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A B S T R A C T   

Belgian coastal sediment serves as an important sink for trace elements, yet a systematic study covering a wide 
range of elements including redox-sensitive metals (Fe, Mn, and Co), cationic trace metals (Cd, Pb, Ni, Cu, and 
Zn), oxyanions (P, V, As, and Mo), and sulfide has not been performed and the mechanisms controlling their 
mobilization were not investigated. Here, a passive sampling technique, Diffusive Gradients in Thin-films (DGT), 
was used in situ to obtain high resolution concentration profiles of these elements in the sediment porewater. Our 
results revealed two mobilization mechanisms of cationic trace metals and oxyanions in Belgian coastal sedi-
ments, both strongly linked to the cycling of Fe. Mobilization of Co, Pb, Ni, and Cu is controlled by electrogenic 
sulfur oxidation, acidification of the porewater and dissolution of FeS, while that of oxyanions (P, V, and As) is 
controlled by reductive dissolution of Fe oxyhydroxides. Constant cationic trace metal to Fe molar ratios were 
established in FeS, while the oxyanion to Fe ratios in Fe oxyhydroxides differ significantly between sampling 
stations, which is primarily caused by competing effects. We found no evidence that cationic trace metal 
mobilization was related to Fe oxyhydroxides, or oxyanion mobilization to FeS. This suggests that particulate 
organic matter forms the major pathway for cationic trace metal input in coastal sediments and that oxyanions 
will not be incorporated in FeS but form their own oxyanion-sulfide compound. These findings will contribute to 
a better understanding of the mobilization mechanisms of cationic trace metals and oxyanions in coastal sedi-
ments, and of their biogeochemical cycling in coastal ecosystems.   

1. Introduction 

Iron (Fe), manganese (Mn), and trace elements play important roles 
in regulating ocean processes including phytoplankton growth and 
carbon cycling (Baeyens et al., 2018; Morel et al., 1994). The role of Fe, 
Mn, and Cu in the surface ocean is well known as they are essential 
micronutrients. Their availability influences the physiological state and 
biochemical activity of marine organisms (Morel and Price, 2003). 
Several trace metals (e.g., Co, Cd, Ni, Zn) act as limiting or co-limiting 
micronutrients to diatom growth as they are involved in metabolic 
processes, such as carbon dioxide acquisition and silica uptake (Morel 
et al., 2006). Other trace elements (e.g., V, Mo), also known as oxy-
anions, are identified in many metalloenzymes and proteins, including 
nitrate reductases (Antipov et al., 1999; Maia and Moura, 2015) and 
nitrogenases (Eady, 2003; Rehder, 2000), which have essential func-
tions in processes like nitrogen fixation and nitrate assimilation 

(Howarth and Cole, 1985; Wang and Sañudo Wilhelmy, 2009). Lead 
(Pb) and arsenic (As) are known to be toxic contaminants which can 
strongly influence the dynamics of phytoplankton communities (Morel 
et al., 2006). Thus, understanding the biogeochemical cycling of these 
elements becomes important for a better protection of the marine 
ecosystem. 

Marine sediments act as both a source and a sink of Fe, Mn, and trace 
elements, and thus influence the concentrations and distributions of 
these elements in the water column, depending on the local bottom 
conditions, sediment resuspension activity, and the local geochemical 
cycling regime in the sediment (Sullivan and Aller, 1996). Trace ele-
ments enter sediment mainly in particulate form. Some metals (e.g., Cd, 
Cu, Ni) are principally adsorbed onto organic matter (Gendron et al., 
1986; Johnson et al., 1988), while others (e.g., Co, As, Pb) are typically 
associated with iron and manganese oxyhydroxides (Gendron et al., 
1986; Kay et al., 2001; Stockdale et al., 2010b). Early diagenesis results 
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in geochemical transformation of these particles as soon as they are 
deposited at the bottom. Organic matter is mineralized by heterotrophic 
microorganisms resulting in production of carbon dioxide and con-
sumption of oxidants. This process is controlled by several parameters, 
mainly the quantity and quality of organic matter, temperature, and the 
availability of oxidants (oxygen, nitrate, oxyhydroxides of iron and 
manganese, and sulfate) which are consumed by the different bacterial 
populations (Berner, 1980). As a side effect of the degradation of organic 
matter and the dissolution of Fe and Mn oxyhydroxides, trace elements 
are released into porewater. However, other geochemical processes will 
disturb this straightforward transfer of trace elements from the solid to 
the dissolved phase. The reduction of sulfate into sulfide results in the 
precipitation of numerous elements like Fe, Pb, Zn, Cu, or As (Borch 
et al., 2006; Canavan et al., 2007). Other dissolved trace elements will 
diffuse towards the surface sediment and are re-captured by iron and 
manganese oxyhydroxides when passing through the oxic layer at the 
sediment–water interface (SWI). The geochemical cycling of Fe, Mn, and 
trace elements in the sediment is thus controlled by mineralization and 
oxidation/reduction processes. 

In coastal areas, the pressure exerted by natural processes and 
anthropogenic activities on the ecosystem makes geochemical cycling of 
Fe, Mn, and trace elements in the sediment more complex. For example, 
high amounts of endogenous and terrestrial organic matter from the 
nearby coast can increase the heterotrophic activity in surface sedi-
ments, and thus increase the organic carbon mineralization rate which 
may potentially promote Fe, Mn, and trace element remobilization in 
sediments (van de Velde et al., 2018). Meanwhile, tidal currents, wave 
action, and activities including dredging and bottom trawling can 
relocate and redistribute upper sediment layers, and thus influence the 
redox pathways of organic matter mineralization which may reduce the 
burial efficiency of these elements in sediments (Halpern et al., 2008; 
Lohrer and Wetz, 2003). The Belgian coastal zone (BCZ) is a shallow 
coastal area, where the surface sediment is mixed by tidal cycles and 
enriched in organic matter and carbonate, with a shallow oxygen 
penetration depth of 1 to 3 mm (van de Velde et al., 2016). Frequent 
anthropogenic disturbance keeps the geochemistry of the coastal sea-
floor in a transient, fast-changing state, resulting in accelerated cycling 
of Fe, Mn, and trace elements in the BCZ sediment which imposes a 
potential threat to both benthic and water column organisms. 

