\

Transfer functions for solid-solution
partitioning of cadmium, copper,
nickel, lead and zinc in soils:
derivation of relationships for free
metal ion activities and validation with
Independent data

J.E. Groenenberg
P.F.A.M. Romkens
R.N.J. Comans
J. Luster
T. Pampura
L. Shotbolt
E. Tipping
W. de Vries

Published in European Journal of Soil Science, February 2010, 61, 58-73

ECN-W--10-038 February 2010



European Journal of SOiI Science

doi: 10.1111/5.1365-2389.2009.01201.x

European Journal of Soil Science, February 2010, 61, 58-73

Transfer functions for solid-solution partitioning

of cadmium, copper, nickel, lead and zinc in soils:
derivation of relationships for free metal ion activities
and validation with independent data

J.E. GROENENBERG?, P. F. A. M. ROMKENSs®, R. N.J. CoMANs®® J. LUSTER®, T. PAMPURAY,

L.SHOTBOLTS, E. TipPING' & W. DE VRIES?

4S0il Science Centre, Wageningen University and Research Centre, P.O. Box 47, 6700 AA Wageningen, the Netherlands, ®Energy
Research Centre of the Netherlands, P.O. Box 1, 1755 ZG Petten, the Netherlands, °Research Unit Soil Sciences, Swiss Federal Institute
for Forest, Snow and Landscape Research, Ziircherstrasse 111 CH-8903 Birmensdorf. Switzerland, “Laboratory of Physical Chemistry of
Soils, Institute of Physicochemical and Biological Problems in Soil Science RAS, Pushchino, Moscow Region, 142290, Russia,
Department of Geography, Queen Mary, University of London, Mile End Road, London E1 4NS, UK, and "Centre for Ecology &
Hydrology, Lancaster Environment Centre, Library Avenue, Bailrigg, Lancaster, LAl 4AP, UK

Summary

Models to predict the solid-solution partitioning of trace metals are important tools in risk assessment, providing
information on the biological availability of metals and their leaching. Empirically based models, or transfer
functions, published to date differ with respect to the mathematical model used, the optimization method,
the methods used to determine metal concentrations in the solid and solution phases and the soil properties
accounted for. Here we review these methodological aspects before deriving our own transfer functions that
relate free metal ion activities to reactive metal contents in the solid phase. One single function was able
to predict free-metal ion activities estimated by a variety of soil solution extraction methods. Evaluation of
the mathematical formulation showed that transfer functions derived to optimize the Freundlich adsorption
constant (K y), in contrast to functions derived to optimize either the solid or solution concentration, were most
suitable for predicting concentrations in solution from solid phase concentrations and vice versa. The model
was shown to be generally applicable on the basis of a large number of independent data, for which predicted
free metal activities were within one order of magnitude of the observations. The model only over-estimated
free-metal ion activities at alkaline pH (>7). The use of the reactive metal content measured by 0.43 M HNO3
rather than the total metal content resulted in a close correlation with measured data, particularly for nickel
and zinc.

soil metal pool (Minnich et al., 1987; Sauvé et al., 1998a; Vulkan
et al., 2000).
At present two major types of models are used to predict

Introduction

Solid-solution partitioning and solution speciation of metals are
key factors influencing the accumulation, mobility (retention and

. - . . the dissolved total or free-metal ion (FMI) activity: mechanistic
transport) and bio-availability of metals in soils. Recent model

models and empirically-derived transfer functions which predict
total solution concentrations or FMI activity from soil properties
(Gerritse & van Driel, 1984; Sauvé er al., 1997a,b, 1998a, 2000).
Compared with mechanistic models transfer functions require
fewer input data and because no iterations are needed, they
use far less computing time. They are, therefore, particularly
suitable in large-scale applications (De Vries et al., 1998;
Groenenberg et al., 2006; Bonten et al., 2008b; De Vries et al.,

concepts for metal toxicity in soils such as the terrestrial Biotic
Ligand Model (Thakali et al., 2006) assume that free metal ions
are the key determinant in metal toxicity on the basis of evidence
that toxic effects of trace metals on soil fauna and flora are more
directly related to free-metal ion concentrations than to the whole
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2008) and/or when limited data are available. Transfer functions
were used because of limited data by Lofts er al. (2004) and
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De Vries et al. (2007) to derive FMI-based critical limits from
published toxicity experiments. These studies modelled the FMI
activities from added total metal concentrations, soil organic
matter (SOM) content and pH.

The most recent examples of mechanistic models to predict
metal partitioning in soils are multi-surface models that combine
separate adsorption models for different reactive soil phases (clay,
organic matter, (hydr)oxides) (Weng et al., 2001a; Cances et al.,
2003; Dijkstra et al., 2004; Bonten et al., 2008a). Although such
mechanistic models are very promising, the use of empirical
models can be favoured in certain studies by the computational
advantages, limited data availability and, in some cases, by a lack
of process understanding.

Most of the publications on transfer functions are limited to
specific metals, for example Boekhold ez al. (1993) for cadmium
(Cd) and Vulkan et al. (2000) for copper (Cu), and/or soil
properties, for example Tipping et al. (2003) for organic soils.
Experimental and methodological approaches in these studies
differ widely in terms of:

1 extraction of soil solution; methods include dilute salt
extractions (Sauvé et al., 1997a,b, 1998a) and in situ
solution sampling (rhizon samplers used by Tipping
et al., 2003);

2 extraction of metals in the solid phase, with methods rang-
ing from pseudo-total content determination using aqua
regia (Vulkan et al., 2000) or nitric acid digestion (Sauvé
et al., 1997a,b, 1998b) to reactive content determination
using 0.43 M HNOs (Tipping et al., 2003);

3 the use of sorption (e.g. Elzinga et al., 1999) versus
desorption data (Sauvé eral., 1997a,b, 1998b; Tipping
et al., 2003);

4 the soil and soil solution properties accounted for, which
range from pH only (Sauvé et al., 2000) to a combination of
pH, SOM, clay, (hydr)oxides and dissolved organic carbon
(DOC) (Janssen et al., 1997);

5 the defined variable of the model, which varies from
solution concentration (Sauvé et al., 1997a,b, 1998a) or
solid phase concentration (Elzinga et al., 1999) to sorption
constants such as Ky (Tipping et al., 2003) and K¢ (Tye
et al., 2004); and

6 transfer functions for total solution concentrations (e.g.
Janssen et al., 1997) compared with FMI activities in
solution (Sauvé ef al. 1997a,b, 1998a).

The above methodological and conceptual differences restrict
the general applicability of empirical transfer functions. While
the derivation of case-specific partitioning equations, as is the case
at present, is possible, uncertainty about their wider applicability
limits their potential for use in the assessment of soil metal
contamination. There would be clear advantages in developing
a single, generic, transfer function for each metal, which would
cover a large range of soils and experimental conditions. The
aim of this paper is, therefore, to develop and test such transfer
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functions for solid-solution partitioning. We first provide an
overview of the various different approaches used in published
studies to derive transfer functions, including the different
mathematical formulations, extraction protocols and explanatory
variables. Following this, three published datasets encompassing
a range of soil types and metal extraction protocols are used
to derive single transfer functions for Cd, Cu, nickel (Ni), lead
(Pb) and zinc (Zn). Three different regression equations are used
to derive transfer functions. The ability of these equations to
predict solid and solution phase metals is tested against several
independent datasets.

Review of relevant methodology
Mathematical formulation and optimization techniques

Several different forms of empirical models for metal partitioning
are described in the literature as the basis of transfer functions.
The most basic model describes metal partitioning with a constant
distribution coefficient according to:

K, =Q/C, )

where K, = distribution constant (litre kg~'), O = metal concen-
tration in the solid phase (molkg™') and C = metal concentration
in the solution phase (mollitre™!). The K, values can vary over
several orders of magnitude for a given metal as a function of soil
properties (Allison & Allison, 2005). Therefore several authors
have related K, to soil and soil solution properties (X;) according
to:

log Ka =0+ »_ a; log(X:). )

Because pH is already log-transformed its value is used as
such in Equation (2) and the following equations. Soil properties
included range from pH and SOM (Gerritse & van Driel, 1984) to
a combination of clay content, cation exchange capacity, organic
carbon content, dithionite-extractable iron (Fe) and aluminium
(Al), and oxalate-extractable manganese (Mn) contents (Anderson
& Christensen, 1988; Janssen et al., 1997).

