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Abstract:

Measurements of trace metal species in situ in a softwater river, a hardwater
lake, and a hardwater stream were compared to the equilibrium distribution of
species calculated using two models, WHAM 6, incorporating humic ion binding
model VI and visual MINTEQ incorporating NICA-Donnan. Diffusive gradients in
thin films (DGT) and voltammetry at a gel integrated microelectrode (GIME) were
used to estimate dynamic species that are both labile and mobile. The Donnan
membrane technique (DMT) and hollow fiber permeation liquid membrane
(HFPLM) were used to measure free ion activities. Predictions of dominant metal
species using the two models agreed reasonably well, even when colloidal oxide
components were considered. Concentrations derived using GIME were generally
lower than those from DGT, consistent with calculations of the lability criteria that
take into account the smaller time window available for the flux to GIME. Model
predictions of free ion activities generally did not agree with measurements,
highlighting the need for further work and difficulties in obtaining appropriate
input data.
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Introduction

Measurements of metal speciation in natural waters are challenging: methods
must be both very sensitive for low concentrations and specific for distinction
between chemical species. Few studies have attempted to compare model
predictions of metal speciation (1-4) to experimental in-field results due to the
difficulties of making accurate measurements of chemical speciation directly on
natural waters. Measurements of free ion activity can be compared directly with
predictions from speciation models. However, dynamic techniques that measure
fluxes, such as diffusive gradients in thin-films (DGT) and stripping voltammetry
(SV), determine concentrations of a range of species as defined by the
characteristic time scale of the technique. Recent modeling developments, that
consider metal speciation dynamics in natural waters in relation to measurements
by flux-based techniques, provide an interpretational framework (5).

Critical assessment of the applicability of equilibrium-based models is very timely
in view of the drive to incorporate the biotic ligand model (BLM) into the
regulatory framework (6). The BLM incorporates an equilibrium metal speciation
program such as MINEQL+ (7) or WHAM V (6, 8) to calculate metal speciation in
solution, including metal binding to dissolved organic matter, and an equilibrium
model for competitive binding at the surface of the biological membrane.
Validation of this approach requires assessment of the accuracy of the model
prediction of the distribution of species in natural waters.

Sampling and handling of waters can introduce changes in the distribution of
species prior to measurement. In situ measurement avoids problems due to (1)
contamination during sampling and storage, (2) instability of metal species during
transport and storage prior to measurement, through processes associated with
aggregation, reequilibration of gaseous components and precipitation, and (3)
metal adsorption to container walls (9). In a collaborative study involving several
laboratories, in situ measurements of Cd, Cu, Ni, and Pb were made in three
freshwaters with four different speciation techniques (10). Permeation liquid
membranes (PLM) (11, 12) and the Donnan membrane technique (DMT) (13, 14)
were used under conditions where they estimate the concentration of the free ion.
DGT (15) and gel integrated micro electrode (GIME) voltammetry (16, 17) were
used to estimate the total concentration of labile and mobile species (known as
dynamic). The relative performance of the techniques has been evaluated (10).
Here, we compare results from this uniquely comprehensive set of measurements
with speciation predictions made with humic ion binding model VI (WHAM) (18)
and the NICA-Donnan model (19, 20).

