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Consider a phytoplankter the size of two 53’ intermodal freight containers!

1000 kg NO3
-	
   100 kg PO4

-	
  

160 g Fe	
  

5 tons CO2
	
  



Model predicted ultimate-limiting nutrient!

	
  
Small	
  Phytoplankton	
  Nutrient	
  Limita4on	
  

	
  
	
  

Adapted from Moore et. al., GBC, 2004. 

Nitrogen	
  55.9	
  % 	
   	
   	
   	
  Iron	
  36.3	
  %	
  
Phosphorous	
  1.4	
  %	
   	
   	
   	
  Replete	
  2.6	
  %	
  

Light	
  3.8	
  %	
  



What happens if you add more nutrients to the ocean?!

Sea-surface phosphate (mM) Sea-surface nitrate (mM) 

World Ocean Atlas 

Forcing! ! ! ! ! ! ! ! ! !Atmospheric CO2!

2x increase in riverine NO3
- flux!

2x increase in riverine PO4
3- flux!

2x increase in gyre upwelling!

2x increase in HNLC Fe flux!



Possible sources of iron to the ocean!

Dust!

PMEL 

Jeffery Cornwall. 

Porewater Fe(II)!

“Non-reductive” dissolution! Hydrothermal vents!
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Isotope mass!
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1)	
  1-­‐liter	
  seawater	
  
2)	
  Add	
  EDtriA-­‐resin	
  

4)	
  Filter	
  resin	
  
and	
  elute	
  Fe	
  

3)	
  Shake	
  2	
  hrs	
  

5)	
  Analyze	
  on	
  Neptune	
  
mul@-­‐collector	
  ICPMS	
  

• 	
  Low	
  blanks.	
  
• 	
  2-­‐3	
  hours	
  per	
  sample.	
  
• 	
  No	
  isotope	
  frac@ona@on	
  during	
  processing.	
  

5)	
  Mini-­‐column	
  purifica@on	
  

US	
  GEOTRACES:	
  Analysis	
  of	
  Fe,	
  Zn,	
  and	
  Cd	
  isotopes	
  in	
  seawater	
  



US GEOTRACES sample processing!



GEOTRACES NAZT Fe, Cd, Zn isotope profiles!



Project goal: Use δ56Fe to calculate Fe sources to the N. Atl. !

Dust!
δ56Fedust = +0.1 ‰!
δ56Feinput = +0.7 ‰ (??)!

PMEL 

Jeffery Cornwall. 

Porewater Fe(II)!
δ56Feporewater = -2-3 ‰!
δ56Feinput = -2-3 ‰!

“Non-reductive” dissolution!
δ56Fesediments = +0.1 ‰!
δ56Feinput = +0.3 ‰ (??)!

Hydrothermal vents!
δ56Fefluids = -0.5 - 0 ‰!
δ56Feinput = -1.5 ‰ (??)!



What constitutes a “source” of Fe to the oceans?!

Dust!

PMEL 

Jeffery Cornwall. 

“Reductive dissolution” (porewater Fe(II))!

“Non-reductive” dissolution! Hydrothermal vents!



If you add Fe to the ocean, but it doesn’t 
increase the iron concentration in seawater…

was it ever really there?  



Published Fe isotope profiles!



Flux	
  of	
  reduced	
  Fe	
  into	
  the	
  San	
  Pedro	
  Basin	
  water	
  column	
  

centration of 7.33 nM was found at 895 m, just 5 m above
the bottom of the basin. Moving up the water column, iron
concentrations decrease towards mid-depths to a minimum
at 500 m of [Fe] = 2.38 nM. From here iron concentrations
slowly increase to a second maximum at 50 m, which is just
below the mixed layer as defined by temperature gradients
and the fluorescence maximum (Fig. 2). At 35 m, in the bot-
tom of the mixed layer, we measure the lowest iron concen-
tration in the whole profile of [Fe] = 0.26 nM. Closer to the
surface, at 15 m, the iron concentration increases again for
a third maximum of [Fe] = 0.57 nM. In the high-resolution
sampling from October 2008, we observe a slight increase
iron concentrations from [Fe] = 3.21 nM at 700 m to
[Fe] = 3.46 nM at 600 m, which would suggest a fourth
small maximum if data from September and October were
considered as part of the same profile.

Dissolved d56Fe values in the San Pedro Basin are, to a
first approximation, the mirror image of Fe concentrations.
The most dramatic [Fe] maxima, at 895 m near the bottom
of the basin and at 50 m, are accompanied by minima in iron
isotope ratios of d56Fe = !1.82& and d56Fe = !1.21&,
respectively. However, the maximum iron concentration in
the surfacemost 15 m sample is accompanied not by an iso-
topically light d56Fe signature, but by the heaviest measured
d56Fe of +0.01&.