Several studies have been carried out in the BCZ sediments and un-
derstanding of Fe, Mn, and trace element cycling in those sediments is 
improving in line with technological progress (Gao et al., 2019, 2012, 
2009). The passive sampling technique Diffusive Gradients in Thin-films 
(DGT) (Davison and Zhang, 1994) provides fine scale (sub-mm) profiles 
of Fe, Mn, and trace elements in sediment porewater with minimum 
disturbance, allowing to investigate small scale mobilization mecha-
nisms (Gao et al., 2015; Zhou et al., 2018). However, until now, 
geochemical studies in the BCZ did not consider oxyanions like V, As, 
and Mo. These oxyanions possess some similar characteristics to phos-
phate (Stockdale et al., 2010a), the major nutrient controlling phyto-
plankton growth in the BCZ water column (Muylaert et al., 2006). The 
DGT technique using zirconium oxide (ZrO) resin can simultaneously 
measure P, V, Mo, and As in different environments including sediment 
(Guan et al., 2015). This ZrO DGT together with Chelex-100 and silver 
iodide (AgI) DGTs, which are respectively used for the measurement of 
cationic metals (Zhang et al., 1995; Zhou et al., 2018), and dissolved 
sulfide (Teasdale et al., 1999) which is a major factor influencing 
immobilization/mobilization of Fe, Mn, and trace elements, provides an 
opportunity to perform a comprehensive study of geochemical cycling of 
a wide range of elements in the BCZ sediment. 

In this study, three groups of elements are investigated. Fe, Mn, and 
Co are redox-sensitive metals as they have several stable oxidation states 
and their behavior is closely related to redox reactions in oxic/anoxic 
sediments (Thamdrup et al., 1994). Cd, Pb, Ni, Cu, and Zn belong to 
cationic trace metals (Co may also be included here), which are nor-
mally not involved in redox reactions, but form complexes with organic 

ligands or dissolved anions and are easily scavenged by particles like 
organic matter and Fe/Mn oxyhydroxides (Morel and Price, 2003). P, V, 
Mo, and As are oxyanions and efficiently adsorb onto Fe/Mn oxy-
hydroxides in aqueous solution. The oxygen atoms in the oxyanion 
complex can be replaced by sulfide which leads to the formation of thiol- 
complexes and concomitant changes in adsorption properties (Emerson 
and Huested, 1991; Gustafsson, 2003). The aim of our study is to 
investigate fine scale mobilization mechanisms of redox-sensitive 
metals, cationic trace metals, oxyanions, and sulfide in the BCZ sedi-
ment by using DGT technique, and thus to improve our understanding of 
geochemical cycling of these elements in Belgian coastal ecosystem. 

2. Material and methods 

2.1. Sampling stations and sediment core collection 

Two sampling stations in the Belgian coastal zone (BCZ), W1 and W2, 
are selected (Figure S1). Station W1 (51o21′45′′N, 3o11′39′′E) is located 
close to the Zeebrugge harbor and is around 3 km away from the coastal 
line. Station W2 (51o15′20′′N, 2o51′22′′E) is located close to the Oos-
tende harbor and is around 4.5 km away from the coastal line. The 
distance between the two stations is around 25.7 km. Stations W1 and 
W2 (Figure S1) have similar water depths (around 10 m) and have been 
exposed for several decades to high human pressure as a result of a dense 
population (~352 inhabitants per km2) and of industrial (petrochemical 
and oil refinery plants) and agricultural activities (Gao et al., 2013; van 
de Velde et al., 2018). Three sediment cores with around 5 cm overlying 
water were collected at each station by reineck box corer on the RV 
Simon Stevin (a research vessel served for Flanders Marine Institute) in 
October 2019. Sediment cores were carefully transported back to the lab 
immediately after collection. They were then incubated separately in 
two tanks filled with sea water (~50 L) collected from the corresponding 
station. The overlying water of the sediment core was kept oxygenated 
by continuously bubbling air in each tank (van de Velde et al., 2017) to 
mimic the in situ conditions. One of the cores was used for pH and redox 
potential measurements. In the other two cores DGT probes were 
inserted. 

2.2. Measurement of redox potential and pH in sediment core 

Measurement of redox potential was performed using a redox elec-
trode (SCHOTT Pt 62) with an Ag/AgCl reference system. Measurement 
of pH was performed using a pH electrode (pHenomenal 110) with the 
same reference system. All electrodes were calibrated before the appli-
cation. Redox potential and pH were measured first in the overlying 
water and then in the sediment core at 2 cm intervals. 

2.3. DGT probe preparation 

A DGT probe is a rectangular, plastic moulding which consists of a 
base overlaid sequentially by a resin gel layer (0.4 mm thickness), a 
diffusive gel layer (0.8 mm thickness), a filter membrane (0.125 mm 
thickness, PVDF), and covered by a cap with a window area of 150 × 18 
mm (length ×width). Three types of DGT probes were used in this study, 
a ground Chelex-100 (GCH) probe for metal cation determination, a 
zirconium oxide (ZrO) probe for oxyanion determination, and a silver 
iodide (AgI) probe for sulfide determination. GCH resin gel was pre-
pared according to Zhou et al. (2018), ZrO resin gel was prepared ac-
cording to Guan et al. (2015), and AgI resin gel was prepared according 
to Gao et al. (2015). Diffusive gel preparation and DGT probe assembly 
can be found elsewhere (Gao et al., 2015). 