Methodology

DGT and GIME (5, 10, 16, 17, 21). In both cases, for a complex to be
measured, it must diffuse through the gel at a reasonable rate (hence, be mobile)
and dissociate within the time taken for it to pass through the diffusion layer (be
labile) (22, 23). Based on concentrations in the reaction layer, a complex is
considered to be sufficiently labile to be measured by a dynamic technique if the
flux to the consuming surface attributed to dissociation of the complex, Jypn, is of
the order of magnitude of the maximum diffusive flux of complexed metal, Jgi
(24). This statement has been formulated into a lability criterion, L = Jw/Jais (5).
In practice, Jin, is calculated from bulk concentrations and the ensuing
approximate lability criterion comes to L #1 when a complex is labile and to L %1
when it is nonlabile. The value of L depends on the characteristics of the complex
(diffusion coefficient, stability constant, K, dissociation rate constant) and the
measurement time scale of the technique (5).
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Calculation of L for a technique used in natural waters is complicated by the
unknown nature of the complexing ligands. We have assumed here, as for
equilibrium models (see later), that the organic complexants are represented by
fulvic acid. These heterogeneous ligands have binding sites with a distribution of
K values, resulting in a range of labilities for the bound metal that is affected by
the extent of binding. We used a simplified approach to derive a value of L for
each metal, in each water studied, when measured by GIME and DGT under our
conditions. A Table of values (S1) and details of the derivation are provided in the
Supporting Information. The derivation assumed that the distribution of binding
sites can be described by a Freundlich isotherm that incorporates a heterogeneity
parameter (25). Due to uncertainties in the parameters, particularly rate
constants, the values of L given in Table S1 (Supporting Information) should be
used as orders of magnitude.

The complexes are expected to be labile when measured by DGT (Cu (L = 380-
1300), Pb (L = 2730-5800), and Cd (L = 3270-13 840)), but marginally labile
when measured by GIME (Cu (L = 2-6), Pb (L = 18-26), and Cd (L = 20-60)).
The metals bound to the strongest sites are expected to be nonlabile to GIME,
while those bound to the weakest sites will be labile, consistent with the
dissociation of metals from their complexes decreasing with increasing binding
strength, according to the Eigen mechanism (26). A larger proportion of Cu is
expected to be nonlabile, compared to Pb and Cd, because its representative
value of L is lower and at low concentrations of Cu, most will be bound to
stronger sites.

PLM (10-12). The PLM measurement can represent either the free metal
concentration or the concentration of all dynamic species, depending on the
permeability of the membrane as compared to the rate of transport in the
aqueous (source) diffusion layer adjacent to the PLM surface. For the in situ
measurements reported in this paper, using hollow fiber PLM (HFPLM), the
permeability criterion, [1, values (12, 27) were in the range 0.005-0.02 for Cu,
0.01-0.2 for Pb, and 0.0003 to 0.04 for Cd in all natural waters (see Supporting
Information of ref 10), implying that in situ HFPLM measures the free metal ion.
However, lipophilic complexes can also diffuse through the PLM (28) and
contribute to the signal.

DMT. DMT uses a negatively charged, hydrophilic, cation exchange membrane to
separate the solution to be investigated (donor) from an acceptor solution (13,
29). In these measurements, to improve detection limits, a humic acid with well-
known binding properties was added as ligand to the acceptor solution. After
deployment, the total metal was measured in the acceptor solution, subtracting
where ap propriate for metal added with the HA. Free metal ion concentrations
were then derived using either the Donnan membrane equilibrium or ion
transport kinetics. Further details are given in the Supporting Information of (10).

Field Sites and In Situ Deployment. Full details of the field sites,
measurements, and protocols used during the fieldwork are provided in a
companion paper (10). The input parameters for the speciation models are shown
in Table S3 (Supporting Information). Model predictions of Zn speciation are not
shown because of uncertainties in the Zn speciation measurements, but as
filterable Zn was measured it was included as input data. Competitive binding to
Zn had little effect, as reducing its concentration by a factor of 2 negligibly
affected the speciation predictions of other metals, except for the free ion activity
of Cu, which decreased by up to 10%. Filterable metal concentrations obtained by
the host laboratories (Lancaster for Wyre and Dubendorf for Furtbach and
Greifen) were used for each site, as they were the most comprehensive and
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consistent data sets, with good precision and no evidence of contamination (see
Tables S3 and S4c (Supporting Information) and Figure, S1 of ref 10).

Equilibrium Speciation Models. Binding of metal ions to humic substances
(HS) is complicated by their variable charge, distribution of binding sites, variable
stoichiometry of the reaction, and the competitive nature of the ion binding.
Humic ion binding model VI (18) and the NICA-Donnan model (19, 20) are two
approaches to tackle this complicated problem. The NICA-Donnan model uses a
bimodal, continuous distribution of affinities for protons and metal ions, whereas
model VI is based on a discrete set of sites. The models are calibrated using
published data on metal humic binding (30, 31).

