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e Authigenic Fe is a significant fraction
of particulate Fe across seasons and
productivity gradients
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Authigenic Iron Is a Significant Component of Oceanic Labile
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Abstract Particulate phases transport trace metals (TM) and thereby exert a major control on TM
distribution in the ocean. Particulate TMs can be classified by their origin as lithogenic (crustal material),
biogenic (cellular), or authigenic (formed in situ), but distinguishing these fractions analytically in field samples
is a challenge often addressed using operational definitions and assumptions. These different phases require
accurate characterization because they have distinct roles in the biogeochemical iron cycle. Particles collected
from the upper 2,000 m of the northwest subtropical Atlantic Ocean over four seasonal cruises throughout 2019
were digested with a chemical leach to operationally distinguish labile particulate material from refractory
lithogenics. Direct measurements of cellular iron (Fe) were used to calculate the biogenic contribution to the
labile Fe fraction, and any remaining labile material was defined as authigenic. Total particulate Fe (PFe)
inventories varied <15% between seasons despite strong seasonality in dust inputs. Across seasons, the total
PFe inventory (+1SD) was composed of 73 + 13% lithogenic, 18 + 7% authigenic, and 10 + 8% biogenic Fe
above the deep chlorophyll maximum (DCM), and 69 + 8% lithogenic, 30 + 8% authigenic, and 1.1 + 0.5%
biogenic Fe below the DCM. Data from three other ocean regions further reveal the importance of the
authigenic fraction across broad productivity and Fe gradients, comprising ca. 20%—27% of total PFe.

Plain Language Summary The availability of dissolved iron controls phytoplankton growth

in much of the ocean. Most oceanic iron is contained in particles that are a mixture of live and dead cells
(biogenics), crustal material (lithogenics), and minerals that have precipitated in seawater (authigenics). Each of
these materials has different chemical properties that determine how iron cycles through the ocean and regulate
how much iron is available for uptake by phytoplankton. Specifically, authigenic and biogenic forms are more
accessible to phytoplankton but are often measured as one fraction despite formation by different processes.

We measured different forms of iron in particles across seasons and environmental gradients and found that
20%-30% of iron is authigenic.

1. Introduction

Particulate forms of trace metals (TMs) play an important role in controlling dissolved TM concentrations in
the ocean (Boyd & Ellwood, 2010; Milne et al., 2017; Ohnemus et al., 2019) and as a direct source of TM
micronutrients to marine phytoplankton communities (Hurst et al., 2010; van der Merwe et al., 2019). Marine
particle assemblages are heterogeneous and include crustal minerals (lithogenic), cellular material (biogenic),
and phases precipitated in situ (authigenic) (Table 1). The different sources and chemical forms of these fractions
are reflected by distinct dynamics in the water column, with significant implications for oceanic TM cycling.
Dissolved iron (DFe) distributions in the interior are strongly controlled by internal cycling processes as much
as by physical transport to the ocean interior (Tagliabue et al., 2019). Biogeochemical models that represent
the details of internal cycling capture observed iron (Fe) distributions better than simpler representations of the
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Fe cycle, but so far, no model captures all observed spatial features of Fe in the ocean. Global-scale Fe models
produce a large range of residence times for DFe (Tagliabue et al., 2016). Similarly, measurement-based esti-
mates of particulate Fe (PFe) residence times in the surface ocean span up to five orders of magnitude (Black
et al., 2020), highlighting the need for a better understanding of the processes that govern the ocean Fe cycle.

Geological, biological, and chemical processes determine particulate concentrations in the ocean water column.
Lithogenic material arrives in the ocean via atmospheric deposition and sediment resuspension, and is chemically
refractory. This fraction is predominantly silicate minerals, with titanium (Ti), aluminum (Al), and Fe stoichi-
ometries that reflect source materials (Taylor & McLennan, 1995). The biogenic fraction is formed through
cellular uptake, and remineralization of cellular detritus returns constituents to the dissolved fraction. Elemen-
tal stoichiometries of these particles reflect biological uptake and accumulation in living biomass (Twining &
Baines, 2013) and differential remineralization from dead biomass (Twining et al., 2014). Authigenic fractions
form via precipitation and scavenging of sparingly soluble or particle-reactive species, often forming as coatings
of Fe and Mn oxides on other particles and may redissolve where chemically favorable (Jensen et al., 2020;
Landing & Bruland, 1987). The combination of biologically driven uptake and remineralization along with
abiotic authigenic phase formation and dissolution is referred to as internal cycling, and appears more important
than external inputs to setting the distribution of DFe in the ocean interior (Tagliabue et al., 2019). The centrality
of particle processes in controlling DFe thus highlights the need to measure and quantify particulate concentra-
tions, in addition to dissolved concentrations, to draw conclusions about major Fe cycling processes. Given the
complex partitioning of Fe across the three distinct particulate phases, it is important to understand the phase
distributions in the water column.

Despite long-standing recognition of the existence of authigenic Fe (Goldberg, 1954), measurements are rela-
tively sparse compared to those of lithogenic and biogenic fractions. Historically, many studies did not attempt
to quantify authigenic Fe as a separate non-lithogenic phase (Table S1 in Supporting Information S1; Boyd
et al., 2010; Buat-Menard & Chesselet, 1979; Gourain et al., 2019; Lemaitre et al., 2016; Marsay et al., 2018).
Other studies have quantified mineral phases that are selective to specific chemical leaches, but these may include
only a portion of the authigenic minerals (e.g., oxalate wash (Tovar-Sanchez et al., 2003) or 25% acetic acid (Hurst
& Bruland, 2007)) and/or may include a portion of both authigenic and biogenic minerals (Berger et al., 2008).
Recent approaches to quantifying the authigenic fraction calculate it from difference (Black et al., 2020; Lemaitre
et al., 2020; Marsay et al., 2017). While lithogenic and biogenic particulate fractions can often be estimated using
direct elemental proxies (e.g., Al or Ti and C or P, respectively), authigenic phases like Mn- and Fe-oxides and
any associated sorbed TMs typically lack clear “end member” signatures and therefore cannot be easily directly
estimated from bulk elemental analyses. Estimates of authigenic phases calculated by difference are subject to
major uncertainties as a result of natural variability in the ratios of Al/Ti and TM/P used to estimate contributions
of lithogenic and biogenic fractions, respectively. The end members can be poorly known and inputs of lithogenic
and biogenic materials vary temporally. An alternative approach would use an operational definition of the litho-
genic fraction and direct measurements of the biogenic fraction.

Here, we combine direct measurements of the biogenic fraction of PTMs with a well-characterized chemical
leach for the labile phase to distinguish the various PFe fractions and examine their distribution, behavior, and
importance over the course of a year in the upper water column of the western subtropical North Atlantic Ocean.
We compare measurements using the chemical leach to those using Al as a tracer of lithogenic material. We then
compare results from this region to other marine environments—near-shore and off-shore regions of the western
Arctic, upwelling along the California coast, and high-nutrient, low-chlorophyll (HNLC) sub-Antarctic waters.

2. Materials and Methods

2.1. Cruise Summary

As part of the Bermuda Atlantic Iron Time-series (BAIT) project (GEOTRACES process study GAprl3),
four cruises were conducted in conjunction with regular sampling for the Bermuda Atlantic Time-series Study
(BATS) during 2019 (Table S2 in Supporting Information S1): March 10-15 (BAIT-I, BATS cruise 357, RV
Endeavor), May 11-17 (BAIT-1I, BATS 359, RV Atlantic Explorer), August 16-22 (BAIT-III, BATS 362, RV
Atlantic Explorer), and November 15-21 (BAIT IV, BATS 365, RV Atlantic Explorer). Each cruise sampled the
BATS station (31.7°N, 64.2°W) and two adjacent spatial stations within 40-60 km of BATS that were nominally
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Table 1

Biogeochemical, Chemical, and Operational Definitions of Particulate Iron Fractions Discussed in This Work

Total PFe (PFer,,)

Particulate iron fraction Lithogenic (PFe, ;) Authigenic (PFe, ) (or “scavenged”) Biogenic (PFey; )
Labile PFe (PFe, ;)
Operational iron fraction Refractory (PFeg,..) Abiotic labile Biotic labile
Source Terrestrial Formed in situ Biomass
Chemical composition Silicates, crystalline hydroxides and oxides Oxyhydroxides Cellular (metalloproteins,
storage bodies, ions)
Common proxies Al, Ti - P,C

Strong acid digest (4M HCl/4M HNO,/4M HF*)

Chemical approaches -

Oxalate rinse®; HAc® or HAc/NH,OH leach!

This work: total—leach method
Operational definition Refractory

Calculation PFe .. — PFe; .

