
1. Introduction
Trace metals (TMs) are supplied to the surface ocean by shelf sediments (Elrod et al., 2004; Liu et al., 2022b), 
rivers (Buck et al., 2007) and atmospheric deposition (Jickells, 1995), affecting primary productivity and hence 
ocean carbon uptake and other ecosystem services (Moore et al., 2013; Twining & Baines, 2013). The Congo 
River discharges ∼41,000 m 3 s −1 of freshwater, and creates a freshwater plume extending over 800 km offshore, 
with its flow directed by a slow equatorward current and dispersal of the plume limited by low Coriolis forces 
in the near-equatorial southeast Atlantic Ocean (Braga et al., 2004; Laraque et al., 2009). The plume constitutes 
a major source of TMs to the ocean including iron (Fe), manganese (Mn) and cobalt (Co) (Vieira et al., 2020), 
and influences ecosystem functioning in the South Atlantic (Browning et al., 2017). Such an extensive off-shelf 
plume of TMs associated with a river outflow and reaching an ocean gyre is unusual in the global ocean. This is 
particularly the case for dissolved Fe (dFe), because estuarine processes typically remove ∼90%–99% riverine 
dFe in low salinity waters (Boyle et al., 1977). Whilst other dTMs such as dMn behave generally more conserv-
atively during estuarine mixing (Moore et al., 1979; Wilke & Dayal, 1982), it is still unusual that river plumes 
enriched in dTMs are found so far off shelf (GEOTRACES Intermediate Data Product Group, 2021).

Questions remain concerning the mechanisms by which such high TM concentrations in the plume are main-
tained. Prior work using the radiogenic radium isotope  228Ra and Fe isotope composition (δ 56Fe) suggests 
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that the riverine fluxes of dFe and several other TMs are augmented by additional sources (Hunt et al., 2022; 
Vieira et al., 2020). However, a shelf sediment source is not consistent with the observed heavy δ 56Fe signature 
(δ 56Fe > +0.33‰) of the plume (Hunt et al., 2022). Similarly, estimates of dry atmospheric deposition for the 
same cruise appear to be too low (e.g., < 1 nmol m −2 day −1 for all TMs, Barraqueta et al., 2019) and would not 
directly explain the close correlations between most TMs and salinity. Whilst many processes could potentially 
supply TMs to shelf environments, many of these are implausible as major additional features of TM budgets in 
the Congo shelf region because they are inconsistent with the observed relatively tight correlations between dTM 
concentrations and salinity, and/or the enrichment of dTMs in surface waters only.

We hypothesize that wet deposition could be a potential TM source. The Congo shelf is characterized by 
high precipitation rates of >200 mm per month during the period between October and December (Alsdorf 
et al., 2016; Bultot, 2019), coincident with the timing of GEOTRACES cruise GA08 (Figure 1). Such precip-
itation is not only of great importance to the freshwater discharge of the Congo River (Chao et al., 2015), but 
also likely contributes enhanced TM fluxes by wet deposition (Chance et  al.,  2015; Schlosser et  al.,  2014; 
Shelley et al., 2017). Precipitation typically has a low pH (pH < 6) and is subject to a high photon flux, both of 
which increase the lability, and potentially bio-availability of a range of TMs (Kieber et al., 2001, 2003a; Lim 
et al., 1994; Paerl et al., 1999). Yet, evaluation of the role of wet deposition in marine TM budgets is hampered 
by limited historical sample collection due to the obvious logistical problems with sampling of rain events at sea 
(e.g., Baker et al., 2013). To the best of our knowledge, the fluxes and impacts of TMs from wet deposition in 
the plume of a major river have not been constrained in prior budgets by concurrently considering both rainwater 
and seawater samples.

In order to determine the TM fluxes from the Congo and the relative importance of atmospheric deposition (wet 
and dry) to the surface ocean over the spatial scale of the Congo River plume, we analyzed dTM concentrations 
in surface waters, full-depth profiles and rainwater collected during GEOTRACES cruise GA08 on RV Meteor 
(M121) (Frank et al., 2014). Additionally, freshwater samples were collected directly in the Congo River during 
three seasons (May, July and October in 2017). Analyzed dTMs included cadmium (Cd), Co, copper (Cu), Fe, 
Mn, nickel (Ni), lead (Pb) and zinc (Zn). Total dissolvable TM concentrations (TdTM) in rainwater were also 
analyzed. Cruise GA08 took place during the wet season, between 22 November and 27 December 2015. In this 
study, we define two regions of interest: the Congo shelf (<500 km to the Congo River mouth; experiencing high 
rainfall) and the offshore Congo plume at ∼3°S (>500 km to the Congo River mouth with less rainfall) (Figure 1).

2. Materials and Methods
2.1. Sampling and Analysis

Seawater samples in depth profiles were collected using 12 L TM clean Go-Flo bottles (Ocean Test Equipment) 
mounted on a CTD rosette frame (TM clean, General Oceanics), and surface waters were collected with an under-
way towfish system. Surface seawater sampling on the Congo shelf was regular when the ship was underway, 
and samples were thus always collected within 3 hr of rain events (Figure S1 in Supporting Information S1). 
Rainwater was sampled using an acid-cleaned high density polyethylene funnel positioned on the monkey island 
of the vessel, mounted forward of any other equipment (Table S1 in Supporting Information S1). Congo River 
freshwater samples were collected using a small boat during different seasons in 2017 (Table  1). River and 
rainwater samples for analysis of TM concentrations, were stored following filtration (dTM) and also without 
filtration (TdTM). For seawater only dTMs concentrations are reported. River and seawater were filtered through 
0.8/0.2 μm cartridge filters (AcroPak® 1000), whereas rainwater samples were syringe filtered through 0.20 μm 
filters (Millipore, polyvinyl difluoride). All samples were acidified to pH ∼1.9 with ultrapure HCl (Romil).

Concentrations of TMs in sea, river and rainwater samples were analyzed via high-resolution isotope induc-
tively coupled mass spectrometry (HR-ICP-MS, ELEMENT XR, ThermoFisher Scientific) after offline 
pre-concentration using a SeaFAST system (SC-4 DX SeaFAST pico, Elemental Scientific Inc.) exactly per Rapp 
et al. (2017). Rainwater and river water samples were additionally analyzed without preconcentration due to the 
broad range of plausible TM concentrations with results from both analysis in close agreement. Results were 
validated by certified reference materials SAFe S, SAFe D2, GSP, NASS 7 and CASS 6 (Table S2 in Supporting 
Information S1). Detailed descriptions regarding sampling and analysis can be referred to Text S1 in Supporting 
Information S1.
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2.2. Data Assessment

Volume-weighted-mean TM concentrations (Crain, dTM and TdTM) in rainwater were calculated for further 
assessments. Enrichment Factors (EFs) ([TM/Al]sample/[TM/Al]UCC) and fractional solubility of TMs ([TM]
d/[TM]Td × 100%) were used to ascertain potential anthropogenic TM perturbations in the rainwater samples 
(Baker & Croot, 2010; Baker et al., 2013). Subscripts of sample, UCC (Rudnick & Gao, 2014), d and Td represent 
rainwater samples, upper continental crust, dissolved, and total dissolvable concentrations, respectively.

Additional calculations are described in detail in Text S2 in Supporting Information S1, including surface TM 
inventories, fluxes of TMs from rain and river, and fluxes of freshwater at the beginning of the offshore Congo 
plume to the ocean (Figure S2 in Supporting Information S1).

Figure 1. Overview of the study region. Cruise track showing salinity gradients (colored dots), surface water sampling locations (white circles) and rain event locations 
(numbered stars). The dark gray line shows the 1,500 m depth contour (NOAA ETOPO1 database) (Amante & Eakins, 2009) and the green line highlights the Congo 
shelf region used for calculating area-averaged precipitation rate (mm h −1). Data for precipitation rates (mm h −1) were download from satellite data product GPM 
IMERG Final Precipitation L3 Half Hourly 0.1° × 0.1° V06 (GPM_3IMERGHH) (Huffman et al., 2019) within the period of sailing within the Congo shelf region 
from 29 November 09:00 UTC to 02 December 05:59 UTC (color shading). Sampling location of the Congo River water (∼6°S, 12.5°E) is indicated by a red cross 
(Rahlf et al., 2021). Salinity data were retrieved from the vessel's underway system (DSHIP Landsystem, http://dship.bsh.de/). In-set map displays a wider region and 
the whole GA08 transect during the remainder of which no further rain events were observed.

