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ABSTRACT 

Potentially toxic metals (PTMs) dispersed within catchments from land-based 
sources pose serious, long-term threats to aquatic ecology and human health. Their 
chemical state or form affects the potential for transportation and bioavailability 
and ultimate environmental fate. PTMs are transported either as (1) particulates 
adsorbed onto sediments, or 2) solutes in groundwater and open channel flow.  

readily sorbed onto clay/silt and consequently particulate-borne PTMs dominate in 

contaminants which can be periodically remobilized. The role of suspended 
particulates in the uptake, release, and transport of heavy metals is thus a crucial 
link in understanding PTM dispersion in these environments.  

Cohesive sediment is subject to flocculation which dictates the behaviour of 
suspended sediment. PTM partitioning, flocculation and particulate-borne PTM 
dynamics are spatially and temporally variable in response to a complex array of 
inter-related physical and chemical factors exhibited within tidal catchments. 
However, knowledge of the dispersion and accumulation of both particulate and 
soluble forms of PTMs within cohesive coastal catchments is limited by little 
understanding of the association of PTMs with flocculated sediments and their 
subsequent deposition.  

This study investigates the influence of changing hydrodynamics and salinities 
to reveal the partitioning coefficients (Kp) and PTM settling flux (PTMSF) for 
different spatial and temporal locations within an idealized mesotidal catchment. 
The data show that the ratio of soluble and particulate-borne PTMs are dependent 
on salinity and flocculation, and that PTMSF is dependent upon partitioning and 
flocculation dynamics. Kp is largely dictated by salinity, but floc size and suspended 
particulate matter concentration (SPMC) are also influential, particular for PTMs 
with low chloride complexation and in freshwater. PTMSF is a function of Kp, floc 
size and settling velocity and varies by up to 3 orders of magnitude in response to 
changing environmental conditions. 
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Findings will improve our ability to predict and monitor contaminant transport 
for PTMs generated by industries such as agriculture, mining, fisheries, aquaculture 
& marine engineers. They can be incorporated in existing decision making tools, 
and help improve numerical modelling parameteristion, to maintain environmental 
quality standards and limit the impacts of bioavailability of metals in aquatic 
environment.  

Keywords: Potentially Toxic Metals, Partitioning, Cohesive sediment, 
Flocculation, Salinity  

INTRODUCTION 

The dispersion of potentially toxic metals (PTMs) into the aquatic environment 
poses a range of environmental problems. PTMs are released from land-based 
sources: current and historical mining and smelting industries, industrial effluents, 
landfill leachate as well as common use of animal feeds, fertilizers and pesticides, 
or other surface runoffs. Heavy metals from atmospheric emissions also enter rivers 
[1]. They do not degrade, but can change form (speciation) and/or move between 
the dissolved and particulate phases (partitioning) and their presence can affect the 
ecological balance of freshwater and marine environments for hundreds of years 
after initial contamination. Bio-assimilation and bioaccumulation of PTMs in 
aquatic organisms can reach pathogenic and even lethal levels, endangering entire 
eco-systems and human health [2]. Globally, large human populations are 
concentrated in the narrow zone adjacent to the coast, and development of 
watersheds increases erosion and both generates and mobilizes pollutants [3].  

PTMs are transported either as (1) particulates bound to sediments and 2) 
solutes in groundwater and open channel flow. Such 'speciation' is an important 
consideration with respect to bioavailability and ultimate environmental fate [4]. 
Chemical state or form affects the potential for transportation. The toxicity of metals 
when in the particulate state is reduced and will be dispersed with mobilised SPM. 
Measures to control or minimise dispersion of particles will also control the 
dispersion of PTMs in their particulate phase. Conversely, PTMs dissolved within 
the water column remain unconstrained and exhibit much great mobility. 
Consequently, environmental quality standards for PTMs are mostly based on the 
dissolved metal fraction, which is more bioavailable and has greater potential for 
transport and dispersion within bodies of water.  

Reactions in which PTMs are reversibly bound to the surface of the sediment 
matrix are referred to as sorption reactions and PTMs that become bound to the 
surface of the solid are said to be sorbed. Approximately 90% of contaminants are 
incorporated in the sediment-associated form (rather than as solutes) due to the 
sorptive nature of fine-grained sediments [5]. Consequently, the particulate-borne 
phase dominates the transport of PTMs from land-based sources to the coastal zone 
[6]. Sediments also represent a considera
environment, particularly in estuaries and coastal water bodies [7].  