Abiotic labile Biotic labile
PFe, ... — PFeg;, PP x POC:POP X Fe:C

This work: proxy method
Calculation PAl;,,, X Fe:Al

Note. PP, particulate phosphorus; Al, aluminum; Ti, titanium; POC, particulate organic carbon; POP, particulate organic phosphorus; Fe:C, cellular carbon-normalized

iron quota of phytoplankton.

30Ohnemus et al. (2014). *Tovar-Sanchez et al. (2003). “Hurst and Bruland (2007). “Berger et al. (2008).
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Figure 1. Bermuda Atlantic Iron Time-series project study region showing
locations of Bermuda Atlantic Time-series Study and spatial stations where
water column samples were collected and Tudor Hill on Bermuda where
aerosols and rainwater were collected. Upstream-to-downstream paths for each
sampling campaign are indicated by arrows. Map courtesy of Paul Lethaby.

selected to be “upstream” and “downstream” of BATS based on inferred
regional circulation (Figure 1). The three stations for each cruise were treated
as replicates of a single sampling location due to their proximity and strong
overlap for the particulate elemental profiles.

2.2. Particle Sample Collection

Water column samples were collected between 20 and 1,700 m depth in
5 L Niskin-X bottles using a TM-clean CTD rosette (Sedwick et al., 2023)
and filtered through 25 mm diameter 0.45 pm polyethersulfone membranes
(Supor) for a maximum of 2 hr (2.35-4.05 L) to collect particles. Filters
were pre-cleaned in 1 M HCI at 60°C overnight and washed with DI water
to remove residual acid (Cutter et al., 2017). Filter samples were stored at
—20°C until analysis. To provide a common reference between cruises,
sampling depths always included the deep chlorophyll maximum (DCM), the
dissolved oxygen minimum (OM), and density surfaces of o =26.1, 26.3, and
26.6 kg m=3 (approx. 150, 350, and 500 m, respectively) based on data from
immediately preceding BATS CTD casts. During the August cruise, TM
CTD water-column samples were augmented by near-surface (2 m) samples
collected in a hand-held Niskin-X sampler from a small boat that was posi-
tioned upwind and upstream of the research vessel to avoid contamination
from the ship.

2.3. Elemental Concentrations of Particulate Matter

Thawed filters were halved for parallel analysis of labile and total
particulate element concentrations following the digestion methods of
Rauschenberg and Twining (2015). Half the membrane was leached using
an acetic acid-hydroxylamine solution to solubilize labile elements (Berger
et al., 2008), and the other half was digested with 4M HCI/4AM HNO,/4M
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Table 2

Cellular Elemental Contents and Size: Fe:C (umol mol™', Least-Squares Geometric Means Controlling for Cell Size), Estimated Spherical Diameter (ESD, Range
and Geometric Mean, um), Number of Cells Analyzed (n), Community-Weighted C:P (C:P,,,,, mol mol~! Calculated From 2019 BATS Community Composition
(Lomas et al., 2022) and NASG Group-Specific Stoichiometry (Lomas et al., 2021))

20 m DCM

Month Fe:C

n

ESD range ESD geom. mean Fe:C n ESD range ESD geom. mean CP,, MLD (m)

March 2019 34+7
May 2019 19+4
August 2019 35+8
November 2019 29+5

0.8-5.9 1.9 43+7 25 1.1-3.8 2.10 153 139+9
0.9-5.0 1.97 31+7 14 1.5-3.6 222 168 15+2
0.8-3.9 1.40 36+7 16 1.7-3.7 2.28 144 14 +2
0.8-5.2 1.99 46 + 8 21 1.0-7.0 2.42 144 37+7

Note. Mixed layer depth (MLD, m) is the average of three stations. Numbers in italics indicate 2021-2022 APS analysis. Numbers in italics indicate 2021-2022 APS

analysis.

HF followed by 50% HNO,/15% H,0, (Ohnemus et al., 2014). The digest solutions were spiked with cesium as
a recovery monitor. Reference materials (BCR414 and PACS-2) and process blanks (0.2-pm filtered seawater
passed through filters at sea) were digested alongside the samples. Replicate analyses of filter digests indicated
method precision of 25% (Fe), 4% (P), and 21% (Al).

Digested samples were reconstituted in 2% HNO, for analysis by ICP-MS (Thermo Element2) using a medium
resolution mode (Twining et al., 2023). Drift was monitored with ''5In and concentrations were determined using
external calibration curves. Limits of detection, process blanks, and recoveries of certified reference materials
are shown in Table S3 in Supporting Information S1. When multiple isotopes were analyzed, the isotope with the
lower detection limit was chosen: ?’Al, 3'P, 4’Ti, >’Fe, and ®*Zn (Twining et al., 2023).

2.4. Elemental Concentrations of Phytoplankton

Cellular metals were analyzed using synchrotron X-ray fluorescence spectroscopy (SXRF) following published
methods (Twining et al., 2019) at the Advanced Photon Source, Argonne National Laboratory microprobe beam-
line 2-ID-E during three analytical runs: 3-8 March 2021 (2021-1; 74 cells from March, May, and November,
20 m depth), 23-28 June 2021 (2021-2; 76 cells from August, 20 m; March, May, August, DCM), and 18-23
November 2021 (2021-3; 21 cells from November, DCM; Twining & Sofen, 2023). Full details are provided in
Supporting Information S1. Cell measurements were converted to an estimated spherical diameter, which ranged
from 0.6 to 9.1 pum. Cellular elemental concentrations were normalized to cellular carbon contents, which were
estimated from cell volume (Menden-Deuer & Lessard, 2000).

2.5. Calculation of Biogeochemical Fractions

The elemental concentrations of total and labile particulate matter were used in combination with phytoplankton
cellular Fe quotas to parse the concentrations of lithogenic, biogenic, and authigenic PFe phases as a mass balance
(PFeq,,,, = PFe;, + PFeg, + PFe,, ). Two measurements of PFe, ;, were determined: (a) using a chemical digest
and (b) using lithogenic end-members. PFe, ... was sub-divided into biogenic and authigenic components by
direct measurement of phytoplankton stoichiometry and phosphorus to yield PFey, (Table 1). The residual of the
mass balance was assigned to be PFe, .

2.5.1. Biogenic PFe

The biogenic PFe fraction (PFey, ) was calculated from the geometric mean cellular quotas measured on each
seasonal cruise:

PFeg;, = Fe:C x CIPorg X PPLabite (1)

We used depth-specific cellular Fe:C quotas (Fe:C) specific to each month determined using SXRF measure-
ments of eukaryotic cells collected during these cruises, community-weighted C:P at BATS (C:Py,,), and PPy ;.
measured from leached filters. PP, . includes the cellular and detrital material that make up the biogenic pool.
Average measured surface and DCM Fe:C quotas are given in Table 2. An alternative calculation using only POC
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and Fe:C quotas is discussed in Text S6 and accompanying Figure S7 in Supporting Information S1. Quotas at
depths between the surface and DCM were interpolated linearly.

For each cruise, we used a distinct C:P,, value calculated from group-specific particulate organic C:P stoichio-
metries (mean for North Atlantic Subtropical Gyre, Lomas et al., 2021) weighted by the community composition
at BATS during these cruises (group-specific biomass integrated over 0—140 m, Lomas et al., 2022; Table S4 in
Supporting Information S1). Although all PFe; should be labile to the acetic acid-hydroxylamine leach, particle
distribution is highly heterogeneous, and therefore PFey; calculated from cellular stoichiometries was allowed to
be up to 25% greater than PFe, ;.. In May, PFe,, exceeded PFe, .. by more than 25% at four depths spread over
two stations; in these samples, calculated PFey; was assigned to be 1.25 times PFe .. .

2.5.2. Lithogenic PFe

Lithogenic PFe (PFe, ;) was determined in two independent ways. First, it was defined as operationally refractory:
PFeLin = PFeto — PFeLabile 2)

This will be referred to as the rotal-leach method. While it is impossible for labile material to exceed total material
in the water column, heterogenous distribution of particles between the two halves of a given filter resulted in
higher measurements of PFe, ;. than PFe  in 2% of measurements. In these cases, all material was assumed
to be labile, hence PFe, ,, = 0.

Alternatively, PFe ,, was estimated by using PAl as a proxy for lithogenic material:
PFeLitn = PAltow X Fe:Alsource 3

This will be referred to as the proxy method. The total-leach PFe, ,, was compared to the proxy PFe ,, as deter-
mined using several end members for the source Fe:Al ratio (Fe:Alg,,,..): (a) aerosols collected at Tudor Hill,
Bermuda concurrently with our sampling (Sedwick et al., 2023), (b) upper continental crust (UCC; 0.23 mol Fe
mol Al~!, Rudnick & Gao, 2003), and (c) Saharan dust aerosol (0.42 mol Fe mol Al~}, Shelley et al., 2015). The
Tudor Hill aerosol sampling periods included the cruise periods and at least 1 week prior for a total of 13-22 days.

