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Importance of Bioavailable Iron (Fe) Deposition 
to Global Remote Oceans 

 Essential nutrients (iron (Fe), phosphorus (P), and nitrogen (N)) are supplied to remote oceans by 
windblown dust from continental sources 
 Marine primary productivity is limited by these nutrients and deposition of mineral dust can 
influence atmospheric CO2, oceanic biogeochemical cycling, and overall climate  
 Dissolved iron (Fed) production is a complex process; at the source regions dissolved/bioavailable 
fractions of Fe are small (<1%) but can be increased considerably during transport 
 Models with interactive representation of aerosol-climate-carbon cycle do a better job in 
predicting future climate 

http://en.labs.wikimedia.org/wiki/File:Nutrient-cycle_hg.png 

http://upload.wikimedia.org/wikipedia/commons/1/13/Nutrient-cycle_hg.png


GEOS-Chem/Fed (v8-01-01) Model 

  Mineral Dust and Fed Treatment 
  DEAD emission scheme 

  GOCART source function 
  Mineral dust diameter boundaries 0.2 - 2.0, 2.0 - 
3.6, 3.6 - 6.0 and 6.0 - 12.0 μm 

 Fed predictions 
  GEOS-Chem/Fed with prognostic acid-based dust-
Fe dissolution scheme (Solmon et al., 2009; Johnson 
et al., 2010, 2011) 
  Fe(II)/Fe(III) redox cycling 
  Organic (oxalate) promoted Fe dissolution  
  Photochemistry 
  Different Fe containing minerals 

 Seven major individual dust sources 
  North Africa, South Africa, North America, Asia, 
Australia, the Middle East, and South America 

 3-D Global Chemistry Transport Model 
 Developed at Harvard University and other 

institutions around the world 

 Full chemistry configuration 
 SMVGEAR II chemistry solver package  

 GEOS-5 meteorology 
 Goddard Earth Observing System (GEOS) of 

the NASA Global Modeling Assimilation 
Office 

 Detailed emission inventories 
 Fossil fuel, biomass burning, biofuel burning, 

biogenic and anthropogenic aerosols 

 State-of-the-art transport (TPCORE) 
and photolysis (FAST–J) routines 

 2⁰ x 2.5⁰ grid resolution 
 47 vertical grids 



Implementation of Oxalate 

  Oxalate (C2O4
2-) concentrations [nmol m-3] 

  Yu et al., 2005 
 
 

  Model-predicted values compared well to a global 
data-set of surface level oxalate measurements 

�C2O4
2-� = 0.05 ∙ �SO4

2-� -  0.273 

Model-predicted seasonally-averaged surface level oxalate concentrations (ng m-3 day-1) (JJA) 

  C2O4
2- promoted Fe dissolution 

  Paris et al. [2011] 

Dissolution rates for Fe-containing species in aqueous oxalate (0, 1, 8 µM) 

Illite  
Hematite 
Goethite 



Implementation of Fe(II)/Fe(III) Redox Cycling 
Kinetic Equations Reaction Rates M-ns-1 Source 

Photolysis of Fe (III) species 

𝐅𝐅𝐅𝐅(𝐎𝐎𝐎𝐎)𝟐𝟐+ +  𝒉𝒉𝒉𝒉 →  𝐅𝐅𝐅𝐅𝟐𝟐+ +  𝐎𝐎𝐎𝐎∙ 𝟒𝟒.𝟓𝟓𝟓𝟓 ×  𝟓𝟓𝟏𝟏−𝟑𝟑 Benkelberg and 
Warneck, [1995] 

𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝟐𝟐−
 +  𝒉𝒉𝒉𝒉 →  𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒𝟐𝟐− + 𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒−∙ 𝟐𝟐.𝟒𝟒𝟒𝟒 ×  𝟓𝟓𝟏𝟏−𝟐𝟐 Faust and Zepp [1993] 

𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝟑𝟑𝟑𝟑−
 +  𝒉𝒉𝒉𝒉 →  𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝟐𝟐𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒𝟐𝟐− +  𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒−∙ 𝟓𝟓.𝟓𝟓𝟓𝟓 ×  𝟓𝟓𝟏𝟏−𝟐𝟐 Faust and Zepp [1993] 

Fenton reactions 
𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐  →   𝐅𝐅𝐅𝐅𝟑𝟑+ + 𝐎𝐎𝐎𝐎∙ + 𝐎𝐎𝐎𝐎− 𝟓𝟓.𝟐𝟐𝟒𝟒 ×  𝟓𝟓𝟏𝟏𝟓𝟓 Kremer [2003] 

𝐅𝐅𝐅𝐅𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒 + 𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐 → 𝐅𝐅𝐅𝐅𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒+ + 𝐎𝐎𝐎𝐎∙ + 𝐎𝐎𝐎𝐎− 𝟓𝟓.𝟐𝟐𝟒𝟒 ×  𝟓𝟓𝟏𝟏𝟒𝟒 Sedlak and Hoigné 
[1993] 

