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Abstract

Abstract The use of sediments as soils is an area of interest for Beneficial Use of dredged sediments. In this study the
impact of the transition from sediments to soils is researched by looking at the seasonal and long year (10 year) change
in pore water metal chemistry of sediments which are considered clean (class A) according to the Dutch soil directive.
This study is based on a combination of geohydrological, geochemical and ecotoxicological risk models and validated
against measured pore water concentrations for metals over an dry/wet period. The pore water metal concentrations
are compared against standards and expressed as at Risk Characterization Ratio’s (RCR) values. The RCR values are high
(>1) during the first 3 years after the application of sediments as soil, especially at the end of the summer. The multi
substances Potentially Affected Fraction (ms-PAF) shows a similar trend as the RCR values, although it takes 5 years before
the combined calculated potential ecotoxicity is below the legal 40% threshold level. Translated to land use, it is advised
to restrict land use for farming on soils where these clean (class A) sediments are applied for a five-year transition period.

Article Highlights

o Beneficial Use of sediments should take into account e The predicted results in metal pore water concentra-
the different conditions when used as soils. tions are translated into an advice for temporal land
e Use of sediments as soils lead to a predicable seasonal use.
and multiple year trend in metal concentrations in pore
water.
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1 Introduction

Large scale reallocation of soils in deep under water
pits has become common practise in parts of Europe
as part of river restoration strategies [5]. The use of soil
is seen as a beneficial application according to the EU
directive 2000/60/EC [17], even when the soil contains

contaminants. A recent study [56] focusses on the ques-
tion on what happens to metals when soils become sedi-
ments, addressing the impact of large-scale storage of
soils in sandpits and lakes and the impact of reduction
kinetics on heavy metals and arsenic release to ground-
water. Vink [17] takes into account the DOM characteri-
sation, the iron chemistry and the pore water chemistry
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(including the main anions and cations). In this study the
question is reversed, what happens to the metal availability
when sediments become soils? Sediments are reduced and
fully saturated with water, while soils in temperate climate
regions have a water shortage in the summer and have a
water excess in the winter [36]. This yearly cycle exposing
the top layer of the soil to air penetration and oxidation
during the summer, while in the winter the groundwater
level rises causing reduction reactions to dominate.

The concept that reduced sediments with a sufficient
high sulphite content pose no environmental threat with
regard to metals is supported by work done on the Simul-
taneous Extracted Metals (SEM) to Acid Volatile Sulfides
(AVS) ratio in soils and sediments [2, 14, 46]. Studies using
the SEM/AVS ratio as indicator for the bioavailability of
metals in sediments tend to rule out metal ecotoxicity in
sediments when the SEM/AVS ratio is low [15, 48, 49].

Vink [56] shows that the underwater storage of soils as
sediments can form an environmental risk for groundwa-
ter, even when the sulphide concentration in the soil is
high. When large shifts in redox potential occur kinetic
oxidation/reduction rates influence the speed at which
(im)mobilisation of metals takes place. This can result in
the temporal domination of other binding mechanisms
or the emission of metals from the sediment, even when
SEM/AVS of less than one would suggest that the met-
als are immobile [55]. DOM also plays an important role
in the binding of heavy metals, especially the humic and
fulvic substances of DOM. A model that incorporated such
organic matter specific binding is the Non-ldeal Competi-
tive Adsorption (NICA)—Donnan (electrostatic interaction)
model [26].

A third important factor is the iron chemistry [62]. When
iron oxyhydroxides minerals in the soil are reduced in the
presence of sulphide the mineral iron sulphide (FeS ) is
formed and precipitates. The formed iron sulphide binds
trace metals, lowering the pore water metal concentration.
The binding of metals by an excess of sulphites is in short
the principle behind the SEM/AVS ratio. However, the loss
of iron oxyhydroxides minerals due to Fe* reduction also
diminish the cation sorption capacity [9, 59] and therefore
increases the trace metal pore water concentration. Calcite
also adsorbs trace metals, showing an initial rapid uptake
of trace metals (adsorption) and slow uptake (precipita-
tion) [8]. All these processes have kinetic restrains and
often meta-stable reaction products (like the DOM-trace
metals ligands).

Sediments and soils under fluctuating redox conditions
therefore behave differently as predicted by equilibrium
kinetics-based risk models. There is relatively little litera-
ture on soils and sediments with (seasonal) changes in
redox potential. Salomons [39] looks at pore water con-
centrations of sulphate and iron during the early stage of
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diagenesis of dredged brackish sediments. Salomons [39]
uses large pits (80 (width) x 30 (length) x 6 m (depth)), but
the site stayed submerged and therefore did not form a
soil. Weng [57] looks at a sandy soil profile, and combines
a numerical multi surface model with observed pore water
trace metals to look at long term (16 years) trends in the
soil profile. Weng [57] shows the dominant (im)mobilisa-
tion processes of trace metals as function of soil properties
and changes in soil mineralogy over time but does not
give insight in the role of reaction kinetics. Pan [31, 32]
looks at the mobilisation/immobilisation of trace metals in
a flooding/drying cycle of paddy rice soil, using the Don-
nan membrane method [58] to collect trace metals from
the pore water.