Model VI was used in WHAM 6 (18) and the NICA-Donnan model (19) in Visual
MINTEQ (vMINTEQ) (32). To ensure consistency, thermodynamic data (for
inorganic metal complexes) from MINTEQAZ2 version 4, available at
http://www.epa.gov/ceampubl/mmedia/minteq/SUPPLE1.PDF, was input into the
databases of both programs. The default values for metal-humic binding in each
program were used. The concentrations of HS were derived from the
experimental DOC measurements: 50% of the DOC measured in the field samples
was assumed to be HS (33), which were themselves assumed to be 50% carbon
(Suwannee river fulvic acid is 52% C). The natural waters were modeled primarily
with the HS being defined as 100% fulvic acid. The models were also run with the
HS comprising a mixture of 90% fulvic and 10% humic acid, which may be more
representative of the HS in natural waters(34).

The models were used to calculate the concentration of each species in solution
using the filterable metal as the total concentration. With DMT and HFPLM (under
the present [Mconditions), we generally expect to measure a free metal ion
concentration that is directly comparable to the model prediction. Concentrations
obtained from DGT and GIME are derived from the measured flux of dynamic
species. Further calculations are required to enable model predictions of
equilibrium concentrations to be compared to these dynamic measurements. Each
metal species in solution, x, with concentration, c,, has a diffusion coefficient, Dy,
a diffusion layer thickness, B,, and contributes a flux, J,, to the sensor surface of
area A, assuming the sensor is a perfect sink and that x is fully labile (eq 1).

J.=Ac 2 16, (1)

The total flux, J, measured at a sensor, is the sum of the fluxes of all labile

species (eq 2). )
=Y ()

In practice DGT and GIME are calibrated with simple inorganic solutions where
the diffusion coefficient is Dy and the diffusion layer thickness is Ay. The
concentration of dynamic species that is measured, cqyn, is derived from J using
eq 3.
J=Ac™" Dyl Ay, (3)

When all species are fully labile, c™" has its maximum value, ¢y, that can be
derived by combining eqs 1-3 to give eq 4.

M = 3,6 D A Dy A, (4)

We assumed that diffusion coefficients were only significantly different from that
of the free metal ion for complexes with fulvic acid (FA) or humic acid (HA) and
that diffusion layer thicknesses were the same for complexes and free metal ions.
Diffusion coefficients of fulvic acids are typically 20% of that of the free metal ion
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(35). If only FA is present, a good approximation of the maximum dynamic
concentration would be given by eq 5.
¢ =% inorganic metal —
0.2imetal=FA complexes) (5)

In the discussion, c®"n.x is compared to concentrations measured by DGT and
GIME.

Results and Discussion

Softwater Modeling. There are several possible model predictions, depending
on assumptions made on the amount and precise form of HS and the presence or
absence of colloidal metal oxides. More than 99% of the filterable Cu and Pb in
the river Wyre was predicted to be bound to FA when WHAM 6, with the HS input
as 100% FA, was used to calculate the speciation (Figure 1). Smaller fractions of
the Cd (66%) and Ni (36%) were predicted to be bound to FA. Virtually all the Cd
and Ni not bound to FA was predicted to be present as the free metal ion.
Assuming that a fraction (10%) of the total HS in the model was HA did not have
a significant (<1%) effect on the net concentration of metal bound to HS (both FA
and HA). Modeling the same system using vVMINTEQ produced similar results for
Cu and Pb (Figure 1), but the proportion of Cd and Ni bound to HS increased (Cd
97%, Ni 50%). Increased metal ion binding to HS with the NICA-Donnan model
has been reported previously (29).
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Figure 1 River Wyre speciation modeled with humic substances input as 100%
fulvic acid.

