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Abstract:  12 

Ocean iron fertilization (OIF) is thought to be a promising CO2 removal (CDR) 13 
methodology that can contribute to net negative carbon emission goals. In principle, 14 
adding iron to iron-depleted regions of the ocean enhances ocean productivity and the 15 
export of organic matter to depth allowing atmospheric CO2 to invade into the ocean. 16 
However, if no carbon is buried on the seafloor, OIF carbon sequestration will be 17 
temporary. Furthermore, ocean mixing and subduction of the perturbed dissolved 18 
inorganic carbon (DIC) distribution and the relatively slow rates of air-sea gas exchange 19 
can alter the efficiency of OIF atmospheric CO2 uptake. To investigate these processes, 20 
we assess the efficiency and durability of OIF CDR using an ocean circulation model 21 
coupled to a well-mixed atmosphere. We find that for a typical export flux profile, OIF 22 
will be inefficient, with a global mean efficiency relative to direct air capture (DAC) of 23 
24% after 20 years. The inefficiency is driven by ocean mixing and subduction of the 24 
DIC perturbation and slow rates of air-sea CO2 exchange. Deeper penetrating export 25 
flux profiles will increase OIF efficiency substantially and global mean efficiencies can 26 
approach ~50%. Nonetheless, OIF CDR is durable and most of the CO2 sequestered 27 
after 20 years will remain in the ocean for >100 years. Our work demonstrates that OIF 28 
efficiency and durability are determined by a combination of ocean circulation and 29 
mixing, the rate of gas exchange and the depth to which the carbon is exported before 30 
being remineralized.  31 

Plain Language Summary:  32 

Biological production in the ocean's high nutrient-low chlorophyll (HNLC) regions is 33 
limited by the availability of iron and ocean iron fertilization (OIF) experiments in these 34 
regions has shown that iron additions can lead to intense phytoplankton blooms. This 35 
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has led some to suggest that the purposeful addition of iron in HNLC environments 36 
would also enhance the export of organic carbon to depth via sinking particles, enabling 37 
atmospheric CO2 to invade into the ocean and contributing to global CO2 removal 38 
(CDR) goals. Here, we use an ocean-atmosphere transport model to address the 39 
efficiency and durability of OIF CDR. We find that for typical organic matter sinking 40 
rates, OIF CDR will be inefficient, with efficiency levels four-fold lower than what would 41 
be found for direct air capture (DAC). If the sinking fluxes penetrate deeper into the 42 
water column, OIF CDR efficiencies can reach up to 50% of DAC. Nonetheless, OIF 43 
CDR is durable and most of the CO2 that is sequestered will remain in the ocean for 44 
more than 100 years. Our work demonstrates the limitations and challenges of OIF 45 
CDR and suggests future research directions if it is to be considered a viable CDR 46 
solution.  47 
 48 

Key Points 49 

1. Ocean iron fertilization carbon sequestration is roughly 10-50% as efficient as 50 
direct air capture 51 

2. Most of the carbon sequestered by OIF is durable on centennial time scales 52 
3. Vertical mixing, gas exchange & the remineralization profile for sinking carbon 53 

biomass regulate OIF efficiency  54 
 55 
Keywords: Ocean iron fertilization, carbon dioxide removal (CDR), air-sea gas 56 
exchange, ocean circulation and mixing, CDR efficiency and durability  57 
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1. Introduction 65 

The need to achieve net negative CO2 emissions to reduce the impacts of global 66 
warming has led to proposals for a broad array of CO2 removal (CDR) approaches 67 
(GESAMP, 2019; NASEM, 2019; 2022; Doney et al. 2024; Edwards et al. 2026). 68 
Proposed CDR approaches range from direct air capture (DAC) of CO2 from the 69 
atmosphere and its permanent geological storage, to enhancing and restoring the 70 
forested regions on the Earth, to increasing alkalinity levels of the surface ocean 71 
enabling the oceans to absorb more CO2. However, the efficiency, durability, economic 72 
feasibility, and societal and environmental impacts of many of these CDR approaches 73 
remains largely unknown, slowing progress on achieving net negative emission targets 74 
(NASEM, 2026).  75 

 76 
Figure 1: Conceptual diagram of the CO2 impacts of OIF CDR. Shown on the left is the profile of the 77 
redistribution of DIC due to an OIF CDR event in the upper ocean as modeled following equation 2 78 
(see methods). Example shown is for a 5000 m water column and an euphotic zone depth, Zeu, of 80 79 
m for Martin curve b values of 0.3 (purple), 0.5 (orange) and 0.8 (green) with only the upper 500 m 80 
shown. The arrows in the middle illustrate the interacting effects of vertical mixing, subduction and 81 
the slow air-sea CO2 exchange on the OIF perturbation. The arrow on the right symbolizes the 82 
eventual return of the OIF fixed DIC to the sea surface and its exchange with the atmosphere. The 83 
time scales over which these factors operate vary from days to centuries.  84 
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Ocean iron fertilization (OIF), the enhancement of ocean productivity and subsequent 85 
export of organic matter to depth in iron depleted regions of the ocean, is one possible 86 
mCDR solution (NASEM, 2022; Doney et al. 2024; Buesseler et al, 2024). Aeolian iron 87 
supply to the oceans has long been hypothesized having a fundamental role in 88 
regulating the ocean's biological pump, atmospheric CO2 concentrations and thereby 89 
Earth's radiative forcing and climatic state (Martin, 1990; Jickells et al. 2007). Field 90 
experiments have shown a rapid increase in phytoplankton productivity and biomass 91 
resulting from the addition of dissolved iron in iron-depleted, high nutrient-low 92 
chlorophyll (HNLC) regions (Boyd et al. 2007; Yoon et al. 2018). However, a 93 
commensurate increase in the export of sinking particulate organic carbon (POC) fluxes 94 
into the ocean interior due to the iron addition has only been documented during the 95 
European Iron Fertilization Experiment (EIFEX) in the Southern Ocean (Smetecek et al. 96 
2012).  97 

In principle, the progression of an ocean iron fertilization event in a HNLC region should 98 
follow a time course as illustrated in Figure 1. The addition of dissolved iron will spur 99 
phytoplankton production within days, increasing the export flux of sinking organic C to 100 
depth and reducing the surface layer dissolved inorganic carbon (DIC) concentration. 101 
The near-surface DIC deficit created by the OIF intervention induces uptake of 102 
atmospheric CO2 over several months to a year, depending on local air-sea gas 103 
exchange rates and the residence time of CO2-depleted surface waters. The exported 104 
organic C will be remineralized back to DIC within the water column or on the seafloor, 105 
and this excess DIC will be slowly (over tens to thousands of years) transported back to 106 
the surface ocean where it is released to the atmosphere. OIF CDR will be less efficient 107 
than an instantaneous and permanent CO2 removal strategy, such as DAC, due to the 108 
relatively slow equilibration of CO2 with the atmosphere after the initial OIF deployment, 109 
the vertical mixing of the OIF induced DIC perturbation and the slow leakage of the 110 
temporarily sequestered CO2 back to the atmosphere. Hence, OIF CDR should be 111 
thought of as a temporary vertical rearrangement of the DIC profile. 112 