Particulate-related PTM deposits are often a legacy of the past, especially 
where historical metal mining is the source. However, global concentrations of 
PTMs in coastal sediments have increased over 1985 2000 and are particularly 
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elevated in areas subject to an increase in industrial activities in the developing 
world where danger to human health is particularly pronounced [8].  

PTMs in bed sediment are not permanently fixed but can be periodically 
remobilized, desorbed, or redistributed along the transect from river to sea via an 
estuary. Consequently, sediments act both as a sink and secondary source of metal 
contamination in surface water systems [9]. Resuspension of deposits or 
disaggregation of flocculated suspended sediments may cause desorption to the 
dissolved phase. The process of remobilization of heavy metals from both 
suspended particulate matter (SPM) and bottom sediment is potentially more 
dangerous than the accumulation itself, and contamination is expected to increase 
as more sediments are mobilized with rising sea level and increasing storm 
frequency [10]. The role of SPM in the uptake, release, and transport of heavy 
metals is thus a crucial link in PTM exchange between the water column, bed 
sediment, and consequently the food chain.  

Fine-grained mud, made up of silt- and clay-sized particles, is the most 
ers, and 

and it plays a key role in the functioning of healthy ecosystems. Salinity has a well-
established impact on the partitioning of PTMs between water and the particulate 
phase. Chloro-complexation (particularly for cadmium), salting out of humic acids 
and destabilization of suspended matter are all well reported for the river-saline 
water interface and in aquatic environments of increasing salinity such as estuaries 
and coastal waters [12]. Further, PTMs are readily sorbed onto clay and silt, often 
as a result of opposite electrical charge. Metal ions can also be precipitated from 
water through formation of insoluble salts with a counter-ion, most commonly 
sulphide [7].  

Flocculation is a dynamically active process dependent on the electrostatic charging 
of the mineral, and which readily reacts to changes in hydrodynamics, SPM 
concentration, salinity and mineralogy. Particles aggregate through collisions to 

6 constituent particles [13]. The energy for 
turbulent mixing required for floc formation is described by turbulent shear stress 

 tidal cycles [14]. Low to medium levels of 
turbulent shear stress can promote floc growth through particle collision. At higher 
levels, turbulence can cause disruption to the flocculation process by instigating floc 
break-up [15]. Hence, changes in turbulent shear stress and salinity can impose a 
maximum floc size restriction on suspended sediments that vary spatially and 
temporally in response to tidal cycles.  

As flocs grow in size their effective densities generally decrease [16] and their 
settling velo
velocities are significantly quicker than for individual cohesive particles (~ 1-
in diameter). Floc size and settling velocity dictate: (1) the residency time of 
remobilized sediments in the water column; (2) the surface area of suspended 
sediment available for sorption exchange, and (3) govern the settling flux of 
particulate-borne PTMs, i.e. their rate of deposition per unit area.  
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It may therefore be anticipated that the partitioning of PTMs between soluble 
and particulate phases, and the flux of associated pollutants, are spatially and 
temporally variable in response a complex array of physical and chemical factors 
exhibited within a tidal catchment. However, knowledge of the association of PTMs 
with flocculated sediments is limited to a single study in coastal waters [18]. Thus, 
there is no understanding of the partitioning of sediment-borne and dissolved PTM 
fractions in coastal catchments dominated by flocculation. This information is vital 
in predicting the dispersion rate and pathways of both particulate and soluble forms 
of PTMs within cohesive coastal catchments in order to target effective measures 
for improving sediment and water quality. 

Variations in the partitioning coefficient for individual metals will dictate the 
ratio of soluble and particle-borne PTMs at different spatial and temporal locations 
within a catchment. Moreover, the amount of PTMs deposited in the particulate 
phase will change in response to the mass settling flux (MSF) of sediments - the 
mass of sediment deposited over an area over time  which is a function of spatial 
and temporal changes of the floc population.  

These experiments quantify, for the first time, ratio of transported metals in 
particulate vs. dissolved state for flocculated cohesive sediments. The experiments 
assess the influence of changing hydrodynamics and salinity at (i) river, (ii) estuary 
& (iii) coastal zones to reveal the partitioning coefficients of common PTMs for 
different spatial and temporal locations within an idealized mesotidal cohesive 
catchment. We elucidate the mechanisms responsible for sorption and determine 
the settling flux of each PTM for each scenario to better understand the geochemical 
cycling between land and coastal waters.  