2.5.3. Authigenic PFe

Authigenic PFe (PFe, ) was defined by difference after removal of lithogenic and biogenic Fe:
PFeaun = PFetos — PFeLin — PFesio 4)
In the total-leach method, that is, where PFe, ,, = PFe, .. ., Equation 5 simplifies to
PFeaun = PFeLaie — Fesio Q)]

Wherever the calculated PFey,  was greater than PFe, .. (see Equation 2), PFe, , was set to 0.
2.5.4. Outlier Analysis in PFe Fractions

Marine particles are highly heterogeneous, and rare large particles captured on a filter can lead to substantially
higher particle concentrations than is representative of mean conditions. Furthermore, when filters are split in
half for parallel analyses of labile and total particulate matter, uneven particle distribution on the filter will
affect PTM, ., /JPTM .
cally relevant variability in particle concentrations, particle profiles for each cruise were inspected for consistency

, ratios. To reduce heterogeneity due to sampling artifacts and focus on oceanographi-

by comparing elemental concentrations and ratios within profiles from a single station and between bottles at
similar depths from profiles at neighboring stations. Full details of data quality controls are presented in Text
S1 in Supporting Information S1. Less than 5% of measurements were identified as outliers and replaced with a
depth-weighted moving average (Table S5 in Supporting Information S1). Most outliers were in the upper 200 m,
where the particle fraction is expected to be more dynamic.

2.6. Moving-Average b Values

Particle element concentrations (C) in the oceanic water column have been represented by a power law,
C(z)= Co(z/zo)b, where z is depth below z,, surface, C is concentration at the surface, and the sign of the exponent
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(b value) indicates whether particle flux is being attenuated (b < 0), accumulating (b > 0), or constant (b = 0)
with depth (Lam et al., 2011; J. H. Martin et al., 1987). The magnitude of b indicates the strength of loss or
accumulation of particles in the water column. Profile shapes of concentrations can be similarly assessed using
a moving-average approach that captures the internal cycling of particulate TMs (PTMs) associated with differ-
ent major phases (Boyd et al., 2017; Ohnemus et al., 2019; Saito et al., 2016). In general, biomass-associated
elements like Cd and P have consistently negative moving-average b values as cellular material is remineralized
during particle sinking. Elements that are associated with the refractory lithogenic fraction, such as Al and Ti,
typically have moving-average b values near 0. Elements that are associated with multiple particulate phases,
such as Fe, exhibit more complex structures in their moving-average b profiles that reflect the different phases
involved and the processes that modify these phases at different depths (Ohnemus et al., 2019). Therefore,
moving-average b profiles can be used to gain insight into the behavior of biological, lithogenic, and authigenic
phases.

We calculated moving-average b values, as presented by Ohnemus et al. (2019), for each measured PFe fraction
and PALl. Full details are provided in Text S5 and accompanying Figure S6 in Supporting Information S1. This
approach allowed us to compare the magnitude of attenuation or accumulation of particle concentrations within
different depth ranges, and thus evaluate the variability of processes with depth. Due to the high heterogeneity
of particle measurements, some observations were not represented well by a local 3-point power law model, and
fits with r2 < 0.5 were excluded from further analyses. No evidence was found for significant differences between
depth ranges for any PFe fraction (Kruskal-Wallis mean rank test, full results in Table S7 in Supporting Infor-
mation S1), so the moving-average b values were aggregated into a single depth-weighted mean b for that cruise
by weighting each moving-average b value by the depth range spanned by the three points used to calculate it.

2.7. Particulate Fe Phases in Other Regions
2.7.1. Sub-Antarctic Zone

In March 2018, the Southern Ocean Time Series (SOTS) study site was sampled five times by the RV Investiga-
tor (cruise IN2018_VO02, Gilbert et al., 2022). Seawater (2.6—4 L) from 15 to 1,500 m was filtered onto 25 mm
0.4 pm polyethersulfone membranes. As described in Section 2.3, labile particulate material was leached with
an acetic acid-hydroxylamine solution and analyzed by ICP-MS (Twining, 2023a). To calculate PFey; by Equa-
tion 1, PP .. concentrations were scaled by the mean Fe:C of phytoplankton collected from the surface mixed
layer (6.5 + 1 pmol Fe mol~! C; Sofen et al., 2022) and the Redfield ratio for C:P_,
Information S1). Measured C:P in this region was generally <100 and therefore, the Redfield ratio was chosen as

(Table S9 in Supporting

a conservative upper limit of PFey; . Any remaining PFe, . . was assigned to be PFe, , following Equation 5. No
total or refractory particulate measurements of this voyage were made.

2.7.2. California Upwelling Zone

The IrnBru cruise aboard the RV Melville (MV1405) in July 2014 sampled the California Current System at five
stations covering three oceanographic environments: three offshore eddies (low Fe), a site of strong upwelling off
Oregon, and a site of weak nearshore upwelling just north of San Francisco Bay (high N, Si, Fe, and chlorophyll
a). Particles from approximately 2 L of water from 15 to 1,250 m were collected on 25 mm 0.4 pm polyethersul-
fone membranes (Twining, 2016). Filters were leached first with acetic acid/hydroxylamine for labile material
and subsequently digested with HCI/HNO,/HF for remaining refractory material. Cellular iron content was meas-
ured in Chaetoceros cells from the weak upwelling site (Lampe et al., 2018). For other sites, Fe:C was calcu-
lated from DFe following the empirical relationship reported by Twining et al. (2021). At the weak nearshore
upwelling station, concurrent measurements of surface particulate organic carbon (POC; Cohen et al., 2017) were
compared to PP, . . to calculate C:Porg. The calculated C:Porg (124) was close to the Redfield ratio and was used
to calculate PFe; following Equation 1 (Table S9 in Supporting Information S1). The remaining fractions were
also defined as previously using the total-leach method following Equations 2 and 5.

2.7.3. Western Arctic

The Arctic GEOTRACES GNOI cruise in October 2015 traveled from Alaska through the Bering Strait to the
North Pole via the Makarov Basin and returned through the Canada Basin. Half of the stations (13) occurred
in off-shore, oligotrophic waters and half (14) were in near-shore, high-nutrient waters. An average of 6 L of
water collected from 13 to 200 m was filtered through a 25 mm Supor 0.45 pm polyethersulfone membrane
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(GEOTRACES Intermediate Data Product Group, 2021). Filters were split into half for labile digestion using the
acetic acid/hydroxylamine leach and the other half for total digestion using HCI/HNO,/HF.

Cellular Fe quotas were measured at 4 near-shore and 3 off-shore stations (Twining, 2023b). The mean measured
quotas were compared to quotas calculated from DFe (Twining et al., 2021). In areas of high DFe, the empirical
relationship predicts unreasonably high quotas, so an upper limit of 300 pmol Fe mol~! C was used based on
reported quotas in diatoms from Fe-replete conditions (Lampe et al., 2018; Sunda & Huntsman, 1995). Modeled
and measured quotas diverged slightly close to the North Pole, but overall, the modeled quotas were in close
agreement with measured quotas and were therefore used at other stations lacking quota measurements. Bulk
C:P, -

than the Redfield ratio (106 mol mol~') and the Redfield ratio was used to calculate PFey, following Equation 1

calculated from PP and POC content of particles filtered by in situ pumps, was found to be slightly less

(Table S9 in Supporting Information S1). The remaining PFe fractions were calculated using the total-leach
method following Equations 2 and 5.

2.7.4. Eastern South Pacific

The eastern tropical South Pacific was sampled along a coastal-open ocean gradient from October to Decem-
ber 2013 during the GEOTRACES GP16 (EPZT) cruise aboard the RV Thomas G. Thompson. Shelf stations
(<250 km from shore) were characterized by high DFe (>0.2 nM), whereas open ocean stations (1,835-8,147 km
from shore) were characterized by low DFe <0.2 nM and included both HNLC and oligotrophic regions. Seawa-
ter from 20 to 200 m was filtered onto 25 mm 0.4 pm polyethersulfone membranes. As described in Section 2.3,
filters were split for parallel digestion and analysis by ICP-MS to determine total and labile particulate elemental
contents (Twining et al., 2021). To calculate PFe, , PP, ... concentrations were scaled by empirically determined
C:P of 86 (Lam et al., 2018) and station-specific geometric least-squares mean Fe:C of phytoplankton collected
from the surface mixed layer at each station (Twining et al., 2021) (Table S9 in Supporting Information S1). Any
remaining PFe, .. was assigned to be PFe, , following Equation 5. PFe ,, was defined using the total-leach
method following Equation 2.

