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1. Introduction
Iron is an essential micronutrient for marine phytoplankton, and dissolved iron (DFe) supply regulates primary 
production and nitrogen fixation over large areas of the surface ocean (Boyd & Ellwood,  2010; Kustka 
et al., 2002; Martin et al., 1991; Moore et al., 2013; Wen et al., 2022). A primary source of DFe to open-ocean 
surface waters is deposition and partial dissolution of mineral aerosols (dust), and considerable effort has been 
directed at quantifying the air-to-sea fluxes and seawater solubility of aerosol iron (Hamilton et al., 2022; Jickells 
et al., 2005; Mahowald et al., 2018; Sholkovitz et al., 2012; Tagliabue et al., 2017). Recent work has also focused 
on estimating the replacement time of DFe in surface ocean waters with respect to the aeolian input; that is, the 
surface-ocean inventory of DFe divided by the atmospheric input of seawater-soluble iron. If calculated over 
timescales for which a system approaches steady state, and assuming atmospheric input is the major DFe source, 
then this replacement time is equivalent to the residence time of DFe in the surface ocean (Black et al., 2020; 
Hayes et al., 2015, 2018; Kadko et al., 2019). Importantly, the replacement time of DFe modulates the concen-
tration of this micronutrient in the euphotic zone, and thus the propensity for iron availability to regulate primary 

Abstract Constraining the role of dust deposition in regulating the concentration of the essential 
micronutrient iron in surface ocean waters requires knowledge of the flux of seawater-soluble iron in aerosols 
and the replacement time of dissolved iron (DFe) in the euphotic zone. Here we estimate these quantities 
using seasonally resolved DFe data from the Bermuda Atlantic Time-series Study region and weekly-scale 
measurements of iron in aerosols and rain from Bermuda during 2019. In response to seasonal changes in 
vertical mixing, primary production and dust deposition, surface DFe concentrations vary from ∼0.2 nM in 
early spring to >1 nM in late summer, with DFe inventories ranging from ∼30 to ∼80 μmol/m 2, respectively, 
over the upper 200 m. Assuming the upper ocean approximates steady state for DFe on an annual basis, our 
aerosol and rainwater data require a mean euphotic-zone residence time of ∼0.8–1.9 years for DFe with respect 
to aeolian input.

Plain Language Summary Primary production by phytoplankton in ocean surface waters is 
the foundation of the marine ecosystem, and plays a key role in maintaining the ocean-atmosphere balance 
of carbon dioxide, which regulates global climate. Iron is an essential micronutrient that is required by 
phytoplankton, and the availability of dissolved iron (DFe) is thought to limit phytoplankton growth over large 
areas of the ocean. In this context, it is important to constrain the sources and persistence of DFe in surface 
ocean waters, which control the amount of DFe that is available to support phytoplankton growth. This study 
focuses on the Bermuda region of the North Atlantic Ocean, where deposition of airborne soil dust is the major 
source of DFe to surface waters. By combining measurements of the atmospheric loading and solubility of iron 
in soil dust over Bermuda with measurements of DFe in adjacent ocean waters over a full year, we are able to 
estimate the rate of supply of DFe from dust deposition in this region, as well as the average time that this DFe 
persists in the surface ocean. The latter, termed the DFe replacement time, is around 1 year, which agrees well 
with recent estimates from comparable ocean regions.
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production in ocean ecosystems. Moreover, empirical estimates of DFe replacement time provide a robust 
constraint on  the veracity of numerical models of the ocean iron cycle (Tagliabue et al., 2016).

