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• Estimates of metal solid-solution partitioning sensitive to soil property data.
• Uncertainty mainly due to lacking reactive metal contents, pH, and organic matter.
• Soil solution concentrations of oxy-anions highly influenced by oxide contents.
• Clay contents had least effects on solid-solution partitioning of metals in soil.
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Soil properties, i.e., pH and contents of soil organic matter (SOM), dissolved organic carbon (DOC), clay, oxides,
and reactive metals, are required inputs to both mechanistic and empirical modeling in assessing metal solid-
solution partitioning. Several of these properties are rarely measured in site-specific risk assessment. We com-
pared the uncertainties induced by lacking data on these soil properties in estimatingmetal soil solution concen-
trations. The predictions by the Orchestra framework were more sensitive to lacking soil property data than the
predictions by the transfer functions. The deviations between soil solution concentrations of Cd, Ni, Zn, Ba, and Co
estimated with measured SOM and those estimated with generic SOM by the Orchestra framework were about
10 times larger than the deviations in the predictions by the transfer functions. High uncertainties were induced
by lacking data in assessing solid-solution partitioning of oxy-anions like As, Mo, Sb, Se, and V. Deviations asso-
ciated with lacking data in predicting soil solution concentrations of these metals by the Orchestra framework
reached three-to-six orders of magnitude. The solid-solution partitioning of metal cations was strongly influ-
enced by pH and contents of organic matter, oxides, and reactive metals. Deviations of more than two orders
of magnitude were frequently observed between the estimates of soil solution concentrations with the generic
values of these properties and the estimates based on the measured data. Reliable information on these proper-
ties is preferred to be included in the assessment by either the Orchestra framework or transfer functions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Consumption of vegetables is one of the most important sources for
metal accumulation in humans (Cohen et al., 1998; Swartjes et al.,
2007). The exposure via vegetable consumption is therefore included
in a number of models such as CSOIL in the Netherlands, CLEA in the
UK, and RBCA Tool Kit in the US (Carlon and Swartjes, 2007; Brand
et al., 2007;DEFRA and EA. CLR 10, 2002; US EPA, 1996). In suchmodels,
metal concentrations in vegetables are empirically estimated without
evaluation of metal absorption by plant roots while root uptake is the
main mechanism for metal accumulation in plants (Smolders, 2001;
ntal Science, Faculty of Science,
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ail.com (T.T.Y. Le).
Malecka et al., 2008; Swartjes et al., 2007). Assessment of root uptake
is needed to obtain amechanistic understanding of metal accumulation
in vegetables, requiring reliable estimates of the amount of metals
available for uptake. The bioavailability of metals in soil is deter-
mined by the solid-solution partitioning (Gerritse and Vandriel,
1984; Sauvé et al., 2000a; Adamo et al., 2002; Bonten et al., 2008;
Gaw, 2009; Kabata-Pendias and Pendias, 2001; Adriano, 2001).
Therefore, it is important to predict metal solid-solution partitioning
in site-specific risk assessment as a first step toward mechanistic
modeling of plant uptake and ultimately human exposure.

Metal solid-solution partitioning can be predicted by either empiri-
cal or mechanistic modeling approaches using transfer functions or
multi-surface complexation models, respectively. Transfer functions
empirically relate soil solution concentrations to the corresponding re-
active concentrations in soil and soil properties (Sauvé et al., 2000a,
2000b; Boekhold et al., 1993; Groenenberg et al., 2010). Mechanistic
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multi-surface modeling frameworks consist of different complexation
models that simulatemetal sorption to various reactive surfaces, i.e., or-
ganic matter, metal(hydr)oxides, or clay (Dijkstra et al., 2009).

Both multi-surface complexation models and transfer functions
require input data on soil properties, including pH and contents of
soil organic matter (SOM), dissolved organic carbon (DOC), clay, ox-
ides, and reactive metals. However, in common practice of contami-
nated site investigations, pH and the content of clay and SOM are not
always measured, while the concentration of oxides, DOC, and reactive
metals is hardly determined (Swartjes et al., 2012; Spijker, 2012). The
limited data availability restricts the application of these modeling ap-
proaches to site-specific assessment.