Prior to deployment, DGT probes were deoxygenated in 0.1 M NaCl 
solution overnight with continuous bubbling of N2 gas. 
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2.4. DGT probe deployment and retrieval 

DGT probes were vertically inserted into the sediment cores with 
caution to ensure minimum disturbance, leaving around 2 cm of the 
window area of the probe above the SWI. For each station, a GCH probe 
and a ZrO probe were arranged back to back and inserted into one 
sediment core for 12 h, and a AgI probe was deployed in a separate core 
for 8 h. After deployment, DGT probes were retrieved and the window 
area exposed to the sediment was thoroughly rinsed with MQ water. 
After cleaning, the resin gels were peeled from the probes and treated as 
described below. 

2.5. Sample treatment 

2.5.1. GCH resin gel treatment and analysis 
GCH resin gel was sliced at 0.5 cm interval. Each slice was then 

eluted with 1 mL 1 M HNO3 for 24 h and the eluate samples were diluted 
10 times with MQ water before ICP-MS measurement. 

2.5.2. ZrO resin gel treatment and analysis 
ZrO resin gel was sliced in the same manner as GCH resin gel. Each 

slice was then eluted with 3 mL 0.5 M NaOH for 24 h and the eluate 
samples were diluted 10 times with 0.15 M HNO3 before ICP-MS 
measurement. 

2.5.3. AgI resin gel treatment and analysis 
AgI resin gel was treated differently from the other two resin gels. 

Firstly, the water layer on the surface of the gel was carefully removed 
with dust-free paper (Kimtech®). The gel was then placed between two 
transparent plastic membranes followed by a surface scanning in grey-
scale mode using a flat-bed scanner (HP 3100). The color change of the 
gel from pale yellow to dark brown is due to the formation of AgS. The 
scanned greyscale image was then processed by Fiji software (Fiji is an 
open source image processing package based on ImageJ) and the con-
centration of dissolved sulfide was calculated using the calibration curve 
in Figure S2. Details relating to the calibration curve are reported in 
supplementary material. 1D depth profiles of dissolved sulfide were 
obtained by averaging 2D images over the horizontal dimension. 

2.6. Data analysis 

The DGT results were interpreted as DGT concentrations by using the 
following equation (1): 

CDGT =
M × Δg

D × A × t
(1) 

Where M is the accumulated mass (ng) of the target analyte on the 
resin gel, Δg is thickness (cm) of diffusive layer (diffusive gel + filter), D 
is the diffusion coefficient (cm2 s− 1) of the target analyte in the diffusive 
layer (values are available at https://www.dgtresearch. 
com/diffusion-coefficients/), A is the exposed area (cm2) of the gel to 
the sediment and t is the deployment time (s). The DGT technique does 
not measure the real labile analyte concentration in porewater. It 
effectively measures an interaction between the initial labile concen-
tration in porewater and resupply from the solid phase to porewater 
upon perturbation by a local sink, such as the DGT device. Therefore, 
concentrations measured by DGT can be interpreted as a combination of 
actual labile concentrations increased by local resupply (Arsic et al., 
2018; Zhang et al., 2002). Hereinafter, the element concentrations in the 
text refer to DGT concentrations if there is no specific indication. 

The Person method was used to evaluate the significance of corre-
lation between different elements at significance levels of 0.05 and 0.01 
(Sigmaplot 14.0, Systat Software Inc.). QA/QC information is reported 
in the supplementary material. 

3. Results 

3.1. Redox potential and pH profiles in the BCZ sediment 

Redox potential and pH profiles in the BCZ sediments are shown in 
Fig. 1. A clear drop of redox potential at SWI zone (between 2 cm and − 2 
cm) was observed for both stations (W1 and W2). At station W1, the 
redox potential decreased from 120 mV in the overlying water to − 240 
mV at − 2 cm depth followed by a smooth decline to − 340 mV at − 10 cm 
depth and a slight increase till the bottom. At station W2, the redox 
potential dropped from 220 mV in the overlying water to − 93 mV at − 2 
cm depth with a smooth decrease till the bottom. A decrease of pH from 
overlying water to the bottom of the sediment core was found at both 
stations. The pH dropped from 7.5 to 7.1 at station W1, and from 7.7 to 
7.2 at station W2. Similar redox potential and pH profiles in the BCZ 
sediment were reported in literature (Gao et al., 2009; Gillan et al., 
2012). 

3.2. Fine scale mobilization of redox-sensitive metals, cationic trace 
metals, and oxyanions in the BCZ sediment 

3.2.1. Redox-sensitive metals (Fe, Mn, and Co) 
Vertical DGT concentration profiles of Fe, Mn, and Co in the W1 

sediment are shown in Fig. 2. Substantial remobilization of Fe was 
observed below the SWI resulting in a broad concentration maximum 
between 0 to − 6 cm depth (highlighted in blue in Fig. 2). The highest 
concentration of 41 μM was found at − 3 cm depth. A small increase of Fe 
was also discovered after − 9 cm depth till the bottom with a concen-
tration reaching 25 μM (highlighted in grey in Fig. 2). Substantial 
remobilization of Mn was also observed in the sediment with concen-
trations staying around 25 μM between 0 to − 6 cm depth and a small 
maximum of 30 μM at − 8 cm. However, different from Fe, there was no 
distinct removal process at SWI resulting in Mn concentrations in the 
overlying water similar as those below the SWI. It is commonly recog-
nized that once dissolved Fe produced in the sub-oxic sediment layer 
diffuses upwards to the oxic interface layer, it will be quickly oxidized 
forming insoluble Fe oxyhydroxides. However, this oxidation and 
removal process for Mn is much slower than for Fe (Lourino-Cabana 
et al., 2014). A slight drop of Mn was found after − 8 cm depth till the 
bottom, which is opposite to the increasing trend of Fe at the same 
depth. From surface to − 8 cm depth, Co stayed close to zero without any 
clear increase, while from − 8 cm to bottom, it increased to 6.8 nM, 
similar to Fe. 

