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e A lysimeter facility was used to deter-
mine leaching rates of Cd, Cu, and Zn
e Cd, Cu, Zn leaching rates were small and
had a minor impact on soil mass .
balances

e Leaching models seem to overestimate
leaching rates

e Direct transfer of Cd, Cu, Zn from the
soil surface out of the soil profile was
small
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ARTICLE INFO ABSTRACT

Editor: Paola Verlicchi Soil mass balances are used to assess the risk of trace metals that are inadvertently applied with fertilizers into
agroecosystems. The accuracy of such balances is limited by leaching rates, as they are difficult to measure. Here,
Keywords: we used monolith lysimeters to precisely determine Cd, Cu, and Zn leaching rates in 2021 and 2022. The large
Seepage water lysimeters (n = 12, 1 m diameter, 1.35 m depth) included one soil type (cambisol, weakly acidic) and distinct
Cr?ps cropping systems with three experimental replicates. Stable isotope tracers were applied to determine the direct
Soil mass balances . . .
Tsotope tracing transfer of these trace metals from the soil surface into the seepage wlNater. The annual lezlichlng rates ranged from
Crop rotation 0.04 to 0.30 for Cd, 2.65 to 11.7 for Cu, and 7.27 to 39.0 g (ha a)” for Zn. These leaching rates were up to four
Arable soils times higher in the year with several heavy rain periods compared to the dry year. Monthly resolved data
revealed that distinct climatic conditions in combination with crop development have a strong impact on trace
metal leaching rates. In contrast, fertilization strategy (e.g., conventional vs. organic) had a minor effect on
leaching rates. Trace metal leaching rates were up to 10 times smaller than fertilizer inputs and had therefore a
minor impact on soil mass balances. This was further confirmed with isotope source tracing that showed that
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only small fractions of Cd, Cu, and Zn were directly transferred from the soil surface to the leached seepage water
within two years (< 0.07 %). A comparison with models that predict Cd leaching rates in the EU suggests that the
models overestimate the Cd soil output with seepage water. Hence, monolith lysimeters can help to refine
leaching models and thereby also soil mass balances that are used to assess the risk of trace metals inputs with

fertilizers.

1. Introduction

In agriculture, fertilizers can be inadvertently the major input of
trace metals into soils (Hou et al., 2020). For instance, mineral phos-
phorus fertilizers can be enriched in cadmium (Cd) compared to soils
and crops, since phosphate rocks can be concentrated in Cd (Mar and
Okazaki, 2012). Hence, mineral P fertilizer can contribute to increased
Cd concentrations in soils and crops in the long-term (Bergen et al.,
2021; Grant et al., 2013; Hu et al., 2024). In crops, Cd concentration
should be kept to a minimum since Cd has along half-life time in human
bodies, and can damage organs such as the kidney and is considered as a
class 1 carcinogen (Fransson et al., 2014; Godt et al., 2006; WHO/IARC,
2020). Moreover, organic fertilizer can contain high concentrations of
copper (Cu) and zinc (Zn) through the use of these trace metals as
growth promoter in animal production systems such as for pigs (Brugger
and Windisch, 2015; Formentini et al., 2015). Although Zn and Cu are
essential nutrients for soil biota and plants, an excessive accumulation of
these elements can impair soil functions (Mertens and Smolders, 2013;
Rehman et al., 2019). Hence, excessive inputs of fertilizers with high
trace metal concentrations can pose a health and/or an environmental
risk.

To assess the risk of trace metal inputs from fertilizers into soils, soil
mass balance models are used (Marini et al., 2020). These balances take
into account soil in- and outputs to determine if there is a net accumu-
lation of trace metals (Gross et al., 2021; Shi et al., 2018). Based on the
accumulation rate of trace metals, it can be assessed if the current
agricultural practices impair soil fertility and crop quality in the mid and
long-term. Currently, the largest uncertainty in the soil mass balances
modelling of trace metals are outputs with seepage water (Six and
Smolders, 2014). This issue has been particularly discussed for Cd, as
recent publications reviewed that modelled leaching rates exceed
measured leaching rates by 2 to 250 times (McLaughlin et al., 2020;
Sterckeman et al., 2018). Hence, either modelled Cd leaching rates un-
derestimate and/or measured leaching rates overestimate soil Cd accu-
mulation. This disagreement introduces uncertainties into soil mass
balances and thereby complicates risk assessments and political debates
on Cd limits in fertilizers (Dharma-wardana, 2018; Ulrich, 2019). Hence,
precise Cd leaching rates are needed to assess the risk of Cd inputs with
fertilizers into soils.

From all in- and output fluxes, trace metal leaching rates are the most
difficult ones to measure. The methods used to measure trace metal
leaching rates include suction cups, wick samplers, and lysimeter tech-
niques (Bengtsson et al., 2006; Cambier et al., 2014; Degryse and
Smolders, 2006; Filipovi¢ et al., 2016; Gray and McDowell, 2016; Gray
and Cavanagh, 2021; Imseng et al., 2018; Keller et al., 2002; McLaren
et al.,, 2004). All these methods have advantages and disadvantages
(Weihermdiller et al., 2007). For instance, suction cups and wick samples
are easier to install than lysimeter-based methods (Meissner et al., 2014;
Weihermiiller et al., 2007). However, they mostly rely on modelling of
water fluxes and provide a small surface area to collect the seepage
water. Hence, they may not fully account for small scale heterogeneities
and preferential-flow pathways in soils (Li and Zhou, 2010; Wei-
hermiiller et al., 2007). In addition, suction cups may also filter trace
metals that are associated with colloids. Lysimeter typically consist of a
container filled with soil and a device to collect the water outflow of the
container to determine seepage volumes and leaching rates of nutrients
and pollutants (Meissner et al., 2016). Large lysimeters with soil
monoliths (i.e. undisturbed soils) account for preferential flow pathways

and average small scale heterogeneities of soils (Germann and Prasuhn,
2018; Meissner et al., 2014). Therefore, lysimeters directly and precisely
assess seepage water fluxes and elemental fluxes (Meissner et al., 2014;
Weihermiiller et al., 2007). However, most of these large lysimeters are
free draining, thereby, the bottom is in contact with atmospheric pres-
sure which can introduce artifacts in the water flow (Weihermiiller et al.,
2007). Nevertheless, as large and monolithic lysimeter solve most
challenges of seepage water measurements, they provide a system that
represents real field conditions most realistically (Meissner et al., 2014).
To date, only a few studies have used large and monolithic lysimeter to
determine trace metal leaching rates in grassland soils (Gray et al., 2021;
Keller et al., 2002; McLaren et al., 2004). To account for other agricul-
tural systems such as arable crops, different fertilization strategies, and
soil types, more studies are needed that determine precise trace metal
leaching rates with large and monolithic lysimeters.

Isotope source tracing allows to distinguish trace metal sources (e.g.
fertilizers, soils) and sinks (e.g., plants, soil pools, and seepage water)
(Bracher et al., 2021; Hippler et al., 2015; McBeath et al., 2013; Oster-
mann et al., 2015). In addition, enriched stable isotope source tracing
techniques allow to precisely trace the fate of the fertilizer applied trace
metals over several growing seasons (Mattiello et al., 2021). For
instance, pot experiments revealed that only a small fraction of the trace
metals that are applied with mineral and organic fertilizers are directly
transferred to the crops (< 12 %, Bracher et al., 2021; Kiinzli et al., 2023;
Yan et al., 2021). Hence, the majority of the trace metals (> 88 %)
remained in the soil and/or could be leached out of the soil profile with
seepage water (Bracher et al., 2021; Ostermann et al., 2015). To date,
the direct transfer of fertilizer applied Cd, Cu, and Zn to crops and
seepage water that is leached out of the soil profile has not been quan-
tified. Such a source tracing study would provide novel insights into the
fate of fertilizer applied metals.

The objectives of this study were to i) determine leaching rates of Cd,
Cu, and Zn of distinct cropping systems and to ii) quantify the direct
transfer of these trace metals from the lysimeter surface to the seepage
water. To this end, we conducted an experiment at the state-of-the-art
lysimeter facility at Agroscope Zurich-Reckenholz, Switzerland. The
experiment included 12 monolith lysimeters that contained each three
tons of soil as well as four treatments with distinct cropping systems that
differed in their fertilization strategy and crop rotation. Each treatment
contained three experimental replicates and one weighable lysimeter.
For one treatment, a stable Cd, Cu, and Zn isotope source tracing
experiment was conducted. The obtained leaching rates and soil mass
balances are discussed in the context of the risk of fertilizer applied trace
metals.

2. Material & methods
2.1. Lysimeter facility and experimental design

The lysimeter facility at Agroscope in Zurich-Reckenholz comprises
72 monolith lysimeters (Prasuhn, 2016). The monolith lysimeters have a
surface area of 1 m?, a depth of 1.5 m and are kept in stainless steel
containers (steel type DIN V2A 1.430, main metallic components Cr and
Ni). The top 1.35 m are soil monoliths (i.e. undisturbed soil) while the
lowest 0.15 m are composed of three layers of quartz sand and gravel
that contain small quartz grains on top (0.10 to 0.50 mm) and the largest
ones at the bottom (3.15 to 5.60 mm). The latter is used to minimize the
disruption of the water flux from the soil monolith to the exposure of
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atmospheric pressure at the bottom of the monolith (Abdou and Flury,
2004; Meissner et al., 2014). At the bottom of the lysimeter, the seepage
water is directed to a tipping bucket that tips over every 100 mL accu-
mulated. The time of each tipping is recorded. Precipitation rates are
measured using a national meteorological station of MeteoSwiss located
50 m aside from the lysimeter facility. The evapotranspiration is
calculated based on the measured precipitation, seepage water rates,
and the change of stored water in the lysimeter (see SI 1.1).

For this study, 12 out of the 72 lysimeters have been selected. The
soil of the selected lysimeters was an arable soil from the Swiss Plateau
from Grafenried (canton Bern) and was classified as a “slightly pseu-
dogleyed cambisol” (Table S1). The 12 lysimeters encompass four
different treatments with n = 3 experimental replicates. Since 2009, the
treatments have been fertilized differently (Table S2). The ‘conven-
tional’ and the N100 treatment have been fertilized according to rec-
ommendations of Agroscope, while the N200 treatment received higher
N application rates than recommended (Sinaj and Richner, 2017). These
treatments have been chosen when the lysimeters were installed in 2009
to focus on nitrate leaching in agriculture (Prasuhn, 2016). The ‘organic’
treatment has been managed according to organic farming practices
without pesticides and chemically treated mineral fertilizers. In the
conventional and organic treatment, winter barley was grown in 2021
followed by a multi-annual temporary grass-clover ley (denoted as grass-
clover ley) that was sown in August and kept until the end of the sam-
pling campaign of this study. In the N100 and N200 treatments, silage
maize was grown in 2021 and 2022 with a green manure crop in be-
tween. Each treatment contained one weighable lysimeter (+ 10 g) and
two lysimeters that were not weighable (Prasuhn, 2016). Taken
together, the lysimeter system used here can be classified as a large,
weighable, free draining, and monolith lysimeter (Meissner et al., 2010).