One strategy for deriving such information is to combine estimates of atmospheric deposition of iron and other 
input fluxes with water-column inventories of DFe and other tracers in specific oceanic locations, which has 
yielded surface-ocean DFe replacement times ranging from months to decades (e.g., Boyle et al., 2005; Croot 
et al., 2004; Hayes et al., 2015; Jickells, 1999; Kadko et al., 2019; Ussher et al., 2013). However, these studies 
have thus far lacked direct estimates of soluble iron deposition over periods comparable to the replacement time 
of DFe, which should provide a stronger constraint on the relationship between aeolian input and water-column 
inventory. We apply this approach using seasonally resolved measurements of DFe in water column samples 
collected from the Bermuda Atlantic Time-series Study (BATS) region during 2019 along with measurements 
of iron in aerosols and rainwater collected on Bermuda over the same time period, to probe the dynamics of 
DFe in the western subtropical North Atlantic Ocean (Sargasso Sea). Our data reveal substantial seasonal 
variations in the DFe inventory of the euphotic zone, consistent with previously reported data from this ocean 
region (Hatta et al., 2015; Middag et al., 2015; Sedwick et al., 2005, 2020; Wu & Boyle, 2002), indicating that 
the system is not in steady state over sub-annual timescales. However, those data also reveal that the seasonal 
progression of DFe concentrations in surface waters of the BATS region is relatively consistent, implying that the 
upper-ocean DFe inventory is close to steady state from year to year. If so, then our data can be used to estimate 
an “annualized-average” replacement time, or mean residence time, for DFe in the upper water column of the 
BATS region. Our results agree with several recent studies that have estimated a replacement time on the order of 
1 year for DFe in surface waters of the subtropical oceans.

2. Methods
2.1. Collection and Processing of Water-Column Samples

As part of the Bermuda Atlantic Iron Time-series (BAIT) project, GEOTRACES Process Study GApr13, 
water-column samples for trace metal measurements were collected from the BATS site (31°40′N, 64°10′W) 
and adjacent BATS spatial stations (Figure 1) during cruises in March (spring), May (early summer), August 
(late summer) and November (fall) 2019 aboard RV Atlantic Explorer and RV Endeavor. Seawater samples and 
hydrographic data were collected using a trace-metal clean conductivity-temperature-depth sensor (SBE 19 plus, 
SeaBird Electronics) mounted on a custom-built trace-metal clean carousel (SeaBird Electronics) fitted with 
custom-modified 5-L Teflon-lined external-closure Niskin-X samplers (General Oceanics) and deployed on an 
Amsteel non-metallic line (Sedwick et al., 2022). On the August cruise, we also collected near-surface samples 
(∼1 m depth) in a Niskin-X sampler deployed from an inflatable dinghy ∼500 m upwind of the research vessel, 
to avoid contamination from the ship. After recovery, the seawater samples were filtered through pre-cleaned 
0.2-μm pore AcroPak Supor filter capsules (Pall) using filtered nitrogen gas inside a shipboard clean laboratory 
(Sedwick et al., 2020, 2022). For DFe analysis, filtrate was collected in acid-cleaned 125 mL low-density poly-
ethylene (LDPE) bottles (Nalgene) and acidified to pH 1.7 post-cruise by addition of 6 M ultrapure hydrochloric 
acid (Fisher Optima).

