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A B S T R A C T   

The adsorption-desorption behaviour of heavy metals in aquatic environments is complex and the processes are 
regulated by the continuous interactions between water and sediments. This study provides a quantitative un-
derstanding of the effects of nutrients and key water and sediment properties on the adsorption-desorption 
behaviour of heavy metals in riverine and estuarine environments. The influence levels of the environmental 
factors were determined as conditional regression coefficients. The research outcomes indicate that the miner-
alogical composition of sediments, which influence other sediment properties, such as specific surface area and 
cation exchange capacity, play the most important role in the adsorption and desorption of heavy metals. It was 
found that particulate organic matter is the most influential nutrient in heavy metals adsorption in the riverine 
environment, while particulate phosphorus is more important under estuarine conditions. Dissolved nutrients do 
not exert a significant positive effect on the release of heavy metals in the riverine area, whilst dissolved 
phosphorus increases the transfer of specific metals from sediments to the overlying water under estuarine 
conditions. Furthermore, the positive interdependencies between marine-related ions and the release of most 
heavy metals in the riverine and estuarine environments indicate an increase in the mobility of heavy metals as a 
result of cation exchange reactions.   

1. Introduction 

The risks posed by heavy metals to aquatic environments are 
intrinsically related to their interactions with water and sediments. 
While adsorbed to sediments, heavy metals pose a relatively low toxicity 
risk (Machado et al., 2018; Peng et al., 2009). However, changes in the 
environmental conditions (e.g., pH, organic matter concentration) can 
enhance their exposure to living organisms and degrade water quality 
(Li et al., 2020; Thanh-Nho et al., 2019; Wijesiri et al., 2019a). The in-
teractions of heavy metals with water and sediments are primarily in the 
form of adsorption and desorption reactions (Bradl, 2004; Duodu et al. 
2016; Wijesiri et al., 2019b). These interactions are strongly influenced 
by the physico-chemical characteristics of water, including pH and 
salinity, and in the case of sediments, include mineralogy, specific sur-
face area (SSA) and cation exchange capacity (CEC) (Ashayeri & Beh-
nam, 2019; Keshavarzifard et al., 2019). Furthermore, nutrients 

commonly found in aquatic ecosystems, including phosphorus, nitrogen, 
and organic matter, have been reported to affect the geochemical 
behaviour of heavy metals (Liu et al., 2019a; Miranda et al., 2021). 
However, the selectivity of the various metals for the different binding 
sites in sediments depends on the ionic properties of the metal species, 
such as ionic radii, electronegativity, hydrolysis constant, and softness 
(Kinraide & Yermiyahu, 2007; McBride, 1989; Sposito, 2016). 

The physico-chemical properties of water and sediments change 
widely along a waterway due to the nature of hydrodynamic process and 
the stream geomorphology (e.g., stream slope). These factors regulate 
the physical mixing of riverine and estuarine waters, as well as the 
transport and deposition of particles with different physico-chemical 
characteristics (Dey, 2014; Sun et al., 2018). Therefore, the geochem-
ical behaviour of heavy metals, and thus, the associated toxicity risks, 
can vary depending on the type of aquatic ecosystem, including rivers 
and estuaries, as these environments present quite different 
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geochemistry. 
Past studies have described the influence of water and sediment 

properties on the adsorption and desorption of heavy metals, separately 
(for example, Keshavarzifard et al., 2019; Liu et al., 2019a; Shen et al., 
2020; Wang & Li, 2011). The mobility of heavy metals in aquatic eco-
systems have also been investigated using the partitioning coefficient 
(ratio of metal concentrations between particulate and dissolved phases 
at equilibrium) (Thanh-Nho et al., 2018; Tomczak et al., 2019). How-
ever, this simplistic approach neglects the dynamic nature of flowing 
aquatic ecosystems (both vertical and horizontal processes), as the 
partitioning coefficient is generally estimated based on a stationary 
perspective, where the environmental characteristics are expected to 
remain constant over time. 

A recent study carried out by Wijesiri et al. (2019b) in the Shenzhen 
River, China, proposed a novel approach for investigating the in-
teractions of heavy metals with water and sediments using Bayesian 
Networks (BN). The variables included in their BN models were 
restricted to organic carbon in water and in sediments, pH in water and 
the mineralogical composition of the sediments. However, other prop-
erties that play a fundamental role in the adsorption and desorption 
behaviour of heavy metals, such as electrical conductivity, CEC and SSA 
(Keshavarzifard et al., 2019; Machado et al., 2018; Zhao et al., 2013), 
were not included in the study by Wijesiri et al. (2019b) due to the lack 
of available data. Furthermore, the binding competition between metals 
was not considered in their study. This is a critical aspect of 
adsorption-desorption behaviour, as the competition among heavy 
metals for negative sorption sites can dramatically influence their 
bioavailability in aquatic environments (Huang et al., 2018; Miranda 
et al., 2021). Given the complexity of aquatic ecosystems, the lack of 
available data and the neglect of the influence of the binding competi-
tion among heavy metals could be the reasons constraining the structure 
and reliable performance of the BN models developed by Wijesiri et al. 
(2019b) for some metals. 

In addition to that, there are no reported studies that have applied 
the BN approach to quantitatively estimate water-sediment-heavy 
metals interactions in riverine and estuarine environments, separately. 
The substantial differences in the physico-chemical and biological 
characteristics of such environments result in changes in the geochem-
ical behaviour of heavy metals. Thus, individual models comprising 
input data from different types of ecosystems (riverine and estuarine) 
are unable to provide robust estimations of metal mobility and 
bioavailability. 

