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ABSTRACT 

The United Nations and European Union have developed guidelines for the assessment of 

long-term (chronic) chemical environmental hazards. This approach recognizes these 

hazards are often related to spillage of chemicals into freshwater environments. The goal 

of this study was to examine the concept of metal ion removal from the water column in 

the context of hazard assessment and classification. We propose a weight-of-evidence 

approach the assesses several aspects of metals including the intrinsic properties of 

metals, the rate at which metals bind to particles in the water column and settle, the 

transformation of metals to non-available, non-toxic forms, and the potential for 

remobilization of metals from sediment. We developed a new test method to quantify 

metal removal in aqueous systems: The Extended Transformation/Dissolution Protocol 

(T/DP-E). The method is based on the OECD 29 Transformation/Dissolution Protocol. 

The key element of the protocol extension is the addition of substrate particles (as found 

in nature), allowing the removal processes to occur. Our work focused on extending this 

test to support the assessment of metal removal from aqueous systems, equivalent to the 

concept of “degradability” for organic chemicals. While the technical aspects of our 

proposed method are different from the OECD method for organics, its use for hazard 

classification is equivalent. Models were developed providing mechanistic insight into 
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processes occurring during the T/DP-E method. Some metals, such as copper, rapidly 

decreased (within 96 hours) under the 70% threshold criteria, while others such as 

strontium, did not. A variety of method variables were evaluated and optimized to allow 

for a reproducible, realistic hazard classification method that mimics reasonable worst-

case scenarios. We propose that this method be standardized for OECD hazard 

classification via round robin (ring) testing to ascertain its intra- and inter-laboratory 

variability.  

Keywords: aquatic metals, metal hazards in aquatic systems, metal classification, OECD 

environmental protocols 

Introduction 

Chemical substances may be classified and labeled based on their hazard, i.e. the intrinsic 

property of a substance that has the potential to cause adverse effects in a living organism 

(OECD, 2003). The United Nations developed the Globally Harmonized System (GHS) 

for classification (United Nations, 2017), and standardized test methods have been 

developed to allow consistency in the assessment of hazard. For example, the European 

Union implemented the GHS as Regulation (EC) No 1272/2008 on Classification, 

Labelling and Packaging of substances and mixtures (CLP). 

Under the GHS and CLP, the classification of a substance for long-term (chronic) 

environmental hazards is based on, amongst others, an assessment of its degradability. 

This recognizes that, in the event of a spillage or accident, the effects of rapidly degraded 

substances are localized and of short duration, and there is a reduced potential for 

exposure. 
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Metal chemistry has unique properties compared to organic chemicals, which 

complicates the assessment of degradability. Regarding environmental degradation, the 

GHS (section A9.7.1.5) indicates that, "For inorganic compounds and metals, clearly the 

concept of degradability, as it has been considered and used for organic substances, has 

limited or no meaning. Rather, the substance may be transformed by normal 

environmental processes to either increase or decrease the bioavailability of the toxic 

species… Nevertheless, the concepts that a substance… may not be rapidly lost from the 

environment… are as applicable to metals and metal compounds as they are to organic 

substances" (United Nations, 2017).  

The GHS provides detailed guidance on the test methods to assess degradation of organic 

substances. For metals and inorganic substances, only preliminary guidance is available 

(section A9.7.1.7). As a result, applying the principle of organic chemical “degradability” 

to metals is challenging, since they do not degrade. The “intrinsic degradability” of 

organic chemicals can only occur in the presence of a critical microbial community, 

which is primarily associated with particles: a gram of sediment typically contains over 1 

x 109 bacteria. Such particles exist in all aquatic ecosystems and are essential for 

promoting the degradation of some organic chemicals, and the removal of some metals 

and inorganic chemicals. The OECD screening test that assesses the degradability of 

organic substances includes a standardization of several conditions of the receiving water 

that are necessary for biodegradation (temperature, nutrient conditions, oxygenation, 

inoculation). A similar approach is adopted here to assess the removal for metals from the 

water column. Previously, Skeaff et al. (2002) have already proposed such approach to 

assessing metal "degradability" in the context of loss from the water column, using half-
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times (i.e., time required for metal concentration to decrease by 50%) as metrics of metal 

removal rates. They considered the permanence of the removal by looking at the extent of 

metal remobilization from sediment. Their work focused on field data, and they called for 

the development of a standard set of laboratory conditions to assess removal rates.  

The overarching goal of the research described herein was to examine the concept of 

metal ion removal from the water column in the context of hazard assessment and 

classification. We propose a weight-of-evidence approach that assesses several aspects of 

metals including the intrinsic properties of metals, the rate at which metals bind to 

particles in the water column and settle, the transformation of metals to non-available, 

non-toxic forms, and the potential for remobilization of metals from sediment. As a 

pivotal element of the weight-of-evidence approach and building on the work by Skeaff 

et al. (2002), we developed a new standardized test method to quantify metal removal in 

aqueous systems: The Extended Transformation/Dissolution Protocol (T/DP-E) 

(Huntsman et al., this issue). This test method is based on the existing OECD 29 

Transformation/Dissolution Protocol which is already well established and used for 

assessing the solubility of metals and metal compounds in the context of environmental 

hazard assessment. The key element of the protocol extension is the addition of substrate 

particles which allows removal processes to occur in a standardized setting. Our work 

focused on extending this test to support the assessment of metal removal from aqueous 

systems, equivalent to the concept of “degradability” for organic chemicals. Models were 

developed that provide mechanistic insight into the processes occurring during the T/DP-

E method. Finally, the outcomes of the T/DP-E method are linked to the peer-reviewed 

literature on the fate of metals in aquatic systems. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Approach, Results and Discussion 

The weight-of-evidence approach presented below can be subdivided into four main 

elements: 

1. Consideration of metal intrinsic properties that determine their fate in aquatic 

systems;  

2. Review of available field and laboratory studies that assess the fate of dissolved 

metal ions in aquatic systems; 

3. Development and application of an extended OECD 29 T/DP (T/DP-E), a 

protocol for assessing metal removal and remobilization under standardized 

conditions; and 

4. Development and application of a mechanistic numerical model describing metal 

removal in the T/DP-E method, to gain insight into the physicochemical processes 

that occur.  

Intrinsic properties of metal ions in aquatic systems 

In aquatic systems, metal ions bind to a variety of naturally-occurring particles. 

Adsorption of metals to dissolved and particulate organic matter (DOM and POM, 

respectively) involves formation of bonds with significant covalent character with various 

functional groups such as carboxylic acids, phenols, and amines (Tipping 2002). The 

same is true for metal adsorption to mineral surfaces which involves surface complex 

formation with hydroxide functional groups on iron, manganese, and aluminum oxides 

(Stumm 2001). The formation of metal precipitates with sulfides and carbonates in 

sediments is also typically covalent. Adsorption of metals to naturally occurring ligands 

therefore constitute material changes in metal speciation, which lower the bioavailability 
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of metals in a way that can be predicted using speciation models. Such speciation models 

are a cornerstone of bioavailability models, such as the Biotic Ligand Model (BLM) (Di 

Toro et al. 2001a). This sets metals apart from most organic chemicals: adsorption of 

organic chemicals to DOM and POM occurs via relatively weak van der Waals attractive 

forces (Schwarzenbach et al. 1993). These interactions do not involve breaking or making 

of covalent bonds. The physical and chemical properties of the organic chemical are 

fundamentally unchanged during this process.  

Metal speciation chemistry is usually presented first in terms of equilibrium reactions 

which, by definition, can proceed in both the forward and backward direction (Stumm 

and Morgan 1996a). For inorganics, speciation-changing reactions such as protonation 

occur fast enough that equilibrium is constantly maintained. This however, is not true for 

all ligand exchange reactions. Some ligand exchange reactions are known to be rapid for 

some metals (e.g., water exchange and chloro-complex formation) (Helm and Merbach 

1999). However, in many cases, slow reaction kinetics can often produce an apparent 

disequilibrium. Redox reactions are notorious in this respect (Stumm & Morgan, 1996), 

and also dissolution reactions of e.g. minerals can occur at slow rates (Stumm 2001). The 

time required for a metal to desorb from a mineral surface or dissolve from a sulfide 

precipitate often exceed the duration of the conditions driving these reactions.  