Fe, Al, and Mn may influence the speciation of Cu, Pb, Cd, and Ni, either by being
present as colloidal oxides or by competing for the fulvic and humic acids. The
dissolved Fe concentration of 5.2 fimol I}, was assumed to be present as Fe(III).
WHAM 6 predicted it to be present as 25% Fe-FA and 75% Fe(OH); (aq), With the
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system oversaturated (based on ferrihydrite from the MINTEQA2 database).
Visual MINTEQ, however, predicted that >99.9% of the Fe was present as Fe-FA
species, and with unsaturation for Fe(OH)s (5. Such differences are not
unexpected, given the sparse available data on binding of iron to HS (30). Using
the WHAM 6 default parameters for the adsorption of trace metals to iron oxides,
with Fe input as colloidal iron oxide rather than dissolved Fe, Pb was the only
appreciable colloidal trace metal, with 35% present bound to colloidal iron. The
fraction of Cd and Ni present as metal-humic species increased (Figure 2), due to
the removal of Fe as a dissolved metal that competes for HS binding sites.
Defining the HS in the model as all FA or a mixture of FA and HA did not affect
the overall humic binding. When Fe was introduced as colloidal iron oxide in the
VvMINTEQ program (using the default trace metal adsorption values), both Ni and
Pb were affected, with 6 and 7% of the metals, respectively, being bound to
colloidal iron oxide. In this case adding HA to the model did have an effect, with
the concentration of Pb present as colloidal bound species increasing to 14% of
the total Pb.
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Figure 2 River Wyre speciation modeled with Fe input as colloidal Fe(OH); and
humic substances input as 90% fulvic acid and 10% humic acid.
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Al and Mn can be present in natural waters as colloidal oxides. As they can bind
trace metals strongly, small amounts may appreciably affect trace metal
speciation. The filterable concentration was close to saturation as Al(OH)s;. DGT
measured 41% of the total, filtered, Al concentration. When WHAM 6 was used
with 50% of the measured Al present as a colloid, there was no change in the
speciation. The Mn concentration measured by DGT was 104% of that measured
by ICP-MS, indicating that it was not present in a colloidal form. When WHAM 6
was rerun with 10% of the filterable Mn defined as a colloid, there was no
difference in the trace metal speciation, suggesting that Mn oxides can be
discounted.

Hardwater Modeling. The most striking difference between model outputs for
soft and hard waters (Figures 1-4) was that the free metal ions dominated the
inorganic species in the softwater, while both free metal ions and carbonate
species were important in hard waters. Both programs, with HS defined entirely
as fulvic acid, predicted that >99% of the Cu and Pb were present as metal-
humic species in surface water in Lake Greifen. For Cd and Ni there was a smaller
proportion of metal-humic species (Cd 50%, Ni 12% with WHAM 6 and Cd 93%,
Ni 53% with vMINTEQ) and a corresponding larger proportion of free metal and
carbonate species. The dominant carbonate species were CdCO5; " (15% with
WHAM 6, 1.4% with VMINTEQ) and NiCO5; (40% with WHAM 6 and 27% with
vMINTEQ). Remodeling the system using WHAM 6 with the HS input altered to
include HA (10 and 20% of the total HS concentration) did not substantially alter
the total concentration of metal-humic species. The largest effect was for Cd with
total Cd-HS species increasing from 50 to 69% of the total Cd concentration.
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Figure 3 Lake Greifen speciation modeled with humic substances input as 100%
fulvic acid.
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The Furtbach stream, had a higher concentration of Ca and carbonate and a lower
DOC concentration than Lake Greifen. As for Lake Greifen, metal-humic species
were predicted to dominate the Cu and Pb speciation (Cu 96%, Pb 98% using
WHAM 6 and Cu >99%, Pb 98% using VMINTEQ). Free metal ion and carbonate
species were more important for Cd and Ni (total inorganic species Cd 91%, Ni
99% using WHAM 6 and Cd 45%, Ni 81% using vVMINTEQ). Adding HA to the
models had little effect on the total concentrations of metal-humic species for
either hardwater.

