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Abstract 23 

Recent work has revealed the presence of an offshore near-surface plume of dissolved trace 24 
elements in the South Atlantic Ocean (SAO). Dissolved Fe (dFe) supply from the Congo associated 25 
plume is equivalent to ~40% of the annual atmospheric dFe supply to the SAO. Yet this plume is 26 
not captured by biogeochemical models, raising questions about its exact sources. To help 27 
understand the potential source mechanisms, we use particle tracking experiments to investigate 28 
elemental distributions. Results suggest that elevated concentrations of some elements in the 29 
Congo plume are primarily sourced from river discharge and wet atmospheric deposition, with 30 
minimal influence from shelf sediments. River discharge is the main source in shelf regions and 31 
some off-shelf regions, whereas atmospheric deposition dominates the area to the southwest of the 32 
Congo River outflow. A quantitative analysis along 3°S specifically for dFe suggests a decrease 33 
in the contribution of river discharge from 90% to 30% moving off-shelf, with a corresponding 34 
increase in the importance of atmospheric deposition. Within the shelf zone, atmospheric 35 
deposition accounts for roughly 20–40%, and could be a major source of dFe around the river 36 
mouth. Integration of data from cruise GA08 reinforces the finding that wet deposition augments 37 
the concentrations of dissolved Fe, manganese (dMn) and cobalt (dCo) at distances over 1000 km 38 
from the river mouth. Given present-day patterns of nitrate, Fe, and Co limitation for primary 39 
producers in the SAO, changing rainfall patterns may have long-term implications for both 40 
regional elemental budgets and ecologically-dependent processes sensitive to trace element ratios.  41 

Plain Language Summary 42 

The Congo River, the world’s second largest river by discharge volume, delivers substantial 43 
amounts of dissolved trace metals such as Fe (dFe) to the South Atlantic Ocean and significantly 44 
influences regional biogeochemical cycles. River, estuary and coastal surveys suggest that riverine 45 
input is the major trace metal source to the region, but this could be augmented by other sources 46 
with similar spatial distributions such as shelf sediments and rainfall. The specific contributions of 47 
these sources remain poorly constrained. Based on particle tracking simulations with neutral 48 
density parcels utilizing ‘Parcels’, a particle trajectories analysis framework, this work 49 
demonstrates the predominant role of Congo River discharge in trace metal enrichment within the 50 
Congo shelf zone and the importance of atmospheric deposition, particularly wet deposition in the 51 
off-shelf regions. Notably, the contribution of dFe from vertical transport processes appears 52 
negligible. Observational data obtained during 2015 further emphasize the importance of wet 53 
deposition as a source of dissolved Fe, Mn and Co in regions over 1000 km from the Congo River 54 
mouth. 55 
1 Introduction 56 

Micronutrients such as iron (Fe), manganese (Mn), and cobalt (Co) are essential for primary 57 
production and are often present at low concentrations in seawater such that they can (co-)limit 58 
marine productivity (Moore et al., 2013; Browning et al., 2017; Browning et al., 2021). Large areas 59 
of the ocean are termed high-nitrate, low-chlorophyll zones (HNLC) that experience Fe-limitation 60 
(Martin et al., 1990; Martin et al., 1994), largely arising from the sparse solubility of Fe in seawater 61 
(Millero, 1998). Whilst the total supply of dFe to the ocean is relatively high from mechanisms 62 
such as atmospheric deposition (Jickells et al., 2005), shelf sediments (Severmann et al., 2010) and 63 
hydrothermal vents (Yücel et al., 2011); dissolved Fe (dFe) is normally rapidly scavenged from 64 
seawater such that low nanomolar or sub-nanomolar concentrations are maintained throughout the 65 
water column. A scavenged-type element distribution is therefore typically observed for dFe in the 66 
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ocean (Missirlis et al., 2014; Hatta et al., 2015; Tonnard et al., 2020). Other scavenged-type 67 
micronutrients include Mn and Co. In contrast, elements including cadmium (Cd) and zinc (Zn) 68 
exhibit a nutrient-type distribution with depletion at the surface due to biological uptake and 69 
enhanced concentrations at depth due to remineralization (Bruland & Franks, 1983; Tagliabue, 70 
2019; Rigby et al., 2020). River estuaries are a classic example of the inefficient delivery of 71 
scavenged-type trace elements to the ocean, especially for dFe. Whilst dFe is typically present at 72 
micromolar concentrations in river water, the salinity gradient from fresh to saline waters 73 
facilitates aggregation and flocculation of the majority of riverine dFe (Boyle et al., 1977; 74 
Sholkovitz et al., 1978). Approximately ~90–99% of riverine dFe is thought to be removed from 75 
solution in estuaries worldwide (Duinker & Nolting, 1976; Holliday & Liss, 1976; Boyle et al., 76 
1977). For this reason, river plumes are typically not a major source of dFe to the open ocean and 77 
the associated plume-driven dFe enrichment is confined to shelf regions.  78 

Recent work however has revealed two large-scale apparent exceptions to this generalization. Both 79 
the Transpolar Drift in the Arctic (Klunder et al., 2012; Charette et al., 2020) and the Congo River 80 
plume in the South Atlantic Ocean (SAO, Vieira et al., 2020) show nanomolar dFe enrichments 81 
that extend over ~1000 km off-shelf. The resulting dFe plumes are not captured in biogeochemical 82 
models. Models typically neglect riverine sources following the longstanding hypothesis that river 83 
plumes are localized features which do not make substantial contributions to the off-shelf marine 84 
Fe budget (Tagliabue et al., 2016). The absence of these plumes in biogeochemical models clearly 85 
indicates missing processes and thus has implications for our understanding of natural variability 86 
in regional trace metal cycling. The Congo River plume is characterized by low salinity (<25 psu) 87 
in the upper 10-m layer within the shelf region and relative high salinity (>25 psu) in the offshore 88 
region. The plume generally extends north-to- northwestwards over an area of approximately 500 89 
km2 (Hopkins et al., 2013; Denamiel et al., 2013) and is clearly identified in both satellite-derived 90 
chlorophyll and salinity maps (Hopkins & Polton, 2011; Hopkins et al., 2013). Regional dispersion 91 
of the plume varies significantly due to changing environmental factors, including local wind 92 
patterns, ocean circulation, and river discharge volume, resulting in notable seasonality (Signorini 93 
et al., 1999; Hopkins et al., 2013). It is estimated that the Congo plume delivers offshore dFe fluxes 94 
of 6.8 ± 2.3 × 108 mol year-1 to the SAO, which corresponds to 40 ± 15% of atmospheric dFe input 95 
in the region/SA/worldwide?(Vieira et al., 2020).  96 