Fe reduction and oxidation  
𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝟐𝟐−∙ + 𝟐𝟐𝐎𝐎+ →  𝐅𝐅𝐅𝐅𝟑𝟑+ +  𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐 𝟓𝟓.𝟏𝟏 × 𝟓𝟓𝟏𝟏𝟒𝟒 Rush and Bielski, [1985] 

𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝐎𝐎𝟐𝟐∙ + 𝐎𝐎+  →  𝐅𝐅𝐅𝐅𝟑𝟑+ +  𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐 𝟓𝟓.𝟐𝟐 × 𝟓𝟓𝟏𝟏𝟔𝟔 Rush and Bielski, [1985] 

𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐍𝐍𝐎𝐎𝟑𝟑 → 𝐅𝐅𝐅𝐅𝟑𝟑+ +𝐍𝐍𝐎𝐎𝟑𝟑− 𝟖𝟖.𝟏𝟏 × 𝟓𝟓𝟏𝟏𝟔𝟔 Pikaev et al. [1974] 

𝐅𝐅𝐅𝐅𝟐𝟐+ +𝐍𝐍𝐎𝐎𝟐𝟐 + 𝐎𝐎+ → 𝐅𝐅𝐅𝐅𝟑𝟑+ + 𝐎𝐎𝐍𝐍𝐎𝐎𝟐𝟐 𝟑𝟑.𝟓𝟓 × 𝟓𝟓𝟏𝟏𝟒𝟒 Epstein et al. [1982] 

𝐅𝐅𝐅𝐅(𝐎𝐎𝐎𝐎)𝟐𝟐+ + 𝐎𝐎𝟐𝟐−∙  →  𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝟐𝟐 + 𝐎𝐎𝐎𝐎− 𝟓𝟓.𝟓𝟓 × 𝟓𝟓𝟏𝟏𝟖𝟖 Rush and Bielski, [1985] 

𝐅𝐅𝐅𝐅(𝐎𝐎𝐎𝐎)𝟐𝟐+ +  𝐎𝐎𝐎𝐎𝟐𝟐∙  →  𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝟐𝟐 +𝐎𝐎𝟐𝟐𝐎𝐎 𝟓𝟓.𝟑𝟑 × 𝟓𝟓𝟏𝟏𝟓𝟓 Ziajka et al., 1994 

𝐅𝐅𝐅𝐅𝟐𝟐+ + 𝐎𝐎𝟑𝟑  →  𝐅𝐅𝐅𝐅𝐎𝐎𝟐𝟐+ + 𝐎𝐎𝟐𝟐  𝟖𝟖.𝟐𝟐 × 𝟓𝟓𝟏𝟏𝟓𝟓 Logager et al. [1992] 

𝐅𝐅𝐅𝐅𝐎𝐎𝟐𝟐+ + 𝐎𝐎𝟐𝟐𝐎𝐎 →  𝐅𝐅𝐅𝐅𝟑𝟑+ +  𝐎𝐎𝐎𝐎∙ + 𝐎𝐎𝐎𝐎− 𝟓𝟓.𝟑𝟑 × 𝟓𝟓𝟏𝟏−𝟐𝟐 Jacobsen et al. [1998] 
𝐅𝐅𝐅𝐅𝐎𝐎𝟐𝟐+ +   𝐎𝐎𝐎𝐎∙ +  H+  →  𝐅𝐅𝐅𝐅𝟑𝟑+ + H2O2 𝟓𝟓.𝟏𝟏 × 𝟓𝟓𝟏𝟏𝟒𝟒 Jacobsen et al. [1998] 

𝐅𝐅𝐅𝐅𝐎𝐎𝟐𝟐+ +  H2O2   →  𝐅𝐅𝐅𝐅𝟑𝟑+ +  𝐎𝐎𝐎𝐎𝟐𝟐∙ + 𝐎𝐎𝐎𝐎− 𝟓𝟓.𝟏𝟏 × 𝟓𝟓𝟏𝟏𝟒𝟒 Jacobsen et al. [1998] 

𝐅𝐅𝐅𝐅𝐎𝐎𝟐𝟐+ +  𝐎𝐎𝐎𝐎𝟐𝟐∙  →  𝐅𝐅𝐅𝐅𝟑𝟑+ + 𝐎𝐎𝟐𝟐 + 𝐎𝐎𝐎𝐎− 𝟐𝟐.𝟏𝟏 × 𝟓𝟓𝟏𝟏𝟔𝟔 Jacobsen et al. [1998] 
𝐎𝐎𝐎𝐎𝟐𝟐∙ /𝐎𝐎𝟐𝟐−∙ reactions 

𝐎𝐎𝐎𝐎𝟐𝟐∙ + 𝐎𝐎𝐎𝐎𝟐𝟐∙ →  𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐 + 𝐎𝐎𝟐𝟐 𝟖𝟖.𝟑𝟑 × 𝟓𝟓𝟏𝟏𝟓𝟓 Bielski et al. [1985] 
𝐎𝐎𝐎𝐎𝟐𝟐∙ +  𝐎𝐎𝟐𝟐 + 𝐎𝐎+ →   𝐎𝐎𝟐𝟐𝐎𝐎𝟐𝟐 + 𝐎𝐎𝟐𝟐 𝟗𝟗.𝟒𝟒 × 𝟓𝟓𝟏𝟏𝟒𝟒 Bielski et al. [1985] 