Here, we assess the efficiency and durability of an OIF CDR perturbation to the global 113 
carbon balance using a steady-state data-constrained ocean circulation model that 114 
exchanges CO2 with a well-mixed atmosphere using realistic air-sea exchange physics. 115 
We take the effectiveness of the iron addition at stimulating carbon export as a given, 116 
and focus solely on assessing the potential efficiency (how much atmospheric CO2 can 117 
be sequestered) and durability (how long will that CO2 be sequestered) of OIF CDR. 118 
The purpose of our study is neither to promote nor condone OIF CDR as a climate 119 
mitigation approach, but rather to provide a quantitative assessment of its efficiency and 120 
durability to help facilitate future societal decision making. 121 
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2. Methods 122 

We investigate the interacting processes regulating OIF CDR efficiency and durability 123 
using the coupled atmosphere-ocean model of Yamamoto et al. (2024). The model 124 
includes an ocean circulation component that advects and mixes DIC anomalies due to 125 
OIF CDR perturbations, and a well-mixed atmosphere that exchanges CO2 with the 126 
ocean using a wind-speed based parameterization. The model's circulation and 127 
carbonate chemistry are linearized about the present state enabling the changes in the 128 
mass fraction of atmospheric CO2 (∆"#$!(&)) and DIC concentrations within the ocean 129 
(∆()#(&, +)) due to the CDR action to be solved for directly as a function of time t and 130 
location x. By perturbing the ocean's DIC distribution or the atmospheric CO2 131 
concentration, the response to a variety of CDR approaches can be explored, including 132 
direct air capture (DAC) and OIF CDR. Evolution equations for ∆"#$!(&) and ∆()#(&, +) 133 
and their derivation are presented in Yamamoto et al. (2024) and in the Supplemental 134 
Materials.  135 

The model uses a data-assimilated, global ocean circulation inverse model (OCIM), 136 
which is an estimate of the modern ocean's steady-state circulation and mixing on 137 
annual time scales (DeVries 2014; DeVries and Primeau 2011). Here we use the 138 
OCIM2-48L, which has a 2° horizontal resolution and 48 depth levels (Holzer et al. 139 
2021). The atmosphere is represented by a single well-mixed reservoir that exchanges 140 
CO2 with each surface ocean grid cell. Calculations to be presented were performed at 141 
each ocean water column where annual mean surface nitrate concentrations are 142 
greater than 5 µmol kg-1 and annual mean ice cover is less than 50% (Figure S1). 143 
Further details of the modeling system and the data sources used are provided in the 144 
Supplemental Materials.  145 

Yamamoto et al. (2024) defined the relative efficiency of a marine CDR perturbation 146 
compared to instantaneous and permanent DAC, ,(&, +), as  147 

 ,(&, +) 	= 	∆#"#$,$&'((&, +)/∆#"#$,')&(&)     (1) 148 

where ∆#"#$,$&'((&) and ∆#"#$,')&(&) are the changes in the atmospheric concentration 149 
of CO2 due to the same amount of carbon removed from either the atmosphere or 150 
ocean, respectively. In this way, e(t,x) expresses the efficiency and durability of an OIF 151 
CDR perturbation relative to a DAC standard (Yamamoto et al. 2024).  152 

One of the goals of CDR in general and for OIF CDR in particular is to sequester 153 
atmospheric CO2 for 100 or more years (NAESM 2021; Buesseler et al. 2024). Using 154 
determinations of OIF CDR relative efficiency, an index for the centennial scale 155 
durability of OIF CDR can be defined, 156 

 !"($) = !(100,%)
!(20,%) 	         (2) 157 
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If DI(x) is equal to one, the relative efficiency of the CDR action has not changed from 158 
20 to 100 years and the atmospheric CO2 sequestered during the ingassing phase 159 
remains in the ocean. However, when DI(x) is equal to zero, the initially sequestered 160 
CO2 has all returned to the atmosphere. A value of 20 years after the OIF CDR 161 
intervention is chosen for the beginning of the durability index calculation to ensure that 162 
the ingassing phase has completed.  163 

OIF CDR induces a vertical redistribution of the local DIC profile as illustrated in Figure 164 
1. The addition of iron to the surface ocean in HNLC regions spurs phytoplankton 165 
production, reducing DIC in the euphotic zone and creating organic matter that is 166 
transported by biological pump pathways to depth (or deposited on the seafloor), where 167 
it is remineralized back to DIC. Thus, to assess the impacts of the OIF CDR action on 168 
atmospheric CO2 concentrations, one needs to know the CDR-induced DIC uptake and 169 
remineralization profile. Unfortunately, little is presently known to parameterize this 170 
profile. Given the large uncertainties in its specification, we assume that a small amount 171 
of DIC, Co, is removed from the euphotic zone, Zeu, over some period of time, T, and 172 
that amount of exported carbon is redistributed beneath Zeu as respired DIC assuming a 173 
flux remineralization profile based upon a Martin flux curve (Martin et al. 1987), or  174 

 F(z) = Fo (z/Zeu)-b        (3) 175 

where F(z) is the sinking particle flux as a function of depth, z, Fo is the flux at the base 176 
of the euphotic zone (= Co Zeu / T) and b is a metric describing the attenuation of the 177 
sinking particle flux with depth (higher values are more rapidly attenuated with depth). 178 
The resulting OIF-induced perturbation to the DIC distribution is  179 

 
!"#$
!% = "

−$&/&																											( ≤ *'(	
)$#*$%&

+ (,()./)														( > *'(
    (4) 180 

For each OCIM grid where calculations are made, 0.001 Pg C per year of DIC is 181 
removed for one month, mimicking the time scale of a single OIF release. Any sinking 182 
flux reaching the bottom OCIM grid depth is remineralized to DIC in the grid cell above 183 
the seafloor. The fraction of Co that reaches the seafloor ranges from a few percent to 184 
nearly 50% and is a function of both the bottom depth and the assumed b value (Figure 185 
S2). A similar modeling approach has been used previously by Sten et al. (2026) to 186 
assess the efficiency and durability of large-scale seaweed cultivation and purposeful 187 
sequestration CDR.  188 

The choice of the power law values for the Martin curves, b = 0.8, 0.5 & 0.3, 189 
encapsulates the range of observed values (Buesseler et al. 2020). A b value of 0.8 is 190 
thought to be a canonical value for the global ocean (Martin et al. 1987; Taylor et al. 191 
2026), while the two smaller (and more deeply penetrating) b values are chosen as it is 192 
thought that OIF perturbations should stimulate the growth of large phytoplankton such 193 
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as diatoms which are associated with fast-sinking particle fluxes (Smetacek et al. 2012; 194 
Yoon et al. 2018; Buesseler et al. 2024).  195 

Several relevant depth scales, the depths for the mixed layer, Zml, and the euphotic 196 
zone, Zeu, are used to help interpret the OIF CDR relative efficiency and durability 197 
metrics (Figures S3 & S4). Differences between them will have an immediate bearing 198 
on the concentration of the DIC deficit in contact with the atmosphere. For example, if 199 
Zml is deeper than Zeu, then the OIF induced DIC perturbation will mix throughout a 200 
deeper mixed layer, diluting the DIC deficit in contact with the atmosphere, thereby 201 
reducing the potential atmospheric CO2 uptake. Whereas if Zeu is deeper than Zml, the 202 
OIF induced DIC deficit will remain in contact with the atmosphere for longer period of 203 
time, increasing the atmospheric CO2 uptake. Differences between Zml and Zeu show 204 
large spatial differences (from roughly -70 to >100 m) in the three major regions where 205 
OIF is possible (Figure S5).  206 

