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Iron is important in regulating the ocean carbon cycle1. Although multiple dissolved and 22 
particulate species participate in oceanic iron cycling, current understanding emphasises 23 
the importance of complexation by organic ligands in stabilising oceanic dissolved iron 24 
concentrations2-6. However, it is difficult to reconcile this view of ligands as a primary 25 
control on dissolved iron cycling with the observed size partitioning of dissolved iron 26 
species, inefficient dissolved iron regeneration at depth or the potential importance of 27 
authigenic iron phases in particulate iron observational datasets7-12. Here we present a 28 
novel dissolved iron, ligand and particulate iron seasonal dataset from the Bermuda 29 
Atlantic Time-series Study region. We find that upper-ocean dissolved iron dynamics were 30 
decoupled from those of ligands, which necessitates a process by which dissolved iron 31 
escapes ligand stabilisation to generate a reservoir of authigenic iron particles that settle to 32 
depth. When this “colloidal shunt” mechanism was implemented in a global-scale 33 
biogeochemical model, it reproduced both seasonal iron cycle dynamics observations and 34 
independent global datasets where previous models failed13-15. Overall, we argue that the 35 
turnover of authigenic particulate iron phases must be considered alongside biological 36 
activity and ligands in controlling ocean dissolved iron distributions and the coupling 37 
between dissolved and particulate iron pools.  38 
 39 
Iron (Fe) is an essential element that governs microbial activity over much of the ocean and, via its 40 
influence on the biological carbon pump, modulates the carbon cycle1. For instance, past changes 41 
in Fe supply to the ocean during glacial periods are invoked as a driver of fluctuations in 42 
atmospheric carbon dioxide levels16. On the early Earth, low oxygen levels meant Fe was 43 
abundant and thus utilized as a catalyst for multiple cellular processes in marine phytoplankton, 44 
including photosynthesis and respiration17,18. As the ocean became oxygenated, ferrous Fe (Fe2+) 45 
was oxidised to form ferric (Fe3+) (oxyhydr)oxides, which would have precipitated or adsorbed to 46 
particles and thus become lost from the dissolved Fe (DFe) phase (< 0.2m) that is most 47 
bioavailable to marine phytoplankton1. Complexation of ferric Fe by organic molecules, known as 48 
ligands, has been thought to stabilise DFe by preventing loss through oxidative precipitation, 49 
thereby regulating ocean DFe concentrations2. This relatively simple hypothesis has been invoked 50 
to explain observations of Fe in the ocean interior3,5,6, the ocean carbon cycle19 and the balance 51 
between ocean Fe and nitrogen limitation4. Syntheses of available ligand and DFe data have 52 
shown that ligand concentrations are usually well in excess of DFe20-22, implying that the 53 
complexation capacity of Fe-binding ligands is often undersaturated. However, this finding is at 54 
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odds with estimates of substantial DFe removal rates along watermass transport pathways and 55 
limited net solubilisation of DFe from remineralisation of sinking particulate Fe (PFe)7,8,10,23-25. 56 
Global ocean Fe models, parameterised to represent ligand control of DFe, also tend to perform 57 
poorly against large-scale ocean DFe datasets13,14, indicating that our current understanding 58 
cannot accurately constrain the ocean Fe cycle. This knowledge gap undermines confidence in 59 
projections of the impacts of environmental change in Fe-limited ocean regions26.  60 
 61 
Authigenic mineral phases are known to play an important role in the cycling of Fe in the Earth 62 
system, but have so far been largely ignored as a driver of the contemporary ocean Fe cycle1. 63 
Oxidation of Fe(II) to Fe(III) in natural waters precipitates colloidal-sized (~0.02-0.2m) Fe (CFe) 64 
(oxyhydr)oxides, such as nano-ferrihydrite, -goethite and -haematite, which may also sorb organic 65 
carbon functional groups27 and undergo further aggregation to form sinking authigenic PFe 66 
(>0.2m). Authigenic Fe phases are commonly invoked as significant components of external iron 67 
inputs from rivers, sediments, icebergs and hydrothermal ventse.g.28-30 and CFe may comprise 50% 68 
or more of the ocean DFe pool, depending on the environmental setting31,32. Yet despite their 69 
ubiquity, how aggregation of colloidal iron oxides to form sinking authigenic PFe and regulates Fe 70 
cycling alongside ligand stabilisation is unknown, especially as Fe is not equally exchanged 71 
between the colloidal and ligand-bound dissolved pools11,12. In the particulate phase, authigenic Fe 72 
phases can be important9 and have been estimated to account for as much as 40% of total PFe in 73 
the south Pacific10 and Ross Sea33. Care is needed when deriving large-scale corrections for 74 
lithogenic PFe, but an examination of chemically-labile PFe observations from the recent 75 
GEOTRACES IDP2021 suggests that between half and three quarters of samples have PFe that 76 
cannot be accounted for as biogenic PFe (typically assumed to be the major labile pool, see 77 
