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Abstract

Comparative toxicity potentials (CTP), in life cycle impact assessment also known as characterization
factors (CF), of copper (Cu) and nickel (Ni) were calculated for a global set of 760 soils. An
accessibility factor (ACF) that takes into account the role of the reactive, solid-phase metal pool in the
soil was introduced into the definition of CTP. Geographic differences in fate, accessibility,
bioavailability, and terrestrial toxicity were assessed by combining the USEtox characterization model,
empirical regression models, and terrestrial biotic ligand models. The median CTPs for Cu and Ni with
95% geographic variability intervals are 1.4x10° (1.7x10% — 2.0x10%) and 1.7x10° (2.1x10* — 1.1x10%)
m’/kg-day, respectively. The geographic variability of 3.5 orders of magnitude in the CTP of Cu is
mainly associated with the variability in soil organic carbon and pH. They largely influence the fate
and bioavailability of Cu in soils. In contrast, the geographic variability of 3 orders of magnitude in the
CTP of Ni can mainly be explained by differences in pore water concentration of magnesium (Mg”").
Mg”*" competes with Ni*" for binding to biotic ligands, influencing the toxicity. Our findings stress the
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importance of dealing with geographic variability in the calculation of CTPs for terrestrial ecotoxicity
of metals.

1. Introduction

Current chemical hazard ranking and scoring schemes, including life cycle impact assessment (LCIA),
ignore the fact that metals can exist in many forms with different behavior and toxicity in terrestrial
environments, depending on the ambient conditions. Efforts have recently been undertaken to improve
the situation. Following the “Clearwater Consensus” on assessing metal hazard in freshwater,’ Gandhi
et al.” developed a method for calculating comparative toxicity potentials (CTPs) of metals in aquatic
systems taking metal speciation into account in environmental fate, bioavailability and effects. The
CTPs (in LCIA also known as characterization factors, CF) ranged over three orders of magnitude. The
biggest contributor to the variability in CTPs was the difference in bioavailability, controlled mainly by
pH-dependent dissolution and complexation with dissolved organic matter. These findings highlight the
need for taking into account environmental chemistry parameters in ecotoxicity assessment of metals.

For soils, metal distribution between the solid phase and solution phase, and speciation in soil
pore water control the availability of toxic forms of metals, while protons and base cations can mitigate
their ecotoxicity.” Several aspects should be considered when including speciation in calculating soil-
specific CTPs of metals. First, residence time of metals may be high due to sorption of metal to soil
constituents such as clay or organic carbon.” Second, a significant fraction of the solid-phase metal is
not available for partitioning to the solution phase due to differences in reactivity of solid metal forms.
Third, geographic variability of environmental chemistry parameters in soil can be high. For example,
in soils a variation of six units in pH is not uncommon.” Due to the effects of pH and other parameters
on metal sorption, speciation and ecotoxicity, it can be expected that CTPs of metals in soil will also be
controlled by environmental chemistry and will vary depending on soil type, but the magnitude of this
variation and controlling factors are unknown.

The aim of our study was to calculate CTPs for copper (Cu) and nickel (Ni) in terrestrial
systems taking into account spatial differences in speciation and toxicity as influenced by the soil
chemistry. CTPs were calculated for a set of 760 noncalcareous soils from around the world spanning a
wide range of properties. USEtox was employed as a fate model to calculate fate factors (FF) of metals
in soil after a unit emission to air.*” This emission route was chosen because emissions to air are a
major anthropogenic source of metals in soils.'® Empirical regression models were used to account for
differences in metal partitioning in calculation of the distribution coefficient (K4) and bioavailability
factors (BF), while terrestrial biotic ligand models (TBLM) were chosen as ecotoxicity models to
calculate effect factors (EF). Recognizing that the largest metal pool in soil is associated with the solid
phase and that only a fraction of this metal pool is reactive,’ a new factor called accessibility factor
(ACF) is introduced into the definition of CTP. Geographic variability in CTP is demonstrated for Cu
and Ni, which were chosen due to the availability of TBLMs for several terrestrial species for these two
metals.

2. Methods

2.1 Framework

Current Framework for Freshwater Ecotoxicity. The method for calculating CTP of cationic metals
in freshwater proposed by Gandhi et al.” was taken as a starting point (eq 1). In their method, the CTP
is defined as:
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CTP, = FF,, - BF, -EF, ()

where CTP; ¢ (m3 /Kgiotal emitted* day) 1s the comparative toxicity potential of total metal s emitted to
compartment i; FF; ¢ (day) is the fate factor calculated for total metal s in freshwater; BF;
(kgvioavailable’KEtotar) 18 the bioavailability factor defined as the bioavailable fraction of metal s in
freshwater; and EF; (m3/kgbioavai1able) indicates the average toxic potency of the bioavailable fraction of
metal s expressed as a Potentially Affected Fraction (PAF) of organisms. The bioavailable fraction in
the method of Gandhi et al. refers to the “truly” dissolved metal, including free ions and inorganic
complexes.

