is	the	smallest	at	HH3000	(~5	μm)	and	increases	at	HH1200	(~15	μm)	258	

and	HH200	(~20	μm).			259	
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3.3 Leachates 260	

The	acid	leachable	solution	becomes	less	radiogenic	from	HH200	(εNd	-1.1)	261	

and	HH1200	(εNd	-1.2)	to	HH3000	(εNd	-1.9,	Figure	6).		The	Fe	in	this	leachate	is	on	262	

average	higher	at	HH200	(87-141	μg	mL-1)	than	at	HH1200	(66-135	μg	mL-1)	and	is	263	

lowest	at	HH3000	(53-66	μg	mL-1,	Supplemental	Information	Table	4;	Figure	7).			264	

The	reducible	leachate	has	an	average	εNd	value	between	-0.6	and	-0.9	at	all	265	

sites	with	a	maximum	εNd	of	0.0	and	a	minimum	εNd	of	-1.7	(Figure	6;	Supplemental	266	

Information	Table	5).		The	εNd	of	this	leachate	is	relatively	constant	downcore	at	267	

HH200	(εNd	~	-0.6)	but	changes	downcore	at	1200	m	and	3000	m.		Specifically,	the	268	

reducible	leachate	at	HH1200	m	is	more	radiogenic	with	depth	(εNd	-1.2	at	1.2	cm;	269	

εNd	-0.1	at	9.8	cm)	and	the	reducible	leachate	at	HH3000	m	is	less	radiogenic	with	270	

depth	(εNd	-0.3	at	1.2	cm;	-1.7	at	9.8	cm;	Figure	7).		Unlike	in	the	acid	leachable	271	

solution,	the	minimum	(1300	μg	g-1)	and	maximum	values	(4300	μg	g-1)	of	Fe	in	the	272	

reducible	leachate	both	occur	at	HH3000	(Supplemental	Information	Table	4;	273	

Figure	7).			274	

At	all	locations,	the	εNd	of	both	leachates	is	more	radiogenic	than	the	total	275	

(pre-leach)	solid	(Figure	7).		However,	the	acid	leachable	solution	is	most	similar	to	276	

the	total	solid	at	HH3000.		The	pore	fluid	is	more	radiogenic	than	both	leachates	at	277	

HH200,	but	only	more	radiogenic	than	the	acid	leachable	solution	at	HH3000	278	

(Figure	7).	Reactive	Nd	(i.e.,	the	sum	of	the	two	leachates)	accounted	for	55	to	70%	279	

of	the	Nd	in	the	total	solid	with	an	average	concentration	per	site	between	5.4	and	280	

8.2	μg	Nd	g-1	sed	(Supplemental	Information	Table	6,	Supplemental	281	

Information	Figure	3).		Of	the	leachable	Nd,	45%	was	acid	leachable	and	55%	was	282	
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reducible	(Supplemental	Information	Table	7).	The	concentration	of	Nd	in	both	283	

leachates	increases	with	depth	at	all	sites	(Supplemental	Information	Figure	2).			284	

The	leachate	REE	pattern	is	MREE	enriched	and	HREE	depleted	(Figure	2),	and	the	285	

acid	leachable	solution	is	indistinguishable	from	the	REE	pattern	of	the	reducible	286	

leachate.		We	should	note	here	as	a	point	of	emphasis	and	clarification	that	although	287	

the	acid	leachable	and	reducible	leachate	distributions	do	vary	from	experiment	to	288	

experiment,	the	εNd	of	each	leachate	phase	appears	to	be	robust	and	consistent	289	

among	experiments.		This	point	suggests	that	the	leaching	procedure,	although	not	290	

necessarily	quantitative,	is	targeting	the	same	phase	in	each	experiment.	291	

4.0 Discussion 292	

	 We	have	previously	shown	that	there	is	a	flux	of	Nd	from	sediment	pore	293	

fluids	into	ocean	bottom	water	and	have	suggested	that	this	flux	controls	the	bottom	294	

water	εNd	value	(Abbott	et	al.,	2015	b).	Here	we	present	a	diagenetic	framework	that	295	

outlines	the	important	solid-phase	processes	that	define	the	observed	Nd	behavior	296	

in	marine	pore	fluids.		This	model	separates	the	upper	sediment	column	into	two	297	

primary	reservoirs,	the	pore	fluid	and	the	total	solid	(Figure	8).		We	consider	there	298	

to	be	three	main	sub-components	of	the	total	solid	that	may	interact	with	the	pore	299	

fluids:	particulate	organic	carbon	(POC),	lithogenic,	and	authigenic	phases.	POC	does	300	

not	appear	to	be	an	important	reservoir	because	POC	concentrations	among	all	sites	301	

are	similar	and	do	not	covary	with	any	of	the	Nd	pools	(Figure	5).		While	the	302	

lithogenic	component	is	often	considered	refractory,	the	surrounding	fluid	phase	303	

can	be	influenced	by	mineral	dissolution	and	secondary	precipitation	processes	(e.g.	304	

Jeandel	and	Oelkers,	2015;	Rousseau	et	al.,	2015;	Tachikawa	et	al.,	1999).	Therefore,	305	
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our	model	focuses	on	the	lithogenic	and	authigenic	components	of	the	total	solid	306	

(Figure	8).	It	is	important	to	emphasize	that	although	we	have	various	307	

compositional	information	regarding	the	sedimentary	solid	phases,	our	authigenic	308	

component	is	operationally	defined	by	our	sediment	leachate	results.	309	

4.1 Authigenic phases 310	

The	authigenic	component	is	divided	into	acid	leachable	and	reducible	311	

fractions	that	are	defined	by	experimental	leaching	procedures.	The	idea	that	the	312	

different	leaching	reagents	target	different	solid	phases	is	supported	by	the	Fe,	Mn,	313	

and	εNd	characteristics	measured	in	the	leachates	(Figure	7).		Specifically,	compared	314	

to	the	acid	leachable	fraction,	the	Fe	to	Mn	ratios	are	higher	in	the	reducible	fraction	315	

and	the	εNd	signatures	are	generally	more	radiogenic	in	the	reducible	fraction.		The	316	

exception	is	at	HH200	where	the	εNd	signatures	of	the	acid	leachable	and	reducible	317	

fractions	are	similar.	The	acid	leachable	εNd	more	closely	resembles	the	pore	fluid	at	318	

all	sites	than	does	the	reducible	fraction,	suggesting	that	either	the	reducible	phase	319	

contributes	less	Nd	to	the	pore	fluid	or	that	the	redox	chemistry	of	the	reducing	320	

leach	effectively	targets	a	specific	phase.	The	net	result	is	that	the	εNd	signature	of	321	

the	authigenic	coatings	does	not	resemble	the	overlying	water	column	at	any	site.		322	