The general pattern of DGT concentration profiles of Fe, Mn, and Co 

Fig. 1. Redox potential (Eh) and pH profiles in the sediments at stations W1 
and W2 (red dashed line represents the sediment–water interface). (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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in the sediment at station W2 is similar to that in the sediment at W1 but 
the details differ (Fig. 3). In brief, Fe showed a sharp peak at − 2.5 cm 
depth with the concentration reaching 35 μM (highlighted in blue in 
Fig. 3) and a small increase after − 9 cm till the bottom (highlighted in 
grey in Fig. 3), while Mn was smoothly decreasing from 20 μM at SWI to 
10 μM at the bottom.. A clear drop of Co from 1.9 to 0.7 nM was found at 
− 1 cm depth. It then stayed close to zero between − 2 and − 9 cm depth, 

followed by a sharp increase till the bottom, similar to Fe. 

3.2.2. Cationic trace metals (Cd, Pb, Ni, Cu, and Zn) 
DGT concentration profiles of Cd, Pb, Ni, Cu, and Zn in W1 sediment 

are shown in Fig. 2. Pb, Ni, and Cu showed similar profiles as their 
concentrations were low from overlying water to − 9 cm depth, followed 
by an obvious increase where Fe was also increasing. Besides that, Ni 

Fig. 2. DGT concentration profiles of redox-sensitive metals (Fe, Mn, and Co), cationic trace metals (Cd, Pb, Ni, Cu, and Zn), and oxyanions (P, V, As, and Mo) in the 
sediment at station W1 (red dashed line represents the sediment–water interface, the blue zone ranges from 0 to − 6 cm depth, the grey zone ranges from − 9 to − 12.5 
cm depth). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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peaked at − 8.5 cm depth with a concentration reaching 210 nM and Cu 
peaked at − 4 cm depth with a concentration up to 20 nM. The peak of Pb 
(4.3 nM) coincided with that of Cd (2.9 nM) at − 7.5 cm depth. Zn 
concentration (above 300 nM) was much higher than other trace metals 
and Zn profile started to increase at shallower depth (-6 cm) than other 
trace metals, with a peak of 1700 nM at − 8.5 cm depth. At greater depth, 
Zn was fluctuating around 1000 nM. 

Similar to the observation at station W1, DGT concentration profiles 
of Pb, Ni, and Cu at station W2 (Fig. 3) showed a clear increase from − 9 
cm depth till the bottom. An obvious concentration decrease of Ni was 
found when entering the sediment, indicating a significant influx of Ni 
from overlying water to sediment. A prominent peak of Zn was found at 
− 10.5 cm depth with a concentration reaching 1400 nM. Cd concen-
tration fluctuated in the entire sediment core with a small peak of 0.7 nM 

Fig. 3. DGT concentration profiles of redox-sensitive metals (Fe, Mn, and Co), cationic trace metals (Cd, Pb, Ni, Cu, and Zn), and oxyanions (P, V, As, and Mo) in the 
sediment at station W2 (red dashed line represents the sediment–water interface, the blue zone ranges from 0 to − 4 cm depth, the grey zone ranges from − 9 to − 12 
cm depth). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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right below the SWI. 
For various metals a few sharp peaks, defined by a single concen-

tration point, are noticed (Figs. 2 and 3). Previous work at such small- 
scale resolution (5 mm) has shown similar features (Gao et al., 2009; 
Leermakers et al., 2005), but at higher resolution (100 µm) and in 2D 
highly localized mobilization areas could be observed (Gao et al., 2015; 
Stockdale et al., 2009). However, it is only possible to make such mea-
surements at high resolution and in 2D over a limited area of the DGT 
binding layer. The resolution used here involved a much larger spatial 
scale and does not permit detailed analysis and interpretation of these 
single sharp peaks. 

3.2.3. Oxyanions (P, V, As, and Mo) 
DGT concentration profiles of P, V, As, and Mo in W1 sediment are 

shown in Fig. 2. A clear concentration increase was found for P starting 
from 1 cm in the overlying water to − 2 cm in the sediment. The con-
centration then stayed around 70 μM till − 9 cm depth followed by more 
fluctuations close to the bottom of the core. Similar profiles were noticed 
for V and As which had a coincident concentration maximum between 
0 and − 6 cm depth, where Fe was also substantially released. After − 6 
cm depth, V and As were close to zero till the bottom. Mo stayed around 
500 nM in the entire sediment core including the overlying water 
without any clear maximum/minimum. A possible explanation is that 
the mobilization of Mo is highly associated with Mn, whose profile also 
showed minor variation. Mn oxyhydroxide particles are commonly 
considered as major carrier phases of Mo in the water column and the 
deposition of these particles dominates the input of Mo to the sediment 
(Scholz et al., 2013). Mo enrichment associated with Mn oxyhydroxides 
near the SWI was found in many coastal areas (Scholz et al., 2013; Sulu- 
Gambari et al., 2017). 

DGT concentration profiles of oxyanions in W2 sediment are shown 
in Fig. 3. A coincident maximum was found for P, V, and As at − 2.5 cm 
depth with concentrations reaching 120 μM, 50 nM, and 130 nM 
respectively. Moreover, it corresponds to the peak of Fe at the same 
depth. Another coincident maximum of P, V, and As was found at − 13 
cm depth with concentrations reaching 90 μM, 45 nM, and 160 nM 
respectively. It is clear that the mobilization of P, V, and As in W2 
sediment are highly associated. Similar as the profile at station W1, Mo 
showed a relatively constant profile at station W2 with concentrations 
staying around 500 nM. 