The tendency for metals to bond with functional groups on suspended particulate matter 

and be transported to the sediment is well-established (Diamond et al. 1990a; Mackay 

and Diamond 1989) (Sigg et al., 1987). Once in the sediment, the concentration of solids, 

and therefore potential ligands, is quite large, and the distribution of ligands is more 
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diverse (Tessier and Campbell 1987). As a result, many soft and borderline metal ions 

exchange their oxygen ligand for sulfur and form metal sulfide precipitates (Di Toro et 

al., 1990; Di Toro et al., 1992) (Morse et al. 1987). Over time, these metals become 

incorporated into pyritic minerals via diagenesis (Morse and Luther 1999). Harder metal 

ions remain bonded to oxygen-containing ligands and remain adsorbed to mineral 

surfaces, particulate organic matter, or precipitate as amorphous oxides, hydroxides and 

carbonates (Stumm and Morgan 1996b). Over time, these metals age into even more 

insoluble forms or become incorporated into the crystal structure and are frequently 

associated with insoluble iron and manganese oxyhydroxides or aluminum and iron 

silicates (Cornell, 1988; Ford et al., 1997; Tebo et al., 2004). Remobilization of these 

sediments have been shown to have minimal, if any, long-term impact on the quality of 

overlying water (Caetano et al. 2003; Calmano et al. 1993; Cantwell et al. 2008; Fetters et 

al. 2016). These processes are “effectively irreversible” and provide an ultimate sink for 

metals in aquatic systems.  

Field and laboratory studies on the fate of metal ions in aquatic systems 

As mentioned above, metals, based on their intrinsic properties, tend to sorb on 

suspended particulate matter. Since this particulate matter settles at appreciable rates, any 

associated metals are removed simultaneously. Di Toro et (2001) demonstrated metal 

removal in oceans on a global scale in a simple dilution analysis in which sodium was 

used a conservative tracer for metal weathering/transport from the lithosphere to the 

oceans. Concentration of many metals (notably aluminum, iron, nickel, zinc, copper, 

cobalt, lead, and silver) predicted by dilution were orders of magnitude higher the actual 
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observed concentration in the oceans (Figure 1). This non-conservative behavior can only 

be explained by metal removal. 

Numerous studies have demonstrated metal removal in surface waters. These include the 

following: (1) removal of Cd, Cu, and Zn, in riverine systems (Mills et al. 1985; 

Thomann 1984) and Cd, Zn, and Pb in estuaries (Di Toro et al. 2001b); (2) removal of 

various metals (including As, Co, Cs, Cu, Fe, Hg, Mn, Ni, Sn, and Zn) in laboratory, 

microcosm, and mesocosm studies representing lacustrine systems (Baccini et al. 1979; 

Bird and Evenden 1996; Diamond et al. 1990b; Gächter 1979; Hart et al. 1992; Hommen 

2010; Hommen et al. 2016; Rand et al. 2011; Santschi et al. 1986; Schäfers 2003; 

Smolyakov et al. 2010a; Smolyakov et al. 2010b); and (3) removal of metals (including 

As, Co, Cs, Cu, Fe, Hg, Mn, Se, Sn, and Zn) in whole-lake field studies (Bird et al. 1995; 

Effler et al. 1980; Haughey et al. 2000; Hesslein et al. 1980; Liu et al. 2006; Santschi et 

al. 1986; van Hullebusch et al. 2003a; van Hullebusch et al. 2003b; van Hullebusch et al. 

2002). Studies for copper are particularly plentiful given use of copper sulfate as an 

algaecide in ponds, lakes, and reservoirs. In a recent review by Rader et al., 2019, which 

included many of the references presented above, the time required for 70% removal of 

Cu varied from 0.84 to 27 days, with one exception of 130 days. For the majority of 

studies, more than 70% of the added copper was removed from the water column within 

16 days of dosing. For other metals, the above-referenced literature supports substantial 

metal removal on time scales of days to weeks. For example, the mesocosm study of 

Diamond et al. (1990b), which assessed the behavior of several metals in the same 

mesocosms, observed the following half-times (i.e., time at which concentration has 

decreased by 50%, average of the two mesocosms, in days): Co (4.35), Fe (10.8), Zn 
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(17.6), As (19.2), Sn (9.45), Cs (22.65), Hg (14.45). Hesslein et al. (1980) studied the fate 

of metals added to Lake 224 of the Experimental Lakes Area in northwestern Ontario. 

Observed half-times (in days) for this whole-lake study were as follows: Se (53), Cs (28), 

Zn (25), Hg (14), Fe (16), Co (19). Using estuary data from the Delft Hydraulics 

Laboratory, Di Toro et al. (2001b) demonstrated removal of Cd, Zn, and Pb in 12 

European estuaries emptying into the North Sea. These estuaries have hydraulic residence 

times ranging from a few weeks to a few months. Removal efficiencies between 10% and 

50% were noted for Cd. Removal efficiencies for 7 of the 12 estuaries were at or greater 

than approximately 75% for Pb.  

An equally substantial body of literature exists on strong binding of metals to specific 

phases in sediment, metal removal from sediment pore water, and bioavailability changes 

in sediment. Acid-volatile sulfides (AVS) have clearly been shown to be important in 

near-surface sediments (within millimeters of the surface) where reducing conditions 

exist (Burton et al., 2005; Costello et al., 2012, 2015, 2016; Mendoca et al., 2017; Van 

den Berg et al., 2001), but the oxides and oxyhydroxides play a major role in oxidic 

sediments, in surficial sediment layers, and during resuspension events. Empirical 

evidence for the important role of iron and manganese oxides and oxyhydroxides in 

scavenging metals, such as Cu, Ni and Zn continues to grow (Burton et al., 2005; 

Costello et al., 2012; Nguyen et al. 2011; Tonkin et al., 2004; Van den Berg et al., 2001). 

Their role is important in virtually all freshwater sediments that are oxidized as that is 

where most benthic biota reside. AVS may be slowly oxidized during bioturbation or 

during resuspension events, but released metals are quickly bound by the Fe/Mn oxides 

and oxyhydroxides, and thereby returned to the sediment compartment ensuring 
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permanent removal. Afterwards, under settled conditions, the AVS is regenerated (e.g., 

Costello et al., 2012, 2016; Fetters et al, 2015; Nedrich and Burton 2017; Nedrich et al., 

2017).  

Laboratory and field tests have been conducted with metal spiked or naturally 

contaminated sediment to understand how metal bioavailability and chronic toxicity in 

riverine systems change through time due to sorption, complexation, and transformation 

processes (Costello et al., 2015, 2016; Mondonca et al., 2017; Nedrich et al., 2017; 

Schlekat et al., 2016). All studied metals (Cu, Ni, and Zn) were strongly sorbed to 

sediments regardless of their acid volatile sulfide (AVS) and organic carbon contents. 

This is a key finding in that previous discussions have challenged the sufficiency of AVS 

and oxyhydroxides in sediments to provide sufficient binding phases to control metal 

bioavailability [e.g., Atkinson et al., 2007; Chapman et al 1998; Hong et al., 2011; 

Nedrich et al., 2017; Nguyen et al., 2011]. Metal concentrations in the pore water of 

sediments declined through time as metals were transformed from the dissolved to 

particulate species causing a decreased solubility through time. As AVS was lost due to 

surficial sediment oxidation, metals were increasingly associated with amorphous or 

crystalline Fe oxides. The chronic toxicity of metals to sediment dwelling organisms 

decreased with time and with decreasing metal solubility, as would expected following a 

change in metal speciation to non-available forms (Costello et al., 2011, 2012, 2015, 

2016; De Jonge et al., 2012; Fetters et al., 2016; Fleming and Trevors 1989; Plach JM et 

al., 2011; Simpson et al., 1998; Stauber et al., 2000).  
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The extended transformation-dissolution protocol (T/DP-E): assessing metal 
removal and remobilization using a standardized method 

The OECD 29 Transformation/Dissolution Protocol (T/DP) determines the rate and 

extent at which a sample (a metal, sparingly soluble metal compound, or complex 

inorganic material) will release metal ions to an aqueous environmental medium with 

standardized composition. Under the U.N. GHS classification system, the measured metal 

concentrations are then compared with the acute or chronic Ecotoxicity Reference Values 

(ERVs). This, together with an assessment of degradability, allows to derive the 

environmental hazard classification. This approach has been successfully applied to 

derive environmental hazard classifications on metal concentrates, mattes, alloys, metal 

powders, massive metals and metal compounds (Huntsman et al., 2018; Skeaff et al., 

2008, 2011 and 2012; Skeaff and Beaudoin 2014).  