Generally the predictions of the two models are consistent, but vMINTEQ
predicted higher proportions of metal-humic species for Cd and Ni than WHAM 6.
Calculations with inputs of 90% FA, 10% HA, and 100% Fe as colloids, that are
considered to be most realistic, are used in the discussion of softwater data. Iron
was not measured in the hardwaters, but is expected to be at smaller
concentrations than in the River Wyre and thus to be less important as a colloid
affecting trace metal speciation.

Measurements and Predictions in Synthetic Softwater. Solutions were
prepared with a similar (inorganic) composi tion to that of the river Wyre, but
different amounts of added FA. With 5 mg I"* FA, DGT measured 26% of the total
Cu concentration in solution and 29% of the Pb. With 20 mg I FA, DGT measured
16% Cu and 16% Pb. If the metal was completely in the form of metal-fulvic
species, as predicted by both WHAM 6 and vMINTEQ, and assuming that these
species are labile, the DGT measured concentration would be ca. 20% of the total
metal concentration in solution (as explained above after eq 4). The reasonable
agreement between the DGT measurement and predictions, both here and
elsewhere (36, 37), suggests that the metal fulvic species are fully DGT labile, as
predicted by lability calculations (Table S1, Supporting Information).

In-field Deployments. At all three field sites DGT and GIME measured
substantially higher concentrations of metals than HFPLM and DMT (10)
consistent with the features of these techniques. Even with moderate lability, the
concentration of dynamic species measured by DGT and GIME would be expected
to be substantially higher than the concentration of free ions measured by both
HFPLM and DMT.

Measurements and Predictions for Dynamic Techniques-Softwater. In the
river Wyre, Cu concentrations measured by DGT and GIME (Table S4, Supporting
Information) were 13 and 6%, respectively, of the total (filtered) metal, [M]y,
measured by ICP-MS (Figure 5a). Based on model predictions of near 100%
complexation of Cu, the maximum dynamic metal should be ca. 20% of [Culy.
The reasonable agreement between model predictions and DGT measurements is
consistent with most bound metal being fully DGT labile, as expected for L =
1300. The lower value for GIME suggests some kinetic limitation, consistent with
L =6.
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Figure 5 Concentrations of trace metals measured in situ in the three waters
using two speciation techniques (diffusive gradients in thin-films and gel
integrated microelectrode), compared to concentrations measured in samples
filtered on site (total) and predictions of measured species assuming complete
lability (c®"ax) Using the WHAM 6 and Visual MINTEQ models. Reproducibility,
based on measurements of replicate samples, was within 20% for GIME and 12%
for DGT. HS were 90% FA and 10% HA. For the River Wyre, the measured iron
was assumed to be present as colloidal oxides.
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The Pb concentration measured by both DGT and GIME was only a small fraction
(DGT 3%, GIME 2%) of [Pb]. A fraction of at least 20% would be expected if Pb
was present predominantly as humic complexes, as Pb-FA species have been
shown to be labile to DGT at pH 6 (35). Although at the higher pH of this work,
there may be humic sites that bind Pb so strongly that it is effectively inert,
lability calculations suggest that this is not the case (Table S1, Supporting
Information). These results suggest that most of the Pb is in a nonlabile or
nonmobile form. Colloidal species could be present in the prevailing high flow
conditions when sampling took place. They would not be measured by DGT or
GIME, due to their lower diffusion coefficients or incapacity to permeate the gel.
When Fe was assumed to be colloidal, 14% (vMINTEQ) and 35% (WHAM 6) of the
Pb was predicted to be present as Pb-Fe colloids. These model predictions may
underestimate the binding of Pb to iron oxide, or there may be sufficient other
colloids present (e.g., of Mn, Al, or Si) to account for a greater proportion of Pb
being present in colloidal form.

The Cd concentration measured by DGT was similar to the c™".x predicted by
WHAM 6 when Fe was input into the model as a colloid (Figure 5a). For the
equivalent vMINTEQ model, c™"..x Was lower because this model predicted a
higher proportion of Cd-humic species.