Methods). Taken together, these observations imply that we may be neglecting a crucial 78 
component in our understanding of the ocean iron cycle.  79 
 80 
A critical challenge in Earth science is to quantify the response of ocean systems to environmental 81 
change. This is particularly acute for iron, which has a short residence time and is thus responsive 82 
to rapid alterations to ocean physics and atmospheric inputs (e.g. from anthropogenic activity34 and 83 
wildfires35). Although the database of oceanic DFe observations has grown markedly during the 84 
multi-decadal GEOTRACES global survey, we lack insight into concurrent temporal variations in 85 
dissolved, ligand-bound and particulate Fe (Extended Data Table  1), which constitute a robust test 86 
for hypotheses regarding the mechanisms driving the Fe cycleeg7,36. The degree to which DFe 87 
inventories are controlled by ligands and/or authigenic phases is not testable with currently 88 
available data. Addressing this issue is important because it hampers our understanding of the 89 
mechanisms that drive oceanic Fe distributions and therefore the ocean carbon cycle and marine 90 
ecosystems. Here we report a new seasonal-scale Fe observational dataset (the Bermuda Atlantic 91 
Iron Time-series, BAIT) comprising the parallel seasonal evolution of DFe, ligands and PFe phases 92 
in the Bermuda Atlantic Time-series Study (BATS) region of the Sargasso Sea, designed to 93 
explore these drivers in an integrated fashion for the first time. Together these data yield a new 94 
conceptual and numerical model of the ocean Fe cycle that uniquely reconciles the roles of 95 
biological activity, ligands and authigenic phases, with important implications for the global ocean 96 
Fe and carbon cycles.  97 
 98 
Seasonal dissolved iron and ligand variations 99 
 100 
We conducted fieldwork in March, May, August and November 2019, sampling the BATS site and 101 
two adjacent spatial stations to ~1,800 m depth each time, and observed a pronounced seasonal 102 
cycle in the upper-ocean DFe inventory, consistent with prior observations15.  Aeolian deposition 103 
drove an increase in surface DFe concentrations from low levels (~0.08-0.22 nM) in late-winter 104 
(March) to values over 1.5 nM in late summer (August), decreasing to ~0.5 nM by late fall 105 
(November; Figure 1). Notably, despite the sub-tropical location of the BATS region, these low 106 
winter DFe concentrations are more typical of the strongly Fe-limited Southern Ocean37. In contrast 107 
to the upper ocean, there was little seasonal change below depths of ~1000 m, where DFe 108 
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concentrations remained around 0.75-1 nM (Figure 1), similar to other regional datasets15,38,39. 109 
Integrated over the upper 200 m that encompasses the seasonal thermocline, DFe inventories 110 
increase almost three-fold, from 30 µmol m-2 in March to 70 µmol m-2 in August, before decreasing 111 
to just below 50 µmol m-2 in November (Figure 2a). Horizontal changes during this study, driven by 112 
the regional eddy field15, were small relative to the seasonal dynamics (as seen by the strong 113 
similarity and low standard error across the three profiles per voyage). Consistent with its location 114 
in the North Atlantic subtropical gyre, net biological removal of Fe at BATS is low40.  115 
 116 
Importantly, high turnover in the DFe inventories took place against the backdrop of a strong 117 
excess Fe-complexation capacity in both total- and stronger Fe-binding ligands. In the upper 200 118 
m, we provide the first evidence that concentrations of total and strong Fe-binding ligands (LT and 119 
L1, respectively, see Methods) consistently exceeded DFe concentrations by ~3 nM and ~1 nM 120 
throughout the year (Extended Data Figures 1 and 2). Below 1000 m, the excesses in stronger 121 
ligands dropped below 0.5 nM, whereas those of the weaker total ligands remained more than 1 122 
nM above DFe concentrations. Integrated over the upper 200 m, inventories of total and stronger 123 
ligands showed much smaller seasonal changes, and remained 2- to 5-fold in excess of DFe year 124 
round (integrated inventories always exceeded 450 or 200 µmol m-2 for total and stronger ligands, 125 
respectively; Figure 2a).  126 
 127 
This seasonal evolution of DFe and ligands, documented here for the first time, cannot be 128 
reproduced by a global ocean model that assumes equilibrium between DFe and ligands. The 129 
PISCES-Quota global model accounts for a complex representation of the ocean Fe cycle, 130 
including lithogenic particles and ligand stabilisation of DFe. Total weaker ligand concentrations 131 
were derived from dissolved organic carbon (DOC) or modelled as stronger ligands and matched 132 
observations well (Figure 2b, Extended Data Figure 1, Methods). Thus the PISCES-Quota model 133 
serves as a direct test of whether the seasonal observations of DFe could be reproduced with 134 
accurate representation of ligands. Across a range of total ligand-to-DOC ratios or with stronger 135 
ligands, PISCES-Quota performed well in reproducing observed DFe concentrations below 1000m, 136 