The groundwater conditions and the properties of the
sediments and soils studies here are presented under
materials and methods. This chapter also describes the
background of the numerical models used to simulate the
groundwater table variation, the metal behaviour in pore
water, the risk of individual metals based on no-effect con-
centrations and the combined risk of the presence of mul-
tiple metals in pore water. The result chapter describes the
outcome of the pore water measurements and the model-
ling results. The discussion chapter places the outcome of
the measurements and models in the context of the cur-
rent BU of sediment practice and soil legislation standards
in the Netherlands for the application of sediments on land.
In the conclusion chapter advice is given how to adapt land
use during a period of transition of sediments to soils.

2 Material and methods
2.1 Ingeneral

This study makes use of a location where a 150 cm thick
sediment layer is deposited on land. The initial sediment
composition and the leachability of metals from the sedi-
ment is measured. By using the metal speciation model
CHARON [11] in combination with the groundwater model
SFYNXZ [11] the initial sediment conditions are used to
calculate the changes in metal availability in the newly
formed soil as function of soil moisture content over
a period of 10 years. CHARON stands for the Chemistry
Applied to the Research Of Natural systems. CHARON is
an extended and modified version of the chemical equilib-
rium model CHEMEQ developed by the Rand Corporation
[42] and is currently developed and maintained by Del-
tares. SFYNXZ is a 2D groundwater model based on MOD-
FLOW [20]. During this 10-year period the transition from
sediment to soil over a depth of 150 cm is simulated by a
yearly fluctuation of the groundwater level over a depth
of 100 cm (from the top of the soil), with a minimum pore
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volume soil moisture content of 50% and a maximum of
100%. During the year cycle the degradation rate of soil
Organic Matter (OM) is linked to the soil temperature and
soil moisture saturation, resulting in seasonal fluctuating
DOM concentrations and soil oxidation/reduction poten-
tial. The CHARON/SFYNXZ model simulates the pH, Eh,
DOM and metal concentrations as function of soil depth
(0-150 cm) and in time (0-10 years). The CHARON/SFYNXZ
model results are used to calculate the multi-substance
Potentially Affected Fraction (ms-PAF) [34] with the
OMEGA model [21]. The model PNEC-Pro [33] is used to
calculate the pore water specific predicted no-effect con-
centration for Cu, Ni, Zn, and Pb, based on BLM's.

2.2 Reference conditions; general sediment/soil
parameters and groundwater balance

The reference conditions for sediment application as a soil is
based on the STW project Lift up of Lowlands-Beneficial use
of dredged sediments to reverse land subsidence’[30, 45].
This study is based on theLift up of Lowlands'soil properties,
with the exception of the metal concentrations. For the met-
als the Dutch standard for reallocation of sediments on land
without restrictions [4] is used, including the corresponding
standard soil organic matter (OM) and lutum content. The
reason to use a risk standard concentration instead of the
measured concentration is that the purpose of this study
is to look into the impact of the water table variation over
a longer period (10 years) on the trend in potential ecocity
of the soil. Therefore, a metal concentration is chosen which
is deemed safe according to the Dutch soil/sediment risk
standard. Table 1 compares the measured concentrations
for the Lift up of Lowlands soil with the Dutch standard for
reallocation of sediments on land without restrictions.
Based on the global Dutch soil conditions for Rhine sed-
iments, the initial soil/sediment composition was derived
from literature (Table 2). The porosity and bulk density is
based on expert judgement on the ripening/consolidation

Table 1 Measured metal concentrations ‘Lift up of Lowlands’ soil
compared to Dutch standard for reallocation of sediments on land

Lift up Low- Dutch Standard Lift up Lowlands
lands measured reallocation onland compared to
standard
cd 1.1 mg/kg 4.0 mg/kg 28% pass
Cu 62.2 mg/kg 96 mg/kg 65% pass
Ni 29.0 mg/kg 50 mg/kg 58% pass
Pb 107.8 mg/kg 138 mg/kg 78% pass
Zn 217.3 mg/kg 563 mg/kg 39% pass
Cr 29.8 mg/kg 120 mg/kg 25% pass
As 12.7 mg/kg 14.5 mg/kg 88% pass

This study uses the Dutch standard concentrations for metals

during the of the sediment used for Lift up of Lowlands
(the initial bulk density was less than 1.100 g/dm? due to
the hydraulic pumping of the sediment slurry). Organic
Matter and clay content are in accordance with Dutch
standard soil [51]. The calcium carbonate content is based
on the calcium carbonate for the lutum fraction of Rhine
sediment [38]. The total iron content is based on Haringv-
liet sediment, also Rhine sediment [6]. The initial distribu-
tion of iron between iron carbonate, iron sulphite and iron
hydroxide minerals is chosen by the author (1/3: 1/3:1/3).
Trace metal concentrations are based on the classification
of the Lift Up of Lowlands site as suitable for reallocation
of sediments on land without restrictions [4]. All trace met-
als are assumed to be initially present as sulphide due to
the anaerobic sediment conditions before placement on
land. Non Ideal Competitive Adsorption (NICA) based on
the Donnan potential is included in CHARON. The Nica-
Donnan parameters were derived from [27].

Assuming a minimal horizontal drainage, precipitation
and evaporation dictate the yearly groundwater water
balance. The results are summarized in Table 3. The Dutch
average precipitation and evaporation for the Western
Netherlands was used [44]. Rainwater also contains trace
metals. Therefore, the average background concentration
was added to the precipitation [47].