𝐂𝐂𝐎𝐎𝟐𝟐−∙ + 𝐎𝐎𝟐𝟐 → 𝐂𝐂𝐎𝐎𝟐𝟐 + 𝐎𝐎𝟐𝟐−∙ 𝟐𝟐.𝟒𝟒 × 𝟓𝟓𝟏𝟏𝟗𝟗 Sedlak and Hoigné 
[1993] 

Oxalate reactions 
𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝐧𝐧𝟑𝟑−𝟐𝟐𝐧𝐧 + 𝐎𝐎𝟐𝟐−∙  →  𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝐧𝐧𝟐𝟐−𝟐𝟐𝐧𝐧 + 𝐎𝐎𝟐𝟐 𝟓𝟓.𝟏𝟏× 𝟓𝟓𝟏𝟏𝟔𝟔 Sedlak and Hoigné [1993] 

𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝐧𝐧𝟑𝟑−𝟐𝟐𝐧𝐧 + 𝐎𝐎𝐎𝐎𝟐𝟐∙  →  𝐅𝐅𝐅𝐅(𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒)𝐧𝐧𝟐𝟐−𝟐𝟐𝐧𝐧 + 𝐎𝐎𝟐𝟐 + 𝐎𝐎+ 𝟓𝟓.𝟐𝟐× 𝟓𝟓𝟏𝟏𝟓𝟓 Sedlak and Hoigné [1993] 

𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒𝟐𝟐− +  𝐎𝐎𝐎𝐎∙  → 𝐎𝐎𝐎𝐎−  + 𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒−∙ 𝟓𝟓.𝟑𝟑× 𝟓𝟓𝟏𝟏𝟔𝟔 Getoff et al. [1971] 

𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒𝟐𝟐− + 𝐍𝐍𝐎𝐎𝟑𝟑  → 𝐍𝐍𝐎𝐎𝟑𝟑−  + 𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒−∙ 𝟐𝟐.𝟐𝟐× 𝟓𝟓𝟏𝟏𝟖𝟖 Raabe [1996] 

𝐂𝐂𝟐𝟐𝐎𝐎𝟒𝟒𝟐𝟐− +𝐎𝐎𝟐𝟐  → 𝟐𝟐𝐂𝐂𝐎𝐎𝟐𝟐  + 𝐎𝐎𝟐𝟐−∙ 𝟐𝟐.𝟏𝟏× 𝟓𝟓𝟏𝟏𝟗𝟗 CAPRAM 

 



Fe(II)/Fe(III) Deposition 
Fed 

 ~0.25 Tg of Fed was deposited to the global oceans during the yearlong study 
 Dissolved Fe(II)/Fe(III) predictions compared relatively well to measurements 

MAM JJA 

SON DJF 

Seasonally-averaged total Fed deposition (µg m-2 day-1) 



Increase in Fed Deposition due to Oxalate 

Seasonally-averaged percent increase in Fed deposition due to oxalate 

MAM JJA 

SON DJF 

 Largest increases in Fed deposition 
occurred over the regions with 
considerable oxalate concentration 
 
 Total increase in Fed deposition to 
the surface oceans was ~75% 

 
 Increase in dissolved Fe fraction 
(up to ~10%) is consistent with the 
measurements 

Seasonally-averaged percent increase in Fed deposition due to oxalate 



Effect of Mineralogy on Fed Deposition 

 Faster dissolution rates of illite led to increases in Fed (~100%) 
 Slower dissolution rates of goethite led to decreases in Fed (~50%) 



Conclusions 
 Improved our Fe dissolution scheme by implementing: organics 
(oxalate)-promoted Fe dissolution, accurate mineralogy, individual 
source treatment of Fe dissolution, and photochemistry 

 Model results are comparable with measurements of oxalate and Fe(II)/Fe(III) 
 Larger RMSE values could be due to: omitted anthropogenic (combustion and 
biomass burning) and physicochemical processes potentially involved in the 
production of Fed  
 Improved model now provides comprehensive data sets of dissolved Fe 
concentrations and deposition fluxes 

 Unique opportunity for the coupling with ocean models simulating 
nutrients and biogeochemical cycling 

 Stop by our poster for an 
extended look at our updated 
dust-Fe dissolution scheme 

THANK YOU! 

 Future work: 
 Continued model evaluation 
 Further model improvements and 

implementation in v9.01.03 



Model-Predicted Oxalate 
Myriokefalitakis et al., 2011 

 Model-predicted oxalate concentrations capture the order of 
magnitude of in situ measurements 

 Over-prediction of oxalate measured in remote oceanic regions has 
negligible impact on Fe dissolution rates 

 Suitable for simulated organic promoted Fe dissolution 
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Comparison to Measurements 
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