The present study therefore aimed to evaluate uncertainties induced
by lacking data on soil properties in assessment of metal solid-solution
partitioning, which determines metal concentrations relevant for plant
uptake. The uncertainties were assessed for the predictions by both em-
pirical transfer functions and mechanistic multi-surface complexation
models. Deviations were examined between the estimates of metal
soil solution concentrations based on measurements and the estimates
obtained by using generic values for contents of SOM, clay, and oxides,
pH, and predicted concentrations of DOC and reactive metals.

2. Materials and methods

2.1. Transfer functions and multi-surface complexation models

2.1.1. Empirical transfer functions
Empirical transfer functions of solid-solution partitioning have

usually been derived according to the Freundlich model (Groenenberg
et al., 2010). The transfer functions developed for the Netherlands by
Groenenberg et al. (2012) were used in the present study because
theywere established based on an extensive experimental data set cov-
ering a wide range of soil types and environmental conditions. These
transfer functions were derived according to the general following
equation, taking into account a large set of potential variables:

logC ¼ α0 þ α1 � logQ þ α2 � logSOMþ α3 � logclayþ α4 � logAlFeox
þα5 � logDOCþ α6 � pH ð1Þ

with C (mol L−1): soil solution concentration; Q (mol kg−1): reactive
metal concentration, extractedwith 0.43MHNO3; SOM(%): soil organic
matter content; DOC (mg L−1): dissolved organic carbon content; clay
(%): clay content; and AlFeox (mmol kg−1): sum of oxalate extractable
Al and Fe oxides. Coefficients α0, α1, α2, α3, α4, α5, and α6 determined
by Groenenberg et al. (2012) were used for empirical assessment of
metal solid-solution partitioning (Table S1).

2.1.2. Multi-surface complexation models
In the present study, we used the multi-surface model setup of

Dijkstra et al. (2009) implemented in the model framework Orchestra
(Objects Representing Chemical Speciation and TRAnsport) (Meeussen,
2003). This multi-surface complexation framework takes into account
aqueous speciation, mineral equilibria, and sorption of ions to particu-
late and dissolved organic matter, clay, and Al/Fe-(hydr)oxides. The
model setup and parameterization as well as the derivation of model
input are briefly given in Table S2 and described in more detail in
Dijkstra et al. (2009) and Groenenberg et al. (2012).

2.2. Data set

The data set used in the present study coversmeasurements on total
metal concentrations in aqua regia, reactive metal concentrations
(extracted with 0.43 M HNO3), and soil solution concentrations.
These data were available for a number of metals, namely Cd, Cu,
Ni, Pb, Zn, As, Ba, Co, Cr, Mo, Sb, Se, and V. The data set also provided
measurements on soil properties, i.e., pH and contents of SOM, DOC,
clay, and Fe/Al/Mn-oxide. The samples were collected in the field and
represent various conditions of sandy and agricultural soil in the
Netherlands (Table 1).

2.3. Scenario analyses

The full set of measured soil properties was used to predict soil solu-
tion concentrations only in one scenario, namely benchmark scenario
(S*). Seventeen other scenarios were defined with predicted or generic
values for DOC, SOM, clay, oxides, and/or pH (scenarios S1–S16), and re-
active metal concentrations (scenario S17). A summary of the charac-
teristics of all the scenarios is presented in Table 2.

In SOM (S1–S5), clay (S6–S9), and oxide (S10–S12) scenarios, max-
imum, minimum, and average values from the above-mentioned data
set have been selected, representing ‘low’, ‘high’, and ‘average’ levels.
Therefore, these generic values could be considered to be representative
of soil quality at the site investigated. Default values for SOM (10%) and
clay (25%) contents as assumed for the Dutch standard soil were includ-
ed in one of the scenarios regarding SOM and clay (Spijker, 2012). In
SOM scenarios (S1–S5), DOC contents were predicted based on the fol-
lowing empirical relation derived by Römkens et al. (2004):

logDOC ¼ 2:04þ 0:73 � logSOM−0:17 � pH ð2Þ

where DOC (mg C L−1): dissolved organic carbon content and SOM (%):
soil organic matter content.