2.2. Sampling and sample processing for concentration measurements

Samples were taken from November 2020 to October 2022. To this
end, seepage water samples were collected in 25 L polyethylene (PE)
canisters that were pre-cleaned with 0.03 M double distilled nitric acid
(HNOg). The sampling was regularly conducted monthly or bi- to tri-
monthly when the canisters filled too quickly. The canisters were
collected, replaced with empty ones (also acid cleaned), and transported
to the Research Station of Plant Sciences at ETH. There, the seepage
water was acidified with double distilled HNOj3 to decrease the pH below
3 to ensure that Cd, Zn, and Cu desorbed from potential binding sites of
the canisters. After adding the acid, the canisters were shaken to ho-
mogenize the seepage water. This was necessary, as sometimes, there
were small soil particles visible in the seepage water, particularly after
heavy rainfalls or snow melting periods.

Before an aliquot was taken, the canisters were again shaken. Then,
200 mL of the homogenized seepage water was evaporated at 120 °Cin a
laminar fume hood. The air that circulated through the hood was filtered
and the hood was constructed with plastic material only to minimize
contamination of the samples with metals. The evaporated samples were
then resuspended in 0.3 M HNO3 at 100 °C on the hotplate for 1.5 h.
After this, the samples were transferred into polypropylene tubes (VWR,
Sterile Metal-Free Centrifuge Tubes) and precisely filled up to 15 mL.
For each batch of samples that was processed, a blank consisting of ul-
trapure water (> 18.2 MQ) was processed alongside the normal samples
to later determine the quantity of trace metals that were added to the
samples during sample processing. Finally, the samples were stored in a
fridge at 4 °C temperature until they were measured.

Plant and fertilizer samples were frequently taken upon harvest or
application and then air dried in an oven (50 °C). Data on harvested
biomass (g m~?) and fertilizer application rates (g m~2) were recorded.
Harvested biomass and fertilizers were homogenized using a rotary mill
equipped with tungsten carbide cups (Quiagen, TissueLyzer). Note, the
plants were treated as aboveground biomass, thereby, grains, stems, and
leaves were not separated as we were only interested in the metal export
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from the soil with the harvested biomass. The plant and mineral fertil-
izer samples were then digested using 7 M double distilled HNO3 and a
single reaction chamber microwave system (turboWave, MWS micro-
wave systems) (Kiinzli et al., 2023). The organic fertilizers (that were
applied to the lysimeters as liquid slurries) were shaken and an aliquot
was taken with a pipette. The aliquot was then digested with 7 M HNO3
in the microwave as done for the mineral fertilizers and the plants. For
the digestions, blanks and certified standard materials were processed
alongside the samples.

Soil characterization was conducted previously when the lysimeters
were installed. For this publication, metal related soil properties were
additionally measured. As it was not possible to destructively sample
soil from the lysimeter, the trace metal related soil properties were
determined in a mixed soil sample that included all soil horizons and
that was sampled when the soil was transferred to the lysimeter facilities
in 2009. In this soil sample, total metal concentrations were determined
by using a mix of HNOs, HCl, and HF (Kersten et al., 2022). DTPA
extractable metals were conducted following the protocol of Lindsay and
Norvell (1978). All soil properties are summarized in Table S1.

2.3. Concentration analyses and quality control

The concentrations of Cd, Cu, and Zn in seepage water, plant, soil,
and fertilizer samples were analyzed using an inductively coupled
plasma mass spectrometer with a helium supplied reaction cell (ICP-MS,
Agilent 7500ce). To this end, the isotopes lcq, %3¢y, and ®°Zn were
measured and corrected for matrix induced sensitivity effects with the
internal standards scandium (Cu, Zn) and indium (Cd) (Thomas, 2013).

Several quality control samples were integrated into the concentra-
tion measurements. For seepage water samples, the accuracy of the an-
alyzes was tested with the certified reference material CRM-CA713
(wastewater, n = 1). The recoveries ranged from 110 to 113 % for Cd, Cu,
and Zn which indicates a slight overestimation of our results. Repeat
measurements of seepage water samples (n = 7) revealed a relative
standard deviation of 3 to 6 % for Cu and Zn and 9 % of Cd. The precision
of Cd was likely smaller compared to Cu and Zn because of the low con-
centration of the Cd samples. Nevertheless, the quality control mea-
surements revealed that the accuracy and precision of liquid samples
were adequate. In addition, the procedural blanks of the seepage water
samples were 0.001 pg L™ for Cd, 0.02 pg L ™! for Cu, and 0.5 pg L ™! for Zn
(of n = 5). For Cd and Cu, the average contributions of the procedural
blanks to the seepage water samples were below 3 %. For Zn, the average
contribution of the procedural blanks ranged from 8 to 20 %. The higher
blank contribution is typical for Zn as it is present in many laboratory
materials (Garcon et al., 2017). To ensure that the results were not
overestimated, the blank concentrations were subtracted from the con-
centrations obtained in the seepage water samples for Cd, Cu, and Zn.

Quality control samples were also measured for plant samples. The
recoveries of the standards BCR-679 (white cabbage), NIST 1567b
(wheat flour) and IAEA-V10 (hay powder) ranged from 96 to 100 % for
Cd, 89-90 % for Cu, and 89 to 93 % for Zn. These results indicated that
the quality of sample processing (milling, digesting) and analyses for
plant samples were robust.

2.4. Isotope labeling and isotope analyses

In November 2020, Mcd, %5cuy, and %Zn enriched stable isotope
spikes were added to the conventional treatment where winter barley
has just been sown. The abundances of the enriched isotopes were '1Gd
= 95 %, %5Cu = 99 %, and %’Zn = 91 %. The quantity added of each
metal was calculated based on Cd, Cu, and Zn contents and application
rates of P-fertilizers in Swiss agriculture (Sinaj and Richner, 2017; Gisler
and Schwab, 2015) which resulted in an application rate of 5 g Cd, 8 g
Cu, and 30 g Zn per ha. Hence, the form (i.e. soluble) and quantity of the
spike applied was to mimic a representative soluble and mineral P fer-
tilizer. To apply the enriched stable isotopes to the lysimeters, the stock
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solution was diluted in a plastic watering can to a volume of 2 L. Then,
we added the isotope spike solution evenly in between the eight inner
barley rows (total 10 rows) to minimize boarder effects.

To measure the enriched stable isotope ratios in the sinks (i.e.
seepage water and plants) required additional sample treatment. For the
seepage water, aliquots of the samples were bulked to nine periods to
ensure that isotope ratios could be adequately measured. Typically, one
period was equal to three months. For the plants, samples were ho-
mogenized and digested using a microwave system (see details in Sec-
tion 2.2). To increase the precision of the isotope ratio measurements
and to concentrate the samples, the samples were purified (Diirr-Auster
et al., 2019). To this end, the samples were evaporated to complete
dryness, redissolved in HCl, and then the matrix elements (i.e. major
cations such Ca and Mg) were separated from Cd, Cu, and Zn. Particu-
larly, samples were loaded in 7 M HCl (5 mL) to preconditioned resin-
based anion exchange chromatography resins (AG® 1-X8, 100-200
mesh, chloride form, Bio-Rad laboratories). The sample matrix was
eluted using 7 M HCI (3 mL). After this, Cd, Cu, and Zn were eluted using
H50 (2 mL) and 0.3 M HNO3 (8 mL). The samples were then evaporated
to complete dryness, and redissolved in 0.3 M HNO3. Note, a full re-
covery of the Cd, Cu, and Zn added to the columns was not a require-
ment as in isotope fractionation studies (Wiggenhauser et al., 2022) as
the isotope fractionation induced during the purification is negligible in
studies using enriched stable isotopes (Diirr-Auster et al., 2019). In
addition, the concentrations of the samples were determined conven-
tionally, as the changes in the isotope composition of these samples were
too small to induce errors in the concentration measurements (see de-
tails in Kiinzli et al., 2023).

The isotope ratios lcg: 110¢q, %5cu: %3cu, and %7Zn: %6Zn in the
purified samples were measured using a single collector ICP-MS (Diirr-
Auster et al., 2019; Kiinzli et al., 2023). The integration time for the data
acquisition was set to 1.5 s for Cd and 0.5 s for Cu and Zn. In addition,
the ICP-MS was set to He mode (i.e. with collision cell) and isotope mode
to increase the scans from 100 (concentration mode) to 1000 (isotope
mode). The precision of the isotope ratio measurements was determined
in replicate analyses of n = 5 samples. The relative standard deviation of
the repeat analyses revealed that the isotope ratios could be resolved
with a precision of 1.39 % for Cd, 0.18 % for Cu, and 0.29 % for Zn. This
precision is typical for enriched stable isotope experiments measured
with single collector ICP-MS (Stiirup et al., 2008).

2.5. Calculations & Statistic

The leaching rates of trace metals from the soil were calculated as

Output,

spw = concentrationy,, X seepage volume (€8]

where spw denotes seepage water, the concentration is expressed as pug
L' and the seepage volume in L m ™2 The annual leaching rate was then
calculated as the sum of all leaching rates per month. Outputs of trace
metals with the harvests (i.e. crop harvest) were calculated as

Output,

crop

= CONCentration,,, X harvest s, 2

where the concentrations are expressed as mg (kg dry weight) ™! and the
harvest as ¢ m 2. Finally, inputs of trace metals with fertilizers were
calculated as

Inputy,, i = CONCENIIatioNgyiiizer X application rateg,, ., 3

where the concentration of the fertilizers is expressed as mg (kg dry
weight) 1. The application rate of the fertilizer is either expressed as g
m~2 and L m~2. For the annual soil mass balances, the in- and outputs
were converted into the g ha™!, and the soil mass balances were calcu-
lated as

Balance,; = inputs — outputs (€))
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Thereby, a positive balance denotes a trace metal accumulation and a
negative balance a depletion. Standard deviation for the seepage water
and crops were calculated based on n = 3 experimental replicates.
However, this approach was not possible for fertilizer inputs as the same
fertilizer was applied to the three experimental replicates of the lysim-
eter. Hence, standard deviations were calculated based on the repro-
ducibility that was determined with procedural replicates (processing +
analyses). The standard deviation for the mass balance in Eq. (4) was
calculated as

2 2
Sdnatance = \/Sigur” + S + ... ®)

where sd denotes the standard deviation of in- (fertilizers) and outputs
(crop harvest, seepage water).