Since	the	Nd	isotopic	signature	of	Fe-Mn	oxyhydroxides	is	considered	a	first	323	

indication	of	the	source	of	the	oxides	(e.g.	Bayon	et	al.,	2011),	we	therefore	suggest	324	

the	REEs	in	the	authigenic	coatings	are	most	likely	acquired	during	early	diagenesis,	325	

consistent	with	alteration	of	the	authigenic	phases	during	early	diagenesis	(Bayon	et	326	

al.,	2004;	Elderfield	et	al.,	1981;	Elderfield	and	Sholkovtiz	1987;	Froelich	et	al.,	1979;	327	

Grousset	et	al.,	1988;	Palmer	and	Elderfield,	1986).	328	
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The	grain	size	distribution	of	the	sediments	can	indicate	the	relative	329	

importance	of	authigenic	phases	in	a	given	sample.		For	example,	at	HH3000	the	330	

pre-leach	grain	size	distribution	appears	similar	to	the	grain	size	distributions	at	331	

HH1200	and	HH200.		Within	this	distribution,	there	is	a	wide	size	distribution	and	332	

larger	than	expected	grain	size	at	our	most	distal	site,	HH3000	(Figure	6).		333	

However,	the	post-leach	sediments	show	a	narrower,	well-defined	distribution	of	334	

smaller	grain	size.		This	shift	from	pre-leach	to	post-leach	distribution	is	smaller	at	335	

both	HH1200	and	HH200	(Figure	6).	We	consider	the	unexpectedly	large	grains	in	336	

the	pre-leach	grain	size	distributions,	especially	seen	at	HH3000,	to	be	an	artifact	of	337	

coagulation	of	grains	due	to	surface	coatings	(Figure	6).		We	therefore	suggest	that	338	

the	difference	between	pre-	and	post-leach	grain	size	distributions	indicates	the	339	

presence	of	authigenic	phases,	which	influence	the	measured	“size”	of	the	grains.		340	

Under	this	assumption,	the	greatest	influence	of	the	authigenic	phase	should	be	at	341	

HH3000	where	the	shift	between	the	pre-	and	post-leach	grain	size	distributions	is	342	

the	greatest	(Figure	6).	Indeed,	the	largest	change	in	grain	size	distribution	343	

(HH3000)	corresponds	to	the	highest	percent	of	leachable	Nd	at	HH3000	(Figure	344	

6).	The	greatest	pore	fluid	concentrations	of	Nd	at	HH3000	are	also	concurrent	with	345	

the	largest	fraction	of	REEs	recovered	in	the	combined	leachate	(i.e.,	authigenic)	346	

phases	(Figure	6)	indicating	that	the	pore	fluid	Nd	concentration	is	proportional	to	347	

the	amount	of	authigenic	phases	in	the	sediment.	In	other	words,	we	suggest	that	348	

diagenetic	processes	are	controlling	pore	fluid	Nd	concentrations	as	well	as	pore	349	

fluid	εNd.		350	
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In	our	model,	the	lithogenic	component	is	allowed	to	release	Nd	to	the	pore	351	

fluids	but	does	not	acquire	Nd	from	the	pore	fluids,	while	the	authigenic	phases	are	352	

not	only	formed	from	pore	water,	but	are	able	to	exchange	with	the	surrounding	353	

pore	fluid	(Figure	8).		Thus,	we	expect	the	authigenic	phases	to	have	the	same	εNd	as	354	

the	pore	fluid.	However,	the	observed	leachates	do	not	resemble	the	εNd	of	the	pore	355	

fluid	(Figure	6).		We	therefore	propose	that	the	εNd	and	Nd	concentration	of	the	356	

operationally	defined	authigenic	phases	(leachates)	likely	represents	a	combination	357	

of	“true”	authigenic	phases	and	lithogenic	contamination.		Specifically,	the	leachates	358	

are	recovering	Nd	from	lithogenic	phases	in	addition	to	the	authigenic	phases	in	the	359	

sediment	samples.		We	suggest	this	additional	lithogenic	input	is	not	readily	360	

contributing	to	the	pore	fluid	based	on	the	difference	in	εNd	between	the	pore	fluid	361	

and	the	leachates.	We	suggest	that	the	pore	fluid	is	a	robust	indicator	of	the	‘true’	362	

authigenic	phase	εNd	because	of	the	exchange	between	pore	fluid	and	the	authigenic	363	

phases,	and	we	further	suggest	that	any	difference	between	the	pore	fluid	and	the	364	

leachate	is	an	artifact	of	the	leaching	procedure	targeting	additional	phases.	365	

4.2 Constraints on pore fluid εNd 366	

Compared	to	the	total	solid	phase,	the	Nd	in	the	pore	fluid	accounts	for	less	367	

than	0.001%	of	the	total	Nd	concentration	per	unit	volume	(Figure	6;	368	

Supplemental	Information	Table	7).		Calculations	of	a	sediment-pore	fluid	369	

distribution	coefficient	(Kd)	using	background	pore	fluid	Nd	concentrations	of	250	370	

pmol	L-1	measured	at	HH200	and	total	solid	Nd	concentrations	of	13.8	μg	g-1	result	371	

in	a	Kd	of	1.8	×	105,	similar	to	the	minimum	sediment-seawater	Kd	of	1.5	×	105	372	

reported	by	Takata	et	al.	(2016).		Using	seawater	values	from	sites	HH200	(12	pmol	373	
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L-1)	and	HH3000	(36	pmol	L-1)	our	calculated	sediment-seawater	Kd	ranges	from	1.2	374	