The current knowledge gaps constrain the evaluation of the potential 
bioavailability of heavy metals under different physico-chemical con-
ditions inherent in riverine and estuarine environments. Moreover, it is 
also important to understand the role of sediments in relation to water 
pollution, as heavy metals may not be permanently attached to sedi-
ments, but can be released into the overlying water column in 
bioavailable form (Huang et al., 2020; Sun et al., 2020). Additionally, 
understanding the influence of particulate and dissolved nutrients, such 
as phosphorus and nitrogen, on the dynamic behaviour of heavy metals 
in different aquatic ecosystems is an urgent need given the increasing 
input of nutrients from anthropogenic activities to urban waterways. 

This study addresses these limitations by investigating the contin-
uous interactions of heavy metals with water and sediments influenced 
by a range of physico-chemical properties and nutrients in riverine and 
estuarine environments. The binding competition between heavy metals 
has been considered. The research outcomes are expected to be a step 
enhancement in knowledge to support the effective management of 
urban aquatic ecosystems by considering their physico-chemical char-
acteristics and the dynamic behaviour of heavy metals. 

2. Materials and methods 

2.1. Study area and sampling design 

Bulimba Creek is the second largest creek in Brisbane, Queensland 
State, Australia. The creek travels over 39 km down to the confluence 
with the Brisbane River Estuary, the longest urbanised waterway in 
South-East Queensland. The catchment area has a sub-tropical climate 
with wet summers and dry winters. The largest section of Bulimba 
Creek’s main branch is primarily surrounded by residential de-
velopments, while commercial, industrial, rural, and natural land uses 
also exist. 

Thirteen sampling sites were selected along the waterway spanning 
five land uses (residential, commercial, industrial, rural, and natural) 
and two different environmental conditions, classified as riverine (sites 
BC1- to BC-6) and estuarine (sites BC-7 to BC-13) (Fig. 1). The diversity 
of surrounding land uses contributed to the variability in the physico- 
chemical characteristics of the samples, which was a fundamental 
requirement for the modelling studies. The estuarine and riverine areas 
were classified based on the tidal influence exerted by the Brisbane River 
Estuary (Miranda et al., 2021). Four sampling episodes were carried out 
bi-monthly (from November/2018 to May/2019) during the wet season 
and were separated by rainfall events. This sampling design was adopted 
to ensure the occurrence of typical sediment movement, flushing of the 
streambed and associated variability in the physico-chemical charac-
teristics of the samples collected from the same locations. Variability in 
sample characteristics was a fundamental requirement for the envisaged 
statistical analyses and, hence, to explain how changes in the influential 
factors account for changes in the concentrations of heavy metals. In 
total, 52 water samples and 52 sediments samples were collected. The 
geographic coordinates of the sampling sites, as well as the surrounding 
land uses are listed in Table S1 in the Supplementary Information. 
Detailed information on the spatial and temporal criteria adopted for the 
sampling design can be found elsewhere (Miranda et al., 2021). 

2.2. Sample collection, storage, and preservation 

At each location, sediment and water samples were collected from 
the middle of the creek by either wading into the stream (sites BC-1 to 
BC-9) or boating (sites BC-10 to BC-13), avoiding stream bed distur-
bance. The sediment samples were collected into polyethylene bags 
using a Van Veen stainless-steel grab sampler (AS/NZS, 1999). The 
water samples were collected into pre-cleaned high density polyethylene 
(HDPE) bottles by submerging them to about 10 cm below the water 
surface (AS/NZS, 1998). The water samples intended for the analysis of 
heavy metals were preserved with HNO3 to reach pH <2, whilst no 
preservatives were added to the samples intended for the other chemical 
tests described in Section 2.3. The water and sediment samples were 
transported on ice to the laboratory and frozen at -20 ◦C until further 
analysis, except the water samples collected for the analysis of heavy 
metals, which were cooled to ≤6 ◦C (AS/NZS, 1998). 

2.3. Physico-chemical characterisation of water and sediments 

The electrical conductivity (EC) and pH of the water samples were 
measured in situ. In the laboratory, the water samples were filtered 
through a 0.45 µm pore-diameter membrane filter and tested for dis-
solved nutrients (dissolved organic carbon – DOC, dissolved nitrogen – 
DN, and dissolved phosphorus – DP), and six dissolved heavy metals 
typically associated with anthropogenic activities (Cd, Cu, Cr, Ni, Pb, 
and Zn) (Ma et al., 2021; Wijesiri et al., 2021). 

The sediment samples were analysed for three crustal metals (Al, Fe 
and Mn), six heavy metals commonly originating from anthropogenic 
activities (Cd, Cu, Cr, Ni, Pb, and Zn), nutrients (total organic carbon – 
TOC, total nitrogen – TN, and total phosphorus – TP), specific surface 
area (SSA), cation exchange capacity (CEC), and mineralogical 
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composition. The weak-acid extraction method (WE-method) described 
by Duodu et al. (2017) was employed for the analysis of heavy metals, as 
it focuses on the extraction of metals as the potentially bioavailable 
fraction, which is primarily involved in the interactions between water 
and sediments. Therefore, using the WE-method ensures that the re-
lationships between heavy metals and the influential factors identified 
from the statistical analyses are primarily a result of water-sediment 
exchange instead of the geological setting of the study area. The 
analytical methods adopted for the analyses of the water and sediment 
samples are given in Table S2 in the Supplementary Information. Quality 
assurance (QA) and quality control (QC) protocols implemented to 
assess the precision and reproducibility of the analytical methods are 
also described in the Supplementary Information. 