but systematically overestimated upper ocean DFe concentrations (black lines in Figure 1).  137 
 138 
PISCES-Quota model experiments failed to generate sufficient excesses in total or stronger 139 
ligands, relative to observations (Extended Data Figure 2), because greater concentrations of 140 
ligands in the model lead to excessive DFe. Comparing the modelled seasonal variations in the 141 
inventories of DFe and ligands side by side, we find a strong link emerges (Figure 2c), as expected 142 
from the posited conceptual coupling of DFe and ligands4. However, the observed 143 
contemporaneous evolution of the DFe and ligand inventories do not conform to this expectation 144 
(for either stronger or total weaker ligands, Figure 2c). This indicates an assumed equilibrium 145 
between ligands and DFe is not compatible with our observations in the upper water column. This 146 
poor skill for DFe is not unusual for global ocean Fe models8, but its persistence here implies that it 147 
does not arise from errors in the representation of Fe-binding ligands. Moreover, alternative 148 
approaches, such as applying greater scavenging rate on DFe by lithogenic particles suggested 149 
previously41 does not improve the model-observation fit either (Extended Data Figure 3) and 150 
biological removal of iron is low (see below). This suggests that the prevailing Fe-ligand 151 
stabilisation theory is insufficient to explain our new observations. 152 
 153 
Reconciling observations and models 154 
 155 
To reconcile our observations, we advance a new conceptual model that decouples the cycling of 156 
Fe through CFe (oxyhydr)oxides from dissolved organic ligands, building on ideas developed for 157 
thorium42. However, instead of assuming metals adsorb onto colloidal organic matter, we focus 158 
here on the aggregation of CFe (oxyhyr)oxides: CFe is observed to be a significant component of 159 
DFe, often making up more than 50% in our samples, and accumulated seasonally in the upper 160 
200 m (similar to other work in this region31,32,43). Unlike the few previous models that include CFe44 161 
or explore dissolved-particulate partitioning45, and in agreement with estimates from 162 
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thermodynamic partitioning work11,12 and porewater modelling29, we assume that CFe (part of the 163 
<0.2 µm DFe pool) is not chemically complexed by ligands. Instead, CFe is considered to be 164 
comprised of Fe oxyhydroxide minerals that aggregate with bulk DOC to produce small authigenic 165 
particles that aggregate into larger authigenic particles (both within the >0.2 µm PFe pool), which 166 
then sink and cycle independently of ligand-bound DFe (see Methods, Figure 2d). As previously, 167 
ligand dynamics in this new model assume either prescribed weaker total ligands or prognostically 168 
simulated stronger ligands driven by specific source-sink dynamics (either approach fits 169 
observations well, Extended Data Figure 1, see Methods). Our new PISCES-Quota-Fe model 170 
shows a dramatically improved ability to reproduce our seasonal observations of DFe (Figure 1), 171 
excess ligands (Extended Data Figure 2) and the evolution of upper 200m DFe and ligand 172 
inventories (Figure 2c). These improvements are striking considering the dynamics of the seasonal 173 
cycle at the BATS site, particularly the excellent fit by season and depth, compared to prior 174 
efforts13-15. Overall, PISCES-Quota-Fe results were insensitive to whether we chose to model total 175 
weaker or stronger ligands. This indicates that while ligands are critical to stabilise the soluble 176 
(<0.02 µm) portions of the DFe pool, additional mechanisms are required to explain the fate of 177 
CFe. Greater emphasis on the cycling of CFe (oxyhydr)oxides and authigenic Fe minerals (as part 178 
of the PFe pool) as first order drivers of the upper ocean DFe cycle is required. 179 
 180 
Observed and modelled authigenic PFe concentrations provide further support for the importance 181 
of CFe cycling. An important corollary of our new conceptual viewpoint is that if CFe 182 
(oxyhydr)oxides are not in equilibrium with organic Fe-binding ligands, then authigenic PFe should 183 
accumulate alongside the more commonly considered lithogenic and biogenic PFe pools. We 184 
measured total PFe in samples from each BAIT voyage and derived the authigenic contribution by 185 
subtracting the lithogenic and biogenic components of PFe, using a variety of approaches (see 186 
Methods)10. Overall, between 15-56% and 20-62% of the total PFe was authigenic (i.e. not 187 
accounted for by biogenic or lithogenic pools) in the upper 200 m and the 200-2000 m depth strata, 188 
respectively (Figure 3), consistent with limited prior indications10 . Strikingly, estimates of lithogenic, 189 
biogenic and authigenic PFe from our new PISCES-Quota-Fe global model closely match 190 
observations, both in terms of overall magnitude, seasonal changes, and the increase in authigenic 191 
PFe with depth (Figure 3). This further model-data convergence bolsters our hypothesis regarding 192 
the importance of Fe cycling through CFe (oxhydr)oxides “colloidal shunt” that is not in equilibrium 193 