The research described in Huntsman et al. (this issue) extends the T/DP to provide 

additional information about metal removal from the water column. Substrate is added to 

assess the rate and extent of metal removal, and a resuspension event is mimicked to 

assess the potential for remobilization of metals. The rationale for this approach was to 

obtain an assessment of the fate of metal ions in aquatic systems under standardized 

conditions and based on an existing test method. The extension of the T/DP consists of 

the following additional steps: 

1. A 28-day removal period where substrate is added, in order to measure metal 

removal rates, and  

2. A one-hour resuspension event followed by an additional 4-day settling period, in 

order to assess the potential for remobilization of metals. 
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It must be recognized that in the field, the processes driving metal exchange between the 

water and sediment compartments are complex. The rationale behind the T/DP-E was not 

to accurately represent each of these processes, but to work towards a standardized 

testing approach that includes the most relevant processes. The relative simplicity of the 

T/DP-E system facilitates better reproducibility. Furthermore, as was the intent of the 

original T/DP, this extension represents a standardized system within which to compare 

the behavior of different metals.  

A series of proof-of-concept and method optimization experiments were performed as 

described in Huntsman et al., (this issue) on several metals, including Cu, Ni, Zn, Pb, Co, 

Sr, and Ag. The T/DP-E methodology (28-day removal period, a 1 h resuspension event, 

and a 4-day resettling period) was applied to several metals (Cu, Co, Sr) in order to 

confirm the reliability of the method to assess the long-term metal removal and potential 

for remobilization/irreversibility. The full results of the CANMETMining study and 

T/DP-E protocol development can be found in Huntsman et al., (this issue). Results of the 

study with Cu are presented in Figure 2. Cu is lost rapidly from the water column and is 

not remobilized following resuspension due to its high affinity for solids and 

oxyhydroxide surfaces. The concentrations of dissolved Fe were used as an indicator of 

substrate resuspension. It can be clearly seen that the resuspension triggers an increase in 

dissolved Fe; however, Cu was not released. The results from this testing confirm the 

T/DP-E can be used to empirically assess metal removal in a standardized way, forming 

one of the pillars of the weight of evidence to evaluate metal removal from the water 

column.  
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T/DP-E Modeling 

A numerical model was developed in R (R Core Team 2013) to provide mechanistic 

insight into important processes controlling dissolved metal removal from water column 

during the experiments performed using the T/DP-E 28-day removal period. Three state 

variables were defined in the model: the substrate concentration, dissolved metal 

concentration, and particulate metal concentration. The model considered kinetics of 

metal adsorption to substrate particles as well as transport of metal between the two 

model layers representing the overlying water and sediment. For a detailed description of 

the model, see the Supporting Information.  

The 28-day datasets which employed cobalt, copper, and strontium provided a more 

complete description of the time-variable nature of metal removal and were fit using a 

single settling velocity and bulk exchange rate for dissolved transport between layers 1 

and 2 and metal-specific adsorption rate constants and distribution coefficients. 

Experimental T/DP-E data and the model fit for copper are shown in Figure 3. Early in 

the experiment, the added substrate particles settled rapidly. Depending on the rate of 

adsorption (relative to the rate at which particles settle), some of the copper in the water 

column adsorbed to the particles and settled with them. The difference between measured 

total copper and dissolved copper in the early time data represents the amount of 

adsorbed copper. Once most of the particles had settled from the water column, the 

dissolved and total copper (measured and modeled data) merged indicating essentially all 

water column copper was dissolved. Copper removal from the water column continued 

via transport to and direct adsorption by the settled substrate particles which form the 

sediment layer. Direct adsorption of metal by sediment as a sole removal process has 
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been noted (Bird and Evenden 1996; Nyffeler et al. 1986). It is the combination of the 

two removal mechanisms described above that causes the total copper line in Figure 3 to 

exhibit two distinct regions of decreasing concentration. The first ends around day 0.3 

when all particles have settled out of the water column and particle-associated copper 

removal ceases. The concentration decrease in the second region slows after 

approximately 5 days as dissolve copper in the water column and pore water approach 

equilibrium. The model was able to fit the data for the 4-day experiments with silver, 

lead, nickel, and zinc with the same settling velocity and bulk exchange rate determined 

from the 28-day datasets. Metal-specific parameters (adsorption rate constant and 

distribution coefficient) were the only parameters that were adjusted to fit to the data. 

This outcome indicates that the overall amount of removal is related to the individual 

metal’s affinity for particles, which is a unique and intrinsic property of the metal.  

Relating Removal from the Water Column to Intrinsic Properties 

As discussed in the rationale and summary of results section, metal partitioning to 

suspended solids plays a critical role in their removal from the water column. Metals that 

partition well to suspended solids are carried more effectivity to the sediment 

compartment via settling. The extent of metal removal can be linked quantitatively to 

intrinsic properties of metal ions by considering mass balance equation for a lake where a 

simple, first-order model is used to describe metal loss from the water column. This type 

of model is commonly applied to metals and other non-volatile substances (Thomann and 

Mueller 1987). A convenient metric for understanding removal timescales is the half-time 

(t50). This was discussed in Skeaff et al. (2002) and is analogous to a half-life in that it 

represents the time required for concentration to decrease by 50%. It can be shown (see 
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Supporting Information for details), that for a lake where wash-out is negligible 

compared to metal loss via sedimentation, the half-time is related to the fraction of metal 

sorbed to particles by the following:  

50
In(2) 1

s part

Ht
v f

 
=   

 
  (1) 

where vs is the settling velocity, H is the average water depth, and fPart is the fraction of 

the total metal in the particulate form. Equation 1 indicates that the half-time, is 

inversely-related to the to the fraction of the total metal in the particulate form. This 

model assumes uniform particle size and density among other simplifications. This 

relationship is evident in the Diamond et al. (1990b) mesocosm data as plotted by (Di 

Toro et al. 2001b) (Figure 4a). It can also be shown that the relationship between the half-

time and the distribution coefficient is 

50
ln(2) 11

s D

Ht
v K SPM

 
= + 

 
  (2) 

where KD is the distribution coefficient and SPM is the suspended particulate matter 

concentration. 

Consequently, one would expect the relationship between half-time and KD to be similar 

to the relationship between half-time and fPart. As discussed previously, Diamond et al. 

(1990b), measured half-times for metal radioisotope loss from the water column in lake 

enclosures. They also calculated fPart and KD from measured total and particle-sorbed 

isotope concentrations. These data indicate a similar relationship between half-time and 

KD and half-time and fPart (Figure 4b).” 
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Equations 1 and 2 and the mesocosm data in Figure 4 demonstrate that removal rate—

expressed as a half-time—is inversely related to the extent to which metals binding to 

particles as determined by fPart or KD. Figure 4 indicates that Co in the mesocosms binds 

very strongly to the suspended particles (Diamond et al. 1990b). This may be due Co 

binding to manganese oxides which involves oxidation from Co(II) to Co(III) (Balistrieri 

and Murray 1986; Balistrieri et al. 1992; Murray and Dillard 1979). 

A similar relation between removal and particulate fraction was observed for European 

estuaries by Di Toro et al. (2001b). They found that for the 12 estuaries examined, metal 

removal efficiency increased in the order Cd < Zn < Pb, and that this ordering is 

consistent with the metals’ respective partition coefficients. As discussed in the intrinsic 

properties section, the affinity of a given metal for the functional groups on suspended 

particulate matter is an intrinsic property of the metal. This demonstrates that removal 

rate is related to intrinsic properties of metals.  