MATERIALS & METHODS 

Annular Flume & Turbulent Shear Stress 

This study utilised a mini-annular flume to create a consistent and repeatable 
turbulent environment. The annular flume has an outer diameter of 1.2 m, a channel 
width of 0.1 m and a maximum depth of 0.15 m, with a motor-driven rotating roof 
to create the flow for cohesive sediment experiments [17]. Maximum flow speeds 
of approximately 0.7 m s-1 can be produced in the lower half of the water column, 
created by 10 mm deep paddles attached to the underside of the roof. Three 
turbulent shear stresses, , were used to represent variations in hydrodynamic 
forcing within an estuary [19].  
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Table 1. Salinity and turbulent shear stress combinations of each experiment.

Run 
Salinity 

PSU 
 

Pa 
1(a) 0               Hi 
1(b) 0               Med 
1(c) 0               Low 
2(a) 15               Hi 
2(b) 15               Med 
2(c) 15               Low 
3(a) 30               Hi 
3(b) 30               Med 
3(c) 30               Low 

PTM Additions and Experimental Procedure  

Six potentially toxic metals (PTMs) typical of mining wastes associated with 
sulphidic ores found in mineral rich locations across the globe were used in each 
experimental run: arsenic (As), cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb) 
and zinc (Zn). They are amongst the PTMs considered as Priority Substances, 

Management Organisation marine licence applications.  

Spiking concentrations were based on the expected partitioning behaviour of 
the elements to ensure dissolved concentrations would be measurable after 
partitioning and dilution. Literature suggests partitioning to the sediment will 
increase in the order Ni<Cd<As<Zn<Cu<Pb based on physio-chemical 
characteristics of the elements themselves as well as their interactions with saline 
matrices [12]. Consequently, higher concentrations of lead were spiked into 
solution compared with nickel as it was expected that lead would partition strongly 
to the particulates leaving little in the dissolved phase to analyse; whereas nickel 
would be expected to remain predominantly in solution. The concentration of metal 
spiked into the flume reflected the partitioning with concentration additions ranging 
from 0.1 mg L-1 for Ni to 2 mg L-1 for lead. The concentration of each PTM in each 
water sample was determined through ICP-MS post-experiments. For saline runs, 
samples were diluted by a factor of 5 in order to avoid salt matrix interference in 
the ICP-MS analysis. 

The suspended sediment comprised kaolin clay with a median grain size of 6 
µm. The depth-averaged suspended particle matter concentration (SPMC) was 
maintained at 1.0 g L-1 for all experiments. Sediment slurries were prepared using 
38.0 g of kaolin in 0.5 L of ultra-pure water. Gravimetric analysis of extracted water 
samples were used to ensure the ambient SPMC was within required experimental 
tolerances.  

The capacity of the flume is 38 L and it was filled with 37.5 L of ultra-pure 
water before the start of each experiment. For saline experiments, salt was 
progressively added and the flume circulated to mix the salt until the required 
salinity was reached. The following procedure was followed: 
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1. Metal standards were directly introduced into the water, and mixed 
through flume circulation for 5 minutes.

2. Trial experiments revealed that the pH of the water after the introduction 
of metal standards was ~4.5, significantly lower than found in estuaries. A 
buffer was added to the water to ensure that pH = 8.2 ±0.1. 

3. 3 x 15 ml water samples were taken for ICP analysis to determine the 
precise initial PTM dissolved concentrations. 

4. The sediment slurry (0.5 L) was introduced into the flume and mixed at Hi 

for 1 minute, and a second set of water samples taken for ICP analysis. 

5. The mixed sediment slurries were sheared in the flume for 30 minutes at 
Hi. This duration of shearing was pre-determined in accordance with 

theoretical flocculation time [20].  

6. To obtain floc and water samples, the rotation was stopped for 
approximately 6-8 seconds, although flow in the flume still continued 
through inertia, maintaining particles in suspension throughout this period 
[19]. 50 ml samples were extracted using a glass pipette at mid-height of 
the flow: (1) A sample for floc characterisation, (2) three samples for ICP 
analysis, and (3) a sample for gravimetric quantification of the SPMC. 