Transfer functions can also account for non-linear sorption, by
using extended Freundlich-type equations. The basis for these
equations is the Freundlich-van Bemmelen equation (Sposito,
1989):

0=KsC" 3

where the exponent n describes the variation in bonding strength
with metal loading. As with the linear relations, Freundlich
equations can be determined as a function of specific soil
properties such as pH (Boekhold ez al., 1993), pH and SOM
(Sauvé eral., 1997a,b, 1998a, 2000), or a larger set of soil
properties such as pH, SOM, clay content, Fe and Al oxide
contents and DOC (Elzinga et al., 1999; Romkens et al., 2004).
Various optimization techniques are used to obtain the coefficients
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for the explanatory variables. The most common approach is
to optimize either the concentration in solution (referred to as
C-Q relation, Equation (4)) or the concentration in the solid phase
(Q-C relation, Equation (5)) while using the concentration in the
other phase and soil properties as explanatory variables:

log C = g + oy log(Q) + Y _ e log(Xy), )

log @ = Bo + i 1og(C) + Y _ B log(Xy). (5)

Although Equations (4) and (5) are mathematically equivalent,
least squares optimization does not give the same results in each
case, because regression coefficients for a C—Q type relation
minimize errors in C, whereas the coefficients in a Q—C relation
minimize the error in the estimate of Q. Often it is not explicitly
reported which variable (C or Q) was used for optimization, which
results in errors when using a Q—C relation to calculate solution
concentrations from Q or vice versa. Examples of Q—C relations
are the transfer functions used by Elzinga et al. (1999) for Cd, Zn
and Cu. Tye et al. (2003) have derived C—Q relations for FMI
activities of Cd and Zn; Sauvé et al. (1997a,b, 2000) have derived
C - Q relations for both total dissolved metal and FMI activities
of Cu, Pb and Cd.

An alternative to the optimization of solid or solution con-
centrations is the optimization of the Freundlich constants K s
and n:

logKy=yo+ Y vilogX;) =logQ —nlogC.  (6)

Whereas C—Q, Q—C and K, relations can be derived by simple
linear regression of the log transformed values, K ; relations also
require the power term 7 to be optimized. So far K r relations have
only been derived by Romkens et al. (2004) and Tye et al. (2004).
Romkens et al. (2004) optimized n and simultaneously regressed
K s against soil properties while minimizing the error in Ky
whereas Tye et al. (2004) minimized the error in C. Sometimes it
has been suggested that K y optimized relations have been derived,
when actually C—Q or Q—C relations were fitted (Elzinga et al.,
1999). A novel approach is to derive the coefficients by means
of total least squares regression (TLS). Whereas in ordinary
regression techniques the independent variable is assumed to be
error-free, the TLS technique takes observational errors in both
dependent and independent variables into account (Van Huffel
& Lemmerling, 2002). In the present study we derive transfer
functions using C—-Q, Ky and TLS relations and compare the
resulting functions.

Choice of experimental conditions and extractions

Several studies have shown hysteresis between sorption and
desorption isotherms for metals (Selim & Amacher, 2001 for Cu;
Carrilo Gonzalez et al., 2005 for Zn). Hysteresis in batch studies
may result from kinetic retention behaviour (Comans, 1987)
and/or irreversible sorption. Several studies show an increase

© 2009 The Authors

in the magnitude of sorption/desorption hysteresis with longer
sorption periods, also referred to as ageing (Buekers et al., 2007).
Because the transfer functions to be derived are primarily aimed
at the prediction of solution concentrations from solid phase
concentrations, we have decided to use only data from unspiked
soils.

Various analytical procedures are used for the extraction of
metals from soils. These include pseudo-total extractions (aqua
regia, nitric acid digestion), as well as many single extraction
methods to extract ‘available’ metals in soils. Only some of
the metal in the solid phase is available for interaction with
the soil solution at short time-scales through fast processes such
as sorption/desorption and (surface) precipitation reactions. This
we tentatively refer to as the reactive fraction. The other ‘inert’
component is not readily available because it is occluded in the
matrix of soil constituents such as (hydr)oxides, clay minerals and
SOM, either because of its geogenic origin or through processes
such as ageing. The inert metals are assumed to be released from
the soil matrix only by very slow processes such as weathering.
For transfer functions we are interested in the (pseudo) equilibrium
between the solid and solution phases, which is established
within short times of days at the longest. Therefore, only the
reactive metal pool is considered here. The use of isotopically-
exchangeable metals as a measure of chemically reactive metals
(Comans, 1987; Smolders et al., 1999) is probably the most
suitable technique to determine the reactive pool. However, at
present it is not widely available for routine analysis and not
available for all metals because of the lack of a suitable isotope
(Young et al., 2000). Single extractions with EDTA or dilute
acid extractions (0.43 m HNO3) are likely to provide the most
easily used measures of reactive metal concentrations. Extraction
with 0.43 M HNO;3 has been used by several authors (Gooddy
et al., 1995; Temminghoff et al., 1997; Cances et al., 2003). Good
agreement between metal extractions with EDTA and with 0.43 m
HNO3 has been shown by Tipping et al. (2003) for organic soils
(>10% SOM), and by Groenenberg et al. (2003) and De Vries
et al. (2005) for a large range of forest and agricultural soils. With
the metal extraction with 0.43 M HNO3 as input, Dijkstra et al.
(2004) obtained good geochemical modelling predictions of soil
solution concentrations (for Cd, Cu, Pb, Zn and Ni) from batch
experiments ranging in pH from 2 to 12 using their multisurface
model. In our study we therefore use the results of extractions
with 0.43 m HNO3 to quantify the reactive metal concentration in
soils.

A range of methods is also used for estimating the dissolved
metal concentrations in the soil solution. Concentrations of DOC
and metals may vary significantly amongst the different methods
used (Fest et al., 2008). In this study we make use of data for
(1) soil solutions obtained by dilute salt extracts with electrolyte
concentrations in the range from 0.002 to 0.01 m, which is realistic
for field conditions between field capacity and wilting point (Bolt
& Bruggenwert, 1976), and (ii) solutions obtained from soils at
field capacity by centrifuging or sampling with Rhizons (small-
scale tension lysimeters).
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Choice of explanatory variables

Experimental sorption and desorption studies have revealed the
importance of soil properties such as pH, SOM, clay, DOC, Fe/Al
(hydr)oxides and ionic strength for the retention of metals in soils
(McBride, 1994; Selim & Amacher, 2001). For metals such as Cd
and Zn, pH appears to be the most important explanatory variable
(e.g. Anderson & Christensen, 1988; Ma & Lindsay, 1993; Salam
& Helmke, 1998; Sauvé er al., 2000). Organic matter appears
to be the most dominant metal-sorbing constituent in soils for
Cd (Gerritse & van Driel, 1984; Hooda & Alloway, 1998) and
Cu (Temminghoff ef al., 1997). Recently the dominant role of
organic matter in the binding of copper was confirmed by Strawn
& Baker (2008) using X-ray absorption near-edge, and extended
X-ray absorption fine-structure, spectroscopy studies. The results
of mechanistic multisurface models (Weng et al., 2001a; Cances
et al., 2003; Dijkstra et al., 2004; Bonten et al., 2008a) also show
that organic matter is the most important metal sorbent in soils.
Furthermore, ionic strength has been shown to influence metal
partitioning (e.g. Shuman, 1986; Naidu et al., 1994) because of
competition with other cations and complexation with anions (for
example Cl17) and effects on DOM concentration (Romkens &
Dolfing, 1998).

The aim of our present study was to derive transfer functions
that can be applied easily in large-scale studies. The choice of
explanatory variables was therefore restricted to those that are
most important and easily accessible from soil maps and soil-
monitoring studies. Hence we selected pH and SOM content as
the prime variables. However, we also evaluated the effect on the
model performance of adding the additional variables of clay and
Al and Fe-(hydr)oxide contents.

Materials and methods used for the derivation
of transfer functions

Soils and sampling

Three published soil datasets were used to derive new transfer
functions, here named NL1, NL2 and UK. NLI1 is a dataset
for soils from the Netherlands described in detail in De Groot
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et al. (1998) and Romkens et al. (2004). Briefly, it contains 49
topsoil samples (0—20 cm) of various soil types and degrees of
metal contamination, from clean soils to heavily contaminated
soils. NL2 (Romkens et al., 2004) contains 69 soil samples from
all diagnostic horizons down to 120 cm (between two and six
horizons depending on soil type) from soil profiles at 11 locations
in the Netherlands. Metal contents range from background levels
to moderately increased levels from diffuse sources. Both datasets
include sandy soils, clay soils, peat soils and a loess soil. The UK
dataset (Tipping et al., 2003) contains samples of surface soils
(0—5 cm) collected from upland moorland sites in the UK with
large organic matter contents (>10%). Soil properties and metal
contents of the three datasets are summarized in Table 1.