Proposed Framework for Terrestrial Ecotoxicity. The method of Gandhi et al.? is further developed
to make it suitable to soils. This is done by introducing the accessibility factor (ACF) into the definition
of CTP and modifying the definition of the bioavailability factor (BF) (eq 2):

CTP, = FF, - ACF, - BF.,  EF, @)

where CTP; (m3 /Ktotal emitted* day) 1s the comparative toxicity potential of total metal s emitted to
compartment i; FF; (day) is the fate factor calculated for total metal s in soil; ACF; (Kgreactive/KEtotal) 18
the accessibility factor defined as the reactive fraction of total metal s in soil; BF (Kgree/K€reactive) 1S the
bioavailability factor defined as the free ion fraction of the reactive metal s in soil, and EF; (m3 /K free) 18
the terrestrial ecotoxicity effect factor defined as PAF for the free ion form of the metal. We expressed
the BF based on the free ion because calculation of the “truly” dissolved metal in soil requires input
parameters that are rarely available, such as composition of major anions forming complexes with the
free ion.

In the framework proposed by Gandhi et al.” for freshwater, the ACF is in practice part of the
BF. The decoupling of the ACF from the BF for the soil assessment is recommended for two reasons.
First, the ACF acknowledges the fact that the largest metal pool in soil is the solid-phase metal.
Second, the ACF recognizes that not all forms of metal in soil are reactive. Others readily showed that
dissolved concentrations of metals can be better predicted from the reactive metal pool instead of the
total metal pool."' ' In freshwater, these aspects are expected to be less important because the
particulate-bound metal fraction is often smaller than the total dissolved metal pool,'® and because the
reactivity of metal sorbed to suspended matter is not expected to be substantially reduced within time
until it is removed by outflow and/or sedimentation.'* The term “reactive” refers to the operational
definition proposed by Degryse et al."” for the “labile” metal, given as metal in the solid phase that
“equilibrates with the solution phase within a few days”.

The terms accessibility and bioavailability are not new and have been used previously in the soil
pollution context.'"” The ACF represents metal that is potentially able to cause ecotoxicity, i.e. metal
which can partition to soil solution. This definition is consistent with that proposed by Reichenberg and
Mayer'” who define accessibility as “the mass quantity of a chemical that is or can become available
within a given time span and under given conditions”, and is fundamentally similar to that proposed
carlier by Semple et al.'® for bioaccessibility, which “encompasses what is actually bioavailable now
plus what is potentially bioavailable”. Mechanistically, our ACF is also consistent with the definition of
bioaccessibility used in risk assessment of metals,'®"” except that in the soil context the ACF refers to
the partitioning in the natural instead of in the gastrointestinal environment. We find the term
accessibility more appropriate as it represents metal pool potentially available for other processes than
uptake by biota (as for example leaching from soil). The BF, expressed as a fraction of reactive metal,
represents metal that is chemically active on its way to organisms (i.e. free ions), consistently with
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Semple et al.'® who defined the bioavailable compound “as that which is freely available to cross an
organism’s cellular membrane from the medium the organism inhabits at a given time”. Note, that both
the ACF and the BF are independent of the receptor, because the fate of the free ion within the
organism after crossing the membrane does not depend on the soil anymore.

To illustrate these definitions with an example, the comparative toxicity potential of a metal
will be the highest if all metal forms in soil are reactive and the only dissolved form are the free ions.
However, even if the solid-phase metal is reactive and thus accessible within given time, metal can still
become non bioavailable if speciation in soil pore water reduces concentration of the free ions to low
levels (soil 1 in Fig. 1, left). On the other hand, even if the fraction of free ions in the solution is
considerably large, the comparative toxicity potential of the metal can still be reduced if metal is not
reactive because the total dissolved metal pool will be lower (soil 2 in Fig. 1, right). These two
complementary sides of metal accessibility and bioavailability define exposure of terrestrial organisms
through soil pore water and (in addition to fate and effects) are expected to control the magnitude of the
comparative toxicity potential of metals in terrestrial systems.