7. Steps 7-8 were repeated at Med and Low 

The flume was subsequently emptied and cleaned using a high-pressure sprayer 
and detergents in preparation for the next experiment. 

PTM Concentrations of Water Samples  

For each experiment, the mean soluble PTM concentrations from initial, 
sediment-free conditions (see Step 4) were established based on three replicate 
water samples. Subsequently each experiment yielded three mean values 
concentration in the dissolved phase, Cd, for each turbulent condition (Step 6): a= 

Hi, b= Med and c= Low. The data was used to determine partitioning coefficients, Kp, 
which give information on the integrated effects of adsorption and desorption 
processes: 

   [Eq. 1] 

where Cd is the concentration in the dissolved phase (mg ml-1) and Cs is the 
concentration of metal in the particulate phase (initial PTM concentration  Cd, mg 
g-1). 

Floc Characterisation 

Floc sample populations were characterized using LabSFLOC (Laboratory 
Spectral Flocculation Characteristics), a video-based instrument developed at 
Plymouth University. Each floc sample was transferred to the LabSFLOC settling 
column, whereby the suspended particulate matter was recorded by the video 
camera as it was settling. The observed flocs were measured within a reference 
volume of water (0.4 L). Floc size (equivalent spherical diameter, D) and settling 
velocity (Ws) were determined directly from video recordings for each individual 



Section ECOLOGY AND ENVIRONMENTAL STUDIES 

99 

floc. The effective density ( eff

relationship, following established procedures [15]: 

eff=f -   [Eq. 2] 

where eff is the difference between the floc bulk density ( f) and the water 
density ( w) and µ is kinematic viscosity. Mass settling flux, MSF, is defined as the 
product of the settling velocity and SPM concentration [13]. 

RESULTS 

PTM Sorption and Partitioning 

Mean Kp values for each PTM in each experiment are shown in Figure 1. Large 
Kp values under initial Hi conditions indicate that the majority of physio-chemical 
processes resulting in adsorption to the floc field occur rapidly (seconds  minutes). 
The magnitude of Kp in freshwater (PSU 0, Ex. 1) is, from highest to lowest: Cu, 
Pb, Zn, Ni, As, Cd. Values range from Kp = 88,641 L kg-1 for Cu under Hi conditions 
to Kp = 0 l kg-1 (no sorption) for Cd under Hi and Mid conditions. Kp values rise 
from Hi to Low conditions for each PTM. This is a function of residency time, with 
new sorption sites generated within the SPM as the floc field evolves under 
changing turbulence regimes. 

Estuary salinity (15 PSU, Ex. 2) induces a consistent reduction in Kp for all 
PTMs, and Kp values are, from highest to lowest: Cu>As>Pb>Zn>Ni>Cd. At ocean 
salinity (30 PSU, Ex. 3), Kp values for Cd are essentially zero, reflecting the 
relatively simple experimental set up of the system only comprising kaolin, salt and 
PTMs; unlike the environmental where the presence of organic carbon, mineral rich 
particulates, competing major ions, changing pH, etc., which would all serve to 
impact on the partitioning of the PTMs. Ni, Pb and Zn exhibit negligible values for 
all turbulent regimes, although there is a statistically significant increase from Hi to 

Low. Copper Kp values decline by a smaller degree from freshwater to estuary 
salinities compared with Cd, Ni, Pb and Zn (48% reduction in Hi, 64% in Mid, 75% 
in Low).  
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Figure 1. Partitioning coefficients, Kp, for each PTM for Experiments 1  3. Error 

bars are confidence intervals at 95%. 

For As there is a stepwise decrease in Kp with salinity for all turbulence regimes 
with values at 0 PSU (Ex.1) approximately half those at 15 PSU (Ex. 2), which 
halve again for 30 PSU (Ex. 3). There is a small increase in Kp at all salinities from 

Hi to Low conditions.  

Arsenic is a metalloid and present in the water as a negatively charged arsenate 
anion. Reductions in Kp reflect competition for sorption sites with increasing 
chloride concentration [21]. The remaining cationic PTMs occupy the free 
dissolved state as single, positively charged ions in water. An increase in salinity 
thus stabilises them in the dissolved phase, reducing their affinity for the particulate. 
The different sorption potential exhibited by changes in Kp across experiments 
broadly 
chloride ions for seawater at pH = 8.1, expressed as a percentage, are: Cu = 1.9%, 
Pb = 22.32%, Ni = 29.6%, Zn = 41.2%, and Cd = 96.8% [22]. Higher values reflect 
greater stability in the dissolved phase under saline conditions.  