Of the seven metals assessed in the CANMETMining T/DP-E experiments, six (Ag, Co, 

Co, Ni, Pb, Zn) reached 50% removal within the timeframe of the experiments and one 

(Sr) did not. The half-times and KD values associated with the T/DP-E modeling analysis 

are plotted in Figure 5. This figure shows a qualitatively similar relationship to that in 

Figure 4b. The T/DP-E protocol is able to discern variations in removal rates related to 

varying particle affinity of different metals. Highly particle-reactive metals such as Pb 

have very short half-times whereas the less-particle reactive Sr achieve less than removal 

in the T/DP-E experiments. The change in half-time ordering of Co in the T/DP-E 

experiment relative to that in the mesocosm experiments (compare Figures 4 and 5) may 
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be due to a lack of manganese oxides in the low binding substrate used in the T/DP-E 

experiments.  

On a more fundamental level, metal ions, by virtue of their electronic structure, possess 

preferences for binding to different atoms present within ligands. These atoms donate 

electrons to the central metal and are referred to as Lewis acids. The tendency for metals 

to bond with various Lewis acids is, therefore, an intrinsic property of the metal. 

Carbonaro and Di Toro (2007) review and explore various qualitative and quantitative 

descriptions of metal coordination tendencies. A linear free energy relationship (LFER) 

was developed to describe monodentate binding of 24 metal ions to negatively-charged 

oxygen donor atoms (e.g., such as those that exist in phenolic, carboxylic or inorganic 

hydroxide functional groups). The slope of this linear relationship, αO (termed the Irving–

Rossotti slope), indicates the extent to which a given metal binds preferentially to 

negatively-charged oxygen donor atoms relative to the proton (Irving and Rossotti, 

1956). The Irving–Rossotti slope is an intrinsic parameter of all metals. Each metal has a 

unique Irving–Rossotti slope.  

Select components of particulate matter in lakes (e.g., humic acids, fulvic acids, and 

metal oxides) bind metals through negatively-charged oxygen donor atoms (Dzombak 

and Morel 1990; Tipping 2002; Tonkin et al. 2004). These solids—either in the water 

column or in the sediment—play an important role in metal removal from the water 

column. Therefore, one would intuitively expect metal removal from the water column to 

be related to the intrinsic propensity of the metal to oxygen donor atoms associated with 

particulate matter as expressed by the Irving–Rossotti slope (αO).  
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This relationship was assessed using CanmetMINING OECD 29 T/DP-E experimental 

data from day 4 of the tests (Figure 6). Day 4 was only used because that was the period 

of time selected for the majority of the metal removal studies. The regression line in the 

figure is passed through all data except silver, which appears to be an outlier. The 

substantial silver partitioning and removal observed in the experiments is likely the result 

of strong binding to ligands other than oxygen on the substrate used possibly including 

ligands with reduced sulfur groups (Bell and Kramer 1999; Smith et al. 2002), ligands 

with carbon-to-carbon double bonds (Hepner et al. 1952; Kasai et al. 1980; Trueblood 

and Lucas 1952) and ligands with conjugated π-electrons systems (e.g., aromatic 

chemicals) (Zhu et al. 2004) Equilibrium speciation calculations were used to eliminate 

silver precipitation as a possible explanation of the observed partitioning and removal 

behavior. Setting silver aside as an outlier, the relationship in Figure 6 suggests that metal 

ion removal is indeed related to the relative preference of a metal for oxygen donor atoms 

(i.e. the Irving-Rossotti slope). This further supports the idea that removal is related to an 

intrinsic property of metals, and that the T/DP-E allows to distinguish between metals on 

this basis.  

CONCLUSIONS 

In addition to the metal-removal processes that occur in the T/DP-E test, other 

mechanisms further reduce metal availability in natural systems. Primarily, in contrast to 

natural systems, the T/DP-E test does not have a bedded sediment layer initially. This can 

impact metal removal in two ways. Preexisting bedded sediment provides an abundance 

of suspended solids which increases capacity for metal uptake, and exchange of dissolved 
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metals across the sediment-water interface is an important removal mechanism that has 

been demonstrated (Bird and Evenden 1996; Nyffeler et al. 1986).  

Another important factor not considered in the T/DP-E is that rapid scavenging of many 

metals from the water-column in natural systems is followed by slower irreversible 

change in speciation to more insoluble and non-available forms. As discussed previously 

in the intrinsic properties section, hard metals ions become incorporated into iron and 

manganese oxides, while borderline and soft metal ions become incorporated into sulfidic 

and pyritic solids which exhibit low solubility. Field monitoring has documented that 

acid volatile sulfide (AVS) is widely found in the sediments of European surface waters, 

as it is in most depositional sediments (Burton et al., 2007). These solids represent an 

ultimate sink for these metals in that they exhibit extremely low solubility and are 

gradually buried by deposition of fresh solids at the sediment water interface. 

These metal removal mechanisms collectively allow benthic biological communities to 

thrive and be exposed only to recently deposited metals. Indeed, this has been well-

studied for decades by assessing vertical gradients via sediment cores. Vertical sediment 

cores taken from the bottom of oceans and lakes reveal a continuous input of metals from 

natural processes and allows one to discern when metal concentration gradients change 

due to anthropogenic or natural activities.  

Resuspension and remobilization 

Huntsman et al., (this issue – Helen – we need to insert the relevant citation here and 

elsewhere) show Cu is not remobilized after settling in the T/DP-E. There are a number 

of excellent studies demonstrating, in the first instance, the principle of irreversibility of 
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metals in sediments and, second, a lack of toxicity when metals are resuspended into the 

water column due to anthropogenic activities or natural disturbances such as bioturbation 

(Fetters et al., 2016; Simpson et al. 1998; Van den Berg et al., 2001). For this to happen 

there must be a change in local conditions where some intervention changes the pH of the 

aqueous system or, water column concentrations of metal are significantly reduced, by 

source reduction, such that there is a dis-equilibrium between the water and sediment for 

a short period of time. This latter phenomenon has been observed in the Salmon River 

drainage (Idaho, USA) where large amounts of As, Cu and Co were released, with 

subsequent stream recovery (Mebane et al, 2014). 

Surficial sediments are often resuspended via bioturbation, currents, dredging or boat 

propellers. There are two factors to consider in regard to resuspension and the possible 

release of dissolved metals: i) oxidative dissolution rates for metal sulfides and ii) 

scavenging of mobilized metal by binding phases on suspended solids. An experimental 

study has shown that a small fraction of the total metal present, labeled “easily 

exchangeable metals” may be released into the dissolved phase. However, this metal is 

scavenged within minutes to hours by the suspended solids in the water column and 

quickly resettle, so biotic exposures are negligible (Fetters et al., 2016). A recent review 

supported that the remobilization potential of Cu from sediments was limited (Rader et 

al., 2019 in review).  

Detoxification of settled metals for benthic organisms 

Once metals settle out from the water column, they may then be ingested benthic 

organisms; however, a large body of literature has failed to show this dietary exposure 

route results in adverse benthic community responses (DeForest et al., 2007; Meyer et al., 
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2005; Schlekat et al., 2016). Resuspended surficial sediments are frequently resuspended 

again and again, resulting in a “scrubbing” of easily exchangeable sediment metals and 

metals from the water column (Simpson et al., 1998; Van den Berg et al., 1986). Several 

resuspension studies in the peer-reviewed literature only measure total metals, and do not 

measure speciation changes or document exposure times to biota. Such studies are of 

limited use, because it is well established that exposure to “total” metals does not 

correlate with adverse effects or toxicity. 

Studies using caged Hyalella azteca and indigenous benthic macroinvertebrate 

colonization of metal spiked sediments showed benthic macroinvertebrates were 

unaffected as metals quickly partitioned out, unless concentrations exceeded AVS and Fe 

oxide binding thresholds (Burton et al., 2005; Costello and Burton 2014; Costello et al, 

2011, 2012; Custer et al, 2016ab; Mendoca et al., 2017; Nguyen et al., 2011).  