Soil solution extraction and chemical analyses

For datasets NL1 and UK, soil solution was extracted from field-
moist soils. Soil solution from NL1 was obtained from 2 kg of
soil, which was moistened with a 2 mm Ca(NO3); solution up to
a pF-value of 2. The moistened samples were stored for 3 weeks
at 5°C (Houba & Novozamsky, 1998). Thereafter, pore-water was
obtained by centrifugation at 6000 g at 5°C. After centrifugation,
the pore-water was filtered through a 0.45 pm membrane filter
and the pH measured. The pore-water was divided between two
polyethylene bottles, one used for determination of anions and
DOC and the other acidified with concentrated nitric acid to pH
2 for metal analysis. For the UK samples, blocks of field moist
soils were brought to field capacity by adding high purity water
and stored at 4°C to equilibrate for a week. Thereafter they were
left for 2 days at room temperature, after which the pore-water
was extracted overnight with diagonally inserted rhizon samplers.

Dried soil samples from both Dutch sets (NL1 and NL2) were
equilibrated with solutions of 0.002 and 0.01 m CaCl, or 0.002 M
Ca(NO3),. The extraction conditions are summarized in Table 2.
In addition to their natural pH, samples from set NL2 were also
extracted at two amended pH levels, approximately 0.5—-1 and
1.5-2 pH units more acidic than the initial soil pH, by adding
nitric acid at the same ionic strength as the background electrolyte
in the soil-solution mixture. The soil-solution ratio was kept

Table 1 Range of solid phase characteristics for the three sets of soil samples used to derive the transfer functions (total metal contents extracted with

aqua regia)
OM Clay Fe-ox Al-ox pH Cd Cu Ni Pb Zn

Dataset

(number) ! % / mmol kg~ / mgkg™!

NL1 (n = 49) Minimum 2.0 0.8 6.6 6.6 3.7 0.03 0.6 0.5 5.0 5.9
Median 49 4.5 44 24 5.6 0.48 16.7 12.7 38.0 110
Maximum 133 27.0 155 58 7.3 21.2 326 64.5 1473 7563

NL2 (n = 69) Minimum 0.5 1.0 11.4 1.3 4.1 0.01 0.1 0.4 1.0 2.8
Median 2.9 7.0 39 38 5.0 0.37 10.9 13.7 22.0 46
Maximum 36 42 117 160 6.6 10.9 129 51.7 1663 3770

UK (n = 98) Minimum 9.0 - - 33 0.1 1.7 - 10.9 1.9
Median 40.1 - - 44 0.5 7.7 - 85.3 20.6
Maximum 97.8 - - 8.3 44.9 144.0 - 9660 2460
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Table 2 Summary of weak salt extractions used in the datasets to assess soil solution concentrations

Extraction solution Soil : solution ratio Dataset Number of extractions Analysis of metals Analysis of anions
0.002 m CaCl, 1:2 NL1 49 ICP-AES FIA

0.01 m CaCl, 1:4 NL1, NL2 118 ICP-MS -

0.002 m Ca(NO3), 1:2 NLI1, NL2 187 ICP-AES -

0.002 M Ca(NO3), + nitric acid 1:2 NL2 276 (two pH values) ICP-AES -

0.002 m Ca(NO3), 1:2 DMT NL1 23 ICP-MS -

Table 3 Datasets for deriving transfer functions: summary of methods for extracting and characterizing the soil solid phase and for analysing the soil

solution

Soil solid phase

UK

NL1

NL2

Soil organic matter
Total metal

Reactive metal

Clay content
Fe and Al oxides

Soil solution
pH

DOC

Trace metals and major cations®

LOI (loss on ignition)

Nitric acid and perchloric acid
digestion

0.43 m HNO3 (1 g: 10 ml);

0.1 m Na;EDTA (1 g: 10 ml)

Combination glass-calomel
electrode

Dohrmann DC-190 TOC
analyser

Filtered (0.2 wm) and acidified:
ICP-MS

LOI
aqua regia

0.43 m HNO3, 0.05 M Na,EDTA

Sedimentation (pipette method)
Oxalate extraction

Combination glass-calomel
electrode

Dohrmann DC-190 TOC
analyser

Filtered (0.45 um) and acidified:
Cd, Ni, Pb GF-AAS; Cu, Zn
Flame-AAS; Major cations

LOI
aqua regia

0.43 m HNO3, 0.05 m Na,EDTA

Sedimentation (pipette method)
Oxalate extraction

Combination glass-calomel
electrode
Shimadzu TOC analyser

Filtered (0.45 wm) and acidified:
ICP-AES/ICP-MS (including
P and S)

Anions

ICP-AES
Cl, NO3, SO4Z 1C
PO4: FIA -

*Al, Fe, Ca, Mg, K, Na.

constant by reducing the volume of salt solution by the equivalent
amount of acid added. The samples were shaken continuously in
an end-over-end shaker to ensure complete contact between soil
and solution for 48 hours. Thereafter, the solutions were allowed
to settle in the centrifuge tubes and after 1 hour, the pH was
measured in the tube directly before filtration. The supernatant-soil
mixture was centrifuged at 2500 g followed by filtration through a
0.45 pm filter using syringes and screw filters. The extracts were
stored at 4°C until further analysis.

Table 3 summarizes the analytical methods used for the
analyses of the soils, soil solutions and salt extracts. Samples
from NL1 were also used by Weng er al. (2001b) to determine
the FMI activities in a 0.002 m CaCl, solution percolating
through a column using the Donnan Membrane Technique (DMT)
(Temminghoff et al., 2000).

From the NL2 set, three soil profiles (a sandy, peat and clay soil)
were selected in which measurements were made of fulvic (FA),
humic (HA) and hydrophilic acids in a 0.002 m CaCl, extract (1:2
soil to solution ratio) for all the horizons using a batch procedure
developed by van Zomeren & Comans (2007).

© 2009 The Authors

Speciation modelling

Speciation modelling was used to estimate FMI activity for
both the derivation of the transfer functions and testing against
independent samples, for those datasets where only total dissolved
concentrations were measured. We calculated chemical speciation
using WHAM/Model VI, which is parameterized for fulvic and
humic acids from an extensive set of experimental data (Tipping,
2002). For Al and Fe(Ill) we used the revised parameter values
from Tipping et al. (2002). Measured pH and concentrations of
the trace metals (Cd, Cu, Ni, Zn and Pb) and major cations
(calcium, magnesium, sodium, potassium, Al and Fe) in solution
were used as inputs to the model. Using the average FA and
HA fractions of DOM measured in 0.002 m CaCl, extracts from
three soil profiles of NL1, we modelled dissolved organic matter
(DOM) as 40% FA and 10% HA. DOM was calculated from
DOC by assuming it to be 50% C by weight. Concentrations
of NO; and CI™ were made equal to the concentration of
the background electrolyte or calculated from the anion deficit.
Concentrations of PO?{ and SO?[ were set equal to total P and S
as measured with ICP-AES. Major cations (especially Al and Fe)
can compete significantly with trace metals for binding with humic
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substances (Tipping et al., 2002): therefore the measured Al and
Fe concentrations were used for samples that were under-saturated
with respect to AI(OH)3 (pK, ,5 = 8.5) and Fe(OH)3 (pK, 55 =
2.5), otherwise FMI activities corresponding to the assumed
maximum solubility were used for speciation calculations.

Derivation of transfer functions

We used multiple linear regression analysis to derive the
regression coefficients for the C— Q relations (Equation (4)), as is
done in most other studies. New approaches were used to derive
K y-relations (Equation (6)) either by optimization with TLS or by
the simultaneous optimization of K ; and the Freundlich exponent
n. The latter was done by an iterative procedure in which Ky
was regressed against soil properties while optimizing n with
the Solver routine in Microsoft Excel to maximize the variance
explained (R?).

Validation of transfer functions on independent data

To test the validity and applicability of the derived transfer func-
tions, the models were applied to published and as-yet unpub-
lished independent solid-solution partitioning data, summarized
in Table 4. In common with the derivation of the transfer func-
tions, only data from desorption studies were used. For all metals,
measured free ion activities were available, although methods
of detection varied among metals. Methods to determine FMI
activities included DMT (Temminghoff ez al., 2000), ion- selec-
tive electrodes (Vulkan et al., 2000) and differential pulse anodic
stripping voltammetry (Sauvé et al., 1997a). Different methods to
obtain the soil solution were also used among the studies (see
Table 4). If available, the reactive metal content was used in the
calculation but datasets with only measurements of the total metal
content (measured with strong acid extractions) were also used.
Although relationships between reactive and total metal concen-
trations have been derived (De Vries et al., 2005), we decided
to use the original data without correction because firstly those
relationships were derived from data from clean and diffusely-
polluted soils only, and secondly relationships were not available
for all the different extracts used in the partitioning studies.