Collection date/
cruise Salinity

Cd Co Cu Mn Fe Ni Pb Zn

(nM)

Congo River 04.05.2017 0 0.09 ± 0.00 2.4 ± 0.0 22 ± 1.0 138 ± 4.2 10,827 ± 416 18.5 ± 6.8 2.0 ± 0.1 31.8 ± 9.2

22.07.2017 0 0.09 ± 0.01 1.5 ± 0.4 19 ± 2.6 97 ± 7.6 6,689 ± 771 8.8 ± 2.4 0.8 ± 0.0 14.3 ± 5.3

08.10.2017 0 0.07 ± 0.00 1.2 ± 0.2 9.9 ± 0.9 76 ± 4.1 4,638 ± 219 7.0 ± 0.6 0.5 ± 0.0 226 ± 23

Mean ± sd 0 0.08 ± 0.01 1.7 ± 0.6 17 ± 6.3 104 ± 132 7,385 ± 3,153 11 ± 6.1 1.1 ± 0.8 91 ± 117

Coastal seawater a 28.11.2015 35.28 0.01 ± 0.00 0.04 ± 0.00 0.72 ± 0.01 2.6 ± 0.0 0.52 ± 0.01 2.1 ± 0.0 0.01 ± 0.00 0.06 ± 0.01 b

 aThe Congo River water and coastal seawater (−8.2°S, 12.1°E) were used to produce two-endmember conservative mixing lines.  bDissolved Zn concentration is 
unavailable for the chosen coastal seawater sample, and therefore the dZn concentration of the closest sample with similar salinity was used.

Table 1 
Endmember dTM Concentrations (Mean ± Standard Deviation, nM)
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3. Results and Discussion
3.1. Impact of Congo River on Congo Shelf Waters and South Atlantic Ocean

Enhanced dTM concentrations were observed in surface waters on the Congo shelf (Figure 2a) and levels typi-
cally decreased with increasing salinity (Figure 2b), suggesting mixing of Congo River water with coastal waters 
with lower dTM levels (see Section 3.2). The Congo plume was detectable along an offshore transect of up to 
∼1,400 km from the river mouth into the South Atlantic subtropical gyre (Figure 1), with elevated surface dTM 
concentrations for elements such as Co, Cu, Fe and Mn (Figure 2). Gradients of decreasing concentrations of 
dCo, dCu, dFe and dMn with increasing salinity to the open ocean indicate offshore transfer of the Congo plume 

Figure 2. Concentrations of dTM in the study region affected by the Congo River plume. (a) Surface distributions of 
dissolved TM concentrations in the study region (colored dots). Two regions of interest, the Congo shelf and the offshore 
Congo plume are indicated in the top panel as defined in Figure 1. Data below detection limits is shown by gray dots. (b) 
Relationships between surface dissolved TM concentrations and salinity in the Congo shelf (orange circles) and offshore 
Congo plume (blue circles) of our study. Two dashed lines in each panel indicate theoretical conservative mixing lines 
associated with high and low measured Congo River endmembers (Table 1).
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(Figure 2). In contrast, the concentrations of Cd, Ni and Pb increased to ∼0.05 nM, ∼2.5 nM and ∼20 pM, respec-
tively (Figure 2), at the stations furthest west, and were similar to surface concentrations reported for the western 
South Atlantic (e.g., GEOTRACES GA02 cruise: 0.01 ± 0.02 nM of Cd, 2.9 ± 0.8 nM of Ni, 17 ± 5.2 pM of Pb) 
(GEOTRACES Intermediate Data Product Group, 2021). The increase of Cd, Ni and Pb moving offshore is due 
to high concentrations of these TMs in South Atlantic surface waters and suggests that the Congo plume is not 
likely a major source of these TMs.

The TM fluxes from the Congo River into the South Atlantic are shown in Figure 3a. Compared to other large 
river systems (Table S3 in Supporting Information S1), the Fe and Zn fluxes to the ocean from the Congo River 
are of a similar order of magnitude as those from the Amazon and the Orinoco rivers. Nevertheless, the Fe 
and Zn fluxes are almost two times higher from the Congo River than from the Amazon River despite of the 
lower discharge volume of the Congo River (∼41,000 m 3 s −1) compared to the Amazon River (∼20,5000 m 3 s −1, 
Gaillardet et al., 2014). This can be attributed to a low estuarine removal of Fe and anthropogenic Zn inputs, 
respectively (see Section  3.3-3.5). In addition, fluxes of Cd, Pb and Cu fluxes from the Congo River are at 
the high end of the range for large river systems, but similar as those from the Yangtze River, which is heavily 
impacted by anthropogenic activities (e.g., Wang et al., 2014).

The water column stratification in our study region will have concentrated the riverine TM inputs within the 
plume in the surface waters (Figure 2a and Figure S2 in Supporting Information S1), corroborated by depth 
profiles which show enhanced concentrations of dCo, dCu, dFe and dMn in the near-surface waters (Figure S5 in 
Supporting Information S1). Figure 3b shows the surface water inventories of dTMs, which are remarkably high 
for particle-reactive TMs including Cu, Fe, Mn and Zn. These elements are typically removed by scavenging and 
precipitation processes (e.g., Boyle et al., 1977; Mosley & Liss, 2020; Sholkovitz, 1978). The inventories allow 
the assessment of various external inputs to the surface ocean along the cruise track, which will be discuss in 
detail in Section 3.4.

3.2. Non-Conservative Addition of Trace Metals on the Congo Shelf

We created theoretical two-endmember conservative mixing lines for each TM using the observed Congo River 
dTM concentrations (S  =  0, sampled in 2017) and a high salinity coastal surface water sample from ∼8°S 
(S = 35.28, Table 1) that was not directly affected by the Congo River plume (Vangriesheim et al., 2009). All 
dTMs showed apparent non-conservative mixing behavior with respect to salinity on the Congo Shelf (Figure 2b). 
Concentrations of dCd, dCo, dCu, dMn and dNi fell above their conservative mixing lines across the whole 
salinity gradient between the Congo River and coastal waters. Apparent removal of dFe and dPb at salinity <33, 
and dZn at salinity <30 is consistent with their characteristic scavenging behavior. These TMs typically exhibit 
non-conservative removal in estuaries (Boyle et al., 1977; Elderfield et al., 1979; Krauskopf, 1956; Mosley & 
Liss, 2020; Sholkovitz, 1978). However, weaker and insignificant correlations between dTMs and distance from 
the river mouth (Pearson coefficient R < 0.45, P > 0.05) could suggest the river was not the only major source for 
all dTMs on the Congo shelf (Table S5 in Supporting Information S1). River water was collected in a different 
year (2017) to the cruise (2015), and therefore an apparent “missing” source could be due to river water concen-
tration for all dTMs in 2017 being much lower than in 2015. However, dTM concentrations in Congo River waters 
in the wet season (October to December) are lower than in the dry season (April to June) (Table 1 and Figure S3 
in Supporting Information S1), as increases in discharge volume generally dilute estuarine dTM concentrations 
(Braungardt et al., 2003). Concentrations of dCd, dCo, dCu, dMn and dNi on the Congo shelf are higher during 
the wet season than their highest theoretical conservative values created using dry-season river concentrations 
(from May 2017, Table 1). The observation that TMs are consistently elevated above the theoretical mixing line 
thus suggest other dTM sources in addition to river water (Figure 2b). This was also suggested in prior work from 
the same cruise using  228Ra for budget assessments.  228Ra shares the same source as TMs like Fe, Mn and Co, and 
indicated that the Congo River accounted for only ∼30–35% of the  228Ra budget in the plume (Vieira et al., 2020).