3.2. Santa Barbara Basin

Similar to the San Pedro Basin, Fe concentrations in the
Santa Barbara Basin are highest near the bottom of the ba-
sin, and d56Fe values are at their lowest (Table 1, Fig. 4).
However, the Fe concentrations here ([Fe] = 29.5 nM) are
about four times higher than in the San Pedro Basin and

d56Fe is lighter (!3.45&). There is not a shallow maximum
in Fe concentrations in the Santa Barbara Basin, although
d56Fe values do tend to get slightly lighter towards shal-
lower depths, decreasing from d56Fe = !0.29& at 430 m
to d56Fe = !1.42& at 30 m. In the 10 m sample closest to
the surface, the iron isotope signature is heavier than in
samples below, increasing to d56Fe = !1.00&.

4. DISCUSSION

4.1. San Pedro Basin

Below 700 m in the San Pedro Basin, dissolved iron con-
centrations increase towards the bottom while dissolved
d56Fe decreases. Because the San Pedro Basin has a broad
flat floor and is silled below 740 m, we interpret the profile
as reflecting primarily vertical transport of Fe which sug-
gests a source of isotopically light Fe from the bottom of
the basin. This is consistent with the release of dissolved
Fe(II) from the sediments. The d56Fe at the bottom of the
San Pedro Basin is also consistent with a sedimentary Fe(II)
source. Both porewater profiles and benthic flux chamber
measurements point to a flux of isotopically light Fe from
reducing sediments (Severmann et al., 2006, 2010).
Although oxygen concentrations in the water column (typ-
ically 2–5 lM (Section 2.1.1)) are much higher than in an-
oxic sediment porewaters, the Fe released from these
porewaters clearly persists in the water column where we
observe high [Fe] and low d56Fe (Fig. 3).

A second maximum in iron concentrations is observed at
50–150 m. As in the deep basin, higher Fe concentrations
are correlated with lower d56Fe, suggesting that this maxi-
mum is also due to the release of Fe from sediment porewa-
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Fig. 3. Dissolved iron concentration (A) and d56Fe (B) in the San Pedro Basin from samples collected in September 2008 (closed symbols) and
October 2008 (open symbols). To a first approximation regions of high shelf area in the San Pedro Basin, as depicted in a histogram of basin
topography (C), correspond to regions of high dissolved Fe concentrations and low d56Fe.
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Figure 1
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BATS! San Pedro Basin!



Comparing	
  approaches	
  to	
  predic@ng	
  Fe	
  and	
  δ56Fe	
  fluxes	
  

δ



Iron in the ocean is bound to organic ligands!

Fe 

Artist’s representation of iron 
bound to a ligand 	



Rue and Bruland, 1995 

Dissolved Fe 

Strong ligands 

Weak ligands 



Large	
  varia@ons	
  in	
  nephloid	
  layer	
  dissolved	
  δ56Fe,	
  lible	
  change	
  in	
  [Fe].	
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Iron exchange between particles and the dissolved phase!

Fe 

Fe 
Fe 

Fe 

Fe 



Published Fe isotope profiles!



Non-­‐reduc@ve	
  dissolu@on	
  and	
  Fe	
  isotopes	
  in	
  the	
  Eastern	
  Pacific	
  

present profiles have lower DFe concentrations than those of Slemons
et al. (2010). The latter range from 0.3 to 1.3 nM and 0.3 to 4.2 nM at
Station 14 and 28 respectively. They were obtained by Flow Injection
Analysis in similar samples (from the same cruise and the same
location but collected from different casts and acidified immediately).

Fe isotope compositions are displayed as a function of potential
density (σθ) in Fig. 3A. Both fractions show positive values of δ56Fe
(except one sample). They range from 0.01 to 0.58‰ in the dissolved
fraction and from −0.02 to 0.46‰ in the particulate fraction. Most of
the δ56Fe variations occur in the vertical and not in the horizontal
direction.

5. Discussion

Almost all the δ56Fe values are positive. Since, there is no direct
marine iron source with a clear positive signature, positive δ56Fe in
the seawater may be the result of fractionating processes. Considering
that the largest isotopic fractionations occur during redox reactions
(e.g., Johnson et al., 2008), the small δ56Fe variations observed in this
study suggest that redox conversions are only of minor importance in
these waters.

5.1. Papua New Guinea area (station 28)

The coastal station (St. 28) is located about 30 km away from the
PNG coast, in the currents from the southeast carrying south Pacific
origin waters equatorwards, from 0 to 1000 m (Fine et al., 1994; Maes
et al., 2007; Tsuchiya, 1991; Tsuchiya and Talley, 1996). Most of these
waters have crossed the Vitiaz Strait within the New Guinea Coastal
Undercurrent (NGCU; Butt and Lindstrom, 1994; Fiedler and Talley,
2006) as shown in Fig. 1.