To quantify the fit of the transfer functions to independent
data we used statistical measures. The mean error (ME) indicates
whether on average the model gives an under-prediction (negative
value) or over-prediction (positive value). The mean absolute error
(MAE) and the root mean square error (RMSE) give the average
deviation of the model results, the latter giving a greater weight
to data points with a large deviation.

Results and discussion
Speciation calculations

The transfer functions derived below were based on FMI activities
calculated with WHAM/Model VI from datasets NL1, NL2 and
UK. Calculated FMI activities ranged from approximately 2
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to 80% of total dissolved concentrations for Cd, Ni and Zn,
from as little as 0.00003 to 80% for Cu and from 0.001 to
80% for Pb. Metal binding to DOC was crucial for solution
speciation whereas binding to inorganic anions proved to be
unimportant except for Cd and Pb in 0.01 m CaCl, solutions.
Speciation calculations for the 0.01 m CaCl, extractions show
strong complexation of Cd with Cl, with chloride complexes
contributing 40—49% to the total concentration. Complexation of
Pb with CI varied strongly from 0.2 to 26% (average 12.6%)
of the total dissolved Pb concentration depending on pH, with
almost no chloride complexation at alkaline pH because of strong
complexation with humic substances. For the other elements,
chloride complexes contributed only approximately 2.5% (with
little variation) to the total solution concentration.

Validation of calculated free metal activities (FMI)

Because the derivation of transfer functions relies heavily on
the speciation model used, we also tested the goodness of fit
of WHAM/Model VI for datasets with FMI activities measured
with DMT (Temminghoff et al., 2000) and with sufficient data
to perform the speciation calculations. We used data from
Weng et al. (2001b) for 32 of the 49 samples of dataset NLI,
Pampura ef al. (2006, 2007), including O and B horizons of
forest soils, Koopmans ef al. (2008) and unpublished results of
J. E. Groenenberg. FMI activities were calculated as described
above. Figure 1 gives a comparison between FMI activities
calculated with WHAM and the measured FMI activities. Table 5
gives an overview of the performance measures for the different
metals. Note that the measurements refer to log activities. On
average, WHAM gave a reasonably good prediction of the FMI
activity with an MAE from 0.2 to approximately 0.6 on a
logarithmic scale. The largest deviations were found for Cu and
Pb, which have the greatest affinity for binding to DOM. However,
the DMT measurement is not itself error- free. Comparison
between DMT measured and calculated FMI activities in the
well-defined systems of Cd with Cl and Cu with EDTA showed
differences ranging from negligible values up to 0.3 on a log scale
(Temminghoff et al., 2000). Because the ME was close to zero,
there was no bias in the FMI activity predictions for Cd, Pb and
Zn, whereas WHAM over-estimated FMI activities for Cu and
Ni (0.14-0.23 on a logarithmic scale). Errors in the predictions
with WHAM will have contributed to error in the derived transfer
functions. Because of the small or negligible bias, the error will
only have contributed to the unexplained variance of the derived
transfer functions.

Transfer functions

Transfer functions for the combined datasets NL1, NL2 and UK
were derived with different regression models using measured (if
available) or modelled FMI activities, pH in the soil solution,
reactive metal contents (extracted with 0.43 M HNOs3), and organic
matter content. Optimized regression coefficients are summarized
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Table 4 Overview of data used for validation of transfer functions and numbers of samples within the datasets (n)

Solid phase

Solution phase

FMI activity

Metal(s) extraction extraction determination n Description Reference
Cd, Cu, Ni, Pb, Zn 0.43 m HNO;3 Centrifugation WHAM 20 Two profiles, forest Gooddy et al. (1995)
soils
Cu aqua regia Rhizon samplers Cu-ISE 22 Cu contaminated Vulkan et al. (2000)
soils: UK, Chile
and China
Cd, Cu, Pb and Zn aqua regia Centrifugation DMT 27 Agricultural soils Nolan et al. (2003)
rewetted soils Australia and
contaminated soils
Australia and US
Cd HNO; digestion 0.01 m KNO; extract DPASV 61 Contaminated Sauvé et al. (2000)
agricultural and
urban soils: US
and Canada
Pb HNO; digestion 0.01 m KNO; extract DPASV 84 Contaminated Sauvé er al. (1997a)
agricultural and
urban soils: US
and Canada
Zn HNO; digestion 0.01 m KNOj extract DPASV 66 Contaminated soils: Stephan et al. (2008)
North America and
Europe
Cu HNO; digestion 0.01 M CaCl, extract Cu-ISE 68 Contaminated soils: Sauvé et al., (1997b)
US, Canada and
Denmark
Cd, Cu, Ni, Pb, Zn 2 M HNO3 Percolation 0.002 M SC-DMT 26 Sandy, agricultural Weng et al. (2001a)
Ca(NO3), soil: Netherlands
Cu 0.002, 0.01 and Cu-ISE 126 Agricultural soils at Muranyi et al. (2003)
0.05 m Ca(NO3)» different pH values
extractions at three by addition of
amended pH values HNO3: Hungary
Cd, Cu, Ni, Pb 0.43 m HNO;3 Percolation 0.002 M DMT (Cu-ISE) 19 Contaminated forest Pampura et al. (2006,
Ca(NO3), soils (smelter) 2007)
including organic
horizon: Russia
Cd, Pb 0.43 m HNO;3 Water WHAM 33 Forest soils: Ger- Pampura et al. (2007)
extract/lysimeter many/contaminated
forest soils: Russia
Cd, Cu, Pb, Zn 0.43 m HNO;3 Percolation 0.002 m DMT 27 Contaminated soil Cances et al. (2003)
Ca(NO3), (smelter): France
Cd, Pb, Zn 0.43 m HNO;3 0.002, 0.01 and WHAM 126 Agricultural soils, Murényi et al. (2003)
0.05 m Ca(NO3), different pH levels
extractions at three by addition of
different Ph HNO3: Hungary,
Cd,Cu, Ni,Pb, Zn 0.05 m EDTA Rhizon samplers WHAM 56 Soils from different Shotbolt & Ashmore
land uses: UK (2004)
Cd, Cu, Pb, Zn 0.02 m EDTA/NH4Ac Water extracts (1:10) WHAM 225 Forest soils: J. Luster, unpublished
Switzerland data
Cd, Cu, Ni, Zn 0.43 m HNO3 0.002 M CaCl, DMT 6 Contaminated soils: Koopmans et al.
extract (1:10) Netherlands, (2008)
Denmark and
China
Cd, Cu, Ni, Pb, Zn 0.43 m HNO;3 0.002 M CaCl, DMT 4 Contaminated soils J.E. Groenenberg,

extract (1:10)

unpublished data
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Table 7 Regression coefficients, Freundlich coefficients, variance
accounted for, standard error of the regression and mean absolute errors
for the prediction of C for the K relations (Equation (6))

% y1 (SOM)  y, (pH) n R? sey, MAEC
Ccd  —2.04 0.84 0.41 078 082 036 0.34
Cu —2.26 0.90 0.89 0.85 087 058 0.51
Ni —1.81 0.82 0.43 0.81 086 033 0.32
Pb  —3.06 1.17 121 1.0 088 0.78 0.60
Zn —1.44 0.72 0.46 0.86 081 041 0.35

Table 8 Regression coefficients and mean absolute errors for the predic-
tion of C for the total least square optimization reported according to
Equation (6)

DMT measurements. Y0 y1 (SOM) y2 (pH) n MAE C
Cd —2.71 091 0.41 0.70 0.38
Table 5 Summary of parameters for the performance of WHAM specia- Cu —3.37 0.87 0.64 0.57 0.61
tion calculations, as compared with DMT measurements (49 samples) Ni —1.76 0.91 0.45 0.84 0.30
Pb —3.46 1.35 0.96 0.84 0.70
Ni Cu Zn Cd Pb Zn —1.67 0.84 0.46 0.84 0.39
RMSE 0.40 0.54 0.27 0.32 0.72
MAE 0.29 0.45 0.21 0.25 0.56 magnitude for Cd to nine orders of magnitude for Cu and Pb
ME 0.14 0.23 —0.02 0.02 0.08

Table 6 Regression coefficients, variance accounted for, standard error of
the regression and mean absolute errors for the prediction of C for the
C-Q relations (Equation (4))

@ @ Q o (SOM) o3 (pH) R?> se, MAEC
Cd 134 1.1 —-1.0 —049 078 044 0.32
Cu 0.48  0.81 —0.89 —1.00 0.83 0.65 0.47
Ni  —0.98 0.74 —0.51 —0.42  0.68 033 0.25
Pb 224 081 —1.07 —121 087 0.78 0.58
Zn 0.81  0.99 —0.75 —0.50  0.80 046 0.34

in Tables 6—8 for the C—Q relationships (Equation (4)), Kp-
relationships (Equation (6)) and TLS relationships, respectively.
Coefficients for TLS relations are presented, such that these can
be used in Equation (6) (K relation). In general the regression
results indicate that the limited number of properties included
(organic matter and pH) were able to explain a considerable part
of the variation in the FMI activities. The variance explained (R?)
was always 80% or larger, except for Ni, for which the fit of the
C-Q relation was relatively poor with R?> = 68%. This difference
might be because of the relatively small range in Ni concentrations
in the data used to derive the transfer functions.