The groundwater level was modelled with a 1DV trans-
port model (SFYNXZ) [11]. The soil was divided in 15 ver-
tical layers of 10 cm (1.5 m in total). When evaporation
exceeds precipitation, air enters into the unsaturated
pores. To mimic the heterogeneity of contact with air in
soils when the groundwater level drops, the penetration
of air is simulated as being in contact with an unsaturated
(oxidised) 1DV soil layer. The model also has a saturated
1DV soil layer. Transport between the saturated and unsat-
urated layers is by molecular diffusion (with a diffusion dis-
tance of 1 cm). This way the soil maintains a time depend-
ant reduced fraction, even when unsaturated.

2.3 FIAM model CHARON,
including the NICA-Donnan phase, for trace
metals

The FIAM model CHARON [11] is used to calculate the free
metal ion concentration in the presence of a NICA-Donnan
phase [24]. The metals Cd, Cu, Ni, Cr and Zn and As (a met-
alloid) are selected for the CHARON model. These met-
als are often present in soils in concentrations above soil
standards and can have an anthropogenic origin. Some of
these metals (cadmium and nickel) are also an EU Water
Framework Directive priority substance [17]. The impact of
DOM on the binding of metals in the presence of a NICA-
Donnan phase, and hence the formation of metal-organic
ligands, is described by Hiemstra [22]. Metal complexation
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Table 2 Initial soil/sediment composition Lift up Lowlands soil with theoretical metal concentrations (on the left), translated to the FIAM

model input (on the right)

Initial composition Lift up of Lowlands soil — FIAM model input
Soil general parameters
Organic Matter (OM) 10% (mass % d.s.) — oM 5000 (mol/m3)
Calciumcarbonate 4% (mass % d.s.) — CaCO3(s) 1500 (mol/m3)
Clay (<2 pm) content 25% (mass % d.s.)
Porosity 0.50 ¢ (=Vv/Vt)
Bulk density 1500.00 kg/m3
(Trace) metals
Fe 1.9% (mass % d.s.)
of which:
(Fe(CO3)(s) 0.63% (mass % d.s.) — (Fe(CO3)(s) 170 (mol/m3)
FeS(s) 0.63% (mass % d.s.) — FeS(s) 170 (mol/m3)
Fe(OH)3(s) 0.63% (mass % d.s.) — Fe(OH)3(s) 170 (mol/m3)
Cd (as CdS(s)) 4.0 (mg/kg) — CdS(s) 53 (mol/m3)
Cu (as CuS(s)) 96.0 (mg/kg) — CuS(s) 2268 (mol/m3)
Ni (as NiS(s))) 50.0 (mg/kg) — NiS(s) 1278 (mol/m3)
Pb (as PbS(s)) 138.0 (mg/kg) — PbS(s) 999 (mol/m3)
Zn (as Zn(s)) 563.0 (mg/kg) — ZnS(s) 12,913 (mol/m3)
Cr (as Cr(OH)3(s)) 120.0 (mg/kg) — Cr(OH)3(s) 3461 (mol/m3)
As (as As(OH)3(s)) 14.5 (mg/kg) — As(OH)3(s) 290 (mol/m3)
Pore water (salinity within Dutch drinking water standards)
Na+ 69 mg/I — Na+ 3.0 (mol/m3)
Cl- 106.5 mg/I — Cl- 3.0 (mol/m3)
Air
02 21% partial pressure — 02 2.10E+06 (mol/m3)
c0o2 0.30% partial pressure — c02 330 (mol/m3)
Model specific sorption parameters based on mineral composition
CEC 88 (meq/100 g) — CEC 331 eq/m3
Fe sorption, only for (OH)3(s) 0.63% (mass % d.s.) — FEADS 170 (mol/m3)
OM sorption, 10% of total OM 1.0% (mass % d.s.) — OMSOR 500 (mol/m3)
NICA-Donnan parameters [27]
P(org1) 0.59 P1 fulvic acid
P(org2) 0.7 P2 fulvic acid
Qmax 0.02 number of sites (mol/m3)
a charge 0.002 average bulk charge
d charge 0.0001 Donnan phase charge

constants for a large series of elements have been derived
from experimental data published by Milne [27]. The FIAM
model CHARON also calculates the anaerobic and aero-
bic formation and degradation rate of DOM [25] based on
the soil OM content. Hence, the amount of metal-organic
ligand formation (NICA-Donnan phase) [13] is depending
on the position in the soil profile and the time of year.