with dissolved Fe-binding organic ligands. The small magnitude of the biogenic PFe pool also 194 
emphasises the key role for non-biogenic processes in regulating the upper ocean Fe inventory.  195 
 196 
Globally, PISCES-Quota-Fe displays improved skill for both DFe and PFe observations. Across 197 
>10,000 and >1,500 observations for DFe and PFe, respectively, PISCES-Quota shows a reduced 198 
bias and a better correlation and slope, both throughout the water column and in the upper 200m 199 
(Extended Data Table  2, Extended Data Figure 4).  PISCES-Quota-Fe is also able to retain the 200 
existing skill of the PISCES-Quota model in reproducing the distributions of a broad suite of 201 
biogeochemical tracers, including nutrients, oxygen, chlorophyll and particulate organic carbon 202 
export (Extended Data Figure 5), similar to other earth system models46. 203 
 204 
A new view of global ocean Fe cycling 205 
 206 
The upper ocean Fe cycle modulates biological activity and the biological C pump. Our results 207 
reveal a delicate balance between ligand stabilisation, biological cycling by the “ferrous wheel”, 208 
and abiotic cycling through authigenic phases via the newly emphasised “colloidal shunt” in 209 
regulating Fe cycling (Figure 4a). Their relative role can be quantified using our new PISCES-210 
Quota-Fe model (Figure 4, using discrete inventories). Where biological activity is high (e.g. parts 211 
of the Southern Ocean or eastern boundary upwelling systems), the biological ferrous wheel 212 
dominates (~23% of the ocean surface area), as in prior studies7. Where total Fe concentrations 213 
and biological activity are lower (e.g. the remote oligotrophic gyres of the Pacific Ocean), ligand 214 
stabilisation of Fe dominates (~18% of ocean area). Wherever Fe inputs are increased (e.g. below 215 
the Saharan dust plume or along the Antarctic coastline), Fe is predominantly cycled through the 216 
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colloidal shunt (~40% of ocean area). In around one fifth of the surface ocean (white areas), 217 
multiple processes are important. Overall, a mosaic of factors that compete for available Fe in the 218 
surface ocean. In the ocean interior, scavenging and regeneration are considered as the dominant 219 
drivers10,23,38. However, our results introduce Fe (oxyhydr)oxide aggregation and authigenic PFe 220 
disaggregation as additional key sinks and sources of DFe, respectively, especially in the interior 221 
of the Atlantic and Southern Oceans, where they reach or exceed 50% of the total Fe source or 222 
sink fluxes (Extended Data Figure 6).  The balance between authigenic PFe production and 223 
dissolution will dictate how much of the authigenic particle export, initiated by the colloidal shunt, 224 
replenishes deep ocean DFe levels or is removed to the sediments. Further constraints on the 225 
underlying processes will improve our understanding of their relative magnitudes and sensitivity to 226 
change.  227 
 228 
Authigenic Fe phases in the open ocean are likely dominated by mixed Fe (oxyhdr)oxides, 229 
including ferrihydrite, goethite and magnetite28,47,48. Understanding how these, and potentially other 230 
mineral phases, may contribute to differences in the reactivity, solubility, and affinity for organic 231 
carbon will illuminate their contribution to ocean Fe and carbon cycling. This will be especially true 232 
if the findings from marine sediments and porewaters that organic C stabilises Fe (oxyhdr)oxide 233 
colloids29 and that Fe-minerals enhance preservation of organic C49, also apply in the water 234 
column. Resolving these questions requires additional experimental and process study efforts, 235 
integrated with ocean modelling, to deliver the missing mechanistic understanding. Although Fe 236 
(oxyhydr)oxides form readily in today’s oxic ocean, it is possible that during past or future periods 237 
of lower ocean oxygen, the formation of Fe (oxyhydr)oxides would be diminished and the 238 
importance of the colloidal shunt may be lessened, with a stronger role for ligands and biological 239 
cycling. This new view of the ocean Fe cycle has multiple far reaching implications for DFe 240 
removal pathways, surface ocean Fe limitation, sediment-ocean coupling and presents new 241 
linkages between the Fe and carbon cycles.   242 
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 413 
Figure Legends 414 
 415 
Figure 1. Seasonal evolution of dissolved iron DFe data and model solutions at the BATS site 416 
for March, May, August and November. Red crosses are DFe data for each voyage for three 417 
stations in the BATS region. Thick and dashed black lines are model solutions at BATS from the 418 
standard PISCES-Quota model, with varying total ligands derived from DOC (using 0.09, 0.08 and 419 
0.07 (nM Lt) (µM DOC)-1) or, in thin red lines, with prognostic stronger ligands (see Methods). Blue 420 
lines represent model solutions from new PISCES-Quota-Fe model accounting for iron oxides and 421 
authigenic phases, with either prognostic stronger ligands (solid blue lines, see Methods) or DOC-422 
derived total ligands (dashed blue lines, using 0.09 nM Lt µM DOC-1).  423 