Cadmium has the strongest chloride complexation, resulting in cadmium 
chloride species (i.e. initially CdC1+ and subsequently CdCl2 and CdCl3

- as salinity 
rises to that of full seawater [4]). The impact of chloro-complexation on Kp for the 
other PTMs tested was also in line with literature and what would be predicted from 
known dissociation constants. In the absence of other ligands, the percentage of 
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PTM complexed by chloride decreases from 97% (Cd), 41% (Zn), 30% (Ni), 22% 
(Pb) and 1.9% (Cu) [22] and this chloride influence is reflected in the observed in 
the partitioning data from these experiments.  

Flocculation Characteristics 

Figure 2 shows the distribution of flocculated particles within the SPM for each 
experimental scenario. Figure 3 summarises the primary characteristics of the floc 
population for each scenario. There is a visible reduction in floc frequency as 
turbulent shear stress declines for each salinity (Fig. 2), reflecting reductions in 
SPMC (Fig. 3). Hi conditions generate the largest mean floc size, D, for each 
experiment. 

 
Figure 2: Relationship between floc size, D, and settling velocity, Ws, for all 
experiments. Both axes are logarithmic. Changes in turbulent shear stress, , 

occur left to right. Changes in salinity, PSU, occur top to bottom. Diagonal lines 
show different values of effective density, , for reference:  

- - - ) and 16 ( ...... ) kg m-3.  
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Figure 3: Primary floc characteristics for Experiments 1  3. Error bars in (a)  
(c) are confidence intervals at 95%. 

This is because collisions facilitating floc formation from primary particles are 
more numerous as turbulence increases, and is insufficient to instigate floc break-
up. Further, D is positively related to salinity and doubles from 117 µm to 237 µm 
from freshwater (0 PSU, Exp. 1) to ocean salinity (30 PSU, Exp. 3), reflecting the 
electrostatic charging of the sediment. Salinity is also positively related to mean 
settling velocity, Ws, which increases from 1.32 to 2.15 mm s-1. SPMC drops from 
0.87 (Ex. 1) to 0.76 g L-1 (Ex. 3) as salinity increases which can be attributed to 
higher settling velocities. 

The more efficient flocculation of ocean salinity (Ex.3, Hi) is demonstrated by 
the population represented by just 1,015 flocs, 57% less flocs than freshwater (Ex.1, 

-1 and 
107 kg m-3, respectively; the corresponding high shear freshwater flocs collectively 
settled more than 3-times slower and were nearly twice as dense. If we examine the 

has 75% of the population and 87.6% of its mass is encapsulated in the larger 
macroflocs, with a quick fall velocity of 4.1 mm s-1, thus producing a high resultant 
mass settling flux (discussed in a later section). In contrast, only 17% of the flocs 
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and 34% of the mass were macroflocs in the freshwater Hi population, and they fell 
at a significantly slower 0.8 mm s-1. 

Hi conditions generate the largest total surface area, A, in each experiment. A is 
a function of D and SPMC and is inversely related to salinity, increasing from 1.32 
to 2.15 cm2, indicating that changes in D outweigh the reduction in SPMC. 
Conversely, mean effective density, eff, is negatively related to salinity due to the 

kg m-3 from 0 PSU 
to 30 PSU. MSF rises from 1.94 (Ex. 1, 0 PSU) to 5.34 g m2 s-1 (Ex. 3, 30 PSU) and 
is strongly correlated with Ws, negating reductions in SPMC and eff.  

Under Med conditions, mean D increases from 95 µm (0 PSU, Exp. 1) to 132 
µm (15 PSU, Exp. 2) but then falls to 120 µm for 30 PSU (Exp. 3). eff rises and falls 
around 205 kg m-3 (15 PSU, Exp. 2), the maximum of all reported mean eff values. 
This contrasts with Hi which exhibited an inverse relationship between D and eff. 
Conversely, mean Ws increases with salinity from 0.3 (0 PSU, Exp. 1) to 1.9 mm s-

1 (30 PSU, Exp. 3).  

