
Inverse	models	of	GEOTRACES	
datasets		

New	insights	into	trace	metal	scavenging	

Tim	DeVries	(UCSB),		Seth	John	(USC),	Daniele	Bianchi	(UCLA),	Cur6s	Deutsch	(UW),		
Alessandro	Tagliabue	(U.	Liverpool),	David	Janssen	(UBC),	Tim	Conway	(ETH)	

Tom	Weber	
University	of	Rochester,	University	of	Washington	



Objec=ves 		

•  Concept	of	a	data-assimila=ng	(inverse)	model	
– Differences/similari=es	to	other	model	approaches	
–  Important	considera=ons	

•  How	can	they	be	used	to	extract	new	informa=on	
from	data?	
–  Rates		
–  Processes		
–  Chemical	mechanisms	
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–  Rates	(life=me	of	hydrothermal	Fe)		
–  Processes	(global	Zn	distribu=on)	
–  Chemical	mechanisms	(Cd	scavenging	in	low	O2)	
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Data-assimila=ng	models	
Inputs	

	
-Boundary	condi=ons	
	
	
		

	
	
-Paramters	(p)	

Equa=ons	defining	
fluxes	&	exchanges	

Model	 Predic6on	
-Flux	rates	
-Tracer	distribu=ons	

cost	

Observa6ons	

•  A	model	that	maximizes	data	use,	without	over-relying	on	it	
-  Doesn’t	allow	unrealis=c	parameter	choices	(we	might	

just	have	the	wrong	model!)	
•  A	model	whose	fluxes/rates	are	most	consistent	with	data	

-  Back	out	fluxes	from	sec=on	data	

d(cost)/dp	



Rates:	Life=me	of	hydrothermal	Fe	
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EPZT	hydrothermal	vent	
	
•  Fe	plume	transported	long	

distances	across	the	basin	
(slow	scavenging)	

Resing	et	al	2015	
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EPZT	hydrothermal	vent	
	
•  Fe	plume	transported	long	

distances	across	the	basin	
(slow	scavenging)	

•  Slumping	of	plume	rela=ve	
to	passive	tracer	

Resing	et	al	2015	
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Rates:	Life=me	of	hydrothermal	Fe	

EPZT	hydrothermal	vent	
	
•  Fe	plume	transported	long	

distances	across	the	basin	
(slow	scavenging)	

•  Slumping	of	plume	rela=ve	
to	passive	tracer	

	
•  Rates	of	Fe	sinking	and	

scavenging?	

•  Life=me	of	hyrdrothermal	
Fe,	and	supply	to	surface?	

Resing	et	al	2015	



A	simple	“hydro-dFe”	model	

hydro-dFe	
dFe	in	plume	region,	minus	
“background”	concentra=on	
(advected,	ligand-bound	Fe)	

d(Fe)
dt

= circ.(Fe)  +  RFe:HeJhydro(
3He)  −  kscFe   −  

∂
∂z
(wsinkFe)

Circula6on	
2°x2°	Ocean	
model	(OCIM)	

Vent	source	
Coupled	to	
3He	input	

Scavenging	
First-order	
removal	

Sinking	
At	constant	
sinking	rate	
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Ini=al	guess:	
	
•  Fe/3He	=	108	mol/mol	
•  wsink	=	10	m/yr	
•  ksc	=	0.01yr-1	

	

A	simple	“hydro-dFe”	model	
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Op=mum	(~200	itera=ons):	
	
•  Fe/3He	=	5.5x107	mol/mol	
•  wsink	=	33	m/yr	
•  ksc	=	0.02yr-1		

Op=mized	“hydro-dFe”	model	

0.3

0.7

longitude

de
pt

h 
(m

)

observed hydro−dFe

 

 

210 220 230 240 250

2000

3000

4000

nM

0

0.2

0.4

0.6

0.8

1

1.2

0.3

0.7

0.7

longitude

de
pt

h 
(m

)

model hydro−dFe (RMSE = 0.585)

 

 

210 220 230 240 250

2000

3000

4000
nM

0

0.2

0.4

0.6

0.8

1

1.2

1000



Limita=ons	and	implica=ons	

Implica=ons	(extrapola=on):	
•  Total	hydrothermal	source	of	4.5Gmol/yr,	life=me	of	~30yrs	

•  Sinking	and	scavenging	remove	95%	of	hydrothermal	before	it	reaches	the	surface		
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Limita=ons:	
•  Unresolved	process	(data-assimilaQng	models	are	oRen	necessarily	simplified)	



Processes:	Global	Zn/Si	covaria=on	
Oceanic	distribu=on	(GA02)	

P	

Si	

Zn	

Cellular	distribu=on	(SXRF)	

PO4	

Si(OH)4	

Zn	

Twining	et	al	2003	



Processes:	Global	Zn/Si	covaria=on	
Oceanic	distribu=on	(GA02)	 Three	hypotheses	

	
1.   Preformed:	Rapid	Southern	

Ocean	uptake	leaves	surface	
distribu=on	similar	to	
Si(OH)4		

2.   Frustules:	Incorpora=on	of	
some	Zn	into	diatom	
frustules	results	in	deeper	
remineraliza=on	than	other	
som-=ssue	nutrients	

3.   Scavenging:	Zn	adsorbed	
onto	organic	par=cles,	
hitches	a	ride	to	the	deep	
ocean	(John	&	Conway	
2014)	

PO4	

Si(OH)4	

Zn	



Model	1:	Preformed	Zn	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)

Circula6on	
2°x2°	Ocean	

Circula=on	model	
(OCIM)	

Uptake	
Rapid	uptake	

when	Zn	abundant	
(Southern	Ocean)	

Organic	Remin.	
Depth	scale	as	PO4	
(derived	in	inverse	
P-cycle	model)	

Why	data-assimila=ng	model?:	
	

•  Rule	out	model	“failure”	due	to	bad	
parameters.	