 424 
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Figure 2. Observations and modelling of dissolved iron and ligand dynamics a) Seasonal 426 
evolution of DFe and LT or L1 in the upper 200 m from observations (10-6 mol m-3, error bars 427 
represent standard errors across the three stations). b) schematic of the PISCES-Quota model, 428 
with all the DFe pool in equilibrium with ligands (as FeL). c) the cross plot of the seasonal evolution 429 
of weaker total ligands (LT, pink) or stronger ligands (L1, green) and DFe in the upper 200m. Black 430 
symbols represent the solution of the PISCES-Quota model with varying total ligands derived from 431 
DOC (using 0.09, 0.08 and 0.07 nM LT µM DOC-1) or prognostic stronger ligands (red), while blue 432 
symbols represent the solution of the PISCES-Quota-Fe model with either prognostic stronger 433 
ligands or DOC derived total ligands (using 0.09 nM Lt µM DOC-1). Dashed lines in panel c 434 
represent the 1:1 DFe:ligand line and the 0.5:1 DFe:ligand line. d) Schematic of the new PISCES-435 
Quota-Fe model, where only soluble Fe (sFe)  is in equilibrium with ligands (as sFeL) and Fe 436 
(oxyhyr)oxides (CFeOX) aggregate with organic carbon (Corg) to form small and large authigenic 437 
Fe particles (aFeS and aFeL, respectively). The triangle in panels b and d represents the portion of 438 
the DFe pool in equilibrium with ligands. The vertical dashed line in panel d represents the 439 
boundary between dissolved (<0.2 µm) and particulate Fe (> 0.2 µm). 440 
 441 
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Figure 3. Seasonal evolution of particulate iron phases Lithogenic, authigenic and biogenic 445 
PFe phases (PFeLith, PFeAuth and PFeBio, respectively). Lithogenic PFe (in orange) is estimated via 446 
three approaches (from left bar to right bar: refractory PFe, using particulate Al and a local Fe:Al 447 
ratio and using particulate Al and a standard upper continental crust Fe:Al ratio, see Methods). 448 
Biogenic PFe (in green) is estimated using observed Fe cell quotas via particulate phosphorus. 449 
Authigenic PFe (in blue) is calculated as the residual from PFe – PFeLith – PFeBio, with the three 450 
estimates spanning the three different PFe lith estimates. Bars without dashes are observations and 451 
dashed bars are the solution of the PISCES-Quota-Fe model with prognostic stronger ligands at 452 
the BATS site for each of the months concerned. The error bars on the observations represent the 453 
standard error across the three stations sampled each cruise. 454 
 455 
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Figure 4. An integrated view of the ocean iron cycle (a) A schematic illustrating how the 458 
biological uptake (green: sum of diatom, picophytoplankton, nanophytoplankton, microzooplankton, 459 
mesozooplankton and organic particulate Fe), ligand stabilisation (blue: sum of organically 460 
complexed and free dFe) and the colloidal shunt (orange: sum of colloidal iron (oxyhydr)oxides and 461 
small and large authigenic particle Fe) maintain surface ocean Fe levels. Panel b) shows model 462 
quantifications of the dominant term at each location using the new PISCES-Quota-Fe model in 463 
the same colours, with white areas denoting regions where more than one process dominates.  464 
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Methods 468 
 469 
The BAIT programme (GEOTRACES process study GApr13) conducted fieldwork as part of the 470 
BATS efforts during 2019. Water-column samples for analysis of iron and other trace metals were 471 
collected from the BATS site (31°40'N, 64°10'W) and adjacent BATS spatial stations during cruises 472 
in March (BAIT-I, spring), May (BAIT-II, early summer), August (BAIT-III, late summer) and 473 
November (BAIT-IV, autumn) 2019 aboard RV Atlantic Explorer and RV Endeavor. Seawater 474 
samples and associated hydrographic data were collected using a trace-metal clean conductivity-475 
temperature-depth sensor (SBE 19 plus, SeaBird Electronics) mounted on a custom-built trace-476 
metal clean carousel (SeaBird Electronics) fitted with custom-modified 5-L Teflon-lined external-477 
closure Niskin-X samplers (General Oceanics), and deployed on an Amsteel non-metallic line. In 478 
addition, during the August cruise, near-surface samples (~1 m depth) were collected in a Niskin-X 479 
sampler that was hand-deployed from an inflatable dinghy ~500 m upwind of the research vessel, 480 
to avoid contamination from the ship. Upon recovery, Niskin-X samplers were transferred into a 481 
shipboard Class-100 clean-air laboratory, where seawater samples were filtered through pre-482 
cleaned 0.2-μm pore AcroPak Supor filter capsules (Pall) using filtered nitrogen gas9.   483 
 484 
For DFe analysis, filtrate was collected in acid-cleaned 125 mL low-density polyethylene bottles 485 
(Nalgene). For analysis of Fe-binding ligands, filtrate was collected in acid-cleaned and Milli-Q-486 
conditioned fluorinated polyethylene bottles and frozen at 20ºC until analyzed at the University of 487 
South Florida by competitive ligand exchange-adsorptive cathodic stripping voltammetry (CLE-488 
AdCSV)20.  For sFe measurements, the 0.2-µm filtrate was then filtered through dilute-acid-489 
cleaned, sample-rinsed 0.02 µm Anotop syringe filters using a peristaltic pump; the resulting filtrate 490 
was stored in acid-cleaned 60 mL LDPE bottles and acidified to pH 1.7 post-cruise as for DFe 491 
samples. For analysis of particulate iron and other trace metals, 2.35-4.05 L of seawater were 492 
filtered through 25 mm diameter 0.45 µm polyethersulfone Supor membranes. The filters were cut 493 
in half for parallel analysis of labile and total particulate concentrations following the digestion 494 
methods of ref50, and digested samples were analyzed by high-resolution ICP-MS following 495 
published protocols. Cellular iron contents of autotrophic flagellates from 20 m and the DCM were 496 
analyzed following published methods51 at the Advanced Photon Source, Argonne National 497 
Laboratory microprobe beamline 2-ID-E. Our observations of ligands are consistent with previous 498 
measurements21,22. 499 
 500 
DFe and SFe were determined in the water-column samples using high-resolution inductively-501 
coupled plasma mass spectrometry (HR-ICP-MS, Thermo Fisher Scientific ElementXR) with in-line 502 
separation-preconcentration (Elemental Scientific SeaFAST SP3).  Calibration standards were 503 
prepared in low-iron seawater, for which initial DFe and SFe concentrations were determined using 504 
the method of standard additions, with yttrium used as an internal standard.  Analytical blank 505 
concentrations were assessed by applying the in-line separation-preconcentration procedure 506 
including all reagents and loading air in place of the seawater sample ('air blank'), yielding a mean 507 
blank concentration that was not statistically different from zero (-0.006 ± 0.0178 nM, n = 62); the 508 
limit of detection, defined as the concentration equivalent to three times the standard deviation on 509 
the mean blank, was 0.054 nM Fe. The mean DFe concentration for ten separate determinations 510 
of the GEOTRACES GSP seawater consensus material was 0.177 ± 0.030 nM, which is within 511 
analytical uncertainty (one sigma) of the current consensus value 0.155 ± 0.045 nM DFe.  512 
Estimated analytical precision for DFe at the GSP concentration level is ± 17% (± one sigma, n = 513 
10), and generally better than ±10% based on repeat determinations for samples with DFe 514 
concentrations greater than 0.2 nM. CFe was calculated as the difference between DFe and SFe.515 
  516 
The particulate Fe pool was partitioned into lithogenic, authigenic, and biogenic phases using 517 
direct measurements of the biogenic fraction, Al tracer to estimate the lithogenic fraction, and a 518 
well-characterized chemical leach for labile material. Biogenic PFe was calculated from the 519 
measured seasonal mean cellular Fe/C ratios, reported mean C:P at BATS, and measured labile 520 
particulate phosphorus: PFebio = Fe:C × C:Pref × PPlabile. The use of a chemical leach for labile 521 