Although several mechanisms with different strengths may simultaneously deliver TMs to the Congo shelf, the 
surface-advected Congo plume disconnects from the seafloor on the shelf immediately beyond the river outflow 
(Hopkins et  al.,  2013) and is strongly stratified with an upper layer about 15  m deep and ∼3.0  psu fresher 
than subsurface waters (Figure S2 in Supporting Information S1). The stratified water column and low wind 
speeds (<10 m s −1, Figures S1 and S2 in Supporting Information S1) on the Congo shelf reduced vertical mixing 
and upwelling, thereby limiting the transfer of TMs between subsurface and surface waters. The water column 
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structure of the Congo plume, and the observed vertical distribution of dTMs with lower dTM concentrations 
in subsurface compared to surface waters (Figure S5 in Supporting Information S1), therefore suggest that shelf 
sediments were not a major dTM source to the surface layer. This observation for the Congo plume is in contrast 
to reported benthic dTM inputs in other shelf systems, which typically result in a general trend of increased dTM 
concentrations toward the seafloor (Liu et al., 2022b; Noble et al., 2012). For dFe and other TMs with similar 
sources in the plume, a minimal impact of lithogenic input from the Congo shelf is substantiated by heavier Fe 
isotopic compositions (δ 56Fe > +0.33‰, up to ∼+1.2‰) in Congo plume waters relative to both the typical 

Figure 3. Fluxes and inventories of TMs and TM distribution with respect to the area receiving high rainfall on the Congo shelf. (a) TM fluxes (μmol m −2 day −1) from 
the Congo River (River), rainfall (total dissolvable: Rain TdTM and dissolved: Rain dTM) and atmospheric dry deposition (Dry Deposition). In-set shows Fe fluxes 
from Rain TdTM, Rain dTM, and Dry Deposition. (b) TM inventory (μmol m −2) in surface water along transect on the Congo shelf. Note the log scale. Boxes represent 
median values, 25th and 75th percentiles. Gray points outside boxes are potential outliers which are defined as above the 75th or below the 25th percentile by a factor 
of 1.5 times the interquartile range. Orange points represent mean values of each TM inventory with error bar (1sd). (c) Dissolved TM concentrations on the Congo 
shelf plotted against distance from discrete rain events (km) with colors showing salinity during the cruise. Note that data in A and B as per Table S4 in Supporting 
Information S1. In C, concentrations of dissolved TMs are in nM except Pb in pM. Position of rain events is shown in Table S1 in Supporting Information S1. One 
datapoint with the highest Pb (84 pM) and Fe (1,394 nM) concentrations and lowest salinity (S = 25.3) is not shown.
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crustal δ 56Fe values (∼+0.1‰) (Fitzsimmons & Conway, 2023) and to the subsurface benthic Fe(II) inputs asso-
ciated with low O2 (Hunt et al., 2022). Additionally, the δ 56Fe signatures in the plume cannot be explained by a 
simple closed-system Rayleigh fractionation induced for example, by removal processes during mixing of river 
and seawater (Hunt et al., 2022). Internal cycling and a net dissolution of TMs from riverine particles therefore 
did not likely act as a large net dFe source within the plume. This is consistent with the rapid and efficient net 
transfer of dFe to particulate phases in estuaries and previous observation during mixing in the Congo estuary 
(Boyle et al., 1977; Figuères et al., 1978; Sholkovitz, 1978). Altogether, these observations combined with TM 
distributions on the Congo shelf suggest additional external sources of TMs other than the Congo River and shelf 
sediments.

3.3. Trace Metals Delivered by Wet Atmospheric Deposition

The Congo shelf experienced numerous heavy rain events during our cruise, with precipitation rates of >1 mm hr −1 
as confirmed by satellite data (Figure 1 and Figure S1 in Supporting Information S1). We thus consider wet depo-
sition as a potentially important source of TMs to surface waters as reported for other ocean regions (Desboeufs 
et al., 2022; Schlosser et al., 2014). As a result of the episodic and dispersed nature of rain events, it is challenging 
to decouple rain from river inputs of dTMs. Observed enhanced TM concentrations on the Congo shelf (dCd 
>0.51 nM, dCo >0.25 nM, dCu >1.73 nM, dFe >21.4 nM, dMn >12.5 nM, dNi >2.65 nM, dPb >5 pM and dZn 
>0.35 nM) typically were in proximity to rain events, notably within 25 km (two datapoints within 25–50 km) 
from rainwater sampling locations (Figure 3c). For the interpretation of the potential effects of recent rainfall on 
dTM distributions it should be noted that the underway salinity observations on the vessel were conducted at a 
depth of ∼2.5 m, whilst the intake of water for TM analysis using the tow fish was at a depth of 1–2 m. This may 
have resulted in an increased uncertainty with respect to TM-salinity relationships considering the strong salinity 
gradients in the top few meters of the water column. Towfish dTMs collected herein therefore may have a weaker 
relationship with salinity than would have been observed if the salinity of individual samples were determined.

Over short time periods, rainwater deposition would be expected to increase concentrations in surface waters of 
scavenging-type dTMs (e.g., dFe) and this input would be evident despite the fact that the rainwater concentra-
tions are lower than river water concentrations. This is because dTM concentrations in the plume are measured 
subsequent to the estuarine removal processes. A dTM enrichment could occur from rainwater when the rainwa-
ter concentration is higher than the apparent freshwater endmember, which may be considerably lower than the 
measured freshwater endmember. This is particularly the case for dFe where apparent freshwater endmembers in 
estuaries are almost invariably 1–2 orders of magnitude lower than measured riverwater concentrations (Boyle 
et al., 1977) (dFe measured = 7,385 nM v.s. dFe derived = 204 nM in this study) (Tables 1 and 2).

We calculated volume-weighted-mean TM concentrations in rainwater (Table S6 in Supporting Information S1) 
to avoid the volume effects whereby heavy rain events tend to exhibit progressively lower TM concentrations with 
increasing rain volume (Figure S4 in Supporting Information S1). Our volume-weighted-mean concentrations of 
all TMs in rainwaters were within the range of those reported in studies worldwide (Baker et al., 2013; Chance 
et al., 2015; Desboeufs et al., 2022; Shelley et al., 2017), with Cd, Cu, Mn, Pb and Zn at the higher end and Co and 
Fe at the lower end. Specifically, higher rainwater Cd, Cu, Pb and Zn concentrations were reported for the South 
Atlantic (Chance et al., 2015) (including this study) compared to the North Atlantic Ocean (Baker et al., 2013; 

TM

LM (S = 0) GAM (S = 0, distance to the river mouth = 500 km) Ra-derived a

Endmember (nM) Flux (mol day −1) Endmember (nM) Flux (mol day −1) Flux (mol day −1)

Co 1.84 ± 0.08 6.6 ± 1.9 × 10 3 2.93 ± 0.84 1.1 ± 0.4 × 10 4 1.3 ± 0.5 × 10 4

Cu 12.7 ± 1.00 4.6 ± 1.3 × 10 4 20.1 ± 2.02 7.2 ± 2.1 × 10 4 8.5 ± 3.8 × 10 4 a

Fe 204 ± 25.7 7.3 ± 2.1 × 10 5 99.4 ± 14.3 3.6 ± 1.1 × 10 5 1.9 ± 0.6 × 10 6

Mn 97.2 ± 16.4 3.5 ± 1.1 × 10 5 182 ± 52.8 6.6 ± 2.6 × 10 5 8.5 ± 3.3 × 10 5

 aFrom Vieira et al. (2020), a Ra-derived Cu flux was calculated as previously undertaken for Co, Fe and Mn.

Table 2 
Comparison of Endmembers and Fluxes Between a Linear Regression Model (LM), General Additive Model (GAM) and 
Calculations Based on Ra Isotopes (Vieira et al., 2020)
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Shelley et al., 2017) (Figure 4a), likely reflecting different regional sources of the TMs. Rainwater Fe concentra-
tions in our study area were around one order of magnitude lower than those in most areas of the northern hemi-
sphere (Baker et al., 2013; Shelley et al., 2017), but similar to observations in the intertropical convergence zone 
(ITCZ) (Baker et al., 2013) with high rainfall, and in the western high-latitude North Atlantic (∼60°N) (Shelley 
et al., 2017). Concentrations of most TMs in rainwaters in our study, including Cd, Co, Cu, Mn, Ni, Pb and Zn, 
were similar to those reported for the central and western Mediterranean Sea (two individual samples), where wet 
deposition is influenced by high dust loading and anthropogenic emissions (Desboeufs et al., 2022). However, 
Fe concentrations were lower by a factor of ∼20 compared to the Mediterranean study (Desboeufs et al., 2022). 
The difference is perhaps related to the enhanced dust loadings in the Mediterranean Sea region, derived from the 
Sahara and Sahel areas (Baker et al., 2013; Nickovic et al., 2013; Sedwick et al., 2007) and/or low Fe concentra-
tions of pyrogenic aerosol from South Africa (Barkley et al., 2019; Sholkovitz et al., 2012).

