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Environmental context.  The chemical speciation of metals strongly influences their 11 

transport, fate and bioavailability in natural waters.  Analytical measurement and modelling both 12 

play important roles in understanding speciation, while modelling is also needed for prediction.  13 

Here we analyse a large set of data for freshwaters, estuarine and coastal waters, and open ocean 14 

water, to examine how well measurements and modelling predictions agree. 15 

  16 
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Abstract. 17 

We compiled a data set of c. 2000 published metal speciation measurements made on samples of 18 

freshwaters, estuarine and coastal waters, and open ocean waters.   For each sample, we applied 19 

the chemical speciation model WHAM7 to calculate the equilibrium free metal ion concentrations, 20 

[M] (mol L
-1

), amounts of metal bound by dissolved organic matter (DOM), ν (mol g
-1

), and their ratio 21 

ν/[M] (L g
-1

), which is a kind of “local” partition coefficient.  Comparison of the measured and 22 

predicted speciation variables for the whole data set showed that agreements are best for 23 

freshwaters, followed by estuarine and coastal waters, then open ocean waters.  Predicted values of 24 

ν/[M], averaged over all results for each metal, closely follow the trend in average measured values, 25 

confirming that metal reactivity, and consequent complexation by DOM, in natural waters accord 26 

with the expectations of the speciation model.  Comparison of model predictions with 27 

measurements by different analytical techniques suggests that competitive ligand / stripping 28 

voltammetry methods overestimate metal complexation by DOM, and therefore underestimate [M].  29 

When measurements by other methods are compared with predictions, for all metals, reasonable 30 

agreement with little bias is obtained at values of ν > 10
-6

 mol gDOM
-1

, but at lower values of ν the 31 

model predictions of [M] are mostly higher than the measured values, and the predictions of ν and 32 

ν/[M] are mostly lower.  Research is needed to establish whether this reflects analytical error or the 33 

failure of the model to represent natural high affinity ligands. 34 

 35 

  36 
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Introduction 37 

It has long been recognised that the bioavailability, transport and retention of metals in the natural 38 

environment depend very much on their chemical speciation, by which is meant the different 39 

chemical species that make up the total amount of metal in a given sample.
[1]

   Bioavailability 40 

underpins the role of metals as essential nutrients and governs toxicity, and is considered to depend 41 

on the concentration of the free metal ion, combined with those of other competitors including 42 

protons.
[2]

  The key process of metal partitioning between solutions and mobile or immobile solids 43 

depends upon speciation in both phases.
[3]

  A well-known example of the importance of metal 44 

speciation to ecosystem function is the case of freshwater acidification
[4]

, echoed in more recent 45 

concern about the acidifying effect of excess carbon dioxide on marine waters.
[5,6]

  46 

Chemical speciation can be determined analytically and in principle at least this is the most reliable 47 

approach.  However, direct measurements require considerable effort, either in terms of sampling 48 

and laboratory analysis,
[7]

 or in the development and maintenance of in situ techniques,
[8]

 and of 49 

course cannot provide predictions of future conditions.  To address these limitations therefore, 50 

chemical speciation modelling is an essential complementary activity, offering the possibility to 51 

address “what if” questions, explain current conditions, and forecast future ones, at different spatial 52 

scales.  It is clearly desirable that measurements and model predictions should agree, and here we 53 

explore how well they do so.  The analysis considers systems assumed to be at or near to chemical 54 

equilibrium, and thereby amenable to approximate but practical analysis using the internally 55 

consistent rules of equilibrium chemistry that follow from the laws of thermodynamics.  56 

In aquatic systems, a dissolved cationic metal is present as the free metal ion, its complexes with 57 

inorganic ligands such as chloride and bicarbonate ions, and its complexes with organic compounds, 58 

either identifiable ones such as acetate or siderophores, or the complex mixture of partial 59 

breakdown products of living matter.   How metals bind to the inorganic and identifiable organic 60 

ligands is, or can be, well-understood, but interactions with the “natural organic matter”, “dissolved 61 

organic matter” (DOM) or “humic substances” are often quantitatively more important as 62 

repositories of the cations.  Despite decades of research on this complex organic material, it remains 63 

poorly-defined chemically.  However, we know that it contains weak-acid functional groups, 64 

including carboxyl and phenolic groups and entities containing N and S, and these provide a range of 65 

binding sites for cations.
[9]

  Models have been developed that take into account this high degree of 66 

binding site heterogeneity, the most successful and widely-used ones to date being WHAM
[10]

 and 67 

NICA-Donnan,
[11]

 both of which have been parameterised with laboratory data.  These models take 68 

into account binding at different metal loadings and the effects of pH, competition by major cations, 69 

and ionic strength, and so are suitable for field application.  However they have been parameterised 70 
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with data for isolated natural organic matter (chiefly freshwater and soil humic and fulvic acids) 71 

obtained by experiments in which the analyst could impose the solution or suspension conditions 72 

and thereby optimise the measurement of the metal free ion or related variables.  It is much more 73 

difficult to measure chemical speciation on natural samples, even more difficult to do so in situ, but 74 

this is what we really want to know.   75 

Some efforts have been made to compare techniques applied to common samples
[12,13]

, and to 76 

compare results with model predictions, but progress has been limited, not least by the effort 77 

required and the time limitations of an individual study.  A less direct but more widely applicable 78 

approach is the comparison of analytical results with outputs from the same model, and this also 79 

provides a test of the model.  We have previously performed three such studies focusing on data 80 

from freshwaters,
[14]

 estuarine and coastal waters
[15] 

and the open ocean,
[16]

 and comparing them 81 

with predictions obtained using WHAM6
[17]

 or WHAM7.
[18]

  We  found that measurements and 82 

model predictions, based only on metal binding by humic-type ligands (i.e. DOM), were in broad 83 

agreement, but in many cases differences were greater than could be explained by data uncertainty, 84 

and there was a tendency for the differences to be relatively larger at low metal concentrations.  85 

The work describe here extends in two ways our previous efforts to compare observations and 86 

predictions of metal speciation in aquatic systems.  Firstly, by combining the results of the three 87 

previous studies, we obtained a large data set (c. 2000 samples) covering all types of surface water, 88 

including the deep ocean, and with some overlap of techniques applied to different types of water.  89 

Secondly we improved the quantification of comparison between measurements and predictions.  90 