Three time scales are also used to help in the interpretation of the OIF CDR efficiency 207 
and durability metrics. First, the residence time for water parcels to remain in the mixed 208 
layer, Tsub(x), is calculated (Figure S6). Values of Tsub(x) are determined as the time it 209 
takes for the concentration of a tracer released within the mixed layer to be reduced by 210 
a factor of two. Second, the mean time that the remineralized DIC below the euphotic 211 
zone from the OIF perturbation remains out of contact with the surface ocean, Tret(x,b), 212 
is calculated (Figure S7). Values of Tret(x,b) are determined as the mean first passage 213 
time (Primeau, 2005) for the remineralized DIC beneath the euphotic zone to reach the 214 
sea surface and a function of the assumed b value used. Last, the time scale for 215 
equilibration of air-sea CO2 gas exchange, TCO2(x), is determined for the surface mixed 216 
layer (Figure S8) using equation S4 based upon local carbonate chemistry, mixed layer 217 
depth and wind speed (Yamamoto et al. 2024). Further calculation details for these 218 
metrics can be found in the Supplementary Materials section.  219 

3. Results  220 

The time dependence of the OIF potential global mean relative efficiency, ,(&, 0)11111111, 221 
provides a useful metric for assessing both the efficiency and durability of OIF CDR 222 
(Figure 2). Initially, values of ,(&, 0)11111111 are zero, and increase for several years thereafter 223 
during an ingassing phase as the ocean takes up atmospheric CO2 due to the surface 224 
CO2 depletion. This is followed by gradual reduction in ,(&, 0)11111111 as the OIF-sequestered 225 
CO2 returns to the atmosphere. However, the maximum global mean efficiency relative 226 
to DAC achieved is moderate, ~50% for the most penetrating flux profile examined 227 
(b=0.3); whereas for a canonical sinking flux profile (b=0.8), mean values peak at ~33%. 228 
Values of relative efficiency for OIF never approach the near complete efficiency found 229 
for instantaneous alkalinity enhancement or direct ocean capture (Bach et al. 2023a; 230 
Yamamoto et al. 2024; Zhou et al. 2025).  231 
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 232 
Figure 2. Global mean time courses for the relative efficiency, !(#, %)'''''''', vs. time since deployment in 233 
years. Values averaged over all ocean surface grids where surface NO3 values are > 5 µmol kg-1 234 
and seasonal ice cover is less than 50%. The colored lines are the mean for Martin 'b' values of 0.3 235 
(purple), 0.5 (orange) and 0.8 (green). The colored envelopes display the spatial standard deviation 236 
about the global mean value.  237 

Values of ,(&, 0)11111111 are strongly dependent on the assumed power law slope of the OIF 238 
remineralization profile. Mean values of ,(20, 0)1111111111 are 50, 37 and 24% and for ,(100, 0)111111111111 239 
are 42, 28 and 16% for b values of 0.3, 0.5 & 0.8, respectively. The larger the b value, 240 
the quicker the sinking particle flux profile is attenuated with depth and the shallower the 241 
OIF-induced export of organic carbon penetrates into the ocean interior, decreasing the 242 
CO2 return time and lowering the relative efficiency. Globally, on average 31% (stdev. = 243 
3%) of the OIF CDR perturbation is deposited on the seafloor for the b=0.3 case, while 244 
only 5% (stdev. = 3%) reaches the seafloor for the b=0.8 case (Figure S2). This has an 245 
impact on the overall efficiency of OIF CDR due to the longer first passage times for 246 
water parcels to traverse from the seafloor to the surface (Siegel et al. 2021).  247 

Although OIF CDR is inherently inefficient, it is fairly durable once the ingassing phase 248 
is completed, typically after a few years. Global mean values for the centennial scale 249 
durability index (()(0)11111111; eq. 3) are 87, 79 and 70% for b values of 0.3, 0.5 and 0.8, 250 
respectively (Figure 2). The sensitivity of the centennial scale durability index to b value 251 
reflects differences in the mean return time for the remineralized biomass to reach the 252 
sea surface, which decreases from 107, 63 and 37 years for b values of 0.3, 0.5 and 253 
0.8, respectively (Figure S7). This illustrates that although OIF CDR is inefficient relative 254 
to DAC, the resulting carbon sequestration can be durable for many decades, especially 255 
for cases where the OIF flux remineralization occurs deeper in the water column (low b 256 
values).  257 
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 258 
Figure 3. Determinations of time courses of relative efficiency for four HNLC sites where OIF 259 
CDR could be conducted: a) Station P in the northeastern Pacific (centered at 50N 145W), b) 260 
the eastern equatorial Pacific (5S 91W), c) the site of the Southern Ocean Time Series (SOTS; 261 
47S 140E) and d) a site just south of the SOTS site (SOTS-S; 53S 140E). The colors represent 262 
Martin curve b values of 0.3 (purple), 0.5 (orange) and 0.8 (green), respectively. The colored 263 
envelopes display the standard deviation of the relative efficiency values for the 9 grid locations 264 
centered at the site. Site locations are illustrated in Figure S1.  265 

Geographic variations in OIF efficiency and durability will be driven by spatial 266 
differences in the vertical mixing and circulation processes, the depths of the euphotic 267 
zone and surface mixed layer, as well as the time scale for air-sea CO2 flux 268 
equilibration. Four canonical HNLC sites where OIF CDR is possible were chosen for 269 
illustrative purposes: the northeast Pacific Ocean at Station P (StaP), the eastern 270 
equatorial Pacific Ocean (EqPac), the sub-Antarctic Zone at the Southern Ocean Time 271 
Series (SOTS) site, and a site 600 km south of the SOTS site (SOTS-S; Figure S1). 272 
Large differences in relative efficiency time courses are seen as a function of the 273 
assumed b value for these four sites (Figure 3). Geographic differences can also be 274 
assessed by focusing on one of the assumed b values. For the deeper penetrating case 275 
(b=0.3), values of relative efficiency at 10 years range from 40% at the SOTS site to 276 
54% at SOTS-S, to ≥ 60% for the equatorial and North Pacific sites (Figure 3). Similar 277 
differences are found among the four sites for the less penetrating Martin b values. 278 
Values of the efficiency at 100 years, e(100,x,b), show the expected strong dependence 279 
on the assumed b value with similar differences among the sites, although the 280 
difference among the sites is considerably muted (<10% for all cases) compared to the 281 
shorter timescales.  282 
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Differences among the e(t,x,b) values for the four sites arise due to local vertical mixing, 283 
air-sea CO2 exchange and regional circulation processes. These processes determine 284 
the efficiency time course in two phases: an ingassing phase as atmospheric CO2 285 
slowly invades the surface ocean and a degassing phase as the remineralized DIC 286 
returns to the sea surface (Figure 1). The duration of the ingassing phase ranges from 287 
about 2 years (Station P) to 20 years (EqPac). During this phase the relative efficiency 288 
of the OIF perturbation reflects the net balance between the subduction of surface water 289 
parcels, which mixes the CO2 deficit with the ocean interior, and the slow rate of air-sea 290 
CO2 exchange. The highest e(20,x,b) values are found for the EqPac site, where mixed 291 
layer depths are considerably shallower than euphotic zone depths (Zml - Zeu = -32 m vs. 292 
mean for the OIF region = 36 m) and time scales for air-sea CO2 gas exchange are 293 
moderate (TCO2 = 178 days vs. OIF regional mean = 279 days). The lowest values of 294 
e(20,x,0.3) occur at the two Southern Ocean sites (41 & 52%) and this reflects the rapid 295 
mixing of the initial DIC perturbation below the surface, as mixed layer depths are 296 
deeper than the euphotic zone depths (Zml - Zeu = 51 and 42 m for the SOTS and SOTS-297 
S sites, respectively) which is deeper than the Zml - Zeu OIF region mean (36 m). This 298 
mixing dilutes the OIF-induced DIC deficit that is in contact with the atmosphere and is 299 
also reflected in the very short mixed layer residence times of the Southern Ocean sites 300 
(< 5 days).  301 