soil 1 soil 2
solid solution Ktloi < K:JOE solid solution
K =K
ACE, > ACF,
« BEF, < BF, P e
ACE, -BF, = ACF, -BE,
reactive free ion reactive free ion
ACF,=0.9 ACF,=0.6
3 R ® LR @ L]
BF,=0.1 BF,=0.15
[ e L E L EE PP - e

Fig. 1. The definitions of accessibility (ACF) and bioavailability (BF) factors in the proposed method
for calculating CTPs of metals in soil (eq 2) illustrated for two hypothetical cases. K [t,m is the

reaci

distribution coefficient between total solid phase and solution phase; K is the distribution

coefficient between reactive solid phase and solution phase. The grey box represents the metal pool that
is not reactive, according to the definition given in the main text. The bold boxes represent reactive
(solid) and free ion (solution) metal pools. The figure is not up to scale to make it more legible. In
reality, the mass of metal in the solid phase is much larger than the mass of metal in the solution."> The
figure is inspired by Fig. 1 in Degryse et al."”

2.2 Modeling Approach

Fate Factors. The fate factor (FF;, day) represents the residence time of metal s in soil after emission
to compartment i (eq 3). Note, that this definition of the FF includes a correction factor to acknowledge
the fact that only a fraction of metal emitted to compartment i is transferred to soil, while the residence
time of anthropogenically induced metal content in a soil refers to removal processes, such as leaching
and runoff. We employed USEtox to calculate the FF of metal in natural soil after unit emission to
continental rural air. USEtox is a consensus model developed through comparison and harmonization
of seven LCIA-suited models and considers major fate mechanisms. Default USEtox environmental
parameters were used combined with metal- and soil-specific K4 values. Calculations were performed
for infinite time horizon, assuming instantaneous equilibrium for metal distribution and speciation.
Similar approaches to modeling metal fate in soil have been presented previously.?
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where ACiotars (Kgiotarkg) 1s the incremental change in concentration of total metal s in soil; AM; (Kgotal
emitted/day) 1s the incremental change in the emission of total metal s to compartment i; V (m3) is the
volume of the soil compartment; and py, (kg/m’) is the bulk density of the soil.

K4, defined as the ratio between the concentration of total metal in the solid phase and the total
dissolved metal was calculated employing empirical regression models recently proposed by
Groenenberg et al.”' Empirical regression models (see SI for a review) are equilibrium-based models
and find application in deriving soil quality criteria®* or in human exposure assessment.> The
following criteria, listed in order of increasing priority, were applied to select models from available
alternatives: (i) models with lower standard errors of estimate in soils outside the parameter range for
which they were developed were preferred; (ii) models with lower standard errors of estimate in soils
within the parameter range for which they were developed were preferred; (iii) models developed using
soils spanning a wide range of environmental properties (pH, the content of organic carbon and total
metal) were preferred; (iv) models developed using a large number of soils were preferred.

Due to the lack of measured values of the background content of Cu and Ni in each soil we
assumed that they equal 14 and 16 mg/kg respectively. These values are median concentrations
measured in European soils,”* and were preferred over average (arithmetic mean) concentrations
measured in the North America (25 and 19 mg/kg for Cu and Ni, respectively) *° because the European
set of soils is larger. It was moreover assumed that the content of amorphous, oxalate extractable Al
and Fe (hydr)oxides (AlFe.x) equals 89 mmol/kg. This value is the sum of median values for Al and Fe
measured in Portuguese soils* and is close to the sum of median values measured in Dutch soils (44
and 24 mmol/kg for Fe and Al, respectively)®’. The concentration of dissolved organic carbon (DOC)
was estimated from pH, organic carbon and electrical conductivity using the regression model
developed by Rémkens et al.>®.

Accessibility Factors. The accessibility factor (ACFs, kgreactive/kgtota) 0f metal s in soil is proposed as:

AC,
reactive 4
e 4)

total

ACF, =

where ACieactive (K€reactivekg) 1s the incremental change of the concentration of reactive metal in soil;
and ACal (kgiota’kg) 1s the incremental change in concentration in total metal in soil. The ACF was
calculated employing empirical regression models published by Rémkens et al.*® and Rodrigues et a
(see SI). The same selection criteria were applied as for the selection of K4 regression model.

126

Bioavailability Factors. The bioavailability factor (BFs, kgfee/kgreactive) Of metal s in soil was
calculated as:

ACvfree : gw
BF, =———— (5)
Acreactive ' p b

where ACtiee (kgfree/m3) is the incremental change of the free ion fraction of metal; AC cactive
(kgreactive’kg) is the incremental change in concentration in reactive metal content in soil; 6, (m3/m3) 18
the volumetric soil water content. The BF was calculated using empirical regressions predicting the
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concentration of free metal ion from reactive metal published in Groenenberg et al.*’ (see SI). Again,
the same selection criteria were applied as for the selection of K4 regression model.