As before, we compared results in terms of the free ion concentration [M] and DOM-bound metal (ν, 91 

mol g
-1

), but we added their ratio ν/[M] (L g
-1

) which is a kind of “local” partition coefficient.  We 92 

combined output statistics to create a single variable that quantifies the degree of agreement 93 

between measurement and prediction.  Then we compared measured and modelled values, by 94 

surface water type, by metal, and by measurement technique.  This was an empirical comparison, 95 

with the simple aim of quantifying differences.  We anticipated that analysis of the large combined 96 

data set would increase the possibility of identifying underlying trends and discrepancies, and 97 

therefore help to define future directions in efforts to understand and predict metal speciation in 98 

the field.  99 



5 

 

Methods 100 

Speciation methods 101 

The measured speciation data, taken from the literature were obtained by eight different 102 

techniques, briefly described below.  They are each designed to measure (quasi-) equilibrium 103 

speciation in terms of conventional chemistry, based on the concentration of the free metal ion. 104 

Cation-exchange, dynamic mode (CED) was introduced by Driscoll
[19]

 to determine Al speciation in 105 

acid to neutral freshwaters.  It operates on the principle that the majority of inorganic Al is cationic, 106 

and can be rapidly removed during passage through a column of cation-exchange resin (labile 107 

fraction), while Al complexed by organic matter remains unaffected (non-labile).  A correction to 108 

account for the minor dissociation of the organic complex can be applied.
[20]

  The free ion (Al
3+

) 109 

concentration is not measured, but calculated by equilibrium speciation modelling of the inorganic 110 

forms only. 111 

Competing ligand methods (CL-ASV, CL-CSV) involve the titration of multiple subsamples (to which a 112 

buffer and varying concentrations of a metal spike have been added) with a strongly complexing 113 

ligand (CL) as a means of converting the electrochemically inert fraction of metal into a single, well 114 

characterized complex that is reducible and thus can be subsequently measured by adsorptive 115 

stripping voltammetry.
[21]

  Anodic stripping voltammetry (ASV) uses a negative voltage for collection 116 

of the CL-metal complexes at the working electrode,
[22]

 whereas cathodic stripping voltammetry 117 

(CSV) uses a zero or positive value.
[23]

 Data from multiple experiments are then used to determine 118 

the conditional stability constant and complexation capacities of the organic ligand using nonlinear 119 

curve fitting. Calculations require known side reaction coefficients for both the competing ligand and 120 

the inorganic metal.
[24]

 121 

The Donnan membrane technique (DMT) involves the separation of the in situ solution being 122 

analysed from an acceptor solution by a cation exchange membrane.
[25]

  The acceptor solution 123 

contains Ca(NO3)2 and humic acid.  The DMT cell is immersed into the river or lake for a set number 124 

of days, during which time free metal ions diffuse across the cation exchange membrane and are 125 

complexed by the humic acid.  After equilibration, metal concentrations in the acceptor solution are 126 

measured, and the free ion concentration is computed by speciation modelling.  If equilibrium is not 127 

achieved, the free ion concentration is computed assuming diffusion-limited transport of the free 128 

metal ion across the cation exchange membrane.  129 

Differential pulse anodic stripping voltammetry (DPASV) uses the electrochemical technique used in 130 

CL-ASV but without the addition of a competing ligand. Samples are titrated with metal between 131 
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voltammetric scans to estimate concentrations of labile metal, from which free-ion concentrations 132 

are calculated with inorganic side reaction coefficients, and then a linear transformation model is 133 

applied to determine conditional stability constants for one or two classes of ligands.
[26]

 134 

In the ion-exchange column technique (IET)
[27,28]

 a column of sulphonic acid-type resin is initially 135 

equilibrated with an electrolyte solution containing defined concentrations of Na, Mg, K and Ca. The 136 

resin is then calibrated by equilibrating it with solutions containing defined concentrations of the 137 

trace metal(s) of interest at a range of pH and a fixed ionic strength. A distribution coefficient, 138 

defining the ratio of resin-adsorbed metal to free metal ion, is calculated for the pH of the field 139 

water for which free ion measurements are desired. The pre-calibrated column is then equilibrated 140 

with the field water of interest and the free metal ions computed using the distribution coefficient 141 

and the measured amounts of metal bound to the resin. Prior to equilibration with the column the 142 

ionic strength of the field water is corrected to that of the calibration solutions using a multi-143 

electrolyte stock containing Na, Mg, K and Ca nitrates.  144 

In the Ion-selective electrode (ISE) method, the electrode potential between an ion-selective 145 

electrode and a reference electrode is used for the direct determination of free copper ion 146 

concentration in a flow-through system. 
[29]

 147 

Permeable liquid membrane (PLM) techniques
[30,31]

 are based on the measurement of metal flux, as 148 

generated by transport via a carrier molecule, through a hydrophobic membrane. The latter is 149 

sandwiched between a sample solution and a strip of receiving solution which contains a strong 150 

chelating agent to allow pre-concentration. The metal of interest accumulates in the strip solution 151 

over time, the flux being directly related to either the concentration of free ion or to the free ion and 152 

labile metal complexes depending upon the experimental setup. 153 

The data set  154 

The data set of measured speciation variables, together with the necessary additional information 155 

required as model inputs (pH, concentrations of major ions and DOM), was initially compiled from 156 

results for 2088 different samples.  However, we restricted our analysis here to results that were 157 

realistic and complete, i.e. only accepting samples for which the values of ν were positive.  This 158 

meant rejecting a total of 66 samples (3%).  The data set is summarised in Tables 1 and S1, with 159 

further details in references [14-16].   160 

Chemical speciation modelling 161 
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We used WHAM
[10]

 incorporating Humic Ion-Binding Model VII 
[18]

 to perform the speciation 162 

calculations; previously the open ocean calculations
[16]

 were done using Model VI.
[17]

  Models VI and 163 

VII use structured formulations of discrete, chemically-plausible, binding sites for protons in humic 164 

and fulvic acids (HA, FA), in order to allow the creation of regular arrays of bidentate and tridentate 165 

binding sites for metals.  Metal aquo ions (Al
3+

, Cu
2+

, Cd
2+

 etc.) and their first hydrolysis products 166 

(AlOH
2+

, CuOH
+
, CdOH

+
 etc.) compete with each other, and with protons, for binding.  The same 167 

intrinsic equilibrium constant (KMA) for binding to carboxyl or type A groups is assumed to apply to 168 

the aquo ion and its first hydrolysis product.  The constant (KMB) for binding to weaker acid groups is 169 

related to KMA, and the contributions of rarer “soft” ligand atoms are factored in using a correlation 170 

with equilibrium constants for metal binding by NH3.
[9,17]