×	106	and	3.7	×	106,	similar	to	the	maximum	sediment-seawater	Kd	of	1.8	×106	375	

reported	by	Takata	et	al.	(2016).		The	small	Nd	concentration	in	the	pore	fluid	376	

reservoir	relative	to	the	Nd	concentration	in	the	total	solid	phases	means	that	pore	377	

fluids	cannot	maintain	a	unique	εNd	signature:	even	a	small	exchange	between	the	378	

pore	fluids	and	the	authigenic	or	lithogenic	reservoirs	will	dominate	the	pore	fluid	379	

signal.		Being	a	surface	exchange	process,	the	exchange	between	pore	fluid	and	the	380	

authigenic	phases	is	likely	dependent	upon	the	exposed	surface	area	of	the	381	

authigenic	phases,	as	has	been	observed	with	other	surface	processes	(e.g.	382	

dissolution,	Schott	et	al.,	2009,	Schott	et	al.,	2012).		In	this	way,	the	greater	the	size	383	

of	the	authigenic	reservoir	(i.e.,	the	more	authigenic	coating	is	present),	the	greater	384	

the	capacity	of	the	upper	sediment	column	to	sustain	a	benthic	flux.		Assuming	385	

exchange	between	the	authigenic	phases	and	the	pore	fluid,	the	Nd	release	from	the	386	

authigenic	phase	must	be	greater	than	any	Nd	precipitation	within	an	authigenic	387	

phase	for	Nd	to	accumulate	in	the	pore	fluid.		If	this	difference	between	release	and	388	

precipitation	is	a	constant	fraction	of	the	authigenic	reservoir,	then	the	resulting	389	

buildup	of	Nd	in	the	pore	fluids	will	be	greater	in	sediments	with	more	authigenic	390	

phases,	as	observed	here.		391	

As	described	above,	we	expect	the	pore	fluid	εNd	to	resemble	the	εNd	of	the	392	

source	of	Nd	to	the	fluids;	however,	the	measured	pore	fluid	εNd	is	more	radiogenic	393	

than	the	total	solid	εNd,	the	reducible	εNd,	and	the	acid	leachable	εNd	at	HH200	394	

(Figure	6).	Therefore,	to	be	consistent,	our	model	requires	a	more	radiogenic	395	

source	of	εNd	to	be	able	to	explain	the	pore	fluid	εNd	at	HH200.		The	initial	bottom	396	
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water	chemistry	of	pore	fluids	cannot	provide	this	radiogenic	source	because	the	397	

mass	of	Nd	derived	from	bottom	water	is	quantitatively	insignificant	and	because	398	

the	bottom	water	is	less	radiogenic	than	the	pore	fluids.		Of	the	acid	leachable,	the	399	

reducible,	and	the	lithogenic	components,	the	lithogenic	component	is	the	only	εNd	400	

not	directly	measured	(Table	1).	However,	we	can	calculate	the	εNd	and	Nd	401	

concentration	for	the	lithogenic	component,	to	determine	whether	the	lithogenic	402	

component	is	a	radiogenic	Nd	source.		We	calculate	the	lithogenic	component	as	403	

	404	

�Nd !"#! = �!" !"#$%×[!"]!"#$% ! �!" !"#!×[!"]!"#!
[!"]!"#!

 	 	 	 (1)	405	

	406	

where	the	Total	is	the	measured	total	solid	phase,	Auth	is	a	weighted	sum	of	the	acid	407	

leachable	and	reducible	leachates,	and	Lith	is	the	remaining	lithogenic	component.		408	

The	result	of	this	calculation	is	an	εNdLith	of	-2	at	HH200,	-2.5	at	HH1200,	and	-3.1	at	409	

HH3000	(Table	1),	meaning	that	as	a	whole,	the	lithogenic	component	cannot	410	

provide	a	source	of	radiogenic	Nd.	However,	we	know	that	the	lithogenic	411	

component	consists	of	multiple	major	mineral	phases	(e.g.,	quartz,	albite,	a	white	412	

mica,	and	clinochlore;	Supplemental	Information	Figure	1).		Therefore,	413	

preferential	contribution	from	a	single	mineral	phase	within	the	lithogenic	414	

component	is	possible.		Preferential	contribution	is	consistent	with	laboratory	415	

leaching	experiments	in	which	the	εNd	obtained	was	dependent	on	the	fraction	of	the	416	

particles	reacting	with	the	leach	solution	(Wilson	et	al.,	2012;	Wilson	et	al.,	2013).			417	

4.3 Cryptic trace mineral 418	
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	 A	radiogenic	trace	mineral	may	provide	the	“unmeasured”	radiogenic	source	419	

required	to	explain	the	pore	fluid	εNd	signature	in	the	absence	of	any	measurable	420	

highly	radiogenic	source.		This	trace	mineral	adds	complexity,	but	serves	as	an	421	

example	as	increasing	pore	fluid	data	sets	become	available	for	a	more	422	

comprehensive	model.		Currently,	the	proposal	of	a	trace	mineral	preferentially	423	

dominating	the	particulate-fluid	interaction	is	consistent	with	observations	in	the	424	

modern	ocean	and	in	the	laboratory	(e.g.	Jeandel	et	al.,	2015;	Pearce	et	al.,	2013;	425	

Rousseau	et	al.,	2015;	Wilson	et	al.,	2012;	Wilson	et	al.,	2013).		Evidence	for	this	426	

radiogenic	trace	mineral	exists	in	bottom	water	from	HH200.		At	HH200,	we	were	427	

able	to	measure	the	εNd	signatures	of	a	filtered	bottom	water	sample	and	an	428	

unfiltered	bottom	water	sample.		Being	closest	to	the	shore,	HH200	is	likely	to	be	429	

most	influenced	by	a	reactive	trace	mineral,	considering	the	release	of	Nd	from	430	

suspended	particulate	matter	is	rapid	(3	±	1	weeks,	Rousseau	et	al.,	2015)	and	the	431	

more	distal,	deeper	sediments	have	more	developed	and	recycled	authigenic	phases.	432	

The	unfiltered	bottom	water	sample	represents	a	combination	of	the	filtered	bottom	433	

water	and	what	is	essentially	an	acid	leach	of	the	particles	in	the	water	due	to	434	

sample	acidification.	We	observe	that	the	εNd	of	the	unfiltered	bottom	water	(εNdUBW	435	