3.3. Fine scale mobilization of sulfide in the BCZ sediment 

DGT concentration profiles of sulfide and Fe at stations W1 and W2 
are shown in Fig. 4. At station W1, the concentration of sulfide started to 
increase at around − 9 cm depth which coincides with the increase of Fe. 
A clear peak of sulfide was observed at − 12 cm depth with a 

concentration reaching 56 μM. At station W2, sulfide started to increase 
at − 4 cm depth with a concentration peak of 100 μM observed at − 6.5 
cm depth. The fact that sulfide started to increase at shallower depth at 
station W2 than at station W1 might be due to the lower amount of Fe 
oxyhydroxides, a stronger oxidant than sulfate, at station W2. In sedi-
ment, Fe/Mn oxyhydroxides are reduced prior to sulfate reduction. At 
station W1, it appears that Fe was strongly removed from porewater at 
− 6 cm depth where sulfide was absent. This suggests that Fe was not 
removed by precipitation with sulfide. Other possibilities for the 
decrease of Fe include: (1) precipitation of Fe(II) as carbonates, sup-
ported by the observed iron carbonates in the BCZ surface sediment (van 
de Velde et al., 2017); (2) oxidation of Fe(II) by available oxidants (e.g., 
nitrate, Mn oxides) (Robertson et al., 2016); (3) complexation of Fe(II) 
with organic ligands that are not labile or might be too large to enter the 
DGT device (Gao et al., 2019). Further investigation is required to verify 
those possibilities. Similar DGT concentration profiles of Fe and sulfide 
in the BCZ sediment have been reported in other studies (Gao et al., 
2009; Lourino-Cabana et al., 2014). 

4. Discussion 

In oxic conditions, Fe and Mn form insoluble oxyhydroxides which 
act as major carrier phases for cationic trace metals and oxyanions in 
both water column and sediment. In sub-oxic conditions, Fe and Mn 
oxyhydroxides are reduced and dissolved, releasing associated elements 
at the same time. In anoxic conditions, sulfate reduction dominates and 
the produced sulfide will remove these elements from sediment pore-
water by (co)precipitation. Overlying water at stations W1 and W2 was 
oxic, but once crossing the SWI the redox conditions changed to sub-oxic 
and to anoxic at greater depth (Figs. 1 and 4). These redox shifts will 
inevitably exert influences on the cycling of a wide range of elements in 
sediments, directly on the redox sensitive ones (e.g., Fe, Mn, and sulfide) 
and indirectly on the non-redox ones (e.g., Pb, Ni, Cu and P). This first 
study of fine scale (5 mm and 0.05 mm for sulfide) mobilization of a 
suite of elements in the BCZ sediments (Figs. 2, 3, and 4) using DGT has 
revealed different mobilization mechanisms for the 3 groups of elements 
(redox-sensitive, cationic trace metals, and oxyanions), as discussed 
below. 

4.1. Co-mobilization of Pb, Ni, Cu, and Co with Fe in the BCZ sediment 

Two distinct remobilization zones of Fe were discovered in both W1 
and W2 sediments. As shown in Figs. 2 and 3, these two zones are 
highlighted in blue and grey. The simultaneous release of Co/Pb/Ni/Cu 
and Fe was found in the grey zones at both stations, while Cd, Zn, and 
the oxyanions showed less association with Fe in this zone. Correlation 
analysis indicated that cationic trace metals (Co, Pb, Ni, and Cu) are 
significantly correlated (p < 0.05) with Fe in the grey zones at both 
stations (Fig. 5). The most significant correlation was found between Co 
and Fe at station W1 (R2 = 0.99), and between Ni/Cu and Fe at station 
W2 (R2 = 0.84). The concurrent release of cationic trace metals and Fe is 
commonly attributed to the dissolution of Fe oxyhydroxides. However, 
this mostly happens close to the sediment surface where Fe oxy-
hydroxides are fresh and abundant (Fones et al., 2004). If Fe oxy-
hydroxides were reduced in the deeper grey zone, the liberated Fe would 
react with S(-II) and so dissolved Fe would not be measurable. A possible 
reason for increased Fe concentrations in the grey zone is that there 
exists a process responsible for dissolution of FeS in anoxic conditions. 
The fact that Fe and sulfide were simultaneously increasing in this zone 
supports such process. It is worth noting that sulfide increased to 50 μM 
which was 2.5 times higher than the rise of Fe (20 µM) in this zone. This 
is reasonable as sulfate reducing bacteria produce continuously sulfide 
that can reach much higher levels than those of Fe, the major cation with 
which it will precipitate. Therefore, Fe and sulfide should not be stoi-
chiometrically in equilibrium, even if dissolution of FeS is the source of 
increased Fe concentrations in the grey zone. During FeS precipitation, 

Fig. 4. DGT concentration profiles of Fe and sulfide in the sediments at stations 
W1 and W2. 
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cationic trace metals are easily incorporated into FeS and further buried 
in the sediment. However, FeS can also re-dissolve in porewater 
releasing the incorporated metals. There are basically two pathways of 
FeS dissolution: (1) FeS is transported back to the sediment surface for 
example by bioturbation and then oxidized by O2, NO3

– or Fe/Mn oxy-
hydroxides behaving as potential electron acceptors (Schippers and 
Jørgensen, 2002). This process is thus not taking place in the grey zone; 
(2) the other pathway is acidic dissolution by protons, which is caused 
by acidification of porewater in the sulfidic sediment layer (Widdicombe 
et al., 2011). A recent discovered process in the deeper, anoxic sediment 
layer of BCZ sediments, namely electrogenic sulfur oxidation (Malkin 
et al., 2014), is likely responsible for porewater acidification (van de 
Velde et al., 2016). The underlying mechanism is electron transport 
from the anoxic layer to the surface sediment during mineralization of 
organic matter and is induced by metabolic activity of long filamentous 
cable bacteria which can be up to several centimeters in length (Pfeffer 
et al., 2012). Cable bacteria couple the oxidation of sulfide in the anoxic 
sediment layer (termed anodic sulfide oxidation, ASO),  

HS- + 4H2O → SO4
2- + 9H+ + 8e-                                                     (2) 

to the reduction of oxygen near the SWI (termed cathodic oxygen 
reduction, COR),  

2O2 + 8H+ + 8e- → 4H2O                                                               (3) 

To connect these two redox reactions, cable bacteria must transport 
electrons directly from the deeper layers to the SWI. As a side effect, the 
spatial decoupling of the oxygen reduction and sulfide oxidation can 
induce strong pH variations in the porewater (Nielsen et al., 2010). The 
protons produced during sulfide oxidation can thus dissolve acid sen-
sitive metal sulfides, even if the pH profile is not reflecting strong 
acidification. 