In Figure 2, FMI activities predicted with the K ;-based transfer
function are compared with measured activities and FMI activities
calculated from total solution concentrations. Broken lines indicate
a one-order of magnitude deviation. The relationship gave good
fits over large ranges of FMI activities, from four orders of

(i.e. the metals with the strongest affinity to DOM). Logarithmic
mean absolute errors were less than 0.6 for the K, relations,
which is good, especially when the simplicity of the model,
which does not account for electrostatic effects and competition
of other cations such as Ca, Al and Fe, is considered. To some
extent this is accounted for by correlation of these effects with
pH, which is included in the equations. However, the review
of published data by Tipping (2005) showed that although Al
activity strongly follows pH, there is considerable scatter, and
the same effect will probably apply to Ca and Fe. This will
produce differences between soils and will show itself in the
transfer functions as scatter. Large deviations (>> 1 order of
magnitude) for Cd and Pb occurred mainly in soils with small
(<2%) SOM contents when other metal-binding soil constituents
become more important. Figure 2 shows that the K relations
were able to predict FMI activities for the different methods of
solution extraction with rhizons and centrifugation, and with dilute
salt solutions (0.002 m Ca(NOj3), and 0.01 m CaCl,). Differences
resulting from different concentrations of complexing anions (Cl ™)
and organic ligands (DOC), which vary substantially between
the different extraction methods because of drying (Amery et al.,
2007) and the use of different soil solution ratios (Fest ef al.,
2008), were largely accounted for by using FMI activities instead
of total solution concentrations. DMT-measured data, however,
seemed to be under-estimated by the transfer functions for Cd
and Cu.

Comparison of mathematical models

We evaluated the three mathematical models (C—-Q, Ky and TLS)
by comparing their ability to fit (i) the measured solution activities
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Figure 2 FMI activities predicted with K, transfer functions compared with FMI activities calculated with WHAM or measured with DMT for Cd (a),
Cu (b), Ni (c), Pb (d) and Zn (e) . The solid line indicates a 1:1 fit; dotted lines give one order of magnitude deviation.

using solid phase concentrations as input and (ii) solid phase
concentrations using solution activities as input. Table 9 gives
the RMSE of the predicted versus measured solution activities
(C) and solid phase concentrations (Q) for the different transfer
functions. Mean errors were close to zero for all mathematical
models. The C—Q and Ky relations produced similar fits for the
solution activities with a slightly better fit for the C-Q relations.
C—-Q and Ky produced better predictions than the TLS-relations,
especially for Cu and Pb, for which the TLS relation produced

© 2009 The Authors

large deviations of predicted solution activities. On the other
hand, solid phase concentrations were best predicted by TLS
relationships, followed by those for Ky. C—Q relationships had
large errors in predicted solid phase concentrations, again with the
largest deviations for Cu and Pb. This is illustrated in Figure 3
with the fit for Q using the C—Q relation (A) and the K relation
(B) of copper. Although using TLS, with neither C nor Q being
optimized, results showed a bias for the optimization of solid
phase concentrations. We think that this can be explained by
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Table 9 Root mean squared errors (RMSE) for the prediction of C and
Q for the different optimizations

Ky c-Q TLS
c Q c Q c Q
cd 0.46 036 0.4 0.40 0.50 035
Cu 0.63 0.59 0.61 0.80 0.79 0.46
Ni 0.41 033 033 0.4 0.40 034
Pb 0.75 0.75 0.74 091 0.87 0.73
Zn 0.48 0.41 0.46 0.46 052 0.43

the strong correlation between solid phase concentrations and
the organic matter content. By optimizing K this correlation
is successfully suppressed. Ky relations provided the best fits
when both solution activities and solid phase concentrations were
considered, and are therefore particularly suitable for predictive
calculations, for example in the dynamic modelling of soils
subjected to varying inputs of metals, and for the calculation of
metal leaching from soils.

Evaluation of addition of other explanatory variables

To improve the fit of the regression equations, additional
explanatory variables could be used. The best candidates are
the concentrations of other metal-binding soil constituents such
as clay minerals and Al and Fe (hydr)oxides. We evaluated
the improvement of the fit by adding the clay content and
oxalate-extractable Al and Fe to the variables for the NL1 and
NL2 sets that include these data. The effect of the inclusion
of these additional variables was minimal, with an increase
of 1-3% of the explained variance and a decrease in the
standard error of the prediction (sey) of 0.02—0.05 units. These
results confirm the dominant effect of pH and SOM on the
partitioning of metals. However, it cannot be concluded that the
contribution of sorption on other constituents than SOM was
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negligible. Strong correlations between SOM and clay content
or oxalate-extractable Al and Fe might mask their contribution.
Nonetheless, the importance of SOM as the most important
sorbent for datasets NL1 and NL2 has been confirmed by Bonten
et al. (2008a) by calculations with their mechanistic multisurface
model.

PpH dependence of metal binding

As a result of analysing only desorption data for unspiked soils,
only a single observation of solid phase concentration per sample
was available. For most soil samples, desorption data were only
available at the native pH of the soil solution. Therefore, the
pH coefficient and the Freundlich exponent were optimized by
comparing different samples with different metal concentrations
and different pH, rather than by optimizing the change in solid
solution partitioning for a single soil over ranges of pH and metal
loadings, as can be obtained from sorption experiments. This
means that the pH coefficient in the transfer functions did not
necessarily reflect the change in partitioning for a particular soil
with changing pH. We evaluated the pH dependence of metal
binding per soil sample by using dataset NL2, for which we had
desorption data for each sample at three pH values; one data point
at the native pH of the solution and two data points for samples
acidified with HNO3 to between 0.5—1 and 1.5-2 pH units more
acidic than the native pH. We calculated the pH dependence as
the ratio of the change in log FMI with the change in pH. This
ratio equalled the negative value of the ratio of the pH coefficient
in the K relation (y2) and the Freundlich exponent (n):

Aloggame V2
% — @)

pH n
According to van Riemsdijk et al. (2006), the left-hand side of
Equation (7) equals the proton/metal exchange ratio in a binary
system, which changes with pH and metal loading. The calculated
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Figure 3 Solid phase concentrations predicted with the C-Q (a) and the K/ relation (b). The solid line indicates a 1:1 fit; dotted lines give one order of

magnitude deviation.
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pH dependence (data not shown) varied considerably among the
different samples. These results showed that the pH coefficient
of the K, relation reflects an average pH response rather than
the particular response of a specific sample at a certain pH. pH-
dependent leaching/desorption data such as those of Dijkstra et al.
(2004), obtained over a wider range of pH values, can give more
information on the pH response for individual soils.

Validation of transfer functions on independent data.

To test the validity of the derived transfer functions, we compared
predictions of dissolved FMI activities with observations for
a large set of independent samples. The observations were
based on WHAM calculations, using measured total dissolved
metal concentrations, and measurements of FMI activities. The
comparison is summarized with statistical measures in Table 10.
Figure 4 compares predictions with independent measurements. In
general, the transfer functions were able to predict FMI activities
for all metals within one order of magnitude (MAE < 1), which is
comparable with the precision of mechanistic models when used
with their default parameters. Errors in predicted FMI activities
using the transfer functions for the complete set of independent
data used here (RMSE ranging from 0.7 to 1.2) appear to be
larger than those calculated with a multi-surface model (Weng
et al., 2002a) for a small dataset with just one type of soil (RMSE
ranging from 0.3 to 0.9). Errors in predictions with WHAM/Model
VI for the whole UK dataset (Tipping et al., 2003) were within
one order of magnitude, comparable with the errors of the transfer
functions. Mean errors show that the transfer functions over-
estimated FMI activities for most metals of the independent data.
This is partly explained by the fact that the independent data were
generated using stronger metal extractants than the 0.43 M HNO3
that was used to obtain the data from which the transfer functions
were derived.