The declining efficiency phase is prolonged, due to the slow return timescales of deeply 302 
remineralized CO2 back to the surface (Siegel et al., 2021). Here we focus on the 303 
efficiency at the 100-year time horizon as a metric of durability. Determinations of the 304 
durability index, DI(x,b), for the four sites illustrate the expected dependence on the 305 
assumed b value, but also show differences among the sites. For example, the highest 306 
durability index values are found for the SOTS site where values are 99, 83 and 64% for 307 
b values of 0.3, 0.5 and 0.8, respectively. The lowest durability index values are found 308 
for the EqPac site where DI(x,b) values are 77, 55 and 50% for three b values used. 309 
Interestingly, differences in the DI(x,b) values among the sites do not consistently reflect 310 
differences in the return time scale for the remineralized DIC, Tret(x,b), as values of  311 
Tret(x,b) are all similar except the SOTS-S site (Tret(SOTS-S,b) is approximately 20 312 
years longer than the other three). Further, there appears to be an inverse relationship 313 
between DI(x,b) and e(20,x,b) where the higher values of DI(x,b) are found for the sites 314 
with lower e(20,x,b) and vice versa. 315 

The spatial distribution in the relative efficiencies after 20, 100 and 500 years after an 316 
OIF CDR intervention occurs are shown for the intermediate b case (b = 0.5) in Figure 317 
4. After 20 years, large spatial differences in relative efficiencies range from ~10% to 318 
more than 70%. Low relative efficiencies (e(20,x,0.5) < 30%) are found in shallow seas 319 
and near coasts where sinking particles cannot penetrate to great depths. Low 320 
e(20,x,0.5) values are also found in the Southern Ocean in the polar frontal zone, where 321 
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the initial mixing of the OIF CDR perturbation and the subduction of surface water 322 
parcels to depth occurs faster than the atmosphere can equilibrate to the initial negative 323 
surface DIC perturbation (Yamamoto et al. 2024; Zhou et al. 2025).  324 

 325 
Figure 4. Relative efficiency values at 20, 100 and 500 years after the OIF CDR intervention for a 326 
Martin b value of 0.5 for sites for the (top row) Southern Ocean, (middle) North Pacific, and (bottom) 327 
Eastern Equatorial Pacific. Same plots for Martin b values of 0.3 and 0.8 are shown in Figures S9 328 
and S10, respectively.    329 

After 100 years, values of e(100,x,0.5) are reduced, as expected, and the global mean 330 
value decreases to 27% (stdev. = 8%). The spatial patterns are also muted ranging from 331 
roughly 20 to 35%. However, there are notable exceptions, particularly in the Southern 332 
Ocean south of the Antarctic Front at ~20oE, where values of e(100,x,0.5) remain 333 
greater than 40% (Figure 4b). This supports the assertion that this region could be a 334 
suitable site to conduct OIF CDR (Bach et al. 2023b). After 500 years, values of 335 
e(500,x,0.5) are further reduced as the CDR DIC perturbation returns to the atmosphere 336 
(Figures 4c, f & i). However, the spatial patterns in e(500,x,0.5) largely remain the same 337 
as those found after 100 years. 338 

The importance of the remineralization length scale, the assumed b value, on the spatial 339 
distribution of relative efficiencies after 100 years is shown in Figure 5 for the three 340 
different b values explored here. As expected, dramatic differences in the overall values 341 
of e(100,x,b) are found. Global mean values of e(100,x,b) range from 42% (stdev. = 342 
10%) for the b=0.3 case to 16% (stdev. = 6%) for the b=0.8 case. The spatial patterns 343 
are very similar to b=0.5 case shown previously, although the amplitude of the 344 
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differences is greater for the small b case and more muted for the larger b case. In 345 
particular, the spatial distribution of the deeply penetrating (b=0.3) case shows broad 346 
regions in the global ocean where values of e(100,x,0.3) are greater than 50% (Figure 347 
5a, d and g), illustrating that OIF CDR in these regions could lead to durable CDR if 348 
organic carbon is exported deeply into the interior.  349 

 350 
Figure 5. Relative efficiency values at 100 years after the OIF CDR intervention occurred 351 
shown for sites in the Southern Ocean, North Pacific, and Eastern Equatorial Pacific for the 352 
three Martin parameters explored (b = 0.3, 0.5 & 0.8). Only regions where annual mean surface 353 
NO3 concentrations exceed 5µM and < 50% ice cover are shown.   354 

Spatial variations in the centennial scale durability index (Eq. 3) show regions of near 355 
complete durability (nearly 100%), while in others durability values are much smaller, in 356 
places lower than 50% (Figure 6). Regions with the lowest DI(x,b) values are 357 
associated with shallow seas or regions where large-scale vertical circulations are found 358 
(equatorial upwelling, boundaries of subtropical gyres, etc.). Among the three basins 359 
where HNLC conditions are found, values of DI(x,b) are largest in the Southern Ocean 360 
and smallest in the eastern equatorial Pacific. As expected, the durability decreases 361 
with shallower particle penetration (higher b value), but this dependence is strongest in 362 
the equatorial Pacific and weakest in the Southern Ocean.  363 
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 364 
Figure 6. Durability index distributions, DI(x,b), for HNLC regions in the Southern Ocean, North 365 
Pacific, and Eastern Equatorial Pacific for the three Martin parameters explored (b = 0.3, 0.5 & 366 
0.8).  367 

4. Discussion 368 

The results presented show that OIF perturbations to the dissolved inorganic carbon 369 
concentration distribution are an inefficient CDR strategy compared with direct air 370 
capture CDR. However, a large fraction of the OIF sequestered carbon will remain 371 
isolated from the atmosphere for more than 100 years. The depth scale which the OIF 372 
perturbation penetrates beneath the euphotic zone, parameterized using a power law 373 
function with depth and an assumed b value (Equation 3), has first order controls on 374 
both the efficiency and durability of OIF CDR. The processes of air-sea CO2 exchange, 375 
subduction of surface water parcels, and mixing of the CDR-induced DIC perturbation 376 
are also important, combining to create the spatial variations in OIF CDR efficiency. 377 
Last, OIF CDR is not permanent, and the temporarily sequestered atmospheric CO2 will 378 
eventually return to the sea surface where it is exchanged back to the atmosphere. In 379 
the following, we address where OIF is most efficient and durable, discuss some of the 380 
strengths and limitations of the present modeling study, and conclude assessing the 381 
potential and some of the challenges of OIF as an effective CDR strategy.   382 
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4.1 Where is OIF CDR Most Efficient and Durable and Why? 383 