=	+0.7)	is	more	radiogenic	than	the	εNd	of	the	filtered	bottom	water	(εNdBW	=	-1.8;	436	

Table	1).	Assuming	that	the	acidification	of	the	unfiltered	bottom	water	only	adds	437	

Nd	from	the	reactive	trace	mineral,	and	limiting	the	contribution	of	Nd	to	20%	of	the	438	

concentration	of	Nd	in	the	filtered	bottom	water,	we	can	calculate	the	εNd	of	the	trace	439	

mineral	needed	to	produce	the	change	in	εNd	between	the	unfiltered	and	filtered	440	

bottom	water	as:	441	
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	442	

	�Nd!"#×[!"]!"# =�Nd!"#$%×[!"]!"#$% +�Nd!"×[!"]!"	443	

	 (2)	444	

	445	

The	result	is	a	trace	mineral	with	εNdTrace	=	+10	to	produce	the	observed	shift	in	446	

bottom	water	εNd	(equation	2).		An	εNd	of	+10	is	within	the	range	of	minerals	coming	447	

from	the	Depleted	Western	Terranes	in	the	region,	including	the	Intermontane	Belt,	448	

Coast	Mountain	Belt,	Cascade	Arc,	and	Vancouver	Island	(εNd	0	to	+11;	Carpentier	et	449	

al.,	2014).		More	specifically,	the	Paleozoic	mid-oceanic	ridge	basalts	that	comprise	450	

the	Cache	Creek	terrane	included	in	the	Depleted	Western	Terranes,	have	εNd	451	

between	+7.7	and	10.2	(Smith	and	Lambert,	1995).	The	possibility	of	basaltic	452	

particles	that	could	alter	fluid	εNd	and	contribute	REES	to	the	solution	has	previously	453	

been	experimentally	investigated	(Pearce	et	al.,	2013).	Therefore,	inferring	that	a	454	

trace	amount	of	this	locally	sourced	reactive	mineral	with	εNdTrace	=	+10	is	present	in	455	

the	sediments	along	the	Oregon	margin	is	at	least	possible.				456	

In	our	model	the	trace	mineral	reacts	readily,	resulting	in	a	significant	457	

contribution	of	radiogenic	Nd	to	the	pore	fluid	in	less	mature	shallow	sediments	(i.e.	458	

HH200)	where	this	trace	mineral	is	extant.		At	HH200,	we	can	estimate	the	percent	459	

Nd	in	the	pore	fluid	coming	from	the	trace	mineral	as:	460	

�Nd!"×[!"]!" = �Nd!"×[!"]!" + �Nd!"#$%×[!"]!"#$% 			461	

	 (3)	462	

wherein	we	assume	the	difference	between	the	measured	pore	fluid	εNd	463	

(εNdPW)	and	the	acid	leachable	εNd	(εNdAL)	is	completely	due	to	the	contribution	of	Nd	464	
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to	the	pore	fluid	from	a	trace	mineral	with	εNdTrace	of	+10.		The	result	is	that	only	3%	465	

of	the	Nd	in	the	pore	fluid	at	HH200	needs	to	come	from	the	trace	mineral	to	explain	466	

the	observed	εNdPW	(-0.2;	equation	3,	Figure	6).			Following	the	logic	that	the	trace	467	

mineral	is	more	prevalent	in	the	shallow	sediments	closer	to	a	terrestrial	source,	it	468	

follows	that	the	trace	mineral	should	be	detectable	in	one	or	more	local	rivers.		469	

However,	many	rivers	with	differing	εNd	signatures	(e.g.	VanLaningham	et	al.,	2008)	470	

contribute	to	the	Oregon	margin.		Additionally,	seasonal	variability	in	the	εNd	471	

signature	of	rivers	could	make	detection	of	the	cryptic	phase	time	dependent	(e.g.	472	

Viers	et	al.,	2008).		Combined,	these	complexities	mean	that	extensive	spatial	and	473	

temporal	sampling	in	each	river	would	be	necessary	to	discern	the	trace	mineral	in	474	

the	riverine	system.	475	

We	speculate	that	the	contribution	of	radiogenic	Nd	from	this	trace	mineral	476	

becomes	less	significant	as	the	amount	of	the	trace	mineral	remaining	in	the	total	477	

solid	decreases	with	sediment	maturity	(Figure	8).	REE	patterns	support	a	greater	478	

contribution	from	such	a	reactive	trace	mineral	in	the	less	mature	(shallower)	479	

sediments	at	HH200.		That	is,	the	REE	pattern	of	the	pore	fluid	is	most	different	from	480	

the	REE	pattern	of	the	total	solid	at	HH200	and	most	similar	at	HH3000	(Figure	2).	481	

The	similarity	of	the	REE	patterns	of	pore	fluids	and	total	solid	at	HH3000	is	482	

consistent	with	the	absence	of	a	reactive	trace	mineral	in	these	more	mature	483	

sediments.		In	addition	to	REE	patterns,	a	decrease	in	the	reactive	trace	mineral	is	484	

supported	by	more	radiogenic	total	solid	at	HH200	compared	to	HH3000	(Figure	5,	485	

Table	1).	Specifically,	the	average	total	solid	εNd	(εNdTS)	changes	from	-1.4	at	HH200	486	

to	-1.8	at	HH1200	to	-2.2	at	HH3000.	Using	the	εNdTrace	=	+10	calculated	above,	we	487	
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can	determine	the	percent	of	Nd	in	the	trace	mineral	component	of	the	total	solid	488	

(TS)	at	HH200	that	is	not	present	at	HH3000	if	the	only	factor	changing	the	total	489	

solid	εNd	is	the	loss	of	the	trace	mineral	offshore.		We	determine	[Nd]Trace	as	490	

	491	

�Nd!"!"""×[!"]!"!""" = �Nd!"!""×[!"]!"!"" − �Nd!"#$%×[!"]!"#$% 		492	

(4)	493	

	494	

where	[Nd]trace	and	[Nd]TS3000	are	fractions	between	0	and	1	and	must	sum	to	495	

[Nd]TS200	([Nd]TS200	=1).		The	result	is	that	[Nd]trace	is	0.09;	in	other	words	9%	of	the	496	