Enrichment Factors (EF) are used as indicators of a non-crustal source of anthropogenic TM emissions and, 
whilst inherently variable, EFs >10 provide relatively strong evidence for anthropogenically perturbed atmos-
pheric inputs with the natural ratio being exceeded by over an order of magnitude (Nriagu, 1979). All TMs except 
Fe were significantly enriched relative to mean upper continental crust (UCC, Rudnick & Gao, 2014), with Co 

Figure 4. Trace metal concentrations in rainwater. (a) Volume-weighted-mean dissolved (dTM, orange) and total dissolvable 
(TdTM, blue) TM concentrations (log scale) in different areas including the North Atlantic (Baker et al., 2013; Shelley 
et al., 2017) (squares), Mediterranean (Desboeufs et al., 2022) (crosses), South Atlantic (Baker et al., 2013; Chance 
et al., 2015) (diamonds), ITCZ (Baker et al., 2013) (triangles) and the Congo shelf (this study, circles). (b) Enrichment factor 
(EF, log scale) and (c) fractional solubility (solubility). Error bars of EF and solubility were derived by error propagation of 
volume-weighted-mean concentrations for each metal. Black horizontal line in B denotes EF = 10, representing a significant 
enrichment of TMs relative to upper continental crust. Data as per Table S6 in Supporting Information S1. Note the log 
scale for concentrations in panel A and Enrichment Factor in panel B all rainwater TM concentrations from literature are 
volume-weighted-mean concentrations, whereas data from the Mediterranean refers to two individual samples (Desboeufs 
et al., 2022).
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showing the next lowest enrichment (EF = 18.2) and Zn the highest (EF = 2,942). The EFs thereby indicate 
non-crustal sources for almost all measured TMs (Figure  4b). Low EF values of Fe (<10, specifically, 0.79 
relative to the UCC and 0.20 relative to Namibian dust, Eltayeb et al., 1993) indicate Fe in rainwater is mainly 
associated with mineral dust. However, an anthropogenic influence on Fe is possible due to a similar fractional 
solubility in rainwater (hereafter referred as solubility) for Fe (14%) as global simulated 9.1%–22% water-soluble 
Fe from anthropogenic sources (Ito & Miyakawa, 2022), which is higher than the typical fraction of water-soluble 
Fe in lithogenic aerosol particles (<10%) (Desboeufs et al., 2005; Ito et al., 2019).

The solubility of Al (45%) in our study was higher than the reported median Al solubility of 13% (Baker et al., 2013). 
This is likely due to the more acidic nature (pH ∼4.3–5.0, Table S1 in Supporting Information S1) of our rain events 
compared to typical rainwaters (pH ∼5.0–5.6), despite comparable solubilities of Fe (14%) and Mn (81%) in our 
study to reported median values of 9.4% and 74%, respectively, based on compiled Atlantic data (Baker et al., 2013). 
Aluminum minerals (e.g., aluminosilicates) release more Al at pH ∼4.75 and below (Johnson et al., 1981; Lim 
et al., 1994; Losno et al., 1993), whereas Fe in dust was reported to show enhanced dissolution at pH < 3.6 (Mackie 
et al., 2005). The pronounced enrichment of Cd, Cu and Zn (up to 10 3 for Cd and Zn) likely reflects increased 
solubilities in rainwaters related anthropogenic sources as also reported for other regions (Figure 4) (Desboeufs 
et al., 2022; Shelley et al., 2017). The anthropogenic perturbation of TMs in rainwater is not surprising due to air 
pollution over West Africa (Knippertz et al., 2015), but few studies have reported on emission inventories from 
specific regional activities. These activities include extensive hydrocarbon exploitation (Figure S2 in Supporting 
Information S1, Global Gas Flaring Reduction Partnership, 2020), metal mining, marine traffic and biomass burn-
ing. Therefore, it is challenging to constrain specific dTM signatures other than a generalization that elements such 
as dZn and dPb are most impacted by anthropogenic perturbations (Boyle et al., 1994; Graedel et al., 2005).

3.4. River and Rainfall Contributions to Surface Trace Metal Inventories

We compare TM inputs from the Congo River, rainwater and dry atmospheric deposition with respect to surface 
water TM inventories on the Congo shelf (Figure 3). Atmospheric dry deposition of each TM was calculated 
based on an Al-derived dust deposition flux (2.67 g m −2 yr −1) to the Congo shelf (Barraqueta et al., 2019) assum-
ing a similar TM abundance as the UCC (Rudnick & Gao, 2014) and using the experimental solubility of aerosols 
(Mackey et al., 2015) (Text S2 in Supporting Information S1). The inputs from the Congo River were highest 
for all TMs followed by those from rainfall, which are 1–3 order of magnitude higher than dry deposition. This 
could be due to the washout effect of rain (Jickells et al., 1984; Vink & Measures, 2001) and/or an underesti-
mation of TM dry deposition fluxes by assuming a TM content is similar to the UCC (Text S2 in Supporting 
Information S1). Comparing the TM inventories and inputs (Figure 3), Fe, Pb and Zn have notably short residence 
times (<3 days, Table S4 in Supporting Information S1) which is consistent with their scavenged-type behavior. 
Cadmium, Co, Cu, Mn and Ni have longer residence times (18–106  days, Table S4 in Supporting Informa-
tion S1), reflecting enhanced inventories compared to riverine inputs and atmospheric deposition (Figure 3).

Rainfall supplies Cd, Cu, Pb and Zn at similar magnitudes to the Congo River (Figure 3a). The relative importance 
of rainfall calculated herein is likely underestimated by our calculations, as a fraction of the TMs in the Congo 
River also likely originated from inputs of rain to the catchment (Best, 2019). Rainfall inputs account for at least 
∼60% of Pb and >100% of Zn inventories over the period of surface water residence times (∼2.7 days) on the 
Congo shelf (Eisma & Van Bennekom, 1978), suggesting a considerable impact of anthropogenic inputs. Wet 
deposition supply of dTMs (Rain dTM) is equivalent to 0.02%–68% of river inputs with the relative importance of 
rainfall as a dTM source decreasing in the order Zn > Cd > Cu > Pb > Ni > Mn > Co > Fe (Figure 3a). Whilst wet 
deposition was therefore a major feature of some dTM budgets in the Congo plume (e.g., Zn, Pb and Cu), consistent 
with inferences that there are large dTM sources other than the Congo river and shelf sediments, the relatively low 
contribution of wet deposition to some of the other elements with apparent missing sources (e.g., Mn, Co and Fe) 
suggests that there are still other missing sources or limitations in the assumptions used to construct budgets to date.

3.5. Freshwater Trace Metal Fluxes to the South Atlantic Ocean

We used two models (Table S7 in Supporting Information S1), a linear regression (LM, TM concentrations against 
salinity) and a non-linear general additive model (GAM, TM concentrations against distance to river mouth and salin-
ity), to derive freshwater dTM endmembers at the on-set of the offshore Congo plume (salinity = 0 and distance to 
the river mouth = 500 km, Figure 1) (Krisch et al., 2021; Wood, 2017). Correspondingly, freshwater TM fluxes were 
computed (Text S2 in Supporting Information S1) using the two respective freshwater endmembers (LM-extrapolated 
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and GAM-predicted). The differences between LM-extrapolated and GAM-predicted endmembers can be attributed 
to various modifications on the shelf including scavenging, phytoplankton uptake and addition from atmospheric 
inputs. Differences between the derived TM fluxes using the two endmembers thereby represent net additions or 
loss of TM fluxes in the freshwater plume. The GAM-predicted freshwater endmembers of Co, Cu and Mn at the 
beginning of the offshore Congo plume (2.93 ± 0.84 nM dCo, 20.1 ± 2.02 nM dCu, 182 ± 52.8 nM dMn) are 
significantly higher than the LM-extrapolated freshwater endmembers (1.84 ± 0.08 nM dCo, 12.7 ± 1.00 nM dCu, 
97.2 ± 16.4 nM dMn, Table 2), consistent with additions of Co, Cu and Mn on the Congo shelf. In contrast, the lower 
GAM-predicted freshwater Fe endmember (99.4 ± 14.3 nM) compared to the LM-extrapolated freshwater value 
(204 ± 25.7 nM) indicates a net 51 ± 21% loss of Fe during transfer after estuarine removal (Table 2). The lower 
Fe loss (51 ± 21%) compared to previous observations of ∼85% determined at low salinities in the Congo estuary 
(Figuères et al., 1978) could be related to other shelf sources such as rainwater additions, which perhaps compensated 
for at least a fraction of apparent Fe removal on the Congo shelf. This notion is supported by a much lower removal 
factor (∼17%) of dFe in mixing experiments between freshly collected rainwater and seawater (Kieber, Willey, & 
Avery, 2003) which indicated that rain-derived dFe is stable on timescales of hours upon mixing likely due to a high 
fraction of Fe(II) produced by photochemical reactions in rain droplets (Kieber, Hardison, et al., 2003) and/or the 
presence of organic matter complexing Fe in rain (Kieber et al., 2001, 2005). The specific nature of organic matter 
in the Congo plume has been proposed to contribute to the efficient distal transport of Fe offshore (Hunt et al., 2022; 
Vieira et  al., 2020). Such a mechanism of organic matter complexation may also buffer against scavenging and 
removal of dCo and dCu in the distal plume (Jacquot & Moffett, 2015; Saito & Moffett, 2001).