Understanding where and under what conditions is OIF CDR most efficient and durable 384 
would be useful for planning at-scale implementation. To address this issue, we map 385 
out the regions of the ocean where the upper 25th percentile of ,(20, +, 0) and DI(x,b) 386 
values are found. Figure 7 illustrates the locations for the b = 0.5 case for high 387 
efficiencies (orange-red) and durability (violet). Results from the other two b value case 388 
are similar and are shown in the supplemental materials (Figures S11 & S12). The 389 
highest OIF efficiencies (red & orange in Figure 7) are found throughout the equatorial 390 
Pacific and portions of the subtropical oceans, while regions where the highest durability 391 
indices (violet & orange) are found largely in the Southern Ocean, particularly south of 392 
the Antarctic Front. For the most part, there is a lack of correspondence of regions 393 
where OIF CDR is both efficient and durable, suggesting that the processes creating 394 
efficient OIF incorporation of atmospheric CO2 have little to do with those maximizing 395 
the durability of the sequestered CO2 and vice versa. That said, there is one region in 396 
the Atlantic and Indian Ocean sectors of the Sothern Ocean south of the Antarctic Front 397 
that is both efficient and durable (orange in Figure 7). For the b = 0.5 case, this region of 398 
overlap is small and corresponds to about 6% of the total number of grid locations 399 
where OIF possible.  400 

 401 
Figure 7. Locations where the best OIF CDR efficiency and durability are found for the b = 0.5 402 
case. Shown are locations where the best 25% of the ((20, $, 0.5) (red) and DI(x,0.5) (violet) are 403 
found. The orange regions show where the highest 25% OIF efficiency and durability metrics 404 
coincide. Similar depictions for the b = 0.3 and the b = 0.8 cases are given in the supplemental 405 
figures (see Figures S11 & S12).    406 

The assessment of mean values for relevant time and depth scales for locations where 407 
OIF is both most and least efficient and durable can then be used to diagnose potential 408 
drivers for these patterns. Table 1 provides conditional averaged values of the time 409 
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scales of air-sea CO2 flux equilibration, TCO2(x), the subduction of surface water parcels, 410 
Tsub(x), return time of the remineralized DIC, Tremin(x,b), as well as difference between 411 
the mixed layer depth and the euphotic zone depth, Zml(x)-Zeu(x). Mean values for the 412 
metrics are calculated for the upper quadrille for the ,(20, +) and DI(x) distributions 413 
("best"), the lower quadrille ("worst") and where the "best" locations for efficiency and 414 
durability coincide ("both").  415 

The conditionally averaged time and depth metrics for the best and worst sites clearly 416 
illustrate their importance on setting OIF efficiencies. The most efficient locations are 417 
characterized by shorter time scales for air-sea flux equilibration, TCO2(x), longer 418 
residence times for water parcels to remain in the mixed layer, Tsub(x), longer return 419 
times for remineralized DIC to return to the sea surface, Tremin(x), as well as small 420 
differences between Zml(x) and Zeu(x) (Table 1). This is expected as shorter flux 421 
equilibration time scales and longer surface water parcel residence and remineralized 422 
DIC retention times should lead to faster atmospheric CO2 incorporation and thereby 423 
better OIF efficiencies. The worst efficiencies are found in regions associated with long 424 
flux equilibration time, short surface residence and remineralization return times and 425 
considerably deeper mixed layer depths than euphotic zone depths. If Zml is deeper 426 
than Zeu, the OIF-induced DIC perturbation will mix throughout the deeper mixed layer, 427 
which includes the remineralized OIF biomass. This will reduce the DIC deficit in contact 428 
with the atmosphere and its potential to sequester atmospheric CO2. It is interesting to 429 
note that values of TCO2(x) for both the best and worst regions are greater than the OIF 430 
domain mean suggesting that air-sea CO2 flux processes may only have a limited 431 
impact on controlling OIF efficiency.  432 

Table 1: Conditionally averaged mean values for important time and depth scale metrics. 433 
Shown are mean values for the entire region where OIF is possible ("total"), regions where the 434 
upper ("best") and lower ("worst") quadrilles for the ((20, $) and DI(x) values are found. Also 435 
shown are mean metrics for the intersection of the upper quadrilles for the ((20, $) and DI(x) 436 
values. Shown is the b = 0.5 case and similar statistics for the other cases may be found in 437 
Table S1.  438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

Metrics for b=0.5 TCO2 (d) Tsub (d) Tremin (y) Zml-Zeu (m) 
Total OIF Region 218.7 84.4 63.3 35.9      

Best e(x,20) 275.1 106.3 82.5 7.8 
Worst e(x,20) 369.0 63.8 61.0 60.9      

Best DI(x) 362.1 89.0 79.9 50.6 
Worst DI(x) 244.7 68.4 55.7 7.5 
     
Best e(x,20) & DI(x) 380.5 169.7 102.3 29.6 
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 446 
Locations with the highest durability metrics are associated with relatively deeper mixed 447 
layer depths and long surface residence and remineralization return time scales. If Zml is 448 
considerably deeper than Zeu, OIF efficiencies will be lower as shown previously, but the 449 
atmospheric CO2 that is incorporated into DIC will mix throughout a deeper mixed layer, 450 
further into the ocean interior, which will enable it to be sequestered from the 451 
atmosphere for longer. Conversely, locations with the lowest durability indices are 452 
characterized by small differences between Zml(x) and Zeu(x) and smaller values for the 453 
subduction and remineralization return time scales. Again, the time scales for air-sea 454 
flux equilibration, TCO2(x), for both the best and worst durability regions are longer than 455 
the OIF domain mean, illustrating that this metric is not important for setting the 456 
durability. 457 

Interestingly, the sites where both the best OIF efficiency and durability metrics are 458 
found can be characterized by moderate differences between Zml(x) and Zeu(x), but 459 
substantially larger values for the subduction and remineralization return time scales 460 
than are found in any of the other cases (Table 1).  461 

We can summarize these results by comparing the time scale and depth metrics for the 462 
best cases for both efficiency and durability. First, we find that values of OIF efficiency 463 
are much higher and durability metrics are lower when the depths for Zml(x) and Zeu(x) 464 
are similar, whereas the efficiency metrics are lower and durability indices greater when 465 
Zml(x) is much deeper than Zeu(x). When Zml(x) is substantially deeper than Zeu(x), the 466 
OIF DIC perturbation is both diluted and homogenized shortly after deployment 467 
reducing efficiency levels. Further, the small amount of atmospheric CO2 that is 468 
sequestered is mixed deeper into the water column and will be more durably stored. 469 
When the Zml(x) and Zeu(x) depths are similar, this mixing of the initial DIC perturbation 470 
and sequestered CO2 does not occur and efficiencies are higher while durability metrics 471 
are lower. Together, this points to the importance of vertical mixing processes on setting 472 
OIF efficiency and durability levels.  473 

Second, we find that the values for both Tsub(x) and Tremin(x,b) are larger for the best 474 
cases for both efficiency and durability than they are for the worst cases for both 475 
metrics. This suggests that both mixed layer water parcel residence times and the time 476 
scales of return set both the levels of OIF efficiency and durability. For sites where both 477 
the best OIF efficiency and durability metrics are found, the very large values for both 478 
Tsub(x) and Tremin(x,b) appear to outweigh the moderate differences between Zml(x) and 479 
Zeu(x) (Table 1). Again, values of TCO2(x) for the region where both best cases are found 480 
also higher than mean values found for the entire OIF domain, indicating the lesser 481 
importance of CO2 gas exchange time scales compared with the other metrics.  482 