Comparison of predicted Cd free-ion activities with WHAM-
calculated (Figure 4a) and measured free-ion activities (Figure 4b)
shows that the transfer function was able to predict Cd for most
soils within one order of magnitude. Larger deviations were
observed for soils with pH >7. These observations include soils
with CaCOs3 from the unpublished results of J. Luster and soils
with pH >7 in the dataset of Sauvé er al. (2000). The over-
estimation of Cd>* activities in the data from Sauvé et al. may

result in part from the nitric acid digestion method that they used
to measure metal contents in the solid phase, which extracts more
Cd than 0.43 M HNO:3.

Predicted copper free-ion activities compared very well with
the independent data, both for the WHAM-predicted (Figure 4c)
and measured free-metal activities (Figure 4d). Apparently there
was no great effect on the quality of the prediction resulting from
the different methods applied, i.e. copper ion- selective electrodes
(Sauvé et al., 1997b; Vulkan et al., 2000; Murdnyi et al., 2003)
and DMT (Weng et al., 2001b; Pampura et al., 2006, 2007). Some
points (9 out of 302 of measured Cu FMI activity) showed a
larger deviation (3> 1). These are almost exclusively free Cu
activities measured with DMT by Nolan ez al. (2003) at pH 6
and greater. According to Nolan et al. (2003), predictions with
WHAM for alkaline soil solutions (7.5 < pH < 8.5) were one to
four orders smaller than that measured with DMT. This mismatch
between model calculations and measurements contradicts the
good agreement found by Vulkan er al. (2000) between WHAM
and ion- selective electrodes for alkaline solutions. At alkaline pH
the Cu concentration in the acceptor solution used in the DMT,
which is open to the air, may be much larger than the concentration
of the free Cu®* ion alone, because of complexing with HCO3.
We have estimated from speciation calculations, assuming a pCO;
in equilibrium with the air, that Cu concentrations in the acceptor
may be more than three orders of magnitude greater than the
FMI concentration, depending on pH. Therefore, we conclude that
the mismatch between DMT measurements and WHAM reported
by Nolan results from problems with the interpretation of the
measurements rather than an over-estimation of Cu complexation
by WHAM.

Mean average errors for Ni indicate that there was approxi-
mately half an order of magnitude deviation between the trans-
fer function predictions and the WHAM-predicted activities
(Figure 4e) and one order of magnitude between transfer func-
tion predictions and measured FMI activities (Figure 4f). For the
measured data this is mainly the result of the large over-prediction
of the data from Weng et al. (2002b), who used a stronger 2 M
HNOs; extraction. Differences between extractions were particu-
larly large for Ni: we found for datasets NL1 and NL2 that 0.43 m
HNOj; extracted only 20% of the amount extracted by aqua regia.

Free ion activities of Pb calculated with the transfer function
were within one order of magnitude for almost all data

Table 10 Summary of parameters for the performance of K transfer functions and the number of data points (1) used in the evaluation

Fit of transfer function based
on measured free ion activities

Fit of transfer function based
on modelled free ion activities

Metal MAE RMSE ME n MAE RMSE ME n

Cd 0.85 1.1 0.61 156 0.54 0.75 0.0 219
Cu 0.68 0.85 0.30 298 0.82 1.05 0.48 260
Ni 0.99 1.0 0.94 51 0.50 0.71 0.30 76
Pb 0.87 1.1 —0.68 151 0.61 0.98 —0.01 366
Zn 1.0 1.2 0.94 153 0.57 0.72 0.50 278
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Figure 4 FMI activities predicted with the K s transfer functions compared with WHAM predictions (left) or measurements (right) for Cd (a,b), Cu (c,d),

Ni (e,f), Pb (g,h) and Zn (i,)).
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Figure 4 Continued

(Figure 4g,h). Comparison with both calculated and measured Pb
activities showed good agreement for soils with pH <7. Within
the set of calculated activities, larger deviations than 1.0 were
found for some points from the dataset of J. Luster (Figure 4g), for
which the transfer function over-estimated the FMI activity. These
points are exclusively from samples with pH > 7 and containing
carbonate. For most soils containing solid calcium carbonate,
solution concentrations were below the detection limit of the ICP-
MS (<0.04 uglitre™"). For all cases with measurable solution
concentrations, deviations were larger than 1.5 log units. In the
set of measured FMI activities, however, the transfer function
gives a smaller estimate than measured for samples with alkaline
pH (see Figure 4g), which were mainly in the data from Sauvé
et al. (1997a). According to Ge et al. (2005), who have modelled
the solution speciation of the data from Sauvé er al. (1997a) and
calculated smaller FMI activities with WinHumic V than were
measured, this discrepancy may result from an over-estimation of
free metals by differential pulse anodic stripping voltammetry at
alkaline pH.

Comparison of predicted Zn FMI activities with WHAM-
calculated free ion data (Figure 4i) from soil solution measure-
ments shows good agreement, except for data in the lower range,
which are mostly samples with pH >7, for which the transfer func-
tions over-estimates FMI activities. The transfer function predicts
greater FMI activities than those measured for the datasets with
strong extractants to determine soil metal contents, for example
Stephan et al. (2008), who used a nitric acid digestion, Weng et al.
(2002a), who used 2 m HNO3, and Nolan et al. (2003), who used
aqua regia (Figure 4j). The over-estimation by the transfer func-
tions was greater for uncontaminated soils, where a larger part of
the total metal is not reactive, than for contaminated soils. For the
datasets in which 0.43 M HNO3 was used we did not observe this
over-prediction of FMI activities.

Conclusions

Free metal ion activities were predicted well by a single transfer
function for a variety of soil solution extracts, including solutions
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obtained by centrifugation of field-moist soils, in situ pore-
water samples from rhizon samplers, and dilute salt extracts of
dried soils. Differences in metal concentrations due to different
concentrations of complexing anions (Cl-) and organic ligands
(DOC) were largely accounted for by using FMI activities instead
of total solution concentrations

FMI activities for Cd, Cu, Pb, Ni and Zn can be predicted
within one order of magnitude from the 0.43 M HNO3 extractable
metal content using transfer functions that use only pH and SOM
as explanatory variables. This confirms the dominant role of
SOM and pH in the partitioning of metals in soils; additional
soil properties such as Al and Fe oxide contents only marginally
improved model performance.

Of the mathematical formulations tested, Ky relations provided
the best fits when predictions of both solution and solid phase
concentrations were considered. Ky functions are particularly
suitable for predictive calculations, for example in the dynamic
modelling of soils subjected to varying inputs of metals and for
the calculation of metal leaching from soils.

The pH coefficient in the transfer function represents an average
pH response for all soils rather than the pH dependence of metal
binding for individual soils. Adsorption at pH >7 tends to be
over-estimated by the transfer functions.

The transfer functions derived in this study also are applicable
to soils other than those for which they were derived. Comparison
of predicted FMI activities with independent data shows, on
average, some over-estimation, which is partly because of the use
of stronger extractants in the independent data than the 0.43 m
HNOj extraction used for the derivation of the transfer function.
This was particularly the case for Ni and Zn.

Acknowledgements

This work was funded by the Dutch Ministry of Agriculture,
the Dutch Ministry of Environment and by the Netherlands
Organisation for Scientific Research (NWO), together with
the Russian Foundation for Basic Research (RFBR) grant
047.014.002. The Swiss forest soil dataset was generated with the

Journal compilation © 2009 British Society of Soil Science, European Journal of Soil Science, 61, 58—73



help of numerous people at the Swiss Federal Research Institute
WSL (site selection and field sampling, Peter Liischer, Roger
Kochli and Marco Walser; laboratory work, Jacy Siow, Beat Peter,
Daniel Christen, Alois Ziircher, staff at the Central Analytical
Laboratory).

References

Allison, J.D. & Allison, T.L. 2005. Partition Coefficients for Metals in
Surface Water, Soil, and Waste. US-EPA document EPA/600/R-05/074.
US-EPA, Washington, DC.

Amery, F., Degryse, F., Degeling, W., Smolders, E. & Merckx, R. 2007.
The copper-mobilizing-potential of dissolved organic matter in soils
varies 10-fold depending on soil incubation and extraction procedures.
Environmental Science & Technology, 41, 2277-2281.