  The intrinsic equilibrium constants are 171 

modified by empirical electrostatic terms that take into account the attractive or repulsive 172 

interactions between ions and the charged macromolecule.  WHAM constants are derived from the 173 

results of numerous studies of proton and metal binding by isolated humic substances, together 174 

with linear free-energy relationships.
[18]

 To make WHAM7, the humic ion-binding model is combined 175 

with an inorganic speciation model, the species list and constants for which were given by Tipping.
[10]

  176 

The inorganic reactions in this database are restricted to monomeric complexes of metals.   177 

Temperature effects on reactions between inorganic species are taken into account using published 178 

or estimated enthalpy data, but in the absence of sufficient experimental information, reactions 179 

involving humic substances are assumed to be independent of temperature.   180 

The effects of ionic strength on the inorganic reactions were taken into account using the extended 181 

Debye-Hückel equation, which relates the charge on an ion to an activity coefficient at a specified 182 

ionic strength.  This approach is generally accepted for the low ionic strengths of freshwaters,
[32]

 but 183 

in the modelling of high ionic strength systems, such as estuarine and marine systems, it is usually 184 

recommended to use the ‘mean salt method’ for calculating activity coefficients, rather than the 185 

methods normally applied to lower ionic strength freshwater systems. The ion-pairing model 186 

described by Millero and Schreiber
[33]

 incorporates the mean salt method with Pitzer’s equations.  187 

We previously
[15]

 compared the results from ion-pairing with the extended Debye-Hückel equation, 188 

and found that for the great majority of the ions considered in this work, differences in the free ion 189 

activities calculated using the two methods were within ±16%.  An exception was nitrate, where the 190 

free ion activity was 24% higher when the EDH method was employed.  These difference are small in 191 

comparison to the variations when comparing modelled and measured values of trace metal free ion 192 

concentrations, and so the use of the extended Debye-Hückel equation for all waters is justified, and 193 

consistent with several other studies that have used component-independent relationships for 194 

activities in marine systems.
[34,35]

 195 
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To run the model, we used measured total solute concentrations and pH.  For all the freshwater 196 

samples, DOC concentrations were available.  For estuarine and coastal waters, some missing DOC 197 

concentrations had to be estimated from other studies carried out at the same location,
[15]

  and for 198 

open ocean samples, [DOC] was taken to be the value at the nearest location for which data were 199 

available.
[16]

  200 

The binding activity of dissolved organic matter was estimated by assuming DOM to be 50% carbon, 201 

and that 65% of the DOM behaves like isolated FA while the rest is inert.
[36,37]

.  For example, a DOC 202 

concentration of 5 mg L
-1

 corresponds to [DOM] of 10 mg L
-1

, and so the concentration of FA for 203 

modelling is 6.5 mg L
-1

.  All the predictions reported here were made using only humic-type DOM, 204 

i.e. no additional calculations were performed assuming the presence of anthropogenic ligands, e.g. 205 

ethylenediamine tetraacetic acid (EDTA). 206 

For freshwaters from the field, we estimated truly dissolved Fe(III) concentrations with the empirical 207 

equation of Lofts et al.
[38]

, suitably modified for Humic Binding Model VII.
[14]

  For samples where Fe 208 

was not the metal of interest with respect to speciation, the dissolved Fe(III) concentration was set 209 

to 10 nmol L
-1

 for estuarine and coastal sites and to 1 nmol L
-1

 for open ocean sites.  These 210 

procedures were adopted to take into account the significant competition by Fe(III) for binding at 211 

the stronger sites.
[39]

 212 

Comparison of measured and model-predicted variables 213 

We used three variables to compare measurements and model predictions.  The “master” variable is 214 

the free metal ion concentration (Al
3+

, Cu
2+

, etc) denoted by [M] with units of mol L
-1

.  The variable ν 215 

is used to quantify metal associated with DOM, with unit of moles g
-1

.  A combination of these, 216 

ν/[M], with units of L g
-1

, is useful because it permits comparisons of both strongly-organically bound 217 

metals, for which the great majority of the metal is bound so that ν is well-predicted, and the 218 

concern is about [M], and weakly bound ones, for which [M] is well-predicted and the concern is 219 

about ν.   220 

The expected behaviour of ν/[M] for the highly heterogeneous binding sites of DOM can be 221 

understood with reference to the theoretical calculations of Figure 1.  If DOM possessed only one 222 

type of binding site, with no electrostatic interactions, binding behaviour would be as shown in the 223 

upper three panels of Figure 1.  At low [M], ν increases such that the log-log plot is linear with a 224 

slope of unity, and log (ν/[M]) is constant, and equal to the equilibrium constant, when plotted 225 

against either log [M] or log ν.  When the metal’s occupation of the sites passes about 10% of the 226 

total (log ν ~ -3.3 in Figure 1), log (ν/[M]) starts to decrease, and an increase in [M] causes a 227 
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relatively smaller increase in ν.  In other words, the affinity of the sites for metals effectively 228 

declines, due to the fact that they are occupied already.  We therefore can think of ν/[M] as a “local“ 229 

partition coefficient.  The same behaviour is observed in the presence of competing metals (or the 230 

proton), which act to alter the effective equilibrium constant for binding.
[9]

  For DOM with 231 

heterogeneous binding sites, the relationships are less straightforward (Figure 1, lower panels).  The 232 

slope of log ν against log [M] is no longer unity, as the system passes through sites with decreasing 233 

affinity, and the different metals display marked differences with respect to binding site 234 

heterogeneity, from the low heterogeneity of Zn to the high of Hg.  Nonetheless, ν/[M] continues to 235 

operate as a “local” partition coefficient, providing a measure of the propensity of the DOM to bind 236 

more metal. 237 

We made comparisons of logarithmic values of the variables, (a) in order to be able to cover the 238 

large ranges, (b) because comparisons are better represented by ratios of observed to calculated 239 

values, rather than absolute differences which are biased towards high values, and (c) because the 240 

data are noisy.   241 

Measured and model-predicted values were compared by plotting log values and deriving regression 242 

slopes, forced through (0,0), and values of r
2
.  Ideally the slopes and r

2
 values for all three variables 243 

would be close to unity. However, their values in practice inevitably depend upon the ranges of the 244 

variables, and so they do not tell the full story.  Therefore we used as the main criteria of agreement 245 