Nd	in	the	total	solid	at	HH200	is	coming	from	the	reactive	trace	mineral	497	

(εNdTrace=+10).		This	calculation	demonstrates	that	the	difference	in	the	total	solid	498	

εNd	between	HH200	and	HH3000	can	be	explained	by	the	decreasing	presence	of	the	499	

trace	mineral,	consistent	with	our	model	for	explaining	observed	pore	fluid	εNd	500	

(equation	4,	Figure	8).	501	

Acknowledging	that	Sr	has	different	geochemistry	than	Nd,	the	87Sr/86Sr	502	

measured	in	the	pore	fluid,	leachates,	and	total	solid	phase	are	consistent	with	our	503	

diagenetic	model	for	Nd.		The	pore	fluid	Sr	reservoir	is	small	compared	to	the	solid	504	

phases,	accounting	for	~1%	of	the	concentration	of	Sr	in	the	upper	sediment	column	505	

per	unit	volume.		The	pore	fluid	87Sr/86Sr	is	within	error	of	seawater	(Figure	4).		506	

The	87Sr/86Sr	of	both	leachates	is	between	the	87Sr/86Sr	of	the	pore	fluid	and	the	507	

87Sr/86Sr	of	the	total	solid	at	all	sites.		As	with	leachate	εNd,	the	greatest	deviation	in	508	

leachate	87Sr/86Sr	from	pore	fluid	87Sr/86Sr	occurs	at	HH200	supporting	our	509	

assertion	that	the	leachates	are	contaminated	with	the	lithogenic	phase	(Figure	4).	510	
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On	average,	the	Sr	in	the	acid	leachable	solution	is	45%	of	the	Sr	in	the	upper	511	

sediment	column	by	volume.		The	remaining	55%	of	Sr	is	split	evenly	between	the	512	

reducible	leachate	and	the	refractory	phase	with	a	molar	Sr/Ca	of	between	0.003	513	

and	0.008	in	all	leachates	(Supplemental	Information	Table	4).		For	the	total	solid,	514	

the	increase	in	87Sr/86Sr	from	HH200	(0.707565)	to	HH3000	(0.709773)	is	515	

consistent	with	the	corresponding	decrease	in	εNd	(Figure	5).		Both	the	lower	516	

87Sr/86Sr	and	higher	εNd	at	HH200	support	a	greater	contribution	from	the	depleted	517	

western	terranes	than	at	HH1200	or	HH3000	(depleted	western	terranes	0.702000-518	

0.706000;	e.g.	DePaolo	and	Wasserbug,	1976;	Carpentier	et	al.,	2014).		519	

4.4 Applicability to εNd	distribution of the global ocean 520	

In	the	modern	ocean,	a	first	order	relationship	has	been	observed	between	521	

salinity	and	εNd	(VonBlanckenburg,	1999).		The	core	of	North	Atlantic	Deep	Water	522	

maintains	an	εNd	of	-13.5	along	its	flow	path,	becoming	more	radiogenic	towards	the	523	

south	with	the	input	of	more	radiogenic	bottom	water	from	Southern	Ocean	deep	524	

water	formation.		However,	in	the	North	Pacific,	there	is	a	change	in	the	deep-water	525	

εNd	signal	that	occurs	despite	the	absence	of	deep-water	formation.	Isotopic	models	526	

have	been	unable	to	explain	this	alteration	when	εNd	is	treated	as	a	conservative	527	

tracer	with	riverine	point	sources	(Arsouze	et	al.,	2009;	Jones	et	al.,	2008).	We	528	

suggest	that	the	εNd	of	the	deep	Pacific	is	instead	determined	by	the	εNd	of	the	529	

benthic	flux.		As	seen	at	all	of	our	sites,	the	εNd	of	the	flux	provides	a	source	that	is	530	

more	radiogenic	than	the	bottom	water.		Therefore,	as	the	bottom	water	continues	531	

to	be	exposed	to	the	flux	along	its	flow	path,	the	εNd	of	the	bottom	water	becomes	532	

more	radiogenic.	Models	confirm	that	the	addition	of	a	deep	Pacific	source	of	533	
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radiogenic	Nd	can	bring	model	outputs	from	the	interior	ocean	to	within	one	ε	unit	534	

of	modern	observations	(Jones	et	al.,	2008).		In	this	way	the	benthic	flux	of	Nd	to	the	535	

ocean	can	explain	the	observed	εNd	gradient	in	the	North	Pacific,	as	well	as	the	non-536	

conservative	behavior	of	Nd	in	the	water	column.		This	“benthic	flux“	hypothesis	has	537	

the	potential	to	fundamentally	change	our	understanding	of	REE	cycling	and	the	538	

biogeochemical	cycle	of	εNd	in	the	ocean.		This	hypothesis	needs	to	be	further	539	

evaluated	in	other	ocean	basins	and	in	a	variety	of	sediment	compositions.		540	

Furthermore,	this	model	implies	that	the	use	of	authigenic	coatings	as	a	proxy	for	541	

bottom	water	εNd	in	the	past,	may	not,	strictly	speaking,	be	viable.		542	

5.0 Conclusions 543	

Pore	fluid	and	sediment	samples	from	three	sites	along	the	Oregon	margin	544	

were	collected	and	analyzed	to	evaluate	the	role	of	sediment	diagenesis	on	pore	545	

fluid	Nd	composition.		At	these	sites,	sediment	diagenesis	dictates	the	Nd	546	

concentrations	and	εNd	in	pore	fluids.		Because	the	flux	of	pore	fluid	Nd	is	a	major	547	

source	of	Nd	to	the	oceans,	these	diagenetic	processes	also	can	control	the	εNd	548	

distribution	of	bottom	water	in	regions	with	a	large	benthic	flux.		We	find	no	simple	549	

relationship	between	diagenetic	Nd	enrichment	and	bulk	mineralogy	or	organic	550	

carbon	degradation.	The	Nd	in	the	pore	fluid	is	<0.001%	of	the	total	Nd	reservoir	in	551	

the	sediment	column,	and	because	of	the	small	size	of	this	reservoir,	it	is	sensitive	to	552	

small	imbalances	in	exchanges	with	the	total	solid	phase.	Within	the	total	solid,	the	553	

authigenic	phases	are	a	large	and	reactive	reservoir	of	Nd,	constituting	~50%	of	the	554	

