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Abstract Although iron availability has been shown to limit ocean productivity and influence marine
carbon cycling, the rates of processes driving iron's removal and retention in the upper ocean are poorly
constrained. Using ***Th- and sediment-trap data, most of which were collected through international
GEOTRACES efforts, we perform an unprecedented observation-based assessment of iron export from and
residence time in the upper ocean. The majority of these new residence time estimates for total iron

in the surface ocean (0-250 m) fall between 10 and 100 days. The upper ocean residence time of dissolved
iron, on the other hand, varies and cycles on sub-annual to annual timescales. Collectively, these residence
times are shorter than previously thought, and the rates and timescales presented here will contribute to
ongoing efforts to integrate iron into global biogeochemical models predicting climate and carbon dioxide
sequestration in the ocean in the 21st century and beyond.

Plain Language Summary Iron is a key micronutrient for organisms living in the upper ocean,
and thus, its availability is one of the key factors controlling the removal of carbon dioxide via phytoplankton
growth in much of the global ocean. Until very recently, measurements of internal iron cycling were
scarce. This includes estimates of how much iron leaves the surface ocean via sinking particles. Due to the
lack of observations, models struggle to reproduce observed patterns in global surface iron distributions. For
the first time, we constrain the rate of iron loss from the upper ocean along three basin-wide transects
and bring together all preexisting estimates to determine the timescales on which different forms of iron are
retained in the upper ocean. Overall, our findings suggest that iron cycles more rapidly between the
surface and the subsurface ocean than previously estimated, and we encourage the modeling community to
utilize the wealth of data presented here to explore the global consequences of these findings.

1. Introduction

Iron (Fe) is vital to the metabolic functions of many marine organisms, and its low abundance is thought to
limit primary productivity throughout much of the ocean (Martin et al., 1994; Moore et al., 2013). Changes in
Fe supply likely played an important role in regulating marine productivity and global climate during prior
glacial-interglacial cycles (Martinez-Garcia et al., 2014; Watson et al., 2000). Despite this important role,
measurements of internal Fe fluxes (e.g., biological uptake, scavenging, and surface export) are scarce and
as noted within the global modeling community, “at present, there is low confidence in model projections
of how modulations to climate will affect Fe supply to the upper ocean, as models generally show poor skill
and substantial disagreement in their representation of the present-day ocean iron cycle” (Tagliabue
et al., 2016, 2019).

One of the most biologically active regions of the ocean is the euphotic zone, where phytoplankton drive glo-
bal marine productivity and set the ocean's potential for carbon uptake via the biological pump (Ducklow
et al., 2001; Knox & McElroy, 1984; Volk & Hoffert, 1985). In this zone and within the seasonally overturned
waters below it (defined broadly as 0-250 m), it is thought that organisms have adapted cellular and
community-level mechanisms to prevent this essential micronutrient from sinking below the winter mixed
layer (Boiteau et al., 2016), where it will not be accessible again for hundreds of years (Primeau, 2005).
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Figure 1. Location of upper ocean iron export studies. Study sites with reported Fy,; are color-coded based on zones
determined using distance-to-coast, latitude, and the outlined biogeochemical Longhurst Provinces (Longhurst, 2007).
All Longhurst Provinces containing at least one Fy,, are indicated with initials. The zones are described and the
Longhurst Provinces they contain are listed in the legend. This study has added new F;,; across GEOTRACES transects in
the South Pacific and the Central and North Atlantic. *NEWZ is a coastal province, but the NEWZ locations from Frew
et al. (2006) are on the transient boundary between NEWZ and SANT and displayed characteristics of SANT.

Therefore, if we are to better elucidate the processes that control carbon sequestration, we must first
constrain the rates of Fe loss and retention in the surface ocean.

The residence time (7) of any element, such as Fe, is equal to its inventory in a reservoir divided by the flux of
this constituent into or out of this reservoir as controlled by one or more processes:

invento
e B 1
outputs or inputs
assuming that both parameters represent quasi-steady state conditions over the timescale of 7 (inputs = out-
puts). How rapidly all Fe (i.e., total Fe, tot) cycles with respect to an input or output (z;,,) can be expressed
as

total inventory of Fe
Trot = p .
outputs or inputs

2

The total inventory of Fe is composed of dissolved (diss) and particulate Fe, the separation of which is
defined operationally by what passes through a ~0.2-0.8 um pore-size filter. Particulate Fe can be further
characterized as lithogenic (crustally derived, lith), authigenic (abiotically formed, auth), or biological (bio)
in origin, and these forms likely have different residence times and dissolution potentials in the upper
ocean. For instance, most of the particulate Fe entering the ocean via lithogenic dust is not immediately
accessible to surface biota, while dissolved Fe is thought to be more readily bioavailable (Boyd et al., 2010).
The residence time of dissolved Fe (74;) can be determined with respect to processes that remove or add
to the dissolved Fe inventory, such as biological uptake and particle scavenging.

Few estimates exist for 7,,, (Buck et al., 2010; Jickells, 1999), and those for 7,45 can range from days to dec-
ades in the upper ocean (e.g., Croot et al., 2004; Kadko et al., 2019). Dust-based input estimates of 74 are the
most numerous. However, dust-only studies are mostly restricted to the Atlantic Ocean (e.g., Bergquist &
Boyle, 2006; Sarthou et al., 2003) and often require an assumption of dust solubility, which can vary from
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near zero to >90% (Sholkovitz et al., 2012). Furthermore, continental dust, hydrothermal vents (Ardyna
et al., 2019; Holmes et al., 2017), and seafloor sediments are all sources of Fe to the marine environment,
and thus, all should be accounted for in input-based residence time estimates. The main output from the
upper ocean is the export flux of Fe, which is dominated by its loss via sinking particles (downwelling is slow
and assumed to be a negligible Fe sink). Thus, using export as the denominator in Equation 2 provides a
powerful approximation of a total upper ocean 7. Until recently, most export-based estimates of 7 came from
sediment traps (Bowie et al., 2009; Frew et al., 2006; Lamborg et al., 2008), which directly measure sinking,
particle-associated Fe (see supporting information Text S1 for additional details on trap-based estimates).

