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Feb. 7, 2019 – This is a proposal for ocean iron fertilization as a means to reduce atmospheric CO2 levels.  The idea is to take advantage of nano-particulate, poorly crystalline Fe-oxides, produced by chemosynthetic iron-oxidizing bacteria, as an iron source to the ocean.  Upon drying, these oxides produce a fine powder that could be dispersed at altitude by aircraft, to augment wind-driven Aeolian dust that is a primary iron source to the open ocean.  Based on Fe-oxidation rates for natural populations of iron-oxidizing bacteria, it is estimated 1,500 hectares of production ponds (1 × 100 × 100 meters) would be required to produce sufficient iron dust to supply the 30% of the global ocean that is iron-limited.  In theory, iron replete conditions will stimulate the biological pump to quantitatively remove enough CO2 from the atmosphere to partially mitigate anthropogenic inputs.  Modifications to existing technologies would satisfy most of the technological challenges.  Addition of biogenic iron to meso-scale eddies could provide an effective means of testing this process.  Nonetheless, there are many unknowns.  Thus any such effort will require research and development, integrated across oceanographic and Earth science disciplines, to determine its long term efficacy.
Global emissions for the major greenhouse gas (GHG) CO2 accounted for 36.8 Gt CO2/year (2017 data) released to the atmosphere, and are projected to increase by another 2.7% in 2018 (Le Quéré et al., 2018).  To limit an increase of Earth's surface temperature to <2°C by the end of the 21st century, the International Panel on Climate Change (IPCC) recommends that GHG emissions be reduced by 45% by 2050, with continuing reductions throughout the remainder of the 21st century (Moomaw et al., 2011).  The large majority (>90%) of the possible scenarios outlined by IPCC to hold atmospheric CO2 to levels consistent with a ≤2°C temperature increase require some type of active removal of CO2 from the atmosphere (Fuss et al., 2014).  A recent UNEP report found that to meet the 2°C requirement will require removal of an additional 12 −14 Gt of carbon from the atmosphere, primarily through CO2 removal (CDR) technologies (UNEP, 2016).  This assumption is tied to the aggressive scenario of world-wide emissions reduction in global GHG emissions recommended by the IPCC.  Thus, to keep anthropogenic driven global temperature increase below 2°C by 2100 will require CDR technologies be put in place within the next 10–20 years, and maintained at a substantial level during the remainder of this century.
There are a number of negative emissions technologies (NETs) relevant to CDR. Relatively straightforward approaches embody enhancement of natural carbon removal processes such as reforestation, afforestation, and improved agricultural practices (Moomaw et al., 2011).  More technical solutions involve industrial-scale sequestration of CO2, either at point sources, such as fossil-fuel burning power plants, or through direct air capture (Boot-Handford et al., 2014).  The captured CO2 would then be stored underground and effectively removed from the climate system.
One of the most discussed enhancement techniques for CDR involves addition of iron to the open ocean, referred to as ocean iron fertilization (OIF) (Martin et al., 1990).  A significant body of research has shown that iron is the primary limiting nutrient for photosynthetically driven primary production in 30 to 40% of the open ocean (Martin and Gordon, 1988; Fung et al., 2000; Raiswell and Canfield, 2011; Moore et al., 2013).  These regions are often referred to as high nitrate, low chlorophyll (HNLC) regions.  The basic premise of OIF is that addition of iron to the photic zone of HNLC regions corresponding to the times when phytoplankton are actively growing, or blooming, will stimulate primary production.  This, in turn, enhances that part of the biological pump responsible for sequestration of organic carbon (newly fixed CO2) into the deep ocean, where it is removed from Earth's carbon cycle on millennial timescales (Ducklow and Steinberg, 2001; Tagliabue et al., 2017).  The result is a net draw-down of atmospheric CO2.