2.2. Collection and Processing of Aerosol and Rain Samples

As part of the BAIT project, we also collected composite samples of bulk aerosol and rainwater atop the 23-m 
height sampling tower at Tudor Hill, Bermuda (32°15.9′N 64°52.6′W, Figure 1), on an approximately weekly 
basis from November 2018 through March 2020, bracketing the four project cruises. Aerosols were collected 
with a high-volume sampler on acid-cleaned Whatman-41 cellulose filters (20 μm nominal pore size), which 
collect particles as small as 1 μm with >90% efficiency (e.g., Stafford & Ettinger, 1972). The coastal Tudor 
Hill site faces into the prevailing southwesterly winds (Sorooshian et al., 2020), so aerosols were only collected 
during winds >1 m s −1 from 210° to 315° in order to avoid local sources. Sample filters were stored in zip-lock 
polyethylene bags in a vacuum desiccator. For analysis of “total aerosol iron”, portions of the aerosol sample 
filters were digested with a mixture of ultrapure concentrated nitric and hydrofluoric acids and hydrogen perox-
ide (Fisher Optima) in Teflon vessels (Morton et al., 2013), using a microwave heating system (CEM MARS 6), 
then evaporated on a hot plate and diluted to volume with 2% (v/v) ultrapure nitric acid. Replicate portions of the 
aerosol filters were also subjected to a flow-through leaching procedure modified from Buck et al. (2006) using 
250 mL of high-purity deionized water (DIW, Barnstead Nanopure, >18.2 MΩ-cm resistivity), and the leachate 
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acidified to 0.4% (v/v) with 6 M ultrapure hydrochloric acid (Fisher Optima) for analysis of “DIW-soluble aero-
sol iron” (FeS-DIW); the same filter portions were then subjected to a batch leach procedure modified from Kadko 
et al. (2019) using 25% acetic acid (HOAc, Fisher Optima) and 0.02 M hydroxylamine hydrochloride (Sigma) 
at 90°C, and the supernatant leachate evaporated and then diluted in 2% ultrapure nitric acid (Fisher Optima) 
for analysis of “HOAc-soluble aerosol iron” (FeS-HOAc). Rainwater samples were collected in acid-cleaned 2-L 
wide-mouth fluorinated high density polyethylene bottles (Nalgene) using an automatic rain sampler (N-Con 
Systems ADS 00–120); the rain samples were subsequently acidified to 0.4% (v/v) with 6 M ultrapure hydro-
chloric acid (Fisher Optima) in these bottles, and then after 2 months the acidified, unfiltered samples were trans-
ferred into acid-cleaned 125 mL LDPE bottles (Nalgene) for analysis of “total-dissolvable Fe” (TDFe; Sedwick 
et al., 2007). Field blanks for the aerosols (an acid-cleaned filter) and rainwater (125 mL ultrapure DIW) were 
deployed on the Tudor Hill tower and processed in the same manner as samples, but without operating or opening 
the aerosol or rain samplers, respectively.

2.3. Iron Measurements in Water-Column, Aerosol and Rain Samples

Dissolved iron was determined in water-column samples using inductively-coupled plasma mass spectrometry 
(ICP-MS, Thermo Fisher Scientific ElementXR) with in-line separation-preconcentration (Elemental Scientific 

Figure 1. Study region showing locations of Bermuda Atlantic Time-series Study (BATS) site (station 7) and adjacent BATS 
spatial stations where water-column samples were collected, and Tudor Hill on Bermuda where aerosols and rainwater were 
collected (map courtesy of Paul Lethaby).
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SeaFAST SP3) modified after Lagerström et al. (2013). Analytical precision is estimated at better than ±10% 
(one sigma) for DFe >0.2 nM, with a limit of detection estimated at 0.05 nM. Iron was determined in aerosol 
digest solutions, aerosol leachate solutions and acidified rainwater by ICP-MS without preconcentration, with 
analytical precision estimated at better than ±25% (one sigma) for total aerosol iron, TDFe in rain, and soluble 
iron in aerosols and rain. Estimated limits of detection were 0.159, 0.011, and 0.011 μmol per filter, for total aero-
sol iron, DIW-soluble aerosol iron and HOAc-soluble aerosol iron, respectively, and 0.002 nmol per sample for 
TDFe in rainwater. Further details of the analytical methods are provided in Supporting Information S1.