Strong correlations between most dTMs,  228Ra and salinity suggest a major freshwater source of most elements, 
although this could also reflect entrainment of other coastal sources into the plume close to its origin. It is plau-
sible that submarine groundwater discharge, net release of dTMs from shallow near-shore shelf sediments and 
dissolution of riverine material could also contribute significant loads of dTMs and remain tightly correlated 
to  228Ra and salinity over the off-shelf transect. However, such sources would have to be delivered in a way that 
they remained confined to the low salinity surface layer, and for some elements several of these sources are 
implausible. For example, dissolution of riverine particles is not usually found to constitute a large net-source of 
scavenged-type elements in estuaries at low salinities (Boyle et al., 1977; Figuères et al., 1978; Sholkovitz, 1978). 
Considering the absence of a sedimentary signal in the Fe isotopic data (Hunt et al., 2022), submarine groundwa-
ter released into shallow areas of the Congo shelf therefore possibly forms the next most plausible explanation to 
rainwater, for why TMs show missing sources in the Congo plume. This could also perhaps similarly explain the 
apparent discrepancies in Co and Mn budgets and warrants further investigation.

4. Conclusions and Implications
The Congo River forms a major source of TMs to the South Atlantic Ocean. Following earlier studies implicating 
an additional source of TMs to the Congo plume other than the Congo River and shelf sediments (Hunt et al., 2022; 
Vieira et al., 2020), our study indicated regional wet deposition across the Congo shelf as a TM source to the Congo 
plume. Concentrations of TMs in rainwater in our study are all within the range of global reported values and similar 
to those from the North Atlantic and the Mediterranean Sea (Desboeufs et al., 2022; Shelley et al., 2017). Our results 
suggest that wet deposition contributes to Cd, Cu, Pb and Zn fluxes to the Congo shelf on the same order of magnitude 
as the Congo River, with minor contributions to Fe, Mn and Co. Considering the observed enhanced residence time 
of TMs in the distal Congo plume toward the open ocean, wet deposition of TMs to the surface ocean maybe partly 
responsible for a longer longevity of some elements in the plume, with potential consequences for ocean productivity.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
Dissolved TM and macronutrient concentrations from the GA08 cruise are archived at Pangaea (Liu et al., 2022a).

References
Alsdorf, D., Beighley, E., Laraque, A., Lee, H., Tshimanga, R., O'Loughlin, F., et al. (2016). Opportunities for hydrologic research in the Congo 

Basin. Reviews of Geophysics, 54(2), 378–409. https://doi.org/10.1002/2016RG000517
Amante, C., & Eakins, B. W. (2009). ETOPO1 arc-minute global relief model: Procedures, data sources and analysis.

Acknowledgments
We thank the captain and crew of the 
RV Meteor M121 cruise/GEOTRACES 
GA08 section and the chief scientist, 
Martin Frank, for cruise support. We 
thank Pablo Lodeiro, Christian Schlosser 
and Jan-Lucas Menzel Barraqueta for 
their assistance in sample collection 
on the GA08 expedition. We thank Mr 
Bomba Sangolay from the National 
Institute of Fisheries Research (Instituto 
Nacional de Investigação Pesqueira, 
Luanda, Angola) for collection of 
samples in the Congo River. Seth John, 
Matthieu Bressac and an anonymous 
reviewer are thanked for comments that 
significantly improved earlier versions of 
the manuscript. The cruise was funded 
by the Deutsche Forschungsgemeinschaft 
(DFG). GEOMAR supported trace metal 
analyses. Open Access funding enabled 
and organized by Projekt DEAL.

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107150 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/2016RG000517


Geophysical Research Letters

LIU ET AL.

10.1029/2023GL107150

11 of 13

Baker, A. R., Adams, C., Bell, T. G., Jickells, T. D., & Ganzeveld, L. (2013). Estimation of atmospheric nutrient inputs to the Atlantic Ocean from 
50°N to 50°S based on large-scale field sampling: Iron and other dust-associated elements. Global Biogeochemical Cycles, 27(3), 755–767. 
https://doi.org/10.1002/gbc.20062

Baker, A. R., & Croot, P. L. (2010). Atmospheric and marine controls on aerosol iron solubility in seawater. Marine Chemistry, 120(1–4), 4–13. 
https://doi.org/10.1016/j.marchem.2008.09.003

Barkley, A. E., Prospero, J. M., Mahowald, N., Hamilton, D. S., Popendorf, K. J., Oehlert, A. M., et al. (2019). African biomass burning is a 
substantial source of phosphorus deposition to the Amazon, Tropical Atlantic Ocean, and Southern Ocean. Proceedings of the National Acad-
emy of Sciences of the United States of America, 116(33), 16216–16221. https://doi.org/10.1073/pnas.1906091116

Barraqueta, J. L. M., Klar, J., Gledhill, M., Schlosser, C., Shelley, R., Planquette, H. F., et al. (2019). Atmospheric deposition fluxes over the 
Atlantic Ocean: A GEOTRACES case study. Biogeosciences, 16(7), 1525–1542. https://doi.org/10.5194/bg-16-1525-2019

Best, J. (2019). Anthropogenic stresses on the world’s big rivers. Nature Geoscience, 12(1), 7–21. https://doi.org/10.1038/s41561-018-0262-x
Boyle, E. A., Edmond, J. M., & Sholkovitz, E. R. (1977). The mechanism of iron removal in estuaries. Geochimica et Cosmochimica Acta, 41(9), 

1313–1324. https://doi.org/10.1016/0016-7037(77)90075-8
Boyle, E. A., Sherrell, R. M., & Bacon, M. P. (1994). Lead variability in the western North Atlantic Ocean and central Greenland ice: Impli-

cations for the search for decadal trends in anthropogenic emissions. Geochimica et Cosmochimica Acta, 58(15), 3227–3238. https://doi.
org/10.1016/0016-7037(94)90050-7

Braga, E., Andrié, C., Bourlès, B., Vangriesheim, A., Baurand, F., & Chuchla, R. (2004). Congo River signature and deep circulation in the east-
ern Guinea Basin. Deep-Sea Research Part I Oceanographic Research Papers, 51(8), 1057–1073. https://doi.org/10.1016/j.dsr.2004.03.005

Braungardt, C. B., Achterberg, E. P., Elbaz-Poulichet, F., & Morley, N. H. (2003). Metal geochemistry in a mine-polluted estuarine system in 
Spain. Applied Geochemistry, 18(11), 1757–1771. https://doi.org/10.1016/S0883-2927(03)00079-9

Browning, T. J., Achterberg, E. P., Rapp, I., Engel, A., Bertrand, E. M., Tagliabue, A., & Moore, C. M. (2017). Nutrient co-limitation at the 
boundary of an oceanic gyre. Nature, 551(7679), 242–246. https://doi.org/10.1038/nature24063

Buck, K. N., Lohan, M. C., Berger, C. J. M., & Bruland, K. W. (2007). Dissolved iron speciation in two distinct river plumes and an estuary: 
Implications for riverine iron supply. Limnology & Oceanography, 52(2), 843–855. https://doi.org/10.4319/lo.2007.52.2.0843