A number of studies have looked at past cycles of CO2 build-up and draw-down in the atmosphere.  They used different proxies to show changes in levels of iron in the surface ocean have influenced global climate (Martínez-Garcia et al., 2009; Ziegler et al., 2013; Albani et al., 2016).  This basic knowledge that large regions of the open ocean are iron-limited, and that delivery of iron to the ocean has impacted past climate regimens, led to a dozen meso-scale iron-addition experiments between 1993 and 2005.  These were conducted in different areas of the ocean, to better understand the response of the marine ecosystem to iron fertilization (Boyd et al., 2007).  The goals of these experiments were to investigate the short-term effects on primary productivity, ecosystem dynamics, and stimulation of the carbon pump that transfers photic-zone derived carbon to the deep ocean.  In all cases, iron fertilization led to phytoplankton blooms confirming the potency of iron as a limiting micro-nutrient.  The outcome of net export of C to the depths was more ambiguous, with at least one study showing significant export (Smetacek et al., 2012), but others yielding more varied results (Boyd et al., 2007; Yoon et al., 2018).  The timing of fertilization efforts, the duration of the experiments, both in terms of iron addition and monitoring efforts, as well as the ultimate fate of the iron, are among the factors that likely effected the net export outcomes of these experiments.  For a comprehensive analysis of previous OIF efforts, see Yoon et al. (2018).  Unintended consequences of these experiments include alteration of the population structure of the phytoplankton community, including the production of toxin-producing phytoplankton (Trick et al., 2010).  These experiments all supplied iron as a concentrated solution of acidified ferrous sulfate (Fe2SO4. 7H2O) fed directly into the water from the fantail of a ship over the period of a few days.  As such, they are not representative of natural processes whereby iron is delivered to the ocean.  The mineralogical fate of ferrous sulfate is also not well documented in these experiments, but based on simple environmental kinetics of Fe(II) in oxygenated seawater at pH 8.1, presumably it oxidizes within minutes to a ferric oxide.  This would likely become bound to an organic ligand (Hunter and Boyd, 2007).  It is likely this iron-ligand complex that is bio-available to phytoplankton.
A primary natural mechanism for delivery of iron to the open ocean is via airborne dust that is swept off the continents and into the upper atmosphere, where it then settles to the sea surface (Jickells, 2005; Moore and Braucher, 2008).  Aeolian dust can be transported within a few days or weeks over large areas of the ocean surface, making an efficient means of distributing iron to iron-deficient regions.  However, there are other factors that reduce the efficacy of Aeolian dust as a means of iron distribution.  1st, most of the iron is in the form of refractory crystalline iron oxide minerals that significantly reduce the bioavailability of iron to phytoplankton.  2nd, production of Aeolian dust is dependent upon continental geography (Moore et al., 2001; Schroth et al., 2009).  This is one reason why the Southern Ocean is especially iron-limited, since there are fewer associated land masses to act as a dust source.  3rd, the timing and magnitude of the meteorological conditions that lead to dust generation and dispersal are stochastic, and not necessarily coupled to when iron availability may be most crucial to support primary productivity.
Potential for Atmospheric Dispersal of Biogenic Iron Dust
An effective means to achieve OIF would be to augment the process of wind-driven dispersal through addition of iron dust directly to the atmosphere, in such a way that it is carried long distances across the ocean.  For this to be an effective strategy, the form of iron dust should be a relatively stable, poorly crystalline nanophase oxide that is bioavailable, and has a sufficiently long residence time in the photic zone to increase the probability of contact time with phytoplankton.  The iron oxides produced by certain groups of lithotrophic Fe-oxidizing bacteria (FeOB) fit these criteria.  A number of FeOB produce a poorly crystalline 2-line ferrihydrite iron oxyhydroxide that is extruded as filaments of nano-fibrillar oxides as a consequence of their growth (Chan et al., 2009, 2010), Figure 1.  The organic component of these oxides is believed to be a polysaccharide excreted by the cells that likely plays an initial role in templating the development of the oxide structure.  The biogenic oxides also readily adsorb organic matter from their environment (Bennett et al., 2014).  Biogenic oxides are more resistant to undergoing further diagenesis to more crystalline forms of iron-oxides, compared to chemically synthesized ferrihydrite (Toner et al., 2012; Picard et al., 2015).  The adsorption and incorporation of organic matter into biogenic ferrihydrite can enhance its hydrophilicity, and these oxides are often referred to as hydrous ferric oxides (Fortin and Langley, 2005).  The end result is a filamentous oxide composed of nanophase substituents that has a large surface area, is resistant to further crystallization, and its hydrous nature should reduce its rate of sinking out of the photic zone.  Because the starting material is nano-particulate oxides, when biogenic iron mat is dried down and subjected to simple grinding, a fine powder results that produces dust.
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