Together, this analysis illustrates the importance of the physical processes of vertical 483 
mixing and the residence time of surface water parcels on setting the efficiency and 484 
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durability of OIF CDR. This will be significant during the early stages after an OIF 485 
deployment as the surface water parcels are mixed and subducted as the OIF DIC 486 
perturbation is formed. Last, this analysis was conducted holding the characteristics of 487 
the OIF remineralization profile, the value of Martin's b, constant. Results presented 488 
already have illustrated the critical role that specification of the OIF remineralization 489 
profile has on OIF efficiencies and to a somewhat lesser degree on OIF durability 490 
metrics (Figure 2).   491 

4.2 Assumptions and Caveats 492 

There are many assumptions in our assessment of the efficiency and durability of ocean 493 
iron fertilization as an atmospheric CO2 removal strategy. To start, the experimental 494 
design is highly idealized. We simply assume that OIF CDR will remove a finite amount 495 
of DIC from the euphotic zone and that this biomass is instantaneously remineralized 496 
and redistributed within the water column and at the seafloor. The impacts of the OIF 497 
redistributed carbon on atmospheric CO2 concentrations is then assessed as a function 498 
of time from months to 1000 years. There are, of course, a suite of ecological and 499 
biogeochemical processes that govern the interactions among an iron addition, ocean 500 
ecosystems and atmospheric CO2 concentrations that are not considered. Thus, our 501 
study does not address how OIF CDR would or could be conducted operationally, or 502 
whether (or even if) additional carbon export would be stimulated via OIF. Rather we 503 
focus on the physical and chemical principles that regulate OIF efficiency and durability 504 
assuming that an OIF-induced perturbation of the vertical DIC profile can be created at 505 
that site. 506 

The modeling system is based upon the OCIM transport operator (DeVries and 507 
Primeau, 2011; Holzer et al., 2021), which represents the mixing and circulation of a 508 
steady-state contemporary ocean. Hence, the effects of intraseasonal, seasonal or 509 
interannual changes are not considered. Further, changes in the air-sea forcings or 510 
carbonate system parameters are not considered as well. However, the framework of 511 
the present modeling system has been used to successfully model many important 512 
ocean biogeochemistry problems including the biological carbon pump (Nowicki et al. 513 
2022), the oceanic fates of anthropogenic CO2 emissions (DeVries, 2014; DeVries et al. 514 
2023) and the efficiency and durability dynamics of ocean alkalinity enhancement CDR 515 
(Yamamoto et al. 2022) and seaweed cultivation and purposeful sequestration CDR 516 
(Sten et al. 2026). Hence, the OCIM frame employed here should be appropriate for this 517 
application.  518 

The results presented also illustrate the importance of the vertical profile of the 519 
perturbed DIC profile due to the OIF perturbation. There is no observational data to 520 
quantify the remineralization profile due to OIF CDR and its quantification remains an 521 
important unknown. The range of b values explored (0.3 to 0.8) correspond with the low 522 
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end of the range of values reported by Buesseler et al. (2020). Results found using the 523 
Martin curve's canonical value, b=0.8, shows that OIF CDR will be inefficient, with mean 524 
e(20,x,0.8) values that are four times lower than would be found for direct air capture 525 
(Figure 2). We include deeper penetrating remineralization b values (b=0.3) that likely 526 
occurs if an OIF action would create phytoplankton blooms with larger phytoplankton 527 
taxa (i.e., diatoms) that produce rapidly sinking POC fluxes (Smetacek et al. 2012; 528 
Buesseler et al. 2024). Work here shows that global mean values of e(20,x,0.3) are two-529 
times that found using canonical b values (for e(20,x,0.8)). This suggests that until field-530 
verified OIF remineralization profile parameterizations are available, Earth system 531 
model assessments of OIF CDR performance and impacts (Tagliabue et al. 2023; Noh 532 
et al. 2025; Yu et al. 2026) should consider the full range of possibilities in their 533 
parameterizations of the OIF-induced DIC remineralization profile.  534 

Finally, the model system used here only simulates the ocean DIC distribution and its 535 
interactions with the atmosphere via air-sea exchange that is created by an OIF 536 
intervention. The model does not consider many things, the creation of the OIF DIC 537 
perturbation, its effects on local or downstream nutrient availability, potential interactions 538 
between the perturbed DIC distribution and the base biological cycles nor interactions 539 
with other sources or sinks such as the terrestrial biosphere. This leaves many 540 
important questions about the efficacy and suitability of OIF CDR requiring detailed 541 
modeling and field studies to address.   542 

4.3 Is Ocean Iron Fertilization a Viable CDR Strategy?   543 

The present results illustrate several important issues that must be considered if OIF 544 
CDR is to be deployed at scale to help achieve global negative net CO2 emission goals. 545 
The efficiency of OIF will be two to four times lower than that expected for direct air 546 
capture (Figure 2). The degree of inefficiency is strongly dependent upon how far the 547 
OIF-induced DIC redistribution penetrates into the ocean interior, how much of the 548 
upper layer DIC perturbation is homogenized and the time that surface water parcels 549 
remain in contact with the atmosphere. These limitations may be one reason why 550 
modern global Earth System Model (ESM) simulations of large scale OIF additions 551 
(Tagliabue et al. 2023; Noh et al. 2026; Yu et al. 2026) predict nearly a 10-fold lower 552 
drawdown of atmospheric CO2 levels compared with pioneering OIF box model 553 
analyses (Peng and Broecker, 1991; Joos et al. 1991), which assume that all of the 554 
available excess nitrogen would be biologically utilized resulting in the complete 555 
incorporation of atmospheric CO2. Here, only a fraction of the CO2 uptake potential is 556 
available, as much of the upper ocean OIF DIC perturbation has been either mixed out 557 
vertically or subducted from the sea surface before air-sea CO2 exchanges have 558 
completed.  559 
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The OIF-induced DIC redistribution profile has a critical role in setting the initial relative 560 
efficiency levels, determining durability and thereby, for performing accurate carbon 561 
accounting. However, its quantification from field measurements will be a difficult task 562 
as assessments of sinking particle flux attenuation profiles remains uncertain (Cael and 563 
Bisson, 2018; Buesseler et al. 2020; Taylor et al. 2026). The determination of the OIF-564 
induced DIC redistribution profile will be the difference between those measured for an 565 
OIF CDR deployment and a baseline without the CDR action. The construction of this 566 
profile will combine the profile of the DIC drawdown due to the OIF-created 567 
phytoplankton bloom and the differences in the remineralization profiles beneath the 568 
euphotic zone between the OIF site and the baseline. As the OIF-induced 569 
remineralization profile would be the difference in two rather poorly quantified fluxes, 570 
uncertainty levels in its determination will be amplified. Clearly, pilot-scale field 571 
observations are required to develop this predictive understanding (Buesseler et al. 572 
2024). The importance of the penetration of OIF biomass into the interior also raises the 573 
question whether OIF-induced blooms could be "engineered" to optimize OIF CDR 574 
performance by altering the procedures or materials used to stimulate the OIF bloom. 575 