Anderson, P.R. & Christensen, T.H. 1988. Distribution coefficients of Cd,
Co, Ni and Zn in soils. Journal of Soil Science, 39, 15-22.

Boekhold, A.E., Temminghoff, E.J.M. & van der Zee, S.E.A.T.M. 1993.
Influence of electrolyte composition and pH on cadmium sorption by
an acid sandy soil. Journal of Soil Science, 44, 85-96.

Bolt, G.H. & Bruggenwert, M.G.M. 1976. Composition of the soil. In: Soil
Chemistry A. Basic Elements (eds G.H. Bolt & M.G.M. Bruggenwert),
pp. 1-12. Elsevier, Amsterdam.

Bonten, L.T.C., Groenenberg, J.E., Weng, L. & van Riemsdijk, W.H.
2008a. Use of speciation and complexation models to estimate heavy
metal sorption in soils. Geoderma, 146, 303-310.

Bonten, L.T.C., Romkens, P.F.A.M. & Brus, D.J. 2008b. Contribution of
heavy metal leaching from agricultural soils to surface water loads.
Environmental Forensics, 9, 252-257.

Buekers, J., van Laer, L., Amery, F., van Buggenhout, S., Maes, A. &
Smolders, E. 2007. Role of soil constituents in fixation of soluble Zn,
Cu, Ni and Cd added to soils. European Journal of Soil Science, 58,
1514-1524.

Cances, B., Ponthieu, M., Castrec-Rouelle, M., Aubry, E. & Benedetti,
M.F. 2003. Metal ions speciation in a soil and its solution: experimental
data and model results. Geoderma, 113, 341-355.

Carrilo Gonzalez, R.G., Rowell, D.L. & Alloway, B.J. 2005. Displace-
ment of Zn through acidic light-textured soils. Geoderma, 124,
335-348.

Comans, R.IN.J. 1987. Adsorption, desorption and isotopic exchange of
cadmium on illite: evidence for complete reversibility. Water Research,
21, 1573-1576.

De Groot, A.C., Peijnenburg, W.J.G.M., van den Hoop, M.A.G.T., Rit-
sema, R. & van Veen, R.P.M. 1998. Heavy Metals in Dutch Field Soils:
an Experimental and Theoretical Study on Equilibrium Partitioning.
RIVM report 607220001. Institute for Public Health and the Environ-
ment (RIVM), Bilthoven.

De Vries, W., Bakker, D.J., Groenenberg, J.E., Reinds, G.J., Bril, J. & van
Jaarsveld, J.A. 1998. Calculation and mapping of critical loads for heavy
metals and persistent organic pollutants for Dutch forest soils. Journal
of Hazardous Materials, 61, 99—106.

De Vries, W., éurh’k, J., Murényi, A., Alloway, B.J. & Groenenberg, B.J.
2005. Assessment of relationships between total and reactive concen-
trations of cadmium, copper, lead and zinc in Hungarian and Slovakian
soils. Ecologia Bratislava, 24, 152—169.

De Vries, W., Lofts, S., Tipping, E., Meili, M., Groenenberg, J.E. &
Schiitze, G. 2007. Impact of soil properties on critical concentrations
of cadmium, lead, copper, zinc and mercury in soil and soil

Transfer functions for metals in soils 71

solution in view of ecotoxicological effects. Reviews of Environmental
Contamination & Toxicology, 191, 47-89.

De Vries, W., Romkens, P.F.AM. & Bonten, L.T.C. 2008. Spatially
explicit integrated risk assessment of present soil concentrations of
cadmium, lead, copper and zinc in the Netherlands. Water, Air and
Soil Pollution, 191, 199-215.

Dijkstra, J.J., Meeussen, J.C.L. & Comans, R.N.J. 2004. Leaching of
heavy metals from contaminated soils: an experimental and modeling
study. Environmental Science & Technology, 38, 4390—4395.

Elzinga, E.J., van Grinsven, J.JM. & Swartjes, F.A. 1999. General
purpose Freundlich isotherms for cadmium, copper and zinc in soils.
European Journal of Soil Science, 50, 139—-149.

Fest, EP.M.J., Temminghoff, EJ.M., Comans, RN.J. & van Riems-
dijk, W.H. 2008. Partitioning of organic matter and heavy metals in
a sandy soil: effects of extracting solution, solid to liquid ratio and pH.
Geoderma, 146, 66—-74.

Ge, Y., MacDonald, D., Sauve, S. & Hendershot, W. 2005. Modeling of
Cd and Pb speciation in soil solutions by WinHumicV and NICA-
Donnan model. Environmental Modelling & Software, 20, 353-359.

Gerritse, R.G. & van Driel, W. 1984. Relationship between adsorption
of trace metals, organic matter, and pH in temperate soils. Journal of
Environmental Quality, 13, 197-204.

Gooddy, D.C., Shand, P., Kinniburgh, D.G. & van Riemsdijk, W.H. 1995.
Field-based partition coefficients for trace elements in soil solutions.
European Journal of Soil Science, 46, 265-285.

Groenenberg, J.E., Pampura, T.V., Wieggers, HJ.M. & Bril, J. 2003.
Copper sorption and speciation in acid sandy forest soils. In: Long-
term Risks of Inadequate Management Practices on the Sustainability of
Agricultural Soils (ed. W. De Vries, J.E. Groenenberg, A. Murény, J.
Curlik, P. Sefcik, P.F.A.M. Romkens et al.), pp. 89-99. Alterra Report
816, Alterra, Wageningen.

Groenenberg, J.E., Romkens, P.F.AM. & de Vries, W. 2006. Prediction
of the Long Term Accumulation and Leaching of Copper in Dutch
Agricultural Soils: a Risk Assessment Study. Alterra Report 1278.
Alterra, Wageningen.

Hooda, P.S. & Alloway, B.J. 1998. Cadmium and lead sorption behaviour
of selected English and Indian soils. Geoderma, 84, 121—134.

Houba, V.J.G. & Novozamsky, I. 1998. Influence of storage time and
temperature of air-dried soils on pH and extractable nutrients using
0.01 mol/LL CaCl,. Fresenius’ Journal of Analytical Chemistry, 360,
362-365.

Janssen, R.P.T., Peijnenburg, W.J.G.M., Posthuma, L. & van den Hoop,
M.A.G.T. 1997. Equilibrium partitioning of heavy metals in Dutch
field soils. I. Relationship between metal partition coefficients and soil
characteristics. Environmental Toxicology & Chemistry, 16, 2470-2478.

Koopmans, G.F., Schenkeveld, W.D.C., Song, J., Luo, Y., Japenga, J. &
Temminghoff, E.J.M. 2008. Influence of EDDS on metal speciation in
soil extracts: measurement and mechanistic multicomponent modeling.
Environmental Science & Technology, 42, 1123—1130.

Lofts, S., Spurgeon, D.J., Svendsen, C. & Tipping, E. 2004. Deriving soil
critical limits for Cu, Zn, Cd and Pb: a method based on free ion
concentrations. Environmental Science & Technology, 38, 3623-3631.

Ma, Q.Y. & Lindsay, W.L. 1993. Measurements of free Znt activity in
uncontaminated and contaminated soils using chelation. Soil Science
Society of America Journal, 57, 963-967.

McBride, M.B. 1994. Environmental Chemistry of Soils. Oxford Univer-
sity Press, New York.

© 2009 The Authors

Journal compilation © 2009 British Society of Soil Science, European Journal of Soil Science, 61, 58—73



72 J. E. Groenenberg et al.

Minnich, M.M., McBride, M.B. & Chaney, R.L. 1987. Copper activity in
soil solution: II. Relation to copper accumulation in young snapbeans.
Soil Science Society of America Journal, 51, 573-578.

Murdényi, A., Bril, J., Groenenberg, J.E. & de Vries, W. 2003. Assesment
of soil-solution transfer functions for cadmium and copper. In: Long
Term Risks of Inadequate Management Practices on the Sustainability
of Agricultural Soils (ed. W. De Vries, J.E. Groenenberg, A. Murdny,
J. Curlik, P. Sefcik, P.F.A.M. Romkens et al.), pp. 101-114. Alterra
Report 816, Alterra, Wageningen.

Naidu, R., Bolan, N.S., Kookana, R.S. & Tiller, K.G. 1994. Ionic strength
and pH effects on the sorption of cadmium and the surface charge of
soils. European Journal of Soil Science, 45, 419-429.

Nolan, A.L., McLaughlin, M.J. & Mason, S.D. 2003. Chemical speciation
of Zn, Cd, Cu and Pb in pore waters of agricultural and contaminated
soils using Donnan dialysis. Environmental Science & Technology, 37,
90-98.