An alternative approach for determining 7, highlighted in this study, is the use of the thorium-234 and
uranium-238 disequilibrium method. This export-based method integrates over timescales of weeks to
months and lends itself to higher resolution sampling of the surface ocean. Here we combine new ***Th-
derived particulate Fe export estimates from three GEOTRACES transects in the Atlantic and Pacific
Oceans with all prior trap and ***Th-based export measurements (Figure 1; see Table S1 for data compila-
tion). Using Fe inventories that were determined quasi-simultaneously with Fe export, we derive over 100
new estimates of 7;,, from the upper 250 m (see Table S2 for data compilation). We also put constraints on
T4iss With respect to its removal via particle export.

2. Materials and Methods

2.1. Biogeochemical Provinces

The study sites (Table 1) are grouped geographically and according to their biogeochemical Longhurst
Provinces (Longhurst, 2007). Our assessment covers bloom and non-bloom periods in the high latitude
(>45°) North Atlantic or HLNA (gray, Figure 1), in the coastal waters of the Pacific and Atlantic (pink)
and in the sub-Antarctic (black). Locations at low latitudes that are not classified as coastal are split into
intermediate (<500 km offshore, blue) and gyre (>500 km offshore, white) regions.

2.2. **Th Analyses and the **U-**Th Disequilibrium Method

234Th (half-life ~ 24 days) is a highly particle reactive radioisotope, while its parent ***U (half-life ~ 4.5 billion
years) behaves conservatively in the ocean with respect to salinity. If no processes sufficiently perturb the
2381.234Tn system, the activities of the parent and daughter isotopes are equal. In the surface ocean, how-
ever, >**Th attached to rapidly sinking particles can leave a deficit of >**Th with respect to 2**U if this process
is faster than 2**Th can be replenished by in situ **U decay. The magnitude of this deficit reflects the net
particulate export of **Th. The total export flux of Fe (F,,) can be determined by multiplying the
Fe:***Th ratio (moles L™":decays per minute L™") on large or “sinking” particles (Bishop et al., 1977) at a
given depth z and the integrated flux of ***Th at that depth.

The 2**Th data and their collection have been described (Black et al., 2018; Lemaitre et al., 2018; Owens
et al., 2015). Sinking particulate ***Th was collected on pre-filters, >51 um for U.S. GEOTRACES and
>53 um for GEOVIDE. Total 234Th was collected with Niskin bottles (Pike et al., 2005). Total 23U was
derived from salinity (Owens et al., 2011). Steady-state assumptions were made, and lateral advection of
3%Th was determined to be negligible when these calculations were possible (e.g., along transects where a
234Th gradient and current speeds could be determined) or where prior studies had already indicated that
these assumptions were valid (Black et al., 2019; Lemaitre et al., 2018; Owens et al., 2015). For the new loca-
tions in this study, upwelling was a significant factor for the coastal region of the Pacific campaign only, and
the appropriate adjustments were made (Black et al., 2018).

2.3. Fe Analyses

The sample collection and analytical procedures used for particulate and dissolved Fe are detailed where
they are publicly available for the U.S. GEOTRACES campaigns TN303, KN199-04, and KN204-01 (see
Data Availability Statement and Text S2). In short, particulate material was collected with 51 pm polyester
mesh prefilters (>51 um “sinking” fraction) and 0.8 um polyethersulfone membrane filters (0.8-51 pwm “sus-
pended” fraction). Dissolved Fe (<0.2 um) samples were collected using either the Geofish towed system (2-
3 m depth samples, Bruland et al., 2005) or Teflon-lined GO-FLO samplers deployed on the U.S.
GEOTRACES clean CTD rosette (sample depths greater than ~20 m, Cutter & Bruland, 2012). The total
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inventory of Fe for the upper 100 m and 200 m was determined by linearly interpolating the concentration of
Fe in each size fraction at 1-m intervals (i.e., sinking, suspended, and dissolved) and summing all phases
throughout a given depth region. Most particles in the 0.2 to 0.8 um size range are likely not captured by
these sampling protocols, which were set up to optimize collection and particle distribution on 142 mm-
diameter filters. Therefore, the particulate Fe inventory and resulting total Fe inventory could be slightly
underestimated. Sample processing during the GEOVIDE campaign was performed similarly and in accor-
dance with GEOTRACES recommendations (see Text S2).

Fe export fluxes (F) were determined in this study using the **U-2**Th method, and prior estimates were
compiled from studies utilizing sediment traps or the **U-***Th method in the upper 300 m (Tables 1 and
S1). Export-based residence times for prior studies were calculated where some combination of particulate
and dissolved Fe inventories was available at a given location close to the sampling period of the export mea-
surement (bolded studies, Table 1). If total Fe inventories were calculated from individual, published parti-
culate and dissolved inventory datasets, the studies were cited in Table 1. Where sediment traps were used,
the Fe inventories have been calculated from surface to the trap depth and the residence times determined
accordingly. At a couple of locations (e.g., Bowie et al., 2015; Lemaitre et al., 2016), the traps were located
below the inventory measurements (e.g., mixed layer inventory measured to 123 m and sediment trap
deployed at 200 m), and the measured inventories were extrapolated to cover unquantified inventory gap.

It is important to note that the lateral movement of dissolved Fe over annual timescales can be an additional
sink (or source) of Fe that would increase (or decrease) the calculated loss of Fe and shorten (or lengthen) the
residence times calculated here. In the Peruvian coastal region, for example, an offshore flux of
~1 umol m™2 day ' (adapted from Sanial et al., 2018) is not substantial compared to the F,, of
61 umol m™2 day™' found in the coastal region. However, for the region just offshore (F,, of
3 umol m~2 day ™), the lateral flux is significant. Although these boundary zones are likely narrow, as evi-
denced by dissolved Fe concentrations rapidly decrease past shelf breaks (Bruland et al., 2005; Kudela
etal., 2006), the one-dimensional determination of z,,, with respect to particulate export should be considered
an upper limit (longest possible 7) at these coastal-intermediate boundaries, where lateral influences may be
important.