There are many other issues that were not addressed here, but must be considered if 576 
OIF is to be considered a viable CDR strategy. These include the local and remote 577 
impacts of OIF nutrient utilization, the ability of OIF to scale to gigatons CO2 per year 578 
globally, the environmental impacts that it will create, both intended and unintended, 579 
and whether the assumed perturbation to the DIC distribution due to OIF could actually 580 
be achieved (NASEM, 2022; Buesseler et al. 2024). Beyond these biogeochemical and 581 
ecological concerns, there are a host of other equally important issues that also must be 582 
considered (NASEM, 2026; Doney et al. 2024). These include assessments of the costs 583 
of required infrastructure to achieve Gt CO2 per year scalings, adoption of the required 584 
monitoring, reporting and verification methodologies as well as proper governance 585 
structures, all while maintaining societal acceptability and justice for all affected parties 586 
(Cooley et al. 2023; Doney et al. 2024; Oschlies et al. 2025; NASEM, 2026).   587 

This brings us back to the question stated in this section's title; Is Ocean iron fertilization 588 
a viable CDR strategy? Our goal here is to assess the efficiency and durability of OIF 589 
CDR and to understand the processes controlling its variations in space and time. 590 
However, as discussed above, simply quantifying the OIF efficiency and durability is not 591 
all that needed to answer this question. In the best of worlds, the costs and benefits of 592 
conducting OIF CDR at scale would be weighed against the cost and benefits of other 593 
CDR approaches, and against a no-action policy. The present results provide some of 594 
the pieces needed for that calculation and present both hopes and challenges facing 595 
OIF CDR as a potential net negative emission solution.  596 
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Text S1 - Derivation of the linearized DIC perturbation evolution equation  21 

Here, we present the linearized approximation for the tracer equations that govern the 22 
perturbations to the ocean and atmospheric carbon reservoirs due to carbon dioxide 23 
removal (CDR) following Yamamoto et al. (2024) and Yamamoto et al. (2025). A 24 
coupled ocean-atmosphere model is used to simulate the ocean and atmospheric 25 
carbon perturbation from CDR. We model the atmosphere as a single reservoir and 26 
track the time history of the time evolution of the partial fraction of CO2 (xCO2, ppm) 27 
coupled to the air-sea CO2 exchange summed over the ice-free ocean. For the ocean, 28 
we use a data-assimilated, global ocean circulation inverse model (OCIM). The OCIM 29 
estimates the climatological mean state of the ocean circulation for the modern ocean 30 
and casts it as a matrix transport operator (DeVries 2014; DeVries and Primeau 2011). 31 
Here we use the latest version, OCIM2-48L, which has a 2° horizontal resolution and 48 32 
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depth levels (Holzer et al 2021). The atmosphere is represented by a single well-mixed 33 
reservoir that exchanges CO2 with each surface ocean grid cell. The distribution of 34 
dissolved inorganic carbon in the ocean (DIC, µmol kg-1) and CO2 in the atmosphere 35 
(xCO2, ppm) is coupled by the air-sea CO2 exchange: 36 

!DIC
!% = ' ∙ DIC −	 1,-!

."#$%$&' + 0(&)												(S1) 37 

!4CO*
!% = 	 1

6$&'
	7 ."#$%$&'89
+

+ 0),-#' 											(S2) 38 

where T is the OCIM2-48L transport operator (yr-1), Fsea-air is the sea-to-air CO2 flux 39 
(µmol m-2 yr-1), Jbio is the biological sources and sinks of DIC (µmol kg-1 yr-1), Jother 40 
represents the combined fluxes from other sources such as the terrestrial biosphere and 41 
anthropogenic CO2 emissions (ppm yr-1), Mair is the moles of air in the atmosphere 42 
(1.7x1020 mol), and dA is the area of each model surface ocean grid cell (m2). We 43 
assume that the contribution of CO2 to Mair is negligible. Fsea-air is proportional to the 44 
difference between the partial pressures of CO2 in the ocean (pCO2,ocn, µatm) and 45 
atmosphere (pCO2,atm, µatm): 46 

."#$%$&' = 	,;.;/(<=>*,)12 − <=>*,$,3)(1 − ?&1#)												(S3) 47 

where r is the seawater density (1025 kg m-3), pCO2,atm is directly proportional to xCO2 48 
(assuming a sea surface pressure of 1 atm), Kw is the piston velocity (m yr-1), K0 is the 49 
CO2 solubility in seawater (mol kg-1 atm-1), and fice is the ice-covered fraction. Fsea-air is 50 
positive when there is a net flux of CO2 into the atmosphere. 51 

Fsea-air is non-linear with respect to DIC, but can be approximated by linearizing the 52 
carbonate system about the modern ocean state such that the air-sea CO2 equilibration 53 
timescale (tCO2) is: 54 

  !!"# =	 $!%&"'
                        (S4) 55 

where z1 is the depth of the top model grid layer (m), b is the equilibrium ratio of DIC to 56 
dissolved CO2 in seawater and R is the Revelle factor (Broecker and Peng 1974, 57 
Nowicki et al 2024). The global distribution of tCO2 is plotted in Figure S8. The ocean 58 
carbonate parameters (b, R, K0) are solved using CO2SYS (van Heuven et al 2011) 59 
with inputs of DIC and total alkalinity from the GLODAPv2 mapped climatology (Lauvset 60 
et al 2016); and phosphate, silicate, sea surface temperature, and sea surface salinity 61 
taken from the World Ocean Atlas 2018 (Boyer et al 2018). Values of the 10-m wind 62 
speeds (U10) and fice are from the NCEP/DOE Reanalysis II dataset (Kanamitsu et al 63 
2002), while determinations of the piston velocity, Kw, are based on a quadratic 64 
relationship on U10 (Wanninkhof 2014). 65 
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The coupled ocean and atmosphere carbon system is given in equations S1 and S2 66 
with DIC denoting the dissolved inorganic carbon concentration in the ocean (µmol kg-1) 67 
and xCO2 denoting the mole fraction of atmospheric CO2 (ppm). CDR introduces a 68 
perturbation in this coupled ocean-atmosphere system: 69 

!(AB= + ∆AB=)
!% = D ∙ (AB= + ∆AB=) − 1

,-!
(."#$%$&' + ∆."#$%$&') + (0(&) + ∆0(&)) − ∆0456,)12					(S5) 70 

!(4=>* + ∆4=>*)
!% = 	 1

6$&'
	7 (."#$%$&' +	∆."#$%$&')89
+

+ (0),-#' + ∆0),-#') − ∆0456,$,3												(S6) 71 

where Δ denotes the anomalous perturbations due to the CDR action. By subtracting 72 
equations S1 and S2 from equations S5 and S6, we get the tracer equations of the ocean 73 
and atmosphere carbon perturbations due to CDR: 74 

!∆AB=
!% = D ∙ ∆AB= − 1

,-!
∆."#$%$&' + ∆0(&) − ∆0456,)12														(S7) 75 

!∆4=>*
!% = 	 1
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+

+ ∆0),-#' − ∆0456,$,3												(S8) 76 

As we linearized the carbonate system about the modern ocean state, the anomalous 77 
CO2 gas exchange is: 78 

∆."#$%$&'
-!