(a) the root-mean-squared deviations (RMSD) between measured and predicted values, and (b) the 246 

average deviations (AD) between measured and predicted.  Ideally, both of these should be zero.   247 

Because appreciation and discussion of these four measures (each applying to three variables) would 248 

be involved and complex, we used a single measure based on RMSD and AD.  We refer to this as 249 

ΣRA, and defined as; 250 

ΣRA = {RMSDlog [M] + RMSDlog ν + RMSDlog ν/[M] +|ADlog [M]|+ |ADlog ν| + |ADlog ν/[M]|} / 6 (1) 251 

where the vertical lines indicate absolute values.  Division by 6 simply reduces the total value so that 252 

it is more like the individual ones.  Ideally ΣRA should be zero.  Since deviations are based on 253 

differences in log values, values of 0.5, 1 and 2 indicate overall agreement to about a factor of three, 254 

to one order of magnitude, and to two orders of magnitude respectively.  255 
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Results and discussion 256 

The WHAM model incorporating Humic Ion Binding Model VII provides a consistent means of 257 

calculating the speciation of dissolved metals in different surface waters, taking into account 258 

competition effects, including the effect of pH, and ionic strength.  The equilibrium and other 259 

constants used in the model are based on many laboratory measurements with isolated humic 260 

substances,
[18]

 and therefore have not been calibrated with any field data.  The factor of 65%  used 261 

to convert from DOM to FA (see above) is based on different field data from those considered here.  262 

Therefore our speciation predictions are truly independent of the measured speciation variables, 263 

and the comparisons therefore provide an unbiased evaluation of the agreement or otherwise 264 

between measurements and predictions.  In essence we taking information that many workers have 265 

obtained over many years from laboratory experiments, as encapsulated within WHAM, and 266 

comparing it with field observations. 267 

The results cover the three major types of surface water, i.e. fresh, coastal/estuarine and the open 268 

ocean (Table 1).  Therefore they include wide ranges of ionic strength and of the concentrations of 269 

major metals (Mg, Ca) that compete significantly for binding to DOM.  The DOM itself must vary in 270 

its composition and properties, given its different sources (terrestrial plants, freshwater and marine 271 

phytoplankton, microbes etc).  From Table S1 we see that while the coastal/estuarine and open 272 

ocean samples refer to quite narrow ranges of pH, the range for freshwaters is wider, although acid 273 

systems are poorly represented, except in the Al data set.  We have data for nine different metals, 274 

and these reflect research interest together with suitability for analysis.  Some metals are better 275 

represented than others, for example Al only appears in freshwaters, whereas most of the Fe 276 

measurements are for the open ocean.  Copper is the most-analysed metal (35% of all results) and 277 

covers all three of the surface water types.  To test model predictions and compare different 278 

analytical techniques against the model, the ideal data set would provide even coverage of 279 

conditions, a wide range of metals with similar numbers of data for each aquatic environment, and 280 

analysis by several methods on the same or similar samples common samples.  Clearly the present 281 

data set does not fully meet these characteristics, but it is large and wide-ranging and definitely 282 

useful for a meta-analysis. 283 

Comparison of results by surface water type 284 

All data are plotted in Figure 2, and statistical comparisons for the different types of surface water 285 

and the combined data set are given in Table 2.  The results in Figure 2 show strong correlations 286 

between predicted and measured values (high R
2
), which suggests that at the large scale the general 287 

chemistry of metals in natural waters follows the expected trend from the laboratory-based model 288 
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data.  The regression depends considerably on data for Hg and Fe, both of which are very strongly 289 

bound (high ν/[M]), while the other metals show less variation at this scale. 290 

Regression slope, RMSD and AD values show the same pattern for each surface water type and for 291 

the combined data set (Table 2).  The log [M] slopes are all fairly close to unity, but consistently too 292 

low, while the log ν slopes are consistently slightly greater than unity, and the log ν/[M] slopes are 293 

consistently less than unity.  The AD values follow the pattern of the slope values, which means that 294 

predictions of log [M] tend to be greater, and those of log ν and log ν/[M] smaller, than the 295 

measured values. 296 

Comparing the three types of surface water by the variable ΣRA, it is found that the best agreement 297 

between predictions and measurements is found for freshwaters (ΣRA = 0.52), followed by 298 

estuarine/coastal systems (ΣRA = 0.77) and then the open ocean (ΣRA = 1.24).  The differences 299 

reflect increasing noise in the data rather than a systematic change in the relationship between 300 

measured and predicted values.  This might simply reflect the greater analytical challenge of making 301 

speciation measurements in marine and marine-influenced waters. 302 

For freshwaters, Lofts & Tipping
[14]

 calculated how much error could be associated with the model 303 

predictions on the basis of uncertainties in input data, model parameters and variations in DOM 304 

binding properties.  They then added uncertainty from the analytical precision of the speciation 305 

measurement.  Only for Al, analysed by the CED method, could differences between measurements 306 

and predictions be accounted for by these factors, and it was concluded that there must be 307 

additional reasons for discrepancies in predicted and measured values.  The same conclusion is likely 308 

to apply to results for estuarine and coastal systems and the open ocean, given that they show 309 

worse agreements than freshwaters.  One possible reason for differences greater than those 310 

attributable to data uncertainty and DOM variations emerged in our analysis of data from estuarine 311 

and coastal waters
[15]

 and is the presence of anthropogenic ligands, such as EDTA, which are found in 312 

the receiving waters of many industrial areas and can be extremely persistent in wastewater 313 

treatment plants and natural waters.
[40]

   Better agreement with observed speciation was obtained 314 

when reasonable concentrations of EDTA were included in the model inputs (see also refs [41] and 315 

[42]).  However, enhanced organic complexation due to anthropogenic ligands will apply only to a 316 

few of the samples considered here.  Another possibility is that some natural waters contain high-317 

affinity ligands that are not represented in humic-type DOM, as suggested in particular for marine 318 

waters.
[43,44]

  Nonetheless, it is likely that in many or most cases differences between predicted and 319 

measured speciation variables arise from faults in the measurement techniques, or in the model, or 320 

in both.    321 
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Comparison of results by metal 322 