2.4. Statistical data analysis 

Bayesian Networks (BN) model was employed to investigate the 
metal interactions between water and sediments. BN offers a unique 
opportunity for modelling complex environmental systems by encoding 
causal relationships to quantify the relative influence of individual 
variables describing the entire system (Wijesiri et al., 2019a; Witten 
et al., 2017). Unlike some widely used bivariate statistical techniques, 
such as correlation analysis, BN permits the inclusion of several pre-
dictors in a single model to simulate the response variable. Therefore, 
the use of BN is significantly more robust to investigate the complex 
interactions between heavy metals and the influential factors. 

In this study, 24 × 16 (objects × variables) and 24 × 11 (objects ×
variables) data matrices were used for the riverine BN models, whilst 28 
× 19 (objects × variables) and 28 × 11 (objects × variables) data 
matrices were used for the estuarine BN models. The objects were the 
samples collected during the four sampling episodes in the riverine (6 ×
4) and estuarine (7 × 4) areas. In the riverine and estuarine models, the 
variables of the 24 × 11 or 28 × 11 data matrices were the same and 
include pH, EC, DP, DOC, six heavy metals in water, and the metal of 
interest in sediments. The variables of the 28 × 19 data matrices 
(estuarine models) were TP, TOC, CEC, SSA, five minerals, six heavy 
metals in sediments, three geogenic metals in sediments, and the metal 
of interest in water. The variables of the 24 × 16 data matrices (riverine 
models) were similar to those included in the estuarine models, with 
exception of the minerals, kaolinite, illite, and muscovite, as these were 
not detected in the riverine area. The statistical analyses were under-
taken at 0.05, 0.01 and 0.001 significance levels. Detailed information 
on the BN method and its application in the present study is given in the 
Supplementary Information. RStudio statistical software suite was used 
to perform the analyses. 

3. Results and discussion 

3.1. Structure and performance of the Bayesian Networks model 

The physico-chemical data obtained from the laboratory tests were 
used as input data in the BN models. The laboratory results are discussed 

Fig. 1. Sampling sites along Bulimba Creek.  
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in detail in the Supplementary Information. Before applying the BN al-
gorithm, a model diagram was created for depicting the chain of causal 
relationships among variables (Fig. 2). In a BN model, the variables 
(nodes) are linked in a direct acyclic graph (DAG) (Scutari, 2010). For 
this reason, the exchange of heavy metals between water and sediments 
was investigated by developing two BN models to avoid a loop in the 
model structure. Model 1 described the adsorption of heavy metals 
(transfer from water to sediments), whilst model 2 described the 
desorption of heavy metals (transfer from sediments to water). The 
Markov Property of BN was used to estimate the conditional de-
pendencies among the set of continuous variables (Witten et al., 2017). 

As indicated by Wijesiri et al. (2019a), the BN structure relies on 
expert elicited knowledge. Therefore, the variables included in the 
model were selected based on the research literature due to their re-
ported influence on the behaviour of heavy metals in aquatic environ-
ments (Keshavarzifard et al., 2019; Liu et al., 2019b; Thanh-Nho et al., 
2018; Wijesiri et al., 2019b). To date, little is known about the re-
lationships between nitrogen compounds and heavy metals (Kang et al., 
2019; Miranda et al., 2021). Furthermore, Miranda et al. (2021) found 
strong positive correlation between TN and TOC (r=0.98, p<0.001) in 
the Bulimba Creek sediments. Therefore, in order to avoid large stan-
dard errors due to multicollinearity between independent variables 
(Curtis & Ghosh, 2011) and to comply with the prior knowledge criteria 
of BN, TN was considered a redundant predictor and was removed from 
the analysis. TOC was retained in the model as extensive knowledge 
exists on its influence in relation to the adsorption and desorption 

behaviour of heavy metals in various environmental compartments (Gao 
& Chen, 2012; Liang et al., 2017; Thanh-Nho et al., 2019). Furthermore, 
metals in water and in sediments were included in the models as parent 
variables to account for their binding competition. 

The proposed models were fitted with observed data obtained from 
field and laboratory tests. The data for model 1 (adsorption) included 
TP, TOC, SSA, CEC, mineralogy, metals in water and metals in sediments 
(Al, Fe, Mn, Cd, Cr, Cu, Ni, Pb and Zn). The data for model 2 (desorption) 
included pH, EC, DOC, DP, metals in water and metals in sediments (Al, 
Fe, Mn, Cd, Cr, Cu, Ni, Pb and Zn). The adsorption and desorption BN 
models were run separately for the riverine and estuarine environments, 
as these environments possess very different physico-chemical charac-
teristics that can significantly influence the geochemical behaviour of 
heavy metals (Miranda et al., 2021). 

The BN outcomes for model 1 (adsorption) and model 2 (desorption) 
are expressed as conditional regression coefficients given in Tables 1 and 
2, respectively. The prediction performances of the BN models were 
evaluated using the root mean squared error (RMSE). The observed vs 
predicted plots and residual plots are depicted in Fig. S6 to S9 in the 
Supplementary Information. Leave-one-out cross-validation method was 
performed for estimating the goodness of fit of the models. This method 
provides an accurate estimation of model performance for small datasets 
(Vehtari et al., 2017). 