In the conventional treatment, the measured isotope ratios were used
to calculate the recovery of the applied Cd, Cu, and Zn isotope spike in
the seepage water and in the plant. In a first step, the fractions of Cd, Cu,
and Zn that derived from the soil and from the spike were determined
(McBeath et al., 2013):

NA110* IR epage — NA 111
(SA111 — NAi11) = IRieepage (SA110 — NA110)

fea_spike = (6)

As exemplified for Cd, NA denotes the natural abundance of the
mentioned isotopes according to IUPAC (Berglund and Wieser, 2011),
and SA is the specific abundance of the isotopes in the spike. The
IRsecpage denotes the isotopic ratios M1cd:11%d in the seepage water
samples. The results are expressed as fractions ranging between 0 and 1
(per time period chosen). The same equations can be used to calculate
the fractions of Cu and Zn derived from the spike. In addition, ‘seepage
water’ can be replaced by ‘plant’ to calculate the contribution of Cd, Cu,
and Zn in the spike to the plant. Based on the fraction of Cd that derived
from the Cd applied fertilizer in seepage water, the recovery of the Cd
applied with fertilizer can be calculated:

Sed . Cllseepage

*100 7
Cduadgea 100 )

Cdrcc,spikc[%] =

where Cdseepage is the total Cd mass in the seepage water in g (ha and
time period) !. Also here, the equation can be used to calculate the
recovery of Cd, Cu, and Zn in seepage water and plants.

Significant differences of the mean among the different treatments
were determined using a one-way ANOVA followed by a Tukey HSD test.
These tests were applied for average Cd, Cu, and Zn concentrations in
the seepage water and the corresponding leaching rates. Thereby, the
level of significance was set to p < 0.05. Prior to the ANOVA, the
equality of variances was tested using a Levene test and normal distri-
bution of the residuals was tested using a visual inspection and a Shapiro
Wilk test. If the prerequisites were not fulfilled, the data was either
logl0, square root, or 1/x transformed. All statistical analyses were
conducted using the statistical software R (version 4.2.0).

3. Results
3.1. Water fluxes

The sampling years were characterized by exceptional and opposing
climatic conditions. The annual rainfall was larger in the year 2021
(1001 mm) compared to 2022 (814 mm, Fig. Sla). The year 2021 was
characterized by exceptionally wet, cool and low-radiation conditions.
The rainfall anomaly in July 2021 amounted to over 90 % above the
long-term average between 1991 and 2020, while potential evapo-
transpiration was 15 % lower than long-term-averages of this month
(Figs. S1b, S2b). During the dry year 2022, precipitation anomalies were
largely negative between January and August (Fig. S1b), while potential
evapotranspiration was exceptionally high during this period (Fig. S2b).
The distinct climatic conditions in 2021 and 2022 were mirrored in the
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seepage volume of the lysimeters. The annual seepage volume of the
different treatments was about double in 2021 (472-562 mm or L m~2)
compared to the seepage volume in 2022 (214-227 L m~2). In addition,
the monthly seepage volume peaked in January and May-July 2021 up
to 148 mm (Fig. 1). The seepage volumes in July were the highest
recorded since the lysimeter facility has been running (2009). In
contrast, the maximum monthly seepage volume in 2022 was 92 mm.
Together, the two years of investigation can be characterized as a year
with several heavy rain events and consequently high seepage volumes
(2021) and a dry year with low seepage volumes (2022).

While the annual seepage volume between the different treatments
were not distinguishable, the monthly seepage volume patterns differed
substantially (Fig. 1). For instance, the seepage volume in May and June
2021 ranged from 75 to 100 mm month™! for the N fertilization treat-
ments while the monthly seepage volume in the organic and conven-
tional treatment were below 8 mm month™. These different seepage
volumes corresponded with the actual evapotranspiration rates for each
treatment (Fig. S2a). The evapotranspiration rates in May and June
2021 in the conventional and organic treatment (90 to 130 mm) were
much higher compared to the N fertilization treatments (70 to 90 mm).
In contrast, the actual evapotranspiration rates were much higher in the
N100 and N200 fertilizer treatments (140 to 150 mm) compared to the
conventional and organic treatment (30 to 50 mm) in July and August.
This negative relationship between seepage volume and evapotranspi-
ration corresponded with the timing of the biomass production of the
different crops that grew in the different treatments. In the conventional
and organic treatments, winter barley was grown and harvested in early
July while in the N treatments, silage maize grew which reached peak
biomass increase in July and August. Hence, the distinct crops in the
different treatments strongly controlled the monthly seepage volumes in
the monolith lysimeters.

Science of the Total Environment 926 (2024) 171482
3.2. Trace metal concentrations and leaching rates

The average Cd concentration in the seepage water ranged from 0.02
to 0.07 pg L™! (Table S3). These low concentrations could be adequately
measured through evaporation of the sample to concentrate the Cd in
the samples. With this additional sample preparation step, the Cd con-
centration in the samples increased by factor 3 to 4 and could be thereby
measured around 0.05 to 0.15 pg L1, These values were significantly
above the limit of quantification of 0.006 pg L' that was calculated
based on the Cd concentrations found in procedural blanks (Al-Hakkani,
2019). The Cd concentrations in the seepage water were up to two-fold
higher in 2021 compared to 2022. Furthermore, Cd concentrations were
highest in the N200 and lowest in the organic treatment. The average Cu
and Zn concentrations in the seepage water ranged from 1.04 to 2.31 pg
L~! and 3.24 to 8.38 pg L™}, respectively (Table S3). Similar to Cd, the
seepage water concentrations of Zn and Cu differed substantially be-
tween 2021 and 2022. However, the concentrations between the
different fertilization strategies did mostly not differ, except for Cu in
2022 (N100 > N200). Together, trace metal concentrations in the
seepage water differed between the two years, particularly for Cd.

The annual leaching rates of Cd ranged from 0.04 to 0.30 g (ha a) !
and were up to four-fold higher in 2021 compared to 2022 (Table 1). In
addition, the annual leaching rates of Cd were lowest in the organic
treatment. The monthly leaching rate patterns of Cd corresponded with
the monthly seepage volumes. Hence, Cd leaching peaked in May and
July, but also in January during snow melting. Similarly to Cd, the
annual leaching rates of Zn and Cu also differed between 2021 and 2022
and also peaked in January, May, and July 2021 (Fig. 2). However, the
leaching rates of these metals were not distinguishable among the
treatments. To summarize, trace metal leaching rates were higher for
Cd, Zn, and Cu in 2021 compared to 2022 while the leaching rates be-
tween the treatments differed only for Cd.
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Fig. 1. Monthly seepage volume (A, B) and cadmium (Cd) leaching rates in 2021 and 2022 obtained in monolith lysimeters (C, D). The treatments ‘Organic’ and
‘Conventional’ represent organic and conventional fertilization practices according to Swiss standards. The treatments ‘N100’ and ‘N200° represent nitrogen
fertilization according to CH recommendations (N100) and twice the N fertilization rate of CH recommendations. The error bars represent the standard deviation of

the mean of n = 3 experimental replicates.
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Table 1
Annual leaching rates of trace metals in monolith lysimeters.
Treatment® Crop Year Cd Zn Cu
g (haa)™! g(haa)™! g (haa)™!
mean sd® mean sd® mean sd®
Conventional Barley 2021 0.170 + 0.017 b 21.7 + 4.80 10.3 + 3.95
Organic Barley 0.124 + 0.007 c 19.0 + 4.85 10.4 + 2.70
N100 Maize 0.254 + 0.065 a 29.2 + 11.5 11.7 + 1.89
N200 Maize 0.300 + 0.027 a 39.0 + 13.0 8.92 + 0.11
Conventional Grass-clover ley 2022 0.061 + 0.017 ab 7.27 + 0.79 2.89 + 0.96
Organic Grass-clover ley 0.040 + 0.006 b 7.97 + 2.15 2.96 + 0.32
N100 Maize 0.058 + 0.009 ab 8.32 + 2.19 4.35 + 0.91
N200 Maize 0.074 + 0.011 a 10.7 + 2.81 2.65 + 0.73
ANOVA 2021 p < 0.05 p>0.05 p > 0.05
ANOVA 2022 p < 0.05 p>0.05 p>0.05

a) Treatments ‘Organic’ and ‘Conventional’ represent organic and conventional fertilization practices according to Swiss standards. The treatments ‘N100’ and ‘N200’
represent nitrogen fertilization according to CH recommendations and twice the N fertilization rate of CH recommendations, respectively. b) sd represent the standard
deviation of the mean of n = 3 experimental replicates. The mean value presented is calculated by 1) the sum of all monthly leaching rates for each individual lysimeter
and 2) by calculating the average of n = 3 experimental replicates per treatment of the annual leaching rate. Letters denote statistical differences determined by a Tukey

HSD test. Letters are only given if the ANOVA was significant.
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Fig. 2. Monthly leaching rates of Zn (A, B) and Cu (C, D) in 2021 and 2022 obtained in monolith lysimeters. The treatments ‘Organic’ and ‘Conventional’ represent
organic and conventional fertilization practices according to Swiss standards. The treatments ‘N100’ and ‘N200’ represent nitrogen fertilization according to CH
recommendations (N100) and twice the N fertilization rate of CH recommendations, respectively. The error bars represent the standard deviation of the mean of n =

3 experimental replicates.

3.3. Isotope source tracing in monolith lysimeters

The soluble and stable isotope labeled Cd that was added to the soil
surface in autumn 2020 could be detected in the leached seepage water
after one month (Fig. 3). Note, the isotope spikes were only applied to
the conventional treatment. In this treatment, the ''*Cd: '°Cd isotope
ratios measured in the leached seepage water increased from natural
abundance (1.024) to enriched stable isotope ratios ranging from 1.024
to 1.106. This small difference was detectable as the procedural preci-
sion allowed to detect an isotope shift of ''Cd: °Cd = 0.014. The
isotope enrichment in seepage water revealed that a small fraction

(0.0013 £ 0.0008 %) of the total Cd that was added to the soil surface
was recovered in the seepage water after one month of application. At
the end of the experiment (24 months), 0.025 + 0.0098 % of Cd was
recovered in the seepage water. During the experiment, the largest in-
crease in recovery occurred in January to March 2021 and July to
September 2021. In comparison, the recovery of the Cd in the crops was
0.28 + 0.02 % in 2021 (barley) and 0.08 + 0.02 % in 2022 (temporary
grass-clover ley). The fate of the applied Zn resembled the fate Cd
(Fig. 3). However, the cumulative recovery of Zn was slightly higher
than Cd in the seepage water (0.054 + 0.0098 %) and crops (2.74 +
0.087 %) after 24 months. The ®°Cu label was neither detected in the
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Fig. 3. Cumulative recovery of Cd, Zn, and Cu in the seepage water of monolith
lysimeters. At time O, enriched stable isotopes (*'cd, %7Zn, °°Cu) were added to
the lysimeters that were treated according to conventional fertilization prac-
tices in Switzerland. Recovery in percentage refers to the fraction of Cd, Zn, and
Cu of the total quantity of enriched stable isotopes added to the lysimeter that
were recovered in the seepage water. The error bars represent the standard
deviation of the mean of n = 3 experimental replicates.

seepage water nor in the crops.
3.4. Trace metal mass balances in monolith lysimeters

The majority of the trace metal soil mass balances in the monolith
lysimeters were positive in 2021 and 2022 (Table S4) as well as after two
years (Table 2). For Cd, the inputs (fertilizers) into the lysimeters
exceeded their outputs (crop harvest, seepage water) which resulted in
an average soil Cd accumulation of +3.6 g ha!. Mineral fertilizer
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caused the highest Cd input in the conventional and in the N fertilizer
treatments. The Cd inputs with organic fertilizers in the organic treat-
ment were similar as the Cd inputs with mineral fertilizers in the con-
ventional treatment. The Cd concentrations in the organic fertilizers
were about 1000 times smaller (7 to 23 pg L™ compared to the mineral
P fertilizer (9.6 mg kg™ 1). However, the quantity of organic fertilizers
applied was about 200 times larger (83'000 to 87000 L ha™!) compared
the mineral P fertilizer (350 to 450 kg ha™') that were added to the
lysimeters. The Zn and Cu mass balance in the monolith lysimeter
differed from Cd (Table 2). Both mass balances were negative in the
conventional and N100 treatment while they were positive in the
organic and N200 treatment. In the conventional and N100 treatment,
the Zn and Cu output with crop harvest exceeded the major inputs with
fertilizers. In contrast, the Zn and Cu input with organic fertilizers
clearly exceeded the output of these elements with crop harvest and
seepage water.