This overview provides a weight of evidence-based approach to assess the removal of 
metals from the water column in the context of hazard classification. Ample literature 
data is available to show that metals are removed from aquatic systems by naturally 
occurring processes. This is related to the affinity of metal ions for various ligands that 
occur in the environment – a reflection of the intrinsic properties of metal ions. The 
Extended OECD29 Transformation-Dissolution protocol (T/DP-E) was successfully 
developed to assess and quantify the removal of metals from the water column 
(Huntsman et al., this issue). This test method allows for a uniform, standardized, and 
reproducible way to assess the removal rates for various metals under representative 
environmental conditions. The validity of the proposed T/DP-E method was 
demonstrated with data on Cu, Ni, Pb, Co, Ag, Zn, and Sr. The modeling analysis of the 
CanmetMINING T/DP-E experiments indicated multiple phenomena were responsible 
for removal of metals including (1) kinetically-controlled adsorption to rapidly-settling 
substrate particles and (2) transport to and direct adsorption by the settled substrate 
particles. Furthermore, the overall amount of metal removal is related to the individual 
metal’s affinity for particles. Therefore, while this standardized approach does not 
reproduce the full complexity of metal transformations in real sediments, the dominant 
processes are effectively mimicked. Taken together, historical and recent peer-reviewed 
literature, along with recent studies and T/DP-E data, can be used in a substantial weight 
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of evidence-based assessment to assess the removal and remobilization potential for 
metals in the context of environmental hazard classification under GHS 

References 

Atkinson, CA, Jolley, DF and Simpson, SL. 2007. Effect of overlying water pH, 
dissolved oxygen, salinity and sediment disturbances on metal release and sequestration 
from metal contaminated marine sediments. Chemosphere 69:1428–1437. 

Bird, G.A., Evenden, W.G., 1996. Transfer of Co-60, Zn-65, Tc-95, Cs-134 and U-238 
from water to organic sediment. Water Air Soil Pollut. 86, 251-261. 

Assessing metal bioaccumulation in aquatic environments: the inverse relationship 
between bioaccumulation factors, trophic transfer factors and exposure concentration 

DeForest, D.K., Brix, K.V., Adams, W.J., 2007. Assessing metal bioaccumulation in 
aquatic environments: The inverse relationship between bioaccumulation factors, trophic 
transfer factors and exposure concentration. Aquatic Toxicology 84, 236-246. 

Bell, R.A., Kramer, J.R., 1999. Structural chemistry and geochemistry of silver‐sulfur 
compounds: Critical review. Environ. Toxicol. Chem. 18, 9-22. 

Burton GA. Metal bioavailability in sediments. 2010. Crit Rev Environ Sci Technol 
40:852-907. 

Burton GA Jr, Nguyen LTH, Janssen C, Baudo R, McWilliam R, Bossuyt B, Beltrami M, 
Green A. 2005. Field validation of sediment zinc toxicity. Environ Toxicol. Chem 
24:541-553. 

Carbonaro, R.F., Di Toro, D.M., 2007. Linear free energy relationships for metal-ligand 
complexation: Monodentate binding to negatively-charged oxygen donor atoms. 
Geochim. Cosmochim. Acta 71, 3958-3968. 

Cornell, R.M., 1988. The Influence of Some Divalent Cations on the Transformation of 
Ferrihydrite to More Crystalline Products. Clay Minerals 23, 329-332. 

Chapman, PM, Wang, F, Janssen, C, Persoone, G and Allen, HE. 1998. Ecotoxicology of 
metals in aquatic sediments: Binding and release, bioavailability, risk assessment, and 
remediation. Can J Fish Aquat Sci 55:2221–2243. 

Costello DM, Burton GA, Hammerschmidt CR, Rogevich EC and Schlekat CE. 2011. 
Nickel phase partitioning and toxicity in field-deployed sediments. Environ Sci Technol 
45:5798-5805  

Costello DM, Burton GA, Hammerschmidt CR, Taulbee, WK. 2012. Evaluating the 
performance of diffusive gradients in thin films (DGTs) for predicting Ni sediment 
toxicity. Environ Sci Technol 46:10239-10246. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Costello DM, Burton GA. 2014. Response of stream ecosystem function and structure to 
sediment metal: Context-dependency and variation among endpoints. Elementa 
doi/10.12952/journal.elementa.000030 

Costello, DM, CR Hammerschmidt, and GA Burton. 2015. Copper sediment toxicity and 
partitioning during oxidation in a flow-through flume. Environmental Science & 
Technology 49: 6926-6933. 

Costello, D. M., C. R. Hammerschmidt, G. A. Burton (2016) Nickel partitioning and 
toxicity in sediment during aging: Variation in toxicity related to stability of metal 
partitioning. Environmental Science & Technology 50, 11337-11345. 

Custer KW, Burton GA Jr, Kochersberger J, Anderson P, Fetters K, Hummel S. 2016a. 
Macroinvertebrate responses to nickel in multi-system exposures. Environ Toxicol Chem 
35:101-114 

Custer KW, G. Allen Burton, Chad R Hammerschmidt 2016b. Nickel toxicity to benthic 
organisms: The role of dissolved organic carbon, suspended solids, and route of 
exposure. Environ Poll. 208:309-317 

Danner KM, Hammerschmidt CR, Costello DM, Burton GA Jr. 2015. Copper and Nickel 
Partitioning with Nanoscale Goethite Under Variable Aquatic Conditions. Environ 
Toxicol Chem 34:1705-1710. DOI: 10.1002/etc.2977 

De Jonge M, Teuchies J, Meire P, Blust R, Bervoets L. 2012. The impact of increased 
oxygen conditions on metal-contaminated sediments part I: Effects on redox status, 
sediment geochemistry and metal bioavailability. Water Research 46:2205-2214. 

Di Toro, D.M., Mahony, J.D., Hansen, D.J., Scott, K.J., Hicks, M.B., Mayr, S.M., 
Redmond, M.S., 1990. Toxicity of Cadmium in Sediments - the Role of Acid Volatile 
Sulfide. Environ. Toxicol. Chem. 9, 1487-1502. 

Di Toro, D.M., Mahony, J.D., Hansen, D.J., Scott, K.J., Carlson, A.R., Ankley, G.T., 
1992. Acid Volatile Sulfide Predicts the Acute Toxicity of Cadmium and Nickel in 
Sediments. Environ. Sci. Technol. 26, 96-101. 

Di Toro DM, Kavvadas CD, Mathew R, Paquin PR, Winfield RP. 2001. The persistence 
and availability of metals in aquatic environments. International Council on Metals and 
the Environment, Ottawa, Canada.  

Dzombak DA, Morel FMM. 1990. Surface complexation modeling: hydrous ferric oxide. 
Wiley, New York. 

ECHA. 2012. Report from the Workshop on the validity of the use of the concept of 
‘rapid removal’ on 8th February 2012. European Chemicals Agency. Helsinki Finland. 
https://echa.europa.eu/documents/10162/22816103/rapid_removal_ws_report_en.pdf/4bd
30fab-8571-436f-9dc9-01bf422b519b 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
European Chemicals Agency (ECHA), 2017. Guidance on the Application of the CLP 
Criteria, Helsinki, Finland. 

European Copper Institute ECI, 2008. Voluntary Risk Assessment Report: Copper and 
copper compounds. Available at: https://echa.europa.eu/copper-voluntary-risk-
assessment-reports 

Ford, R.G., Bertsch, P.M., Farley, K.J., 1997. Changes in transition and heavy metal 
partitioning during hydrous iron oxide aging. Environ. Sci. Technol. 31, 2028-2033. 

Fetters KJ, Costello DM, Hammerschmidt CR and Burton GA Jr. 2016. Toxicological 
effects of short-term resuspension of metal contaminated freshwater and marine 
sediments. Environ Toxicol Chem 35:676-686. DOI: 0.001/etc.3225 

Flemming CA, Trevors JT. 1989. Copper toxicity and chemistry in the environment: a 
review. Water Air Soil Pollut 44:143-158. 

Gächter R, Geiger W. 1979. MELIMEX, an experimental heavy metal pollution study: 
Behaviour of heavy metals in an aquatic food chain. Schweiz Z Hydrologie 41:277-290. 

Hart, B., Currey, N., Jones, M. (1992). Biogeochemistry and effects of copper, 
manganese, and zinc added to enclosures in Island Billabong, Magela Creek, northern 
Australia. Hydrobiologia 230:93—134. 

Haughey MA, Anderson MA, Whitney RD, Taylor WD, Losee RF. 2000. Forms and fate 
of Cu in a source drinking water reservoir following CuSO4 treatment. Water Research 
34:3440-3452. 