In the pH scenarios, measured pH values were replaced by default
values assigned for sand (5.5), clay (6.5), and peat (6) (Römkens
et al., 2007). Moreover, a default scenario with generic values for
all these soil properties was defined (scenario S16). In this scenario,
the contents of SOM and clay assigned to the Dutch standard soil, i.e.,
10% and 25%, respectively, were used (Spijker, 2012); the oxide con-
tent was set to the average value, while the DOC content was calcu-
lated using Eq. (2); and a pH value of 6 as suggested by Römkens
et al. (2007) was applied to this scenario. In scenarios S1–S16, reac-
tivemetal concentrations in 0.43MHNO3 extractionwere used as in-
puts to both the transfer functions and the Orchestra framework.

Uncertainties in the estimations of soil solution concentrations by
using total metal concentrations in aqua regia extraction were assessed
in scenario S17 (aqua regia scenario). In this scenario, reactive metal
concentrations were predicted from total metal concentrations in soils
and total-reactive converting factors. The converting factors were de-
rived from regression between the reactive metal concentrations and
the total metal concentrations in the data set. The estimates of reactive
metal concentrations were then used as inputs to the transfer functions
and the Orchestra framework.

2.4. Uncertainty analyses

Uncertainties induced by lacking data were assessed by investi-
gating the deviations in the estimates of metal soil solution concen-
trations with varying input values. The deviations were evaluated by
calculating the root mean square residual (RMSR) reflecting the dif-
ferences between soil solution concentrations predicted in scenarios
S1–S17 and those obtained in the benchmark scenario S*. High RMSR
values indicate a large deviation of the estimates in the scenarios S1–
S17 from those in the benchmark scenario S*.

3. Results

The residuals representing the deviations between the estimate
of metal soil solution concentrations in the benchmark scenario S*
and the estimate in DOC (S1), average SOM (S4), average clay (S8),
average oxide (S12), peat pH (S15), default (S16), and aqua regia
(S17) scenarios are given in Table 3. The results for all scenarios are



Table 1
The range of soil properties covered by the data set.⁎.

A. Range of pH, soil organic matter (SOM, %), and contents of dissolved organic carbon (DOC, mg C L−1), clay (%), Fe-oxide (mmol kg−1), and Al-oxide (mmol kg−1)

pH SOM (%) DOC (mg C L−1) Clay (%) Fe-oxide (mmol kg−1) Al-oxide (mmol kg−1)

Max 7.79 73.38 194.31 55.00 368.48 258.24
Min 3.17 0.23 3.34 0.20 2.36 1.18
Average 5.61 11.66 37.48 16.48 75.55 63.77

B. Range of total metal concentrations in soil (mg kg−1)

Cd Cu Ni Pb Zn As Ba Be Co Cr Li Mo Sb Se V

Max 22.80 335.00 59.40 1710.00 11,578.00 51.20 925.00 2.15 19.00 126.00 60.10 2.27 14.30 2.07 92.20
Min 0.01 0.37 0.42 0.50 0.82 0.59 1.97 0.02 0.13 1.66 0.37 0.02 0.01 0.01 0.10
Average 1.63 28.12 20.83 146.43 514.37 11.81 117.67 0.80 6.44 30.32 18.57 0.75 0.93 0.75 37.12

C. Range of reactive metal concentrations in soil (mg kg−1)

Cd Cu Ni Pb Zn As Ba Be Co Cr Li Mo Sb Se V

Max 17.40 251.00 14.00 1459.00 8005.00 23.80 262.97 1.20 6.71 43.40 1.66 0.15 2.20 0.40 31.89
Min 0.01 0.09 0.01 0.09 0.12 0.01 0.04 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.06
Average 1.36 15.65 4.00 108.59 360.92 3.38 61.79 0.38 1.77 2.61 0.34 0.03 0.12 0.13 6.72