 
 
 
 

17 

material enabled us to define lithogenic PFe operationally as the measured refractory material, 522 
PFelitho = max(0, PFetotal - Felabile). We compared this to the more commonly used approach of 523 
using aluminum as a proxy for lithogenic material, PFe litho = PAltotal × Fe:Alref, using two reference 524 
Fe:Al molar ratios – the mean of all upper continental crust (0.23 ref52) and Saharan dust aerosol 525 
(0.42, ref53). The remaining PFe was defined as authigenic: PFeauth = max(0, PFetotal - PFelitho - 526 
PFebio). 527 
 528 
We also used the 2021 GEOTRACES intermediate data product (IDP2021)54 to explore the 529 
potential importance of authigenic Fe. We used the IDP2021 observations of labile PFe (assuming 530 
that this reflects the actively cycling PFe pool and generally excludes lithogenic PFe) and sought to 531 
address whether this pool could be accounted for solely by the commonly considered biogenic PFe 532 
pool. To do so we used IDP2021 labile particulate phosphorus data and a high or low estimate of 533 
Fe/P cellular quotas (40 and 10 mmol Fe / mol P). When these different estimates of biogenic PFe 534 
were subtracted from the labile PFe, residual or ‘missing’ PFe was present in half to three-quarters 535 
of observations. To avoid biases associated with margin sediments and hydrothermal vents, we 536 
conducted this analysis in waters shallower than 2000m at stations where bottom depths exceeded 537 
3000m depth.  538 
 539 
Model Equations: 540 
 541 
Our modelling is based on ‘quota’ version of the well-established PISCES-v2 model that forms part 542 
of the IPSL earth system model. 543 
 544 
PISCES-Quota - This follows the standard PISCES Quota code55, including three phytoplankton 545 
groups (picophytoplankton, nanophytoplankton and diatoms), fully decoupled carbon, nitrogen, 546 
phosphorus, silica and iron stoichiometry within phytoplankton, dissolved organic and particle 547 
pools, with the addition of two aeolian derived lithogenic particle tracers (fine lithogenic particles 548 
and aggregated lithogenic particles) following56. Fine lithogenic particles sink at 0.5 m d-1 and 549 
aggregate to form aggregated lithogenic particles which sink at 10 m d-1 and disaggregate. The Fe 550 
chemistry routines in the PISCES-Quota code assume all DFe is in equilibrium with ligands (Figure 551 
2b) and has two minor alterations from the standard PISCES-v2 code57: (1) Weak total ligands (LT) 552 
are derived from modelled DOC using a default ratio of 0.09 nM LT (mmol DOC m-3)-1 (with extra 553 
experiments at 0.08 and 0.07 nM LT (mmol DOC m-3)-1) and (2) use a fixed log conditional stability 554 
constant of 11 to approximate the weaker total ligand pool2.  PISCES-Quota is also run with 555 
prognostic stronger L1 ligands (see below). In PISCES-Quota CFe may aggregate (AGG), with a 556 
constant stickiness (S) parameter of 0.3, as per the standard PISCES code: 557 
 558 
AGG = (A*DOC + B*POCS)*shear + C*POCS + D*DOC + E*POCS + (F*shear + G)*POCL  (1) 559 
 560 
Where, A = 12.0*S, B = 9.05, C = 2.49, D = 127.8*S, E = 725.7, F = 1.94 and G = 1.37 (all 561 
constants are in (mol C/L)-1 s-1 and from the original PISCES model57). POCS and POCL refer to 562 
small and large particulate organic carbon, respectively. In PISCES-Quota, CFe is assumed to be 563 
a fixed 50% component of the FeL pool that dominates DFe57. Shear is set to 1 in the mixed layer 564 
and 0.01 below. 565 
 566 
Aeolian inputs of DFe and fine lithogenic particles are from a 1980-2015 monthly aerosol 567 
climatology58. 568 
 569 
PISCES-Quota-Fe – this builds on PISCES-Quota, but adds two additional particulate authigenic 570 
tracers (small and large particulate authigenic Fe). Representing the cycling of colloidal Fe 571 
(oxyhydr)oxides out of equilibrium with ligands also required a number of modifications to the Fe 572 
chemistry routine. 573 
 574 
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Empirical calculation of Fe solubility following experimental data59 defines soluble Fe (SFe). Any 575 
DFe in excess of the SFe concentration is assumed to be made up of colloidal Fe (oxyhydr)oxides 576 
(CFe or FeOX). This now means that FeOX can vary beyond the fixed contribution to DFe 577 
assumed previously, consistent with observations. We assume FeOX makes a minimum of 10% of 578 
DFe. SFe can be complexed by ligands (see below) to produce SFeL, with uncomplexed SFe 579 
(SFe’) participating in the standard PISCES particle scavenging process (with organic and 580 
lithogenic particles, Figure 2c).  581 
 582 
The rate of change in small particulate authigenic Fe (aFeS): 583 
 584 
D(aFeS)/dt = FeOX*AGG + FeOX*AUTO – aFeS_agg*aFeS - aFeS_agg2*aFeL – 585 
aFeS_diss*aFeS + aFeL_disagg*aFeL        (2) 586 
 587 