4. Discussion
4.1. Impact of climatic conditions, crop rotation, and fertilization strategy

The annual Cd leaching rates ranged from 0.04 to 0.30 g (ha a)~*
(Table 1). This range is similar but at the lower end when compared with
leaching rates that were determined with large monolith lysimeters
(0.26 t0 0.90 g (ha a)~!) and other techniques (0.04 to 1.88 g (ha a™h
(see Gray et al., 2021 and references therein). The mass balance calcu-
lations revealed that Cd outputs with seepage water were more than 10
times smaller than the fertilizer inputs (Table 2). In comparison to the Cd
output by the harvest (0.28 to 0.61 g ha™1), the output with seepage
water was slightly smaller (0.16 to 0.37 g ha™!). Note, the presented
mass balance is lacking inputs such as soil weathering and atmospheric
deposition. Imseng et al. (2019a) has recently measured these inputs in
similar soils that are located in the Swiss Plateau, as the lysimeter sta-
tion. According to their data, these inputs would additionally introduce
about 0.25 g ha™! of Cd in two years, which is similar to the seepage
water output.

Table 2
Trace metal mass balances in monolith lysimeters. The mass balances comprise two crop cycles of total 24 months. The annual mass balances can be found in Table S3.
Treatment® Type of input/output Cd Zn Cu
g ha™! for two crop cycles (total 24 months)
mean sd® mean sd® mean sd®
Conventional Mineral fertilizer Input 3.37 + 0.40 56 + 14 7 + 0.5
Organic fertiizer 0.44 + 0.04 233 + 20 65 + 5.2
Crop harvest Output 0.36 + 0.03 345 + 71 94 + 17
Seepage 0.23 + 0.02 29 + 4.9 13 + 4.1
Balance 3.22 + 0.40 -85 + 75 —34 + 18
Organic Mineral fertilizer Input 0 + 0.00 0 + 0.0 0 + 0.00
Organic fertiizer 3.85 + 0.23 1895 + 115 503 + 29
Crop harvest Output 0.28 + 0.02 342 + 83 95 + 22
Seepage 0.16 + 0.01 27 + 5.3 13 + 2.7
Balance 3.41 + 0.23 1526 + 142 395 + 36
N100 Mineral fertilizer Input 4.33 + 0.51 62 + 17 7 + 0.5
Organic fertiizer 0 + 0.0 0 + 0.0 0 + 0.0
Crop harvest Output 0.57 + 0.03 752 + 40 113 + 4.5
Seepage 0.31 + 0.07 40 + 12 16 + 2.1
Balance 3.45 + 0.52 —730 + 45 —122 + 5.0
N200 Mineral fertilizer Input 4.34 + 0.00 64 + 0.00 7 + 0.00
Organic fertiizer 1.07 + 0.52 1181 + 102 248 + 20
Crop harvest Output 0.61 + 0.03 682 + 4.5 929 + 0.3
Seepage 0.37 + 0.12 47 + 36 12 + 4.0
Balance 4.43 + 0.54 516 + 108 144 + 20

a) Treatments ‘Organic’ and ‘Conventional’ represent organic and conventional fertilization practices according to Swiss standards. The treatments ‘N100’ and ‘N200’
represent nitrogen fertilization according to CH recommendations and twice the N fertilization rate of Swiss recommendations, respectively. b) sd represent the
standard deviation of the mean of n = 3 experimental replicates for seepage water and crop harvest. For fertilizers, the standard error was calculated based on the
procedural + analytical errors that were determined with replicate measurements. The sd of the final balance was calculated based on error propagation (Eq.(4)).
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The Cd as well as the Cu, and Zn leaching rates were up to four times
higher in the year with heavy snow and rainfalls (2021) versus the year
with little rainfall and a dry summer (2022, Table 1). In addition, the
water and trace metal leaching rates differed among the treatments
during the year (Figs. 1-2). Particularly, the trace metal leaching rates
were close to zero in the treatments with winter barley (conventional,
organic) while they peaked in silage maize (N treatments) in May and
June. Similarly, the evapotranspiration rates were highest in April to
June for winter barley while for silage maize, the evapotranspiration
peaked in June to August (Figs. S1-2). As evapotranspiration rates
correspond with crop biomass and growth stage (Oberholzer et al.,
2017), the distinct timing of the plant growth strongly determined the
trace metal leaching rates. Similar effects may also explain the higher
seepage volume and metal leaching rates in the N100 and N200 treat-
ments compared to the other treatments in November and December
2020. Prior to our seepage water measurements, green manure grew on
the N treatments while winter wheat on the conventional and organic
treatments (Table S2). The green manure was already in an advanced
development stage in N100 and N200 while in other treatments, the
winter barley plants were still in an early stage. Therefore, our high
temporal resolution data set illustrates the strong effect of distinct cli-
matic conditions in combination with crop development.

Agricultural practices may affect Cd leaching rates as the leaching
rates were higher in the conventional treatment compared to the organic
fertilization treatment (Table 1). Winter barley grew on both treatments
in 2021, hence, the crop development effects discussed in the previous
paragraph do not explain this difference. Since 2009, the conventional
treatment has received mineral fertilizers (including mineral P fertil-
izers) while the organic treatment has almost exclusively received
organic fertilizers (mostly applied as liquid slurry). As the leaching rates
between these treatments differed for Cd and not for Zn and Cu, the
higher Cd leaching rates are likely related with higher Cd inputs with
mineral P fertilizers (Bergen et al.,, 2021; Imseng et al., 2018). The
mineral P fertilizer used in this study had indeed a high Cd concentration
(9.6 mg kg™, or 55 mg (kg P20s)"!) as reported for other mineral P
fertilizer (Smidt et al., 2011; Verbeeck et al., 2020). However, the
average inputs of Cd with mineral and organic fertilizers were similar in
the two treatments (Table 2). This corresponds with the non-intuitive
observation of a previous study that showed that the soil accumula-
tion of Cd can be higher in organic than in conventionally fertilized soils
(Schweizer et al, 2018). In addition, the statistically non-
distinguishable Cd concentrations in seepage water (Table S3) propose
that the different fertilizers inputs hardly changed the capacity of the
soil to bind Cd in the two treatments through e.g., increased soil organic
matter content (Smolders and Mertens, 2013). Moreover, the seepage
volume was not different between the organic and the conventional
treatment (Fig. 1). Hence, although the Cd leaching rates between these
two treatments were significantly different, they were small compared
to the variation induced by distinct climatic conditions and timing of
crop development. In conclusion, conventional versus organic fertil-
ization had a minor impact on Cd leaching rates and no impact on
leaching rates of Cu and Zn.

4.2. Comparison of Cd leaching rates with existing models

In the European Union (EU), soil mass balance models are used to
assess the risk for Cd in fertilizers (Bergen et al., 2021). These models
integrate Cd stocks (i.e. Cd concentrations in soils), inputs (atmospheric
deposition, fertilizer inputs), and outputs (crop offtake and leaching).
For the Cd leaching rates, several models exist that predict seepage
water concentrations based on the Cd distribution coefficients (i.e. soil
extract to determine liquid vs. solid phase partitioning, Shaheen et al.,
2013), soil pH, soil organic carbon content, total soil Cd concentrations,
and in some cases the clay content (see Bergen et al., 2023 and refer-
ences therein). These parameters have been typically determined in
topsoils. The predicted Cd concentration in the seepage water is then
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multiplied with a precipitation excess (i.e. seepage volume) of 200 L. m 2
for non-Mediterranean regions. Such models have provided the scien-
tific basis for policy makers to set the EU limit for Cd in mineral fertil-
izers to 60 mg kg’1 Cd per kg P2Os (Bergen et al., 2021; EU, 2019).

For comparison with the Cd concentrations and leaching rates
measured in this study, we applied the five different models referenced
in Bergen et al. (2021). To this end, we used the soil parameters that
were quantified at the time of installation of the lysimeter facility in
2009 (Table S1). The total soil Cd concentration that was determined in
this study for a mixed sample of the entire profile (see 2.2). In addition,
we defined ranges for each soil parameter to account for soil heteroge-
neities, analytical uncertainties, and potential soil chemical changes
since 2009 (Table S5). The models were applied for the A horizon (0-25
cm, Table 3) and a weighted mean of the entire soil profile (Table S 6).
The models were further applied based on 1000 random latin hypercube
samples of parameter combinations drawn within these defined ranges
to quantify median Cd concentrations in leaching water. Boxplots that
show uncertainty ranges for modelled Cd leaching rates are shown in
Fig. S3a-c.