3. Results and Discussion
3.1. Seasonal Changes in DFe Inventory of the Upper Water Column

The BATS site is located at the northwestern extent of the North Atlantic Subtropical Gyre, and is subject to 
deep convective mixing that ranges from 100 to 400 m, which commences in the late fall and continues through 
early spring, when biological production is typically highest (Lomas et al., 2013). The upper water column then 
warms and stratifies during the spring, resulting in a shallow (<50 m), oligotrophic surface mixed layer during 
summer (Lomas et al., 2013; Steinberg et al., 2001; Tin et al., 2016). This and the elevated deposition of North 
African mineral aerosols during the summer months (Jickells, 1999; Prospero et al., 2002) results in a pronounced 
seasonal variation of DFe in the upper water column: biological uptake and scavenging result in uniformly low 
concentrations in winter-early spring, after which aeolian DFe accumulates from spring through late summer 
as the mixed layer shoals, then concentrations decrease in the fall as convective mixing commences (Sedwick 
et al., 2005, 2020; Wu & Boyle, 2002).

This seasonal pattern is evident in the DFe data from our four BAIT cruises (Figure 2), with surface concen-
trations ranging from ∼0.1–0.2 nM in March to ∼0.7–1.5 nM in August, as mixed layer depths shallowed from 
∼150–200  m to ∼10–30  m. These seasonal changes correspond to a nearly three-fold variation in the DFe 

Figure 2. Dissolved iron (DFe) concentration profiles from BATS spatial stations (see Figure 1) during BAIT project cruises in (a). March 2019 (BAIT-I), (b). May 
2019 (BAIT-II), (c). August 2019 (BAIT-III), and (d). November 2019 (BAIT-IV). Mixed layer depths (MLD) shown at top.
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inventory of the upper water column (Table  1), which for the purpose of this study we define as the upper 
200 m (the maximum mixed layer depth observed during our four cruises), encompassing the depth range of the 
euphotic zone in the BATS region (e.g., Siegel et al., 1995). Our inventory estimates indicate that DFe is clearly 
not at steady state in the upper water column of the Sargasso Sea over seasonal timescales: input exceeds removal 
during the spring through late summer, whereas removal exceeds input during the fall through early spring. 
Nevertheless, water-column DFe data from the BATS region in preceding years (Hatta et  al.,  2015; Middag 
et al., 2015; Sedwick et al., 2005, 2015, 2020) reveal near-surface concentrations consistent with our BAIT data 
for early spring (∼0.2 nM), late summer (∼1 nM), and fall (∼0.5 nM), suggesting that the upper ocean does 
approximate steady state with respect to DFe inventory over annual timescales. With that assumption, estimates 
of the deposition of soluble aerosol iron over that same period, as described in Section 3.2, may be used to calcu-
late an annualized average replacement time for DFe in the upper water column of the BATS region.

3.2. Estimating Dry and Wet Deposition of Soluble Iron

Analyses of the bulk aerosols and rainwater collected on Bermuda allow estimates of the dry and wet deposition 
of soluble iron during each sampling interval. We calculate dry deposition of soluble aerosol iron from the atmos-
pheric loading of either FeS-DIW or FeS-DIW + FeS-HOAc, which likely bracket the proportion of total aerosol iron that 
is released as DFe in surface seawater (Ito et al., 2019; Shelley et al., 2018), multiplied by the aerosol deposition 
velocity and the duration of the sampling period. For deposition velocity we assume a value of 1 cm s −1, which 
is near the mean of values estimated for Bermuda (Arimoto et al., 2003; Kadko et al., 2020; Tian et al., 2008), as 
further discussed in Section 3.3. Wet deposition of soluble aerosol iron during each sampling period is estimated 
from the product of the TDFe concentration of rainwater, the corresponding rainfall amount, and the fractional 
solubility of aerosol iron during the sampling period calculated using either FeS-DIW or FeS-DIW + FeS-HOAc. This 
approach is based on previous data from the Bermuda region, which indicate that the ratio of dissolved- to 
total-dissolvable iron (DFe/TDFe) concentration in rainwater is generally similar to the fractional solubility of 
iron in contemporaneously collected aerosols (Sedwick et al., 2007); this notwithstanding the fact that TDFe 
concentrations can be substantially less than total iron concentrations in rainwater (Kim & Church, 2001; Tian 
et al., 2008). The thus estimated deposition of soluble iron for sampling periods from November 2018 through 
March 2020 (Figure  3) suggest that dry deposition dominates overall, as reported by some previous studies 
(Arimoto et al., 1995; Tian et al., 2008), although wet deposition dominates in late spring and late fall.