Studies from Motelica-Heino et al. (2003) and Naylor et al. (2004) 
have shown that stoichiometry ratios of simultaneously released metals 

and Fe can be a guide to identify their solid source in sediments. Thus the 
ratios of cationic trace metal to Fe (TM/Fe, nmol/μmol) in the grey 
zones at both stations, which are equal to the slopes of the correlation 
lines in Fig. 5, are summarized in Table 1, and compared with literature 
values to investigate further if associated cationic trace metals were 
released during acidic dissolution of FeS in the grey zone. The differ-
ences between these ratios at W1 and W2 were generally very small with 
the smallest found for Pb/Fe (W1/W2 = 88%) and the highest found for 
Ni/Fe (W1/W2 = 64%). This is a strong indication that the source 
responsible for the simultaneous release of cationic trace metals and Fe 
at stations W1 and W2 was the same. Literature values of TM/Fe ratios in 
FeS in both freshwater (Huerta-Diaz et al., 1993) and coastal surface 
sediments (Huerta-Diaz and Morse, 1990), at similar depths as in our 
study, are presented in Table 1. Ni has generally the highest affinity to 
FeS while Co has the lowest, which agrees with our observation. There is 
no substantial difference of TM/Fe ratios between freshwater and 
coastal sediments, suggesting that salinity has a limited influence on the 
affinity of trace metals to FeS. To better compare these ratios obtained 
from our study and literature, they were averaged and shown in Table 1. 
The differences between the averaged ratios in our study (W1 and W2) 
and those in literature are within a factor of 2 for four metals, proving 
that the dissolution of FeS was most probably responsible for the 
simultaneous release of cationic trace metals (Co, Pb, Ni, and Cu) and Fe 
in the grey zones. 

Different from the observed correlation between Co/Pb/Ni/Cu and 
Fe in the grey zones, Mn, Cd, and Zn showed less affinity to Fe (Figs. 2 
and 3). A correlation analysis between Mn/Cd/Zn and Fe was also 
performed and is shown in Figure S3. Generally, there was no clear 
correlation between Mn/Cd/Zn and Fe in the grey zones at both stations. 
Similar to the findings of Huerta-Diaz et al. (1998, 1993), the ratios of 
Cd/Fe and Zn/Fe in FeS varied significantly between different sediments 
and there was no distinct correlation between Cd/Zn and Fe. This in-
dicates that Cd and Zn might prefer to form their own sulfides rather 

Fig. 5. Correlation analysis between cationic trace metals and Fe in the grey zones (Figs. 2 and 3) at stations W1 and W2 (** indicates p < 0.01, * indicates p < 0.05).  

Table 1 
The ratios of cationic trace metals to Fe (TM/Fe, nmol/μmol) in the grey zones (Figs. 2 and 3) at stations W1 and W2.   

W1 W2 W1/W2 Average (W1 and W2) TM/Fe in FeS (freshwater sedimentsa) TM/Fe in FeS (coastal sedimentsb) Average (literature values) 

Co/Fe  0.31  0.37 84%  0.34 0.10 – 0.22  0.18  0.17 
Pb/Fe  0.36  0.41 88%  0.39 0.42 – 0.74  0.25  0.47 
Ni/Fe  0.70  1.1 64%  0.90 0.91 – 1.0  2.1  1.3 
Cu/Fe  0.42  0.51 82%  0.47 0.33 – 1.4  0.56  0.76  

a Huerta-Diaz et al., 1993; 
b Huerta-Diaz and Morse, 1990. 
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than to adsorb on or co-precipitate with FeS, which is supported by the 
finding of Morse and Luther (1999) that Cd and Zn are generally pyri-
tized to only a few percent of their labile fraction, and precipitate as MeS 
prior to FeS formation and subsequent pyrite formation. Mn has also a 
different burial process than Fe in sediments and it prefers to precipitate 
as carbonates instead of sulfides (Jilbert and Slomp, 2013). 