A is lower under Med than Hi conditions, with a maximum of 1.2 cm2 for 15 PSU 
(Exp. 2), confirming that mean D is the most important factor in determining the 
total surface area of the SPM. SPMC is 10-15% lower than equivalent Hi scenarios. 
Notably it is lowest in Ex. 2 (15 PSU), coincident with largest mean D and mean 

eff. Despite this, MSF shows a step-wise increase with salinity from 1.94 to 5.34 g 
m2 s-1, indicating that Ws is the key driver of sediment flux. 

Unlike other turbulence regimes, Low conditions show that mean D is inversely 
related to salinity, dropping from 126 (0 PSU, Exp. 1) to 87.2 µm (30 PSU, Exp. 
3). However, values are comparable to those under Med conditions. Low generates a 
rise and fall in mean Ws across the salinity regime, peaking at 1.30 mm s-1 at 15 PSU 
(Exp. 2), again contrasting with the positive D vs. Ws relationship seen in Hi and Med. 
SPMC is 80-90% lower than in other turbulence regimes. The very low values of A 
(no greater than 20% of values at other ) reflect SPMC under Low conditions rather 
than a significant difference in mean D across turbulence regimes.  

Settling Flux of Particulate PTM fraction 

Mass settling flux and the degree of PTM adsorption dictate the rate of 
particulate-borne, PTMSF. It is the product of MSF and concentration of the 
particulate-bound PTMs, Cd. PTMSF for each PTM across each experiment is 
shown in Figure 4. PTMSF values vary significantly in response to changing 
salinity and turbulent shear stress. Relative changes expressed as factor increases 
from lowest to highest PTMSF values are: As = 46, Cd = 280, Cu = 331, Ni = 150, 
Pb = 353, Zn = 108.  

Freshwater (Ex. 1) conditions exhibit the highest PTMSF values with the 
exceptions of Cd and Ni under Low conditions. Freshwater PTMSF values across all 
turbulence regimes, from highest to lowest, are: Cu, Pb, As, Zn, Cd, Ni. PTMSF is 
an order of magnitude higher for Cu and Pb than the other PTMs tested. As MSF 
(Fig. 3) values in freshwater are lower than saline conditions, the high rates of PTM 
deposition are a result the absence of chloride complexation that induces sorption 
to the sediment.  
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For estuary (15 PSU, Ex. 2) and ocean (30 PSU, Ex. 3) salinities, across all 
turbulence regimes, deposition rates are ordered: Pb, Cu, As, Zn, Cd, Ni. Notably 
this does not wholly reflect the order of speciation discussed above, reflecting the 
role of flocculation in PTM dispersion. Pb and Cu values remain an order of 
magnitude higher than the other PTMs tested.  

 

Figure 4: PTM settling flux, PTMSF, for each PTM for Experiments 1  3. Error 
bars are confidence intervals at 95%. 

Changes in turbulence are influential in different ways for each PTM. At 15 
PSU a drop in  causes a 2-3 order increase in PTMSF for As, Cu and Pb. 
Conversely, this causes a linear decrease for Cd and Ni, but does not significantly 
influence Zn. At 30 PSU there is a rise and fall across Hi to Low for As, Cu and Pb, 
but a fall for Cd, Ni and Cd. Notably, values are statistically similar for both 
salinities under Hi conditions for each PTM, but Mid induces an approximate halving 
of values from 15 PSU to 30 PSU.  

Values for Low under ocean salinities (PSU 30, Ex. 3) are minimal as a result of 
very low MSF values, with no deposition of particulate PTMs exhibited for Cd and 
Ni due to their absence in the particulate phase. 
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DISCUSSION 

Substantial changes to the SPM characteristics, sorption dynamics and the flux 
of PTMs occur across the range of turbulent shear stresses and salinities that are 
typically experienced within a mesotidal estuary, justifying need to model flow 
environments from above the tidal limit to the coastal zone.  

SPM Characteristics 

The linearity in changes to are not reflected in changes to SPMC, highlighting 
the key role of flocculation in dictating the amount of suspended particulates 
available for PTM sorption. The results highlight the intricate nature of the inter-
relationships between floc parameters and driving variables. Some modelled 
scenarios yield comparable floc characteristics despite significant differences in the 
turbulence regime and salinity. For instance, settling velocities are comparable for 
all turbulence regimes at 15 PSU while higher 30 PSU shows an order-of-magnitude 
decline in Ws from Hi to Low. Similarly, effective densities are comparable in 
freshwater conditions (Ex. 1) but vary with turbulence regime under saline 
conditions (Exs. 2 & 3).  