The RMSE values (Tables 1 and 2) show that the BN models per-
formed satisfactorily for most metals in both models (adsorption and 
desorption). However, the lower RMSE and higher R2 indicate a better 

Fig. 2. Graphical structure of the BN models of metal interactions between water and sediments. 
Note: Metal X corresponds to the target metal being modelled as the dependent variable, while metals W, Y and Z correspond to the other metals competing for 
charge sites (independent variables). 
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performance of model 1 (adsorption, Table 1) compared to model 2 
(desorption, Table 2) in both, riverine and estuarine environments. This 
is evidenced by the plots of observed vs predicted values (Fig. S6 to S9/ 
Supplementary Information). These outcomes imply that the factors 

influencing the adsorption of metals to sediments are primarily related 
to the sediment properties included in model 1. However, predictor 
variables other than those included in model 2 can potentially influence 
the release of heavy metals from sediments and should be incorporated 

Table 1 
Bayesian Networks outcomes for model 1 (adsorption – metal transfer from water to sediments)  

Influential factors Conditional regression coefficients (conditional Gaussian distribution, log transformed data)  
Riverine environment (BC-1 - BC-6) Estuarine environment (BC-7 - BC-13)  
Cd_s Cr_s Cu_s Ni_s Pb_s Zn_s Cd_s Cr_s Cu_s Ni_s Pb_s Zn_s 

(Intercept) 16.16 17.91 4.03 20.89 -12.37 20.58 0.32 1.62 3.10 0.29 1.42 -2.01 
TP_s 0.76 -0.04 -0.06 -0.15 0.11 0.22 0.47 0.40 -0.36 0.18 0.95 -0.19 
TOC_s -6.03 0.54* 0.72*** 1.19 -0.42 0.03 0.89 0.25 -0.001 -0.04 -0.71 0.87 
SSA -4.59 1.06** 0.73** 1.22 -0.61 0.13 -0.28 0.18 -0.39 0.02 0.27 0.13* 
CEC 0.47 -0.08 -0.10 -0.44 0.19 -0.18 0.52 0.08 0.15 0.05 -0.46 0.22 
Quartz -1.53 -11.10* -2.78 -13.24 6.94 -10.26 0.73 -0.81 -0.46 -0.40 -0.41 0.79 
Illite       -0.87 0.32 0.43 0.02 0.31 -0.70* 
Kaolinite       0.65 -0.65 -0.19 -0.05 -0.17 0.24 
Muscovite       -0.28 0.007 0.11 -0.09 0.007 -0.05 
Amorphous -0.53 -0.18 0.04 0.05 0.01 -0.07 -0.24 -0.08 -0.22 -0.41 -0.27 0.4 
Al_s -5.47 1.09** 0.59* 1.74 -0.67 0.43 -2.30 -0.24 -0.41 -0.51 0.09 0.99 
Fe_s 0.34 0.22 -0.09 0.08 0.19 -0.08 1.57 0.40 0.06 0.74 0.16 -0.95 
Mn_s 1.31 -0.06 -0.14 -0.25 0.36 -0.31 -0.32 0.38 -0.39 0.24 0.21 0.01 
Cd_s  0.02 0.06 0.09 -0.02 -0.02  -0.01 0.27 -0.04 -0.01 -0.11 
Cr_s 1.92  -0.26 -0.96 0.31 -0.11 -0.07  0.19 -0.27 -0.17 0.10 
Cu_s 7.73 -0.61  -1.27 0.43 0.41 0.98 0.21  0.30 0.63 0.28** 
Ni_s 1.29 -0.28* -0.11  0.27 -0.25 -0.62 -1.10 0.39  -0.59 0.49 
Pb_s -0.78 0.02 0.13 0.48  0.66 -0.14 0.012 0.37 -0.15  0.47 
Zn_s -0.58 -0.07 0.06 -0.22 0.55  -0.14 0.10 0.37 0.14 0.25  
Cd_w 0.09      -0.20      
Cr_w  0.18*      0.12     
Cu_w   -0.004      -0.44    
Ni_w    0.60      -0.02   
Pb_w     -0.01      0.17  
Zn_w      0.05      0.19** 
RMSE 0.29 0.03 0.03 0.06 0.05 0.06 0.13 0.08 0.06 0.04 0.08 0.04 
R2 0.75 0.99*** 0.99*** 0.91* 0.98*** 0.98*** 0.94** 0.96** 0.96*** 0.98*** 0.90* 0.99*** 
p-value 0.353 2.77e-05 6.58e-06 0.02 0.0002 0.0001 0.004 0.001 0.001 0.0001 0.027 2.17e-05 

Notes: Conditional density: target Ms | TP: TOC: CEC: SSA: Qtz: Amp: Al: Fe: Mn: Ms: target Mw: competing metals in sediments 
TP, total phosphorus; TOC, total organic carbon; CEC, cation exchange capacity; SSA, specific surface area; _w, metals in water; _s, metals in sediments 
*, **, *** Significant at p < 0.05, p < 0.01, and p < 0.001, respectively (based on the cross-validation results) 
Bold text indicates the mineral components, which accounted for the highest influence (negative or positive) in the transfer of heavy metals between water to 
sediments. 