The strong off-shelf transport of dFe observed in these case studies raises questions about the 97 
underlying mechanism(s) and where else such effect(s) might occur. The combination of dissolved 98 
trace element distributions (Vieira et al., 2020) , Fe isotopic composition (δ56Fe) (Hunt et al., 99 
2022), and radium measurements (Vieira et al., 2020) made on GEOTRACES cruise GA08 appear 100 
to corroborate that the main source of trace metals in the off-shelf plume is riverine, with minimal 101 
contribution from shelf sediments. However, Fe budgets also suggest an additional ‘missing’ 102 
source term that could include rainwater which overlaps spatially with the river plume (Liu et al., 103 
2023). Whilst rainwater dFe concentrations are generally at the low end of the range observed in 104 
river water (Willey, 2000; Shelley et al., 2017), both the unique chemistry of rainwater (Kieber, 105 
2001; Willey, 2005; Willey et al., 2008) and its rapid dilution following deposition in the ocean 106 
could make rain a more efficient dFe delivery mechanism than river water.  107 

There are several hypotheses concerning why some rivers may more efficiently deliver dFe to the 108 
off-shelf ocean compared to others. Organic ligands are an important feature of the Fe cycle and 109 
ligand-bound Fe is the major component of dFe in seawater, accounting for ~99% of dissolved 110 
Fe(III) (Gledhill & Buck, 2012), with inorganic species minor in comparison. Whilst river water 111 
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is enriched in both organic ligand and dFe concentrations compared to the ocean (Powell & 112 
Wilson-Finelli, 2003; Su et al., 2015), ligands are also subject to estuarine removal (Sholkovitz et 113 
al., 1978). Yet some types and size-fractions of organic material may be less susceptible to 114 
estuarine removal processes than others (Gustafsson et al., 2000; Krachler et al., 2005). The Congo 115 
River and the Siberian shelf regions which feed the Transpolar Drift both feature extensive peat 116 
deposits. These deposits may be associated with organic material that is less prone to estuarine 117 
removal and thus potentially facilitates a more efficient land-to-ocean transfer of dFe (Krachler et 118 
al., 2010). A heavy δ56Fe signal of dFe in the Congo plume could be consistent with a role of 119 
strong ligands in preserving the high dFe concentrations present (Hunt et al., 2022). 120 

An alternative hypothesis is that the effect is largely physical. Major river outflows are typically 121 
constrained along the shelf by a combination of buoyancy and rotational effects, as is the case for 122 
the Amazon River (Coles et al., 2013) and the Mississippi River(Walker et al., 2005). The Congo 123 
River outflow is particularly unusual as it is the only major river system worldwide to produce a 124 
plume in an eastern boundary region close to the equator. A combination of fast ocean currents 125 
and weak Coriolis acceleration could thereby advect material from the Congo outflow off-shelf 126 
more efficiently than would be the case if the river were present at higher latitudes. Here, in order 127 
to study the underlying mechanisms maintaining the Congo-derived dFe plume in the SAO, we 128 
conduct a suite of particle tracking experiments. Particle tracking experiments release an inert 129 
tracer into a regional model. Here they are used to investigate the physical dynamics of the Congo-130 
derived plume in the absence of confounding chemical effects in order to de-couple chemical and 131 
physical mechanisms. 132 

2 Materials and Methods 133 

2.1 Study region 134 

The study area extends from 0°–20°S and from 2°W–14°E. The Congo River flows into the ocean 135 
at 6°S, 12.3°E, with the Congo River plume primarily concentrated north of 10°S. In this work, 136 
the Congo shelf is defined as the region within 500 km of the Congo River mouth, while the off-137 
shelf region refers to areas beyond 500 km (Figure 1). More detailed information about the physical 138 
environment can be found in previous descriptive studies (Hopkins et al., 2013; Hunt et al., 2022). 139 

 140 
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Figure 1. Map of study region with surface and subsurface circulation patterns overlain: Equatorial 141 
Undercurrent (EUC), South Equatorial Undercurrent (SEUC), Angola Current (AC), Benguela 142 
Current (BC), Benguela Coastal Current (BCC), and South Equatorial Current (SEC). The Angola-143 
Benguela Front (ABF) is formed by the northward-flowing BC and the southward-flowing AC. 144 
The cyclonic Angola Gyre, centered at (10°S, 5°E), is formed by the AC. The orange star marks 145 
the Congo River mouth. The background shows the climatological chlorophyll distribution (in 146 
mg/m3), with rhombic markers indicating GA08 stations. The purple box highlights the Congo 147 
Plume region and the solid black curve delineates the boundary between the shelf and off-shelf 148 
regions. 149 

2.2 Dissolved Fe input calculation 150 

The sources considered in our particle tracking experiment are atmospheric deposition (wet and 151 
dry deposition), riverine discharge, and the upward vertical flux of dFe to the surface-ocean layer. 152 
The vertical flux incorporates sources that would require vertical transport to be present in the 153 
near-surface Congo plume, e.g., submarine groundwater and shelf sedimentary inputs. In the 154 
following sections, we describe how the gridded dFe inputs were estimated. For consistency, 155 
gridded dFe fluxes were interpolated to a resolution of 0.25° × 0.25°. Here, the profile samples 156 
collected on R/V Meteor cruise M121 (GEOTRACES GA08) (Frank et al., 2016) during the period 157 
22 November to 27 December 2015 were used to calculate the vertical dFe flux. A comprehensive 158 
description of the data and GEOTRACES quality control procedures are available in prior work 159 
(Vieira et al., 2020; Liu et al., 2022a; Liu et al., 2023). Additionally, to validate our simulations, 160 
profiles of other trace metals measured during the cruise, including dCo, dMn, dCu, dZn dCd, dNi, 161 
and dPb, are also analyzed. 162 

2.2.1 Vertical dFe flux 163 

Temperature, salinity, O2, and dFe profiles collected during GA08 were used to calculate the 164 
vertical dFe flux at each station and estimate the distribution of vertical dFe fluxes over the study 165 
region. The vertical dFe flux (μmol m-2 d-1) to the mixed layer (ML) associated with diapycnal 166 
mixing and upwelling velocity is expressed as (Steinfeldt et al., 2015; Tanhua & Liu, 2015): 167 

  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑘𝑘𝑧𝑧
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑤𝑤(𝐶𝐶2 − 𝐶𝐶1),                                                          (1) 168 

where the first term in equation (1) is the diffusive dFe flux and the second term is the flux 169 
associated with vertical transport. 170 

Parameter 𝑘𝑘𝑧𝑧 in the first term is the turbulent diffusivity coefficient (m2 s-1), which was assumed 171 
to be 10-4 m2 s-1 (Liu et al., 2022a). This value is consistent with observed 𝑘𝑘𝑧𝑧=1.0–1.7 ×10-4 m2 s-172 
1 below the mixed layer at ~40°S in the South Atlantic (Hsieh et al., 2021) and an estimated 𝑘𝑘𝑧𝑧 173 
range of 10-6 to 10-4 m2 s-1 in other ocean basins (Ledwell et al., 1993; Martin et al., 2010; Dunckley 174 
et al., 2012; Tanhua & Liu, 2015). The ML depth was calculated as the interpolated depth at which 175 
the potential density difference from 10 m depth was 0.03 kg m-3 (de Boyer Montégut, 2004). The 176 
dFe concentration gradient 𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 (mol L-1 m-1) was calculated by linearly fitting the dFe 177 
concentration-depth relation for all measurements from the ML (average dFe concentration in the 178 
ML) to 100 m below the base of the ML.   179 
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In the second term of equation (1), wind-driven upwelling velocity (𝑤𝑤, m s-1) due to offshore 180 
Ekman transport (Ekman coastal velocity, 𝑤𝑤𝑒𝑒) and wind stress curl (Ekman pumping, 𝑤𝑤𝑐𝑐)  were 181 
calculated as follows (Bordbar et al., 2021): 182 