Figure 3 compares results for the nine different metals for which we have data.  The results for Al 323 

are good, helped by its relatively high concentrations and the low pH values which lead to readily 324 

measurable and predictable values of [M], ν and ν/[M].  In contrast, for Fe(III) total concentrations 325 

are rather low, pH values neutral or higher, and the samples are from estuarine and coastal and 326 

open ocean waters, and so [M]  and ν values are much lower than those for Al, and measurement 327 

and prediction are harder.  The predictions of [M] tend to be too high, more so at lower measured 328 

values.  Values of ν for FeIII are well predicted because a very high proportion of truly-dissolved Fe 329 

(i.e. not including oxide colloids) in natural waters is bound to organic matter, but because the [M] 330 

values are too high, values of ν/[M] are too low.    331 

These trends Fe(III) are also seen for Cu.  For Ni, Zn, Cd and Pb, agreements of both log [M] and log ν 332 

are good at higher concentrations, but predicted log [M] is too high and predicted log ν and log 333 

ν/[M] too low at lower concentrations.  Agreements for Co(II) are especially poor, perhaps because 334 

much of the metal was present as Co(III) in marine samples.
[16]

  The variable ν/[M] is poorly 335 

predicted for Cd in the open ocean. 336 

The binding of Hg by natural organic matter is extremely strong
[45]

 and consequently there is almost 337 

perfect agreement between measured and predicted values of log ν (Figure 3).  This is the one case 338 

where predicted log [M] values are consistently lower than the measured ones, and consequently 339 

the model predicts higher values of log ν/[M].  Both measurements and predictions yield very high 340 

values of log ν/[M], of the order of 20, which is the highest of all the metals, approximately 5 log 341 

units greater than the values for the second most strongly bound metal, Fe(III). 342 

A plot of the predicted log ν/[M] averaged over all data for each metal vs the average of the 343 

measured values (Figure 4) shows a strong relationship, which indicates that the order of reactivity 344 

of the metals, and their consequent binding to organic matter, in natural waters follow the 345 

expectations of laboratory experiments, as encapsulated in WHAM7.  (Only Co deviates strongly 346 

from the trend, as discussed above.)  This reinforces the more general agreements shown in Figure 347 

2, confirming the basic assumption of our modelling approach, that the chemical speciation of 348 

metals in natural surface waters arises from equilibrium metal-ligand interactions involving humic-349 

type organic matter. 350 

Comparison of results by measurement technique 351 

Figure 5 summarises results obtained by different measurement methods.  Table 3 compares results, 352 

including the variable ΣRA.  The lowest ΣRA is produced by CED, because this method was used only 353 
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for Al in freshwaters, providing favourable conditions for measurement as discussed above.   The 354 

next lowest ΣRA is given by PLM, but only on the basis of 19 points and three metals.  Furthermore, 355 

the statistical variables for this method benefit from our removal of impossible results, i.e. negative 356 

values of ν.  357 

The CL-ASV, DMT, and IET methods give similar values of ΣRA (Table 3).  DMT and IET both benefit 358 

statistically from the removal of impossible results, and neither produces any systematic deviations, 359 

the error terms are mainly due to noise.  Predicted and measured results obtained by the CL-ASV 360 

method are in fair agreement, although there is a tendency for predicted free ion values to be higher 361 

than measured ones, while the opposite applies to ν and ν/[M]. 362 

The DPASV method has been used widely in all three types of surface water, there is better 363 

agreement for freshwaters, but in estuarine and coastal samples, and more so in those from the 364 

open ocean, the model calculates [M] too high and ν and ν/[M] too low.   365 

The most commonly applied technique (34% of all analyses considered here) has been CL-CSV.  The 366 

model predictions of [M] tend to be either in agreement or too high (Figure 3), predictions of ν and 367 

ν/[M] either in agreement or too low.  Consequently the results overall are biased leading to a high 368 

value of ΣRA.   369 

The ISE results only apply to estuaries, and the results show very poor agreement between 370 

measurements and predictions.  Because dissolved Cu is largely in the organically-bound state, 371 

agreement is good for log ν but the predicted values of log [M] are much lower than the measured 372 

values and this leads to poor agreement in log ν/[M].  Reasons for this were discussed by Stockdale 373 

et al.
[15]

 and the two most likely possibilities were first that the “dissolved” Cu included significant 374 

amounts of colloidal material
[46]

 and so the input concentration for modelling is too high, as well as 375 

the measured value of ν, and second that anthropogenic ligands were present in the samples, 376 

leading to more binding of the metal than would occur with only humic-type DOM.   377 

The competitive ligand approach (i.e. the CL-ASV and CL_CSV methods) has been criticised on the 378 

grounds that equilibration is unlikely,
[47]

 which would cause underestimation of [M], and 379 

overestimation of ν and ν/[M]; Van Leeuwen and Town
[47]

 showed that errors of several orders of 380 

magnitude in ν/[M] could result.  Therefore it is instructive to compare the results obtained by CL-381 

ASV and CL-CSV with those obtained by the other six techniques (Table 5).  Taken overall, the non-CL 382 

methods yield unbiased results, the average differences between measured and predicted values of 383 

log [M], log ν and log ν/[M] being close to zero.  This applies whether or not the ISE data are 384 

included, but the standard deviations are appreciably reduced when the ISE results are omitted.  In 385 
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contrast, for the CL methods the average difference in log [M] is -1.5, i.e. the measured values are 386 

lower than predicted ones by a factor of 30, the difference in log ν is 0.5 (factor of 3) and the 387 

difference in log ν/[M] is 2.0 (factor of 100).   Only the few results for Hg (Figure 3) show the 388 

opposite trend.  On this basis, results from the CL methods differ from those obtained by other 389 

methods. 390 

Deviations between measurements and predictions as a function of ν 391 

A key aspect of DOM in its interactions with metals is binding site heterogeneity, and for many 392 

natural waters, especially seawater, where metal concentrations are low, the strongest binding sites 393 

are of primary importance.  Therefore it is worthwhile to consider how differences between 394 

measured and predicted values vary with the extent to which the strong and weaker sites are 395 

occupied, which can be most straightforwardly done by plotting the differences against log ν (Figure 396 

6).   When all the data are considered, we find significant trends with log ν, so that as log ν becomes 397 

increasingly negative measured log [M] values become more negative than the predicted ones, while 398 

the opposite is true for log ν and log ν/[M].  But if only data for log ν > -6 are considered (right-hand 399 

panels of Figure 6), although statistically significant variations occur, they are much smaller than at 400 

low values of ν, a finding that fits with results of Ahmed et al.
[48]