2.4 BLM model PNEC-PRO

PNEC-pro [33] has been implemented in legal frame-
works for EQS-compliance testing and WFD-reporting
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[52]. PNEC-pro calculates local, water type specific, pre-
dicted no-effect concentrations (PNEC) of Cu, Ni, Zn,
and Pb based on BioLigand Models (BLMs) [53]. Local
PNECs are used for compliance checks in higher-tier risk
assessments [37]. PNEC-pro calculates a Risk Characteri-
zation Ratio (RCR) for each metal [54]. The RCR divides
the PNEC calculated exposure levels for the measured
dissolved metal concentration by the predicted no-
effect concentrations based on the local water quality
[28].
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Table 3 (Ground)water conditions

(Ground)water conditions

Precipitation and evaporation
Yearly average precipitation
Yearly average evaporation
Netto groundwater recharge
Other groundwater parameters
Year average tempeature
Aerobic zone DOM production
Anaerobic zone DOM production
DOM degradation rate

872 (mm/m2/year)
572 (mm/m2/year)
300 (mm/m2/year)

16 (0C)

30 (mg/l/year)

5 (mg/l/year)

0.0275 (fraction per day (both aerobic/anaerobic))

OM degradation rate 2% (per year)

DOM retardation pore water 4 (factor)

Trace metal concentration Concentration (ug/1) Flux (ug/m2)
Cadmium 0.07 61

Copper 1.85 1613

Nickle 0.37 323

Lead 2.57 2241

Zinc 8.32 7255
Chroom 0.19 166

Arsenic 0.14 122

2.5 Ms-PAF model OMEGA

The concept of calculating the Potentially Affected Frac-
tion (PAF) is based on the observed median lethal concen-
tration [LC,,] or no-observed-effect concentration [NOEC]
for individual components and individual species (single
contaminant Specie Sensitivity Distribution (SSD)). The
potential toxic risk for multiple substances is then calcu-
lated using the distribution of the LCs, or NOEC values [34]
following the methodologies as proposed by De Zwart
and Posthuma [12]:

(i)
(ii)

Response Addition (RA), or
Concentration Addition (CA).

The resulting multi substances Potentially Affected
Fraction (ms-PAF) gives the fraction of the population
that is potentially at risk. The characterisation of risk can be
by an increase in mortality, degraded reproduction rates
or growth deformation [34]. The definition of risk can be
either acute or chronic, depending in the duration of the
exposure. Ecotoxicity tests are therefore divided in acute
or chronic exposure [43].

The numerical model‘Optimal Modeling for Ecotoxico-
logical Assessment’ (OMEGA) incorporates these method-
ologies to calculate the ecotoxicological risk for multiple
contaminants [21]. The model used the ecotoxicological
data for approximately 200 substances [4]. The data is

derived by establishing dose effect relations for a toxicant
under standard water conditions defined by DSW [1].

In addition to the metals used for the BLM model PNEC-
Pro, cadmium and arsenic were also included. The ms-PAF
was calculated for acute toxicity (less than 24 h exposure).
Response Addition (RA) was used for the metals, concen-
tration addition for the metalloid arsenic.

3 Results

3.1 General sediment/soil parameters, model
results

3.1.1 Groundwater level variation during multiple year
cycles

The groundwater level variation is 100 cm. The minimum
saturated groundwater level is at 100 cm below surface
level. The maximum groundwater level is at 10 cm below
the surface level. In Fig. 1 the soil profile saturation level
(as % of the pore volume) and the soil profile redox poten-
tial (mV) is given over a period of 10 years after the sedi-
ment has been put on land, illustrating the impact of the
groundwater level variation.

A dry period (summer) is characterized by a drop in the
groundwater level and a rise in the redox potential (above
0 mV, indicating oxidizing conditions). During a wet period
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Fig. 1 Soil pe during a period of 3650 days (10 year cycles). Time
(in days) on the x-axis, the soil depth (in cm) on the y-axis. The
redox potential pe (mV) varied between -50 mV and + 120 mV. Val-

the groundwater level rises and the pe declines. Due to the
degradation of DOM produces during the summer period
(see paragraph 3.1.2.) the pe drops to slightly lower values
during multiple year cycles.

3.1.2 pH and DOM concentrations in the groundwater
during multiple year cycles

The pH and the production and degradation of DOM of
depends on the saturation level and the correlated aero-
bic/anaerobic conditions within the soil profile (see the pe
fluctuation in Fig. 1). Figure 2 shows the calculated pH and
DOM concentration over a period of 10 years.

Soil porewater pH

0 365 730 1095 1460 1825 2190 2555 2920 3285 3650
Time (days)

ues>0 mV represent a soil with an unsaturated zone, values <0 mV
are representative for a saturated soil

In the top 100 cm of the soil profile, the pH drops to
6.0 during dry period (summer) and rises to 7.6 during
the wet period (winter). In the deeper part of the soil
profile (> 100 cm) the pH varies between 5.3 and 6.1.

The DOM production is highest during the dry period
(summer), especially in the top 10 cm of the soil profile.
The DOM concentration varies between less than 5 mg/I
in the deeper parts of the soil profile (> 100 cm), up to
110 mg/l in the top 10 cm of the soil profile during a dry
period (summer).

Soil porewater DOM (mg/l)
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Fig.2 Soil pH and DOM concentration during a period of
3650 days (10 year cycles). Time (in days) on the x-axis, the
soil depth (in cm) on the y-axis. The DOM concentration var-
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0 365 730 1095 1460 1825 2190 2555 2920 3285 3650
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ied between 110 mg/I during summer in the upper 10 cm of the
profile, to<5 mg/l for the intermediate (>50 cm) and deeper
(>100 cm) part of the soil profile during the whole year
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3.2 FIAM model CHARON, dissolved trace metals
in the groundwater during multiple year cycles

The soil pore water profile for Cu, Ni, Zn, and Pb (the four
PNEC-pro metals) over a period of 10 years is given in
Fig. 3.