2.4. Export Flux Composition

The different fractions of the total export flux of Fe were determined sequentially. First, the fraction of Fy,,
that could be attributed to the sinking of organic matter (F;,) was determined by multiplying the Fe:P ratio
of bulk phytoplankton, commonly ~0.005 mol mol™* (Ohnemus et al., 2016; Twining et al., 2011; Twining &
Baines, 2013), or a locally applicable ratio (Twining et al., 2004) by the flux of phosphorus measured at a given
depth (see section 2.4.2). Second, the lithogenic flux of Fe (Fj;,) was determined by multiplying a locally
derived aerosol Fe:Al (Buck et al., 2019; Gautier et al., 1990; Gunn et al., 1970; see Table S2) by the large par-
ticle concentration to activity ratio of Al:***Th and the ***Th flux at a given depth (Mclennan, 2001). The
North Pacific equatorial zone was the only location (n = 1) where the average upper continental crust
(UCC) ratio of 0.21 mol mol™" was used. Since Fj,; was less than F,, at nearly all locations (see
section 2.4.1) and the observed Fe:Al on large or sinking particles was greater than the UCC or the locally
derived Fe:Al (i.e., from aerosol or mineral analyses), F,,, generally included some fraction of Fe from bio-
genic and authigenic sources. In the few cases where Fy;, + Fp;, Was greater than F,,,, the F;,;, was set to
For minus Fp;, (i.e., no Fuy, present) and Fyyy, should be considered an upper limit. Otherwise, after Fy;,
and Fj;, were considered, the remainder of F,,, was assumed to be authigenic in origin, formed by local abio-
tic sorption processes and/or precipitation of Fe oxyhydroxides. The sum of biogenic and authigenic Fe fluxes
is calculated as Fpioqauh = Fror — Flitn- Fpio Was the first phase determined, in part, because of the variability
and uncertainty associated with Fe:Al ratios. This calculation sequence guarantees that any exported phos-
phorus has a corresponding quantity of biological Fe associated with it, which is especially important when
Fpio < < Flitn-

2.4.1. Flith

Because Fjy, is a calculated quantity from Fe:Al, at some locations, the Fy;, was greater than F,,,, which was
directly measured. Of the ~300 Fj;;, determinations, 12% (n = 36) were greater than F,,,. Most of these loca-
tions (n = 27) were from this study's North Atlantic campaigns (GA03 and GEOVIDE), and the F;;, were
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higher by ~20%, on average. These higher Fj;;, could be due to variability in the Fe:Al ratio from continental
sources or the adsorptive scavenging of Al by biogenic particles (e.g., diatom frustules) (Barrett et al., 2018;
Gehlen et al., 2002; Middag et al., 2015). When Fj;;, was greater than F,, at the Atlantic locations, Fe:Al on
large particles ranged from 0.21 to 0.30 mol mol ™. These values fell between the UCC average (0.21) and
the local North Atlantic average aerosol Fe:Al ratio of 0.314 + 0.053 (Shelley et al., 2015). Ratios below the
local average could be a result of source variability and dust that did not originate from the Sahara-Sahel
region. The relative standard deviation of this Fe:Al compilation (17%), which includes direct measurements
from the GA03 campaign, suggests that most of the elevated North Atlantic Fj;;, component could be attrib-
uted to ratio variability alone and that an assumed uncertainty of 20% in the Fy;;, calculations would be
appropriate.

2.4.2. Fyio

Non-biogenic P could be present in exported particulate material, which could overestimate Fj;,.
Phosphorus derived from crustal sources was estimated, where large particle P:Al ratios could be deter-
mined, by multiplying a P:Al ratio of 0.0076 mol mol™* by the Al export flux (Taylor & McLennan, 1995).
The lithogenic P fraction was negligible compared to the total P exported at most locations (<2%) and did
not impact the calculation of biological Fe export from Fe:P ratios. The maximum lithogenic P contribution
to export was ~10% at a few stations in the Atlantic. To maintain consistency, the potential lithogenic P con-
tribution was not subtracted from P export before calculating the biological export flux of Fe. It is also impor-
tant to note that in some unusual instances, where Fe-oxyhydroxides are high (e.g., near the Peru margin),
adsorbed PO, can also be a significant fraction of particulate P (e.g., Lam et al., 2018).

While plankton Fe:P stoichiometries of ~0.005 mol mol™" are typical, taxonomic and regional differences
have been observed (Twining & Baines, 2013). We have taken a conservative approach here, using smaller
Fe:P ratios and reporting the resulting lower limits of Fp;, when applicable (see Table S1). Using prior ana-
lyses of phytoplankton functional groups (from pigment analyses) and Fe:P (from bulk particle and cellular
measurements), it was determined that a Fe:P of 0.005 was appropriate for the Atlantic and Pacific locations
in this study (Ohnemus et al., 2016; Twining et al., 2015). For a single study near the Crozet Islands
(Planquette et al., 2011), we did not calculate Fy;, using a Fe:P ratio. A weak acetic acid leach was used to
determine F};, directly. We have reported these direct estimates (Fp;o:Fyo ranges from 0.02% to 0.9%) with
our calculated Fy;,, but Planquette et al. (2011) note that the absolute F;, will likely be higher at this location
than determined with the leaching method.

Due to the inherent assumptions in these calculations, the Fp;, we report here should be considered in the
context of broad, regional patterns. We examined Fp;, at a total of 177 locations, including 108 locations with
associated 7. There was no difference between the average Fy;,:F,o; + 1 standard deviation (s.d.) for the 108
locations (5% + 8%) and for all locations (4% + 7%.) While Fp;,:F,, for all locations ranged from 0.02% to
59%, the low mean indicates that the remaining flux of Fe (F;;, + Fuu) is generally much larger than F;,
and local differences in Fe:P would not change the patterns observed in Fe residence times for the individual
fraction of Fe.