  For the data at log ν > -6 (838 401 

samples), the value of ΣRA is quite small, at 0.34.  Thus there is little systematic bias and fair 402 

agreement between measured and predicted speciation variables at log ν > -6, while at lower 403 

loadings of the DOM, metal binding is stronger than predicted. 404 

Model parameters for binding at the strong sites have been derived from laboratory studies in which 405 

the bias was towards relatively high loadings of the organic matter, i.e. high values of ν, largely 406 

because the determination of binding at high metal concentrations is easier and therefore within the 407 

capabilities of more researchers.  Nonetheless, appreciable data at low values of ν were used by 408 

Tipping et al.
[18]

 in parameterising Humic Ion-Binding Model VII.  Of the 220 data sets employed, 41 409 

contained values < -6 and 16 contained values < -8, the most negative value being -15.  These cover 410 

the ranges found by measurement (Figures 3, 5, 6), and so it does not appear that the trends in 411 

Figure 6 simply arise because data at low values of ν were not used in the model parameterisation.   412 

Indeed, the successful fitting of the laboratory data
[18]

 means that the model’s formulation of strong 413 

binding sites present at low densities is adequate, i.e. there is presently no evidence for stronger 414 

binding sites in isolated humic substances that might explain the deviations between measurements 415 

and predictions in the field data analysed here.  Therefore if the measurements are accurate and 416 

unbiased, the trends in Figure 6 would indicate the presence in field samples of ligands with stronger 417 
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affinities than binding sites in isolated humic materials.  These might include for example the metal-418 

specific ligands thought to be produced by marine phytoplankton.
[43,44]

 419 

The variable ν is central to the WHAM-FTox model of metal mixture toxicity,
[49]

 in which the observed 420 

parallelism between WHAM-calculated binding of metals by humic acid and metal accumulation by 421 

aquatic organisms
[50,51]

 is exploited to obtain a measure of toxic exposure in acute laboratory 422 

experiments.  Toxicity of the accumulated metal is quantified by the variable FTox defined as Σ�αi νi 423 

where the αi are toxicity coefficients for the different metals.  The highest value of αi derived so far is 424 

2.1×10
6
 g mol

-1
 (for cadmium effects on trout),

[52]
 and toxic effects occur only when FTox exceeds 425 

about 2.0.  Therefore the minimum value of ν for toxicity is about 10
-6

 mol g
-1

.  For less toxic metals, 426 

the required values of ν are much higher, of the order of 10
-3

 mol g
-1

 for Zn for example.  Therefore 427 

the range of ν over which measurements and model predictions are in reasonable agreement, i.e. > 428 

10
-6

 mol g
-1

 (Figure 6), corresponds well to the range over which metal toxic effects are observed, 429 

implying that the WHAM7 model is appropriate for toxicity evaluation and prediction.  430 

Future research 431 

The comparisons of measured and predicted speciation variables presented here suggest that if we 432 

are to move closer towards the reliable measurement and prediction of metal speciation in surface 433 

waters, three principal issues need to be resolved.  The first is the apparent systematic difference 434 

between measurements made by the competitive ligand equilibrium techniques and those made by 435 

other methods.  As noted above, there may theoretical reasons for this.
[47]

  A way forward would be 436 

a concerted effort to compare techniques, building on previous work and ideas,
[13,53-55]

 but covering a 437 

wider and more representative range of conditions and metals.   438 

The second issue arises from our finding that model predictions differ most from measured values 439 

(obtained using techniques other than the CL-based ones) only at low values of ν (< 10
-6

 mol g
-1

).  440 

The solution conditions under which such low loadings of the DOM occur are of course those that 441 

present the greatest analytical challenges, and therefore will produce the greatest uncertainties.  442 

Research is required to evaluate the analytical methodologies at low values of ν, for both natural 443 

water samples and laboratory-prepared solutions using isolated humic materials.   The key 444 

requirement is to ascertain whether or not natural waters possess ligands with higher affinities for 445 

metals than humic-type DOM. 446 

Thirdly, the possible involvement in metal speciation of synthetic ligands such as EDTA in 447 

anthropogenically-affected waters deserves more attention.  By measuring their concentrations in 448 

surface water samples for which speciation is determined analytically, and including them in the 449 
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speciation calculations, the contributions of natural DOM and the synthetic ligands to metal 450 

speciation could be established 451 

The emphasis needs to be on analytical measurements, because ultimately these are the basis of 452 

speciation knowledge, and further model developments based on existing data are unlikely to 453 

improve understanding or predictive capabilities.  An alternative, more pragmatic, approach would 454 

be to accept the present field analytical data and use them to modify WHAM7, for example by 455 

creating additional strong binding sites, or altering competition effects, to make the results at low ν 456 

agree better.   In our opinion, such modifications would be premature.  We suggest that the best 457 

way forward is through coordinated analytical efforts and speciation method comparison, supported 458 

by speciation modelling.  459 
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Table 1.  Numbers of samples used in the analysis.  FW freshwater, E%C estuarine and coastal 621 

waters, OO open ocean.  See text for key to methods. 622 

623 
  624 

CED CL-ASV CL-CSV DMT DPASV IET ISE PLM Total by water type Total all waters

FW 402 402

Al E&C 402

OO

FW

Fe(III) E&C 34 34 363

OO 329 329

FW 5 5

Co E&C 46

OO 41 41

FW 45 3 48

Ni E&C 57 57 112

OO 7 7

FW 74 44 9 2 129

Cu E&C 23 59 292 152 7 533 715

OO 8 45 53

FW 17 26 3 11 57

Zn E&C 7 11 18 120

OO 13 32 45

FW 15 38 23 2 78

Cd E&C 17 17 137

OO 42 42

FW

Hg E&C 11 11 11

OO

FW 28 38 2 68

Pb E&C 15 3 6 24 114

OO 22 22

Totals by method 402 70 673 191 467 46 152 19

Method:



24 

 

Table 2. Summary of correlations and errors for all metals.   The slopes were obtained by plotting log 625 

predicted vs log measured values, forced through the origin, RMSD = root mean squared error in 626 

residuals between measured and predicted values, AD = average residual (measured – predicted), 627 