2.8. Ancillary Data

The four BAIT cruises occurred simultaneously with the regular BATS sampling campaigns. Core BATS
program measurements, including macronutrient concentrations (phosphate, nitrate, nitrite), POC, PP, chloro-
phyll a (pigment 14), and biogenic silica (BSi), were accessed from the BATS data repository (http://bats.bios.
edu/bats-data/).

2.9. Data Visualization and Statistical Analyses

Data visualization and statistical analyses were performed using the R programming language (R Core Team, 2022)
in RStudio IDE (RStudio Team, 2021), including the use of tidyverse libraries (Wickham et al., 2019) and cowplot
(Wilke, 2020).

3. Results
3.1. Oceanographic Context

At BATS, the mixed layer depth was nearly 140 m in March, shoaled to 14—15 m in May and August, and deep-
ened to 37 + 7 m in November (Table S2 in Supporting Information S1). The DCM was shallowest (65 + 5 m)
during the spring bloom in March, then deepened to 100-104 m in May and August, before shoaling to 78 + 6 m
by November (Table S2 in Supporting Information S1). The depth of the particle production zone (PPZ, defined
as the surface down to the depth below the DCM where in situ chlorophyll fluorescence dropped to 10% of the
fluorescence measured at 10 m, Owens et al., 2015) showed less seasonal variability, deepening from 140 + 20 m
in March to a maximum of 190 + 20 m in August before reaching a minimum of 123 + 3 m in November.

Macronutrient concentrations were low during the four cruises. Phosphate was below detection (0.01 pM) from
the surface through the DCM. Nitrate + nitrite was below detection (0.03 pM) through the DCM in March and
August. In May and November, nitrate + nitrite was below detection above the DCM and detectable at 0.21 and
0.45 pmol kg, respectively, at the DCM.
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Figure 2. Particulate organic carbon (POC) in the upper 200 m during the study year (2019, blue lines) was consistent with
the past 30 years on record (1989-2018, gray lines).

To assess how representative our single field sampling campaign was of climatological mean conditions, we
compared three key biogeochemical parameters—POC (Figure 2), particulate organic phosphorus (POP; Figure
Slain Supporting Information S1) and chlorophyll-a (chlorophyll a, Figure S1b in Supporting Information S1)—
measured for 2019 BATS cruises to the mean climatology from monthly BATS since 1988. The timing and
magnitude of the 2019 spring bloom and summer stratification appeared representative of the long-term mean,
although POP was lower than typical. The winter preceding the sampling season featured a positive NAO, which
usually corresponds to a shallower mixed layer near Bermuda, and the winter-summer vertical mixing amplitude
was small (Lomas et al., 2022).

3.2. Total Particulate Iron

Across seasons and depths, PFe; , concentrations spanned two orders of magnitude, from 22 pM to 4.3 nM. The
5th and 95th percentiles of the bottle particle measurements were 120 pM and 1.7 nM (Figure 3a). Similar PFe
ranges have been measured previously in this region (Sherrell & Boyle, 1992; Twining, Rauschenberg, Morton,
Ohnemus, & Lam, 2015). Profiles from August and November show local maxima at the surface, and minima
at or below the DCM. Differences between stations were minor in all seasons except March, where the station
nominally upstream of BATS had higher PFe , concentrations between 500 and 1,000 m than the other two
stations. In other months, local maxima were observed around 800 m depth, corresponding to the OM (Figure S2
in Supporting Information S1). Average PFe , was significantly lower above the DCM than below in Novem-
ber (F(1,4) = 36.4, p = 0.004, Analysis of Variance, ANOVA) but did not vary between depth intervals in other
seasons. Surface concentrations were significantly higher in May and November than in March (F(1,9) = 5.2,
p = 0.05, ANOVA). Across seasons, the average PFey,,,, concentration + one standard deviation (SD) measured
in the upper 1,700 m was 0.9 + 0.1 nM. Concentrations were more variable above the DCM than below (Figure
S2a in Supporting Information S1).

Net PFey,,,, accumulation below the PPZ was observed in May, August, and November (Figure 4a). Between
33% and 80% of observations fit a local 3-point power law model (r?> > 0.5, Table S6 in Supporting Informa-
tion S1). The poor fit to a power law suggests that many competing processes contribute to PFey, ., concentrations
throughout the water column, and different processes may dominate at different depths such that a single power
law cannot describe the net effect even over a small depth interval. Accumulation of PFe  , was strongest follow-
ing the spring bloom (by,,, = 0.9 + 0.3, mean + 1 standard error). Preceding the spring bloom, there was weak
net attenuation in March. DFe profiles (Sedwick et al., 2023) show a consistent increase in concentration with
depth across seasons, with mean moving-average b values from 0.50 + 0.2 (August and November) to 0.8 + 0.1
(March). However, the greatest depth increase of DFe occurred during March when particle accumulation was
lowest. The accumulation of PFer,, with depth shows similar median moving-average b values to those reported
for a transect of the South Pacific (Ohnemus et al., 2019), although data in the BATS region was too sparse to
confidently observe depth variations seen in the South Pacific.
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Figure 3. Particulate Fe profiles of the upper 1,600 m were analyzed at three stations with two different chemical digests to
measured Total (a) and Labile (b) Fe.
3.3. Labile Particulate Iron
Across seasons and depths in the BATS region, PFe, ;. concentrations also spanned two orders of magnitude,
8-750 pM Fe. The 5th and 95th percentiles of bottle measurements were 45 and 460 pM (Figure 3b). Depth
profiles were similar to the PFe,, profiles: concentrations increased below the DCM, with local maxima around
(a) (b) . . I . .
Lithogenic Authigenic Biogenic
21 2
1
R T R A P R
L *+ | I 1
* I
a 0 + 0 } 1 _l_l_l_l_
N ok byt
-2 bl PFeTotal +
-.- F)FeLabile 21 .
Il = colloidal
Mar May Aug Nov Mar May Aug Nov Mar May Aug Nov Mar May Aug Nov
Figure 4. Particle attenuation (b < 0) and accumulation (b > 0) of total (a), labile (a), lithogenic (b), authigenic (blue
squares) and colloidal (gray rectangles) (b), and biogenic (b) Fe between the base of the particle production zone (variable
with season, 96-230 m) and 1,700 m. Mean + 1 SE of 3-point moving b values with 2 > 0.5, weighted by the depth range.
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the OM (Figure S2 in Supporting Information S1). The lowest surface PFe, ... concentrations were observed
in May and the highest in November, demonstrating a disconnect with seasonal DFe concentrations (Sedwick
et al., 2023). Average PFe, .. concentrations were 80%—250% higher below the DCM than above it in May,
August, and November (ANOVA: May F(1,2) = 36, p = 0.026; August F(1,4) =9, p = 0.039; F(1,4) = 27,
p = 0.007), but concentrations were not significantly different between seasons within each depth interval.
Despite these depth differences in absolute concentration, the fractional labile portion of PFe,, ., (33 + 20%) was
not different above and below the DCM. The observed fractional labilities were comparable to earlier measure-
ments in the region (20%, Rauschenberg & Twining, 2015).

High surface concentrations of PFe, ;. in November resulted in strong attenuation of the profiles through 200 m
depth (b =—1.1+ 0.1, mean + SE, Figure 4a). The moving-average b values for PFe, .. for shallower depths and all
depths for the other three cruises were not significantly different from one another (p > 0.1, ANOVA b vs. depth bin)
and were positive, indicating the accumulation of PFe, ;. with depth (0.4 + 0.2 March, 0.7 + 0.2 May, 0.9 + 0.3
August, 0.6 + 0.3 November). Complex cycling involving PFe, .. is implied by the high number of observations
(20%—-50%) that did not fit a local 3-point power law model (+*> < 0.5, Table S6 in Supporting Information S1).

3.4. Refractory and Lithogenic Particulate Iron

PFe, ,,, operationally defined as PFe, .. as measured using the total-leach method, ranged from O to 4.2 nM across
all seasons and depths. The 5th and 95th percentiles of measurements were 150 and 790 pM (Figure 5a, as PFe ).
The highest concentrations were observed at the surface in August, coincident with the period of maximum Saharan
dust deposition (Sedwick et al., 2023). A local maximum PFey_; around the OM (Figure S2 in Supporting Informa-
tion S1) was apparent in May, August, and November but less clear in March when PFe, ., . exceeded 3 nM at two
depths from the BATS station (75 and 200 m). Such a feature could arise from lateral inputs (Hwang, Manganini,
et al., 2009; Hwang, Montlucon, & Eglinton, 2009) or from vertical propagation of the annual dust signal (Ohnemus
& Lam, 2015). The first is unlikely, as beam transmissometry profiles (Figure S3 in Supporting Information S1) do
not indicate locally elevated particle loads. The vertical propagation of the dust signal may or may not produce a trans-
missometry signal. Average PFe .. was higher below the DCM than above it in November (F(1,4) = 8.3, p = 0.045,
ANOVA), but in no month was there a significant difference between depths in the percentage of PFe,, that was
refractory (70 & 10%, mean = one SD across seasons and depth intervals, Figure S4b in Supporting Information S1).