Effect Factors. The effect factor (EF;, m3/kgfree) of metal s was calculated by assuming a constant
value (= 0.5) for a linear dose-response function:*

EF. = APAF _ 0.5 ©)
AC HC50

free

where APAF (dimensionless) is the incremental change in the potentially affected fraction of biological
species in the soil ecosystem due to exposure to the free ion concentration of metal; and HC50
(kgfree/m3) is the hazardous free ion concentration affecting 50% of the species, calculated as a
geometric mean of free ion EC50 values for individual species.

Terrestrial biotic ligand models (TBLM) were chosen to calculate the EF because the fraction of
metal bound to a biotic ligand of terrestrial organisms is expected to be a better descriptor of
ecotoxicological response than activity of free ion in soil solution or total metal in soil.* Ecotoxicity
models that in addition to competitive binding consider electrostatic interactions between metal ions
and organism cells have been developed, but their availability is limited to plants.’*>' The following
criteria were used in selection of TBLMs: (i) models were selected to predict metal toxicity to
organisms from at least three trophic levels (plants, microorganisms, and invertebrates); (ii) only
models predicting chronic ecotoxicity were used (iii) only models developed in soils were used. The
first two criteria were based on the recommended practice to use chronic EC50 values and the
representation of the three fundamental trophic levels, both of which are essential to ensure the
relevance of the calculated ecotoxicity indicators to terrestrial ecosystems.*? The third criterion relates
to the fact that most TBLMs have been developed in experimental model systems such as nutrient
solutions or artificial porous media, and their applicability to soils has rarely been evaluated.
Christiansen et al.”> demonstrated how a biotic ligand model developed in nutrient solution fails to
predict ecotoxicity of Cu to lettuce (L. sativa) when exposed in soil. In total, six models for Cu and Ni
respectively,*** were selected (Table S3).

Soils. A global set of soils containing 760 topsoil profiles was selected from the ISRIC-WISE3 (version
3.1) soil database.” In total, the database holds data on measured soil properties for 10,253 soils
collected in 149 countries.>® The majority of soils were excluded from the modeling due to missing
information on pH, organic carbon, clay, sand, silt, exchangeable cations and soil electrical
conductivity (6608 cases). We also excluded 860 soils with soil electrical conductivity and
exchangeable cations assigned “zero” values, because in those cases it was not possible to differentiate
whether these parameters equaled “zero”, or whether they were lacking values when accepting soil
profile data to the database.”® Another 1,331 profiles were excluded because the method used to
measure soil electrical conductivity was either not specified, or it was stated that this parameter was not
measured even when a value was assigned to this parameter (in most cases 0.1 dS/m). Because the
TBLMs are not applicable to calcareous soils, soils with carbonate content (CaCO3) above 0% (437
cases) and those with pH>6.5 that did not have a value assigned to CaCOj; (252 cases), were also
excluded. To the remaining soils that did not report CaCOs3, a value of 0% was assigned (57 cases).
Finally, saline soils (ionic strength of soil pore water above 0.5 mol/l) were not included because of
uncertainties related to calculations of ion activity coefficients (5 cases). This resulted in 760
noncalcareous soils for which CTPs could be calculated. These soils span a wide range of properties
with respect to the most influential parameters affecting metal bioavailability and ecotoxicity, i.e. pH,
content of organic carbon, and ionic composition of soil pore water (Table S1). Note that the latter is
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not given in the database and was calculated following the Gaines-Thomas convention for modeling
cation exchange, as presented in the SI. The location of those soils for which geographical references
are available is shown in Fig. S1.

Multiple Linear Regression Analysis. Based on the individual soil CTPs, we developed multiple
linear regression (MLR) models to analyze the influence of soil properties controlling the CTP (eq 7).
They can be used to calculate CTPs directly from soil parameters. The MLR models were also derived
to analyze the influence of soil properties controlling each model constituent in eq 2 (see SI). Only
those soil parameters which were included in models used to calculate K4 values, concentrations of
reactive, total dissolved, and free metal ions (eq S6-S22) were selected as independent variables. Some
parameters were excluded due to strong (r>0.8; r=Pearson correlation coefficient) correlation with
other parameters (see SI for details).

log,,(CTP)=a+b- pH +c-log, (ORGC)+d -log,, (|Mg*" |+ -log,, (CLAY) 7

where CTP (m3 /KEiotal emitted to air-day) 1S the comparative toxicity potential of total metal emitted to air;
ORGC (%) is the organic carbon, [Mg2+] (mol/1) is magnesium concentration in soil pore water; and
CLAY (%) is clay content.