𝑤𝑤𝑒𝑒 = 2.07×𝑇𝑇
𝑅𝑅

𝑒𝑒2.3026(−𝑥𝑥/𝑅𝑅),                                                                    (2)                         183 

𝑤𝑤𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜏𝜏)/(𝜌𝜌𝑤𝑤𝑓𝑓),                                                                          (3) 184 

where R is the first baroclinic Rossby radius of deformation (km). The 1 1° global gridded R 185 
(Chelton et al., 1998) was obtained from https://ceoas.oregonstate.edu/rossby_radius (last 186 
accessed in May 2023). T is the offshore Ekman transport (m2 s-1), x is the distance to the coastline 187 
(km), 𝑓𝑓 is the Coriolis parameter (s-1), 𝜌𝜌𝑤𝑤=1025 kg m-3 is the mean density of the upper-ocean 188 
layer, and 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜏𝜏) is the wind stress curl (Pa m-1). Wind stress 𝜏𝜏 (kg m-1 s-2) is expressed as 189 

𝜏𝜏 = 𝜌𝜌𝑎𝑎𝐶𝐶𝐷𝐷𝑈𝑈𝑐𝑐|𝑈𝑈|,                                                          190 
(4) 191 

where the drag coefficient  and air density 𝜌𝜌𝑎𝑎 were assumed to be 1.12 10-3 and 1.25 kg m-3, 192 
respectively. 𝑈𝑈 is the wind speed magnitude at 10-m height and 𝑈𝑈𝑐𝑐 is the zonal or meridional wind 193 
speed. Daily wind speed data with a resolution of 0.25° from 2013 to 2022 was obtained from the 194 
European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation ERA5 195 
reanalysis product (Hersbach et al., 2023). The climatological daily wind speed was calculated and 196 
used to estimate the gridded vertical dFe flux across the study region. For all stations, wind speed 197 
was extracted from the averaged wind field during the GA08 cruise period in 2015 to calculate the 198 
corresponding vertical dFe flux (Figures 2b and 2c). 199 

The eastward and northward Ekman transport Tx and Ty can be derived according to the zonal and 200 
meridional wind stress 𝜏𝜏𝑥𝑥 and 𝜏𝜏𝑦𝑦, respectively: 201 

𝑇𝑇𝑥𝑥 = 𝜏𝜏𝑦𝑦
𝜌𝜌𝑤𝑤𝑓𝑓

  and 𝑇𝑇𝑦𝑦 = − 𝜏𝜏𝑥𝑥
𝜌𝜌𝑤𝑤𝑓𝑓

.                                                                  (5) 202 

To simplify the calculation of the offshore Ekman transport driven by alongshore winds, we 203 
assumed the coastline angles — defined as the angles between true west (0°) and the coastline, 204 
measured clockwise — to be 62°, 108°, and 69° for the regions 0°–11°S, 11°–17°S, and 17°–20°S, 205 
respectively. In addition, in the coastal region within R, the sum of 𝑤𝑤𝑒𝑒 and 𝑤𝑤𝑐𝑐 was applied to 206 
estimate the vertical flux, while for the region beyond R, upwelling velocity associated with 207 
offshore Ekman transport (𝑤𝑤𝑒𝑒) was neglected.  208 

The average dFe concentration (nmol L-1) in the ML is represented by 𝐶𝐶1, and 𝐶𝐶2 is the dFe 209 
concentration 20 m below the base of ML. Because of the sparse spatial resolution of the profile 210 
observations, 𝐶𝐶2 was estimated according to the dFe concentration gradient (i.e.,  𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑), thereby 211 
the term (𝐶𝐶2 − 𝐶𝐶1 )  was calculated as  212 

𝐶𝐶2 − 𝐶𝐶1 = 20 × 𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑.                                                                    (6) 213 

Considering the importance of dissolved O2 in controlling dFe concentration in the water column, 214 
especially in shelf environments with pronounced O2 minima and associated plumes of redox-215 
sensitive elements (Hong & Kester, 1986; Noble et al., 2012; Rapp et al., 2019), we assessed the 216 
relationship between dO2/dz and dFe/dz based on all cruise observations and found a reasonable 217 
linear fit (dFe/dz = -0.0143 dO2/dz - 0.0213, Figure 2a). This relationship was used to estimate the 218 
regional gridded dFe vertical flux. The method estimating dO2/dz was the same as per dFe/dz 219 

https://ceoas.oregonstate.edu/rossby_radius
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above. Gridded observation-based monthly climatological dissolved oxygen data was derived 220 
from World Ocean Atlas 2018 (WOA18), with a resolution of 1° × 1°. Since high-temporal-221 
resolution dissolved oxygen data are currently unavailable, we resample the monthly WOA18 data 222 
for specific months to obtain the daily oxygen concentrations. Based on this dO2 data, we are able 223 
to estimate the daily gridded dFe/dz. Therefore, the observed vertical dFe flux for 48 GA08 stations 224 
can estimated based on measurements and equations (Equation (1)–(6)), and the gridded vertical 225 
dFe flux during the cruise period and the climatological daily vertical dFe flux for the entire study 226 
area can be estimated using the equations above, along with the gridded data and constructed 227 
dO2/dz and dFe/dz relationships. Overall, the observed vertical dFe flux aligned reasonably well 228 
with our estimated values (Figure 2b), despite the use of different time windows imposed by data 229 
availability limitations. It is important to note that this is only a rough comparison to assess the 230 
relative importance of different source terms, a detailed estimation of vertical dFe flux and its 231 
components for each station is out of the scope of this study. The climatological daily gridded 232 
vertical dFe is primarily used in the following analysis.  233 

 234 

Figure 2. Estimating vertical Fe fluxes (μmol m2 d-1) based on dFe and dO2 distributions over the 235 
Congo region. (a) Changes in dFe/dz with dO2/dz over the Congo region. Black cricles are from 236 
measurements; linear fit is shown as a solid black line. (b) Map of estimated dFe vertical flux 237 
during the cruise period is projected using the equation shown in (a), where rhombic points 238 
represent the observed dFe fluxes from GA08 stations. (c) Map of projected climatological vertical 239 
dFe flux.  In (b) and (c), the orange star marks the Congo River mouth. 240 