Nd	in	the	total	solid.		We	propose	that	the	magnitude	of	the	benthic	flux	at	each	site	555	

is	a	result	of	the	development	of	reactive	authigenic	phases	during	sediment	556	
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diagenesis.	The	more	mature	sediments	at	HH3000	support	the	greatest	pore	fluid	557	

Nd	concentrations	and	benthic	flux.		The	less	mature	sediments	at	HH200	support	558	

lower	pore	fluid	Nd	concentrations	and	have	pore	fluid	εNd	influenced	by	the	559	

presence	of	trace	minerals	that	are	more	radiogenic	in	their	composition.	This	560	

model	provides	a	foundation	for	identifying	sediment	characteristics	that	are	likely	561	

to	result	in	a	large	benthic	flux	or	result	in	a	benthic	flux	with	an	εNd	influenced	by	562	

exchange	with	a	variety	of	lithogenic	phases.		563	

	564	
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Main	Text	Figure	and	Table	Captions	739	

Figure	1	Study	Sites.	Map	shows	the	location	of	study	sites	at	water	depths	of	200	m,	740	
500	m,	1200	m,	and	3000	m	on	the	Oregon	Margin	in	the	northeast	Pacific	Ocean.			741	
The	benthic	flux	of	Nd	to	the	ocean	was	calculated	at	200	m,	1200	m,	and	3000	m	742	
(Abbott	et	al.,	2015a,b).	Water	column	profiles	show	dissolved	oxygen	(left)	and	εNd	743	
(right).		The	dissolved	oxygen	profile	is	only	shown	at	3000	m,	as	the	profiles	were	744	
indistinguishable	among	sites	at	this	scale.		εNd	is	shown	for	HH200	(squares),	745	
HH1200	(diamonds),	and	HH3000	(circles).	746	
	747	
Figure	2	Rare	Earth	Element	Patterns.	REEs	are	normalized	to	PAAS	and	Pr.	Pr	748	
normalization	is	based	on	published	pore	fluid	Pr	values	from	these	sites	(Abbott	et	749	
al.,	2015a).	The	Pr	normalization	allows	direct	comparison	of	the	pattern	variability	750	
in	the	lower	absolute	concentration	samples	to	the	patterns	in	the	higher	751	
concentration	samples.		Total	solid	(black)	and	total	leachate	(striped)	represents	752	
the	range	in	pattern	from	all	sites.		Pore	fluid	patterns	are	shown	individually	for	753	
HH200	(pink),	HH1200	(blue),	and	HH3000	(green).	The	reader	is	referred	to	the	754	
web	version	of	this	article	for	interpretation	of	the	color	version	of	this	figure.		755	
	756	
Figure	3	Fluid	Phase	Characteristics.	Pore	fluid	profiles	from	A)	HH200,	B)	HH1200,	757	
and	C)	HH3000	for	dissolved	iron,	manganese,	lithium,	phosphorous,	neodymium	758	
and	εNd.		Mn	was	below	the	detection	limit	at	HH200	and	HH1200	for	all	sampled	759	
intervals.		Li	and	P	data	are	not	available	from	HH200.		Error	bars	for	Fe,	Mn,	P,	and	760	
Nd	are	smaller	than	symbol	size.		Black	arrows	on	εNd	profiles	indicate	bottom	water	761	
εNd	signatures.	762	
	763	
Figure	4	87Sr/86Sr.		87Sr/86Sr	for	acid	leachable	(triangle)	and	reducible	leachates	764	
(diamonds),	total	solid	(solid	squares),	and	pore	fluids	(striped	squares).		Pore	fluid	765	
87Sr/86Sr	is	indistinguishable	from	seawater	(grey	shading,	0.70918,	Henderson	et	766	
al.,	2004)	at	all	sites.	Error	bars	represent	2σ.	a)	Expanded	y	scale	to	display	acid	767	
leachable	variations	and	b)	full	y	scale	to	display	variations	in	all	phases.		768	
	769	
Figure	5	Solid	Phase	Characteristics.	Total	solid	profiles	from	A)	HH200,	B)	HH1200,	770	
and	C)	HH3000	for	εNd,	Nd	concentration,	percent	organic	carbon	(%OC),	Fe/Al,	771	
Mn/Al,	and	87Sr/86Sr.		The	shaded	bar	for	87Sr/86Sr	indicates	the	global	seawater	772	
value.		Parentheses	indicate	values	not	included	in	interpretations.		773	
	774	
Figure	6	Mechanism	Indicators.		A)	εNd	profiles	for	the	acid	leachable	(light	grey),	775	
the	reducible	(dark	grey)	fractions,	the	total	solid	(black),	and	the	pore	fluid	776	
(striped)	for	HH200,	HH1200,	and	HH3000.		B)	Relative	distribution	of	Nd	among	777	
acid	leachable	(light	grey),	reducible(dark	grey),	refractory	phase	(black),	and	pore	778	
fluid	(values)	per	cubic	centimeter	for	HH200,	HH1200,	and	HH3000.	C)	Average	779	
grain	size	distributions	for	pre-leach	(black	outline)	and	post-leach	(grey	shading)	780	
samples	from	HH200,	HH1200,	and	HH3000.		781	
	782	



	 31	

Figure	7	Leachate	Characteristics.	Fe,	Mn,	Fe/Mn,	Fe/Al,	Mn/Al	and	εNd	for	A)	acid	783	
leachable	and	B)	reducible	fractions	from	HH200	(squares),	HH1200	(triangles),	784	
and	HH3000	(circles).	785	
	786	
Figure	8	Diagenetic	Model.		Schematic	representation	of	the	sources	and	sinks	of	Nd	787	
to	the	pore	fluids	at	a	shallow,	less	evolved	site	such	as	HH200	(A)	and	a	deeper,	788	
more	diagenetically	evolved	site	such	as	HH3000	(B).		Total	solid	phase	includes	a	789	
trace	mineral	phase	(black	dots),	an	authigenic	labile	coating,	authigenic	oxides	and	790	
a	lithogenic	(refractory)	component.		The	particle	is	drawn	approximately	to	scale.		791	
Calculated	εNd	values	are	in	italics,	measured	εNd	values	are	in	bold.	All	792	
concentrations	are	in	ng	cm-3.	793	