The median Cd concentrations in the seepage water ranged from 1.2
to 5.1 pg L~! based on the different models applied (Table 3). These
modelled concentrations were factor 31 to 134 times higher than the
seepage water concentrations measured in this study. According to
Bergen et al. (2023), the large variation in the outcome of the different
models can have several reasons. For instance, the difference between
model 1 and 2 is that soils with high Cd concentrations were excluded to
parameterize the model. Other models included data that were obtained
with old analytical techniques (AAS) or techniques with high Cd
detection limits (ICP-OES) as well as Cd concentration data that was
obtained in pore water and/or diluted salt extracts. These different
laboratory protocols may have induced distinct results for Cd distribu-
tion coefficients and thereby contributed to the distinct model param-
eterizations. The modelled Cd leaching rates were 17 to 76 times higher
than the measured leaching rates in this study (Table 3). These factors
were smaller compared to the Cd seepage water concentration because
for all modelled Cd leaching rates, a seepage volume of 200 L m~2 was
used as suggested in Six and Smolders (2014). By using a seepage vol-
ume of 500 L m~2 (i.e. similar to year 2021 with heavy rainfalls), the
modelled Cd leaching rates were 44 to 189 times higher than the ones
measured in this study. An integration of these most extreme factors (44
and 189) into the soil mass balances of the conventional treatment
(Table 2) would lead to a net depletion of Cd in the soil ranging from —6
to —40 g (ha)~! for the two growing seasons studied. These scenarios
propose that a fertilizer below the defined threshold of 60 mg Cd (kg
P205)’l as used in this study (55 mg Cd (kg P205)’l) mostly poses no
risk since the net Cd accumulation in the soil is negative. However, the
outcome of the data measured in this study would propose that the
fertilizer used poses a risk as the accumulation rate of Cd was >3 g (ha
a)~! (Table 3). Hence, using the same fertilizer and applications for a
decade would result in +60 g (ha a)’l, which corresponds to about a 0.5
% of the total Cd stock and about 16 % of the DTPA extractable Cd pool
in the soil (Table S1). Hence, our study would suggest to set the
threshold to lower than 60 mg (kg P205)’l as it has been discussed in the
EU parliaments (Marini et al., 2020). This simple scenario illustrates the
importance of adequate models to predict Cd leaching rates and soil
mass balances for risk assessments.

Our data (Table 3) and previously obtained data (Gray et al., 2021)
suggests that the modelled Cd seepage water concentrations are over-
estimated. However, experimental determinations of leaching rates are
not free of artifacts, including monolith lysimeters (Weihermiiller et al.,
2007). The large monolith lysimeters used in this study have several
advantages compared to other techniques, most important might be the
fact that they provide undisturbed soil cores and average out small scale
heterogeneities through their size (Meissner et al., 2014). Previously, it
was hypothesized that Cd leaching rates obtained with suction cups
(Imseng et al., 2018) may underestimate the rates as the suction cups
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Table 3
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Comparison of Cd concentrations in seepage water and Cd leaching rates with modelled and measured data of this study (see Fig. S3 for the full ranges of the model

estimates and Table S6 for all soil horizons).

Cd concentration in seepage water [ug L™']

leaching rate [gha™ a”']

Model used” 1 2 3 4 5 1 2 3 4 5
Estimated” 5.1 3.2 2.0 1.2 2.7 10 6.4 4.0 2.3 5.3
Measured 0.019-0.069 0.04-0.30

Average difference™"* 134 85 52 31 70 76 48 29 17 39

8 Models source from de Vries et al. (2011) [3], Romkens et al. (2018) [4], Romkens and Smolders (2018) [5], Six and Smolders (2014) [1, 2]. See more details in

Bergen et al., 2023.

b Estimated (A-horizon 0-25 cm) for the median concentrations and leaching rates based on the models mentioned in a). More information on the median calculation

and model sensitivities regarding their input data can be found in Fig. S3 and Tables S5-6. The Cd leaching rates were calculated with 200 m L™

2a~! seepage volume as

proposed by Six and Smolders, 2014. As input for total Cd in the soil, the total concentration of a mixed soil sample (i.e. including all soil horizons) was taken. This Cd
concentration was determined multiplying the total concentration in the soil determined with hydrofluoric acid (see chapter 2.2) with the factor 0.73 to obtain an aqua

regia extractable Cd concentration (Bergen et al., 2021).

¢ This is a factor built by taking the ratio of modelled: measured Cd concentrations or leaching rates. 76 means the model predicted the corresponding value 76 times

higher than the measured value here 1.35 m depth.

may filter Cd absorbed to soil colloids (McLaughlin et al., 2020). As the
annual leaching rates of the present study were similar to the suction cup
study of Imseng et al. (2018), this critique could be also applied to this
study. During sampling campaigns of this study, we noticed soil particles
in the sampled seepage water, particularly after heavy rainfalls and/or
snow melting. As we homogenized and acidified the sampled seepage
water (see Section 2.2), we expect that the Cd that was sorbed to colloids
was recovered. Hence, at least part of colloidal Cd was sampled in this
study. Moreover, a recent study revealed that colloidal Cd in seepage
water accounted for about 30 % (Bergen et al., 2023). Taken together,
colloidal Cd may have induced a minor underestimation of the Cd
leaching rates, however, it cannot fully explain the discrepancy between
the measured and the modelled data presented in Table 3.

The lysimeters used in this study were free draining lysimeters that
are not in contact with the groundwater table, but exposed to atmo-
spheric pressure (Prasuhn, 2016; Weihermiiller et al., 2007). In the ly-
simeters used here, this could induce water logging at the interface of
the lowest horizon and the quartz sand layer. The water logging could
temporarily drop the soil redox potential, thereby reductively dissolve
iron (Fe) and manganese (Mn) oxides (Kirk, 2004). These trans-
formations can increase soil pH and thereby also increase the sorption of
trace metals to the soil solid phase (Weber et al., 2009; Wiggenhauser
et al., 2021). This change in soil chemistry could lead to an underesti-
mation of the trace metal leaching rates in the lysimeter compared to
‘real’ soils in the field. However, the soil organic carbon that facilitates
the reductive dissolution of Fe and Mn (Dong et al., 2023; Kirk, 2004)
was very low in the lowest horizons (Table S1). In addition, the sand
layer with gradually increasing grain sizes underneath the soil profile
was established to minimize this water logging effect (see chapter 2.1).

Finally, the models were fitted based on soil extracts from the topsoil
while we measured the Cd seepage water concentration in a depth of
1.35 m. Table S6a shows that the Cd concentrations of the model outputs
can vary up to factor 20 among the different soil horizons and up to
factor 10 compared to the weighed mean concentrations of the entire
profile (Table S6a-b). In addition, the modelled concentrations were
lowest in the A-horizon due to the higher soil pH and organic carbon
content compared to the other horizons. Nevertheless, even if the direct
comparison of the lysimeter data obtained here with the modelled data
is limited, our data and previously obtained experimental data that used
different techniques to determine Cd leaching rates at different soil
depths (Cambier et al., 2014; Gray et al., 2021; Imseng et al., 2018)
suggest that the current models used to predict Cd leaching rates need to
be refined.

4.3. Direct transfer of trace metals into seepage water is small

A pot study that applied isotope source tracing revealed that >97 %

of the Cd that was applied with a mineral P fertilizer remained in the soil
(Bracher et al., 2021). There, up to 75 % of the Cd was deposited in the
mobile soil fractions. It was suggested that the fertilizer applied Cd could
be taken up with the next crop or leached into the groundwater. Our
study showed that a minor fractions of the soluble Cd spike that
mimicked mineral P fertilizer were transferred to the following crop (<
0.1 %). In addition, the direct transfer of fertilizer applied Cd into the
seepage water was small (< 0.03 %, Fig. 3). These results suggested that
most of the fertilizer applied Cd remained in the soil where Cd was
mixed with the Cd that that had been already present in the soil.

A major input pathway of Cu and Zn into agricultural soils is pig
manure as these elements are used as growth promoter for small piglets
(Brugger and Windisch, 2015). Hence, excessive inputs of Cu and Zn with
pig manure can lead to a severe soil accumulation of these elements
(Imseng et al., 2019b; Ostermann et al., 2015) and potentially also an
increased input of these elements into the groundwater (Ogiyama et al.,
2005). In this study, organic fertilizers were the major Cu and Zn input
and induced an accumulation of Cu and Zn in soils, particularly in the
organic treatment (Table 2). The Cu and Zn concentration was unlike in
pig slurry not elevated in these fertilizers (Cu < 4 mg kg~!; Zn < 13 mg
kg™!) compared to the soils (Cu: 1.88 to 6.15 mg kg ™1, Zn: 9.67 t0 20.7 mg
kg™ 1). Hence, high inputs of organic fertilizers with non-elevated Cu and
Zn concentration can lead to a soil accumulation of these trace metals.
These findings are in agreement with Gross et al. (2021) who showed a
significant correlation with the number of livestock per ha and Cu and Zn
inputs into the soil. Hence, Cu and Zn soil mass balances should not only
be established for pig slurries that are concentrated in Cu and Zn, but also
for organic fertilizers with background concentrations of trace metals.

Generally, the output of Cu and Zn with seepage water was >5 to 10
times lower than the major in- and outputs of the monolith lysimeters
(Table 2). Moreover, the soluble Zn spike that was applied to the soils
was small but detectable in the seepage water (Fig. 3). However, Cu was
not detectable at all. Therefore, the mobility of Cu in the soil profile was
smaller than for Zn (and Cd). This observation corresponds with parti-
tioning coefficients of these metals in soils that indicate that Cu binds
stronger to soils than the other two metals and a previous study that
applied enriched ®°Cu spiked pig manure to an alkaline soil (Ostermann
et al., 2015). Such a labeling of the pig manure is more realistic than the
application of a soluble spike as done in our study since the chemical
speciation of the Cu in the fertilizer may strongly impact its mobility in
the soil profile (Yamamoto et al., 2018). The %°Cu from the pig manure
could be only detected in the top 5 cm of the soil after 53 days of fer-
tilizer applications (Ostermann et al., 2015). This previous study that
applied a labeled pig manure to an alkaline soil and our study that
applied a soluble ‘fertilizer’ to a weakly acidic soil strongly suggest that
fertilizer applied Cu is mostly retained in soils and that the direct
transfer of Cu and Zn to the seepage water is very small.
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5. Conclusion & Implications

In this study, large monolithic lysimeters were used to determine
precise trace metal leaching rates for two years. It revealed the output of
trace metals from the soil profile with seepage water is small compared
to the trace metal inputs with fertilizers. A comparison of our results
with models that predict Cd leaching rates suggest that these models
overestimate Cd leaching rates and thereby underestimate the risk of Cd
accumulation in soils. Hence, more studies in state-of-the-art lysimeter
facilities and/or undisturbed large soil columns would help to refine
models that predict trace metal leaching and soil accumulation on a
large scale. Such a refinement of soil mass balances remains relevant for
Cd as Cd in crops remains a major source of Cd intake by humans (Zhao
et al., 2022). In addition, precise leaching rates and soil mass balances
for Cu and Zn may also gain importance with the attempts from the EU
towards a circular economy that will introduce different fertilizer ma-
terials to the soils (Biinemann et al., 2024; Chojnacka et al., 2020; Mayer
et al., 2019). Our and previous studies illustrated that not only fertilizer
materials that are known to be enriched in trace metals such as mineral P
fertilizer and pig manure, but also high application rates of organic
fertilizers can contribute to a trace metal accumulation in soils (Gross
et al., 2021; Schweizer et al., 2018). This is particularly the case in
intensive farming systems irrespective if they are following conventional
or organic farming standards. Finally, our temporally resolved data
illustrated how Cd, Cu, and Zn leaching rates can strongly vary with a
combination of distinct climatic conditions (i.e. heavy rainfall, vs. dry
periods) and crop development. Given that climate change is expected to
increase the frequency of such extreme weather periods in Europe (IPCC,
2021), current leaching and soil mass balance models for trace metals
should integrate these meteorological variations and crop rotations.