D. Range of soil solution concentrations (μg/L)

Cd Cu Ni Pb Zn As Ba Be Co Cr Li Mo Sb Se V

Max 428.21 48.15 229.60 1668.49 58,073.65 26.40 1130.70 1.94 36.90 4.83 27.60 7.29 5.91 6.02 23.20
Min 0.05 0.85 0.05 0.01 11.70 0.04 7.21 0.01 0.02 0.23 0.52 0.02 0.32 0.10 0.01
Average 19.04 10.45 18.31 92.06 2349.97 4.30 241.08 0.43 5.51 1.42 4.61 1.43 1.90 1.16 3.69

⁎To whom full data sets may be obtained (BertJan.Groenenberg@wur.nl).
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presented in the Supplementary data (Tables S3–S6). In addition, the
variations in the soil solution concentrations predicted in all the sce-
narios are presented in Figs. S1–S6, Supplementary data.

3.1. Uncertainties associated with lacking SOM

The estimates of metal soil solution concentration in DOC scenario
S1 with DOC predicted from measured SOM were generally within
one order of magnitude of the estimates in the benchmark scenario S*
withmeasured DOC (Table 3; Fig. S1). The deviations between the esti-
mates in the two scenarios varied between metals, indicating metal-
specific influence of DOC on the solid-solution partitioning (Tables 3
and S3; Fig. S1). The highest differences in the predictions by either
the Orchestra framework or the transfer functions were observed for
Pb, Cu, and V (up to a factor of 12). By contrast, the soil solution concen-
trations of Ba, Co, and Mo were not or hardly affected by DOC. Some
differences in the predictions by these two approaches were noticed
Table 2
Description of scenarios considered in the present study.

Non-available soil properties Scenarios

None S* (benchmark)
Dissolved organic carbon (DOC) S1 (DOC)
Soil organic matter (SOM) S2 (high SOM)

S3 (low SOM)
S4 (average SOM)
S5 (standard SOM)

Clay S6 (high clay)
S7 (low clay)
S8 (average clay)
S9 (standard clay)

Oxides S10 (high oxide)
S11 (low oxide)
S12 (average oxide)

pH S13 (sand pH)
S14 (clay pH)
S15 (peat pH)

All S16 (default scenario)
Reactive concentration S17 (aqua regia scenario)
(Table 3; Fig. S1). According to the Orchestra framework, DOC did not
influence soil solution concentrations of oxy-anions such as As, Sb, Se,
and Mo. By contrast, DOC was included in the transfer functions for
most of the oxy-anions, except for Mo, to reflect effects of DOC on the
solid-solution partitioning of these metals as observed in empirical
testing.

The predictions of soil solution concentrations for metal cations were
sensitive to data on SOM with the higher sensitivity for the estimations
by theOrchestra framework (Tables 3 and S3; Fig. S1). The deviations be-
tween soil solution concentrations of Cd, Ni, Zn, Ba, and Co estimated
with measured SOM and those estimated with generic SOM by the
multi-surface complexation model were about 10 times larger than the
deviations in the predictions by the transfer functions. The highest differ-
ences (two orders of magnitude) between the estimates in the SOM sce-
narios and the estimates in the benchmark scenario for Cd, Ni, and Zn
were generated by the Orchestra framework. The corresponding differ-
ences in the estimates by the transfer functions were around one order
Method

Predicted from empirical equations
Reasonably high level
Reasonably low level
Representative level
Level as assumed for standard soil (10%)
Reasonably high level
Reasonably low level
Representative level
Level as assumed for standard soil (25%)
Reasonably high level
Reasonably low level
Representative level
Level as assumed for sand (5)
Level as assumed for clay (6.5)
Level as assumed for peat (6)
DOC: predicted; SOM and clay: levels assumed for standard soil; Oxide: average level
Total concentration of metals used as inputs

http://BertJan.Groenenberg@wur.nl


Table 3
Root mean square residual in the assessment by the Orchestra framework and the transfer functions in different scenarios.