2.2.2 Atmospheric dFe input 241 

Atmospheric deposition of dFe (F, μmol m-2 d-1) is often estimated as the sum of dry and wet 242 
deposition though with some differences concerning what processes are captured between studies 243 
(Schulz et al., 2012).  Monthly deposition rate of dust (kg m-2 s-1) at 1° resolution during the period 244 
of 2001/01 to 2014/12 was obtained from the GISS-E2-1-G Earth System Model. The GISS-E2-245 
1-G model was chosen because it captures the spatial distribution of dissolved aluminum 246 
concentrations, used as a tracer of dust deposition (Measures & Brown, 1996), and is referred to 247 
as a best-fitting optimized model (Xu & Weber, 2021). The period from 2001 to 2014 was selected 248 
to calculate the climatology because dust data is not available after 2014. To estimate dFe input 249 
via dry deposition (Fdry, μmol m-2 d-1), we assume Fe fractional solubility is 2% (Guieu et al., 2005; 250 
Theodosi et al., 2010), and assume an Fe abundance in dust of 5.04%, as per upper continental 251 
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crust (Rudnick & Gao, 2014). Monthly data was interpolated into daily dust dFe input for the 252 
following analysis. 253 

Satellite observations of daily accumulated precipitation (p, mm d-1) from 2001/1/1 to 2014/12/31 254 
were obtained from NASA’s Global Precipitation Measurement (GPM) mission. The measured 255 
volume-weighted-mean dFe concentration in rainwater within the Congo shelf (~3°–8°S, ~9°–256 
12.5°E) during GEOTRACES cruise GA08 was cwet = 11.3 nmol L-1 (Liu et al., 2023). This 257 
concentration was also applied to off-shelf areas due to data deficiency. The wet deposition of dFe 258 

(Fwet, mol m-2 d-1) was estimated as: 259 
Fwet = p  cwet.                                                                    (7) 260 

Accordingly, the average distribution of total atmospheric dFe deposition (dry + wet), dry, and wet 261 
deposition were computed (Figure 3). The considerably weaker magnitude of the average dFe flux 262 
from dry deposition compared to the wet deposition flux indicates the dominant regional role of 263 
wet deposition. This was especially the case in the region influenced by the Congo plume (Figure 264 
3). 265 
 266 
 267 

 268 
Figure 3. Average distribution of atmospheric dFe deposition flux (μmol m2 d-1): (a) dFe input 269 
flux via total atmospheric deposition (wet + dry); (b) dry deposition flux of dFe; and (c) wet 270 
deposition flux of dFe. The orange star marks the Congo River mouth. 271 

2.2.3 Riverine dFe discharge 272 

Daily river discharge (m3 s-1) observations at station Kinshasa was obtained from the Global 273 
Runoff Data Centre (GRDC). The period from 2001 to 2010 was selected to calculate the 274 
climatological daily river discharge volume because the data is not available after 2010.   Kinshasa 275 
is 500 km upstream of the Congo River mouth. Assuming an average downstream flow speed of 276 
0.1 m s-1, the discharge signal to the Congo River mouth is delayed by roughly 1.5 months 277 
(Hopkins et al., 2013; Martins & Stammer, 2022). A climatological monthly time series of dFe 278 
concentrations was available in the estuary at intermediate salinities (Araujo et al., 2014). This 279 
dataset compiled the discharge of dFe concentrations from the Congo river, sourced from multiple 280 
discrete surveys conducted between 1978 and 2009, and then applied an 80% loss rate due to low-281 
salinity flocculation to reflect the monthly net input of riverine dFe concentrations to the ocean. 282 



manuscript submitted to Journal of Geophysical Research: Oceans 

Whilst non-conservative removal of dFe is not instantaneous (Mayer, 1982) such that any flux 283 
derived at intermediate salinities will be defined at a point of intermediate removal, estuarine dFe 284 
distributions—almost invariably—indicate the most rapid removal of dFe at low salinities (0–10 285 
psu) (Boyle et al., 1977). The available estuarine time series at salinities ~7.5–12.5 psu (Araujo et 286 
al., 2014) therefore likely captures the majority of removal and is more useful for modeling the 287 
offshore propagation of dFe than measurements of freshwater concentrations which have yet to be 288 
mixed in the estuary. 289 

To estimate dFe inputs, we multiplied the climatological daily river dFe concentration (nmol L-1) 290 
in the estuary (Araujo et al., 2014) with daily river discharge volume (m3 s-1) to calculate the year-291 
round daily dFe mass discharge rate (mol d-1) from the Congo River (Figure 4). The dFe flux (μmol 292 
m-2 d-1) to the river plume was estimated with the assumption that the freshwater plume area is 5 293 
×105 km2  (Hopkins et al., 2013).  294 

 295 

 296 
Figure 4. Time series of average monthly dFe input (μmol m2 d-1) from Congo River discharge. 297 
Month 1 equals… (January 2015?)...  298 

2.3 Particle tracking experiment 299 

To quantify the spatial dispersion of dFe from Congo River discharge, atmospheric deposition and 300 
vertical transport, particle tracking experiments were conducted using OceanParcels (Probably A 301 
really Computationally Efficient Lagrangian Simulator, http://oceanparcels.org), a novel offline 302 
Lagrangian tracking model advecting particles and simulating particle trajectories using a fourth-303 
order Runge-Kutata scheme (Lange & van Sebille, 2017; Delandmeter & van Sebille, 2019). 304 
OceanParcels is accurate in idealized and realistic simulations (Delandmeter & van Sebille, 2019; 305 
Eddebbar et al., 2021), and is commonly used in recent pathway studies due to its scalable 306 
computation and flexible coding rule (Capó & McWilliams, 2022; Seijo‐Ellis et al., 2023; Youngs 307 
et al., 2023; Carlson et al., 2024). We use daily-mean surface-ocean currents during 2015 from the 308 
GLORYS12 (GLORYS12V1) product, an eddy-resolving reanalysis with a 1/12° horizontal 309 
resolution as the input flow field. We use the 2015 ocean current data instead of the climatological 310 

http://oceanparcels.org/
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current fields to advect the particles because ocean currents are crucial drivers in determining the 311 
transport of dFe in the Congo region. Using time-mean current field would average out important 312 
meso- and sub-mesoscale processes. Additionally, previous studies have provided observational 313 
evidence of dFe enhancement in the Congo Plume region during 2015, with interannual variability 314 
yet to be constrained, so utilizing the 2015 current data to drive the simulation could help elucidate 315 
the potential mechanisms. Therefore, the study is based on the assumption that dFe concentration 316 
and input do not exhibit significant interannual variability and that the plume of dFe associated 317 
with the Congo outflow into the SAO is a recurring feature — which is yet to be explicitly shown. 318 
In the experiment, particles that ended up getting stuck on land were removed during the 319 
experiments for simplicity.  320 