794	
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Table	1	Reservoir	εNd.		Site	average	εNd	and	Nd	concentrations	for	bottom	water,	795	
pore	fluid,	total	leachate,	acid	leachable	fraction,	reducible	leachate,	total	solid,	and	796	
lithogenic	reservoirs	for	HH200,	HH1200,	and	HH3000.		Concentrations	are	in	ng	797	
cm-3.	The	total	leachate	is	a	weighted	average	of	the	acid	leachable	and	reducible	798	
leachates.		The	total	solid	includes	the	lithogenic	and	total	leachate	reservoirs.		*	799	
indicates	unfiltered	bottom	water.		Reservoirs	for	which	εNd	was	calculated	instead	800	
of	measured	directly	are	indicated	by	**.	a	the	average	pore	fluid	εNd	for	HH1200	801	
excludes	the	upper	two	intervals.		Including	the	intervals	the	average	pore	fluid	εNd	802	
for	HH1200	would	be	-1.9.	803	
	804	



	 HH200	 HH1200	 HH3000	
εNd	 [Nd]	 εNd	 [Nd]	 εNd	 [Nd]	

Bottom	Water	 -1.8;	0.7*	 0.003;	0.004*	 -2.5	 0.004	 -2.3	 0.004	
Pore	Fluid	 -0.2	 0.025	 -1.5a	 0.035	 -1.8	 0.049	
Total	
Leachate**	

-0.8	 4700	 -1.0	 5700	 -1.3	 6500	

Acid	
Leachable	

-1.1	 1600	 -1.2	 2200	 -1.9	 1200	

Reducable	 -0.6	 3100	 -0.8	 3500	 -0.9	 5300	
Total	Solid	 -1.4	 16000	 -1.5	 18000	 -2.2	 20000	
Lithogenic**	 -2.0	 6200	 -2.5	 6500	 -3.2	 7000	
	
Table	1	
	



Supplemental	Information	1	

Additional	Methods	2	

	 Sediment	sampling	3	

Cores	were	collected	using	a	multi-corer	(Barnett	et	al.,	1994)	and	sectioned	4	

in	an	anoxic	(N2)	glove	bag	into	intervals.		The	intervals	were	operationally	defined	5	

as	the	amount	of	sediment	required	to	fill	an	85	mL	centrifuge	vial.		On	average,	6	

these	intervals	represent	1.2	cm	of	depth	in	the	core.		After	sectioning,	the	samples	7	

were	centrifuged	at	between	10,000	and	12,000	rpm	for	15	minutes.	Pore	fluid	was	8	

then	filtered	using	acid-clean	syringes	and	PALL	®	acrodisc	syringe	filters	with	a	9	

0.45μm	Supor	®	membrane.		Pore	fluids	from	equivalent	depth	intervals	from	10	

multiple	cores	were	combined	into	large	volume	samples	(250-750	ml)	and	11	

acidified	to	pH	≤2.0	using	trace	metal	clean	~11	M	HCl	while	at	sea.		The	sediment	in	12	

the	centrifuge	tube	was	frozen	after	pore	fluid	removal,	and	remained	frozen	until	13	

they	were	freeze	dried.		14	

A	single	core	was	used	for	solid	phase	analysis	at	each	site.		The	solid	phase	15	

analyses	included	total	sediment	digestion	(total	solid),	Carbon-Nitrogen-Sulfur	16	

(CNS)	analysis,	x-ray	diffraction	(XRD),	grain	size,	and	chemical	leaching	as	17	

described	below.	We	measured	total	carbon	on	a	PerkinElmer	Series	11	CNHSO	18	

Analyzer	and	inorganic	carbon	on	a	UCI	Inc.	Coulometrics	CMS130	Coulometer.		NRC	19	

Beaufort	Sea	marine	sediment	reference	material	MESS3	was	analyzed	resulting	in	20	

%	total	inorganic	carbon	(TIC)	0.66	±	0.04,	%total	carbon	(TC)	2.09	±0.08,	%total	21	

nitrogen	(TN)	0.17	±0.03,	and	%total	sulfur	(TS)	0.10	±0.04.		Organic	carbon	is	22	

calculated	as	the	difference	between	total	carbon	and	inorganic	carbon.			Sediment	23	



grain	size	distributions	for	HH200,	HH1200,	and	HH3000	were	measured	on	a	24	

Beckman	Coulter	LS	13	320	multi-wavelength	Laser	Diffraction	Particle	size	25	

Analyzer	and	analyzed	for	major	mineralogy	by	XRD	at	Oregon	State	University.	26	

Beckman	Coulter®	LS	Control	G15	and	Latron	300	LS	were	analyzed	at	the	27	

beginning	of	each	run	and	validated	against	Beckman	Coulter®	precision	guidelines.	28	

An	in-house	bimodal	control	(250	and	550	μm)	was	also	analyzed	during	each	run.	29	

Bulk	sediment	samples	were	loaded	with	dispersant	and	sonicated	before	analysis.		30	

Leached	sediment	samples	were	also	loaded	with	dispersant	but	were	not	sonicated	31	

prior	to	analysis.		Measurements	are	reported	in	116	size	bins	between	0.4	and	32	

1822	μm	for	each	sample	(Supplemental	Information	Table	1).	Sediments	from	all	33	

sites	were	digested	in	a	mixture	of	HNO3,	HCl	and	HF	using	a	CEM	Corp	MARS-5	34	

microwave	following	the	procedures	of	Muratli	et	al.	(2012).		For	HH200,	these	35	

sediments	came	from	a	separate	sectioned	core.		For	HH1200	and	HH3000	these	36	

sediments	came	from	the	centrifuge	tubes	following	pore	fluid	extraction.		37	

	38	

Reservoir	Comparisons	39	

The	direct	comparison	of	Nd	in	each	reservoir	required	concentrations	in	40	

each	reservoir	to	be	normalized	by	volume.		For	this	calculation,	we	assumed	a	41	

porosity	of	70%	and	a	sediment	density	of	2.6	g	cm-2.		Specifically,	pore	fluid	Nd	per	42	

cubic	centimeter	([Nd]vPW)	was	calculated	as:	43	

[!"]!"# = !"
!"""× !× !