The coefficients of eq 7 were derived in IBM SPSS Statistics 20 (IBM Corp., Armonk, NY)
using values calculated for the whole set of 760 soils, and were included in the regression if they
passed stepping criteria (p<0.05 for entry, and p>0.1 for removal) and were significant at the
probability level p<0.001.

Normalized Sensitivity Coefficients. Sensitivity of CTPs to uncertain model parameters was analyzed
by computing normalized sensitivity coefficients (eq 8), as done in Prommer et al.:*’

ACTP/CTP
XCTP,k = (8)
Aa, /a,

where Xcrpk 1S the normalized sensitivity coefficient of CTP for perturbance of parameter k, ay is the
k™ parameter value, Aay is the perturbation of parameter a,, CTP is the calculated comparative toxicity
potential, and ACTP is the change of the comparative toxicity potential that resulted from the
perturbation of parameter ax. Note, that in Prommer et al. their analysis was done using constant value
of the Aay (10%). Here the Aay vary between the parameters, and is chosen based on the realistic ranges
of uncertain model parameters.

3. Results and Discussion

Below, we present results for CTP and each model constituent in eq 2 for a unit emission of Cu and Ni
to air. Geographic variability of CTPs accompanied by sensitivity analysis, consideration of method
limitations, and a presentation of implications for LCIA, are then discussed.

K values. Median (95% geographic variability intervals) values of Kq are 9.1x10% (2x10% — 2.5x10%)
and 1.8x10° (6.2x10* — 4.1x10%) I/kg for Cu and Ni, respectively (Fig. 2a). They are within ranges of
measured values for different soils."” If more detailed data on soil characteristics, such as type and
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properties of organic matter and soil minerals become available, equilibrium multisurface models may
be preferred over empirical regressions to obtain more precise values of partitioning coefficients.**>’

Fate Factors. Median (95% geographic variability intervals) values of FFs are 3.9x10* (1.4x10* —
1.9x10% and 7.1x10* (2.7x10* — 1.3x10°) days for Cu and Ni, respectively (Fig. 2b). Organic carbon
and pH are the major soil properties controlling K4 values and consequently FFs of Cu and Ni,
respectively (Table S8). Fate factor increases with increase in the partitioning coefficient, which is
explained by the latter’s strong influence on processes included in the fate model, i.e. leaching to
deeper soil layers and runoff from soil (Fig. S6). These processes are slow for metals due to their strong
binding to soil constituents, resulting in residence times of hundreds of years for a soil layer of 0.1 m.
Soil erosion becomes however an important removal process in those soils in which K4 values are very
high. As a consequence, FFs level off at high Ky values. USEtox predicts that ~1000 years is required
for all soil to become eroded to surface water; soil erosion thus determines the maximum residence
time of a metal in soil. Residence times in range of hundreds of years indicate that some impacts will
be excluded if finite time horizons are chosen in modeling comparative toxicity potentials.*

Accessibility Factors. Median (95% geographic variability intervals) values of ACFs equal 0.42 (0.35
—0.65) and 0.06 (0.022 — 0.13) kgeactive’kgtotal for Cu and Ni, respectively (Fig. 2¢). In none of the 760
soils is the reactive fraction equal to 1, as is assumed in current LCIA practice. *' This is an important
aspect to consider because even if metal is initially reactive, the reactive fraction in soil can decrease
significantly at time scales of months*, reducing the magnitude of CTPs. Here, we assume that the
reactive metal is in equilibrium with total metal. This assumption can be justified because the
regression models used to calculate reactive metal have been derived from both uncontaminated and
contaminated, aged soils. The calculated median value of the reactive fraction of Cu is close to the
median value measured in soils from 19 paddy fields of Taiwan (0.56),"* but is higher than median
value measured in 136 soils from Portugal (0.2).° By contrast, median reactive fraction for Ni
(calculated using the regression developed for the Portuguese soils) is lower than the median value
measured in the Taiwanese soils (0.23). The difference can be attributed to the fact that both Dutch and
Taiwanese soils have been formed from unconsolidated river sediments of different properties than
soils formed from parent material, such as the Portuguese ones. As noted by Rémkens et al.”® the
fraction of reactive metal will be lower in soils derived from parent material, because a larger
proportion of metal is included in non-reactive minerals. The reactive fraction of Cu and Ni predicted
by the kinetic model of Crout et al.* using kinetic parameters from Buekers et al.** for pH 5.7 (median
for soils) and infinite time equal to 0.6 and 0.65, respectively. These values are higher than median
values calculated here, which may be clarified by the fact that the model of Buekers et al. does not
capture those processes which occur after ~800 days in soil, such as precipitation of salts and formation
of minerals.* If more information on the type of reactive surfaces and kinetics of reactions becomes
available, assemblage models constructed using multisurface models can be employed for modeling
both igeciation in soil pore water and time-dependent changes in the solid-phase metal reactivity in
soils.