Three sets of experiments were conducted where we tracked particles. In all three experiments, we 321 
ran OceanParcels for one year (January 1, 2015 to December 31, 2015), and also for half a year 322 
(January 1, 2015 to June 30, 2015). Because particles were advected using the same method, the 323 
trajectories remain unchanged if the particles were released from the same day/location and tracked 324 
during the same period. In order to reflect the real dispersal of dFe in the ocean, we scaled 1 particle 325 
to represent 1 mol dFe. In the ‘Congo River input simulation’ experiment, particles were released 326 
at daily intervals in the surface layer of the Congo River mouth (12.3°E, 6°S) from January 1, 327 
2015. To simulate the dFe input in the real ocean, the count of particle trajectories in each grid cell 328 
was multiplied by the long-term mean riverine dFe mass discharge per day measured in mol d-1, 329 
the result is named as the ‘trajectory density’. The trajectory density reflects the probability of a 330 
particle appearing in a specific grid. The higher the density, the more likely it is for a particle to 331 
be found in that grid. Similarly, to track the dFe dispersal sourced from atmospheric deposition in 332 
the ‘atmospheric deposition input simulation’, particles were released at each grid cell in the study 333 
region at daily intervals (Figure 3) and their trajectories were also tracked for 2015. We then 334 
estimated the trajectories density for each grid cell according to the particle trajectories and dFe 335 
amount (mol d-1) calculated from grid area (m2) and time-mean gridded dFe flux (mol m-2 d-1). In 336 
the ‘vertical input simulation’, particles sourced from vertical transport were similarly scaled based 337 
on the average upwelled dFe flux (mol m-2 d-1). In this case, particles were only released at grid 338 
locations when the gridded vertical dFe flux was positive in order to maintain comparability with 339 
the atmospheric and river experiments which represent gross fluxes and do not remove particles 340 
to simulate dFe sinks. 341 

3 Results 342 

3.1 Simulated dispersal of dFe in the Congo plume 343 

Our primary investigation focuses on the dispersal patterns and their short-term (below annual 344 
timescales) variations in the region north of 10°S. Simulations depicting the dispersal of dFe from 345 
the Congo River reveal that the highest trajectory density occurs along the coast from 6°S to 3°S, 346 
particularly over the inner shelf close to the release location. Three hotspot regions were formed: 347 
1) large amounts of particles extended northwestward into the open ocean after departing from the 348 
coastline; 2) some particles dispersed westward at approximately 3°S; and 3) a portion of particles 349 
flowed in a southwestern direction (Figure 5a). Dispersal patterns corresponded with the year-350 
round spatial patterns of Chl-a and low-salinity dynamics as detected from satellite observations 351 
(Hopkins et al., 2013). The comparison shows that dispersal generally follows the plume of the 352 
northwestward extension along the coastline between November and February, a westward to 353 
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south-westward extension from February to April/May, and a westward extension from June to 354 
August.  355 

For river discharge, there was good consistency in the distribution of frequencies between the 1/2 356 
year and 1 year simulations (Figures 5a and d). This consistency arises from the accumulated 357 
trajectories between January and June, and southward and northward transport of the majority of 358 
particles along the coastline during the latter half of the year 2015 (Figure S1) driven by ocean 359 
currents. The seasonal variability of the currents reveals that a northward-to-northwestward flow 360 
advecting particles from the Congo River begins to emerge in February. This flow strengthens 361 
until June and starts to decay in July. In September, an opposing eastward-to- southeastward 362 
current develops and intensifies, leading to southward transport of the particles sourced from 363 
Congo River (Figure S2). In contrast to the particles from river discharge, atmospheric deposition 364 
tracers were more sensitive to seasonal differences (Figures 5b and 5e). Higher trajectory densities 365 
from atmospheric deposition were observed in the southeast (Liu et al., 2023). For the 1 year 366 
simulation, the dispersal pattern was similar to the 1/2 year simulation but the atmospheric 367 
trajectory frequencies increased over the whole region (Figure 5e and 5b). For both 1 year and 1/2 368 
year simulations, particles associated with vertical transport (Figure 5c and 5f) demonstrated 369 
limited dispersal north of ~6°S because of the negative or weak dFe vertical flux prevailing in this 370 
region. In contrast, notably enhanced frequencies were found within the Angola Gyre, identified 371 
as an upwelling zone (Gordon & Bosley, 1991; Signorini et al., 1999). A lower 𝑘𝑘𝑧𝑧=1 x 10-5 m2 s-1 372 
was also applied in the vertical transport calculation to test the impact of 𝑘𝑘𝑧𝑧 on the dFe vertical 373 
flux. This resulted in even weaker upwelled dFe flux but maintained a similar distribution in the 374 
study region (Figure S3). Therefore, subsequent analysis focuses only on contrasting trajectory 375 
frequencies resulting from river discharge and atmospheric deposition inputs.  376 

 377 

Figure 5. Distribution of trajectory density for particles sourced from river discharge, atmospheric 378 
deposition, and vertical transport scaled to represent gross dFe fluxes. (a) and (d) show river 379 
discharge sources, (b) and (e) show atmospheric disposition sources, and (c) and (f) show vertical 380 
transport sources. (a)–(c) are 1/2 year simulations from January to June 2015 and (d)–(f) are 1 year 381 
simulations during 2015. The orange star marks the Congo River mouth. 382 
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3.2 Trace metals sources to the Congo plume along the GA08 transect 383 

A comparative analysis was conducted by calculating the ratio of trajectory frequencies attributed 384 
to river discharge input relative to the combined frequencies stemming from atmospheric 385 
deposition and river discharge for the GA08 cruise transect. This calculation serves to quantify the 386 
relative influence or strength of the two distinct sources under consideration. For instance, a ratio 387 
of 0.5 signifies an equivalent contribution from riverine and atmospheric sources, whereas a 388 
ratio >0.5 indicates dominant influence from the riverine source and a ratio <0.5 indicates the 389 
dominant role of atmospheric deposition. For the 1/2 year simulations, the dispersal in the shelf 390 
region (<500 km from the Congo River mouth) and patchy off-shelf region (>500 km from the 391 
Congo River mouth) mainly north of 3°S was primarily due to riverine sources. Conversely, in the 392 
southwest of the plume region and part of the open ocean north of 3°S, atmospheric deposition 393 
emerges as the predominant source of dFe. Similar distributions also emerged in the context of the 394 
1-year simulation scenario, albeit with the riverine- dominant region exhibiting a reduced offshore 395 
extension and a spatial distribution more constrained to the coast (Figure 6a and 6b). 396 

The high-resolution near-surface station and towfish observations obtained during cruise GA08 397 
(Figure 6a) provided an opportunity to quantitatively validate simulated dFe sources within the 398 
plume region. A multi-element comparison is also informative although the relative importance of 399 
riverine and atmospheric sources likely varies between elements. To integrate the simulated dFe 400 
sources with observations, we first calculated the contributions originating from river discharge 401 
and atmospheric deposition based on trajectory frequencies at the sampling points of the GA08 402 
transects (Figure 6c and 6d). In both 1 year and 1/2 year simulations, there were notable shifts in 403 
the contributions of dFe sources along the GA08 transects. As distance increased from 9°E to the 404 
further off-shelf region, the computed proportion of dFe sourced from river discharge decreased 405 
substantially from approximately 90% to 30%. The contribution from atmospheric deposition 406 
showed a corresponding rise, increasing from about 10% to 70%. These changes were particularly 407 
pronounced between the longitudes of 9°E and 3°E. Specifically, in the 1/2 year simulation, the 408 
dominance of river discharge was more pronounced to the east of 4.5°E and less to the west of 409 
4.5°E due to the wet atmospheric deposition source (Figure 6c). As the simulation duration 410 
increased, the region where atmospheric deposition was dominant expanded eastward, such that it 411 
surpassed the contribution from river discharge at all stations west of 7°E (Figure 6d). However, 412 
in the Congo shelf zone, both atmospheric deposition and river discharge inputs played significant 413 
roles, depending on the specific location.  414 