Despite similar average concentrations above and below the DCM, power law analysis indicated that PFe
accumulation was driven by net refractory particle accumulation following the spring bloom over the 40%-80%
of observations that fit a 3-point power law (Figure 4b). Like PFe ., PFeg..... showed weak attenuation in March
(b =-0.2 £ 0.4) followed by strong accumulation with depth beginning in the late spring (by,, = 0.9 + 0.4) and
persisting through the summer and fall (b, , = 0.6 + 0.7, by, = 0.7 + 0.3).

Aug Nov

For the proxy method, lithogenic end member ratios were compared. Molar ratios of PFey .. :PAl; ., in water
column particles (Fe:Al = 0.21 + 0.03 and 0.19 + 0.04, respectively, regression slope + one standard error) were
similar to the UCC reference ratio (0.23 mol mol~!, Rudnick & Gao, 2003) in March and May. Ratios observed in
August and November were higher (0.30 + 0.01 and 0.27 + 0.04, respectively; Figure 6b), intermediate between
UCC and North African mineral aerosol reference ratios (0.37, Shelley et al., 2015). Atmospheric deposition
collected at Tudor Hill concurrent to the cruises (Sedwick et al., 2023) showed Fe:Al ratios similar to marine
particles: on average 64%—95% of marine Fe:Al, with the largest discrepancy in November (Figure 6b). The
excellent regression fit of the individual elements (r> = 0.95) in August indicates greater uniformity in particle
composition, consistent with higher dust deposition during this season. In contrast, other months exhibited weaker
coupling of Fe and Al, with plots of PFe ;.. versus PAl; , suggesting variability in mineral composition that
might reflect different lithogenic sources (Figure 6a). Potential diatom contribution to PAl was estimated from the
BATS climatology of biogenic Si (BSi, see Methods in Supporting Information S1): diatoms appeared to account
for a maximum of 1%-3% of PAl,,, in the upper 250 m across all seasons. This would result in 1%—3% higher
Fe:Al ratios, still within the range of UCC and aerosol reference ratios. In another step to evaluate the proxy and
total-leach methods, accumulation of PFe . . and the lithogenic tracer PAl; , with depth (moving-average b
values) were comparable in all months (Figure 6c¢).
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Figure 6. Lithogenic fraction. (a) Fe:Al ratio (slope of blue regression) in water column measurements (dots; shading
indicates measurement depth) with Fe:Al of atmospheric deposition shown for comparison (black). (b) Mean (£ 1 SD) Fe:Al
in particles from the water column (yellow) and in atmospheric deposition collected at Tudor Hill (gray) relative to reference
ratios of upper continental crust (UCC; Rudnick & Gao, 2003), N. African dust aerosol (N. Afr. aerosol, Shelley et al., 2015),
and N. American (N. Amer.) and European (Eur.) aerosols (Shelley et al., 2018). For oceanic particles, refractory Fe was
used; all other measurements were total digests. (c) Depth-weighted mean (+1 SE) moving b values. Power law analysis of
refractory Fe and total Al revealed similar seasonal patterns of particle accumulation or attenuation.

3.5. Biogenic Particulate Iron
3.5.1. Cellular Iron Quotas

Mean cellular Fe quotas measured by SXRF are comparable to previous measurements in the BATS region and
varied only 2.5-fold between seasons and depths (Figure 7, Table 2). This is a small range compared to the plas-
ticity of phytoplankton across biogeochemical gradients (Twining et al., 2021). Comparison to previous work
(Twining et al., 2010) indicates that these eukaryote quotas, ca. 40 pmol Fe mol~! C, are likely also representative
of the cyanobacteria that dominate the summer phytoplankton community biomass in the Sargasso Sea (Table
S4 in Supporting Information S1). Mean quotas were up to 60% higher at the DCM than at 20 m depth, but this
difference was not statistically significant (Analysis of Covariance, ANCOVA). Similarly, quotas were 40%—50%
lower during the spring bloom, when faster growth may dilute cellular Fe, but again this difference was not statis-
tically significant after controlling for cell size and depth (ANCOVA).
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3.5.2. Labile Particulate Phosphorus

Nearly all particulate phosphorus was associated with biogenic particles
in the BATS region. The lithogenic contribution to PP,
from the measured PAl; , and an end member P:Al = 0.0076 mol mol !

, was estimated

(Taylor & McLennan, 1995). This PP,  fraction was negligible compared
to PP .;..» With the inventory never exceeding 1.2% of the PP, . inven-
tory. However, there was a significant fraction (median = 16%) of PP
that was not digested by the acetic acid leach. Previous studies have also
reported ca. 15%-20% PP (Twining et al., 2019, 2021) or as much as
© 20m 60% PP (Al-Hashem et al., 2022) that is not accessed by the acetic acid/
7 DCM hydroxylamine leach. This suggests a widely prevalent non-lithogenic
PP

Refrac SOUTce in the ocean. The chemical nature of this refractory P is

Figure 7. Carbon-normalized cellular Fe quotas (mean + 1 SE) of

Mar

May

Aug Nov unclear but may include polyphosphates that are not labile to the acetic

acid-hydroxylamine leach (P. J. H. Martin et al., 2014) and/or aged
biogenic material (Al-Hashem et al., 2022). No significant differences

phytoplankton collected at Bermuda Atlantic Time-series Study from the were found between average PP . across seasons within each depth
surface (filled circle) and deep chlorophyll maximum (DCM) (open triangle). interval (ANOVA, p > 0.1).

3.5.3. Biogenic Particulate Iron

PFey,  in the BATS region comprised 5%—15% of the total particulate inven-

tory and 23%-40% of labile particulate iron above the DCM and only about
1% of PFe,,,, below the DCM (Figure S5 in Supporting Information S1). Average concentrations did not differ
significantly between cruises (ANOVA, p > 0.1); averaged over all four seasons, PFey, was 45 + 13 pM above
the DCM and 10 + 5 pM in deeper waters (Figure 5c, Figure S4d in Supporting Information S1). Considering the
2.5-fold range of quotas measured, and the approximately 40% variability in seasonal C:P values for the region,
the uncertainty in these inventories may be as much as 3.5-fold.

As expected, PFey;  was the only PFe fraction to exhibit net attenuation with depth (Figure 4b). Attenuation was
strongest in August (b = —1.9 + 0.5) and weakest in November (b = —0.9 + 0.5). Only 40%—-80% of the 3-point
fits conformed to a power law model (%> > 0.5, Table S6 in Supporting Information S1), a surprising result given
that PP can typically be modeled by a single power law (Ohnemus et al., 2019). This underscores that marine
particles are highly dynamic, such that data aggregation to a higher level is useful to pull out trends.

3.6. Authigenic Particulate Iron

Across seasons and depths in the BATS region, PFe, , concentrations spanned 0—4.18 nM Fe. The 5th and 95th
percentiles of measurements were 0.04 and 1.4 nM, a larger dynamic range than the other fractions (Figure 5b).
The depth profiles were similar in shape to the PFe, .. profiles, with strong increases below the DCM and
slightly elevated concentrations around the OM (Figure S2 in Supporting Information S1). Concentrations
were not significantly different between seasons (F(1,19) = 2.8, p > 0.1, ANCOVA effect of cruise after
controlling for depth). PFe, , was 1.3-2.0 times higher below the DCM than above (280 + 80 and 110 + 70
pM, respectively; F(1,19) = 64.4, p = 1.6e—5, ANCOVA effect of depth after controlling for the cruise, Figure
S4c in Supporting Information S1) and comprised a significantly higher proportion of the PFe, ;. pool below
the DCM (94%-97%) than above it (60%—76%) for every month except May (ANOVAs: March F(1,4) = 25,
p =0.008; August F(1,4) =43, p =0.003; November F(1,4) = 16, p = 0.015, Figure S5 in Supporting Informa-
tion S1). To consider whether the magnitude of this fraction results from uncertainty in PFey; , the maximum
possible PFeg,  pool (see Section 3.4.3) can be compared to the PFe, ... pool. This 3.5-fold increase in PFe,
can account for all PFe, .. at the surface, but below the DCM, a sizable pool of PFe, , would still remain, ca.
245 pM, indicating that this fraction is not an artifact of the method by which it was calculated.