All four metals (Cu, Ni, Zn and Pb) follow the same pat-
tern. The first 3-5 years after putting the sediment on land,
the concentrations are high over in the whole soil profile,
declining after 3-5 years in the top 100 cm of the soil. Dur-
ing dry periods (summer), the concentrations spike, but to
a far lesser extent than during the first 3-5 years.

To illustrate that not all metal like elements follow this
pattern, the concentration of arsenic (a metalloid) over
10 years is given in Fig. 4.

During dry periods (summer) arsenic is mobilized in the
unsaturated top part of the soil profile. When the ground-
water level rises (during autumn), arsenic is transported to
the lower part of the soil profile, where it is bound (mainly
to the iron oxides and soil OM). The high arsenic mobility
in the summer is mainly due to the DOM production in the
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Fig.4 Soil pore water concentration for arsenic during a period
of 3650 days (10 year cycles). Time (in days) on the x-axis, the soil
depth (in cm) on the y-axis
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Fig. 3 Soil pore water concentration for copper, nickel, zinc and lead during a period of 3650 days (10 year cycles). Time (in days) on the

x-axis, the soil depth (in cm) on the y-axis
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top soil layer (upper 10 cm). As-DOM ligands make up for
50% of the dissolved arsenic concentration.

3.3 BLM model PNEC-PRO in the groundwater
during multiple year cycles, model results

The BLM model PNEC-pro uses the local water quality
parameters DOM, Ca2 +, Mg2 +and Na + to calculate the
predicted no-effect concentrations (PNEC) for each of the
four metals. In the chosen soil schematisation Mg2 +was
not taken into account since calcite and not dolomite is
the dominant buffering mineral for the reference location
(Lift up of Lowlands). Na +was modelled, but not react-
ing. The Na+ concentration is constant and defined by the
boundary input (rainwater). Mg2 +and Na +are therefore
chosen as a constant based on the closest rainwater sta-
tion (RIVM station 444) [3].

PNEC RCR for Cu
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Time (days)
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Fig.5 PNEC RCR’s up to 1.0 in the soil pore water for copper, nickel,
zinc and lead during a period of 3650 days (10 year cycles). Time (in
days) on the x-axis, the soil depth (in cm) on the y-axis. If the PNEC
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Mg2+ = 22 pmol/l = 0.53 mg/I

Na+ = 188 pmol/l = 4.3 mg/I

Figure 5 shows the calculated PNEC RCR’s up to 1.0 as
function of soil profile depth over a period of 10 years on
a monthly base.

The initial (first year) RCR for all four metals is high in the
lower part of the soil profile. Due to an increase in pH and
the DOM concentration in the top 50 cm of the soil profile,
the RCR rapidly (within a year) drops to values below one
(below the NOEC concentration).

3.4 Ms-PAF model OMEGA in the groundwater
during multiple year cycles

The ms-PAF results indicate how many of the organisms
are at risk of experiencing an observable toxicological
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Fig. 6 Chronic ms-PAF (as fraction) in the soil pore water during a
period of 3650 days (10 year cycles). Time (in days) on the x-axis,
the soil depth (in cm) on the y-axis

impact due to the presence of a mixture of metals. The
calculations have been carried out for the following con-
taminants in the soil pore water; arsenic, cadmium, copper,
nickel, zinc and lead. The resulting calculated chronic ms-
PAF is given in Fig. 6 during a period of 10 years.

4 Discussion

While the FIAM model geochemical soil and pore water
constants are calibrated for steady state sediments with
a similar composition [60] it is difficult to validate a FIAM
model under dynamic conditions [41]. This is especially
the case in the presence of an unsaturated zone with a
high DOM production rate, and hence a potential large
influence of the NICA phase. This study has been done
in collaboration with Wageningen University & Research
(WUR), The Netherlands, as part of the NWO program
“Lift up of Lowlands"” providing the generic NICA-Donnan
model parameters [27]. More detailed studies on the rela-
tion between measured DOM concentration levels and
the speciation of dissolved metals in soils with alternat-
ing flooding and drainage were carried out by the WUR
[31, 32]. The main drawback of these studies in relation
to this study is that the soil composition was fundamen-
tally different, and the period of flooding and drainage is
shorter (two cycles in 128 days) as compared to the year
cycle simulated here. The soil with the best matching prop-
erties is the FY soil (from the vicinity of Fuyang City, China)
since this soil has clay (25%), organic matter (9.2%) and
calcite (21%), resulting in a pH of 7.5 and a DOC content
of 189 mg C per litre (equivalent of 473 mg/| DOM). The
modelled Lift up of Lowlands soil has more or less similar
properties (see Table 2), although a slightly lower organic
matter content. The DOC/DOM content is not measured

Table 4 General soil parameters, measurements [32] versus FIAM
model results

Soil parameter FY soil (measured) Lift up of Lowland

soil (calculated)

Eh min-max —250 mV-+400 mV —-50 mV-+120 mV
pH min-max 7.2-8.1 6.0-7.6 (top 100 cm)
DOM min-max 7-473 mg/| 5-110 mg/I

for the Lift up of Lowlands soil, but similar peatlands in
North-eastern Germany show DOC release ranged from 4
to 123 mg/I (10 to 308 mg/l DOM). The degree of decom-
position and pH were found to be the major driving factors
for DOC release, with the highest DOC concentrations in
the most degraded part of the peat [40].