2.5. Residence Times of Particulate and Dissolved Fe

Using the export fractions detailed above, we define three additional 7, including the residence time of par-
ticulate lithogenic Fe (zj;,):

articulate inventory of Fe
Tlith = P 7 Y ; ©)
lith

and the upper (7giss pio) and lower (Tgiss bio+aurn) bounds of the residence time of dissolved Fe (74ss):

dissolved inventory

s )
F bio

Tdiss, bio —

dissolved inventory

5
Fauth + Fbio

Tdiss, bio + auth =

The residence time of lithogenic Fe would ideally be defined using only the particulate lithogenic Fe inven-
tory as the numerator in Equation 3, as it reflects the removal of the particulate lithogenic Fe inventory by
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the export of lithogenic Fe. However, since the relevant measurements to determine particulate lithogenic
Fe inventories are not always available and we cannot separate the different Fe fractions in these instances,
we use the full particulate Fe inventory in this study and the reported 7, should be considered an upper
estimate (i.e., longer residence time). Equation 4 represents the upper limit on 7, (longest possible 7)
and is the residence time of dissolved Fe with respect to removal by biological uptake and export of biogenic
particulate Fe. Conversely, Tg;ss pio-+qun 1S the lower limit on 7,5 (shortest possible 7) and represents the resi-
dence time of dissolved Fe with respect to removal by biological uptake, abiotic sorption, and precipitation
processes followed by the export of biogenic and authigenic particulate Fe. If authigenic Fe originated non-
locally, however, this would decrease the fraction of the observed F,,,,, that is locally derived, and the true
residence time would be longer.

As noted in section 2.3, the sampling procedures do not capture most small particles between 0.2 and 0.8 um,
and both 7, and the residence time of total Fe (z,,) incorporate a slightly underestimated particulate Fe
inventory. For 7y, this missing fraction is likely offset by the addition of non-lithogenic Fe in the particulate
inventory described above. At locations where authigenic Fe is an important part of the inventory, the authi-
genic Fe will probably dwarf any Fe in the missing small particle fraction, which is why 7;;, should generally
be regarded as an upper estimate. While we expect the Fe in the 0.2-0.8 pm particle fraction to be much less
than the dissolved Fe and >0.8 um particulate Fe inventories that combine for the total Fe inventory, the
underestimation could produce marginally shorter 7,,,. We anticipate that this underestimation is within
the current minimum uncertainty of 7,,, (~10%; see Text S2).

2.6. Ancillary Data

Net primary production (NPP) is from Carbon-based Production Model-2 outputs (Westberry et al., 2008)
derived from SeaWiFS (studies 1997 to mid-2002) or MODIS (studies after mid-2002) products. NPP was
determined for the 16 days prior to sampling using a weighted average of 8-day NPP products. For trap stu-
dies where average Fe fluxes were reported for a multi-day event, the average NPP used was from 16 days
prior to sampling to the last sampling day. No satellite products were available for comparison with Smith
et al. (2014) and the decadal SeaWiFS average for the 16 days prior to the sampling event was used instead
(1998-2007). Annual chlorophyll-a concentrations were determined with MODIS-Aqua products (0.083°
resolution, 2006 to 2016).

Annual and monthly dust fluxes were provided by Albani et al. (2014) and used to determine Fe inputs to the
surface ocean (Table 1). The upper continental crust concentration of Fe (3.5% by weight) (Rudnick &
Gao, 2014) was multiplied by the minimum and maximum dust flux estimate for the month prior to sam-
pling effort to determine the range in possible dust inputs of Fe predicted at a given location (0.94°N-S by
1.25°E-W resolution). When comparing Fe inputs and outputs (Table 1), it is important to note that modeled
dust fluxes can be one to two orders of magnitude less than measured fluxes (Winckler et al., 2008).

3. Results and Discussion
3.1. The Residence Time of Total Iron in the Upper Ocean Is Sub-Annual

We begin with an assessment of the residence time of total iron in the upper ocean. The full range in 7,,, from
this study is 1 day to 2.2 years (Figure 2) and the few previous estimates of 7,,, (n = 3) fall within this range
(Figure 3; Buck et al., 2010; Jickells, 1999). The median is 33 days, and the mean is 86 days. Sixty-seven per-
cent of 7y, from this study fall in a narrow, 10- to 100-day range (bolded lines, Figure 2), shorter than most of
the prior estimates of 7, which were almost all 74, (Figure 3). The small range of variability in 7. is surpris-
ing considering the diversity of methods, export depths, and locations represented in this dataset (Table 1).

By consolidating these estimates, we provide ocean models with a range in rate constants for Fe removal
(A0r), Which is defined as 1/7,,,. These first order rate constants represent the result of all Fe export and reten-
tion processes in the surface ocean. The range in 1,,, observed here (0.01-1 day’l) is remarkably similar to
the removal rate of bulk particles assuming average settling velocities of 10 to 150 m day ™" through the upper
250 m of the ocean (0.04-0.6 day ™) (McDonnell & Buesseler, 2010). Thus, A, can be used as an integrated
parameter in ocean models to test the combined rates of the individual processes driving carbon uptake and
Fe export in the global ocean.
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Estimates of 7,,, do not correlate strongly with source proximity (i.e.,
distance-to-coast, > = 0.12; Table S3) or indicators of phytoplankton
biomass (i.e., Chl-a, * = 0.14; Table S3) and do not change predicta-
bly between different regions (Figure 2). In contrast, Fe inventories
and F;, are better correlated with each other (total inventory
¥* = 0.48, dissolved inventory r* = 0.31; Figure 2), as are simulta-
neous measures of the export of particulate organic carbon (Fpoc)
and F,,, (¥ = 0.40). Due to the strong link between Fppoc and Fy,,
T,or has a positive log-log relationship with Fpoc (* = 0.30; see
Table S3 and Figure S2 for additional statistics, regressions, and resi-
dual results).