Metals S1 (DOC) S4 (average SOM) S8 (average clay) S12 (average oxide) S15 (peat pH) S16 (default scenario) S17 (aqua regia
scenario)

Orchestra Transfer
function

Orchestra Transfer
function

Orchestra Transfer
function

Orchestra Transfer
functions

Orchestra Transfer
function

Orchestra Transfer function Orchestra Transfer
function

Cd 0.14 0.11 0.47 0.21 8.54 · 10−3 0.00 0.01 0.15 0.68 0.55 0.77 0.64 0.28 0.23
Cu 0.36 0.31 0.34 0.42 8.36 · 10−4 0.00 0.02 0.37 0.08 0.00 0.34 0.34 0.43 0.25
Ni 0.09 0.25 0.57 0.25 1.31 · 10−2 1.13 · 10−1 0.07 0.00 0.58 0.34 0.76 0.50 1.17 0.71
Pb 0.27 0.37 0.45 0.44 6.83 · 10−3 0.00 0.21 0.43 0.69 0.41 0.80 0.61 0.27 0.22
Zn 0.11 0.05 0.54 0.20 1.72 · 10−2 1.45 · 10−1 0.12 0.07 0.73 0.62 0.85 0.81 0.71 0.50
As 0.00 0.25 0.07 0.57 3.33 · 10−3 0.00 0.48 0.34 0.61 0.00 0.77 0.35 1.14 0.60
Ba 0.00 0.00 0.12 0.00 3.28 · 10−2 1.98 · 10−1 0.06 0.00 0.12 0.21 0.23 0.37 0.42 0.32
Co 0.02 0.00 0.49 0.30 2.25 · 10−2 0.00 0.08 0.00 0.49 1.08 0.25 0.35 1.29 0.41
Cr 0.27 0.13 0.26 0.30 8.62 · 10−7 0.00 0.00 0.11 0.00 0.20 0.25 0.35 1.29 0.41
Mo 0.00 0.00 0.02 0.69 1.10 · 10−3 2.06 · 10−1 0.25 0.28 1.37 0.82 1.54 0.69 1.54 0.69
Sb 0.00 0.09 0.00 0.20 2.18 · 10−3 0.00 0.25 0.28 0.10 0.00 0.16 0.13 1.51 0.30
Se 0.00 0.16 0.03 0.36 2.41 · 10−3 0.00 0.40 0.00 0.32 0.10 0.53 0.33 0.88 0.09
V 0.26 0.35 0.36 0.77 1.43 · 10−3 4.25 · 10−1 0.14 0.49 0.52 0.00 0.62 0.65 1.00 0.85
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of magnitude. By contrast, for oxy-anions (i.e., As, Mo, Sb, Se, and V), the
predictions of their soil solution concentrations by the transfer functions
weremore sensitive to SOMcontents than the predictions by theOrches-
tra framework (Tables 3 and S3; Fig. S1). For example, soil solution con-
centrations ofMopredicted by the transfer function in the SOMscenarios
differed from those estimated in the benchmark scenario by more than
three orders of magnitude whereas limited differences were seen in
the predictions by the Orchestra framework.

3.2. Uncertainties associated with lacking clay contents

In general, the predictions of metal solid-solution partitioning by
either the Orchestra framework or the transfer functions were negli-
gibly sensitive to clay contents (Tables 3 and S4; Fig. S2). Higher un-
certainties were induced by lacking clay contents in estimating soil
solution concentrations by the mechanistic method than by the em-
pirical functions for most of the metals, except for Ni, Zn, Ba, Mo, and
V (Table S4). For all metals, the soil solution concentrations predict-
ed in the clay scenarios by the Orchestra framework were within a
factor of two of the estimates in the benchmark scenario (Fig. S2).
The same phenomenon was shown in the estimations by the transfer
functions for Cd, Cu, Pb, As, Co, Cr, Sb, and Se (Fig. S2). Differences of
more than one order of magnitude between the estimates in the clay
scenarios and the estimates in the benchmark scenario by the trans-
fer functions were seen for Mo and V (Fig. S2).