We are not aware of more recent similar work on alter-
nating flooded/wetted recently applied sediment as a soil,
measuring changes in redox conditions, pH, DOM and dis-
solved metals in correlation with FIAM modelling which
includes the formation of DOM-metal ligands consider-
ing non ideal competitive adsorption (NICA) conditions.
Earlier work [23] looks at seasonal variation of metals in
soils during flooding and drainage but lacks a predictive
modelling element. Schroder [41] takes pore water meas-
urements in a floodplain over a period of 1% year and
derives a stochastic model for metal availability based on
the measurements and FIAM model results, but the study
is focusses on historical flood plain soils. Du Laing [16]
presents a review on processes influencing the change in
trace metal behaviour in floodplains, including the influ-
ence of kinetic restrains on redox-sensitive processes, but
is based on more marine sediments. We take these pro-
cesses and kinetic restrains into account in the FIAM model
during the ripening phase of the sediment to become a
soil (over a 10 year period). For the soil composition and
direct comparison with measurements we compare our
results with the FY soil measurements by Pan [32].

4.1 General soil parameters

The observed seasonal trend that the top soil Eh increases
and pH decreases with a lower water table in the summer
is observed in flood plains [16], seasonal flooded peatlands
[40] and rice paddies [23]. An increase in DOM concentra-
tions in the top 10 cm of peat soil during summer was also
observed by Clark [7]. In years with a significant drop in the
water table, the pH in the top soil also dropped due to the
oxidation of organic/organic sulphur stored in the peat
(measured by an increase in the sulphate release). These
processes are also present in the FIAM model (sulphate
concentrations are not presented in this paper), and the
modelled trends for Eh, pH and DOM follow the trends
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described in literature. Table 4 gives an overview of the
measured general soil parameters for the FY soil [32] ver-
sus the outcome of the FIAM calculations for the currently
studied Lift op of Lowlands soil.

The trends in Eh, pH and DOM as function of the soil
oxidation state (flooded/drained) follow a similar pattern.

4.2 Dissolved trace metals

A direct comparison with the FY soil [32] (Table 5) shows
that the Lift up of Lowland soil is in general less contami-
nated with trace metals, with the exception of zinc and
lead.

More important than the absolute pore water trace
metal concentrations are the seasonal trends as func-
tion of soil saturation. The FY soil spikes when flooded
for the first time (which is the reverse from the Lift up
Lowlands soil, which is saturated at the start and drains
when applied as a land soil). What is similar on both the
FY soil and the Lift up of Lowlands soil is that at low water
level (drained state) the pore trace metal concentration
normally rises. The exception is that in the last test period
for the FY soil (85 to 100 days, drained state) some trace
metals seem to be depleted. The Lift up of Lowlands soil
shows a similar trend over the years but needs more time
to reach a lower pore water trace metal concentration. The
lower DOM concentrations in the Lift up Lowlands soil,
and hence a lower leaching of DOM bound trace metals
during flooding/saturation might be part of the reason for
the difference in timescale. Due to the difference in test
time scale (the FY soil experiment lasted 120 days in total,
with two flooded and two drained periods), it is difficult
to compare the multi cycle trends. The kinetic processes
as described by Du Laing [16] better fit with the timescale
of this paper (a decade) as compared to the 128 days for
the FY soil.

Looking at multiple year cycles, the initial high dis-
solved trace metal concentrations in the top soil (upper

Table 5 Trace metal pore water concentrations, measurements [32]
versus FIAM model results

Soil parameter FY soil pore water Lift up of Low-
(measured) land soil pore
(umol/l) water
(calculated)
(umol/l)
Cadmium 0.0-0.18 0.00-0.05
Copper 0.0-4.1 0.00-2.09
Nickel 0.2-3.1 0.00-1.17
Zink 0.0-5.1 0.00-13.07
Lead 0.0000-0.008 0.00-1.01
Arsenic - 0.00-0.59
SN Applied Sciences
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50 cm) drop after one to three year (depending on the
trace metal). There is some seasonal variation, also due
to the continuous yearly DOM production/degradation
cycle with strong DOM-metal ligand formation in the dry
summer period (high DOM concentrations in the top soil),
declining during the wet winter period. The drop in the
trace metal concentrations is due to leaching of the pore
water (flushing out the freely dissolved metals and DOM
bound metals), and fixation of trace metals over time of
newly formed iron oxides with a high sorption capacity
in the top soil. Arsenic is the exception due to continuous
changes in the iron sulphide/iron oxide minerals, influenc-
ing the release of arsenic.

While there are differences in absolute values for the
FY soil (measurements) as compared to the c soil (calcu-
lations), the similarities in trends when flooding/draining
(FY soil) or wetting/drying (Lift up of Lowlands soil) for
both the general soil parameters as also for the trace metal
concentrations is striking. The FIAM model can reproduce
the impact of the dominant soil processes on the main
soil parameters and trace metals when a soil is season-
ally varying in groundwater level. However, without pore
water samples there are no guaranties that the calculated
values are 100% representative for real field conditions.