Table 2 
Bayesian Networks outcomes for model 2 (desorption – metal transfer from sediments to water)  

Influential factors Conditional regression coefficients (conditional Gaussian distribution, log transformed data)  
Riverine environment (BC-1–BC-6) Estuarine environment (BC-7–BC-13)  
Cd_w Cr_w Cu_w Ni_w Pb_w Zn_w Cd_w Cr_w Cu_w Ni_w Pb_w Zn_w 

(Intercept) -4.75 1.98 -4.31 1.46 -20.41 -9.09 -9.64 -3.53 -2.31 2.29 0.88 2.42 
pH 3.64 -0.24 3.60 -2.25 16.22 5.91 7.90 3.18 4.48* -3.29*** 1.31 0.31 
EC -1.73 -1.45*** 1.81* 0.80* 0.67 6.19* 0.30 0.21 -0.34*** 0.09 -0.69 0.17 
DP -0.67* 0.04 -0.01 0.09 -0.19 0.71 -0.25 0.07 0.25 -0.11 0.49 0.73 
DOC 0.18 0.10 -0.20 0.06 -0.99 -0.89 -1.24 -0.32 -0.17 0.36** -0.46 -1.69 
Cd_w  -0.38*** 0.60* 0.25** -0.65 1.81*  0.11 0.00 0.05 -0.37 0.06 
Cr_w -1.70**  1.50** 0.77*** -1.47 4.94*** 0.25  0.23 0.05 1.294* -0.20 
Cu_w 0.61* 0.38***  -0.18 0.71 -1.26 0.01 0.40  0.26** -1.22 0.54 
Ni_w 1.34 0.97** -1.21  3.09 -4.22 2.25 0.78 1.206*  0.62 1.44 
Pb_w -0.18* -0.04 0.15 0.06  0.01 -0.28 0.25* -0.11 0.00  0.20 
Zn_w 0.23 0.13*** -0.15 -0.09* 0.01  -0.02 0.00 0.06 0.02 0.12  
Cd_s -0.08      -0.10      
Cr_s  0.31*      -0.07     
Cu_s   -0.42      0.153*    
Ni_s    -0.25*      -0.04   
Pb_s     0.04      0.65  
Zn_s      -0.53      -0.22 
RMSE 0.14 0.06 0.13 0.04 0.32 0.37 0.24 0.12 0.08 0.04 0.29 0.35 
R2 0.80** 0.98*** 0.85** 0.93*** 0.60 0.64** 0.88*** 0.88*** 0.76** 0.89*** 0.62* 0.64* 
p-value 0.006 3.47e-08 0.001 1.54e-05 0.176 0.005 1.17e-05 1.53e-05 0.002 8.1e-06 0.044 0.03 

Notes: 
Conditional density: target Mw | pH: EC: DP:DOC: Mw: target Ms: competing metals in water 
EC, electrical conductivity; DP, dissolved phosphorus; DOC, dissolved organic carbon; _s, metals in sediments; _w, metals in water 
*, **, *** Significant at p < 0.05, p < 0.01, p < 0.001, respectively (based on the cross-validation results) 
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into the model structure as new knowledge becomes available. 
Interestingly, the p-values calculated for the BN model 1 performed 

for Cd (riverine environment, Table 1) and for the BN model 2 per-
formed for Pb (riverine environment, Table 2) were greater than 0.05, 
implying that the model outcomes are not statistically significant. This 
signifies that the adsorption of Cd and the desorption of Pb under 
riverine conditions are more complex compared to the other metals and 
cannot be properly explained by the model structure adopted in this 
study. Therefore, further investigation of the influential factors is 
necessary for describing the adsorption of Cd and the desorption of Pb 
under riverine conditions. 

3.2. Influence of sediment and water properties on the exchange of heavy 
metals 

3.2.1. Mineralogy 
The conditional regression coefficients estimated for the mineral 

phases in the BN model 1 (adsorption, Table 1) show that the mineral 
components accounted for the highest influence in the transfer of heavy 
metals from water to sediments. Among all minerals, quartz exerted the 
strongest effect on the exchange behaviour of heavy metals in the 
riverine environment (highest conditional regression coefficients), 
whilst clays and oxides of Al, Fe and Mn were more important in the 
estuarine area. However, the relationships with mineral constituents 
were either negative or positive, depending on the metal ion. 

Generally, quartz demonstrates a negative influence on the adsorp-
tion of heavy metals in both riverine and estuarine areas (Table 1) due to 
its physico-chemical inertia (Jayarathne et al., 2018a; Sparks, 2003). 
This implies that increasing concentrations of quartz are likely to hinder 
the immobilisation of heavy metals to the solid particles, increasing 
their potential bioavailability in the dissolved phase. This is evidenced 
by the substantially greater negative coefficients given for quartz in the 
BN model 1 for the riverine environment (Table 1), where higher per-
centages of this mineral were found, compared to the estuarine area 
(Fig. S4(a)/Supplementary Information). 

Interestingly, the positive conditional regression coefficients 
modelled for the adsorption of Cd and Zn in the estuarine environment 
(Table 1) indicate that quartz can positively influence the adsorption of 
these metals. As pointed out by past researchers, Cd and Zn are relatively 
more soluble than other metals, signifying that they do not tend to form 
strong bonds with solid particles compared to other metals (Gao & 
Chen, 2012; Huo et al., 2013; Jayarathne et al., 2018b). Therefore, Cd 
and Zn are more vulnerable to the competition for sorption sites and 
tend to attach to less competitive binding positions present on the sur-
faces of quartz. As reported by Taqvi et al. (2007), the terminal oxygen 
atoms composing the structure of quartz are neutralised through hy-
dration. Therefore, the greater hydration sphere shown by Cd and Zn 
compared to the other metals could be responsible for their preferential 
interactions with quartz. Furthermore, it is clear from Table 1 that under 
estuarine conditions, Cd and Zn have the highest affinity for Fe and Al 
oxides, respectively. This suggests that these metals can be retained on 
Fe and Al oxides coated on quartz or present as part of the tetrahedral 
mineral structure (Aşçı et al., 2010). Another reason for the positive 
influence shown by quartz on the adsorption of Cd and Zn in the estu-
arine area could be the input of marine carbonates associated with 
quartz. As demonstrated by Xie et al. (2019) and Zhang et al. (2017), Cd 
and Zn have a particular affinity to precipitate with carbonate minerals. 