A regional examination of 7,,, and F,,, (Figure 2 and Table 2; addi-
tional details in Text S1 and Figure S3) shows that coastal locations

@® Coastal I ) X K
®  Subantarctic-Antarctic generally have the largest inventories of Fe and large F,,,, due to their
© High Lat. N.Atlantic proximity to dust and sediment sources, while the gyre locations have
O  Intermediate (<500 km) . i . K .

O  Gyre (>500 km) lower inventories, Fy,;, and Fppoc. As expected, intermediate locations

T

10-245
1005

Figure 2. Residence times of total iron. Residence times (diagonal lines) for this
study were determined using semi-simultaneously measured Fe inventories and
Fyo¢ at depths of 40 to 225 m. Most 74, (67%) range from 10-100 days (bold
diagonal lines), despite large differences in total Fe inventories (x-axis), F;or (V-
axis), predicted dust inputs (Table 1) and satellite-based NPP (Table 1).

10’

10"

have results that fall in between those from the coastal and gyre

102 10*%  10°  10%° - s : . -
regions. Considering the large range in Fe inventories, F,,, Chl-a,

Total Fe inventory (umol m-2) modeled dust inputs, collection methods (see Figure S4) and Fpoc

observed across these three regimes (Tables 1 and 2), as well as the
absence of a single driving factor for 7., it is notable that the majority
of 7;,, are narrowly confined from 10 to 100 days.

Conversely, results from the subantarctic high nutrient-low chloro-
phyll (HNLC) region cover the full range of F,,, and 7, (Figure 2).
The HLNA and subantarctic HNLC zone are unique ocean regions
known to be seasonally or persistently iron-limited, respectively (Moore et al., 2013). Mean dissolved Fe
inventories are lowest here (Table 2) and the export of Fe during short periods of intense removal (e.g.,
blooms) reaches rates that would be unsustainable over long periods, causing 7, to fall to ~1 day in locations
near the Crozet Islands (data in Table S2). On the other hand, 7,,, can be up to 2 years at other times or in
other locations, such as the subantarctic and Antarctic waters south of Tasmania (data in Table S2). These
latter situations likely represent typical, non-bloom conditions for the iron limited subantarctic region.
The mean 7y, of 169 days is significantly longer here than in any other zone and is outside of the 10- to
100-day range (Table 2). In fact, two thirds of the subantarctic locations have t,,, outside of this range
(<10 or >100 days). The extremely low Fe inventories found in these Fe-limited regions set the stage for sig-
nificant swings in 7,,, with even minute shifts in Fe inputs. These shifts in 7;,, from days to years could reflect
the response to intermittent, albeit small, Fe inputs, such as from dust or eddies (Measures & Vink, 2001),
and a tight coupling of the carbon and Fe cycles in these areas.

3.2. Timescales of Particulate and Dissolved Iron Cycling in the Surface Ocean

The fraction of the total export flux of Fe that is made up of each component is largest for Fj;;,, on average,
and smallest for Fy;,. Fy,; can be dominated by lithogenic Fe, even if the processes that package Fe into sink-
ing particles are strongly influenced by the actions of surface communities and correlated with Fpoc. This is
reflected in the average Fy;, (+ s.d.) for all locations equaling 66% + 30% of Fy,, (range = 2-100%). It is unsur-
prising then that in each of the five zones the average 7, is between 10 and 100 days, identical to the major-
ity of the 7,,, estimates (Table 2). The zonal medians are below 50 days (Table 2). At sites in the North
Atlantic and South Pacific where P and Al data exist for the full particulate inventory (i.e., all particle sizes,
n = 72), we can separate the lithogenic and bio-authigenic particulate Fe inventories and compare t;, cal-
culated with the total particulate inventory (Equation 3) to 7y, calculated with the particulate lithogenic
inventory only. The latter are 50% shorter, on average (Figure S5). Even though the 7, calculated using only
the particulate lithogenic inventory are shorter, 75% fall within 10 to 100 days, the same range as we see for
T,0r and Ty, calculated using the total particulate inventory.
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Figure 3. Compilation of iron residence times in the global ocean. Each symbol represents an estimate from a unique location or a depth layer (e.g., 500-5,000 m).
The upper x-axis lists the methods for determining 7, including direct measurements of inputs or processes (e.g., upwelling), models, and isotope tracer of dust and
scavenging (3322301, 7Be). Previously published upper ocean residence times (left and center panels) are generally 745 (squares) and restricted to the
Atlantic. This study quadruples the existing dataset, adding new export-based 7;,; (stars) and 7g;ss (right panel). These new 7 are from diverse regions and are
shorter, on average, than prior upper ocean estimates (center panel). Minimum 7,;5 and maximum tg;¢ are determined with respect to removal by biological
and abiotic processes (Fp;o+quth, Equation 5) and biological processes alone (Fp;,, Equation 4). Reference numbers are indicated along the upper axis (1-Bergquist
& Boyle, 2006; 2-Boyle et al., 2005; 3-Bruland et al., 1994; 4-Buck et al., 2010; 5-Croot et al., 2004; 6-Hayes et al., 2015; 7-Hayes, Anderson, et al., 2018; 8-
Jickells, 1999; 9-Kadko et al., 2019; 10-Moore et al., 2004; 11-Sarthou et al., 2003; 12-Tagliabue et al., 2016; 13-Ussher et al., 2013).

Although most particulate, lithogenic Fe passes relatively unaltered through the upper ocean, biological
and abiotic processes, such as uptake and precipitation, lead to exchange between the dissolved and par-
ticulate pools of Fe and the association of non-lithogenic Fe with sinking particles. The residence time of
dissolved Fe with respect to these authigenic and biological processes (Figure 4) indicates the removal
timescales of the more reactive and biologically accessible forms of Fe. Our upper ocean estimates of
Taiss i this study are generally on the order of months to a few years (far right panel, Figure 3;
Table 2), reflecting the wide range in inventories of dissolved Fe (x-axis, Figure 4), Fp;, (y-axis in right
panel, Figure 4), and Fpipaum (v-axis in left panel, Figure 4). In the sub-Antarctic, in particular, 7y
can vary over 4 orders of magnitude from 0.5 to >5,000 days (15 years). The North Atlantic gyre and sub-
antarctic locations with 74 > 10 years (n = 10, right panel, Figure 4) require further examination with
additional radioisotope systems that can capture these timescales (e.g., 2*°Th->*U). As such, the longest
234Th-derived 74, observed in these regions should be considered “apparent” residence times until
further constraint is possible.