Bultot, F. (2019). Atlas climatique du bassin congolais. 2e partie, Les composantes du bilan d’eau. Atlas Clim. du bassin Congo.
Chance, R., Jickells, T. D., & Baker, A. R. (2015). Atmospheric trace metal concentrations, solubility and deposition fluxes in remote marine air 

over the south-east Atlantic. Marine Chemistry, 177, 45–56. https://doi.org/10.1016/j.marchem.2015.06.028
Chao, Y., Farrara, J. D., Schumann, G., Andreadis, K. M., & Moller, D. (2015). Sea surface salinity variability in response to the Congo River 

discharge. Continental Shelf Research, 99, 35–45. https://doi.org/10.1016/j.csr.2015.03.005
Desboeufs, K., Fu, F., Bressac, M., Tovar-Sánchez, A., Triquet, S., Doussin, J. F., et al. (2022). Wet deposition in the remote western and central 

Mediterranean as a source of trace metals to surface seawater. Atmospheric Chemistry and Physics, 22(4), 2309–2332. https://doi.org/10.5194/
acp-22-2309-2022

Desboeufs, K., Sofikitis, A., Losno, R., Colin, J. L., & Ausset, P. (2005). Dissolution and solubility of trace metals from natural and anthropogenic 
aerosol particulate matter. Chemosphere, 58(2), 195–203. https://doi.org/10.1016/j.chemosphere.2004.02.025

Eisma, D., & Van Bennekom, A. J. (1978). The Zaire River and estuary and the Zaire outflow in the Atlantic Ocean. Netherlands Journal of Sea 
Research, 12(3–4), 255–272. https://doi.org/10.1016/0077-7579(78)90030-3

Elderfield, H., Hepworth, A., Edwards, P. N., & Holliday, L. M. (1979). Zinc in the Conwy River and estuary. Estuarine and Coastal Marine 
Science, 9(4), 403–422. https://doi.org/10.1016/0302-3524(79)90014-8

Elrod, V. A., Berelson, W. M., Coale, K. H., & Johnson, K. S. (2004). The flux of iron from continental shelf sediments: A missing source for 
global budgets. Geophysical Research Letters, 31(12), L12307. https://doi.org/10.1029/2004GL020216

Eltayeb, M. A. H., Van Grieken, R. E., Maenhaut, W., & Annegarn, H. J. (1993). Aerosol-soil fractionation for Namib Desert samples. Atmos-
pheric Environment, Part A: General Topics, 27(5), 669–678. https://doi.org/10.1016/0960-1686(93)90185-2

Figuères, G., Martin, J. M., & Meybeck, M. (1978). Iron behaviour in the Zaire estuary. Netherlands Journal of Sea Research, 12(3–4), 329–337. 
https://doi.org/10.1016/0077-7579(78)90035-2

Fitzsimmons, J. N., & Conway, T. M. (2023). Novel Insights into marine iron biogeochemistry from iron isotopes. Annual Review of Marine 
Science, 15, 1–24. https://doi.org/10.1146/annurev-marine-032822-103431

Frank, M., Achterberg, E., Bristow, L., & others (2014). METEOR -Berichte trace metal chemistry in the water column of the Angola Basin - A 
contribution to the international GEOTRACES program.

Gaillardet, J., Viers, J., & Dupré, B. (2014). Trace elements in river waters. In Treatise on geochemistry (2nd ed., pp. 195–235).
GEOTRACES Intermediate Data Product Group. (2021). The GEOTRACES intermediate data product 2021 (IDP2021). NERC EDS British 

Oceanographic Data Centre NOC.
Global Gas Flaring Reduction Partnership. (2020). Global gas flaring tracker report. World Bank. Retrieved from https://thedocs.worldbank.org/

en/doc/1f7221545bf1b7c89b850dd85cb409b0-0400072021/original/WB-GGFR-Report-Design-05a.pdf
Graedel, T. E., van Beers, D., Bertram, M., Fuse, K., Gordon, R. B., Gritsinin, A., et al. (2005). The multilevel cycle of anthropogenic zinc. 

Journal of Industrial Ecology, 9(3), 67–90. https://doi.org/10.1162/1088198054821573
Hopkins, J., Lucas, M., Dufau, C., Sutton, M., Stum, J., Lauret, O., & Channelliere, C. (2013). Detection and variability of the Congo River plume 

from satellite derived sea surface temperature, salinity, ocean colour and sea level. Remote Sensing of Environment, 139, 365–385. https://doi.
org/10.1016/j.rse.2013.08.015

Huffman, G. J., Stocker, E. F., Bolvin, D. T., Nelkin, E. J., & Tan, J. (2019). GPM IMERG Early precipitation L3 half hourly 0.1 degree x 0.1 
degree V06. Goddard Earth Sci. Data Inf. Serv. Cent. (GES DISC) Greenbelt. https://doi.org/10.5067/GPM/IMERG/3B-HH/06

Hunt, H. R., Summers, B. A., Sieber, M., Krisch, S., Al-Hashem, A., Hopwood, M., et al. (2022). Distinguishing the influence of sediments, 
the Congo River, and water-mass mixing on the distribution of iron and its isotopes in the Southeast Atlantic Ocean. Marine Chemistry, 247, 
104181. https://doi.org/10.1016/j.marchem.2022.104181

Ito, A., & Miyakawa, T. (2022). Aerosol iron from metal production as a secondary source of Bioaccessible iron. Environmental Science and 
Technology, 57(10), 4091–4100. https://doi.org/10.1021/acs.est.2c06472

Ito, A., Myriokefalitakis, S., Kanakidou, M., Mahowald, N. M., Scanza, R. A., Hamilton, D. S., et al. (2019). Pyrogenic iron: The missing link to 
high iron solubility in aerosols. Science Advances, 5, 13–15. https://doi.org/10.1126/sciadv.aau7671

Jacquot, J. E., & Moffett, J. W. (2015). Copper distribution and speciation across the international GEOTRACES section GA03. Deep Sea 
Research Part II: Topical Studies in Oceanography, 116, 187–207. https://doi.org/10.1016/j.dsr2.2014.11.013

Jickells, T. D. (1995). Atmospheric inputs of metals and nutrients to the oceans: Their magnitude and effects. Marine Chemistry, 48(3–4), 
199–214. https://doi.org/10.1016/0304-4203(95)92784-P

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107150 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/gbc.20062
https://doi.org/10.1016/j.marchem.2008.09.003
https://doi.org/10.1073/pnas.1906091116
https://doi.org/10.5194/bg-16-1525-2019
https://doi.org/10.1038/s41561-018-0262-x
https://doi.org/10.1016/0016-7037(77)90075-8
https://doi.org/10.1016/0016-7037(94)90050-7
https://doi.org/10.1016/0016-7037(94)90050-7
https://doi.org/10.1016/j.dsr.2004.03.005
https://doi.org/10.1016/S0883-2927(03)00079-9
https://doi.org/10.1038/nature24063
https://doi.org/10.4319/lo.2007.52.2.0843
https://doi.org/10.1016/j.marchem.2015.06.028
https://doi.org/10.1016/j.csr.2015.03.005
https://doi.org/10.5194/acp-22-2309-2022
https://doi.org/10.5194/acp-22-2309-2022
https://doi.org/10.1016/j.chemosphere.2004.02.025
https://doi.org/10.1016/0077-7579(78)90030-3
https://doi.org/10.1016/0302-3524(79)90014-8
https://doi.org/10.1029/2004GL020216
https://doi.org/10.1016/0960-1686(93)90185-2
https://doi.org/10.1016/0077-7579(78)90035-2
https://doi.org/10.1146/annurev-marine-032822-103431
https://thedocs.worldbank.org/en/doc/1f7221545bf1b7c89b850dd85cb409b0-0400072021/original/WB-GGFR-Report-Design-05a.pdf
https://thedocs.worldbank.org/en/doc/1f7221545bf1b7c89b850dd85cb409b0-0400072021/original/WB-GGFR-Report-Design-05a.pdf
https://doi.org/10.1162/1088198054821573
https://doi.org/10.1016/j.rse.2013.08.015
https://doi.org/10.1016/j.rse.2013.08.015
https://doi.org/10.5067/GPM/IMERG/3B-HH/06
https://doi.org/10.1016/j.marchem.2022.104181
https://doi.org/10.1021/acs.est.2c06472
https://doi.org/10.1126/sciadv.aau7671
https://doi.org/10.1016/j.dsr2.2014.11.013
https://doi.org/10.1016/0304-4203(95)92784-P


Geophysical Research Letters

LIU ET AL.