High iron content of seawaters observed in all samples from
station 28 (Fig. 3B and C) may reflect local inputs of iron since the
stabilized concentrations found in the open ocean rarely reach 1 nM
(e.g., de Baar and de Jong, 2001; Johnson et al. 1997). Indeed the

northern PNG area is known to be subjected to significant local inputs
of iron (e.g., Mackey et al., 2002). Isotopic compositions of dissolved
Nd in seawater suggested that the dissolution of PNG shelf sediments
could account for the lithogenic enrichment of the oceanic waters
from the surface down to 800 m depth (Lacan and Jeandel, 2001).
Total dissolvable Fe data in the Bismarck Sea show that the Fe
concentrations within the NGCU increase along the northern coast of
PNG and suggest that this Fe may be mainly supplied by slope
sediments (Mackey et al., 2002; Slemons et al., 2010). The sediments
being abundantly deposited on the shelf and slope by the local rivers
(notably the Sepik river, located upstream of the station 28; see Fig. 1;
Milliman and Syvitski, 1992), the sedimentary source must be linked
to the riverine inputs. Although other kinds of sources could be
invoked in this area, these studies emphasize the dominant role
played by sediment remobilization.

The δ56Fe data range from 0.06 to 0.53±0.08‰ (2SD) in the DFe
and from−0.02±0.09‰ to 0.29±0.08‰ in the PFe. The PFe accounts
for ~90% of the iron content. In each sample, the DFe shows higher
δ56Fe than the PFe. Such DFe values are not consistent with the
negative signature presupposed for the sedimentary source. As
reported in the introduction, the sediments were found to release
DFe with δ56Fe from −3.3 to −1.7‰ (Homoky et al., 2009;
Severmann et al., 2006). These values, measured in three locations
characterized by high organic carbon accumulation rates, reflect the
process of bacterial dissimilatory iron reduction (DIR) within the
reductive sediment and the intense redox-recycling at the interface
(Homoky et al., 2009; Severmann et al., 2006, 2010). Thus, the
positive δ56DFe values measured in the water column of station 28 do
not suggest a significant DIR source contribution and may involve
another kind of sedimentary iron release. Although the most studied
sedimentary input of iron is the one associated with bacterial
reduction, the release of dissolved elements in oxic seawater as
been evidenced (Jeandel et al., in press; Jones et al., submitted for
publication). Leaching experiments of sediments (in 0.5 M HCl) from
the northern PNG slope, sampled between 0 and 1200 m depth,
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Fig. 3. δ56Fe (A) and Fe concentration (B and C) in dissolved and particulate fractions of seawater from stations 14 and 28, versus potential density. In A, the vertical grey bar indicates
the crustal value (0.07±0.02‰, 2SD; Poitrasson, 2006). In B and C, the error bar is smaller than the symbols. Depths are indicated in B next to the data points. The large grey areas
locate roughly the density of the water masses (SPEW, 13CW, AAIW; see text for details) and the Equatorial Undercurrent (EUC).
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Dissolved δ56Fe after non-reductive 
sedimentary interactions!

and the involved release processes? What does this new tracer teach
us about the exchange processes between the different iron forms in
the water column? Do these processes fractionate iron isotopes?

2. Sample location and water mass identification

The samples presented in this study were collected at two stations
in the equatorial Pacific Ocean during the EUCFe cruise (R/V Kilo
Moana cruise 0625; http://www.ocean.washington.edu/cruises/Kilo-
Moana2006) in August–September 2006. The samples presented in
this study were collected over a depth range of 0–900 m, at 0.0°N
180.0°E in the open ocean (station 14), and at 3.4°S 143.9°E near the
PNG coast (station 28), as shown in Fig. 1. The regional circulation,
simplified in Fig. 1, indicates a continuity of the intermediate and
thermocline waters between both stations, from the PNG area
towards the central equatorial Pacific (Butt and Lindstrom, 1994;
Fiedler and Talley, 2006; Maes et al., 2007; Tsuchiya, 1991; Tsuchiya
and Talley, 1996; Tsuchiya et al., 1989). Fig. 2A shows the potential
temperature (θ), salinity, and potential density (σθ) of the water
column down to 1000 m at both stations (also reported in Table 1).
These hydrographic parameters allow us to identify the water masses
sampled in this study, and to point out the correspondences between
both stations. Two types of thermocline water masses were found in
our profiles: the South Pacific Equatorial Water (SPEW), which is

characterized by a high salinity maximum at temperatures above
20 °C (e.g., Tomczak and Godfrey, 2003), was sampled at 191 m St. 28
and at 140 m St. 14, and the 13 °C water (13°CW; Tsuchiya, 1981),
underneath the SPEW, was sampled at 321 m St. 28 and at 198 m St.
14. The Antarctic Intermediate Water (AAIW), characterized by a
salinity minimum, was sampled at 799 m St.28 and 849 m St.14. In the
following, as a first order approximation, we will assume that the
AAIW, 13°CW and SPEW sampled at station 14 come from the PNG
area.