AGG is the specific rate of FeOX aggregation from the standard PISCES routines57, as per 588 
equation 1 aggregation of FeOX is driven by DOC and POC concentrations 589 
(aggregation/coagulation with DOC is increased 3-fold, collf=3). Interaction of FeOX with DOC is 590 
modulated by an assumed background stickiness of DOC (S, 0.3) and the relative concentration of 591 
living biomass (Rbio = Tbio/(Tbio+kbtbio), Tbio is the sum of all living phytoplankton and kbtbio = 592 
3.E-8 mol/L) as proxy for stickier DOC. Constants modified from equation 1 are: A = 593 
12.0*S*collf*Rbio and D = 127.8*S*collf*Rbio (all constants are in (mol C/L)-1 s-1). 594 
 595 
AUTO is an additional specific rate that accounts for the autocatalytic aggregation of FeOX at high 596 
concentrations. It is calculated based on a standard FeOX aggregation rate (0.1 d-1, FeOX_agg) 597 
and a shape function of kcfe = 2nM: 598 
 599 
AUTO = FeOX_agg * FeOX^4 / ( FeOX^4 + kcfe^4)      (4) 600 
 601 
Removal of FeOX via both aggregation with organic carbon and autocatalytic aggregation is a sink 602 
for DFe and a source for small authigenic particles (aFeS). 603 
 604 
aFeS is lost by autocatalytic aggregation (aFeS_agg, accounting for shear) and by interaction with 605 
large authigenic Fe (aFeS_agg2, not including shear) to form aFeL following the assumptions in 606 
the standard PISCES particle code. 607 
 608 
aFeS sinks at 0.5 m d-1 and aFeS dissolution (aFeS_diss) set to 1.E-4 d-1.  609 
 610 
Rate of change in aFeL: 611 
 612 
D(aFeL)/dt = aFeS_agg*aFeS + aFeS_agg2*aFeL - aFeL_disagg*aFeL - aFeL_diss*AFeL (5) 613 
 614 
And accounts for aggregation of AFeS (see above) and the disaggregation (aFeL_disagg, 1.E-3 d-615 
1). aFeL sinks at 10 m d-1. 616 
 617 
Ligands - Both PISCES-Quota and PISCES-Quota-Fe can be run with either weaker total ligands 618 
(LT, derived from DOC and a fixed log conditional stability constant of 11) or using the prognostic 619 
ligand model for stronger L1 ligands (with a fixed log conditional stability constant of 12). The 620 
prognostic L1 model is used by PISCES-Quota-Fe as default and based on the standard PISCES 621 
ligand model44, with small adjustments to parameter values. Minimum and maximum lifetimes of L1 622 
ligands are set to 0.2 and 100 years. The production rates of L1 ligands from phytoplankton DOC 623 
production, zooplankton DOC production and detritus remineralisation are set to 1.E-4, 1.E-5 and 624 
5.E-5 mol L1 mol C-1, respectively. Photochemical loss of L1 ligands is set to 1.E-4 (W m-2)-1 d-1, 625 
modulated by a shape function of 1.E-9 mol L1 L-1. These changes were made to maximise the fit 626 
between the modelled and observed L1 ligands (Extended Data Figure 1). 627 
 628 
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Model DFe and PFe distributions were compared to the GEOTRACES IDP2021 dataset54. 629 
Observations were binned onto the model grid and linear regression analysis was performed after 630 
log transformation, as in previous model-data assessments13. Observations and model solutions 631 
for PISCES-Quota and PISCES-Quota-Fe are compared in Extended Data Figure 4 for ten 632 
GEOTRACES ocean transects. We also compared how the PISCES-Quota model solution 633 
compared to the standard version of PISCES in terms of its ability to reproduce the seasonal 634 
variations in DFe in Extended Data Figure 3. 635 
 636 
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Extended Data Figure 1. Seasonal evolution of total and stronger ligands Observed and 668 
modelled total (black symbols) and stronger (red symbols) ligand concentrations (nM). Black lines 669 
are model solutions at BATS from the PISCES-Quota model, with varying total ligands derived 670 
from DOC (using 0.09, 0.08 and 0.07 nM LT µM DOC-1). Blue lines represent model solutions from 671 
PISCES-Quota-Fe, with either prognostic stronger ligands (solid blue) or DOC-derived total weaker 672 
ligands (Blue dashed, using 0.09 nM LT µM DOC-1). 673 
 674 

 675 
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Extended Data Figure 2. Seasonal evolution of excess ligands Observed and modelled excess 677 
total (black symbols) and strong (red symbols) ligands (both in nM). Thick and dashed black lines 678 
are model solutions at BATS from the PISCES-Quota model, with varying total ligands derived 679 
from DOC (using 0.09, 0.08 and 0.07 nM Lt µM DOC-1) or prognostic stronger ligands (thin black 680 
lines). Blue lines represent model solutions from PISCES-Quota-Fe, with either prognostic stronger 681 
ligands (solid blue) or DOC-derived total ligands (Blue dashed, using 0.09 nM Lt µM DOC-1). 682 
Values less than zero are when DFe concentrations exceed the concentrations of either L1 or LT. 683 
Only the PISCES-Quota-Fe model is able to generate the observed large excess ligand pools. 684 
 685 