The Ni concentrations measured by DGT were lower than the model predictions.
Dissociation kinetics of Ni are known to be slow compared to other metals (23).
Therefore, even though binding to humic substances is much weaker than for Cu,
some kinetic limitation can be expected. It may be that DGT is simply measuring
inorganic species in this case.

Measurements and Predictions for Dynamic Techniques-hardwaters.
Speciation measurements carried out in Lake Greifen followed the same general
trend as seen in the river Wyre. The maximum dynamic concentration of Cu
predicted by both speciation programs was very close to the concentration
measured by DGT. The lower value for GIME is consistent with borderline lability
(L =2).

DGT and GIME measured a larger fraction of [Pb]i in Lake Greifen than in the
river Wyre, where DOC was higher (Table S3, Supporting Information). The Ni
concentration measured by DGT was the same as c¢®".x predicted by VMINTEQ
and close to that predicted by WHAM 6. The maximum dynamic concentration of
Cd predicted by WHAM 6 agreed with the GIME measurement, reflecting its high L
value of 32.

In the Furtbach stream the Cu, Pb, Cd, and Ni concentrations measured by DGT
and GIME (Figure 6a) are larger fractions of [M]i than that measured in the river
Wyre and Lake Greifen. According to model predictions, even with the lower
dissolved organic carbon, there should be >90% metal humic species for Cu and
Pb. Therefore, a lower proportion of dynamic metal would have been expected,
suggesting that binding by HS is not as dominant as predicted. The very low
concentrations involved preclude meaningful speculation on the difference
between the concentration measured by DGT and GIME for Cu and Pb. For Cd the
predicted c®".x Was just above (WHAM 6) and below (VMINTEQ) the DGT and
GIME results, consistent with full lability. Ni measured by DGT agreed well with
" ax predicted by VMINTEQ, which was only a little lower than the
corresponding prediction using WHAM 6.
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Figure 6 Concentrations of free ions measured by two speciation techniques
(hollow fiber permeable liquid membrane and Donnan membrane technique),
compared to concentrations predicted by two speciation models (WHAM 6 and
Visual MINTEQ). Reproduc ibility, based on measurements of replicate samples,
was within 15% for DMT and 20% for HF-PLM, except for Pb by HF-PLM, which
was 50%.
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Measured and Predicted Free Ion Concentrations. Free ion concentrations
were calculated assuming that HS comprised 90% FA and 10% HA. For the river
Wyre, the primary calculations assumed that Fe was present as colloids for
consistency with calculations that correspond best to the dynamic measurements.
Measurements of free ion concentrations of both Cu and Pb by DMT and HF-PLM
agreed well (Figure 6 and Table S5, Supporting Information). More apparent Cd?*
is found by HFPLM than DMT in both Furtbach stream and Lake Greifen. This can
be attributed to the appreciable concentrations of neutral (PLM-membrane
permeable) CdCO;” in Lake Greifen (1.4% vMINTEQ, 15% WHAM 6) and
Furtbach (14% VMINTEQ, 29% WHAM 6).

HFPLM and DMT results for Cd®* are similar for the River Wyre, where CdCO;"” is
negligible (<1%). WHAM 6 generally predicted more free metal ions than
VMINTEQ, most markedly for Cu. Agreement between predictions and
measurements of Cd®* were usually within an order of magnitude for at least one
model and technique. The predictions for Ni** were an order of magnitude higher
than the DMT measurements. For WHAM 6, the difference was less when the
default database was used, but changing the database had little effect for the
other metals. The two models predicted similar Pb?*, but they were lower than
the measured values by about 1 (Wyre and Furtbach) and 3 orders of magnitude
(Greifen). Visual MINTEQ predictions of Cu?* were 2-5 orders of magnitude less
than measured values, while the higher Cu?* concentrations predicted by WHAM 6
were still 1-3 orders of magnitude less than the measured values.