ΣRA is defined by equation (1). 628 

variable slope R
2
 RMSD AD ΣRA 

freshwaters (n = 787)     

log [M] 0.94 0.64 1.25 -0.30  

log ν 1.00 0.93 0.43 0.00 0.52 

log ν/[M] 0.82 0.20 1.44 0.30  

estuarine & coastal (n = 694)    

log [M] 0.93 0.84 1.58 -0.77  

log ν 1.05 0.73 0.70 0.25 0.77 

log ν/[M] 0.85 0.76 1.84 1.01  

open ocean (n = 539)     

log [M] 0.92 0.97 1.66 -1.40  

log ν 1.13 0.54 1.53 0.81 1.24 

log ν/[M] 0.86 0.89 2.64 2.21  

all data (n = 2020)     

log [M] 0.93 0.94 1.48 -0.76  

log ν 1.07 0.80 0.93 0.30 0.83 

log ν/[M] 0.85 0.87 1.96 1.05  

 629 

  630 
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Table 3. Summary of statistical data for different measurement methods (see text for key to 631 

abbreviations).   632 

Data set variable slope R
2
 RMSD AD ΣRA 

CED log [M] 1.04 0.89 0.44 0.09  

n = 402 log ν 0.95 (0) 0.27 -0.08 0.29 

 log ν/[M] 1.09 0.66 0.66 -0.17  

CL-ASV log [M] 0.95 0.90 0.75 -0.56  

n = 70 log ν 1.07 0.92 0.60 0.42 0.76 

 log ν/[M] 0.79 0.66 1.22 0.98  

CL-CSV log [M] 0.92 0.94 2.02 -1.59  

n = 673 log ν 1.07 0.50 1.09 0.46 1.62 

 log ν/[M] 0.86 0.89 2.51 2.04  

DMT log [M] 0.95 0.65 0.96 -0.41  

n = 191 log ν 1.05 0.77 0.59 0.29 0.72 

 log ν/[M] 0.79 0.36 1.37 0.69  

DPASV log [M] 0.97 0.50 0.82 -0.25  

n = 467 log ν 1.13 0.77 1.30 0.61 0.95 

 log ν/[M] 0.80 0.01 1.88 0.85  

IET log [M] 1.07 0.79 0.96 0.59  

n = 46 log ν 0.95 0.84 0.62 -0.26 0.77 

 log ν/[M] 1.39 0.05 1.35 -0.84  

ISE log [M] 0.80 0.24 2.59 -2.44  

n = 152 log ν 1.01 0.96 0.12 0.07 1.74 

 log ν/[M] 0.64 (0) 2.68 2.52  

PLM log [M] 1.02 (0) 0.89 0.28  

n = 19 log ν 1.01 0.93 0.37 0.08 0.49 

 log ν/[M] 1.05 0.43 1.10 -0.20  

 633 

  634 
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Table 4.  Average differences between measurements and predictions, comparing competitive ligand 635 

methods and all other methods.  If the value is positive, the measured value exceeds the predicted 636 

one and vice versa. 637 

 mean SD median 

CL methods (n = 743)    

log [M] -1.49 1.25 -1.40 

log ν 0.45 0.95 0.06 

log ν/[M] 1.95 1.45 1.78 

Non-CL methods (n = 1277)    

log [M] -0.33 1.09 -0.03 

log ν 0.21 0.82 0.01 

log ν/[M] 0.54 1.54 0.05 

Non-CL excluding ISE (n = 1125)    

log [M] -0.04 0.74 0.03 

log ν 0.23 0.87 -0.01 

log ν/[M] 0.27 1.40 -0.07 

  638 



27 

 

Figure captions 639 

Figure 1.  Explanation of ν /[M].  The upper three panels show theoretical results for a single site 640 

ligand with log K (L mol
-1

) = 3 (full line) or 6 (dashed line).  The DOM has 5×10
-3

 moles per g of metal-641 

binding sites for the metal, so that the max log ν value is -2.3.   The lower panels are predictions with 642 

WHAM7 for the binding of four metals to DOM at I=0.1 M and pH 7. 643 

Figure 2.  Measured and predicted variables for all metals in freshwaters (circles), estuarine and 644 

coastal waters (triangles) and the open ocean (squares).  The 1:1 lines are shown, together with one 645 

log unit ranges. 646 

Figure 3.  Measured and predicted variables for individual metals.  The 1:1 lines are shown, together 647 

with one log unit ranges. 648 

Figure 4.  Measured vs predicted values of log ν /[M], averaged over all results for each metal.  The 649 

1:1 line is shown.  Standard deviations scarcely exceed the areas of the points. 650 

Figure 5.  Measured and predicted variables for different methods in freshwaters (circles), estuarine 651 

and coastal waters (triangles) and the open ocean (squares).  The 1:1 lines are shown, together with 652 

one log unit ranges. 653 

Figure 6.  Differences between measured and predicted logarithmic variables, based on 654 

measurements made by methods other than CL-ASV, CL-CSV and ISE, plotted against measured 655 

values of ν.  Left panels show all data (n = 1125), right panels data for ν > 10
-6

 mol g
-1

.  All the slopes 656 

are significant (p < 0.001).  657 
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Table S1.  Summary of pH and DOC (mg L-1) data and numbers of values.  Numbers of values used in the analysis are given, and total data before rejection 

of unrealistic results are in brackets.  Italicised DOC values were estimated. 

  Freshwater Estuarine & coastal Open Ocean 

Metal n pH DOC n pH DOC n pH DOC 

Al 402 (402) 
5.08 5.70 

- - - - - - 
3.71-6.42 

1.00-
32.00 

Fe - - - 34 (34) 
7.09 2.4 

329 (330) 
8.03 0.64 

6.90-8.00   8.00-8.10 0.50-0.91 

Co 5(6) 
7.95  2.30 

- - - 41 (41) 
9.10 0.68 

(no range) 1.00-3.40 (no range) 0.50-0.80 

Ni 48 (54) 
7.36 4.94 

57 (57) 
8.31 4.86 

7 (8) 
8.00 0.84 

4.09-8.66 
0.57-
23.60 

8.30-8.40 
0.93-
10.63 

(no range) (no range) 

Cu 129 (135) 
7.49 4.12 

533 (533) 
$ 8.01 2.05 

53 (53) 
7.89 0.70 

40.90-
8.66 

0.30-
15.00 

7.30-8.50 
0.14-

16.03 
7.30-8.35 0.48-0.89 

Zn 57 (84) 
7.32 5.24 

18 (18) 
8.01 4.43 

45 (45) 
8.03 0.66 

4.09-8.47 
0.57-
13.90 

7.80-8.40 
3.00-

10.63 
7.70-8.20 0.48-0.86 

Cd 78 (86) 
7.42 5.99 

17 (24) 
8.10 1.52 

42 (45) 
7.94 0.63 

4.09-8.8 
0.57-
15.00 

7.80-8.20 1.20-3.00 7.80-8.20 0.48-0.86 

Hg - - - 11 (11) 
8.20 2.17 

- - - 
(no range) 0.66-3.34 

Pb 68 (75) 
7.14 3.38 

24 (25) 
8.08 1.8 

22 (22) 
7.89 0.69 

4.09-8.66 
0.30-
15.00 

7.80-8.20 1.20-3.60 7.80-8.00 0.54-0.88 

 