PFe, , accumulated with depth in all seasons except November (b = 0.7 + 0.1 March, 0.8 = 0.2 May,
1.0 + 0.2 August) when high surface concentrations drove large negative moving-average b values above 200 m
(b =—-1.5 + 0.4 above 200 m, 0.8 + 0.4 below 200 m; Figure 4b). There was high variability in the fit skill of
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Figure 8. Partitioning of labile PFe into biogenic and authigenic fractions across environmental conditions. (a) Sampling sites
in four ocean basins. (b) Fraction of labile PFe in the upper 200 m that is biogenic (filled bar) and authigenic (unfilled bar).

the power law, with 17%-100% of observations fitting a 3-point regression with 2 > 0.5 (Table S6 in Supporting
Information S1).

3.7. Colloidal Iron

Colloid concentrations (Figure 5b) were estimated from the difference between dissolved (<0.2 pm) and soluble
(<0.02 pm) Fe concentrations (Tagliabue et al., 2023). The log-transformed concentration profiles were used to
calculate the moving-average b values by fitting 3-point linear regressions. These regression fits were generally
better (i.e., higher r?) than for PFe phases. All moving-average b values were close to 0 and were averaged with
depth weighting across depths for a single moving-average b value for each season.

3.8. Comparison With Other Regions

PFe fractions were estimated for other regions of the ocean using existing data to evaluate whether the trends
we have documented in the BATS region are common to other biogeochemically distinct oceanic environments
(Figure 8, Table 3). The SOTS station represents sub-Antarctic waters and was sampled in austral fall. The IrnBru
cruise sampled coastal California Current waters, with stations spanning nearshore (10 km) waters with high DFe

Table 3
PFe Fractions and DFe in Sub-Antarctic, Western Arctic, and Coastal California (CA) Upwelling Zone Regions Above
200 m (nM, Geometric Mean * 1 Standard Error of n Samples)

Location n PFe .. PFe, IRECH, PFeg;, DFe

Sub-Antarctic 31 N/A N/A 0.057 £ 0.006  0.011 £0.001 0.27 + 0.02
Arctic—offshore 64 1.5+0.2 0.7+0.1 0.7 +0.1 0.016 £ 0.002  0.57 + 0.06
Arctic—nearshore 42 41+ 19 15+11 16 +7 0.18 + 0.06 1.5+04
CA—offshore eddy 11 0.7+0.3 0.5+0.2 0.14 + 0.05 0.013 £0.004 0.6 +0.1
CA—strong upwelling 4 16 + 13 14 +8 6+5 0.13 + 0.06 12+0.6
CA—weak upwelling 6 164 + 115 160 + 90 40 + 20 1.1 £0.1 9+2
Equatorial Pacific—open ocean 24 0.14+0.01 0.08+0.01 0.036+0.005 0.016 +0.002 0.09 + 0.08
Equatorial Pacific—shelf 27 25+0.6 0.8+0.1 20+0.5 0.070 + 0.008 0.8+0.6

Note. PFe, ;,, was determined using the total-leach method.
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and also offshore (70-270 km) waters with lower DFe concentrations. South Pacific and Arctic GEOTRACES
stations similarly spanned a range of DFe conditions, potential shelf inputs, and phytoplankton community
compositions. Overall, across these diverse environments, PFe, , was consistently observed to dominate and
PFe, e

PFe,, ., measurements are not available for the SOTS cruise. However, the labile fraction was 79 + 3% authigenic
and 21 + 3% biogenic averaged across all depths above 200 m and sampling casts (Figure 8b, Table 3). At the
SOTS station, biomass during austral fall is typically high and dominated by diatoms, with nanoflagellates also
abundant (Eriksen et al., 2018).

In the California Upwelling Zone, PFe, ,, spanned three orders of magnitude between the three station types,
but PFe, ... accounted for 20%-25% of PFe, , across all station types. Individual fractions followed simi-
lar trends: concentrations were highest at the weak upwelling station, intermediate at the strong upwelling
station, and lowest at the three eddy stations (Figure 8b, Table 3). PFe ... was dominated by PFe, ,, with
slightly more PFe, , at the high-Fe site (93 + 3%) than at the strong upwelling (83 + 15%) and eddy sites
(83 £ 7%).

In the Arctic, PFey,,, concentrations were 26 times higher near-shore than off-shore, but in both regions PFe ...
accounted for 46%—52% of PFe ... Proportions of each fraction were also similar between the two regions despite
order-of-magnitude higher concentrations at the near-shore stations than at the off-shore stations (Figure 8b,
Table 3), and PFe, ;. was dominated by PFe, , throughout (95%-97% in both regions).

In the South Pacific Ocean, PFe  , concentrations were 18 times higher near shore than off shore, but the fraction
of this that was labile was only slightly higher on the shelf (60 + 3% near-shore, 46 + 3% off-shore). The labile
fraction consisted of a higher proportion of PFe, , near shore (76 + 7%) than off shore (60 + 5%, Figure 8b,
Table 3).

4. Discussion

Our seasonal study in the BATS region has revealed that most (60%—97%) of the chemically labile PFe pool was
abiotic, a finding replicated at other oceanic sites that represent a wide range of biological productivity.

4.1. Biogenic Fe Is a Small Fraction of Labile PFe

Measurement of the authigenic fraction requires first constraining the contribution of PFey; to PFe, . . This has
typically been done using a single global mean Fe:P or Fe:C ratio for all biomass and scaling to particulate P or
C (Black et al., 2020; Marsay et al., 2017). However, this approach ignores the significant variability in cellular
Fe contents that occurs between regions and bloom phases (up to 40-fold, King et al., 2012; Twining et al., 2021),
and thus introduces significant uncertainties. Here, we directly measured the labile fraction and cellular Fe:C
stoichiometry to better constrain the biogenic fraction and more accurately assess authigenic Fe. The acetic acid/
hydroxylamine leach solubilizes metals associated with cells and oxyhydroxides (Berger et al., 2008). In our
samples, the measured labile fraction was almost always much greater than the estimate of PFe;  calculated from
concurrently measured cell stoichiometry, PP, ..., and season-specific community C:P ratios. In 85% of the 146
discrete particle samples, PFey;  constituted less than half of the PFe ., similar to previous findings from BATS
where PFey, accounted for 30% of PFe, ;. (Twining, Rauschenberg, Morton, & Vogt, 2015).

Iron cell quotas did not vary significantly with season or depth, although slightly higher quotas were observed
in samples from the DCM than from 20 m. Such a depth effect has been proposed as due to photo-acclimation
(Hopkinson & Barbeau, 2008; Sunda & Huntsman, 1997), and indeed, chl/POC ratios in all months were 3—11
times higher around the DCM than the surface despite equal or lower DFe at the DCM (Sedwick et al., 2023).
The lack of significant differences in station-aggregated Fe:C quotas at the surface and DCM is consistent with
previous work across the North Atlantic (Twining, Rauschenberg, Morton, Ohnemus, & Lam, 2015) as well as
with a macronutrient-limited rather than Fe-limited community (Twining et al., 2021). Notably, the eukaryotes
measured in this study constitute 26%—46% of the phytoplankton carbon pool (Table S5 in Supporting Informa-
tion S1). Although previous work indicates similar Fe requirements in cyanobacteria in this region, future work
to characterize seasonal variability in Fe contents of Synechococcus and Prochlorococcus could improve our
understanding of these communities and the estimates of PFey; .
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The apparent seasonal changes in PFey; profiles are consistent with seasonal phytoplankton shifts in the BATS
region. The mixed layer shoaled from 139 + 9 m in March to 14 + 1 m in May and August. As the water
column stratified and macronutrients became limited at the surface, biomass maxima are typically found deeper
(Hahn-Woernle et al., 2014). Such a trend is evident in the long-term BATS record of POC and chlorophyll and
in POC data for 2019, although the chlorophyll maximum in August 2019 was in fact shallower than in March
2019. Maximum PFey, also shifted from the surface in March to the subsurface in August. In November at
SS13, nominally upstream of the BATS station, PFe, appeared elevated throughout the upper water column to

500 m, a trend not observed in any other PFe fraction, PP or transmissometry, a proxy for POC (Figure S3 in

Total”
Supporting Information S1). This feature was observed in the percent labile PP and PFe, suggesting that it is an
artifact of the digestion procedure for that station. Because both labile fractions were equally affected, the percent

authigenic could still be assessed.