There is a transition from a positive relationship between floc size and salinity 
under freshwater conditions to a negative one at 30 PSU. Total surface area, A, 
dictates the area available for PTM sorption and drops significantly in response to 
a reduction in turbulent shear stress but is also dictated by floc size. It is principally 
a function of floc size at 0 PSU, SPMC and floc size at 15 PSU, and SPMC at 30 
PSU.  

Sorption Dynamics & Partitioning Coefficients 

In broad terms, the likelihood of adsorption of metals to the floc field is (from 
least to most): Cd, Zn, Ni, Pb, As, Cu. Salinity has the clearest influence on 
partitioning. The differences in adsorption for each metal are dependent upon their 
relationship with chloride ions and the degree of chloride complexation, which are 
broadly recognised. The observed trends appear to largely represent the degree of 
chloride complexation reported elsewhere [22] . 

However, there are several instances where changes in Kp do not reflect changes 
in salinity. First, at 0 PSU (Ex. 1) there is an increase in Kp from high to low 
turbulence conditions for each PTM. Under freshwater conditions, where chloride 
complexation is not a factor, adsorption continues over the duration of each 
experiment. This indicates that the evolution of the floc field under different 
turbulence regimes, e.g. re-organisation of floc matrices and breakdown into 
smaller flocs, results in new sorption sites. 

There is also evidence that total surface area is a secondary influence on Kp 
under saline conditions. While Ni, Pb and Zn have consistent Kp values at 15 PSU, 
at 30 PSU Kp increases across Hi to Low. This is coincident with the reduction in 
SPMC and A, and indicates that, while higher salinity increases sorption in all cases, 
differences in floc characteristics may limit sorption sites. The relative increase in 
Kp for Ni and Pb at 30 PSU is greater than for Zn, which suggests that changes to 
the floc field are less important for Zn, which has a higher speciation percentage 
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(41.2%) than Ni (29.6%) and Pb (22.32%). This is supported by the consistent, 
negligible Kp values under 30 PSU for Cd (96.8%). Copper Kp values decrease under 
15 PSU (Ex. 2) across Hi to Low, commensurate with its weak chloride complexation 
(1.9%).  

The Kp values for PTMs reported within this research are in line with literature 
values, which themselves vary according to the physico-chemical characteristics of 
the specific estuary. Reported trends of Kp with salinity are consistent with data 
reported here, as are the typical magnitudes of Kp. However, between estuaries 
measured Kp for suspended solids can vary by almost an order of magnitude [4], 
with some of this variation likely to be reflected in the variability in floc behaviour 
caused by changing shear stress observed in these experiments. However without 
detailed information on floc size and settling rates, these assumptions cannot be 
corroborated.  

It is worth noting that Kp values for suspended sediments are generally higher 
than for bed sediment because suspended sediment is typically finer grained (that is 
why it is in suspension) and therefore has a larger specific area and hence greater 
sorption capacity [23]. Consequently, any variation between results reported in this 
study and published Kp values may also be a function of flocculation which dictates 
surface area through modulation of floc size and SPMC.  

Deposition of Particulate PTMs 

PTMSF varies by 2-3 orders of magnitude for each PTM across all 
experimental scenarios. Consequently, deposition rates will vary dramatically in 
response to changing environmental conditions at different spatial locations and 
over tidal cycles within coastal catchments. PTMSF is a function of MSF and the 
concentration of particulate-borne PTMs. MSF is principally a function of SPMC 
and settling velocity, both responsive to flocculation processes. The association of 
PTMs with the suspended sediment is principally a function of salinity. Flocculation 
is a secondary influence, affecting the total surface area of the SPM and promoting 
floc break-down/aggregation which dictate the availability of sorption sites.  

All PTMs exhibit lowest deposition rates in ocean salinities under the lowest 
turbulent conditions, principally due to very low floc mass settling flux. It follows 
that PTM accumulation in coastal sediment will be minimal compared with estuary 
locations. Conversely, particulate-borne PTMs are deposited in greatest amounts in 
freshwater environments (above the tidal limit) that experience moderate to high 
turbulence. We may also anticipate high rates of deposition where tidal intrusion 
generates high turbulence and freshwater/saline stratification. 