4.3 Comparison FIAM model results with leaching
experiments

TheLift up of Lowlands’ program is part of the EU INTER-
REG project CEAMaS (2012-2015). The CEAMaS projects
focussed on the use of sediments, including the use of
sediments for the formation of land soils. Five EU sedi-
ment quality guidelines were used for this evaluation
(French, Irish, Flemish, Dutch and German). Two of these
five sediment standards (the Dutch and Flemish) include
a leaching test for metals according to NEN standards [29].
While the methodology of a leaching test is different from
a natural dry/wetting cycle, the leaching test gives an indi-
cation if metals become mobile when the soil is saturated
and flushed with oxygen containing water. The leaching
test [29] for the‘Lift up of Lowlands’sample was performed
by Deltares. Figure 7 illustrates the results of the leaching
tests during seven leaching steps. Each steps represents an
increased Liquid/Solid ratio (L/S) ratio between sediment/
soil and the added water, up to a 10/1 ratio. The leaching
results are compared with the FIAM results for year with a
monthly interval. Figure 7 only plots the results for nickel
and zinc since the other metals like copper and lead were
below the limit of detection (LOD).

The soil sample for the Lift up of Lowlands’ leaching
test was taken roughly one year after the deposition of
the sediment, therefore FIAM calculation for year two is
chosen as reference.
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Fig.7 Left figure, the measured nickel eluate and FIAM model concentrations in pg/I (y-axis) versus the eluate fraction (k1-k7)/time period

in year two (days). Right figure, the results for zinc

When comparing the concentration range, the nickel
concentration of the leaching test eluate is in the same
range as the FIAM model results in the top 10 cm of the
soil during the simulated year cycle (0-9 pg/l). However,
the measured zinc concentration in the eluate is much
higher (range 0-70 pg/l) compared to the FIAM model
results (0-2.5 pg/l). The high zinc concentrations in the
eluate samples dilutes over timer, dwindling to almost
zero for fraction k7. This indicates that the zinc contami-
nation in the leaching experiment might be the result of
a flushing of a soil adsorbed zinc fraction instead of the
result of an ongoing oxidation and therefore continuous
mobilisation.

While there are similarities between the leaching test
and the FIAM model simulated natural year cycle when it
comes to introducing oxygen into the soil, the FIAM results
in Fig. 7 illustrate that there are more processes in natural
soils that influence the mobility and leachability of met-
als. Therefore the leaching test rests are not suitable to
validate the FIAM model. The reverse can also be said; the
leaching test are not suitable to evaluate the use of sedi-
ments for the formation of soils.

4.4 Sensitivity analyses FIAM model
The FIAM model has a great number of parameters that are

soil and situation specific, and therefore uncertain. When
grouped, the main uncertainties are:

The equilibrium thermodynamic constants (includ-

ing the sorption to OM and soil minerals like clays) for

redox sensitive elements like metals

- The kinetic exchange rates when changes occur

- The complexation of metals, including the complexa-
tion with DOM

— The formation and degradation of DOM

- The water content in different parts of the unsaturated

soil profile

This study is therefore does not represent ‘the’ truth for
the impact of wetting/drying on a freshly formed soil like
the former sediments used for the “Lift up of lowlands”
project. The FIAM model calculations illustrate the dynam-
ics and timescale of change in pore water concentrations
caused by multiple wetting/drying cycles over multiple
years.

For the sensitivity analyses, the FIAM model parameters
(thermodynamic constants, kinetic rates, DOM production
and degradation rates) were kept constant. The focus is on
the impact of a period of dry (100 mm per year less rainfall,

Table 6 Reference rainfall and evaporation as compared to a
period of wet and dry years

Reference Dry year Wet year
Rainfall (mm/year) 872 772 972
Evaporation (mm/year) 572 672 472
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Difference in soil saturation, dry versus wet year
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Fig. 8 Difference in soil moisture content as fraction ((soil moisture
wet year—soil moisture dry year)/(soil moisture wet year)) in a dry
versus a wet year during a period of 365 days. Time (in days) on the
x-axis, the soil depth (in cm) on the y-axis

Difference in dissolved Cd concentration,
dry versus wet year
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Fig.9 Difference in dissolved cadmium content (fraction) in a dry
versus a wet year during a period of 365 days. Time (in days) on the
x-axis, the soil depth (in cm) on the y-axis

100 mm per year more evaporation) and wet (100 mm per
year more rainfall, 100 mm per year less evaporation) years
on the dynamics of the metals pore water concentration
(see Table 6).

The difference between a wet and dry year is most rel-
evant during the spring period (with a relative high water
level, see Fig. 1), where the water level is lower in the upper
20 cm of the soil (see Fig. 8).