Our study corroborates earlier study recommending the use of calibrated bioavailability models
to correct for metal leaching and aging® by introducing a factor which is based on a mechanistic
understanding of processes affecting metal availability in soils. Further work should be devoted to
considerations of changes in metal reactivity with time as affected by emitted forms of metal and soil
properties. This aspect is particularly relevant if finite time horizons are considered in modeling
comparative toxicity potentials for metals.

The ACF is not just relevant for metals in soil. The availability of some organic contaminants
can also be reduced in soil by sorption to organic matter and slow diffusion into micropores.*® Indeed,
the truly dissolved concentration and bioaccumulation of some hydrophobic organic compounds are
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better predicted if sorption to carbonaceous materials such as black carbon, coal, and kerogen
(collectively called “carbonaceous geosorbents”, GC) constituting approximately 10% of total organic
carbon is taken into account.*’ As for metals fixed in soil, the majority of GC-bound hydrophobic
organics is resistant to release.”” The ACF can be applied to capture the differences in availability in
such cases. Then, the BF (for organics known as the exposure factor, XF) can be used to translate
between the compound available for partitioning and the truly dissolved fraction, as is practiced
today.*® If a compound does not bind strongly to the GC, the ACF=1, and the BF is a sufficient
descriptor of the exposure through soil pore water.

Bioavailability Factors. Median (95% geographic variability intervals) values of BFs equal 2.3x10°
(1.7%107 — 4.8x10) and 6.8x107* (1.6x10™ — 3.3x107) kgfree/kgreactive for Cu and Ni, respectively (Fig.
2d). To test the accuracy of these predictions, we calculated the concentrations of free metal ions
expressed as a fraction of total dissolved metal using regression models employed to calculate
concentration of free ion and total dissolved metal, and compared them with the free ion fraction of
total dissolved metal measured by others. The free Cu®" fraction of total dissolved Cu ranges 4.6 orders
of magnitude (Fig. S8) and decreases with soil pH (data not shown). This is confirmed by
measurements in soil solutions from various soils."> >’ The lowest fraction of free Cu®" measured by
Groenenberg et al.>’ (3x107) is about 2 orders of magnitude lower than the lowest value calculated
here (5.4x10), while the lowest value calculated here for Ni** (1.6x10™") does not reach the lowest
value measured by Groenenberg et al. >’ (2x107). This is because only five soils with pH>7 and only
two soils with organic carbon content above 20%, in which bioavailability of Cu and Ni is expected to
be low, were included in our data set. Here, in one soil the calculated free ion fraction of total dissolved
Cu exceeds the maximum possible value of 1 (by 129%), while the fraction of free Ni*" exceeds the
maximum possible value of 1 in five soils (by<12%). We consider these predictions as sufficiently
accurate to incorporate the BFs in calculations of CTPs.
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Fig 2. Logjo-transformed K4 values (a), FFs (b), ACFs (c), BFs (d), EFs (e) and CTPs (f) for Cu and Ni
calculated for 760 soils. Boxes with bars indicate the 5™, 25" 50™, 75" and 95™ percentiles; black dots

indicate 2.5™ and 97.5™ percentiles of the calculated values.
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Effect Factors. Median (95% geographic variability intervals) values of EFs are 4.4x10* (6.4x10° —
7.8x10% and 6.6x107 (6.7x10" — 4.7x10%) m3/kgfree for Cu and Ni, respectively (Fig. 2e). EFs of Ni
span a wider range than those for Cu, because in all cases, except of nitrifying microorganisms, only
protons compete with Cu®* for binding to biotic ligands, whereas the toxicity of Ni*" is also alleviated
by Mg*", and sometimes by Ca*". As a consequence, EFs of Cu strongly correlate with soil pH (Table
S11). In contrast, the EF of Ni primarily correlates with the concentration of Mg*" dissolved in soil
pore water. Comparison between our species sensitivity distributions (SSD) constructed from the
TBLM-derived EC50 values, and SSDs derived from species effect data from ecotoxicity experiments
shows that even though non-alkaline soils dominate our dataset, and there are differences in species
included in the comparison, in many cases our SSDs fall within the 95% confidence interval for the
experimental SSD (see SI). We consider these predictions as reasonable and sufficiently accurate to
employ our EFs for calculating CTPs.