As shown in Table 1 (estuarine environment), heavy metals present a 
selectivity for specific clay minerals, signifying that the charge sites 
offered by certain clays are more propitious for the complexation of 
some metals over others. For example, Cr, Cu and Pb prefer to attach to 
the vacant charge sites present on the surfaces of illite (positive condi-
tional regression coefficients), while only Cu has affinity for muscovite. 
On the other hand, Cd and Zn are more likely to attach to clay minerals 
of kaolinite (Table 1). 

The differences in the affinity of heavy metals with illite and 

kaolinite would be attributed to the type of surface charge present in 
these clays, as permanent charge sites predominate in illite, while 
kaolinite is dominated by variable charges (Kamprath & Smyth, 2005). 
Therefore, more competition for adsorption sites is expected on the 
surfaces of illite due to the comparatively higher CEC, resulting in the 
association of Cd and Zn to the less competitive binding positions in 
kaolinite. The higher adsorption of Cd to kaolinite (β= 0.65) compared 
to Zn (β = 0.24) results from the larger ionic radius exhibited by Cd 
(Rieuwerts et al., 1998). 

3.2.2. SSA and CEC 
The high SSA of sediments is primarily contributed by clays, organic 

matter, and mineral oxides, which generally possess high CEC (Bergaya 
et al., 2018; Jayarathne et al., 2017). As shown in the BN model 1 
(adsorption, Table 1), the conditional regression coefficients calculated 
for SSA are generally positive in both riverine and estuarine models. This 
signifies that the immobilisation of heavy metals in sediments tend to 
increase as SSA increases. 

Under riverine conditions, SSA exerted the strongest influence on the 
adsorption of Ni (β = 1.22), followed by Cr (β = 1.06), Cu (β = 0.72), and 
Zn (β = 0.13) (Table 1). The positive order of coefficients exhibited by 
SSA is generally similar to the order of the negative coefficients calcu-
lated for quartz in relation to Ni, Cr, Cu and Zn, confirming the inverse 
relationship between quartz and SSA and the low ability of quartz to 
retain cations. Furthermore, negative conditional regression coefficients 
were estimated for CEC in the models developed for Ni, Cr, Cu and Zn in 
the riverine environment (Table 1). Considering that the influence of 
CEC is related to a two-way (reversible) interaction between water and 
sediments, it can be argued that the signals (positive or negative) given 
for each CEC coefficient indicate the likely transfer direction of the 
corresponding metal. For example, the negative CEC coefficients 
modelled for Cr (β = -0.075), Cu (β = -0.098), Ni (β = -0.444), and Zn (β 
= -0.181), indicate that the occurrence of cation exchange reactions in 
the riverine area are likely to result in the release (decreasing adsorp-
tion) of these metals from sediments to water. 

On the other hand, the positive value estimated for CEC (β = 0.189) 
in relation to the adsorption of Pb in the riverine area (Table 1) signifies 
that cation exchange reactions result in the adsorption of Pb to sedi-
ments. However, the negative interdependence with SSA (β = -0.614) 
demonstrates that the adsorption of Pb through weak bonds tend to 
occur on the surfaces of large particles, such as quartz (positive condi-
tional regression coefficient). This could be a result of the association 
with Mn and Fe oxides present as coatings on the surfaces of quartz in 
the riverine area, as these geogenic metals are positively correlated with 
Pb (Table 1). 

Under estuarine conditions, increasing CEC generally favours the 
transfer of heavy metals from water to sediments (adsorption) (Table 1). 
This is attributed to the considerably greater concentrations of clays, 
mineral oxides, and nutrients resulting in higher SSA and CEC in the 
estuarine sites compared to the riverine area. Although the adsorption of 
Cd and Cu to estuarine sediments is positively influenced by CEC, this 
process is unlikely to occur on the surfaces of fine particles (high SSA), as 
indicated by the negative coefficients given for SSA in Table 1 (β = -0.28 
for Cd and -0.39 for Cu). These findings reinforce the influence of 
mineral phases on the other properties of sediments and, consequently, 
in the adsorption and desorption behaviour of heavy metals in aquatic 
environments. 

3.2.3. EC 
The electrical conductivity of the aqueous media influences the 

concentrations of dissolved ions, including Ca2+, Mg2+ and Na+, which 
can be readily exchanged by heavy metals in the solid phase (Abdel--
Satar et al., 2017; Prathumratana et al., 2008). It is clear from Table 2 
(desorption) that most dissolved metals show positive in-
terdependencies with EC, implying that an increase in the concentra-
tions of marine-related ions is likely to enhance the transfer of heavy 
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metals from sediments to the water phase. This corroborates with the 
findings of Machado et al. (2018) and Zhao et al. (2013), who reported 
higher remobilisation of heavy metals from sediments to water triggered 
by rising concentrations of marine-related ions. 