Hepner, F.R., Trueblood, K.N., Lucas, H.J., 1952. Coördination of Silver Ion with 
Unsaturated Compounds. IV. The Butenes1. Journal of the American Chemical Society 
74, 1333-1337. 

Hong, YS, Kinney, KA and Reible, DD. 2011. Acid volatile sulfides oxidation and 
metals (Mn, Zn) release upon sediment resuspension: Laboratory experiment and model 
development. Environ Toxicol Chem 30:564–575. 

Huntsman-Mapila P, Beaudoin, R., 2017a. Method Optimization for Determining the 
Rate of Removal of Metals from the Water Column under Transformation/Dissolution 
Conditions for Chronic Hazard Classification. CanmetMINING report. WF 12061416 
Ottawa, Canada.  

Huntsman P, J Skeaff, M Pawlak, R Beaudoin 2018. Transformation/Dissolution 
characterization of tungsten and tungsten compounds for aquatic hazard classification. 
Integr. Environ Assess Manag 14(4): 498-508.  

Huntsman-Mapila P, E Garman, J Skeaff, R Beaudoin. 2017. Removal of metals from the 
water column under transformation/dissolution conditions for aquatic hazard 
classification. Presentation at SETAC Europe, Brussels, Belgium. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Irving, H., Rossotti, H., 1956. Some relationships among the stabilities of metal 
complexes. Acta Chem. Scand. 10, 72-93. 

Kasai, P.H., McLeod, D., Watanabe, T., 1980. Acetylene and ethylene complexes of 
copper and silver atoms. Matrix isolation ESR study. Journal of the American Chemical 
Society 102, 179-190. 

Liu R, Zhao D, Barnett M. 2006. Fate and Transport of Copper Applied in Channel 
Catfish Ponds. Water Air Soil Pollut 176:139-162. 

Mebane, C.A., Eakins, R.J., Fraser, B.G. and Adams, W.J., 2015. Recovery of a mining-
damaged stream ecosystem. Elem Sci Anth. 

Mendonca R, J Daley, M Hudson, C Schlekat, G A Burton, D Costello. 2017 Metal 
oxides in surface sediment control nickel bioavailability to benthic macroinvertebrates. 
Environ Sci Technol 51:13407-13416. DOI: 10.1021/acs.est.7b03718. 

JS Meyer, WJ Adams, KV Brix, SN Luoma, DR Mount, WA Stubblefield et al., 2005. 
Toxicity of dietborne metals to aquatic organisms, Allen Press/ACG Publishing 

Nedrich SM, Burton GA. 2017a. Indirect effects of climate change on Zinc cycling in 
sediments: the role of changing water levels. Environ Toxicol Chem: DOI: 
10.1002/etc.3783  

Nedrich SM, A Chappaz, ML Hudson, SS Brown, GA Burton Jr., 2017b. 
Biogeochemical controls on the speciation and aquatic toxicity of vanadium and other 
metals in sediments from a river reservoir. Science of the Total Environment 612:313-
320. 

Nguyen LTH, GA Burton, CE Schlekat, CR Janssen. 2011. Nickel sediment toxicity: 
Role of Acid Volatile Sulfide. Environmental Toxicology & Chemistry 30:162-172. 

Nyffeler, U.P., Santschi, P.H., Li, Y., 1986. The relevance of scavenging kinetics to 
modeling of sediment-water interactions in natural waters. Limnology and Oceanography 
31, 277-292. 

Organization for Economic Co-operation and Development (OECD), 2003. OECD Series 
On Testing and Assessment, Descriptions of Selected Key Generic Terms Used in 
Chemical Hazard/Risk Assessment. 

OECD. 2002. Test No. 308: Aerobic and anaerobic transformation in aquatic sediment 
systems. Pages 1–19. OECD Guidelines for the Testing of Chemicals, Section 3: 
Degradation and Accumulation. http://dx.doi.org/10.1787/9789264070523-en 

OECD. 2002. Test No. 29: Guidance Document on Transformation/Dissolution of Metals 
and Metal Compounds in Aqueous Media. http://dx.doi.org/10.1787/9789264078451-en 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
OECD. 1992.. Test No. 203: Guidelines for the Testing of Chemicals, Section 2 Effects 
on Biotic Systems. http://dx.doi.org/10.1787/9789264069961-en 

Pearson, Ralph G. (1968). "Hard and soft acids and bases, HSAB, part 1: Fundamental 
principles" and “part II: Underlying theories” . J. Chem. Educ. 1968(45): 581–586 and 
643-648.  

Plach, JM, Elliott, AVC, Droppo, IG and Warren, LA. 2011. Physical and Ecological 
Controls on Freshwater Floc Trace Metal Dynamics. Environ Sci Technol 45:2157–2164. 

R Core Team, 2013. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 

Rader, K. J., 2013. Assessment of Time-Variable Solutions for Copper in the Unit World 
Model for Metals - Revised Final Report. January 31, 2013. European Copper Institute, 
Brussels, Belgium. 

Rader, K. J., Carbonaro, R. F., van Hullebusch, E. D., Baken, S., Delbeke, K. (2019). The 
fate of dissolved copper added to surface water: field and modeling studies. Accepted 
with revisions at Environmental Toxicology and Chemistry. 

Rand, G., Hoang, T., Brausch, J. (2011). Effects of zinc in freshwater microcosms. 
Report to the International Zinc Association 

Schäfers C. 2003. Community level study with copper in aquatic microcosms, Final 
Report to European Copper Institute. Schmallenberg, Germany. 

Schlekat Christian, Garman E, Vangheluwe M, Burton GA Jr. 2016. Development of a 
bioavailability-based risk assessment approach for nickel in freshwater sediments. Integr 
Environ Assess & Mgmt. 12:735-746. DOI: 10.1002/ieam.17720 

Sigg, L., Sturm, M., Kistler, D., 1987. Vertical transport of heavy metals by settling 
particles in Lake Zurich. Limnol. Oceanogr. 32, 112-130. 

Simpson, SL, Apte, SC and Batley, GE. 1998. Effect of short-term resuspension events 
on trace metal speciation in polluted anoxic sediments. Environ Sci Technol 32:620–625. 

Skeaff, J.M., Dubreuil, A.A., Brigham, S.I., 2002. The concept of persistence as applied 
to metals for aquatic hazard identification. Environ. Toxicol. Chem. 21, 2581-2590. 

Skeaff JM, Hardy DJ and King P. 2008. A new approach to the hazard classification of 
Alloys based on Transformation/Dissolution. Integr Environ Assess Manag 4: 75-93.  

Skeaff JM, Adams WJ, Rodriguez P, Brouwers T and Waeterschoot H. 2011. Advances 
in metals classification under the UN Globally Harmonized System of Classification and 
Labelling (UN GHS). Integr Environ Assess Manag 7(4): 559-576.  

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Skeaff JM, Beaudoin R, Wang R and Joyce B. 2012. Transformation/dissolution 
examination of antimony and antimony compounds with speciation of the 
transformation/dissolution solutions. Integr Environ Assess Manag 9(1): 98-113.  

Skeaff JM and Beaudoin R. 2014. Transformation/dissolution characteristics of a nickel 
matte and nickel concentrates for acute and chronic hazard classification. Integr. Environ 
Assess Manag 11(1): 130-142.  

Smith, D.S., Bell, R.A., Kramer, J.R., 2002. Metal speciation in natural waters with 
emphasis on reduced sulfur groups as strong metal binding sites. Comp. Biochem. 
Physiol. C-Toxicol. Pharmacol. 133, 65-74. 

Smolyakov BS, Ryzhikh AP, Romanov RE. 2010. The fate of Cu, Zn, and Cd in the 
initial stage of water system contamination: The effect of phytoplankton activity. J 
Hazard Mater 184:819-825. 

Smolyakov BS, Ryzhikh AP, Bortnikova SB, Saeva OP, Chernova NY. 2010. Behavior 
of metals (Cu, Zn and Cd) in the initial stage of water system contamination: Effect of pH 
and suspended particles. Appl Geochem 25:1153-1161. 

Stauber, JL, Benning, RJ, Hales, LT, Eriksen, R and Nowak, B. 2000. Copper 
bioavailability and amelioration of toxicity in Macquarie Harbour, Tasmania, Australia. 
Mar Freshwater Res 51:1‒10.  