Funding sources
No specific funding sources to declare.
CRediT authorship contribution statement

Matthias Wiggenhauser: Writing — review & editing, Writing —
original draft, Visualization, Validation, Supervision, Project adminis-
tration, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. David Illmer: Writing — review & editing, Investi-
gation, Formal analysis, Data curation. Ernst Spiess: Writing — review &
editing, Data curation. Annelie Holzkamper: Writing — review &
editing, Visualization, Validation, Data curation. Volker Prasuhn:
Writing — review & editing, Resources, Methodology, Conceptualization.
Frank Liebisch: Writing — review & editing, Resources, Methodology,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We thank Clay Humphrys (Agroscope), Karin Meier Zimmermann
(Agroscope), Geremia Pellegrini (ETH Zurich), and Laurie Schoenholzer
(ETH Zurich) for the support at the Lysimeter facilities and the sam-
plings as well as Benoit Bergen and Erik Smolders from KU Leuven for
the provision of the spreadsheet to model the seepage water concen-
trations and the members of the COST Action CA19116 PLANTMETALS

10

Science of the Total Environment 926 (2024) 171482

(COST, European Cooperation in Science and Technology, www.cost.eu)
for knowledge exchange. Graphical abstract was created with Biorender.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171482.

References

Abdou, H.M., Flury, M., 2004. Simulation of water flow and solute transport in free-
drainage lysimeters and field soils with heterogeneous structures: water flow and
solute transport in soil. Eur. J. Soil Sci. 55, 229-241. https://doi.org/10.1046/
j-1365-2389.2004.00592.x.

Al-Hakkani, M.F., 2019. Guideline of inductively coupled plasma mass spectrometry
“ICP-MS”: fundamentals, practices, determination of the limits, quality control, and
method validation parameters. SN Appl. Sci. 1, 791. https://doi.org/10.1007/
$42452-019-0825-5.

Bengtsson, H., Alvends, G., Nilsson, S.I., Hultman, B., Oborn, L., 2006. Cadmium, copper
and zinc leaching and surface run-off losses at the Ojebyn farm in Northern
Sweden—temporal and spatial variation. Agr Ecosyst Environ 113, 120-138.
https://doi.org/10.1016/j.agee.2005.09.001.

Bergen, B., Verbeeck, M., Smolders, E., 2021. Trace metal accumulation in agricultural
soils from mineral phosphate fertiliser applications in European long-term field trials.
Eur. J. Soil Sci. ejss.13167 https://doi.org/10.1111/ejss.13167.

Bergen, B., Moens, C., De Winter, A., Ricou, F., Smolders, E., 2023. Colloids facilitate
cadmium and uranium transport in an undisturbed soil: a comparison of soil solution
isolation methods. Sci. Total Environ. 890, 164419 https://doi.org/10.1016/j.
scitotenv.2023.164419.

Berglund, M., Wieser, M.E., 2011. Isotopic compositions of the elements 2009 (IUPAC
technical report). Pure Appl. Chem. 83, 397-410. https://doi.org/10.1351/PAC-
REP-10-06-02.

Bracher, C., Frossard, E., Bigalke, M., Imseng, M., Mayer, J., Wiggenhauser, M., 2021.
Tracing the fate of phosphorus fertilizer derived cadmium in soil-fertilizer-wheat
systems using enriched stable isotope labeling. Environ. Pollut. 287, 117314 https://
doi.org/10.1016/j.envpol.2021.117314.

Brugger, D., Windisch, W.M., 2015. Environmental responsibilities of livestock feeding
using trace mineral supplements. Anim. Nutr. 1, 113-118. https://doi.org/10.1016/
j-aninu.2015.08.005.

Biinemann, E.K., Reimer, M., Smolders, E., Smith, S.R., Bigalke, M., Palmgvist, A.,
Brandt, K.K., Moller, K., Harder, R., Hermann, L., Speiser, B., Oudshoorn, F., Lges, A.
K., Magid, J., 2024. Do contaminants compromise the use of recycled nutrients in
organic agriculture? A review and synthesis of current knowledge on contaminant
concentrations, fate in the environment and risk assessment. Sci. Total Environ. 912,
168901 https://doi.org/10.1016/j.scitotenv.2023.168901.

Cambier, P., Pot, V., Mercier, V., Michaud, A., Benoit, P., Revallier, A., Houot, S., 2014.
Impact of long-term organic residue recycling in agriculture on soil solution
composition and trace metal leaching in soils. Sci. Total Environ. 499, 560-573.
https://doi.org/10.1016/j.scitotenv.2014.06.105.

Chojnacka, K., Moustakas, K., Witek-Krowiak, A., 2020. Bio-based fertilizers: A practical
approach towards circular economy. Bioresour. Technol. 295, 122223 https://doi.
org/10.1016/j.biortech.2019.122223.

de Vries, W., McLaughlin, M.J., Groenenberg, J.E., 2011. Transfer functions for
solid-solution partitioning of cadmium for Australian soils. Environ. Pollut. 159,
3583-3594. https://doi.org/10.1016/j.envpol.2011.08.006.

Degryse, F., Smolders, E., 2006. Mobility of Cd and Zn in polluted and unpolluted
Spodosols: mobility of Cd and Zn in Spodosols. Eur. J. Soil Sci. 57, 122-133. https://
doi.org/10.1111/j.1365-2389.2005.00721.x.

Dharma-wardana, M.W.C., 2018. Fertilizer usage and cadmium in soils, crops and food.
Environ. Geochem. Health 40, 2739-2759. https://doi.org/10.1007/s10653-018-
0140-x.

Dong, H., Zeng, Q., Sheng, Y., Chen, C., Yu, G., Kappler, A., 2023. Coupled iron cycling
and organic matter transformation across redox interfaces. Nat. Rev. Earth Environ.
4, 659-673. https://doi.org/10.1038/543017-023-00470-5.

Diirr-Auster, T., Wiggenhauser, M., Zeder, C., Schulin, R., Weiss, D.J., Frossard, E., 2019.
The use of Q-ICPMS to apply enriched zinc stable isotope source tracing for organic
fertilizers. Front. Plant Sci. 10, 1382. https://doi.org/10.3389/fpls.2019.01382.

Filipovi¢, V., Cambier, P., Filipovié, L., Coquet, Y., Pot, V., Bodineau, G., Jaulin, A.,
Mercier, V., Houot, S., Benoit, P., 2016. Modeling copper and cadmium mobility in
an albeluvisol amended with urban waste composts. Vadose Zone J. 15,
vzj2016.07.0056 https://doi.org/10.2136/vzj2016.07.0056.

Formentini, T.A., Mallmann, F.J.K., Pinheiro, A., Fernandes, C.V.S., Bender, M.A., da
Veiga, M., dos Santos, D.R., Doelsch, E., 2015. Copper and zinc accumulation and
fractionation in a clayey Hapludox soil subject to long-term pig slurry application.
Sci. Total Environ. 536, 831-839. https://doi.org/10.1016/j.scitotenv.2015.07.110.

Fransson, M.N., Barregard, L., Sallsten, G., Akerstrom, M., Johanson, G., 2014.
Physiologically-based toxicokinetic model for cadmium using Markov-chain Monte
Carlo analysis of concentrations in blood, urine, and kidney cortex from living
kidney donors. Toxicol. Sci. 141, 365-376. https://doi.org/10.1093/toxsci/kful29.

Gargon, M., Sauzéat, L., Carlson, R.W., Shirey, S.B., Simon, M., Balter, V., Boyet, M.,
2017. Nitrile, latex, neoprene and vinyl gloves: A primary source of contamination
for trace element and Zn isotopic analyses in geological and biological samples.
Geostand. Geoanal. Res. 41, 367-380. https://doi.org/10.1111/ggr.12161.


http://www.cost.eu
https://doi.org/10.1016/j.scitotenv.2024.171482
https://doi.org/10.1016/j.scitotenv.2024.171482
https://doi.org/10.1046/j.1365-2389.2004.00592.x
https://doi.org/10.1046/j.1365-2389.2004.00592.x
https://doi.org/10.1007/s42452-019-0825-5
https://doi.org/10.1007/s42452-019-0825-5
https://doi.org/10.1016/j.agee.2005.09.001
https://doi.org/10.1111/ejss.13167
https://doi.org/10.1016/j.scitotenv.2023.164419
https://doi.org/10.1016/j.scitotenv.2023.164419
https://doi.org/10.1351/PAC-REP-10-06-02
https://doi.org/10.1351/PAC-REP-10-06-02
https://doi.org/10.1016/j.envpol.2021.117314
https://doi.org/10.1016/j.envpol.2021.117314
https://doi.org/10.1016/j.aninu.2015.08.005
https://doi.org/10.1016/j.aninu.2015.08.005
https://doi.org/10.1016/j.scitotenv.2023.168901
https://doi.org/10.1016/j.scitotenv.2014.06.105
https://doi.org/10.1016/j.biortech.2019.122223
https://doi.org/10.1016/j.biortech.2019.122223
https://doi.org/10.1016/j.envpol.2011.08.006
https://doi.org/10.1111/j.1365-2389.2005.00721.x
https://doi.org/10.1111/j.1365-2389.2005.00721.x
https://doi.org/10.1007/s10653-018-0140-x
https://doi.org/10.1007/s10653-018-0140-x
https://doi.org/10.1038/s43017-023-00470-5
https://doi.org/10.3389/fpls.2019.01382
https://doi.org/10.2136/vzj2016.07.0056
https://doi.org/10.1016/j.scitotenv.2015.07.110
https://doi.org/10.1093/toxsci/kfu129
https://doi.org/10.1111/ggr.12161

M. Wiggenhauser et al.

Germann, P.F., Prasuhn, V., 2018. Viscous flow approach to rapid infiltration and
drainage in a weighing lysimeter. Vadose Zone J. 17, 1-12. https://doi.org/
10.2136/vzj2017.01.0020.

Gisler, A., Schwab, L., 2015. Marktkampagne Diinger 2011/2012. Federal Office for
Agriculture (FOAG).

Godyt, J., Scheidig, F., Grosse-Siestrup, C., Esche, V., Brandenburg, P., Reich, A.,
Groneberg, D.A., 2006. The toxicity of cadmium and resulting hazards for human
health. J. Occup. Med. Toxicol. 6 https://doi.org/10.1186/1745-6673-1-22.

Grant, C., Flaten, D., Tenuta, M., Malhi, S., Akinremi, W., 2013. The effect of rate and Cd
concentration of repeated phosphate fertilizer applications on seed Cd concentration
varies with crop type and environment. Plant and Soil 372, 221-233. https://doi.
0rg/10.1007/s11104-013-1691-3.