Pampura, T., Groenenberg, J.E. & Rietra, R.P.J.J. 2006. Comparison of
methods for copper free ion activity determination in soil solutions
of contaminated and background soils. Forest Snow & Landscape
Research, 80, 305-322.

Pampura, T., Groenenberg, J.E., Lofts, S. & Priputina, I. 2007. Validation
of transfer functions predicting Cd and Pb free metal ion activity in soil
solution as a function of soil characteristics and reactive metal content.
Water, Air and Soil Pollution, 184, 217-234.

van Riemsdijk, W.H., Koopal, L.K., Kinniburgh, D.G., Benedetti, M.F. &
Weng, L. 2006. Modeling the interactions between humics, ions, and
mineral surfaces. Environmental Science & Technology, 40, 7473-7480.

Romkens, P.F.A.M. & Dolfing, J. 1998. Effect of Ca on the solubility
and molecular size distribution of DOC and Cu binding in soil solution
samples. Environmental Science and Technology, 32, 363-369.

Romkens, P.F.A.M., Groenenberg, J.E., Bonten, L.T.C., de Vries, W. &
Bril, J. 2004. Derivation of Partition Relationships to Calculate Cd,
Cu, Ni, Pb and Zn Solubility and Activity in Soil Solutions. Alterra,
Wageningen.

Salam, A.K. & Helmke, P.A. 1998. The pH dependence of free ionic
activities and total dissolved concentrations of copper and cadmium
in soil solution. Geoderma, 83, 281-291.

Sauvé, S., McBride, M.B. & Hendershot, W.H. 1997a. Speciation of lead
in contaminated soils. Environmental Pollution, 98, 149—155.

Sauvé, S., McBride, M.B., Norvell, W.A. & Hendershot, W.H. 1997b.
Copper solubility and speciation of in situ contaminated soils: effects of
copper level, pH and organic matter. Water, Air & Soil Pollution, 100,
133-149.

Sauvé, S., Dumestre, A., McBride, M. & Hendershot, W. 1998a. Deriva-
tion of soil quality criteria using predicted chemical speciation of Pb>*
and Cu®*. Environmental Toxicology and Chemistry, 17, 1481—-1489.

Sauvé, S., McBride, M. & Hendershot, W. 1998b. Soil solution speciation
of lead(Il): effects of organic matter and pH. Soil Science Society of
America Journal, 62, 618—621.

Sauvé, S., Norvell, W.A., McBride, M.B. & Hendershot, W.H. 2000.
Speciation and complexation of cadmium in extracted soil solutions.
Environmental Science & Technology, 34, 291-296.

Selim, H.M. & Amacher, M.C.A. 2001. Sorption and release of heavy
metals in soils: nonlinear kinetics. In: Heavy Metals Release in Soils
(eds H.M. Selim & D.L. Sparks), pp. 1-29. Lewis Publishers, Boca
Raton, FL.

Shotbolt, L. & Ashmore, M.R. 2004. Extension of Critical Loads Mapping
to Forests and Lowland Vegetation: Derivation of New Transfer

© 2009 The Authors

Functions. Annexes to the Final Report to Defra EPG 1/3/188,
pp. 137-163. Defra, London

Shuman, L.M. 1986. Effect of ionic strength and anions on zinc adsorption
by two soils. Soil Science Society of America Journal, 50, 1438—1442.

Smolders, E., Brans, K., Foldi, A. & Merkx, R. 1999. Cadmium fixation
in soils measured by isotopic dilution. Soil Science Society of America
Journal , 63, 78—-85.

Sposito, G. 1989. The Chemistry of Soils. Oxford University Press,
New York.

Stephan, C.H., Courchesne, F., Hendershot, W.H., McGrath, S.P., Chau-
dri, A.M., Sappin-Didier, V. & Sauvé, S. 2008. Speciation of zinc in
contaminated soils. Environmental Pollution, 155, 208-216.

Strawn, D.G. & Baker, L. 2008. Speciation of Cu in a contaminated agri-
cultural soil measured by XAFS, u-XAFS and u-XRF. Environmental
Science & Technology, 42, 37-42.

Temminghoff, E.J.M., van der Zee, S.E.A.T.M. & de Haan, F.A.M. 1997.
Copper mobility in a copper-contaminated sandy soil as affected by
pH and solid and dissolved organic matter. Environmental Science &
Technology, 31, 1109-1115.

Temminghoff, E.J.M., Plette, A.C.C., Van Eck, R. & van Riemsdijk, W.H.
2000. Determination of the chemical speciation of trace metals in
aqueous systems by the Wageningen Donnan Membrane Technique.
Analytica Chimica Acta, 417, 149-157.

Thakali, S., Allen, H.E., Di Toro, D.M., Ponizovsky, A.A., Rooney, C.P.,
Zhao, F.J. et al. 2006. Terrestrial biotic ligand model. 2. Application
to Ni and Cu toxicities to plants, invertebrates, and microbes in soil.
Environmental Science & Technology, 40, 7094—-7100.

Tipping, E. 2002. Cation Binding by Humic Substances. Cambridge
University Press, Cambridge.

Tipping, E. 2005. Modelling Al competition for heavy metal binding by
dissolved organic matter in soil and surface waters of acid and neutral
pH. Geoderma, 127, 293-304.

Tipping, E., Rey-Castro, C., Bryan, S.E. & Hamilton-Taylor, J. 2002.
AI(III) and Fe(Ill) binding by humic substances in freshwaters, and
implications for trace metal speciation. Geochimica et Cosmochimica
Acta, 66, 3211-3224.

Tipping, E., Rieuwerts, J., Pan, G., Ashmore, M.R., Lofts, S., Hill, M.T.R.
et al. 2003. The solid-solution partitioning of heavy metals (Cu, Zn, Cd,
Pb) in upland soils of England and Wales. Environmental Pollution, 125,
213-225.

Tye, A.M., Young, S.D., Crout, N.M.J., Zhang, H., Preston, S., Barbosa-
Jefferson, V.L. et al. 2003. Predicting the activity of Cd>* and Zn>*
in soil pore water from the radio-labile metal fraction. Geochimica et
Cosmochimica Acta, 67, 375-385.

Tye, A.M., Young, S., Crout, N.M.J., Zhang, H., Preston, S., Zhao, F.J.
et al. 2004. Speciation and solubility of Cu, Ni and Pb in contaminated
soils. European Journal of Soil Science, 55, 579-590.

Van Huffel, S. & Lemmerling, P. 2002. Total Least Squares and Errors-
in-Variables Modeling: Analysis, Algorithms and Applications. Kluwer
Academic Publishers, Dordrecht.

Vulkan, R., Zhao, F.J., Barbosa-Jefferson, V., Preston, S., Paton, G.I.,
Tipping, E. e al. 2000. Copper speciation and impacts on bacterial
biosensors in the pore water of copper-contaminated soils. Environmen-
tal Science and Technology, 34, 5115-5121.

Weng, L., Temminghoff, E.J.M. & Van Riemsdijk, W.H. 2001a. Contri-
bution of individual sorbents to the control of heavy metal activity in
sandy soil. Environmental Science & Technology, 35, 4436-4443.

Weng, L.P., Temminghoff, E.J.M. & van Riemsdijk, W.H. 2001b. Deter-
mination of the free ion concentration of trace metals in soil solution

Journal compilation © 2009 British Society of Soil Science, European Journal of Soil Science, 61, 58—73



using a soil column Donnan membrane technique. European Journal of
Soil Science, 52, 629-637.

Weng, L., Temminghoff, EJ.M., Lofts, S., Tipping, E. & Van Riems-
dijk, W.H. 2002a. Complexation with dissolved organic matter and
solubility control of heavy metals in a sandy soil. Environmental Science
& Technology, 36, 4804—-4810.

Weng, L.P., Temminghoff, E.J.M., Lofts, S., Tipping, E. & van Riems-
dijk, W.H. 2002b. Complexation with dissolved organic matter and

Transfer functions for metals in soils 73

solubility control of metals in a sandy soil. Environmental Science &
Technology, 36, 4804—-4810.

Young, S.D., Tye, A., Carstensen, A., Resende, L. & Crout, N. 2000.
Methods for determining labile cadmium and zinc in soil. European
Journal of Soil Science, 51, 129—136.

van Zomeren, A. & Comans, R.N.J. 2007. Measurement of humic and
fulvic acid concentrations and dissolution properties by a rapid ratch
procedure. Environmental Science & Technology, 41, 6755-6761.

© 2009 The Authors

Journal compilation © 2009 British Society of Soil Science, European Journal of Soil Science, 61, 58—73