4.2. Co-mobilization of P, V, and As with Fe in the BCZ sediment 

Oxyanions including P, V, and As were found to co-mobilize with Fe 
in the blue zones which are close to the SWI (Figs. 2 and 3). Correlation 
analysis between P/V/As/Mo and Fe in the blue zones were performed 
and shown in Fig. 6. Significant correlation was found between P/V/As 
and Fe at both stations but not with Mo and Fe. The correlation co-
efficients were similar for P, V, and As at both stations with R2 values 
around 0.5. The surface of the BCZ sediment is rich in Fe oxyhydroxides 
(Gao et al., 2012). Similar maximum of Fe in the blue zones were also 
discovered in other studies in the BCZ sediment (Gao et al., 2009; van de 
Velde et al., 2016), and attributed to the dissolution of Fe oxy-
hydroxides. Simultaneous release of Fe and associated oxyanions in 
sediments has also been documented (Schaller et al., 2000; Slomp et al., 
1996). However, different from the constant ratios of TM/Fe in the grey 
zones at the two stations, the ratios of OA/Fe (Oxyanions/Fe) in the blue 
zones differed strongly between the two stations (Table 2). A large dif-
ference of 370% (W1/W2) was found for As/Fe, while the differences 
were smaller for P/Fe and V/Fe with 27% and 190% respectively. This 
suggests that ratios of OA/Fe in Fe oxyhydroxides are not constant. 
Similar findings were also reported by Breward (2007), who found that 
P/Fe ratios in Fe oxyhydroxides varied from 0.11 to 0.60 in freshwater 
sediment, and by Feely et al. (1998) who reported that the ratio of P/Fe 
in freshly formed ferrihydrite precipitates in Atlantic and Pacific Oceans 
varied from 0.06 to 0.21. As/Fe ratios varied from 0.07 to 6.92 in 12 
Canadian Shield lakes (Vitre et al., 1991) and Neal et al. (1979) found a 
ratio of As/Fe around 1.1 in North Atlantic deep-sea sediment, while it 
increased to 5.0 in metalliferous sediment. Strong competition effects 
between oxyanions for binding on Fe oxyhydroxides is believed to be the 
reason for the observed wide ranges in OA/Fe ratios. Feely et al. (1998) 
found that the ratio of P/Fe in Fe oxyhydroxides was positively corre-
lated to the concentration of dissolved phosphate in sea water, while it 
was negatively correlated with the ratio of V/Fe, demonstrating a strong 
competing effect between P and V for binding on Fe oxyhydroxides. 
Rubinos et al. (2011) reported that addition of phosphate (1 mM) 
significantly increased both the amount and the rate of As released from 
the sediment which was enriched in Fe oxyhydroxides. This is supported 

by our results as the ratios of V/Fe and As/Fe both decreased from 
station W1 to W2 while the ratio of P/Fe increased (Table 2). 

Different from P, V, and As, Mo showed less association with Fe in the 
blue zones (Fig. 6). In a laboratory experiment, Amrhein et al. (1993) 
found that Mo was lost from solution under reducing conditions, 
assuming MoS2 was formed, and remobilized under oxidizing condi-
tions. Helz et al. (1996) proposed that under reducing conditions, 
molybdate is converted to thiomolybdate (MoS4

2-) which then binds to 
Fe, Al, and organic matter phases via sulfur bridging. This suggests that 
Mo is easier to be immobilized in sediments by forming Mo sulfides, 
presenting less direct association with Fe. However, considerable con-
centrations of Mo (500 nM) were still observed in the BCZ sediment, 
which might result from the dissolution of Mn oxyhydroxides. Scholz 
et al. (2013) found that there was coupled Mn and Mo delivery to 
euxinic sediment in the Baltic Sea, which agrees with our findings that 
Mn and Mo showed similar profiles (Figs. 2 and 3). 

4.3. Remobilization mechanisms of cationic trace metals and oxyanions 
in the BCZ sediment 

Evidence obtained from high resolution DGT profiles revealed two 
mobilization mechanisms of investigated elements in the BCZ sediment: 
(1) mobilization of cationic trace metals (Co, Pb, Ni, and Cu) are 
controlled by the dissolution of FeS (deeper, anoxic sediment); (2) 
mobilization of oxyanions (P, V, and As) are controlled by the dissolu-
tion of Fe oxyhydroxides (upper, sub-oxic sediment). Previous studies in 
the BCZ (Gao et al., 2009) have demonstrated considerable fluxes of Fe, 
Mn, and trace metals from sediment to overlying water (in the range of 
4.4 × 10-5 to 0.10 mmol m− 2 d-1), but the underlying mechanisms were 
unknown. Our study shows that dissolution of FeS at depth is an 
important, hitherto overlooked remobilization mechanism for cationic 
trace metals. Anthropogenic activities (e.g., dredging and bottom 
trawling), which frequently take place in the BCZ (van de Velde et al., 
2018), can redistribute the sediment, for example bringing FeS minerals 
to the surface. It will then be oxidatively dissolved by the oxygenated 
overlying water releasing associated metals into the water column. Van 
de Velde et al. (2016) reported that the FeS content in the upper 15 cm of 
the BCZ sediment was around 25 μmol g− 1. Hence, based on the average 
TM/Fe ratios in FeS at stations W1 and W2 (Table 1), respectively 8.5, 
9.8, 23, and 12 nmol g− 1 of Co, Pb, Ni, and Cu could potentially be 
released into the BCZ water column. 

Fe/Mn oxyhydroxide particles and organic matter are considered as 
two primary carriers of cationic trace metals to sediment (Charriau 
et al., 2011). In early diagenetic processes, organic matter is quickly 

Fig. 6. Correlation analysis between oxyanions and Fe in the blue zones (Figs. 2 and 3) at stations W1 and W2 (** indicates p < 0.01, * indicates p < 0.05).  
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degraded as soon as it reaches sediment surface due to bacterial activity, 
while Fe/Mn oxyhydroxides are subsequently reduced once O2 is 
completely consumed. At the same time, cationic trace metals can be 
simultaneously released into sediment porewater either from the 
degradation of organic matter or the dissolution of Fe/Mn oxy-
hydroxides. However, in our study, no distinct association between 
cationic trace metals and Fe/Mn oxyhydroxides were found in the BCZ 
sediment. This suggests that the major input of these metals to the BCZ 
sediment is from organic matter rather than from Fe/Mn oxyhydroxides. 
Porewater concentration profiles obtained from routine sediment slicing 
showed distinct maxima of cationic trace metals at the same station (van 
de Velde et al., 2016). This indicates that trace metals were released into 
porewater and were measured by routine porewater analysis but not by 
DGT. Modeling studies (Charriau et al., 2011; Lourino-Cabana et al., 
2014) showed that dissolved cationic trace metals in the BCZ surface 
sediment are largely complexed by organic ligands, with more than 80% 
of Cu and Pb presenting in the form of metal-fulvic acids complexes. 
Strong metal complexes are, however, not measured by the DGT. 
Moreover, as the pore size of the diffusive gel in DGT device is 10–20 nm 
(Zhang and Davison, 1999), it is apparently too small to allow those 
organic compounds to enter. As a result, lower concentrations are 
measured by DGT compared to those measured by routine porewater 
analysis. Cationic trace metals are primarily associated with suspended 
particulate matter (SPM) in the BCZ water column (Gaulier et al., 2019) 
and enter the sediment in particulate forms. Previous studies (Gaulier 
et al., 2019; Nolting and Eisma, 1988) have demonstrated that SPM in 
the BCZ water column is characterized by high POC content (between 
3% and 9%) and that cationic trace metal concentrations are signifi-
cantly (p < 0.001) and positively (0.76 < R2 < 0.94) correlated with the 
variations of POC in SPM. Our finding is also supported by a microcosm 
study from Gao et al. (2012) who observed higher concentrations of 
cationic trace metals in the overlying water and higher effluxes of at the 
SWI that are attributed to the mineralization processes of additional 
natural phytodetritus. 