Haye et al.*’ showed that EF based on total metal for Cu was 3.2 times higher than that for Ni.
Here, the ecotoxicity ranking of Cu and Ni is more similar to what was observed for freshwater
organisms by Gandhi et al.> who showed that Cu is about 80 times more toxic than Ni when the EF was
based on the “truly” dissolved metal. Toxicity of metals can be related to the strength of their binding
to biomass, such as plasma membranes, cell walls, and proteins, and has been shown to correlate with
metal softness.”®>" A property of soft metals is that they have strong binding affinity to soft ligands,
such as biomass. If corrected for differences in ionic composition of the environment, only molecular
properties of metal ions and the type of biomass will drive the metal uptake and toxicity, which may
explain the similarities reported here between toxicity ranking of metal ions for terrestrial and aquatic
organisms. Veltman et al.’>™> have already demonstrated that the absorption rate constant and the
conditional affinity constant of various aquatic species were positively correlated with the metal
covalent index.

Comparative Toxicity Potentials. Comparative Toxicity Potentials range 3.5 and 3 orders of
magnitude for Cu and Ni, respectively, with median values (95% geographic variability intervals) equal
to 1.7x10% (1.7x10" = 2x10% and 1.7x10° (2.1x10*= 1.1x10%) m’/Kgotal emitted to air to air-day. They are
distributed lognormally (see SI).

Multiple linear regressions show that the CTP of Cu is determined mainly by soil organic
carbon (Table 1), influencing metal fate. The predictive power of the equation for calculating CTPs of
Cu is improved by including the effects of soil pH, influencing bioavailability (Table S10). In contrast
to Cu, the compensating effects of soil organic carbon on both accessibility and bioavailability result in
soil organic carbon being a rather poor descriptor of CTP for Ni. The CTP of Ni is mainly controlled by
pore water concentration of Mg®", through its influence on ecotoxicity. This poses a challenge for
global scale modeling of ecotoxic impacts from those metals for which base cations alleviate toxicity to
soil organisms, because pore water concentrations of Mg>" and other base cations are neither routinely
measured, nor are they specific to soil types.”* As demonstrated here, however, they can be calculated
from electrical conductivity of soil pore water, which can be measured or estimated from soil
properties.>
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Table 1. Linear regression coefficients, adjusted R? values (Rzadj) and standard error of estimate (se) of
regression equations for log;o(CTP) of Cu and Ni (eq 7). Values in brackets indicate standard error.

2

Metal | a B C d e R%aq se
intercept pH log10(ORGC) Ioglo([Mg2+]) log1o(CLAY)

Cu 3.327 X -1.003 X X 0.784 0.27
(0.010) (0.019)
5.653 -0.408 -1.150 X X 0.965 0.11
(0.038) (0.007) (0.008)
6.006 -0.426 -1.166 0.072 X 0.973 0.093
(0.039) (0.006) (0.007) (0.005)
6.074 -0.427 -1.156 0.078 -0.035 0.974 0.092
(0.043) (0.006) (0.007) (0.005) (0.009)

Ni 1.540 X X -0.482 X 0.736 0.22
(0.037) (0.010)
1.613 X -0.209 -0.470 X 0.795 0.19
(0.033) (0.014) (0.009)
0.962 0.104 -0.169 -0.486 X 0.815 0.19
(0.079) (0.012) (0.014) (0.009)
0.701 0.107 -0.209 -0.510 0.134 0.828 0.18
(0.083) (0.011) (0.015) (0.009) (0.017)

CTP (m3/kgtota|emmed 10 air to air-day) is the comparative toxicity potential of total metal emitted to air; ORGC (%) is the organic carbon
content; [Mg2+] (mol/I) is magnesium concentration in soil pore water; and CLAY (%) is the clay content; x indicates that the variable did
not pass stepping method criteria (p<0.05 for entry, and p>0.1 for removal); all coefficients are significant at the probability level
p<0.001.

Sensitivity Analysis. The sensitivity of CTPs to many model parameters is metal- and soil-specific
(Fig. 3). The parameters affecting ionic composition of soil pore water (such as the Gaines-Thomas
selectivity coefficients for cation exchange, K®") appear important for Ni due to competitive binding of
Mg*" to biotic ligands. However, if the full set of three K" values is in lower and higher range of
values typical for clay soils (Table S15), median CTPs of Ni change by 4 and 5%, respectively,
compared with the base scenario (data not shown). The influence of soil moisture on CTPs of Ni is
larger compared to Cu because concentration of dissolved Mg”" is also proportional to the water
content (eq S1), whereas the precipitation rate can influence CTP of both Cu and Ni due to its control
of leaching and runoff. The geographic variability in the CTP of Cu is expected to be higher if data on
location-specific content of amorphous Fe and Al (hydr)oxides were available.