!"""		 	 	 	 	 (Eq.	1)	44	



wherein	pM	is	the	measured	picomolar	concentration	of	Nd	in	pore	fluids,	P	45	

is	the	porosity,	and	M	is	the	atomic	mass	of	Nd	in	grams	mol-1.	Weak	and	strong	46	

leachate	Nd	per	cubic	centimeter	([Nd]vL)	were	calculated	as:	47	

[!"]!" =  [!"]!× (1− !)×!	 	 	 	 (Eq.	2)	48	

wherein	[Nd]L	is	the	measured	ng	Nd	g-1	dry	leached	sediment,	P	is	the	49	

porosity,	and	ρ	is	the	sediment	density.	The	lithogenic	Nd	per	cubic	centimeter	50	

([Nd]vLith)	was	calculated	as:	51	

[!"]!"#$! =  [!"]!"#!× (1− !)×! − Σ[!"]!"	 	 (Eq.	3)	52	

wherein	[Nd]Lith	is	the	calculated	ng	Nd	g-1	sediment	remaining	after	the	53	

leach	procedures,	P	is	the	porosity,	ρ	is	the	sediment	density,	and	Σ[Nd]vL	is	the	sum	54	

of	the	weak	and	strong	leachate	Nd	per	cubic	centimeter.		Even	with	the	assumption	55	

that	pore	fluid	occupies	70%	of	the	volume	of	any	given	cubic	centimeter,	the	Nd	in	56	

the	pore	fluid	reservoir	remains	<0.001%	of	the	total	Nd	in	that	area	for	all	sites	57	

(supplemental	information	table	7).	 	58	



Supplemental	Table	Captions	59	

SI	Table	1	Grain	Size	Distributions.		A)	Summary	of	grain	size	data	including	the	60	

range	and	average	peak	grain	size	for	the	largest	two	peaks	in	each	bimodal	61	

distribution	for	pre-leach	and	post-leach	samples	and	the	difference	between	the	62	

pre-leach	and	post-leach	peak	grain	size.	B)	Grain	size	data	for	each	bin	for	all	63	

samples	from	HH200,	HH1200,	and	HH3000.	Replicates	are	included	where	64	

available.		The	average	distribution	for	pre-leach	and	post-leach	distributions	are	65	

provided	by	site.	66	

	67	

SI	Table	2	Pore	Fluid	Characteristics.	Dissolved	Fe,	Mn,	Si	and	P	from	centrifuged	68	

pore	fluids	from	HH200,	HH1200,	and	HH3000.		Dissolved	Li,	B,	Sr,	Ba,	S,	Si,	and	P	69	

from	pore	fluids	collected	by	rhizon	for	HH1200	and	HH3000.	70	

	71	

SI	Table	3	Total	Solid.		Neodymium	and	strontium	isotope	compositions,	REEs	72	

concentrations,	and	accessory	data	for	total	solid	from	HH200,	HH1200,	and	73	

HH3000.	The	minimum	detection	limit	(MDL)	is	provided	in	the	case	of	a	74	

measurement	below	minimum	detection	limit	(BMDL).	75	

	76	

SI	Table	4	Leachate	Accessory	Elements.	Accessory	data	for	leachate	samples.		All	77	

accessory	elements	measured	on	second	leaching	experiment	unless	otherwise	78	

noted	by	a	*	next	to	top	depth.		The	minimum	detection	limit	(MDL)	is	provided	in	79	

the	case	of	a	measurement	below	minimum	detection	limit	(BMDL).	80	

	81	



SI	Table	5	Leachate	Isotopes.		Neodymium	isotopic	composition	and	strontium	82	

isotopic	composition	of	both	acid	leachable	and	reducible	leachates	for	HH200,	83	

HH1200,	and	HH3000.		The	depths	provided	are	the	top	of	the	interval	in	the	84	

sediment	core.	85	

	86	

SI	Table	6	Leachate	REEs.		Concentration	of	REEs	in	each	leachate	normalized	to	87	

pre-leach	dry	sediment	weight	(ng	REE/g	sed).			Leach	type	and	sediment	depth	88	

provided	for	each	sample.		Number	after	leach	type	indicates	leach	experiment.		Not	89	

all	samples	were	leached	during	both	experiments,	all	results	are	provided.	90	

	91	

SI	Table	7	Reservoir	Comparison.		Amount	(in	ng)	of	Nd	in	the	acid	leachable	92	

fraction,	reducible	fraction,	pore	fluid,	and	remaining	lithogenic	reservoirs	93	

normalized	to	a	volume	of	one	cubic	centimeter.	For	these	calculations,	we	assume	a	94	

porosity	of	70%	and	a	sediment	density	of	2.6	g	cm-2.		95	

	96	

	97	

Supplemental	Figure	Captions	98	

	99	

SI	Figure	1	XRD	Mineralogy.	a)	Comparison	of	pre-leach	(yellow)	and	post-leach	100	

mineralogy.		The	only	significant	difference	is	the	loss	of	halite	(red	circle).		b)	101	

Comparison	of	post-leach	mineralogy	from	HH200,	HH1200,	and	HH3000.		All	102	

samples	consist	of	quartz,	albite,	a	white	mica	(e.g.	illite	or	muscovite)	and	a	chlorite	103	

mineral	(e.g.	clinochlore).	104	



	105	

SI	Figure	2	Leachate	Nd	concentrations	and	εNd.		Nd	concentration	and	εNd	profiles	106	

for	both	reducible	(black)	and	acid	leachable	(blue)	fractions	at	HH200	(squares),	107	

HH1200	(triangles),	and	HH3000	(circles).		Concentration	profiles	are	shown	for	108	

repeated	leaching	experiments	(acid	leachable	(1)	and	(2)	and	reducible	(1)	and	(2)	109	

while	isotope	profiles	represent	a	composite	from	both	experiments.		Only	the	110	

bottom	two	intervals	were	re-leached	from	HH3000.	111	

	112	
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