Despite the higher concentrations of marine-related ions in the 
estuarine section of Bulimba Creek, the BN outcomes (Table 2) show that 
the magnitude (either positive or negative) of the conditional regression 
coefficients estimated for EC is greater in the riverine model than in the 
estuarine model. This indicates that heavy metals attached to the 
riverine sediments are more sensitive to changes in the ionic composi-
tion of the water phase compared to the metals attached to the estuarine 
sediments. The reason for such behaviour is primarily attributed to the 
low adsorption capacity of the riverine sediments due to the high loads 
of quartz and the limited amounts of nutrients and clays minerals. In this 
case, the weak bonds can be readily broken due to the action of 
exchangeable cations (e.g., Na+, Mg2+ and Ca2+), prompting the 
dissolution and, thus, potential bioavailability of heavy metals in the 
riverine environment. 

The negative coefficients given for EC in relation to Cd (β = -1.73) 
and Cr (β = -1.45) in the riverine model (Table 2) imply that rising ionic 
concentrations tend to reduce the solubility of these metals. Therefore, 
the release of Cd and Cr is not primarily prompted by the exchange with 
marine-related metals, and other influential factors (e.g. DOC) would 
exert a more significant influence on their bioavailability under riverine 
conditions. Du Laing et al. (2008), for example, have reported that Cd 
has a strong affinity for sulphides, which can immobilise this metal in 
sediments under low salinity levels. 

The negative relationships shown by EC with Cu (-0.34) and Pb 
(-0.69) under estuarine conditions (Table 2) could be attributed to the 
stronger affinity of Cu and Pb with some mineral components present in 
the estuarine sediments, which are responsible for limiting the release of 
these metals into the water column. This is confirmed by the conditional 
regression coefficients estimated for illite in the BN model 1 performed 
for these metals (Table 1), which are positive only for Cu and Pb. The 
studies carried out by Uddin (2017), and Gu and Evans (2007) indicate 
that illite has a comparatively higher adsorption capacity for Pb and Cu 
than for the other metals investigated in the present study. Once again, 
these findings confirm the prominent influence of sediments, particu-
larly the mineralogical composition, in relation to the pollution of water 
by heavy metals. 

3.2.4. pH 
The positive effect of acidic pH in relation to the transfer of heavy 

metals from sediments to the overlying water has been widely docu-
mented in the research literature (Atkinson et al., 2007; Keshavarzifard 
et al., 2019; Thanh-Nho et al., 2019). This is due to the greater con-
centrations of hydrogen ions (low pH), which have a strong exchange 
capacity to displace heavy metals from negatively charged surfaces 
(Fairbrother et al., 2007). However, the outcomes of the BN model 2 in 
relation to predicting the desorption of heavy metals (Table 2) show 
positive relationships between pH and most dissolved metals under 
both, riverine and estuarine conditions. This suggests that increasing pH 
values (lower H+ concentrations) would increase the transfer of heavy 
metals from sediments to water. 

Bulimba Creek is being progressively influenced by anthropogenic 
activities from upstream to downstream in the riverine and estuarine 
sections of the creek (Miranda et al., 2021), whilst the pH levels increase 
in the same direction. This would result in relatively higher inputs of 
dissolved metals towards the downstream sections of both environments 
due to wash-off from surrounding land uses following rainfall events. 
Such high inputs of dissolved metals are particularly evident in the 
estuarine area (Fig. S5(b)/Supplementary Information), as it contains 
the majority of the industrial land use in the catchment. Furthermore, 
the increasing salinity from upstream to downstream of the riverine area 
and, more obviously, the estuarine area (Fig. S4(b)/Supplementary In-
formation) can promote the dissolution of heavy metals, as discussed in 

Section 3.2.3. Therefore, it can be concluded that the effects of the 
salinity gradient and land use developments overshadow the influence 
of exchangeable H+ in relation to the behaviour of heavy metals 
described by the BN models for the Bulimba Creek (Table 2). This is 
attributed to the low variability in the pH values measured in the study 
area (6.14 - 8.04). Past researchers (for example, Tomczak et al., 2019) 
have reported limitations in explaining the influence of pH on the 
behaviour of heavy metals in aquatic environments due to the low pH 
variability. 

Interestingly, the negative conditional regression coefficients shown 
by Ni in the BN model 2 related to both, riverine and estuarine areas 
(Table 2), suggest that Ni is more sensitive to small variations in the 
concentrations of H+ and can pose relatively high toxicity risks even at 
pH close to neutral. Further investigation comprising of a larger pH 
variability is required to obtain conclusive evidence in relation to its 
influence on the behaviour of heavy metals under riverine and estuarine 
conditions. 

3.3. Influence of nutrients on the exchange of heavy metals 

As shown in Table 1, the positive conditional regression coefficients 
estimated for TOC indicate that it is the primary nutrient inducing the 
adsorption of heavy metals, except Pb (β = -0.419), to the riverine 
sediments. On the other hand, the uptake of heavy metals by the estu-
arine sediments is mostly influenced by increasing TP loads, except for 
Cu (β = -0.359) and Zn (β = -0.193). The varying affinities of heavy 
metals to particulate nutrients depending on the type of ecosystem 
(riverine or estuarine) are attributed to the stability of the metal com-
plexes formed with either, organic matter or phosphorus, and the 
availability of such nutrients in the environment. 