CONCLUSION AND RECOMMENDATIONS 

Accurate measurements and/or predictions of PTM transport within cohesive 
catchments rely on a recognition of complex inter-relationships between several 
environmental parameters: salinity, tidally-driven hydrodynamics, sediment supply 
from tidal influx and sediment and freshwater input fluvial sources. We show that 
the ratio of soluble and particulate-borne PTMs exhibits large spatial and temporal 
variation along the transect of an idealised mesotidal estuary. Sorption is positively 
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related to salinity for all PTMs and can be considered the primary influence of 
partitioning. Kp values are within the range of other values determined in estuaries 
and broadly mirror known speciation percentages.  

Changes in the nature of the suspended sediment field are of secondary 
importance to partitioning. In freshwater environments the evolution of the floc 
population in response to changing hydrodynamics results in new sorption sites and 
an increase in Kp. Under saline conditions reductions in the surface area appears to 
limit sorption sites. The effect is greater for PTMs with low speciation. Notably, 
total surface area is dictated by floc size in freshwater but increasingly a function 
of SPMC as salinity increases. 

The settling flux of contaminated sediments varies significantly in response to 
driving variable, with the minimum and maximum variations in PTMSF a factor of 
46 for arsenic and 353 for lead, respectively. It is clear that flocculation needs to be 
accounted for in the accurate prediction of PTM accumulation in cohesive 
environments.  

Physical sampling of water and sediment for PTM contamination is time 
consuming, expensive and subject to error due to significant spatial and temporal 
variation. The characteristics of cohesive flocculated sediments can only be 
obtained by direct sampling of the floc population and non-standard instrumentation 
and analytical techniques. Further, mobility of contaminated sediments is greatest 
during flood tides and under storm conditions which are most difficult to sample.  

Findings will improve our ability to predict and monitor contaminant transport 
from source to sink without resort to physical sampling. The common practices of 
employing gross measures of suspended sediment concentration or average settling 
velocities to calculate deposition rates of sediment-borne pollutants are clearly 
flawed. Partitioning coefficients used to model soluble and particulate PTMs need 
to be dynamically applied to sufficiently account for tidally-driven mixing and 
stratification. Recognition of the spatial and temporal variations in partitioning and 
deposition of PTMs we describe herein will inform industries such as agriculture, 
mining, fisheries, aquaculture & marine engineers on the presence of metal 
contamination, and the impacts of bioavailability of metals in the local aquatic 
environment.  

Environment Agency, to improve accuracy of assessment in flocculated 
environments. Knowledge of PTM partitioning also facilitates the numerical 
modelling of the soluble fraction as a scalar within hydrodynamic models and the 
particulate fraction within sediment transport models, and can be allied with 
increasingly sophisticated parameterisations of flocculated sediments for accurate 
predictions of PTM settling flux. Such predictive capability is relevant to all 
cohesive coastal catchments experiencing PTM pollution, and can be used to model 
short-term changes in PTM dynamics in response to high-flow events or the long-
term accumulation of PTMs in sediment sinks. 
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We also recognise that cohesive sediment provide an excellent substratum for 
microorganism colonization which influence flocculation and sorption processes. 
Flocs are multi-component, being composed of varying proportions and types of 
inorganic and organic particles [24]. Microbial process on and within sediment such 
as colonization, growth, metabolism and detachment vary in time and space and 
will alter both the physical and chemical properties of benthic and suspended 
sediment. This will alter flocculation processes, modulating the settling flux of the 
suspended particulate matter and sorbed PTMs. Further, colloidal material and 
organic ligands may affect sorption and hence partitioning [7] while changes in 
redox conditions will lead to pH changes and oxidation/reduction reactions 
associated with sulphides. These changes will in turn impact of the partitioning of 
metals between the particulate and potentially more bioavailable dissolved phases. 
Future work should examine the influence of organic matter on PTM and organic 
pollutant sorption and partitioning in flocculated environments.  

In addition, organic pollutants (polycyclic aromatic hydrocarbons (PAHs), 
organotins, polybrominated diphenyl ethers) have a characteristically strong 
tendency to adhere to sediment particles, preferentially to organic matter, owing to 
their non-polar, hydrophobic properties [25]. This study offers a framework to 
elucidate the influence of flocculation on their transport pathways. 
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