3.3. Uncertainties associated with lacking oxide contents

Oxide contents strongly influenced the predictions of soil solution
concentrations of oxy-anions such as As, Mo, Sb, and V (Tables 3 and
S5; Fig. S3). For these elements, the estimates by the transfer functions
were generally more sensitive to oxide contents than the estimates by
theOrchestra framework, except for Se (Tables 3 and S5). Theoxide con-
tent was not included in the transfer function for Se while Se soil solu-
tion concentrations predicted by the mechanistic model with generic
oxide contents deviated from the estimates with the measurements up
to four orders of magnitude. Generally, oxide contents had lower im-
pacts on the predictions of solid-solution partitioning of metal cations
by either the Orchestra framework or the transfer functions (Tables 3
and S5; Fig. S3). Among themetal cations, higher uncertainties were in-
duced by lacking oxide content data in the predictions by the transfer
functions than by the Orchestra framework for Cd, Cu, Pb, and Cr
(Tables 3 and S5). For both modeling approaches, the estimates of Cd
and Cr soil solution concentrations obtained with varying generic
oxide contents were within one order of magnitude of the estimates
with the measurements.
3.4. Uncertainties associated with lacking pH

Uncertainties introduced by lacking pH in predicting metal soil solu-
tion concentrations by the Orchestra framework were higher than those
by the transfer functions, except for Ba, Co, and Cr (Tables 3 and S6;
Fig. S4). According to the mechanistic model, the largest deviations be-
tween the estimates with generic pH and with measured pH were ob-
served for Mo (two orders of magnitude). Lower deviations were seen
for Zn, Pb, Cd, and As (less than two orders of magnitude), and Co and
V (around one order of magnitude). The lowest deviations were seen
for Cu, Ba, Cr, Sb, and Se (within one order of magnitude). According to
the transfer functions, pH generally had higher influence on the predic-
tions of solid-solution partitioning for metal cations than oxy-anions
such as As, Sb, Se, and V. pH was not included in the transfer function
for Cu, As, Sb, and V. By contrast, pH influenced the predictions of Co
soil solution concentrations most as shown by the highest RMSR value
and the largest differences between the estimates in the pH scenarios
and in the benchmark scenario (two orders of magnitude).

3.5. Uncertainties associated with lacking pH and contents of SOM, clay,
and oxides

The predictions of soil solution concentrations by the Orchestra
framework were more sensitive to data on SOM, clay, and oxide con-
tents and pH than the predictions by the transfer functions, except
for Cu, Ba, Co, Cr, and V (Table 3). Because of the limited data for
Mo, this metal was left out from the further comparison in order to
prevent bias. According to either the Orchestra framework or the
transfer functions, the soil solution concentrations of Cu, Ba, Cr, and
Sb predicted in the default scenario were within one order of magni-
tude of those predicted in the benchmark scenario (Fig. S5).

3.6. Uncertainties associated with lacking reactive metal concentrations

Deviations between the estimates of soil solution concentration
with predicted reactive metal concentrations (aqua regia scenario)
and with the measurements (benchmark scenario) by the Orchestra
framework were larger than those obtained by the transfer functions
(Table 3). According to the Orchestra framework, the highest differ-
ences between the estimates in the two scenarios were seen for Ni,
As, Co, Cr, Mo, Sb, Se, and V (two to three orders of magnitude),
followed by Ba and Zn (more than one order of magnitude). For Cd,
Cu, and Pb, their soil solution concentrations predicted in aqua
regia scenario were within one order of magnitude of those in the
benchmark scenario (Fig. S6). In the predictions by the transfer func-
tions, soil solution concentrations of Cd, Cu, Pb, Zn, Cr, Mo, Sb, and Se
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predicted in the two scenarios differed by one order of magnitude
(Fig. S6). Soil solution concentrations of Ni, As, Ba, Co, and V predict-
ed in the aqua regia scenario deviated from those predicted in the
benchmark scenario by more than one order of magnitude (Fig. S6).

4. Discussion

4.1. Uncertainties in assessment of metal solid-solution partitioning by
transfer functions and mechanistic models

In general, higher uncertaintieswere induced by lacking soil property
data in predicting metal solid-solution partitioning by the multi-surface
complexation model than by the transfer functions. A different sen-
sitivity of the estimates by the two methods to data availability ob-
served for some metals reflects the simulation of metal sorption by
these approaches. For instance, PO4

3− may strongly compete with As
for sorption to oxides because of the similar physico-chemical proper-
ties of As and P (Pigna et al., 2006;Wolfe-Simon et al., 2011). Therefore,
substantial deviations between the estimates of As soil solution concen-
trations in the oxide scenarios and in the benchmark scenario by theOr-
chestra framework can probably be attributed to the exclusion of PO4