For shelf observations west of 11°E (or north of 5°S) close to the eastern-most station of the 3°S 415 
transect, the dominant influence of river discharge was evident, contributing over 50% of dFe. 416 
Meanwhile, significant contributions of dFe from atmospheric deposition were sporadic, reflecting 417 
the patchy nature of wet deposition, particularly near the Congo River mouth (south of 5°S or east 418 
of 11°E), where contributions as high as 90% from atmospheric deposition occurred. On average, 419 
estimated contributions from atmospheric deposition over the Congo shelf region were roughly 420 
20% and 40% for 1/2 year and 1 year simulations, respectively. Therefore, the 3°S transect, 421 
extending from Congo shelf to the open ocean, was subsequently categorized as a river dominant 422 
zone to the east of 7°E and an atmospheric deposition dominant zone west of 4.5°E. Given the 423 
considerable uncertainty in the measurement of dFe concentration in rainwater (11.3 ± 4.9 nM), a 424 
sensitive analysis was conducted using a lower bound (~6.4 nM) and an upper bound (~16.2 nM) 425 
based on the standard deviation of the measured dFe concentrations. Although the density 426 
magnitude differs from that derived using the average dFe concentration (Figure S4), the results 427 



manuscript submitted to Journal of Geophysical Research: Oceans 

indicate that wet deposition plays a significant role in the Congo Plume region, relative to river 428 
discharge (Figures S5 and S6). 429 

 430 
Figure 6. The contribution of river discharge and atmospheric deposition to dFe input in the Congo 431 
plume. (a) and (b) show the density ratio of river discharge to the sum of input from river discharge 432 
and atmospheric deposition; white contours indicate a ratio of 0.5 (i.e., equivalence between 433 
riverine and atmospheric sources). Red dots represent locations of towfish and station samples at 434 
depths <35 m along 3°S and in the shelf zone from cruise GA08. (c) and (d) show the contribution 435 
of river discharge (orange circles) and atmospheric deposition (green circles) changing with 436 
longitude along GA08 transects, with the shelf region shaded in grey. (a) and (c) show the 437 
contributions from 1/2 year simulations; (b) and (d) show the contributions from 1 year 438 
simulations. The orange star marks the Congo River mouth. 439 

In the river-dominant zone, salinity levels generally exhibit lower values (ranging from 33.0 to 440 
35.2 psu) compared to that in the atmospheric deposition-dominant zone, where salinity ranged 441 
from 34.7–35.8 psu. Theoretical conservative mixing curves were constructed for dFe and seven 442 
other trace metals along 3°S for all samples (Figure 7, grey dotted lines), as well as for samples 443 
specifically within the river-dominant zone (Figure 7, black dotted lines). Within the river- 444 
dominant zone, all elements except dPb exhibited a linear decrease with increasing salinity 445 
offshore, suggesting that freshwater is a major source for these elements. However, it’s noteworthy 446 
that the dMn and dZn trends were not statistically significant (P value > 0.05). When incorporating 447 
observations from the atmospheric-deposition-dominant zone (Figure 7, grey lines), the gradients 448 
of the theoretical conservative mixing curves of all elements are reduced compared to those derived 449 
solely from observations in the river-dominant zone. This discrepancy corroborates the distinct 450 
spatial boundaries defined by the particle tracking experiments and suggests variations in the 451 
observed trace metal sources between these two zones.  452 

It should be noted however that only three processes are considered herein (atmospheric 453 
deposition, discharge from the Congo River, and vertical transport). The Congo River is by far the 454 
largest river by discharge in the region of interest, but freshwater input from the Ogooue and 455 
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Kouilou-Niari Rivers might also contribute to metal distributions. Herein we have referred to the 456 
prominent offshore extension of the low-salinity plume from the coast to 0° in the region north of 457 
the Congo River mouth as the ‘Congo plume’ (Figure S7), following the method of Hopkins et al. 458 
(2013) (Figure S8). Yet particularly during the high river discharge seasons, i.e., from November 459 
to May (Mignard et al., 2017; Laraque et al., 2020) the plume is not necessarily derived exclusively 460 
from Congo discharge. Additionally, when extrapolating the results from dFe particle experiments 461 
to other elements, the different ratios of these elements in rain and river water should be 462 
considered. For simplicity, we have run particle tracking experiments and defined 463 
atmospheric/riverine zones of influence based on dFe budgets. However, the riverine and 464 
atmospheric dominant zones could exhibit disparities for other elements owing to variations in 465 
their respective inputs. Thus, we also compared riverine input (Criver) with element concentrations 466 
from wet deposition in the Congo shelf (Cwet) to briefly discuss to what extent the behavior of 467 
other trace metals may follow, or diverge from dFe. The ratio of Cwet / Criver for Cd, Co, Mn, and 468 
Ni, ranging from 2.3–3.3, were found to be of comparable magnitude to that of Fe (1.0), implying 469 
that the dominant zones for these elements would be approximately consistent with dFe. However, 470 
Cwet / Criver ratios were 20–430 times higher for Cu (20), Pb (266), and Zn (430) compared to those 471 
for dFe (Figure S9 and Table S1). If all other factors remained constant, this discrepancy would 472 
indicate that the dominant zones of riverine and atmospheric deposition for these elements would 473 
be different from dFe, and in all cases the river-dominant zone would be more constrained in the 474 
shelf region. However, there are certainly other associated uncertainties from the assumptions used 475 
to design the particle tracking experiment for dFe, namely the varying solubility of different 476 
elements in atmospheric deposition and the varying significance of vertical fluxes.   477 

 478 
Figure 7. Surface-ocean dissolved trace metals concentration (<10 m) with increasing salinity. 479 
Data is separated into zones where the dFe budget was dominated by riverine (triangles) and 480 
atmospheric deposition (circles) sources along 3°S. The marker color represents the distance 481 
between the Congo River mouth and sampling locations. Dotted lines represent the linear fit for 482 
all observations (grey line) and observations in riverine-dominant zone (black line). 483 

From the relationships between elemental concentrations and distance from river mouth to 484 
sampling locations, a declining trend in the concentrations of all trace elements, except dPb, was 485 
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observed with increasing distance within the river-dominant zone (Figure 8). This relationship 486 
further supports the notion that river discharge served as the primary source contributing to the 487 
plume in this zone within a proximity of 800 km from the Congo River mouth. Notably, elevated 488 
concentrations of dFe, dCo, dMn, dCu, and dZn with a ratio <0.5 (i.e., atmospheric deposition 489 
dominance) were observed at a distance of roughly 1000 km from the river mouth within the 490 
atmospheric dominant zone. With limited influence from river discharge in this zone, the 491 
variability of the distribution of the ratio (Figure 8, see colors) may be linked to local precipitation 492 
events. Yet uncertainties in off-shelf rainwater dFe concentrations, and the changing significance 493 
of other sources, including those not considered herein for dFe (e.g., vertical fluxes and dry 494 
deposition) should also be noted. Moving further offshore, anomalous increasing trends were 495 
observed for dCd, dNi, and dPb beyond 1000 km from the Congo River mouth indicating 496 
differences in the source mechanisms compared to the assumptions used to trace dFe.  497 