 686 
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Extended Data Figure 3. Variations in the seasonal evolution of dissolved iron. DFe data and 688 
model solutions at the BATS site. Red crosses are DFe data for each voyage for three stations in 689 
the BATS region. All black lines are model solutions at BATS from the PISCES-Quota model, with 690 
total ligands derived from DOC (using 0.09 (nM Lt) (µM DOC)-1) but with varying strengths of 691 
scavenging of free Fe by lithogenic particles. Blue lines represent model solutions from the new 692 
PISCES-Quota-Fe, with either prognostic stronger ligands (solid blue) or DOC-derived total ligands 693 
(Blue dashed, using 0.09 (nM Lt) (µM DOC)-1). In red, we also compare the default PISCES-Quota 694 
(solid red, with total ligands derived from DOC using 0.09 (nM Lt) (µM DOC)-1) and PISCES 695 
standard (red dashed) models. This demonstrates that there is little difference in the model-data 696 
mismatch in the seasonal evolution of DFe between PISCES-Quota and the standard PISCES 697 
model. 698 

 699 
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Extended Data Figure 4. Global model-data comparison of dissolved iron Observed and 701 
modelled dissolved iron (nM) for ten GEOTRACES sections for PISCES-Quota-Fe and PISCES-702 
Quota. Observations and models are binned onto the same vertical grid. 703 

 704 
 705 
 706 
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Extended Data Figure 5. Model performance for biogeochemical metrics Plots showing the 708 
difference in performance between PISCES-Quota and PISCES-Quota-Fe for a suite of 709 
biogeochemical diagnostics. Average upper 100m NO3 and PO4 are in mmol m-3, average 200-710 
600m O2 is in mmol m-3, total chlorophyll (T-Chl) at the surface (summed across the 711 
picophytoplankton, nanophytoplankton and diatoms) is in mg m-3, and carbon export at 100m is in 712 
mol m-2 yr-1. It can be seen that the new PISCES-Quota-Fe model does not significantly alter the 713 
biogeochemical mean state of the model. 714 
 715 
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Extended Data Figure 6. Iron cycle fluxes in the Atlantic and Pacific Oceans Proportional 719 
contributions of different processes to total DFe supply and removal fluxes along two example 720 
sections in the Atlantic (20W) and Pacific (150W) oceans from the PISCES-Quota-Fe model with 721 
prognostic strong ligands.  722 
 723 
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Extended Data Table 1. Prior iron cycle process studies A summary of available 727 
measurements of the ocean iron cycle from time series stations and process studies that collected 728 
temporal observations. We provide the name and broad location and year of the study, the 729 
seasonal sampling frequency, depths and whether there was concurrent sampling of dissolved Fe 730 
(DFe), particulate iron (PFe), total ligands (Ltot), strong and weak ligands (L1 and L2), and PFe 731 
phases (lithogenic and biogenic). The current study, in the top row, is the only one to provide such 732 
data across all seasons and iron parameters. 733 
 734 
Name / Location Sampling frequency Depths  dFe pFe Ltot L1,L
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BATS 
NW Atlantic (near 
Bermuda) 

2019 x x x x All x x x x x x This study 

2011    x All       1–4 

2010   x  All       5,6 

2008  x x x All       7 

2007  x x x All x   (x)   7 

2004  x   0-1000m x      8 

2003   x  0-1000m x      8 

DYFAMED 
NW 
Mediterranean 
 

(2005-)2006 x x x x Surface x  x    9 

2004(-2005) x x x x Surface x      10 

1999    x All x      11 

1995  x   0-1500m x x   x  12 

1994    x 0-1000m x x   x  12 

HOT 
NW Pacific 
(near Hawaii) 

2015   x  0-400m x  x    13 

2013  x x x Surface x (x) (x)    14 

  x x 0-1400m x  (x)    14 

2012  x x x Surface x x (x)    14 

 x x  0-1400m x  (x)    14 

2005  x   All x      15 

2002   x x Surface x      16 

  x  All x      16,17 

2001  x   All x  (x)    16,18 

1999  x   Surface x      16 

1998    x Surface x      16 

1994 x    0-2000m x   x   19 

Station P  
NE Pacific 

2013   x  0-2000m x      20 

2012   x  0-2000m x      20 

2007  x   0-180m x      21 

2006   x  0-180m x      21 

2001 x    0-1000m x      22 

1999 x    0-1000m x      23 

1998 x  x x 0-800m x      23 

1997    x 0-600m x      23 

1987   x  All x    x  24 
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 735 
x – season or parameter sampled 736 
(x) – parameter only sampled during some occupations 737 
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Extended Data Table 2. Model-observations statistical assessment Summary statistics for 827 
dissolved and particulate Fe across the PISCES-Quota-Fe and PISCES-Quota models for full 828 
depth and the upper 200m using data compiled from the 2021 GEOTRACES intermediate data 829 
product. We report the number of observations, model and observation mean (all in nM), bias, and 830 
the slope and correlation coefficient (R) for log transformed analysis. In all cases, PISCES-Quota-831 
Fe has a lower bias, better correlation and displays a slope closer to 1.0, indicating improved 832 
performance. Persistent biases in PFe reflect missing additional lithogenic PFe sources. 833 
 834 
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