BLACK ET AL.

90f17



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles

10.1029/2020GB006592

Table 2

Zonal Estimates of Export and Residence Time

Parameter Coastal Intermediate Gyre High latitude North Atlantic Sub-Antarctic-Antarctic

n 12-26 18-20 51-61 9 15-16
Mean total Fe inventory (umol m_z) 781 + 436 469 + 415 115 + 98 60 + 35 213 + 220
Mean dissolved Fe inventor%r (umol m_z) 139 + 143 57 + 33 40 + 34 26 + 13 29 + 18
Mean Fyp; (umol m™ 2 day ™) 57 + 46 21 +22 445 5+5 22 + 37
Mean Fpoc (pmol m™> day_l) 7+3 6+4 2+1 6+3 10+9
Mean Ty, (days) 20 + 23 42 + 43 60 + 66 33+41 169 + 239

n 12 17-19 50-57 9 11
Mean Fj;, (wmol m™2 day ) 28 + 21 20 + 22 2+4 342 21 + 27
Mean Fp;oquen (Wmol m ™2 day ™) 26 + 25 0.6 + 0.7 1+2 2+3 10 + 17
Mean Fj;, (wmol m™2 day ™) 0.8+13 0.3 + 0.4 0.1+0.1 0.4 +03 0.1+0.1
Mean 7, (days) 92 + 223 35+ 32 88 + 96 28 + 36 82 + 168
Median 7y, (days) 21 20 47 12 15
Mean Tgjgs bio+auth (years) 3+6 2+3 2+3 0.1 +0.2 0.1+0.2
Median 7gigs bio+auth (Years) 0.03 0.26 0.12 0.09 0.04
Mean tgiss pio (years) 445 3+5 4+6 04+ 04 4+5
Median 7g;g pio (Years) 2 1 2 0.2 1

Note. Residence times were determined at each individual location using semi-simultaneously measured Fe inventories and export fluxes at depths ranging from
40 to 225 m. Because the zonal residence times are averages of residence times for individual locations, the mean total inventory divided by the mean F;,; will not
equal the mean residence time. Means are reported + 1 standard deviation. Fpo( is the export flux of particulate organic carbon. See Figure S1 for a summary
schematic combining data from Figure 4 and Table 2. Note that 74 i, for the sub-Antarctic is likely an overestimate because seven of the 11 Fj;, were deter-

mined using a weak acid leach noted to underestimate Fp;, (Planquette et al., 2011).
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Figure 4. Residence times of dissolved iron. Upper ocean residence times (diagonal lines) for this study were determined
using semi-simultaneously measured dissolved Fe inventories, Fe export (Fy), and element ratios from sinking particles
(i.e., Fe:P and Fe:Al). The minimum (left) and maximum (right) bounds on the residence time of dissolved Fe are shown
with respect to Fe removal via biological and authigenic Fe export (left, 7p;o+qus) and via biological processes only (right,
Tpio)- In the left panel, the marker diameter represents Fpjo4qush: Fror OF the percentage of the total Fe export that is

biological Fe or authigenic Fe. In the right panel, the marker diameter is Fp;o:F;o;. The data shown (n = 99 for each

panel) represent the locations where Fp;, and Fp;o4qusn are calculable. Due to the sequence of determination for the flux
fractions, estimates of F,, are the most uncertain and in some cases are zero.
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A generally longer residence time for the (potentially) more reactive fraction of the Fe pool (i.e., dissolved
Fe) could seem counterintuitive, at first. However, the export of biological Fe makes up less than 5%, on
average, of the total Fe flux out of the upper ocean (s.d. = 8%; circle diameter, right panel, Figure 4) and
the dissolved inventory is ~30% of the total inventory. The much smaller F;,:F,,, means that the average
Taiss,bio 18 Significantly longer than t,,, (Figure 4). The generally long ;s pio, relative to 7, indicate that
the rate constant for the removal of dissolved Fe from the surface ocean via biological processes is much
smaller than that for the sum of all processes removing all forms of Fe. Virtually all the 745 pio (95%,
Table S2) fall between 20 days and 20 years, and most zonal averages (and medians) are between 1
and 4 years (Table 2).

Thirty-four percent of the paired Fj;, and F,,;, estimates show essentially no authigenic Fe (Fyio = Fpiotauth
or Fyum:Fror < 0.01), and these locations are predominantly in the North Atlantic where Fj;;;, dominates Fy,;.
However, F,,,, can make up 44% of F,, and is 85% of the Fp;o4 qum, ON average, when present and determin-
able. Higher authigenic percentages are most often found at Pacific and subantarctic locations. These results
and those for Fj, illustrate that lithogenic and authigenic Fe collectively represent the largest phases
responsible for Fe export globally from the upper ocean. The abiotic cycling of lithogenic and authigenic
Fe sets the particulate inventories, export fluxes, and 7, that we observe in the surface ocean. While the bio-
logical utilization of the dissolved Fe inventory and its retention in the surface ocean is of utmost interest to
ocean biogeochemists and of immediate relevance to climate modelers, it is vital to determine whether the
authigenic Fe is derived from in situ abiotic processes that remove dissolved Fe, thereby affecting 7, or if it
is formed elsewhere in the water column (e.g., at boundaries of low oxygen environments or estuaries) or
external to the ocean (e.g., from weathering processes or as Fe coatings on dust) and being delivered to
the sites in question.