10.1029/2023GL107150

12 of 13

Jickells, T. D., Knap, A. H., & Church, T. M. (1984). Trace metals in Bermuda rainwater. Journal of Geophysical Research, 89(D1), 1423–1428. 
https://doi.org/10.1029/JD089iD01p01423

Johnson, N. M., Driscoll, C. T., Eaton, J. S., Likens, G. E., & McDowell, W. H. (1981). ‘Acid rain’, dissolved aluminum and chemical weath-
ering at the Hubbard Brook Experimental Forest, New Hampshire. Geochimica et Cosmochimica Acta, 45(9), 1421–1437. https://doi.
org/10.1016/0016-7037(81)90276-3

Kieber, R. J., Hardison, D. R., Whitehead, R. F., & Willey, J. D. (2003). Photochemical production of Fe(II) in rainwater. Environmental Science 
and Technology, 37(20), 4610–4616. https://doi.org/10.1021/es030345s

Kieber, R. J., Skrabal, S. A., Smith, B. J., & Willey, J. D. (2005). Organic complexation of Fe(II) and its impact on the redox cycling of iron in 
rain. Environmental Science and Technology, 39(6), 1576–1583. https://doi.org/10.1021/es040439h

Kieber, R. J., Willey, J. D., & Avery, G. B., Jr. (2003). Temporal variability of rainwater iron speciation at the Bermuda Atlantic time series station. 
Journal of Geophysical Research: Oceans, 108(C8), 3277. https://doi.org/10.1029/2001jc001031

Kieber, R. J., Williams, K., Willey, J. D., Skrabal, S., & Avery, G. B. (2001). Iron speciation in coastal rainwater: Concentration and deposition 
to seawater. Marine Chemistry, 73(2), 83–95. https://doi.org/10.1016/S0304-4203(00)00097-9

Knippertz, P., Evans, M. J., Field, P. R., Fink, A. H., Liousse, C., & Marsham, J. H. (2015). The possible role of local air pollution in climate 
change in West Africa. Nature Climate Change, 5(9), 815–822. https://doi.org/10.1038/nclimate2727

Krauskopf, K. B. (1956). Factors controlling the concentrations of thirteen rare metals in sea-water. Geochimica et Cosmochimica Acta, 9(1–2), 
1–B32. https://doi.org/10.1016/0016-7037(56)90055-2

Krisch, S., Hopwood, M. J., Schaffer, J., Al-Hashem, A., Höfer, J., Rutgers van der Loeff, M. M., et al. (2021). The 79°N Glacier cavity modulates 
subglacial iron export to the NE Greenland Shelf. Nature Communications, 12(1), 3030. https://doi.org/10.1038/s41467-021-23093-0

Laraque, A., Bricquet, J. P., Pandi, A., & Olivry, J. C. (2009). A review of material transport by the Congo River and its tributaries. Hydrological 
Processes, 23(22), 3216–3224. https://doi.org/10.1002/hyp.7395

Lim, B., Jickells, T. D., Colin, J. L., & Losno, R. (1994). Solubilities of Al, Pb, Cu, and Zn in rain sampled in the marine environment over the 
North Atlantic Ocean and Mediterranean Sea. Global Biogeochemical Cycles, 8(3), 349–362. https://doi.org/10.1029/94GB01267

Liu, T., Krisch, S., Hopwood, M. J., Achterberg, E. P., & Mutzberg, A. (2022a). Trace metal data from water samples during METEOR cruise 
M121 [Dataset]. PANGAEA. https://doi.org/10.1594/PANGAEA.947275

Liu, T., Krisch, S., Xie, R. C., Hopwood, M. J., Dengler, M., & Achterberg, E. P. (2022b). Sediment release in the Benguela upwelling system 
dominates trace metal input to the shelf and eastern South Atlantic Ocean. Global Biogeochemical Cycles, 36(9), e2022GB007466. https://
doi.org/10.1029/2022GB007466

Losno, R., Colin, J. L., Le Bris, N., Bergametti, G., Jickells, T., & Lim, B. (1993). Aluminium solubility in rainwater and molten snow. Journal 
of Atmospheric Chemistry, 17(1), 29–43. https://doi.org/10.1007/BF00699112

Mackey, K. R. M., Chien, C.-T., Post, A. F., Saito, M. A., & Paytan, A. (2015). Rapid and gradual modes of aerosol trace metal dissolution in 
seawater. Frontiers in Microbiology, 5. https://doi.org/10.3389/fmicb.2014.00794

Mackie, D. S., Boyd, P. W., Hunter, K. A., & McTainsh, G. H. (2005). Simulating the cloud processing of iron in Australian dust: pH and dust 
concentration. Geophysical Research Letters, 32(6), 1–4. https://doi.org/10.1029/2004GL022122

Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L., Boyd, P. W., et al. (2013). Processes and patterns of oceanic nutrient 
limitation. Nature Geoscience, 6(9), 701–710. https://doi.org/10.1038/ngeo1765

Moore, R. M., Burton, J. D., Williams, P. J. L., & Young, M. L. (1979). The behaviour of dissolved organic material, iron and manganese in 
estuarine mixing. Geochimica et Cosmochimica Acta, 43(6), 919–926. https://doi.org/10.1016/0016-7037(79)90229-1

Mosley, L. M., & Liss, P. S. (2020). Particle aggregation, pH changes and metal behaviour during estuarine mixing: Review and integration. 
Marine and Freshwater Research, 71(3), 300–310. https://doi.org/10.1071/MF19195

Nickovic, S., Vukovic, A., & Vujadinovic, M. (2013). Atmospheric processing of iron carried by mineral dust. Atmospheric Chemistry and Phys-
ics, 13(18), 9169–9181. https://doi.org/10.5194/acp-13-9169-2013

Noble, A. E., Lamborg, C. H., Ohnemus, D. C., Lam, P. J., Goepfert, T. J., Measures, C. I., et al. (2012). Basin-scale inputs of cobalt, iron, 
and manganese from the Benguela-Angola front to the South Atlantic Ocean. Limnology & Oceanography, 57(4), 989–1010. https://doi.
org/10.4319/lo.2012.57.4.0989

Nriagu, J. O. (1979). Global inventory of natural and anthropogenic emissions of trace metals to the atmosphere. Nature, 279(5712), 409–411. 
https://doi.org/10.1038/279409a0

Paerl, H. W., Willey, J. D., Go, M., Peierls, B. L., Pinckney, J. L., & Fogel, M. L. (1999). Rainfall stimulation of primary production in western 
Atlantic Ocean waters: Roles of different nitrogen sources and co-limiting nutrients. Marine Ecology Progress Series, 176, 205–214. https://
doi.org/10.3354/meps176205

Rahlf, P., Laukert, G., Hathorne, E. C., Vieira, L. H., & Frank, M. (2021). Dissolved neodymium and hafnium isotopes and rare Earth elements 
in the Congo River Plume: Tracing and quantifying continental inputs into the southeast Atlantic. Geochimica et Cosmochimica Acta, 294, 
192–214. https://doi.org/10.1016/j.gca.2020.11.017

Rapp, I., Schlosser, C., Rusiecka, D., Gledhill, M., & Achterberg, E. P. (2017). Automated preconcentration of Fe, Zn, Cu, Ni, Cd, Pb, Co, and 
Mn in seawater with analysis using high-resolution sector field inductively-coupled plasma mass spectrometry. Analytica Chimica Acta, 976, 
1–13. https://doi.org/10.1016/j.aca.2017.05.008

Rudnick, R. L., & Gao, S. (2014). Composition of the continental crust. In Treatise on geochemistry (2nd ed., pp. 1–51). Elsevier.
Saito, M. A., & Moffett, J. W. (2001). Complexation of cobalt by natural organic ligands in the Sargasso Sea as determined by a new 

high-sensitivity electrochemical cobalt speciation method suitable for open ocean work. Marine Chemistry, 75(1–2), 49–68. https://doi.
org/10.1016/s0304-4203(01)00025-1

Schlosser, C., Klar, J. K., Wake, B. D., Snow, J. T., Honey, D. J., Woodward, E. M. S., et al. (2014). Seasonal ITCZ migration dynamically controls 
the location of the (sub)tropical Atlantic biogeochemical divide. Proceedings of the National Academy of Sciences of the United States of 
America, 111(4), 1438–1442. https://doi.org/10.1073/pnas.1318670111

Sedwick, P. N., Sholkovitz, E. R., & Church, T. M. (2007). Impact of anthropogenic combustion emissions on the fractional solubility of aerosol 
iron: Evidence from the Sargasso Sea. Geochemistry, Geophysics, Geosystems, 8(10), Q10Q06. https://doi.org/10.1029/2007gc001586