Stumm, W., Morgan, J. (1996). Aquatic Chemistry: Chemical Equilibria and Rates in 
Natural Waters. 3rd edition, Wiley Interscience. 

Tebo, B.M., Bargar, J.R., Clement, B.G., Dick, G.J., Murray, K.J., Parker, D., Verity, R., 
Webb, S.M., 2004. Biogenic manganese oxides: Properties and mechanisms of formation. 
Annual Review of Earth and Planetary Sciences 32, 287-328. 

Templeton, D.M., Ariese, F., Cornelis, R., Danielsson, L.G., Muntau, H., van Leeuwen, 
H.P., Lobinski, R., 2000. Guidelines for terms related to chemical speciation and 
fractionation of elements. Definitions, structural aspects, and methodological approaches. 
Pure Appl. Chem. 72, 1453-1470. 

Tipping E, Hurley MA. 1992. A unifying model of cation binding by humic substances. 
Geochim Cosmochim Acta 56:3627-3641. 

Tonkin JW, Balistrieri LS, Murray JW. 2004. Modeling sorption of divalent metal cations 
on hydrous manganese oxide using the diffuse double layer model. Appl Geochem 19:29-
53. 

Trueblood, K.N., Lucas, H.J., 1952. Coördination of Silver Ion with Unsaturated 
Compounds. V. Ethylene and Propene. Journal of the American Chemical Society 74, 
1338-1339. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
United Nations, 2017. Globally Harmonized System of Classification and Labelling of 
Chemicals (GHS), Seventh ed. United Nations, New York and Geneva. 

Van den Berg GA, Meijers GGA, van der Heijdt LM, Zwolsman JJG. 2001. Dredging-
related mobilisation of trace metals: a case study in The Netherlands. Water Research 
35:1979-1986. 

Van Hullebusch E, Chatenet P, Deluchat V, Chazal PM, Froissard D, Botineau M, 
Ghestem A, Baudu M. 2003a. Copper accumulation in a reservoir ecosystem following 
copper sulfate treatment (St. Germain Les Belles, France). Water Air Soil Pollut 150:3-
22. 

Van Hullebusch E, Chatenet P, Deluchat V, Chazal PM, Froissard D, Lens PNL, Baudu 
M. 2003b. Fate and forms of Cu in a reservoir ecosystem following copper sulfate 
treatment (Saint Germain les Belles, France). Journal De Physique Iv 107:1333-1336. 

Van Hullebusch E, Deluchat V, Chazal PM, Baudu M. 2002. Environmental impact of 
two successive chemical treatments in a small shallow eutrophied lake: Part II. Case of 
copper sulfate. Environmental Pollution 120:627-634. 

Zhu, D., Herbert, B.E., Schlautman, M.A., Carraway, E.R., 2004. Characterization of 
Cation–π Interactions in Aqueous Solution Using Deuterium Nuclear Magnetic 
Resonance Spectroscopy. Journal of Environmental Quality 33, 276-284. 

To be integrated into the above: 

Baccini P, Ruchti J, Wanner O, Grieder E. 1979. Melimex, an experimental heavy metal 

pollution study: Regulation of trace metal concentrations in limno-corrals. Schweiz Z 

Hydrologie. 41(2):202-227. 

Balistrieri LS, Murray JW. 1986. The surface-chemistry of sediments from the panama 

basin - the influence of mn oxides on metal adsorption. Geochim Cosmochim Acta. 

50(10):2235-2243. 

Balistrieri LS, Murray JW, Paul B. 1992. The biogeochemical cycling of trace metals in 

the water column of lake sammamish, washington: Response to seasonally anoxic 

conditions. Limnol Oceanogr. 37(3):529-548. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Bell RA, Kramer JR. 1999. Structural chemistry and geochemistry of silver‐sulfur 

compounds: Critical review. Environ Toxicol Chem. 18(1):9-22. 

Bird GA, Evenden WG. 1996. Transfer of co-60, zn-65, tc-95, cs-134 and u-238 from 

water to organic sediment. Water Air Soil Pollut. 86(1-4):251-261. 

Bird GA, Stephenson M, Roshon R, Schwartz WJ, Motycka M. 1995. Fate of co-60 and 

cs-134 added to the hypolimnion of a canadian shield lake. Can J Fish Aquat Sci. 

52(10):2276-2289. 

Caetano M, Madureira M-J, Vale C. 2003. Metal remobilisation during resuspension of 

anoxic contaminated sediment: Short-term laboratory study. Water, Air, & Soil 

Pollution. 143(1):23-40. 

Calmano W, Förstner U, Hong J. 1993. Mobilization and scavenging of heavy metals 

following resuspension of anoxic sediments from the elbe river. Environmental 

geochemistry of sulfide oxidation. American Chemical Society. p. 298-321. 

Cantwell MG, Burgess RM, King JW. 2008. Resuspension of contaminated field and 

formulated reference sediments part i: Evaluation of metal release under controlled 

laboratory conditions. Chemosphere. 73(11):1824-1831. 

Carbonaro RF, Di Toro DM. 2007. Linear free energy relationships for metal-ligand 

complexation: Monodentate binding to negatively-charged oxygen donor atoms. 

Geochim Cosmochim Acta. 71(16):3958-3968. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Di Toro DM, Allen HE, Bergman HL, Meyer JS, Paquin PR, Santore RC. 2001a. Biotic 

ligand model of the acute toxicity of metals. 1. Technical basis. Environ Toxicol 

Chem. 20(10):2383-2396. 

Di Toro DM, Kavvadas CD, Mathew R, Paquin PR, Winfield RP. 2001b. The persistence 

and availability of metals in aquatic environments. Ottawa, Canada: International 

Council on Metals and the Environment. 

Diamond ML, Mackay D, Cornett RJ, Chant LA. 1990a. A model of the exchange of 

inorganic chemicals between water and sediments. Environ Sci Technol. 24:713-722. 

Diamond ML, Mackay D, Cornett RJ, Chant LA. 1990b. A model of the exchange of 

inorganic chemicals between water and sediments. Environ Sci Technol. 24(5):713-

722. 

Dzombak DA, Morel FMM. 1990. Surface complexation modeling : Hydrous ferric 

oxide. New York: Wiley. 

Effler SW, Litten S, Field SD, Tong-Ngork T, Hale F, Meyer M, Quirk M. 1980. Whole 

lake responses to low level copper sulfate treatment. Water Research. 14(10):1489-

1499. 

Fetters KJ, Costello DM, Hammerschmidt CR, Burton GA. 2016. Toxicological effects 

of short‐term resuspension of metal‐contaminated freshwater and marine sediments. 

Environ Toxicol Chem. 35(3):676-686. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Gächter R. 1979. Melimex, an experimental heavy metal pollution study: Goals, 

experimental design and major findings. Schweiz Z Hydrologie. 41(2):169-176. 

Hart BT, Currey NA, Jones MJ. 1992. Biogeochemistry and effects of copper, manganese 

and zinc added to enclosures in island billabong, magela creek, northern australia. 

Hydrobiologia. 230(2):93-134. 

Haughey MA, Anderson MA, Whitney RD, Taylor WD, Losee RF. 2000. Forms and fate 

of cu in a source drinking water reservoir following cuso4 treatment. Water Research. 

34(13):3440-3452. 

Helm L, Merbach AE. 1999. Water exchange on metal ions: Experiments and 

simulations. Coord Chem Rev. 187:151-181. 

Hepner FR, Trueblood KN, Lucas HJ. 1952. Coördination of silver ion with unsaturated 

compounds. Iv. The butenes1. Journal of the American Chemical Society. 

74(5):1333-1337. 

Hesslein RH, Broecker WS, Schindler DW. 1980. Fates of metal radiotracers added to a 

whole lake: Sediment-water interactions. Can J Fish Aquat Sci. 37(3):378-386. 

Hommen U. 2010. Community level study with nickel in aquatic microcosms. 

Schmallenberg, Germany. 

Hommen U, Knopf B, Rüdel H, Schäfers C, De Schamphelaere K, Schlekat C, Garman 

ER. 2016. A microcosm study to support aquatic risk assessment of nickel: 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Community-level effects and comparison with bioavailability-normalized species 

sensitivity distributions. Environ Toxicol Chem. 35(5):1172-1182. 