3.2.1. Export-Based 745 in Context

Prior input-based studies of 7,4, were conducted almost exclusively in the North-Central Atlantic Ocean
(gray, Figure 3), an extremely dusty corridor whose typical surface ocean conditions likely do not represent
those found in most other basins. Previous studies from other areas of the ocean found longer 7, on aver-
age, than the sub-annual to annual 7, determined in this study (blue, yellow, and orange markers in
Figure 3). Much of what we previously thought about 7, from the rest of the world's oceans was based
on global model estimates (e.g., 0.6-3.7 years; Moore et al., 2004), and a few observation-based estimates
from the Pacific (0.5 to 17 years; Boyle et al., 2005; Hayes et al., 2015) and high latitude regions (1 to
>10 years; Kadko et al., 2019; Ussher et al., 2013). Regardless of basin, most studies to date have used some
measure of dust inputs or aerosol-related methods to quantify residence time (e.g., direct collection, "Be, and
232Th-2%Th; Figure 3). Dust-based methods may inherently underestimate Fe inputs to a region that
receives substantial sediment-sourced input fluxes, and so input-based residence times could appear longer
than export-based estimates from the same region. Furthermore, model-based estimates of dust fluxes are
thought to underestimate true dust inputs in some regions of the global ocean (e.g., the Equatorial Pacific;
Winckler et al., 2008), which would also create longer apparent residence times for Fe. Nevertheless, this
does not seem a likely explanation for the comparatively longer, measurement-based residence times pre-
viously determined for the central Pacific and other factors likely play a more important role in the apparent
offset in 7. Unfortunately, the limited number of historical data points prevents a more rigorous, global
method comparison outside of the North Atlantic.

Ideally, dust and export measurements used for residence time estimates would capture conditions or events
that are representative of a part of the ocean for a given timescale of interest (e.g., seasonally or annually).
However, a local productivity bloom could lead to rapid export of Fe, and a storm-related dust delivery could
introduce a substantial amount of new Fe to the upper ocean in a single day. If a study captures a high input
or output event and the location is never revisited, the residence time determined for this region might not
represent average conditions over annual timescales, for example. Now with an abundance of multi-method
data for the North Atlantic, the existing range in regional and temporal conditions is clearly visible and the
Taiss found in this study overlap quite well with previous 7, estimates from the Atlantic (gray, Figure 3).
With only the prior data outside of the North Atlantic, we could not assess this natural variability, and per-
haps, some of the longer historical estimates of 74 simply captured atypical conditions for their region.
Conversely, in the Arctic Ocean, the authors of a “Be atmospheric input-based study attributed their abnor-
mally long 7,4 (yellow, center panel, Figure 3) to additional inputs from the transpolar drift (Kadko

BLACK ET AL.

11 of 17



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006592

et al., 2019). These 7,45 could very well be the typical conditions for the central Arctic, but until an alternate
method is utilized in this region, we cannot know how normal or atypical these longer 7,4;;; may be in the
Arctic or elsewhere. The overlap between prior and new 7, from the North Atlantic is encouraging, espe-
cially with the diversity of methods employed; however, far too many data gaps still exist (e.g., in the Indian
Ocean, North Pacific, and the Arctic Ocean; Figure 1), and this data compilation shows that a single time
point estimate covering thousands of kilometers of ocean could considerably misrepresent the typical con-
ditions of a given region.

4. Conclusions: Insights Gained and Future Directions

GEOTRACES-based synthesis efforts like this one help to close the gap between our observational- and
model-based understanding of global Fe cycling by bringing together prior and new results with which to
test and improve ocean models. A robust finding from our synthesis covering a wide range of Fe sources
and biogeographical provinces is that the export flux of particulate Fe from the upper ocean scales with
the inventory of Fe above the depth of export. Consequently, 7, is relatively invariant among these regions
(67% of results fall between 10 and 100 days) despite a range of Fe inventories that span more than two orders
of magnitude. Furthermore, the rate constant for export of total Fe (4,,), the inverse of 7, and a parameter
to be coded into ocean biogeochemical models, is now well constrained (0.01-1 day~*) for much of the global
ocean, the exception being the sub-Antarctic. The time scale for the export of total Fe is similar to that for the
export of total particulate matter, and thus, future investigation of the factors regulating A for particle aggre-
gation and sinking through the upper water column, for example, using multiple Th isotopes (e.g.,
2347h-238Y, 228Th-??8Ra, and 230Th-234U) (Hayes, Black, et al., 2018), will lead to both more precise and
mechanistic constraints on the conditions that regulate Fe cycling in the upper ocean.

Within the global data set studied here, the residence time of dissolved Fe (z4;,) exhibits a greater range of
variability than for total Fe. One factor contributing to this variability may be the assumption of steady state
used to derive 7,4, from measured inventories and export fluxes. Time series studies long enough to sample
across natural variability of dissolved Fe supply and removal processes will be necessary to define non-steady
state conditions that may contribute to the apparent variability of 7. Variability of local environmental
conditions, such as the dissolved Fe to nitrate ratio, may also contribute to the apparent variability of 7.
For example, recent studies indicate that marine microbes can upregulate genes to produce ligands with
stronger Fe-binding constants when other conditions, such as an abundance of macronutrients (e.g.,
nitrate), favor Fe retention and recycling within the euphotic zone (Boiteau et al., 2016, 2019). Future pro-
cess studies that combine radionuclide-based estimates of 7, like those employed here, measurements
of ligand composition and binding constants, and the tools of molecular biology (e.g., proteomics) that indi-
cate the response of organisms to their chemical environment, will help define the conditions under which
marine ecosystems expend the additional energy needed to retain and recycle Fe (Rafter et al., 2017). These
conditions are currently poorly constrained in global biogeochemical models.