•  Fairest	way	to	eliminate	hypotheses.	



Model	1:	Preformed	Zn	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)
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Model	2:	Frustrule-associated	Zn	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)− Jrem (Znfrust )

Circula6on	
2°x2°	Ocean	

Circula=on	model	
(OCIM)	

Uptake	
Rapid	uptake	

when	Zn	abundant	
(Southern	Ocean)	

Organic	Remin.	
Depth	scale	as	PO4	
(derived	in	inverse	
P-cycle	model)	

Opal	Remin.	
Depth	scale	as	Si	
(derived	in	inverse	
Si-cycle	model)	

Addi=onal	constraints:	
	

•  1-3%	directly	incorporated	into	
frustules	(Ellwood	&	Hunter	2000)	

•  <40%	co-located	with	frustule	(SXRF)	



Model	2:	Frustrule-associated	Zn	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)− Jrem (Znfrust )
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Model	3:	Scavenging	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)−
∂
∂z
wZnads

Circula6on	
2°x2°	Ocean	

Circula=on	model	
(OCIM)	

Uptake	
Rapid	uptake	

when	Zn	abundant	
(Southern	Ocean)	

Organic	Remin.	
Depth	scale	as	PO4	
(derived	in	inverse	
P-cycle	model)	

Scavenging	
Depth	scale	as	Si	
(derived	in	inverse	
Si-cycle	model)	

Znads =
Ksc[particles]
Ksc[particles]+1

Zn

Reversible	scavenging	model:	



Model	3:	Scavenging	
dZn
dt

= circ.(Zn)− Jup(Zn)− Jrem (POZn)−
∂
∂z
wZnads
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Limita=ons	and	implica=ons	
Limita=ons:	
•  Lack	of	direct	constraints	on	adsorbed	frac=on	

•  Cannot	unravel	combina=on	of	frustule/scavenging	mechanisms		
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Implica=ons:	
	
•  Power	of	reversible	

scavenging:	<1%	in	
adsorbed	phase	results	
in	major	transfer	from	
intermediate	to	deep	
water	

•  Zn/Si	covariance	not	
caused	by	close	
mechanis=c	coupling	of	
their	cycles	
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Mechanisms:	Cd	scavenging	in	ODZ	
Observa=on:	Scavenging	of	“light”	Cd	from	dissolved	to	par=culate	phase	in	ODZ	in	
east	of	GA03	transect.	

Hypothesized	Mechanism:	CdS	precipitates	in	sulfidic	“microzones”	inside	organic	
par=cles	undergoing	rapid	respira=on	

Janssen	et	al	2014	



Mechanis=c	model	
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Mechanis=c	model	

Boundary	condi=ons:	
•  Surface	par=cle	size	

spectrum	(UVP-TARA)	
•  Chemical	environment	

(GEOTRACES)	
	
Parameters	(and	ranges)	
•  Sinking	(Smayda	1971)	
•  Respira=on	rates	

(McDonnell	2015)	
•  Disaggrega=on	rates	
•  Frac=ona=on	factors	

Constraints	
•  Par=culate	P,	Cd,	δ114Cd	

(Janssen	2014)	
•  Par=cle	size	spectrum	

(UVP-TARA)	
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Trop.	Atlan=c	par=cle	microzones	
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Pa=cles	>1mm	can	precipitate	CdS	(and	then	disaggregate)	



Trop.	Atlan=c	par=cle	chemistry	
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Trop.	Atlan=c	par=cle	chemistry	
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(Requires	minor	reduc=on	in	respira=on	rates,	remain	within	observed	range)	



Limita=ons	and	implica=ons	
Limita=ons:	
•  Highly	idealized	model	par=cles	(spherical	geometry,	“fast”	communi=es)	

•  Cannot	prove	the	CdS-precipita=on	mechanism	(need	new	observa=ons),	can	only	
show	that	it	is	consistent	with	observaQons	and	other	constraints.	
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Implica=ons:	
•  Poten=al	for	CdS	

precipita=on	through	
tropics	and	N.Pacific	
(iden=fies	new	regions	for	
observa=ons)	

•  Major	sink	and	
redistribu=on	process	for	
all	chalcophile	trace	
metals?	



Concluding	remarks	

•  New	scavenging	insights	from	data-
constrained	models:	
–  Hydrothermal	Fe	life=me	of	~35yrs	(limited	supply	to	surface)	

–  Reversible	scavenging	can	explain	global	covaria=on	of	Zn	and	Si	
–  Par=culate	observa=ons	in	Tropical	Atlan=c	are	consistent	with	CdS	

precipita=on	mechanism	

•  	Important	take-homes:	
–  Inverse	modeling	methods	can	be	applied	to	wide	range	of	datasets	to	

answer	a	wide	array	of	ques=ons		

–  Can	help	you	test	your	ideas,	and	interpret	your	observa=ons	
–  Best	outcomes	from	observa=onalist-modeler	collabora=on!	