While metal phosphates are insoluble even at neutral to slightly 
acidic pH levels (Olaniran et al., 2013), organic metal complexes are 
more sensitive to reductions in the pH due to the chemical structure of 
organic molecules, which are essentially formed by carbon and 
hydrogen ions (Klein, 2017). Therefore, the higher availability of 
phosphorus in the estuarine section enhances the opportunities for the 
formation of relatively more stable complexes (e.g., metal phosphates), 
though interactions with organic ligands also occur. The limited for-
mation of metal phosphates in the riverine sites could be attributed to 
the low concentrations of phosphorus in the area, resulting in higher 
competition among heavy metals for binding positions in the phos-
phorus components. 

Unlike the other metals, the transfer of Cd and Zn from water to 
sediments, and, thus, their immobilisation in the estuarine section of the 
creek, primarily increases due to the growing TOC concentrations 
(Table 1). As reported by Miranda et al. (2021), the preferred binding 
position for Zn is present in organic matter. However, when limited 
amounts of organic ligands exist, Zn tends to associate with other 
compounds, such as phosphorus. Therefore, the increased TOC con-
centrations in the estuarine section of the creek favour the complexation 
of Zn to its preferred charge site. This is enhanced by the greater amount 
of vacant charge sites in clays and mineral oxides in the estuarine area, 
reducing the competition with other metals for organic ligands. The 
lower binding competition with other metals would also increase the 
opportunities for Cd to complex with both, phosphorus and organic 
matter (β = 0.47 and 0.89, respectively). 

Furthermore, Table 1 shows that the adsorption of Pb to sediments is 
positively influenced by TP regardless of the environment (riverine or 
estuarine) due to its particular ability to form strong interactions with 
phosphorus compounds, such as phosphates (Seshadri et al., 2017; Shen 
et al., 2020). The conditional regression coefficients estimated for the 
riverine and estuarine areas reveal a significantly stronger influence of 
TP on the adsorption of Pb under estuarine conditions (β = 0.95) 
compared to the riverine area (β = 0.11), as the latter has lower TP 
availability resulting in higher binding competition among metals. 

According to Table 2, dissolved nutrients do not exert a significant 
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positive effect on the release of most heavy metals in the riverine area. 
As discussed in Section 3.2.1, the riverine sediments of Bulimba Creek 
present very low adsorption capacity due to the high loads of quartz. 
This would be the primary reason for the release of heavy metals into the 
aqueous phase instead of complexation with chemical compounds, such 
as DOC and DP. On the other hand, Table 2 shows that increasing DP 
concentrations tend to increase the transfer of certain metals from sed-
iments to the overlying water in the estuarine environment. For 
example, positive relationships with DP are shown by Zn, Pb, and Cu in 
the estuarine area (β = 0.73, 0.49, and 0.25, respectively). Despite the 
known stability of metal phosphates (Sposito, 2016), acidic pH condi-
tions (as per the WE-method used for determining heavy metals in this 
study) would cause the dissociation and consequent release of phos-
phorus and heavy metals in the dissolved form. 

It is important to highlight that the riverine and estuarine environ-
ments undergo different biogeochemical processes, which influence the 
concentrations of particulate and dissolved nutrients differently (Park 
et al., 2015; Sin et al., 2015). Therefore, biogeochemical aspects should 
be considered when investigating the relationships between nutrients 
and heavy metals. 

4. Conclusions 

This study provides a comprehensive analysis of the influence of the 
physico-chemical properties of water and sediments on the exchange 
behaviour of heavy metals under riverine and estuarine conditions. The 
research outcomes revealed that the mineralogical composition of the 
sediments is the most important factor governing both, the adsorption 
and desorption behaviour of heavy metals, as the mineral phases influ-
ence other important properties of sediments, such as CEC and SSA. 
Among the sediment properties, quartz exerted the strongest negative 
influence on the exchange of heavy metals and favoured their release 
from sediments to water in the riverine environment. Clays and mineral 
oxides were more important in the estuarine area and promoted the 
transfer of heavy metals from water to sediments. However, the various 
metals showed selectivity for different types of clays. 

The behaviour of the various metals in relation to a particular 
nutrient was regulated by its predominant phase (e.g., particulate or 
dissolved) in the environment, which was in turn, affected by the type of 
aquatic ecosystem (riverine or estuarine). While TOC was the primary 
nutrient inducing the adsorption of heavy metals to the riverine sedi-
ments, the uptake of heavy metals by the estuarine sediments was 
mostly influenced by TP. On the other hand, dissolved nutrients did not 
play a key role in the release of heavy metals in the riverine area, whilst 
dissolved phosphorus was important for the desorption of heavy metals 
in the estuarine area. Additionally, the research outcomes indicated that 
increasing concentrations of marine-related metals generally promote 
the solubility and potential bioavailability of heavy metals in both, 
riverine and estuarine ecosystems. Therefore, despite the favourable 
physico-chemical characteristics of the estuarine environment for the 
immobilisation of heavy metals in sediments, seawater intrusion can 
increase the risks posed by heavy metals to human and ecosystem 
health. Therefore, special attention should be given to the estuarine 
areas in terms of pollution by heavy metals. 

Study limitations include the lack of land use data in the Bayesian 
Networks models. Investigating land use classes and configuration pat-
terns could provide further-in depth understanding of the exchange 
behaviour of heavy metals and, hence, improve the performance of the 
models. Therefore, it is recommended that future research efforts are 
made to include land use information in modelling approaches by 
considering the simultaneous interactions between water and 
sediments. 
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