Lastly, we note that the uncertainties in 7,5 can be reduced through additional investigation of two assump-
tions inherent in its derivation. First, the biogenic Fe content of particles used in our calculations is based on
measured cell quotas of Fe and P for a relatively small number of samples. Expanding the database of these
quotas to better establish their natural range and patterns of variability, and matching estimates of particu-
late biogenic Fe concentration to cell quotas determined concurrently with the biogenic Fe estimates, will
reduce the uncertainty in the derived biogenic Fe fluxes. Second, the inability to determine whether in situ
authigenic Fe originated locally (e.g., precipitation) or was transported (e.g., as Fe oxide coatings on dust)
imposes a large uncertainty in the actual time scale that dissolved Fe remains within the biologically active
upper ocean. Since authigenic Fe may constitute several tens of percent of the total particulate Fe in some
cases, identifying the source and bioavailability of particulate authigenic Fe would be a high priority for
future studies. Planning for studies such as those identified here can begin now, during the final years of
the global survey of the distribution of Fe and other trace elements in the ocean by the international
GEOTRACES program.

Conflict of Interest

The authors have no conflicts of interest.

BLACK ET AL.

12 of 17



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006592

Data Availability Statement

All original U.S. GEOTRACES data are available through the Biological and Chemical Oceanography Data
Management Office (BCO-DMO) and derived data compilations of new and prior datasets have been made
available in the supporting information. The BCO-DMO websites listed below include all the metadata and
relevant links. To reach the data page for each, either scroll down to the “Data URL” link on the main page
or simply add “/data” to the BCO-DMO http listed below (e.g., http://lod.bco-dmo.org/id/dataset/3662/
data). The following were used to determine new iron export and residence times for TN303, KN199-04,
and KN204-01:

Boyle, E. (2013), Bottle data along with US GEOTRACES North Atlantic Transect from the R/V Knorr
KN204-01 cruise in the subtropical N. Atlantic during 2011 (U.S. GEOTRACES NAT project). Biological
and Chemical Oceanography Data Management Office (BCO-DMO). Dataset version 2013-02-13. http://
lod.bco-dmo.org/id/dataset/3662 [last access: 2018-06-12].

Buesseler, K., Charette, M. and Moore, W. (2018), Particulate Th-234 from in-situ pumps, including large
size fraction (>51 pwm) and small size fraction (1-51 um), from R/V Thomas G. Thompson cruise TN303 in
the Eastern Tropical Pacific in 2013 (U.S. GEOTRACES EPZT project). Biological and Chemical
Oceanography Data Management Office (BCO-DMO). Dataset version: 2018-04-20. http://lod.bco-dmo.
org/id/dataset/643316 [last access: 2018-06-04].

Buesseler, K., Charette, M., & Moore, W. (2017), Water-column total Th-234 and U-238 from R/V Thomas
G. Thompson cruise TN303 in the Eastern Tropical Pacific in 2013 (U.S. GEOTRACES EPZT project).
Biological and Chemical Oceanography Data Management Office (BCO-DMO). Dataset version: 2017-01-
27. http://www.bco-dmo.org/dataset/643213 [last access: 2018-06-04].

Buesseler, K. (2013), Particulate Thorium-234 from in situ pumps from R/V Knorr cruises KN199-04 and
KN204-01 in the Subtropical northern Atlantic Ocean from 2010-2011 (U.S. GEOTRACES NAT project).
Biological and Chemical Oceanography Data Management Office (BCO-DMO). Dataset version: 2013-03-
06. http://lod.bco-dmo.org/id/dataset/3835 [last access: 2018-06-04].

Buesseler, K. (2013), Water-column total Thorium-234 and Uranium-238 from R/V Knorr cruises
KN199-04 and KN204-01 in the Subtropical northern Atlantic Ocean from 2010-2011 (U.S. GEOTRACES
NAT project). Biological and Chemical Oceanography Data Management Office (BCO-DMO). Dataset ver-
sion: 2013-03-05. http://lod.bco-dmo.org/id/dataset/3836 [last access: 2018-06-04].

John, S. (2016), Dissolved Fe, Zn and Cd concentrations and isotope ratios from R/V Knorr KN199-04,
KN204-01 in the subtropical North Atlantic Ocean from 2010-2011 (U.S. GEOTRACES NAT project).
Biological and Chemical Oceanography Data Management Office (BCO-DMO). Dataset version 2016-11-
30. http://lod.bco-dmo.org/id/dataset/3840 [last access: 2018-06-04].

Lam, P. (2017), Size-fractionated major and minor particle composition and concentration collected from
RV Thompson (TN303) along the US GEOTRACES EPZT transect in the Eastern Tropical Pacific during 2013
(US GEOTRACES EPZT project). Biological and Chemical Oceanography Data Management Office (BCO-
DMO). Dataset version: 2017-01-03. http://lod.bco-dmo.org/id/dataset/668083 [last access: 2018-06-04].

Lam, P. (2014), Size-fractionated major and minor particle composition and concentration from R/V
Knorr KN199-04, KN204-01 in the subtropical North Atlantic Ocean from 2010-2011 (U.S. GEOTRACES
NAT project). Biological and Chemical Oceanography Data Management Office (BCO-DMO). Dataset ver-
sion: 2014-12-12. http://lod.bco-dmo.org/id/dataset/3871 [last access: 2018-06-04].

Sedwick, P. and Resing, J. (2016), Water-column dissolved iron (Fe) concentrations for major stations
occupied during U.S. GEOTRACES EPZT cruise (R/V Thomas G. Thompson TN303) from October to
December 2013; post-cruise analyses conducted at Old Dominion University. Biological and Chemical
Oceanography Data Management Office (BCO-DMO). Dataset version 2016-12-19. http://lod.bco-dmo.
org/id/dataset/670285 [last access: 2018-06-04].

In addition to published dissolved and particulate Fe data, from Tonnard et al. (2020) and Gourain
et al. (2019) respectively, the following was used to determine new iron export and residence times for
GEOVIDE:

Lemaitre, N. (2017), Multi-proxy approach (234Th, Baxs) of export and remineralization fluxes of carbon
and biogenic elements associated with the oceanic biological pump. Universite de Bretagne Occidentale.
NNT: 2017BRES0009. Tel-01578408. https://tel.archives-ouvertes.fr/tel-01578408/document [last access:
2020-02-27].
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