3−

in the input to thismechanisticmodel. The sorption of oxy-anions to or-
ganic matter is excluded in the Orchestra model. This feature accounts
for the lower sensitivity of the predictions of soil solution concentra-
tions by this multi-surface complexation model compared to the trans-
fer functions as presented in the Results section. Clay contents were
included in the transfer function for Mo reflecting the influence of this
soil property on solid-solution partitioning of this metal as reported
by Cappuyns and Slabbinck (2012), contrasting with the predictions
by the Orchestra framework.

According to either the Orchestra framework or the transfer func-
tions, the limited differences between the estimates of soil solution
concentrations with measured DOC and with predicted DOC are
attributable to good agreement between the predictions and the
measurements of DOC. Furthermore, the good predictive potential
of Eq. (2) in estimating DOC contents is related to the fact that this
equation was derived from the same data set as used in the present
study. Uncertainties introduced by lacking DOC data should there-
fore be investigated in further studies. Bonten et al. (2008) have
demonstrated low uncertainties in the assessment of metal solid-
solution partitioning associated with the use of representative DOC
values. According to these authors, a three-fold difference in DOC con-
tents led to variations of less than a factor of three in the estimates of
soil solution concentrations. However, caution should be taken for spe-
cific sites in which the soil chemistry substantially deviates from the
conditions in which Eq. (2) was derived (Table 1). Groenenberg et al.
(2010) and de Vries et al. (2011) have shown inaccurate estimations
of metal solid-solution partitioning by using empirical transfer func-
tions when the environmental conditions for assessment were outside
the range used in the equation development.

The metal-specific sensitivity of the predicted soil solution con-
centration was related to the binding affinity of metals for the sorp-
tion surfaces as well as to metal chemistry. For example, the largest
deviations between the estimates of soil solution concentrations
with the measured DOC and with the predicted DOC for Cu and Cr
are accounted for by the strong binding of these metals to organic
matter (Kabata-Pendias and Pendias, 2001; Stevenson and Welch,
1982; Khan et al., 1982). A similar explanation applies to the large
differences between the predictions in the SOM scenarios and in
the benchmark scenario by the Orchestra framework for metals such
as Cu, Pb, and Zn, which are apparently predicted rather well with the
empirical transfer functions (Elliott et al., 1986; Overcash and Pal,
1979; Khan et al., 1982). The lowest deviations for Ba are attributed to
weaker affinity of Ba for organic matter than other metals (Hartland
et al., 2011). The metal-specific uncertainties induced by lacking oxide
content data in the predictions by the two modeling approaches are
attributed to chemical properties of the metals. In particular, the large
differences between the soil solution concentrations of V and As pre-
dicted in the oxide scenarios and the estimates in the benchmark sce-
nario are because they are oxy-anions. The largest deviations between
the estimates of soil solution concentrations in pH scenarios and in
the benchmark scenario for Cd, Ni, Pb, Zn, As, Mo, and V are attributable
to the substantial dependence of their chemical forms and species on
pH. The sorption of these metals on organic matter is strongly influ-
enced by pH (Benedetti et al., 1996; Kinniburgh et al., 1999).

4.2. Data requirement in estimating solid-solution partitioning

For oxy-anions such as As,Mo, Sb, Se, and V, the estimates of their soil
solution concentrations in many scenarios substantially deviated from
the estimates in the benchmark scenario (up to six orders ofmagnitude).
Therefore, reliable information on all of the soil properties from either
measurements or estimations, except for clay contents, is preferred to
be included in the assessment of their solid-solution partitioning
(Table 4). For most of the metal cations, both the Orchestra framework
and the transfer functions indicate that the uncertainties in the assess-
mentweremainly associatedwith lacking data onpH and contents of or-
ganicmatter and reactivemetalswhile clay contents had the least effects
on their solid-solution partitioning (Table 3; Fig. S7). This result is consis-
tent with the findings of Sauvé et al. (2000a) that, besides metal concen-
trations in soil, the metal solid-solution partitioning strongly depended
on pH and organic matter contents.