3.3. Estimating Replacement Time of Dissolved Iron in the Upper Water Column

If we assume that the upper water column in the BATS region is at steady state with respect to DFe over annual 
timescales, then an “annualized-average” replacement time—essentially a mean residence time—can be esti-
mated for DFe with respect to atmospheric deposition. This we calculate as the mean inventory of DFe over the 
upper 200 m from all sampling casts completed during the four BAIT cruises (Figure 2) divided by the annualized 
mean flux of soluble iron in aerosols and rain on Bermuda. The latter is calculated as the sum of dry and wet 
deposition of soluble iron (see Section 3.2 and Figure 3) over calendar year 2019 divided by the total duration 
of the aerosol sampling days during that year (318  days), noting that Hurricane Humberto and the resulting 
power outage interrupted sampling from 16 September through 21 October (that 5-week unsampled period is 
not included in our calculation of mean aeolian flux). These calculations yield mean residence times for DFe in 
the upper 200 m of 1.94 years if aeolian fluxes are estimated using DIW-soluble aerosol iron, or 0.80 years if 
aeolian fluxes estimated using DIW-soluble aerosol iron plus HOAc-soluble aerosol iron (Table 2). Implicit in 
these estimates is the assumption of regional coherence between atmospheric deposition on Bermuda and in the 
BATS region, which is supported by a previous comparison between contemporaneous aerosol samples collected 
from both locations (Sholkovitz & Sedwick, 2006). Our estimates also neglect aerosols deposited to the Bermuda 

Table 1 
Estimated Dissolved Iron (DFe) Inventories Over the Upper 200 m of the Water Column During the Bermuda Atlantic Iron Time-Series Cruises in 2019

Cruise BAIT-I BAIT-II BAIT-III BAIT-IV Overall mean

DFe inventory (μmol m −2) 28.1 ± 7.4 48.9 ± 17.5 84.1 ± 11.7 55.4 ± 2.1 54.1 ± 23.0

Note. Values represent mean ± one standard deviation of estimates for the three vertical DFe concentration profiles for each cruise (see Figure 2).
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region when winds were outside the prevailing direction of 210°–315°, which are not sampled at Tudor Hill (see 
Section 2.2).

As well as the estimated analytical uncertainties shown in Table 2, there are additional uncertainties in our replace-
ment time estimates that arise from the deposition velocity of aerosol iron, and the operational definitions of the 
fractional solubility of iron in aerosols and rainwater. For dry deposition velocity, Arimoto et al. (2003) suggest 
a value of 1 cm s −1 ± a factor of three for mineral dust and other supermicrometer particles not associated with 
sea salt, which is largely consistent with seasonally-resolved empirical estimates of 0.1–0.3 cm s −1 in summer 
and 2–6 cm s −1 in fall-winter using data from Bermuda (Tian et al., 2008). More recently, Kadko et al.  (2020) 
describe a global relationship between bulk deposition velocities estimated using beryllium-7 and rainfall rate, 
which yields an aerosol dry deposition velocity of 1.2  cm  s −1. Given that the latter value is based on average 
aerosol beryllium-7  activities and monthly average rainfall rates suggests that our assumed dry deposition velocity 
of 1 cm s −1 is reasonable. Between the two leaching methods used to estimate the fractional solubility of aerosol 
iron, the sub-annual mean residence time of DFe calculated using the sequential DIW and HOAc leaches is most 
consistent with our field observations. Indeed, the increase in the water-column DFe inventory from early spring 
through late summer, in apparent response to the seasonal increase in aeolian iron input, implies a DFe residence 
time of around 6 months.