≅ 1 − ?&1#
J47*

K∆AB= − ;)LM N$,3∆4=>*O											(S9) 79 

We substitute equation S9 into equations S7 and S8 and assume that Jbio and Jother are 80 
not affected by the CDR perturbation (i.e. ΔJbio = ∆Jother = 0). This results in the linearized 81 
approximation for the carbon anomaly introduced by the CDR action, or 82 

!∆AB=
!% = D ∙ ∆AB= − 1 − ?&1#J47*

K∆AB= − ;)LM N$,3∆4=>*O − ∆0456,)12						(Q10) 83 
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+

−	∆0456,$,3					(Q11) 84 

The linearized system of equations for the impact of the CDT action is solved forward in 85 
time using the backward Euler method and matrix inversion with a time-varying time-step 86 
out to 1000 years. The time-steps are daily for the first 90 days, monthly thereafter until 87 
Year 5, annual thereafter until Year 100, decadal thereafter until Year 500, and centennial 88 
thereafter until Year 1000. The CDR perturbation is applied to both the atmosphere and 89 
to the ocean profile at the OCIM grid location. To simulate direct air capture, 1 ppm CO2 90 
per year is removed from the atmosphere for the first month of the simulations. To model 91 
OIF CDR, 1 Tg DIC is removed from the euphotic zone during the first month and that 92 
amount of DIC is redistributed below the euphotic zone following equation 2b.  93 
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Time scales for the retention of the OIF induced DIC perturbation in the near-surface 94 
mixed layer, Tsub(x) (Figure S6) are determined as the time it takes for the concentration 95 
of a scalar released within the mixed layer to decrease by 50% of its original 96 
concentration. The mean time that the remineralized DIC below the euphotic zone from 97 
the OIF perturbation remains out of contact with the surface ocean, Tret(x,b) (Figure S7) 98 
are determined as the mean first passage time of the remineralized DIC beneath the 99 
euphotic zone from the OIF CDR perturbation to reach the sea surface. Values of Tret(x,b) 100 
are a function of the assumed b value used and Last, the time scale for equilibration of 101 
air-sea CO2 gas exchange, TCO2(x), are determined for the surface mixed layer (Figure 102 
S8) using equation S4 based upon local carbonate chemistry, mixed layer depths and 103 
wind speed.  104 
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 105 

 106 
Figure S1: Nitrate nutrient concentrations (in µmol kg-1) for a) Southern Ocean, b) North 107 
Subarctic Pacific Ocean and c) Equatorial Pacific Ocean. Solid black line shows 5 µmol/kg 108 
contour. Also shown are the sites shown in Figure 2 (circle = SOTS, triangle = South of SOTS, 109 
diamond = Station P, square = eastern equatorial Pacific station). Only data are shown for the 110 
domain where OIF is possible, which is defined here by surface nitrate concentrations greater 111 
than 5 µmol kg-1 and annual ice covers less than 50%. 112 
 113 
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 114 
Figure S2: Spatial distribution of the fraction of the initial OIF perturbation that reaches the 115 
seafloor for three different export efficiencies for the OIF domain. Global mean values for the 116 
regions where OIF is possible are 0.31 (stdev. 0.05), 0.14 (0.04) and 0.05 (0.03) for b values of 117 
0.3, 0.5 & 0.8, respectively. 118 
 119 

 120 
Figure S3: Spatial distribution of the annual mean mixed layer depth (m), Zml(x), for the OIF 121 
domain. OIF regional mean Zml(x) values are 96 m (38 m stdev.).  122 



 7 

 123 
Figure S4: Spatial distribution of the annual mean depth of the euphotic zone (m), Zeu(x), for the 124 
OIF domain. OIF regional mean values for Zeu(x) are 60 m (10 m stdev.).  125 
 126 
 127 
 128 

 129 
Figure S5: Spatial distribution of the difference between the depths of the annual mean mixed 130 
layer and the annual mean euphotic zone (m), Zml(x) - Zeu(x), for the OIF domain. OIF regional 131 
mean values for Zml(x) - Zeu(x) are 36 m (35 m stdev.).  132 
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 133 
Figure S6: Mixing time scale for the mixed layer, Tsub(x) (days) for the OIF domain. Tsub(x) is 134 
determined as the time at which the concentration of a scalar released in the surface mixed 135 
layer is reduced by a factor of two. OIF regional mean values for Tsub(x) are 84 (79 stdev.) days.  136 

 137 
Figure S7: Spatial distribution of the mean time it takes for the remineralized OIF biomass to 138 
reach the sea surface, Tret(x,b). Panels are left to right b values of 0.3, 0.5 and 0.8, respectively. 139 
OIF regional mean values for Tret(x,b) are 106 (41), 63 (35) and 37 (28) days for b values of 0.3, 140 
0.5 & 0.8 respectively. Values in parentheses denote domain standard deviations.  141 
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 142 
Figure S8: Air-sea exchange CO2 equilibration timescale for the annual mean mixed layer, 143 
TCO2(x), (days) for the OIF domain. OIF regional mean values for TCO2(x) are 279 (159 stdev.) 144 
days. 145 
 146 

 147 
Figure S9: Relative efficiency values at 10, 100 and 500 years after the OIF CDR intervention 148 
for a Martin b value of 0.3 for sites in the Southern Ocean, North Pacific, and Eastern Equatorial 149 
Pacific.   150 



 10 

 151 
Figure S10: Relative efficiency values at 10, 100 and 500 years after the OIF CDR intervention 152 
for a Martin b value of 0.8 for sites in the Southern Ocean, North Pacific, and Eastern Equatorial 153 
Pacific.  154 
 155 

 156 
Figure S11: Locations where the best OIF CDR efficiency and durability are found for the b = 157 
0.3 case. Shown are locations where the best 25% of the S(20, U, 0.3) (red) and DI(x,0.3) (violet) 158 
are found. The orange shows regions where the highest 25% OIF efficiency and durability 159 
metrics coincide.   160 
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 161 
Figure S12: Locations where the best OIF CDR efficiency and durability are found for the b = 162 
0.8 case. Shown are locations where the best 25% of the S(20, U, 0.8) (red) and DI(x,0.8) (violet) 163 
are found. The orange shows regions where the highest 25% OIF efficiency and durability 164 
metrics coincide.   165 
 166 
 167 
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Table S1; Conditionally averaged mean values for important time and depth scale metrics for 168 
the b = 0.3 (upper) and b = 0.8 cases. Shown are mean values for the entire region where OIF 169 
is possible ("total"), regions where the upper ("best") and lower ("worst") quadrilles for the 170 
S(20, U) and DI(x) values are found. Also shown are mean metrics for the intersection of the 171 
upper quadrilles for the S(20, U) and DI(x) values.  172 
 173 

b=0.3 TCO2 (d) Tsub (d) Tremin (y) Zml-Zeu (m) 
Total OIF Region 278.7 84.4 107.5 35.9 

	     
Best e(x,20) 266.9 108.5 128.1 8.2 
Worst e(x,20) 369.7 60.5 106.2 58.4 

	     
Best DI(x) 339.6 75.9 117.3 56.3 
Worst DI(x) 252.3 68.7 95.8 12.0 

     
Best e(x,20) & DI(x) 309.2 187.1 148.6 33.2 

     
     

b=0.8 TCO2 (d) Tsub (d) Tremin (y) Zml-Zeu (m) 
Total OIF Region 278.7 84.4 107.5 35.9 

	     
Best e(x,20) 281.5 102.6 52.6 7.4 
Worst e(x,20) 355.3 65.3 29.5 59.1 

	     
Best DI(x) 360.8 98.2 51.4 47.0 
Worst DI(x) 246.4 71.7 33.6 5.2 

     
Best e(x,20) & DI(x) 391.6 174.7 66.3 27.6 

 174 
 175 