Kasai PH, McLeod D, Watanabe T. 1980. Acetylene and ethylene complexes of copper 

and silver atoms. Matrix isolation esr study. Journal of the American Chemical 

Society. 102(1):179-190. 

Liu R, Zhao D, Barnett M. 2006. Fate and transport of copper applied in channel catfish 

ponds. Water Air Soil Pollut. 176(1-4):139-162. 

Mackay D, Diamond M. 1989. Application of the qwasi (quantitative water air sediment 

interaction) fugacity model to the dynamics of organic and inorganic chemicals in 

lakes. Chemosphere. 18(7–8):1343-1365. 

Mills WB, Porcella DB, Ungs MJ, Gherini SA, Summers KV, Mok L, Rupp GL, Bowie 

GL, Haith DA. 1985. Water quality assessment : A screening procedure for toxic and 

conventional pollutants in surface and ground water. Georgia: EPA. No. EPA/600/6-

85/002a. 

Morse JW, Luther GW. 1999. Chemical influences on trace metal-sulfide interactions in 

anoxic sediments. Geochim Cosmochim Acta. 63(19-20):3373-3378. 

Morse JW, Millero FJ, Cornwell JC, Rickard D. 1987. The chemistry of the hydrogen 

sulfide and iron sulfide systems in natural waters. Earth-Science Reviews. 24(1):1-42. 

Murray JW, Dillard JG. 1979. Oxidation of cobalt(ii) adsorbed on manganese-dioxide. 

Geochim Cosmochim Acta. 43(5):781-787. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Nyffeler UP, Santschi PH, Li Y. 1986. The relevance of scavenging kinetics to modeling 

of sediment-water interactions in natural waters. Limnology and Oceanography. 

31(2):277-292. 

R Core Team. 2013. R: A language and environment for statistical computing. Vienna, 

Austria: R Foundation for Statistical Computing. 

Rand GM, Hoang TC, Brausch JM. 2011. Effects of zinc in freshwater microcosms. 

Miami, FL. 

Santschi PH, Nyffeler UP, Anderson RF, Schiff SL, Ohara P, Hesslein RH. 1986. 

Response of radioactive trace-metals to acid-base titrations in controlled experimental 

ecosystems - evaluation of transport parameters for application to whole-lake 

radiotracer experiments. Can J Fish Aquat Sci. 43(1):60-77. 

Schäfers C. 2003. Community level study with copper in aquatic microcosms. 

Schmallenberg, Germany. 

Schwarzenbach RP, Gschwend PM, Imboden DM. 1993. Environmental organic 

chemistry. New York, NY: Wiley-Intersceince. 

Skeaff JM, Dubreuil AA, Brigham SI. 2002. The concept of persistence as applied to 

metals for aquatic hazard identification. Environ Toxicol Chem. 21(12):2581-2590. 

Smith DS, Bell RA, Kramer JR. 2002. Metal speciation in natural waters with emphasis 

on reduced sulfur groups as strong metal binding sites. Comp Biochem Physiol C-

Toxicol Pharmacol. 133(1-2):65-74. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Smolyakov BS, Ryzhikh AP, Bortnikova SB, Saeva OP, Chernova NY. 2010a. Behavior 

of metals (cu, zn and cd) in the initial stage of water system contamination: Effect of 

ph and suspended particles. Appl Geochem. 25(8):1153-1161. 

Smolyakov BS, Ryzhikh AP, Romanov RE. 2010b. The fate of cu, zn, and cd in the 

initial stage of water system contamination: The effect of phytoplankton activity. J 

Hazard Mater. 184(1–3):819-825. 

Stumm W. 2001. Chemistry of the solid-water interface: Processes at the mineral-water 

and particle-water interface in natural systems. John Wiley & Sons. 

Stumm W, Morgan JJ. 1996a. Aquatic chemistry : Chemical equilibria and rates in 

natural waters. New York: Wiley. 

Stumm W, Morgan JJ. 1996b. Aquatic chemistry: Chemical equilibria and rates in natural 

waters. New York, NY: John Wiley and Sons, Inc. 

Tessier A, Campbell PGC. 1987. Partitioning of trace metals in sediments: Relationships 

with bioavailability. Hydrobiologia. 149(1):43-52. 

Thomann RV. 1984. Physio-chemical and ecological modeling the fate of toxic 

substances in natural water systems. Ecological Modelling. 22(1–4):145-170. 

Thomann RV, Mueller JA. 1987. Principles of surface water quality modeling and 

control. New York: Harper & Row. 

Tipping E. 2002. Cation binding by humic substances. Cambridge, UK: Cambridge 

University Press. 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Tonkin JW, Balistrieri LS, Murray JW. 2004. Modeling sorption of divalent metal cations 

on hydrous manganese oxide using the diffuse double layer model. Appl Geochem. 

19(1):29-53. 

Trueblood KN, Lucas HJ. 1952. Coördination of silver ion with unsaturated compounds. 

V. Ethylene and propene. Journal of the American Chemical Society. 74(5):1338-

1339. 

van Hullebusch E, Auvray F, Bordas F, Deluchat V, Chazal PM, Baudu M. 2003a. Role 

of organic matter in copper mobility in a polymictic lake following copper sulfate 

treatment (courtille lake, france). Environmental Technology. 24(6):787-796. 

van Hullebusch E, Chatenet P, Deluchat V, Chazal PM, Froissard D, Botineau M, 

Ghestem A, Baudu M. 2003b. Copper accumulation in a reservoir ecosystem 

following copper sulfate treatment (st. Germain les belles, france). Water Air Soil 

Pollut. 150(1-4):3-22. 

van Hullebusch E, Deluchat V, Chazal PM, Baudu M. 2002. Environmental impact of 

two successive chemical treatments in a small shallow eutrophied lake: Part ii. Case 

of copper sulfate. Environmental Pollution. 120(3):627-634. 

Zhu D, Herbert BE, Schlautman MA, Carraway ER. 2004. Characterization of cation–π 

interactions in aqueous solution using deuterium nuclear magnetic resonance 

spectroscopy. Journal of Environmental Quality. 33(1):276-284. 

 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t 
Figures 

Figure 1. Predicted vs. actual metal concentrations in the ocean (data from Di Toro et al., 2001). 

 

Figure 2. Dissolved (<0.2 µm) Cu concentrations during application of the Extended 

Transformation-Dissolution protocol (T/DP-E) to measure Cu removal and 

remobilization. Dissolved Fe concentrations were monitored as an indicator for 

remobilization of the substrate (see Huntsman et al., this issue). 
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Figure 3. Experimental data and two-layer model fits for copper (Cu) from the 

CANMETMining T/DP-E experiments (Huntsman et al., this issue). The time scale 

(x-axis) is logarithmic. The units of the adsorption rate constant (kads) are L kg−1 

d−1 and the units of distribution coefficient (Kd) are L/kg. Data points are the 

measured values. Filled circles are total metal in the water column and hollow circles 

are dissolved copper in the water column. The lines are the model output. The solid 

black line is total copper in the water column (layer 1). The dashed blue line is the 

dissolved copper in the water column. The dashed red line is dissolved copper in the 

sediment layer (layer 2) which is comprised of settled substrate particles. 
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Figure 4. Relationship between removal time and metal partitioning to solids. Data from 

Diamond et al. (1990b). Plot in panel a from Di Toro et al. (2001b). Note: Diamond et 

al. (1990) provided measured half-times and particulate fraction values for both 

enclosures (C-1 and C-2). They, however, only provided an average of measured KD 

values from the two enclosures. Therefore, the average half-time for the two 

enclosures is plotted versus the average KD in the plot in panel b. 
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Figure 5. Relationship between removal time and metal partitioning to solids for the 
CANMETMining T/DP-E experiments. Half-times and KD values are those associated 
with the CANMETMining T/DP-E modeling analysis. Sr is not plotted since 50% 
removal was not attained during the experiments.  

 

Figure 6. Relationship between removal of metal observed at day 4 of the 
CanmetMINING experiments (Huntsman et al., this issue) and the Irving-Rossotti slope 
(αO). The data point for Ag is excluded from the regression. 
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