Table 2 
Summary of Mean Replacement Time Estimate for Dissolved Iron (DFe) in the Upper Water Column

Using DIW-soluble Fe Using DIW + HOAc-soluble Fe

Annualized mean deposition of soluble Fe (μmol m −2 yr −1) 27.8 ± 7.0 a 68.0 ± 12.3 b

Mean DFe inventory over upper 200 m (μmol m −2) 54.1 ± 23.0 54.1 ± 23.0

Mean replacement time for DFe in upper 200 m (yr) 1.94 ± 0.95 b 0.80 ± 0.37 b

 aUsing an estimated one-sigma analytical uncertainty of 25% (see Section 2.3).  bCalculated by propagation of estimated analytical errors (Skoog et al., 2007).

Figure 3. Calculated deposition of soluble iron in aerosols and rainwater for each sampling period on Bermuda, using results 
for both DIW-soluble aerosol iron and DIW-soluble aerosol iron plus HOAc-soluble aerosol iron. Periods of BAIT cruises 
and power outage are indicated.
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It should also be noted that there is considerable variability in near-surface DFe concentrations at the submeso- 
to mesoscale in the Sargasso Sea during the summer (Sedwick et al., 2020), which adds uncertainty to our 
DFe inventory estimates, although our sampling at the BATS station (station 7 in Figure 1) as well as adjacent 
spatial stations during each cruise (e.g., see concentration differences in the upper 100 m in Figures 2b and 2c) 
likely dampens the impact of such lateral concentration gradients on the mean DFe inventories. However, 
it is conceivable that mesoscale eddies could provide a net source of DFe to the upper water column of the 
BATS region over seasonal to annual timescales (Conway et al., 2018; Sedwick et al., 2020), in which case 
our estimates of DFe residence time based on aeolian input only (i.e., ignoring lateral advective inputs) would 
constitute an overestimate. For example, Conway et al. (2018) argue that cold-core eddies may supply between 
3% and 75% of the aeolian input of DFe to the upper water column of the North Atlantic Subtropical Gyre, 
in which case our residence times would be overestimated by as much as ∼4–10 months, depending on the 
leaching method used to define seawater-soluble aerosol iron. Any vertical resupply of DFe from below the 
euphotic zone would also reduce our residence time estimates, although that flux is expected to be small in 
the BATS region, given the generally gentle vertical gradients in DFe concentration over the 200–400 m depth 
range (Figure 2).

4. Conclusions
Our estimate of 0.8–1.9 years for the mean residence time of DFe in the upper 200 m of the BATS region is 
generally consistent with several recent estimates for comparable settings and depth ranges in the oligotrophic 
open-ocean. Focusing on aeolian input, Hayes et al. (2015, 2018) used thorium-230 and thorium-232 to estimate 
replacement times of 0.5–1 year for DFe in the upper 250 m at the Hawaii Ocean Time-series station ALOHA in 
the subtropical North Pacific, and <1 year for the upper 200 m along the GEOTRACES GA03 transect, which 
included the BATS station. A more recent study of iron cycling at station ALOHA similarly used water-column 
measurements of thorium and DFe to calculate a replacement time of ∼0.7 years for DFe in the upper 150 m 
(Hawco et al., 2022). Finally, Black et al. (2020) have combined a compilation of thorium-234 and sediment trap 
data to quantify the removal of DFe via export of biogenic and authigenic particles, from which they infer mean 
and median residence times of 2 and 0.12 years, respectively, for DFe in the upper 200 m of the subtropical gyres. 
These relatively short residence times point to the dynamic nature of DFe in the surface ocean, and thus the 
potential for rapid onset of iron limitation of phytoplankton growth due to seasonal imbalances between the input 
and removal of DFe from the euphotic zone—even in high-dust regimes such as the subtropical North Atlantic.

Data Availability Statement
Data presented and discussed here, and associated metadata, are available from the U.S. National Science Foundation's 
Biological and Chemical Oceanography Data Management Office at: https://www.bco-dmo.org/project/822807.
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