The CTPs for both metals are more sensitive to low background metal content, compared with
high background levels. However, using a European subset of 24 soils (see SI for details) we show that
median CTPs change by 10% for both metals if location-specific background metal is used instead of
constant values. For the same subset, an increase in reactive metal to the levels expected in soils from
paddy fields of Taiwan (56 and 23% of total, location-specific Cu and Ni, respectively)'? is to some
extent compensated by shorter residence time of a metal. However, a 10% change in K4 or DOC will
result in nearly 10% change in CTPs, due to their influence on metal fate. Overall, it can be concluded
that inclusion of location-specific model parameters will improve accuracy of soil-specific CTPs and
will probably increase geographic variability in the CTPs, but is not expected to considerably (<10%)
influence median values, at least at a global scale. If a regionalized assessment at country levels is to be
performed, attention must be paid to the dependency of CTPs on soil moisture and precipitation rates.
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Fig. 3. Normalized sensitivity coefficients (Xctpx) computed using eq 8 for several uncertain model
parameters with respect to the calculated CTPs of Cu (a) and Ni (b) in all 760 soils, or in the European
subset of 24 soils. Boxes with bars indicate the 5™, 25", 50", 75" and 95" percentiles; black dots
indicate 2.5™ and 97.5" percentiles of the calculated values. Details on selection of K values and
location-specific background metal content are given in the SI.

Method Limitations. We propose a new method for calculating CTPs of Cu and Ni in soil, but its
extension to other metals or terrestrial systems can be limited. Multisurface speciation models can be
applied to metals lacking empirical regressions, and terrestrial free ion activity models (FIAM), or
freshwater ecotoxicity EFs can be adapted to cover metals lacking TBLMs. Alternatively, quantitative
ion character-activity relationships (QICAR) can be developed, as done for freshwater organisms.
The coverage of saline and calcareous soils will be challenged by the need for validating existing
speciation and ecotoxicity models.

Our method does not capture the aspects of metal essentiality, active plant uptake, or microbial
adaptation, but it is not obvious how these limitations affect toxicity potentials. Whereas toxic pressure
has been demonstrated to relate to biodiversity,”’>® positive effects on a species level might not always
translate into positive effects on an ecosystem level.”
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It should be also noted that research is needed to evaluate whether the framework can be
applied to elements forming anions or organic compounds, whereas the reactivity of massive metal
products and metallic nanoparticles is expected to be more dependent on the particle size and/or shape
than on the initial chemical form.**%*

Finally, we stress that LCIA-suited models are based on an average situation that is appropriate
to rank substances according to their toxicity potential for application in LCA. However, environmental
risk assessment (ERA) or environmental impact assessment (EIA) usually operate in well-defined
settings, and practitioners thus should consider employing site specific fate and exposure models to
(ideally) best represent conditions at a site. For example, if our method is used to calculate CTP for a
metal emitted directly to an agricultural soil, metal removal via plant harvest can play a role in
determining metal fate.*®

Practical Implications. Our new CTPs of Ni and Cu in soils, taking metal accessibility into account,
highlight the need for considering variability in soil properties as drivers of metal CTPs. These aspects
of terrestrial ecotoxicity assessment of metals are not included yet in the existing LCIA
methodologies.*' For applications in regionalized assessments, it is important to evaluate the
variability of CTPs as controlled by spatially variable soil properties. The scientifically relevant spatial
scales can be different for different metals, due to differences in variability of soil parameters
controlling CTPs, as demonstrated here for Cu and Ni. In situations where the emission location is
unknown, as is often the case in LCA, it is important to carefully select generic values of CTPs.
Weighting of CTPs can be done based on the relative occurrence of soils. Alternatively, soil archetypes
can be derived for which spatially-determined variability of CTPs can be calculated. In both cases, our
empirical CTP-regression can be directly employed to calculate CTPs for Cu and Ni from soil
parameters.

Associated Content

Supporting Information. Location and properties of soils; methodology for calculation of ionic
composition of soil pore water; a review and selection of empirical regression models; structure,
parameters, and predictions of TBLMs; multiple linear regressions analysis; details on the sensitivity
analysis; and additional results.
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