The impact of a dry year is most severe in the summer,
when the upper 20 cm of the soil is almost completely
dried out, as is shown in Fig. 9 for cadmium.
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The high concentration factor increases for cadmium
(factor 10.000) is due to the drop in the groundwater level
in late winter/early spring (see Fig. 8), causing an earlier
oxygen penetration in the top soil (+ upper 20 cm), and
hence longer period of oxidation of the metal sulphides.
The oxidation of sulphides releases cadmium (and other
trace metals) to the pore water. The early oxygen penetra-
tion also enhances the OM degradation, causing a higher
DOM production and higher DOM concentrations in the
pore water, as is shown by Pan [32] for the drainage stage
of rice paddy soils. The DOM forms a metal-ligand com-
plex, enhancing the solubility of the trace metals. Evapora-
tion of the pore water in the top soil during the summer
and lasting until late autumn (from 180 to 330 days) causes
the concentration levels of dissolved cadmium to further
increase. In the autumn/winter there is a net water surplus
(more rain then evaporation), transporting the dissolved
cadmium deeper into the soil profile (50 cm). At this
depth the redox potential is low, the cadmium immobi-
lized as cadmium sulphide (solid).

While the FIAM model might overpredict the summer
concentrations for metals like cadmium in the top soil
under long term dry conditions, the effect of an enhanced
oxidation on an increase of dissolved trace metals in sedi-
ments is something which is also observed in natural sys-
tems [18]. Studies on the impact of the duration of the
drainage stage (with soil oxidation) of paddy soils on cad-
mium solubility also shown an increased dissolved cad-
mium concentration with longer drainage periods [10].

4.5 BLM model, PNEC levels

The trend in dissolved metal concentrations with depth
over time is mimicked by the PNEC. After the first year(s)
(depending on the trace metal) the PNEC does not rise
above 1.0 in the top 50 cm of the soil profile. Based on the
individual trace metal concentrations and the water qual-
ity conditions in the top 50 cm of the soil, the trace metals
are therefore no longer considered a biological risk based
according to the BLM model.

For zinc the conditions to calculate the PNEC were out-
side the PNEC-Pro calibrated boundary conditions for the
deeper part (>50 cm) of the soil after the first year. This is
mainly due to the pH, which drops below 6.0.

Since the Lift up of Lowlands soil is considered an
uncontaminated (class A) soil, the PNEC levels should not
exceed 1.0. The fact that the PNEC exceeds 1.0 in the top
50 cm of the soil during the first year(s), and longer form
the deeper parts of the soil, illustrates that the transition
from sediment to soil introduces a temporal exposure
risk. This temporal risk is further explored with the ms-
PAF model.
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4.6 Ms-PAF

For reuse of sediments on land, the guiding principle in the
Netherlands is that the chronic ms-PAF for metals should
not exceed 50% [35, 50]. The chronic ms-PAF for metals in
this study is based on the calculated pore water concentra-
tions for cadmium, copper, nickel, zinc, lead and arsenic.
Figure 6 illustrates that the 50% value is exceeded in the
complete soil profile during the first year. The chronic ms-
PAF level for metals drops after the first year in the top
(upper 50 cm) of the soil during the dry period (summer),
shortly spiking in the top soil to values of 42% during the
start of the wet period (autumn to winter).

An earlier study on the impact of putting sediments
on land [19] shows a chronic ms-PAF value close to 50%.
Harmsen [19] used the total sediment metal concentra-
tions instead of pore water concentrations. The ms-PAF
calculations were based on equilibrium partitioning, not
taking into account the seasonal trends in pore water
chemistry. In this study we show that the ms-PAF in the
transition phase of sediment to soil can be improved when
taking into account the variation in local pore water quality
parameters like DOM and pH. The correction of dissolved
metal concentrations based on water quality parameters
is the base for the BLM concept (see paragraph 4.3).

The variation in groundwater level not only influences
the pore water quality parameters and therefore the BLM
PNEC, but also influences the total dissolved pore water
metal concentration. The total dissolved concentration is
used for the ms-PAF calculation. While the spatial pattern
over soil depth and time for the individual metals accord-
ing to BLM PNEC calculation (Fig. 5) and the combined
metals chronic ms-PAF calculation (Fig. 6) is somewhat
different, the trend that the potential ecotoxicological
impact decreases over multiple dry—wet year cycles is the
same. This is especially the case in the top 50 cm of the
soil, where the ms-PAF does not exceed the 50% thresh-
old after the second year. The reason why the ms-PAF
shows a strong repeating short spike in the top 50 cm of
the soil over the years is due to the incorporation of the
arsenic pore water concentrations (see Fig. 4) in the ms-
PAF calculation.

5 Conclusion

Putting sediments on land to form a new soil is a geo-
chemical dynamic process. Taking a location where a layer
of 200 cm of sediment (before consolidation) was put on
land (Lift up of Lowlands) and simulating the development
of this newly formed soil over a 10 year period shows that,
especially during the first few years, the soil is changing in
ecotoxicity. This change is most profound in the top 50 cm

of the soil, where there is an unsaturated zone for more
than 50% of the year. During the sediment to soil transi-
tion time the metals pore water concentrations spike, the
BLM RCR values for the metals exceed 1.0 and the chronic
ms-PAF for metals is over 50%. This enhanced ecotoxico-
logical effect is somewhat tempered during wet years but
enhanced during dry years.

The duration of the transition time varies somewhat
based on the chosen evaluation criterium (being the
dissolved metal concentration, the BLM RCR or the ms-
PAF), but all criteria congregate that uptake risk in the
upper 50 cm of the soil has dropped to acceptable levels
after 3 years. Legislation on sediment use on land should
take this transition time into account, adapting the land
use during this period of 3 years on the potential higher
exposure for crops and cattle in the top 50 cm of the soil.
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