There is no conflict in obtaining reasonable agreement for Cu and Pb between
measurements and predictions for the two dynamic techniques (except Pb in the
Wyre), while poor agreement for free ion concentrations. Within measurement
error, DGT and GIME may give the same value of maximum dynamic
concentration, whether the proportion of HS complexes is 95 or 99.995%, even
though free ion concentrations will change by 3 orders of magnitude. There are
several possible explanations for the poor agreement between measured and
modeled values of Cu®* and Pb?*.

1. Competitive binding with Fe(III) in solution is known to affect markedly the
extent of Cu complexation by HS, due to competition for the small proportion of
very strong binding sites (38). When the calculation was repeated for the river
Wyre, assuming that all measured Fe was present in solution as Fe(III) (vastly
supersaturated), the concentration of both Cu?* and Pb?* calculated using WHAM
6 and vMINTEQ increased substantially (Table S5, Supporting Information).
However, calculations using WHAM 6 for all these waters, based on the
assumption that they were saturated with amorphous Fe hydroxide (LogKs, 25 =
4.0) (38), suggested that very low concentrations of Fe would be present as
solution species and complexed to HS. Consequently free ion concentrations of
trace metals were little different to those shown in Figure 6 that were calculated
assuming that Fe was present as colloidal oxides. Tipping et al. (38) found similar
results at high pH.

2. The generic constants used in the modeling represent an average of metal
humic binding parameters determined in laboratory experiments with extracted
HS. The behavior of the humic molecules in water may be more wide ranging and
some assumptions, such as 50% of DOC as humic, may be inappropriate.
Prediction of free ion activities is an extreme test of the models, as it effectively
involves extrapolation of laboratory measured data to very low concentrations.

3. The comparison between laboratories shows that uncertainties in the [M]i used
as model inputs is well within a factor of 2 and, therefore, cannot account for the
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order of magnitude differences observed in calculated and modeled free ion
activities.

4. The consideration in both models of binding to colloidal Fe oxides and
heterogeneous binding to HS is likely to simplify considerably the true situation,
where, for example, the binding properties and stability of Fe colloids may be
modified by HS.

5. There may be problems with the measurements by HFPLM and DMT, e.g.,
measurement of neutral species by PLM., or transport of neutral or positive metal
complexes across the DMT membrane (13), but recent work suggests DMT
problems are unlikely (14). Moreover, agreement between the techniques is
remarkably good in the absence of lipophilic complexes, especially considering
that they have been undertaken by a different group of workers at concentrations
of 1-100 pmol I'Y. Cu?* has been measured previously in Lake Greifen (39) and
Furtbach (40) using competitive ligand exchange adsorptive stripping voltam
metry (CLE-AdSV in the laboratory, yielding Cu®*concentrations of 107*® - 1074
and 107'* - 1072 M, respectively, i.e., of the same order of magnitude as the
model predictions or lower. However, incomplete equilibration with the competing
ligand, due to slow rates of complex dissociation, may lead to an overestimation
of binding strengths and underestimation of free ion activities by CLE-AdSV (41).

6. As both DMT and HFPLM preconcentrate metal while deployed in situ, they
should not be prone to contamination; additionally, it is unlikely that similar
contamination would be obtained for both techniques. However, although clean
room procedures were adopted by both laboratories, contamination during
handling after deployment cannot be excluded entirely. Rigorous corrections were
made for metals in the introduced HA (see ref 42 for details).

The results from this work suggest that WHAM 6, incorporating humic ion binding
model VI, and visual MINTEQ, incorporating NICA Donnan, can predict the
distribution of the dominant species of trace metals in freshwaters with
reasonable accuracy. However, concentra tions of free ions, when they represent
a very small fraction of total dissolved concentrations, as for Cu and Pb, may be
under-estimated by several orders of magnitude. These uncertainties are
concerning, given the current importance ascribed to the free ion in models of
biological uptake. There is an urgent need to perform further accurate speciation
measurements in natural waters where the total dissolved concentrations of all
relevant species can be accurately measured, to test further both models and
methods to identify the causes of the discrepancy.
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