 498 
Figure 8. Surface-ocean dissolved trace metal concentrations (<10 m) with increasing distance 499 
from the Congo River mouth. Data is separated into zones where dFe supply was dominated by 500 
riverine (triangles) and atmospheric deposition (circles) sources along 3°S. Marker color 501 
represents the density ratio of river discharge to the sum of input from river discharge and 502 
atmospheric deposition for dFe at each sampling location to indicate a river discharge dominated 503 
zone (>0.5) and an atmospheric deposition dominated zone (<0.5). Dotted lines represent the linear 504 
fit for observations (in black) in the river-dominant zone. 505 

3.3 Impact of seasonality on dFe sources in the Congo plume 506 

The significant seasonal cycle of river discharge results in the highest average input of dFe in 507 
December, approximately 6.5⋅1010 µmol d-1, and the lowest input in August of roughly 2.1⋅1010 508 
μmol d-1(Figure 4). Concurrently, due to seasonal fluctuations in precipitation, the annual average 509 
dFe input from atmospheric deposition in the Congo plume region peaks in March and reaches its 510 
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minimum value in July. The lowest monthly deposition flux is 44 times lower than the peak value. 511 
Given the notable seasonal variability of salinity and chlorophyll-a (Chl-a) in the Congo plume 512 
region, which are influenced by oceanic environmental factors such as wind speed, precipitation, 513 
ocean currents, and river discharge (Signorini et al., 1999; Hopkins et al., 2013; Martins & 514 
Stammer, 2022), it is likely that the drivers of dFe and other trace element distributions in the 515 
Congo plume are also subject to significant seasonal variability. To evaluate the sensitivity of the 516 
mechanisms that maintain dFe in the Congo plume to seasonal variability in dFe inputs, particle 517 
dispersal under four extreme scenarios is presented. These scenarios represent maximum and 518 
minimum dFe input from monthly average river discharge combined with annual average 519 
distribution of dFe input from atmospheric deposition (Figures 8a–8d), and maximum and 520 
minimum atmospheric deposition field combined with annual mean riverine input (Figures 8e–521 
8h). Similar to the scenarios using mean inputs, under the conditions of maximum river input, 522 
mean atmospheric input (Figure 9a and 9b); minimum river input, mean atmospheric input (Figure 523 
9c and 9d);  and mean river input, maximum atmospheric input (Figure 9e and 9f), dFe sources in 524 
the Congo plume are predominantly attributed to atmospheric deposition in off-shelf regions 525 
spanning from 0° to 3°–7°E and 6°–8°E for 1/2 year and 1 year simulations, respectively. In 526 
contrast, in other off-shelf zone <9°E, riverine dFe dominates. Additionally, within the Congo 527 
shelf zone, river discharge remains the main source to the west of 11°E (or north of 5°S), while 528 
both river discharge and atmospheric deposition play significant roles in regions near the river 529 
mouth (Figures 8a–8f). When dFe input from atmospheric deposition is set to minimum values, 530 
the Congo plume region is entirely dominated by the river discharge as expected, with 531 
contributions exceeding 80% for the 1/2 year simulation and 60% for the 1 year simulation 532 
(Figures 8g and 8h).   533 

 534 
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Figure 9. Sensitivity of the mechanisms driving gross dFe inputs to the Congo plume, accounting 535 
for seasonal variability in river discharge and atmospheric deposition along the GA08 transect 536 
under extreme conditions. Sensitivity tests use mean dFe input from atmospheric dFe deposition 537 
with riverine dFe input at maximum values in (a) and (b), and minimum values in (c) and (d); and 538 
average riverine dFe input with atmospheric dFe deposition input at maximum values in (e) and 539 
(f), and minimum values in (g) and (h). Left column show the contributions from the 1/2 year 540 
simulation and right column show the contributions from the 1 year simulation. The shelf region 541 
is shaded in grey. 542 

4 Discussion 543 

The Congo plume serves as an important source of freshwater and trace metals to the SAO. Along 544 
the 3°S GA08 cruise transect, elevated dFe concentrations were observed >1000 km from the 545 
Congo River mouth (~2.85 nM). This is despite approximately 96% of dFe being removed within 546 
400 km from the Congo River mouth according to the dFe measurements in the Congo River 547 
(Vieira et al., 2020). Our investigation utilizing a particle tracking experiment explores the 548 
respective proportion of contributions from river discharge, atmospheric deposition, and 549 
sediment/submarine groundwater to the Congo plume based on three prior GA08 studies, which 550 
provide critical insight into the potential mechanisms that influence trace metals in the Congo 551 
plume (Vieira et al., 2020; Hunt et al., 2022; Liu et al., 2023). One proposed explanation for the 552 
source of offshore dFe is the contribution from river discharge, with sediment and/or submarine 553 
groundwater discharge inputs between river mouths and the Congo shelf zone being potential 554 
additional sources based on conservative 228Ra budget analysis (Vieira et al., 2020). A subsequent 555 
study appears to conclusively eliminate one of these plausible dFe sources; the observation of an 556 
increasing Fe isotopic composition (δ56Fe) from +0.33 to +0.94‰ with distance from the river 557 
mouth is contrary to the isotopically light (negative δ56Fe) signature expected from shelf sediments 558 
(Chever et al., 2015; Klar et al., 2018) and sedimentary isotopically heavy δ56Fe (Homoky et al., 559 
2013; Fitzsimmons & Conway, 2023) decreasing from river to ocean. Instead, a more likely 560 
mechanism to sustain the high dFe concentrations and a heavy δ56Fe signal is that dFe is bound by 561 
strong organic ligands. High discharge of elevated dissolved organic carbon (DOC) has been noted 562 
in the Congo River’s key tributaries, e.g., Obangui and Ngoko-Sangha rivers in July and October, 563 
which coupled with a rapid lateral transport may contribute to the high off-shelf concentrations 564 
(Hunt et al., 2022).  565 