The high uncertainties associated with lacking SOM contents in
predicting soil solution concentrations agree with the observation in
previous studies that organic matter was the most important sorption
surface for most metal cations (Bonten et al., 2008; Cancès et al., 2003;
Lofts and Tipping, 2000;Weng et al., 2001; Dijkstra et al., 2004). There-
fore, for thesemetals, e.g., Cd, Cu, Ni, Pb, Zn, Co, and Cr, reliable informa-
tion on SOM contents should be included in the assessment by either
the Orchestra framework or the transfer functions (Table 4). When
the conditions for assessment are substantially different from the condi-
tions that Eq. (2) was derived, reliable information on DOC should be
taken in predicting soil solution concentrations.

Considerable uncertainties introduced by lacking pH in predicting
the solid-solution partitioning of Cd, Ni, Zn, and Co demonstrate
that measurements or representative values of pH should be used
in the predictions (Table 4). The lower deviations between the esti-
mates of soil solution concentrations in aqua regia scenario and in
the benchmark scenario for Cd, Cu, and Pb reflects the strong rela-
tionship between the predicted and the measured reactive concen-
trations for these metals. Moreover, this correlation is attributable
to the method for deriving the total-reactive converting factors, i.e.,
the factors were derived from the same data set used in the present
study. Even with this method, substantial uncertainties were in-
duced by lacking data on reactive metal concentrations in predicting
solid-solution partitioning for other metals as presented in the
Results section. This emphasizes the importance of including mea-
surements or reliable estimations of reactive metal concentrations
in estimating soil solution concentrations (Table 4).

Besides oxy-anions, e.g., V, As, Mo, Se, and Sb, the lack of data on
oxide contents is also one important source of uncertainties in the as-
sessment of solid-solution partitioning for Cu, Pb, and Cr. Important
contribution of oxides to the total sorption of Pb was reported in previ-
ous studies (Bonten et al., 2008; Cancès et al., 2003; Lofts and Tipping,
2000). Therefore, empirical data or reliable estimates of oxide contents
should be included in predicting soil solution concentrations of these
metals using transfer functions (Table 4).

The limited uncertainties induced by lacking clay content data
indicate that generic clay contents, which are representative of the envi-
ronmental conditions, can be used in the assessment of metal solid-
solution partitioning. The limited differences in the estimates of soil so-
lution concentrations between the clay scenarios and the benchmark



Table 4
Data requirement in predicting the pore water concentrations for different metals.

Metals Preferred reliable data

SOM Clay Oxide pH Reactive metal
concentration

Cd × × ×
Cu × × ×
Ni × × ×
Pb × × × ×
Zn × × × ×
As × × × ×
Ba × ×
Co × × ×
Cr × × × ×
Mo × × × ×
Sb × × ×
Se × × × ×
V × × × ×
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scenario reflect weak electrostatic binding of themetals to clay. This re-
sult demonstrates that the influence of clay contents on the predictions
of metal solid-solution partitioning can be neglected. According to
Bonten et al. (2008), sorption to clay played an important role in total
sorption for Cd and Zn only when clay was present at high contents.

In summary, the lack of data on pH and contents of SOM, oxides, and
reactive metals is important sources of uncertainties in assessing metal
solid-solution partitioning. The partitioning is least sensitive to the clay
content. In the assessment of metal solid-solution partitioning, accurate
estimates can be obtained only when the generic values used as inputs
are representative of the site conditions. Measurements on soil proper-
ties should be included in predicting soil solution concentrations of oxy-
anions because of high uncertainties induced by the lacking data. For
most of the metal cations investigated, prediction uncertainties associ-
ated with lacking data on these soil properties are lower for transfer
functions than for multi-surface complexation models. This is partially
attributed to the scenario setting, i.e., the generic values used are repre-
sentative of the soil conditions assessed and included in the soil proper-
ties underlying the development of these transfer functions. Therefore,
when environmental conditions for assessment are close to the condi-
tions for equation derivations, empirical transfer functions are more
suitable than mechanistic complexation models in predicting soil solu-
tion concentrations using generic values for soil properties.
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