Our estimate of PFey, from PP . is likely a lower bound on PFey;, because it assumes that (a) Fe and P reminer-
alization are coupled and (b) all biogenic PFe is associated with phytoplankton. Regarding the first point, elements
can cycle at different rates (Marsay & Achterberg, 2021; Rafter et al., 2017; Twining et al., 2014), especially in
subtropical waters where P is scarce. Our calculation of PFey, assumes that Fe:P ratios in surface cellular material
The vertical variability of Fe:P
in non-cellular labile particles may contribute to some uncertainty in the calculation of PFey, . The apparent variabil-

are representative of fecal and detrital particles, which are also components of PP, .. .
ity in moving-average b values from —1.0 to —1.9 suggests that some seasonal differences in P remineralization are
present; this range is only slightly greater than the variability of North Pacific Subtropical Gyre PP fit values of ca.
—0.88 +0.48 (Boyd et al., 2017). Moreover, the initial release of Fe and P together from biogenic particles may become
decoupled subsequently, presumably due to abiotic removal of Fe (Hollister et al., 2020). Turning to the second point,
other plankton groups likely contribute non-negligibly to PFey, . Heterotrophic plankton also incorporate Fe, and thus
our PFey, estimate is likely conservative if these groups have higher Fe/C quotas and an overestimate if these groups
have lower Fe/C quotas. In previous studies at the FeCycle study site in the Southern Ocean and in waters on the
Kerguelen Plateau, zooplankton and heterotrophic bacteria together accounted for 40%—50% of biogenic Fe compared
with cyanobacteria and diatoms (Boyd et al., 2015). These plankton groups also likely contribute significantly to the
PFey,, pool at BATS, where heterotrophic bacteria comprise 10%—18% of particulate C and 20%-37% of PP (Martiny
et al., 2013). A significant zooplankton Fe pool may move PFey; from the surface to the subsurface through vertical
migration (Steinberg & Landry, 2017), also “repackage” PFe in a more labile form (Schmidt et al., 2016). However,
it is notable that these factors are most important to calculations of the surface and near-surface PFe pools, where our
PFey, calculations approached PFe, . ; at greater depths PFey, is a near-negligible component of PFe, ...

Our approach highlights the need for better estimates of PFey, , and the importance of an authigenic PFe fraction.
Taxon-specific cell quotas and community composition can refine PP-based estimates of PFeg, . However, the
decoupling of Fe and P remineralization remains an issue in any approach using Equation 1, so additional meth-
ods to differentiating cellular Fe from chemically labile Fe are needed.

4.2. Authigenic Iron Is the Major Component of the Labile Fraction

In the BATS region, PFe, , is the major component of PFe .. and a notable fraction of PFe . Refractory
and cellular PFe account for 70%-80% of PFer, . PFe, .. is consistently 30% of PFe;,, and even if our
stoichiometry-based PFey, estimate is as much as 50% too low (see Section 4.3), there must be a sizable pool of
PFe that is abiotic but chemically labile. Similar estimates were reported in a recent study that assumed a lower
bound biogenic particle stoichiometry of 0.005 mol Fe mol~! P or a locally derived Fe:P ratio where available,
resulting in PFe, , concentrations of up to 44% of PFe . and 85% of PFe, . (Black et al., 2020). This adds to
a growing body of research that finds that authigenic material dominates non-lithogenic material (e.g., Marsay
et al., 2018; Xiang & Lam, 2020). This is an important contrast with early analyses of PTMs that assumed that
all non-lithogenic material was biogenic, likely leading to overestimates of cellular elemental quotas (Bruland
etal., 1991; J. H. Martin & Knauer, 1973). Allowing for the existence of an authigenic phase brings bulk particle
measurements into better agreement with cellular stoichiometry measurements.

Given the size of the PFe, , pool and the role of particles in transporting TMs, understanding the formation
and fate of authigenic material is critical to understanding the ocean Fe cycle (Tagliabue et al., 2019, 2023).
A local minimum in PFe, , around the DCM suggests that the material may be solubilized at the DFe mini-
mum or potentially removed from the surface via packaging into larger, faster-sinking particles. Likely mech-
anisms of PFe, , formation include aggregation of smaller colloids of Fe minerals (CFe) into larger PFe, .
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particles and scavenging of DFe as oxide coatings on pre-existing particles
in the water column (Figure 9b). Mechanistic modeling work has demon-
strated the importance of the first mechanism in the BATS region (Tagliabue
et al., 2023) with the aggregation of colloidal Fe (oxyhydr)-oxides decoupled
from organic ligands, a major source of PFe, . To evaluate this mechanism
in the field data, we compared profiles of PFe, , and CFe also measured at
BATS during the BAIT cruises (Figure 5b). The similarity of these profiles
is consistent with this “colloidal shunt” acting as an important link between
DFe and PFe. However, comparison of moving-average b values for CFe
(Figure 4) and PFe, , shows greater accumulation of the latter with depth,
suggesting that surface scavenging also contributes to PFe, , formation.

The authigenic PFe fraction needs further direct study to understand whether
its availability, solubility, and transport differ from other particulate phases.
The chemical leach suggests higher solubility and bioavailability than the
lithogenic fraction, although Kunde et al. (2019) propose that colloids are
preferentially scavenged rather than taken up biologically in order to explain
similar trends observed with colloidal Fe minima around the DCM. Data
from the RESPIRE particle interceptor/incubator experiments also showed
an increasing role for scavenging with depth (Bressac et al., 2019), but this
study only considered biogenic and lithogenic phases. As oxyhydroxides age,
they may become more refractory (Schlosser et al., 2018), and thus scav-
enged Fe may eventually move from the labile abiotic (authigenic) PFe pool
to a more refractory PFe pool where it may be assessed operationally as lith-
ogenic. Thus, the increasing refractory concentrations with depth may be due
not only to slower sinking and lateral inputs (see discussion above) but also
aging of scavenged Fe associated with slower sinking particles. The fate of
authigenic Fe and the connections between age and lability therefore have
implications for DFe inventories.

4.3. Authigenic Particulate Iron Is Important Across Productivity
Gradients

Based on our finding of significant PFe, , at BATS, as well as model simula-
tions of the importance of the authigenic Fe phase there and in other regions
(Tagliabue et al., 2023), we examined this fraction in other oceanic environ-
ments. The BATS site in the Sargasso Sea is extremely oligotrophic and very
dusty, and it is therefore perhaps unsurprising that little Fe is associated with
biogenic particles. Data that has been collected in different oceanic envi-
ronments were examined to understand whether the contribution of PFe,
varies with biological productivity and lithogenic inputs. Thus, we compiled
data from three other cruises in four different environments: the SOTS study
site in Fe-limited sub-Antarctic waters (SOTS), coastal California upwelling
(IrnBru), and Arctic near-shore and off-shore sites (Arctic GEOTRACES).
We compared discrete measurements from the upper 200 m instead of inte-
grated inventories due to limited depth resolution from some of these studies.
Our analysis suggests little difference in the partitioning of PFe pools across
these different ocean regions; surprisingly, the estimate of PFe, , contribu-
tion at BATS may in fact represent a lower bound for the global ocean despite
high dust input and low biological productivity in the Sargasso Sea.

Across all examined regions, PFey, did not account for all of the chemically
labile PFe pool, and PFey; concentrations were consistent with previous esti-

mates that the surface ocean biotic PFe pool is ca. 100 pM globally (Boyd et al., 2015). PFe, , at SOTS and
IrnBru sites was a major component of the PFe pool in the upper 200 m and increased steadily with depth. In
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contrast, Marsay et al. (2017) found PFe, , to be negligible at the surface of the Ross Sea but comprise up to 70%
of PFey,,, lower in the water column, with especially high concentrations with a range of sediment resuspension
from the bottom. Despite a 300-fold difference in PFey,,, concentrations between these different study regions,
the proportion of PFe,, that was authigenic was comparable, ca. 20%—27%. This is slightly below the upper
limit of PFe, ,, (38 + 4% of PFe,,,,;, 100-200 m) reported by Black et al. (2020) in their global analysis. The PFe
pools in the South Pacific and Arctic regions consisted of proportionally more PFe, , (ca. 36%—55%), especially
near shore, as shown by Xiang and Lam (2020) in the Arctic. High productivity over the shelf creates a high
demand for electron acceptors to oxidize organic matter, resulting in the reduction of Fe and subsequent forma-
tion of (oxyhydr)oxides. Thus, additional Fe, , may arise from direct precipitation. The use of region-specific
cellular quotas, which were higher in Fe-replete regions, strengthens this conclusion. Similar calculations using a
global mean Fe:C would have found artificially small biogenic fractions and more PFe, , in the high-Fe regions.
Our measurements represent a higher likely biogenic fraction yet still find PFe, , to dominate. The trend toward
proportionally higher PFe, . in Fe-rich regions is consistent with the model of Boyd et al. (2010) showing more
scavenging at higher Fe. The relative contributions of these processes will require further direct measurement in
order to understand the dynamics that maintain the relatively consistent PFe, , fraction.