Wet deposition has been proposed as a potential additional source to the Congo plume alongside 566 
riverine inputs (Liu et al., 2023) and this could also deliver dFe to the ocean in an organically-567 
bound form (Kieber, 2001; Kieber, 2003; Willey et al., 2008), although, to our knowledge, the 568 
δ56Fe signature of rain water is unknown. Budget analysis combining trace metals measurements 569 
in river, rainwater, and surface-ocean inputs to the Congo shelf suggested that wet deposition 570 
significantly contributed to the enrichment of certain metals such as Cd, Cu, Pb, and Zn in the 571 
Congo shelf zone at similar magnitude to Congo River inputs (Liu et al., 2023). Yet the gross 572 
contributions to Fe (0.02%), Co (5%), and Mn (8%) inventories appeared to be more limited in 573 
prior work (Liu et al., 2023). A direct comparison of gross inputs for dFe is however complicated 574 
by the removal factor of estuarine dFe. Mixing studies between river water and seawater almost 575 
invariably show rapid non-conservative removal of dFe (Bale & Morris, 1981; Mayer, 1982). 576 
Conversely, mixing studies between rain water and seawater appear to show a degree of dFe 577 
stability (Zhuang et al., 1995; Willey, 2005; Willey et al., 2008). Rain water could therefore be 578 
disproportionately more important than the above calculation suggests (by a factor of up to 100-579 
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fold higher), although this would still only lead to a gross contribution of about 2%. This is not 580 
easily reconciled with the particle tracking work herein which appears to suggest much larger 581 
contributions. As we will discuss below however, there is a major difference in how these fluxes 582 
were calculated with respect to the area concerned which strongly affects the magnitude of the 583 
calculated riverine dFe inputs. Collectively, prior GA08 studies provide critical, complementary 584 
evidence regarding the contributors sustaining the trace metal Congo plume beyond river discharge 585 
from various perspectives.  586 

Our particle tracking experiment has the capability to simulate dispersal of trace metals and the 587 
formation of the Congo plume in the absence of confounding biological/chemical processes. This 588 
is made possible by determining the number of particles released based on the dFe inputs from 589 
vertical transport (which implicitly includes sources from sediment and submarine groundwater 590 
over the shelf), atmospheric deposition, and river discharge assessed by regional measurements. 591 
By calculating the trajectory density for each source, the contributions of various processes to the 592 
Congo plume across the study area were distinguished and quantified. Specifically, we focused 593 
mainly on the dispersal of dFe in our experiments, as dFe is a crucial nutrient for phytoplankton 594 
growth and was identified to be least impacted by wet deposition in previous trace metal budget 595 
analyses (Liu et al., 2023). 596 

Our findings substantiate the hypothesis that sources from sediment/submarine groundwater play 597 
a negligible role in the Congo plume (Hunt et al., 2022), primarily due to a negative/weak vertical 598 
flux within the plume region (Figures 1 and 4). Instead, river discharge and wet deposition 599 
significantly contribute to the trace metals enrichment in the Congo plume (Figure 6). This is 600 
consistent with the findings in (Liu et al., 2023). Moreover, wet deposition also significantly 601 
contributed to dFe input in the Congo shelf zone (Figure 6), apparently contradicting some lower 602 
estimates from prior analysis (Liu et al., 2023). One plausible explanation for this inconsistency 603 
could be attributed to differences in the riverine dFe concentrations used in the dFe flux budget 604 
analysis. The after-removal riverine dFe input (~11 nmol L-1) used here was considerably lower 605 
compared to the measured dFe concentration in the Congo River (7385 nmol L-1) used in Liu et 606 
al. (2023), which might also include a wet deposition component. Additionally, there is a critical 607 
difference in the calculation process compared to with prior work; herein we are referring to fluxes 608 
integrated or averaged across the whole Congo plume area, assuming to be 5 × 1012 m2 as the 609 
freshwater plume (Hopkins et al., 2013). The dFe flux from the Congo River spread over the whole 610 
plume area is much smaller when normalized to the surface area of the plume than when 611 
concentrated in the inner shelf, with an area of 8.2 × 1010 m2 (Liu et al., 2023). Therefore, by 612 
considering the riverine dFe concentration after estuarine removal processes (~11 nmol L-1) and 613 
the whole average Congo plume area, our estimates suggest that the contribution of wet deposition 614 
could increase up to 47%. This is comparable to our estimate based on 1 year particle tracking 615 
experiment (~40%).  616 

Our particle tracking experiments also have implications for understanding the spatial and 617 
temporal representativeness of the GA08 3°S section. The high cost of measuring trace metals at 618 
sea means that GEOTRACES cruises provide relatively sparse coverage and so it is important to 619 
consider how representative the obtained data sections are. If the cruise transects had occurred 620 
further south (3.5°S), the river-dominant zone would have been more constrained in the coastal 621 
regions. In contrast, a cruise with a transect further north (2.5°S) may have captured lower 622 
contributions of wet atmospheric deposition in the open ocean, due to a greater contribution of 623 
riverine input. The seasonal sensitivity analysis suggests the substantial contribution of riverine 624 
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and atmospheric inputs to the Congo Plume remains relatively robust and is less likely to vary with 625 
sampling date, despite variations in the boundary of the dominant zone (Figure 9). For instance, in 626 
scenarios where riverine input equals to the maximum riverine dFe input observed during 627 
December, river discharge dominates the region east of 6°E, while atmospheric deposition 628 
dominates the off-shelf zone westward of 3°E. Conversely, if the riverine input corresponds to the 629 
minimum riverine dFe input recorded in August, river discharge dominates the region east of 8°E 630 
and atmospheric deposition dominates the off-shelf zone westward of 6°E. 631 

5 Conclusions 632 

To identify and quantify the dominant sources of dFe within the Congo plume, we conducted 633 
particle tracking experiments based on measured dFe distributions to simulate and track the 634 
dispersal of dFe originating from river discharge, atmospheric deposition (mainly wet deposition), 635 
and vertical transport. Our dispersal simulations of river discharge input align with prior remote 636 
sensing observations of the Chl-a/low salinity plume, showing a consistent pattern of enhanced 637 
particle density in the plume region. In both simulations and satellite data, the Congo plume is 638 
characterized by a north-westward and west-southwestward extension from the river mouth. In the 639 
Congo plume region (mainly north of 6°S), both river discharge and atmospheric deposition are 640 
important sources of dFe, while vertical fluxes from depth are negligible. Quantitative comparison 641 
reveals that river discharge dominates as the dFe source in the shelf regions and parts of the open 642 
ocean north of 3°S, whereas atmospheric deposition dominates the other parts of open ocean north 643 
of 3°S and most regions south of 3°S, particularly for the 1 year simulations. 644 

Specifically, along the 3°S transect of the GA08 cruise, the contribution of river discharge to the 645 
dFe in the Congo plume decreases from 90% to 30% westward from 9°E, and atmospheric 646 
deposition correspondingly increases from 10% to 70%. Over the Congo shelf zone, atmospheric 647 
deposition contributes around 20% to 40% of dFe, and could also be a major source of the dFe to 648 
the plume, particularly around the Congo River mouth (east of 11°E). Despite notable seasonality 649 
in atmospheric deposition and riverine dFe input, sensitivity analysis suggests a consistent pattern 650 
in terms of the dFe source to the plume when using mean dFe inputs, with patterns generally 651 
resulting from the conditions of lowest/highest river discharge inputs and highest atmospheric 652 
deposition input. Combined with the observations from GA08 cruise, our findings substantiate that 653 
atmospheric deposition, mainly in the form of wet deposition, is the major mechanism driving the 654 
enrichment of dFe, and likely other trace metals, in the region approximately 1000 km away from 655 
the Congo River mouth. 656 
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