Shelley, R. U., Roca-Martí, M., Castrillejo, M., Sanial, V., Masqué, P., Landing, W. M., et al. (2017). Quantification of trace element atmospheric 
deposition fluxes to the Atlantic Ocean (>40°N; GEOVIDE, GEOTRACES GA01) during spring 2014. Deep-Sea Research Part I Oceano-
graphic Research Papers, 119, 34–49. https://doi.org/10.1016/j.dsr.2016.11.010

Sholkovitz, E. R. (1978). The flocculation of dissolved Fe, Mn, Al, Cu, Ni Co and Cd during estuarine mixing. Earth and Planetary Science 
Letters, 41(1), 77–86. https://doi.org/10.1016/0012-821x(78)90043-2

Sholkovitz, E. R., Sedwick, P. N., Church, T. M., Baker, A. R., & Powell, C. F. (2012). Fractional solubility of aerosol iron: Synthesis of a 
global-scale data set. Geochimica et Cosmochimica Acta, 89, 173–189. https://doi.org/10.1016/j.gca.2012.04.022

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107150 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1029/JD089iD01p01423
https://doi.org/10.1016/0016-7037(81)90276-3
https://doi.org/10.1016/0016-7037(81)90276-3
https://doi.org/10.1021/es030345s
https://doi.org/10.1021/es040439h
https://doi.org/10.1029/2001jc001031
https://doi.org/10.1016/S0304-4203(00)00097-9
https://doi.org/10.1038/nclimate2727
https://doi.org/10.1016/0016-7037(56)90055-2
https://doi.org/10.1038/s41467-021-23093-0
https://doi.org/10.1002/hyp.7395
https://doi.org/10.1029/94GB01267
https://doi.org/10.1594/PANGAEA.947275
https://doi.org/10.1029/2022GB007466
https://doi.org/10.1029/2022GB007466
https://doi.org/10.1007/BF00699112
https://doi.org/10.3389/fmicb.2014.00794
https://doi.org/10.1029/2004GL022122
https://doi.org/10.1038/ngeo1765
https://doi.org/10.1016/0016-7037(79)90229-1
https://doi.org/10.1071/MF19195
https://doi.org/10.5194/acp-13-9169-2013
https://doi.org/10.4319/lo.2012.57.4.0989
https://doi.org/10.4319/lo.2012.57.4.0989
https://doi.org/10.1038/279409a0
https://doi.org/10.3354/meps176205
https://doi.org/10.3354/meps176205
https://doi.org/10.1016/j.gca.2020.11.017
https://doi.org/10.1016/j.aca.2017.05.008
https://doi.org/10.1016/s0304-4203(01)00025-1
https://doi.org/10.1016/s0304-4203(01)00025-1
https://doi.org/10.1073/pnas.1318670111
https://doi.org/10.1029/2007gc001586
https://doi.org/10.1016/j.dsr.2016.11.010
https://doi.org/10.1016/0012-821x(78)90043-2
https://doi.org/10.1016/j.gca.2012.04.022


Geophysical Research Letters

LIU ET AL.

10.1029/2023GL107150

13 of 13

Twining, B. S., & Baines, S. B. (2013). The trace metal composition of marine phytoplankton. Annual Review of Marine Science, 5(1), 191–215. 
https://doi.org/10.1146/annurev-marine-121211-172322

Vangriesheim, A., Pierre, C., Aminot, A., Metzl, N., Baurand, F., & Caprais, J. C. (2009). The influence of Congo River discharges in the 
surface and deep layers of the Gulf of Guinea. Deep-Sea Research Part II: Topical Studies in Oceanography, 56(23), 2183–2196. https://doi.
org/10.1016/j.dsr2.2009.04.002

Vieira, L. H., Krisch, S., Hopwood, M. J., Beck, A. J., Scholten, J., Liebetrau, V., & Achterberg, E. P. (2020). Unprecedented Fe delivery from the 
Congo River margin to the South Atlantic Gyre. Nature Communications, 11(1), 556. https://doi.org/10.1038/s41467-019-14255-2

Vink, S., & Measures, C. I. (2001). The role of dust deposition in determining surface water distributions of A1 and Fe in the South West Atlantic. 
Deep-Sea Research Part II: Topical Studies in Oceanography, 48(13), 2787–2809. https://doi.org/10.1016/S0967-0645(01)00018-2

Wang, D., Zhao, Z., & Dai, M. (2014). Tracing the recently increasing anthropogenic Pb inputs into the East China Sea shelf sediments using Pb 
isotopic analysis. Marine Pollution Bulletin, 79(1–2), 333–337. https://doi.org/10.1016/j.marpolbul.2013.11.032

Wilke, R. J., & Dayal, R. (1982). The behavior of iron, manganese and silicon in the Peconic River estuary, New York. Estuarine, Coastal and 
Shelf Science, 15(5), 577–586. https://doi.org/10.1016/0272-7714(82)90009-9

Wood, S. N. (2017). Generalized additive models. Chapman and Hall/CRC.

References From the Supporting Information
Denamiel, C., Budgell, W. P., & Toumi, R. (2013). The Congo River plume: Impact of the forcing on the far-field and near-field dynamics. Jour-

nal of Geophysical Research: Oceans, 118(2), 964–989. https://doi.org/10.1002/jgrc.20062
Grasshoff, K., Kremling, K., & Ehrhardt, M. (1999). Methods of seawater analysis. In K. Grasshoff, K. Kremling, & M. Ehrhardt (Eds.), Methods 

of seawater analysis: Third, completely revised and extended edition. Wiley. https://doi.org/10.1002/9783527613984
Measures, C. I., & Brown, E. T. (1996). Estimating dust input to the Atlantic Ocean using surface water Al concentrations. In S. Guerzoni & R. 

Chester (Eds.), The impact of desert dust across the mediterranean (pp. 301–311). Springer.
Liu, C., Wang, R., Gao, H., Wu, X., & Yin, D. (2022). Transport of trace metals and their bioaccumulation in zooplankton from Changjiang 

(Yangtze River) to the east China sea. Science of the Total Environment, 851, 158156. https://doi.org/10.1016/j.scitotenv.2022.158156
Patey, M. D., Rijkenberg, M. J. A. A., Statham, P. J., Stinchcombe, M. C., Achterberg, E. P., & Mowlem, M. (2008). Determination of nitrate 

and phosphate in seawater at nanomolar concentrations. TrAC, Trends in Analytical Chemistry, 27(2), 169–182. https://doi.org/10.1016/j.
trac.2007.12.006

Wuttig, K., Townsend, A. T., van der Merwe, P., Gault-Ringold, M., Holmes, T., Schallenberg, C., et al. (2019). Critical evaluation of a seaFAST 
system for the analysis of trace metals in marine samples. Talanta, 197, 653–668. https://doi.org/10.1016/j.talanta.2019.01.047

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107150 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1146/annurev-marine-121211-172322
https://doi.org/10.1016/j.dsr2.2009.04.002
https://doi.org/10.1016/j.dsr2.2009.04.002
https://doi.org/10.1038/s41467-019-14255-2
https://doi.org/10.1016/S0967-0645(01)00018-2
https://doi.org/10.1016/j.marpolbul.2013.11.032
https://doi.org/10.1016/0272-7714(82)90009-9
https://doi.org/10.1002/jgrc.20062
https://doi.org/10.1002/9783527613984
https://doi.org/10.1016/j.scitotenv.2022.158156
https://doi.org/10.1016/j.trac.2007.12.006
https://doi.org/10.1016/j.trac.2007.12.006
https://doi.org/10.1016/j.talanta.2019.01.047

	Trace Metal Fluxes of Cd, Cu, Pb and Zn From the Congo River Into the South Atlantic Ocean Are Supplemented by Atmospheric Inputs
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Sampling and Analysis
	2.2. Data Assessment

	3. Results and Discussion
	3.1. Impact of Congo River on Congo Shelf Waters and South Atlantic Ocean
	3.2. 
          Non-Conservative Addition of Trace Metals on the Congo Shelf
	3.3. Trace Metals Delivered by Wet Atmospheric Deposition
	3.4. River and Rainfall Contributions to Surface Trace Metal Inventories
	3.5. Freshwater Trace Metal Fluxes to the South Atlantic Ocean

	4. Conclusions and Implications
	Conflict of Interest
	Data Availability Statement
	References
	References From the Supporting Information