 

  Freshwater Estuarine & coastal Open Ocean 

Method n pH DOC n pH DOC n pH DOC 

CED 402 (402) 
5.08 5.70 

- - - - - - 
3.71-6.42 

1.00-
32.00 

CL ASV 32 (32) 
8.10 5.70 

38 (38) 
8.16 1.62 

- - - 
7.30-8.80 

3.20-
15.00 

7.90-8.40 1.20-3.20 

CL CSV 107 (112) 
7.47 2.75 

168 (168) 
7.85 4.31 

398 (400) 
8.14 0.65 

5.30-8.43 
0.30-
10.38 

6.90-8.40 
0.66-

16.03 
7.30-9.10 0.48-0.91 

DMT 191 (222) 
7.33 4.47 

- - - - - - 
4.09-8.66 0.57-15.0 

DPASV 3 (4) 
7.45 8.59 

323 (323) 
8.06 1.43 

141 (144) 
7.94 0.67 

7.30-7.60 
6.70-
10.38 

7.30-8.50 0.14-3.20 7.50-8.20 0.48-0.89 

IET 46 (63) 
6.99 7.07 

- - - - - - 
5.22-8.00 

2.14-
13.90 

ISE - - - 152 (152) 
8.00 2.24 

- - - 
7.60-8.20 0.88-9.19 

PLM 6 (7) 
8.36 7.30 

13 (21) 
8.03 3.28 

- - - 
8.09-8.66 

1.90-
15.00 

7.90-8.10 2.80-3.60 

 

 

 



  Surface water type Metals Method Reference 

Freshwaters 
Ni, Cu, Zn, Cd, 
Pb 

DMT 

J. A. B. Bass, R. Blust, R. T. Clarke, T. A. Corbin, W. Davison, K. A. C. De Schamphelaere, C. R. Janssen, E. J. J. Kalis, M. G. Kelly, N. T. 
Kneebone, A. J. Lawlor, S. Lofts, E. J. M. Temminghoff, S. A. Thacker, E. Tipping, C. D. Vincent, K. W. Warnken, H. Zhang, 
Environmental Quality Standards for trace metals in the aquatic environment. Environment Agency Science Report – SC030194 

2008 (Environment Agency: Bristol, UK). 

Freshwaters Cd CL-ASV 
J. Cao, H. B. Xue, L. Sigg, Effects of pH and Ca competition on complexation of cadmium by fulvic acids and by natural organic 
ligands from a river and a lake. Aquat. Geochem. 2006, 12, 375. doi:10.1007/S10498-006-9004-6 

Freshwaters Cu, Zn, Cd IET 
C. Fortin, Y. Couillard, B. Vigneault, P. G. C. Campbell, Determination of Free Cd, Cu and Zn concentrations in lake waters by in situ 
diffusion followed by column equilibration ion-exchange. Aquat. Geochem. 2010, 16, 151. doi:10.1007/S10498-009-9074-3 

Freshwaters Ni IET 
Y. Gopalapillai, C. L. Chakrabarti, D. R. S. Lean, Assessing toxicity of mining effluents: equilibrium- and kinetics-based metal 
speciation and algal bioassay. Environ. Chem. 2008, 5, 307. doi:10.1071/EN08027 

Freshwaters Cu, Zn, Cd 
CL-CSV (Cu, 
Cd); DPASV 
(Zn) 

J. W. Guthrie, N. M. Hassan, M. S. A. Salam, I. I. Fasfous, C. A. Murimboh, J. Murimboh, C. L. Chakrabarti, D. C. Grégoire, 
Complexation of Ni, Cu, Zn, and Cd by DOC in some metal-impacted freshwater lakes: a comparison of approaches using 
electrochemical determination of free-metal-ion and labile complexes and a computer speciation model, WHAM V and VI. Anal. 
Chim. Acta 2005, 528, 205. doi:10.1016/J.ACA.2004.10.003 

Freshwaters 
Ni, Cu, Zn, Cd, 
Pb 

DMT 
E. J. J. Kalis, L. Weng, F. Dousma, E. J. M. Temminghoff, W. H. van Riemsdijk, Measuring free metal ion concentrations in situ in 
natural waters using the Donnan membrane technique. Environ. Sci. Technol. 2006, 40, 955. doi:10.1021/ES051435V 

Freshwaters Cu, Zn 
CL-CSV (Cu); 
CL-ASV (Zn) 

S. Meylan, N. Odzak, R. Behra, L. Sigg, Speciation of copper and zinc in natural freshwater: comparison of voltammetric 
measurements, diffusive gradients in thin films (DGT) and chemical equilibrium models. Anal. Chim. Acta 2004, 510, 91. 
doi:10.1016/J.ACA.2003.12.052 

Freshwaters Al CE 
D. T. Monteith, C. D. Evans, The United Kingdom Acid Waters Monitoring Network: a review of the first 15 years and introduction 
to the special issue. Environ. Pollut. 2005, 137, 3. doi:10.1016/ J.ENVPOL.2004.12.027 

Freshwaters Cu, Pb CL-CSV 
A. Plӧger, E. Fischer, H.-P. Nirmaier, L. M. Laglera, D. Monticelli, C. M. G. van den Berg, Lead and copper speciation in remote 
mountain lakes. Limnol. Oceanogr. 2005, 50, 995. doi:10.4319/LO.2005.50.3.0995 

Freshwaters Co CL-CSV 
J. Qian, H. B. Xue, L. Sigg, A. Albrecht, Complexation of cobalt by natural ligands in freshwater. Environ. Sci. Technol. 1998, 32, 
2043. doi:10.1021/ES971018L 

Freshwaters Ni, Cu, Cd, Pb 
DMT (Ni, Cu, 
Cd, Pb); PLM 
(Cu, Cd, Pb) 

E. R. Unsworth, K. W. Warnken, H. Zhang, W. Davison, F. Black, J. Buffle, J. Cao, R. Cleven, J. Galceran, P. Gunkel, E. Kalis, D. Kistler, 
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