Gray, C.W., Cavanagh, J.E., 2021. Prediction of soil solution concentrations and leaching
losses of cadmium in agricultural soils. J. Environ. Qual., jeq2.20288 https://doi.
org/10.1002/jeq2.20288.

Gray, C., McDowell, R., 2016. Cadmium losses from a New Zealand organic soil. N. Z. J.
Agric. Res. 59, 185-193. https://doi.org/10.1080/00288233.2015.1134591.

Gray, C.W., Lucci, G.M., Cavanagh, J.-A., 2021. Can the application of farm dairy effluent
enhance cadmium leaching from soil? Environ. Sci. Pollut. Res. https://doi.org/
10.1007/511356-021-15513-x.

Gross, T., Keller, A., Miiller, M., Gubler, A., 2021. Stoffbilanzen fiir Parzellen der
Nationalen Bodenbeobachtung. Nahrstoffe und Schwermetalle 1985—-2017.
Agroscope. https://doi.org/10.34776/AS123G.

Hippler, F.W.R., Boaretto, R.M., Quaggio, J.A., Boaretto, A.E., Abreu-Junior, C.H.,
Mattos, D., 2015. Uptake and distribution of soil applied zinc by citrus
trees—addressing fertilizer use efficiency with 68Zn labeling. PloS One 10,
€0116903. https://doi.org/10.1371/journal.pone.0116903.

Hou, D., O’Connor, D., Igalavithana, A.D., Alessi, D.S., Luo, J., Tsang, D.C.W., Sparks, D.
L., Yamauchi, Y., Rinklebe, J., Ok, Y.S., 2020. Metal contamination and
bioremediation of agricultural soils for food safety and sustainability. Nat. Rev. Earth
Environ. 1, 366-381. https://doi.org/10.1038/s43017-020-0061-y.

Hu, J., Wang, Z., Williams, G.D.Z., Dwyer, G.S., Gatiboni, L., Duckworth, O.W.,
Vengosh, A., 2024. Evidence for the accumulation of toxic metal(loid)s in
agricultural soils impacted from long-term application of phosphate fertilizer. Sci.
Total Environ. 907, 167863 https://doi.org/10.1016/j.scitotenv.2023.167863.

Imseng, M., Wiggenhauser, M., Keller, A., Miiller, M., Rehkamper, M., Murphy, K.,
Kreissig, K., Frossard, E., Wilcke, W., Bigalke, M., 2018. Fate of Cd in agricultural
soils: a stable isotope approach to anthropogenic impact, soil formation, and soil-
plant cycling. Environ. Sci. Technol. 52, 1919-1928. https://doi.org/10.1021/acs.
est.7b05439.

Imseng, M., Wiggenhauser, M., Keller, A., Miiller, M., Rehkamper, M., Murphy, K.,
Kreissig, K., Frossard, E., Wilcke, W., Bigalke, M., 2019a. Towards an understanding
of the Cd isotope fractionation during transfer from the soil to the cereal grain.
Environ. Pollut. 244, 834-844. https://doi.org/10.1016/j.envpol.2018.09.149.

Imseng, M., Wiggenhauser, M., Miiller, M., Keller, A., Frossard, E., Wilcke, W.,
Bigalke, M., 2019b. The fate of Zn in agricultural soils: a stable isotope approach to
anthropogenic impact, soil formation, and soil-plant cycling. Environ. Sci. Technol.
53, 4140-4149. https://doi.org/10.1021/acs.est.8b03675.

IPCC, 2021. Intergovernmental Panel on Climate Change (IPCC): Climate Change 2021.
The Physical Science Basis, Summary for Policymakers.

Keller, C., McGrath, S.P., Dunham, S.J., 2002. Trace metal leaching through a
soil-grassland system after sewage sludge application. J. Environ. Qual. 31.

Kersten, M., Bigalke, M., Sieber, M., Wiggenhauser, M., 2022. Cadmium isotope
fractionation in an intertidal soil induced by tidal pumping. Environ. Adv. 100182
https://doi.org/10.1016/j.envadv.2022.100182.

Kirk, G.J.D., 2004. The Biogeochemistry of Submerged Soils. Hoboken, N.J, Wiley,
Chichester.

Kiinzli, M., Diirr-Auster, T., Bracher, C., Zhao, Y., Bachelder, J., Emmanuel, F.,
Wiggenhauser, M., 2023. 67Zn and 111Cd labelled Green Manure to Determine the
Fate and Dynamics of Zinc and Cadmium in Soil-Fertilizer-Crop Systems. Isotopes
Environ Health Stud. https://doi.org/10.1080/10256016.2024.2324966.

Li, Z., Zhou, L., 2010. Cadmium transport mediated by soil colloid and dissolved organic
matter: a field study. J. Environ. Sci. 22, 106-115. https://doi.org/10.1016,/51001-
0742(09)60081-4.

Lindsay, W.L., Norvell, W.A., 1978. Development of a DTPA soil test for zinc, iron,
manganese, and Copperl. Soil Sci. Soc. Am. J. 42, 421. https://doi.org/10.2136/
sssaj1978.03615995004200030009x.

Mar, S.S., Okazaki, M., 2012. Investigation of Cd contents in several phosphate rocks
used for the production of fertilizer. Microchem. J. 104, 17-21. https://doi.org/
10.1016/j.microc.2012.03.020.

Marini, M., Caro, D., Thomsen, M., 2020. The new fertilizer regulation: a starting point
for cadmium control in European arable soils? Sci. Total Environ. 745, 140876
https://doi.org/10.1016/j.scitotenv.2020.140876.

Mattiello, E.M., Cancellier, E.L., Da Silva, R.C., Degryse, F., Baird, R., Mclaughlin, M.J.,
2021. Efficiency of soil-applied 67Zn-enriched fertiliser across three consecutive
crops. Pedosphere 31, 531-537. https://doi.org/10.1016/51002-0160(20)60044-3.

Mayer, J., Zimmermann, M., Weggler, K., Reiser, R., Biirge, D., Bucheli, T., Richner, W.,
2019. Schadstoffgrenzwerte fiir mineralische Recycling- diinger: das Schweizer
Konzept. Agrarforschung Schweiz 8.

McBeath, T.M., McLaughlin, M.J., Kirby, J.K., Degryse, F., 2013. A stable-isotope
methodology for measurement of soil-applied-zinc fertilizer recovery in durum
wheat (Triticum durum). J. Plant Nutr. Soil Sci. 176, 756-763. https://doi.org/
10.1002/jpln.201200305.

McLaren, R.G., Clucas, L.M., Taylor, M.D., Hendry, T., 2004. Leaching of macronutrients
and metals from undisturbed soils treated with metal-spiked sewage sludge. 2.
Leaching of metals. Soil Res. 42, 459. https://doi.org/10.1071/SR03168.

11

Science of the Total Environment 926 (2024) 171482

McLaughlin, M.J., Smolders, E., Zhao, F.J., Grant, C., Montalvo, D., 2020. Managing
cadmium in agricultural systems. In: Advances in Agronomy. https://doi.org/
10.1016/bs.agron.2020.10.004 p. S0065211320301036.

Meissner, R., Rupp, H., Seeger, J., Ollesch, G., Gee, G.W., 2010. A comparison of water
flux measurements: passive wick-samplers versus drainage lysimeters. Eur. J. Soil
Sci. 61, 609-621. https://doi.org/10.1111/j.1365-2389.2010.01255.x.

Meissner, R., Rupp, H., Seyfarth, M., 2014. Advanced technologies in lysimetry. In:
Mueller, L., Saparov, A., Lischeid, G. (Eds.), Novel Measurement and Assessment
Tools for Monitoring and Management of Land and Water Resources in Agricultural
Landscapes of Central Asia, Environmental Science and Engineering. Springer
International Publishing, Cham, pp. 159-173. https://doi.org/10.1007/978-3-319-
01017-5_8.

Meissner, D.R., Rupp, D.H., Seyfarth, D.M., Gebel, D.M., 2016. Use of Sophisticated
Lysimeter Types to Measure Soil Water Balance Parameters with High Accuracy 4.

Mertens, J., Smolders, E., 2013. Zinc. In: Alloway, B.J. (Ed.), Heavy Metals in Soils.
Springer, Netherlands, Dordrecht, pp. 465-493. https://doi.org/10.1007/978-94-
007-4470-7_17.

Oberholzer, S., Prasuhn, V., Hund, A., 2017. Crop water use under Swiss pedoclimatic
conditions — evaluation of lysimeter data covering a seven-year period. Field Crop
Res 211, 48-65. https://doi.org/10.1016/j.fcr.2017.06.003.

Ogiyama, S., Sakamoto, K., Suzuki, H., Ushio, S., Anzai, T., Inubushi, K., 2005.
Accumulation of zinc and copper in an arable field after animal manure application.
Soil Sci. Plant Nutr. 51, 801-808. https://doi.org/10.1111/j.1747-0765.2005.
tb00114.x.

Ostermann, A., He, Y., Siemens, J., Welp, G., Heuser, A., Wombacher, F., Miinker, C.,
Xue, Q., Lin, X., Amelung, W., 2015. Tracing copper derived from pig manure in
calcareous soils and soil leachates by  cu labeling. Environ. Sci. Technol. 49,
4609-4617. https://doi.org/10.1021/es504945e.

Prasuhn, V., 2016. Lysimeter facilities in Agroscope Zurich Reckenholz. www.lysimeter.
ch (28.06.2023).

Rehman, M., Liu, L., Wang, Q., Saleem, M.H., Bashir, S., Ullah, S., Peng, D., 2019. Copper
environmental toxicology, recent advances, and future outlook: a review. Environ.
Sci. Pollut. Res. 26, 18003-18016. https://doi.org/10.1007/s11356-019-05073-6.

Romkens, P., Smolders, E., 2018. Prediction of Changes in Soil Cadmium Contents at EU
and Member State (MS) Level. Wageningen Agricultural University, The
Netherlands. Available at. https://www.wur.nl/en/show/Prediction-of-changes-inso
il-cadmium-contents-at-EU-and-Member-State-MS.htm.

Romkens, P., Rietra, R., Kros, H., Voogd, J.C., de Vries, W., 2018. Impact of cadmium
levels in fertilisers on cadmium accumulation in soil and uptake by food crops.
Wageningen Environ. Res. Wageningen. https://doi.org/10.18174/451353.

Schweizer, S.A., Seitz, B., van der Heijden, M.G.A., Schulin, R., Tandy, S., 2018. Impact
of organic and conventional farming systems on wheat grain uptake and soil
bioavailability of zinc and cadmium. Sci. Total Environ. 639, 608-616. https://doi.
org/10.1016/j.scitotenv.2018.05.187.

Shaheen, S.M., Tsadilas, C.D., Rinklebe, J., 2013. A review of the distribution coefficients
of trace elements in soils: influence of sorption system, element characteristics, and
soil colloidal properties. Adv. Colloid Interface Sci. 201-202, 43-56. https://doi.
org/10.1016/j.cis.2013.10.005.