4.4. Refractory Fe Provides a Robust Estimate of Lithogenic Fe

The errors and analytical challenges inherent to operational phase definitions led us to assess multiple approaches
for determining the PFe, , pool. Our operational estimates may err in two ways: (a) by including refractory mate-
rial that is not lithogenic, and (b) by omitting lithogenic material that is not refractory. We compared PFe_ ;, from
the total-leach and proxy methods. We used PAl rather than PTi for a lithogenic proxy because approximately
half our particle samples had PTi concentrations below the limit of detection. Aluminum recoveries for metal-
rich certified reference materials BCR-14 and PACS-2 were below 100% (82 + 4% and 59 + 10%, respectively,
Table S3 in Supporting Information S1), despite good Fe recoveries (104% and 95%). If PAl and PFe measure-
ments were corrected for recoveries, the resulting Fe: Al ratios would be lower, 62%—79% of the reported values
(PACS-2 and BCR-14 corrections, respectively). We nevertheless have confidence in the PAl measurements of
the field samples because Fe:Al ratios agree with concurrently collected, and independently analyzed, aerosol
samples (Figure 6). Nonetheless, Al is an imperfect lithogenic tracer because it is both abiotically scavenged
(Ohnemus & Lam, 2015) and potentially subject to biological uptake by diatoms (Moran & Moore, 1992). The
low diatom abundance in the BATS region suggests this process will be minor, and an estimate of Al from the
BATS BSi climatology shows that diatoms likely constituted only 1%—3% of PAly,, (not accounting for surface
adsorption). Furthermore, diatom influence would also cause elevated PAIL:PTi, but consistently high PAI:PTi
was not observed in the euphotic zone. Importantly, PFe, ,, increases with depth using either PFe . or PAl
to estimate this fraction, and comparable moving-average b values for PAl; ., and PFeg .. suggest similar rates
of particle accumulation at depth, supporting the use of either the total-leach or proxy method to measure PFe
concentration.

The proxy method requires an appropriate choice of Fe:Alg .
region, PFe ;, in the upper 200 m reflected seasonal processes, whereas below 200 m this PFe fraction was rela-

for the lithogenic source inputs. In the BATS

tively consistent across seasons. Aerosol deposition was highest from June to September (Sedwick et al., 2023),
producing elevated surface PFe ,, in August. Aerosol source regions also shifted with season: previous
(2009-2010) air mass back trajectories in the region indicate a North American influence in the winter and Afri-
can/European influence in the summer (Fishwick et al., 2014; Sedwick et al., 2007). Measured PFe .. :PAl. . in
water column and aerosol particles was lower than for North African dust, North American, and European aero-
sol reference values (Shelley et al., 2015). The poor regression fit for March, May, and November data suggests
multiple populations of lithogenic particles corresponding to different end members and/or different labilities or
solubilities (Shelley et al., 2018). Our results are consistent with the impact of high African dust inputs during
the summer and lower, more variably-sourced inputs during other seasons. This hypothesis could be assessed
with size-fractionated particle data to determine whether inputs are dominated by larger, fast-sinking dust in the

summer and smaller, longer-residence pollution aerosols in winter.

Lithogenic source region variability introduces uncertainty to estimates of lithogenic elemental proxies and high-
lights the utility of chemical leaches. Using Fe:Al,; alone would predict PFe, ;, similar to PFey .. during dusty
months but in excess of measured PFe,,, in 16% of bottle measurements (mostly for March and May samples).
The problem is exacerbated if only North Atlantic aerosol values for Fe:Al are used: PFe_ ;,, would be determined
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to be in excess of PFey , in 30% of our bottle samples. The median excess is 55% greater than PFe,, and would
be greater if corrected for the low Al recoveries discussed above. A similar issue was recently reported by Black
et al. (2020), leading them to assume a 20% uncertainty in PFe, ;, calculations owing to the variability in Fe:Al.
Their estimates of PFe, ;, in the BATS region using Al as a lithogenic tracer found large particles enriched in
Fe (Fe:Al 0.21-0.3 mol/mol), which corresponded to high lithogenic Fe (Black et al., 2020). In our study, water
column PFey . :PAl. ., was within 22% of the UCC Fe:Al average (Rudnick & Gao, 2003), 25%-92%
less than North African aerosol values measured during GAO3 (Shelley et al., 2018), and within 25% of ratios

Source

measured in concurrently collected aerosols (except in May, where aerosol was more than two-fold enriched
in Fe). This was sufficiently different from the reference values to question the validity of using a single end
member ratio. While previous studies have successfully used two end members to fit field data (e.g., Tagliabue
et al., 2019), we chose to apply the total-leach method to avoid the uncertainties outlined above.

Within the water column, the observed increase in PFe, ;, with depth may be due to a decrease in particle size and
associated slower sinking rates at depth or lateral subsurface inputs. We observed a minimum in PFe_ ;, at the DCM,
indicating the dominance of removal processes over sources (Ohnemus & Lam, 2015). Below the euphotic zone,
lithogenic material partitions into smaller particles (Ohnemus & Lam, 2015) that likely sink more slowly, thus lead-
ing to higher concentrations. Alternatively, higher concentrations at depth might reflect lateral inputs from the North
American shelf, as occasionally seen between 500 and 1,500 m in particle trap fluxes (Conte et al., 2019). Such
inputs should also be evident in Fe:Al ratios if significantly different from aerosol inputs, but we saw no consist-
ent trends in Fe:Al profiles in this depth range. Lateral inputs would cause higher local moving-average b values
corresponding to particle accumulation, but this was also not observed. In fact, moving-average b values tended
to be slightly lower from 500 to 1,000 m than they were at the surface in May through November. Finally, lateral
inputs should also be observable by beam attenuation (Hwang, Manganini, et al., 2009; Hwang, Montlucon, &
Eglinton, 2009) but no clear signal was seen in any month (Figure S3 in Supporting Information S1). Together, this
is more consistent with accumulation due to slower sinking rates rather than lateral inputs, but both may contribute.

The concentrations of PFe,,,, and PFe, ,, were highly heterogeneous between depths in the upper water column in
March, consistent with the short residence times reported previously for these species. During the PEACETIME
study in the Mediterranean Sea, PFe ., inventories in the upper 200 m decreased by more than 40% from 1.2 to
0.7 nmol/m? over 2-3 days after wet deposition events (Bressac et al., 2021). High variability in March fluxes at
500 m depth have been observed in particle traps in March, with fluxes as much as six times higher than usual in
some years (Conte et al., 2019). Given the high variability of this region, the concurrent measurement of PFe_...
with other Fe cycle parameters was key to constraining this fraction's proportional contribution.

5. Conclusions and Perspectives on Future Research

Constraining particulate pools with direct measurements of refractory, labile, and biogenic pools confirms that
the authigenic fraction of PFe is a major component of the ocean Fe cycle (Figure 9). These results are supported
by process study observations and recent biogeochemical modeling that demonstrates that colloidal aggregation
into PFe, , is a critical component of ocean Fe dynamics (Tagliabue et al., 2023). Furthermore, our measure-
ments confirm that these fractions have unique behaviors, with PFey;  remineralized below the PPZ and PFe
and PFe, , fractions increasing with depth. It is likely that remineralized PFey; contributes to PFe, , through
colloid formation and aggregation and/or through adsorption onto other particles. This internal cycling decouples
the net regeneration of PFe from other biomass elements such as P that are not subject to the same scavenging and
solubility controls (Tagliabue et al., 2019). The different mechanisms of internal cycling are subject to different
physical and chemical controls both in formation and reactivity.

In order to better understand the formation and reactivity of PFe, ., future work would benefit from a focus on
understanding the variability in operational values of lithogenic and biogenic values used in its determination, and
also measuring authigenic phases directly. Nanoscale spectroscopy, for instance, could be used to complement bulk
particle characterization. Particles are highly heterogeneous, including crystalline and amorphous material as well
as organic matter, and bulk methods cannot distinguish between authigenic and biogenic PFe phases. Authigenic
PFe phases are thought to be composed of (oxyhydr)oxide minerals that are chemically labile to the acetic acid/
hydroxylamine leach (Berger et al., 2008), yet bioavailability likely varies across minerals depending on the mineral
structure. Synchrotron X-ray absorption spectroscopy (Jones et al., 2022; Shoenfelt et al., 2018; Toner et al., 2016)
is well suited to identifying marine PFe mineral phases, and multiple methods in combination with targeted field
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and laboratory studies may answer lingering questions regarding the mineralogy of particles and the role of organic
molecules in marine particle formation and stabilization (Hoffman et al., 2018; Lam et al., 2006). Microanalytical
approaches may also help to address the size distribution and particle associations of authigenic Fe. Is this phase
comprised mostly of Fe oxide coatings on other particles or of discrete Fe oxide minerals, either occurring individu-
ally or included in heterogeneous particle assemblages? Constraining the physical form of these chemical fractions
will help to further improve the understanding and models of Fe behavior and bioavailability in the ocean.
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