Oxyanions showed a remobilization mechanism in the BCZ sediment 
that is different from that of cationic trace metals, and is highly linked to 
their oxidation state in sediment (Fox and Doner, 2003). P, V, and As all 
have at least two oxidation states. P(V), V(V), and As(V) are the domi-
nant species in oxygenated water column and are easily adsorbed on Fe/ 
Mn oxyhydroxide particles (Fox and Doner, 2003; Morton et al., 2003), 
which therefore act as a carrier of oxyanions to the sediment. After 
entering sediment, Fe/Mn oxyhydroxides are reductively dissolved and 
associated oxyanions are released into porewater, which is consistent 
with our observations particularly for Fe. The released As(V) and V(V) 
are further reduced in sediment porewater mainly due to bacterial ac-
tivity (Bennett et al., 2012; Tufano et al., 2008). V(III) and V(IV) are two 
dominant reduced species in porewater which often precipitate as oxides 
or oxyhydroxides (e.g., V2O3, VO(OH), VO2, and VO(OH)2) and are 
further buried in deeper sediment (Fox and Doner, 2003). As(III) is the 
only dominant reduced arsenic species in porewater and is removed 
from porewater by precipitation with sulfide, which replaces the oxygen 
atom in the oxyanion complex of As (e.g., AsS, As2S3) (Mccreadie et al., 
2000). Comparing to As and V, P is more difficult to be reduced and P(V) 
is still the dominant species in sediment (Han et al., 2013). Instead, it is 

prone to form authigenic P-bearing minerals such as apatite (Coelho 
et al., 2004). 

Although our results support the prevailing theory that dissolution of 
Fe oxyhydroxides is the primary pathway of oxyanions mobilization in 
sediments, caution is still needed as the correlation coefficients (R2) 
between oxyanions and Fe observed in our study were generally around 
0.5 (Fig. 6), suggesting that other mechanisms may also be involved. The 
coincident maxima of P, V, and As observed at − 13 cm depth, below the 
Fe oxyhydroxides dissolution depth, at station W2 (Fig. 3) further sup-
ports this conclusion. The simultaneous mobilization of Ca, Mn, and P in 
Baltic Sea sediment suggests that dissolution of Ca-Mn-carbonate- 
phosphate is the main pathway of P release from sediment and which 
may also impact V and As mobilizations (Hermans et al., 2019). Koski- 
Vahala et al. (2001) found that P equilibrium between Fe-bound P and 
Al-bound P in sediment regulate P net mobilization to porewater and 
elevated pH combined with Si enrichment can impose a positive syn-
ergistic effect. 

5. Conclusion 

Two mobilization mechanisms of cationic trace metals and oxy-
anions in the BCZ sediment were identified using fine scale and multi- 
element measurements obtained with DGT devices. Fe plays a key role 
in both mechanisms because the mobilization of cationic trace metals 
(Co, Pb, Ni, and Cu) is controlled by dissolution of FeS and that of 
oxyanions (P, V, and As) by dissolution of Fe oxyhydroxides. The asso-
ciation between cationic trace metals and Fe/Mn oxyhydroxides was 
poor, indicating that the major input of cationic trace metals to the BCZ 
sediment is related to the settlement of organic matter. While the ratios 
of TM/Fe in FeS are constant, this is not the case for the ratios of OA/Fe 
in Fe oxyhydroxides. Strong competition between oxyanions caused a 
broad range of OA/Fe ratios in Fe oxyhydroxides. Correlation co-
efficients between oxyanions and Fe were around 0.5, suggesting that 
other pathways might be involved in the mobilization of these oxy-
anions. The low degree of association between oxyanions and FeS in-
dicates that in anoxic sediment, the direct formation of oxyanion-sulfide 
compounds might dominate the diagenetic process of oxyanions instead 
of their incorporation/association with FeS. These findings provide a 
fundamental and holistic view of geochemical cycling of cationic trace 
metals and oxyanions in Belgian coastal sediments. 
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The ratios of oxyanions to Fe (OA/Fe, nmol/μmol for V and As; μmol/ μmol for P) in the blue zones (Figs. 2 and 3) at stations W1 and W2.   

W1 W2 W1/W2 OA/Fe in Fe oxyhydroxides (freshwater sedimentsc, d) OA/Fe in Fe oxyhydroxides (marine sedimentse, f) 

P/Fe 0.62  2.3 27% 0.11 – 0.60c 0.06 – 0.21e 

V/Fe 1.5  0.78 190% 1.9 – 2.5c 2.3 – 4.5e 

As/Fe 11  3.0 370% 0.07 – 6.92d 1.1 – 5.0f  

c Breward, 2007; 
d Vitre et al., 1991; 
e Feely et al., 1998; 
f Neal et al., 1979. 
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