3. Sampling and methods

The samples were collected with 10 L acid-cleaned Go-Flo bottles
attached on a trace-metal rosette (lent by Canadian GEOTRACES,
University of Victoria, Canada and assembled at the University of
Washington, USA; Slemons et al., 2010). The filtration was performed
within a homemade plastic room pressurized with filtered air, within
4 h of collection, with 0.4 μm pore size, 90 mm diameter Nuclepore
membranes, fitted in Savillex PTFE filter holders, connected with PTFE
tubing to the Go-Flo bottles pressurized with filtered air. All acids
mentioned in the following were double-distilled, and their Fe
concentrations were measured.

The filtered seawater was acidified to pH 1.80 two years after
collection, and 3 to 9 months before the beginning of the analytical

Fig. 1. Locations of stations 14 and 28 (EUCFe cruise, 2006) and main currents between 0 and 1000 m depth (adapted from Butt and Lindstrom, 1994): the South Equatorial Current
(SEC), the Equatorial Undercurrent (EUC), the New Guinea Coastal Undercurrent (NGCU).

Fig. 2. A) Potential temperature (θ)— salinity diagram. Potential density (σθ) is shown (in kg m−3). B) dissolved oxygen concentration profiles for station 14 (in grey) and station 28
(in black). The samples presented in this study are indicated by symbols and their depths are reported (in meters).

3A. Radic et al. / Earth and Planetary Science Letters 306 (2011) 1–10

Radic et al., EPSL, 2012. 
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Published Fe isotope profiles!



Southern	
  Ocean	
  Fe	
  isotopes	
  

Lacan et al., EPSL, 2008. 

seawater samples with [Fe] = 0.1 nM, 2% for [Fe] = 0.5 nM,
and lower than 1% for [Fe] > 1 nM.

7. Results and Discussion

[26] Four BONUS/GOODHOPE samples were analyzed
following the above described protocol. Once back in
the home laboratory, the double spike was added to the
samples. Then, 3 of them were split into two duplicates, and
analyzed. The results are reported in Table 2 and displayed
in Figure 2.
[27] The range of variation is 0.51%, with values ranging

from d57Fe = !0.19 to +0.32%. This range is small
compared to that found in the environment, of the order
of 5% [Beard and Johnson, 2004]. However, the variations
are significant, considering the measurement precision
(0.13%, 2 SD external precision).

[28] The two shallower samples are located at 30 and
200 m depth, in the chlorophyll maximum and just below
the euphotic zone, respectively. Their Fe IC (d57Fe = 0.06
and 0.14%, respectively) are undistinguishable from the
crustal value (d57Fe = 0.10 ± 0.03% 2 SD [Poitrasson,
2006]).At1250mdepth, thesample is located in thecoreof the
UpperCircumpolarDeepWater (UCDW),characterizedbyan
oxygenminimum resulting from organic matter remineraliza-
tion (see Figure 2). The UCDWFe IC is d57Fe =!0.19%. At
4000 m depth, the sample is located between the cores of
the North Atlantic Deep Water (NADW) and of the
Antarctic Bottom Water (AABW). Its hydrographic and
nutrient properties (in particular its silicate content, not
shown here), compared to that of the NADW and AABW
allow estimating that it is composed of roughly 80%
AABW and 20% NADW (it is identified as mAABW, for
modified AABW, in Figure 2). Its Fe IC is d57Fe = +0.32%.

Figure 1. Fe IC of the HemSTD, measured directly (crosses) and after having being mixed to 10 L seawater samples from
which most of the iron had been previously removed (diamonds). The thick line represents the known Fe IC of the
HemSTD.

Figure 2. Fe isotopic composition, dissolved oxygen concentration, potential temperature and salinity profiles at station
18 of the Bonus/Goodhope cruise (2008). (left) Gray diamonds represent individual analyses, black diamonds represent the
average of the replicate analyses. Error bars are the external precision of the measurements (2 SD = 0.13%, cf. section
Validation). The gray area represents the Fe IC of igneous rocks (±2 SD, [Poitrasson, 2006]). (middle and right)
Hydrographic data (onboard raw data).
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North Atlantic GEOTRACES particulate Fe isotopes!



Conclusions!

•  Iron inputs to the ocean impact the global carbon cycle!

•  δ56Fe shows “sources” of marine Fe which do not necessarily lead to an 
increase in dissolved Fe concentrations.!

•  This hilights the importance of iron isotope exchange between particles 
and ligands.!

•  Equilibrium plays an important role in marine Fe biogeochemical cycling.!