Shi, T., Ma, J., Wu, X., Ju, T., Lin, X., Zhang, Y., Li, X., Gong, Y., Hou, H., Zhao, L., Wu, F.,
2018. Inventories of heavy metal inputs and outputs to and from agricultural soils: a
review. Ecotoxicol. Environ. Saf. 164, 118-124. https://doi.org/10.1016/j.
ecoenv.2018.08.016.

Sinaj, S., Richner, W., 2017. Principles of fertilization of agricultural crops in Switzerland
(PRIF 2017). In: Agrarforschung Schweiz. www.prif.ch.

Six, L., Smolders, E., 2014. Future trends in soil cadmium concentration under current
cadmium fluxes to European agricultural soils. Sci. Total Environ. 485-486,
319-328. https://doi.org/10.1016/j.scitotenv.2014.03.109.

Smidt, G.A., Landes, F.C., Machado de Carvalho, L., Koschinsky, A., Schnug, E., 2011.
Cadmium and uranium in German and Brazilian phosphorous fertilizers. In:
Merkel, B., Schipek, M. (Eds.), The New Uranium Mining Boom. Springer Geology.
Springer, Berlin Heidelberg, Berlin, Heidelberg, pp. 167-175. https://doi.org/
10.1007/978-3-642-22122-4_20.

Smolders, E., Mertens, J., 2013. Cadmium. In: Alloway, B.J. (Ed.), Heavy Metals in Soils.
Springer, Netherlands, Dordrecht, pp. 283-311. https://doi.org/10.1007/978-94-
007-4470-7_10.

Sterckeman, T., Gossiaux, L., Guimont, S., Sirguey, C., Lin, Z., 2018. Cadmium mass
balance in French soils under annual crops: scenarios for the next century. Sci. Total
Environ. 639, 1440-1452. https://doi.org/10.1016/j.scitotenv.2018.05.225.

Stiirup, S., Hansen, H.R., Gammelgaard, B., 2008. Application of enriched stable isotopes
as tracers in biological systems: a critical review. Anal. Bioanal. Chem. 390,
541-554. https://doi.org/10.1007/s00216-007-1638-8.

The European Parliament and the Council of the European Union, 2019. Regulation (EU)
2019/1009 of the European Parliament and of the Council of 5 June 2019 Laying
Down rules on the Making Available on the Market of EU Fertilising Products and
Amending Regulation (EC) No 1069/2009 and (EC) No 1107/2009 and Repealing
Regula.

Thomas, R., 2013. Practical guide to ICP-MS: a tutorial for beginners. In: Practical
Spectroscopy, Third edition. CRC Press, Taylor & Francis Group, Boca Raton.
Ulrich, A.E., 2019. Cadmium governance in Europe’s phosphate fertilizers: not so fast?

Sci. Total Environ. 650, 541-545. https://doi.org/10.1016/j.scitotenv.2018.09.014.

Verbeeck, M., Salaets, P., Smolders, E., 2020. Trace element concentrations in mineral
phosphate fertilizers used in Europe: a balanced survey. Sci. Total Environ. 712,
136419 https://doi.org/10.1016/j.scitotenv.2019.136419.

Weber, F.-A., Voegelin, A., Kretzschmar, R., 2009. Multi-metal contaminant dynamics in
temporarily flooded soil under sulfate limitation. Geochim. Cosmochim. Acta 73,
5513-5527. https://doi.org/10.1016/j.gca.2009.06.011.


https://doi.org/10.2136/vzj2017.01.0020
https://doi.org/10.2136/vzj2017.01.0020
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf5005
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf5005
https://doi.org/10.1186/1745-6673-1-22
https://doi.org/10.1007/s11104-013-1691-3
https://doi.org/10.1007/s11104-013-1691-3
https://doi.org/10.1002/jeq2.20288
https://doi.org/10.1002/jeq2.20288
https://doi.org/10.1080/00288233.2015.1134591
https://doi.org/10.1007/s11356-021-15513-x
https://doi.org/10.1007/s11356-021-15513-x
https://doi.org/10.34776/AS123G
https://doi.org/10.1371/journal.pone.0116903
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1016/j.scitotenv.2023.167863
https://doi.org/10.1021/acs.est.7b05439
https://doi.org/10.1021/acs.est.7b05439
https://doi.org/10.1016/j.envpol.2018.09.149
https://doi.org/10.1021/acs.est.8b03675
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0175
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0175
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0180
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0180
https://doi.org/10.1016/j.envadv.2022.100182
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0190
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0190
https://doi.org/10.1080/10256016.2024.2324966
https://doi.org/10.1016/S1001-0742(09)60081-4
https://doi.org/10.1016/S1001-0742(09)60081-4
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1016/j.microc.2012.03.020
https://doi.org/10.1016/j.microc.2012.03.020
https://doi.org/10.1016/j.scitotenv.2020.140876
https://doi.org/10.1016/S1002-0160(20)60044-3
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0225
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0225
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0225
https://doi.org/10.1002/jpln.201200305
https://doi.org/10.1002/jpln.201200305
https://doi.org/10.1071/SR03168
https://doi.org/10.1016/bs.agron.2020.10.004
https://doi.org/10.1016/bs.agron.2020.10.004
https://doi.org/10.1111/j.1365-2389.2010.01255.x
https://doi.org/10.1007/978-3-319-01017-5_8
https://doi.org/10.1007/978-3-319-01017-5_8
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0250
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0250
https://doi.org/10.1007/978-94-007-4470-7_17
https://doi.org/10.1007/978-94-007-4470-7_17
https://doi.org/10.1016/j.fcr.2017.06.003
https://doi.org/10.1111/j.1747-0765.2005.tb00114.x
https://doi.org/10.1111/j.1747-0765.2005.tb00114.x
https://doi.org/10.1021/es504945e
http://www.lysimeter.ch
http://www.lysimeter.ch
https://doi.org/10.1007/s11356-019-05073-6
https://www.wur.nl/en/show/Prediction-of-changes-insoil-cadmium-contents-at-EU-and-Member-State-MS.htm
https://www.wur.nl/en/show/Prediction-of-changes-insoil-cadmium-contents-at-EU-and-Member-State-MS.htm
https://doi.org/10.18174/451353
https://doi.org/10.1016/j.scitotenv.2018.05.187
https://doi.org/10.1016/j.scitotenv.2018.05.187
https://doi.org/10.1016/j.cis.2013.10.005
https://doi.org/10.1016/j.cis.2013.10.005
https://doi.org/10.1016/j.ecoenv.2018.08.016
https://doi.org/10.1016/j.ecoenv.2018.08.016
http://www.prif.ch
https://doi.org/10.1016/j.scitotenv.2014.03.109
https://doi.org/10.1007/978-3-642-22122-4_20
https://doi.org/10.1007/978-3-642-22122-4_20
https://doi.org/10.1007/978-94-007-4470-7_10
https://doi.org/10.1007/978-94-007-4470-7_10
https://doi.org/10.1016/j.scitotenv.2018.05.225
https://doi.org/10.1007/s00216-007-1638-8
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0335
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0335
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0335
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0335
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0335
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0340
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0340
https://doi.org/10.1016/j.scitotenv.2018.09.014
https://doi.org/10.1016/j.scitotenv.2019.136419
https://doi.org/10.1016/j.gca.2009.06.011

M. Wiggenhauser et al.

Weihermiiller, L., Siemens, J., Deurer, M., Knoblauch, S., Rupp, H., Géttlein, A., Piitz, T.,
2007. In situ soil water extraction: a review. J. Environ. Qual. 36, 1735-1748.
https://doi.org/10.2134/jeq2007.0218.

WHO/IARC, 2020. International Agency for Research on Cancer IARC. Monographs on
the evaluation of carcinogenic risks for human. [WWW Document]. https://monogra
phs.iarc.fr/agents-classified-by-the-iarc/.

Wiggenhauser, M., Aucour, A.-M., Bureau, S., Campillo, S., Telouk, P., Romani, M.,
Ma, J.F., Landrot, G., Sarret, G., 2021. Cadmium transfer in contaminated soil-rice
systems: insights from solid-state speciation analysis and stable isotope
fractionation. Environ. Pollut. 269, 115934 https://doi.org/10.1016/j.
envpol.2020.115934.

Wiggenhauser, M., Moore, R.E.T., Wang, P., Bienert, G.P., Laursen, K.H., Blotevogel, S.,
2022. Stable isotope fractionation of metals and metalloids in plants: a review. Front.
Plant Sci. 13, 840941 doi:cad.

12

Science of the Total Environment 926 (2024) 171482

Yamamoto, K., Hashimoto, Y., Kang, J., Kobayashi, K., 2018. Speciation of phosphorus
zinc and copper in soil and water-dispersible colloid affected by a long-term
application of swine manure compost. Environ. Sci. Technol. 52, 13270-13278.
https://doi.org/10.1021/acs.est.8b02823.

Yan, B.-F., Diirr-Auster, T., Frossard, E., Wiggenhauser, M., 2021. The use of stable zinc
isotope soil labeling to assess the contribution of complex organic fertilizers to the
zinc nutrition of ryegrass. Front. Plant Sci. 12, 730679 https://doi.org/10.3389/
fpls.2021.730679.

Zhao, D., Wang, P., Zhao, F.-J., 2022. Dietary cadmium exposure, risks to human health
and mitigation strategies. Crit. Rev. Environ. Sci. Technol. 1-25 https://doi.org/
10.1080/10643389.2022.2099192.


https://doi.org/10.2134/jeq2007.0218
https://monographs.iarc.fr/agents-classified-by-the-iarc/
https://monographs.iarc.fr/agents-classified-by-the-iarc/
https://doi.org/10.1016/j.envpol.2020.115934
https://doi.org/10.1016/j.envpol.2020.115934
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0375
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0375
http://refhub.elsevier.com/S0048-9697(24)01623-1/rf0375
https://doi.org/10.1021/acs.est.8b02823
https://doi.org/10.3389/fpls.2021.730679
https://doi.org/10.3389/fpls.2021.730679
https://doi.org/10.1080/10643389.2022.2099192
https://doi.org/10.1080/10643389.2022.2099192

	Cadmium, zinc, and copper leaching rates determined in large monolith lysimeters
	1 Introduction
	2 Material & methods
	2.1 Lysimeter facility and experimental design
	2.2 Sampling and sample processing for concentration measurements
	2.3 Concentration analyses and quality control
	2.4 Isotope labeling and isotope analyses
	2.5 Calculations & Statistic

	3 Results
	3.1 Water fluxes
	3.2 Trace metal concentrations and leaching rates
	3.3 Isotope source tracing in monolith lysimeters
	3.4 Trace metal mass balances in monolith lysimeters

	4 Discussion
	4.1 Impact of climatic conditions, crop rotation, and fertilization strategy
	4.2 Comparison of Cd leaching rates with existing models
	4.3 Direct transfer of trace metals into seepage water is small

	5 Conclusion & Implications
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


