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Abstract: To optimize the workflow of civil engineering construction in a harbour, this paper devel-
oped a framework of the contaminant leaching assessment carried out on the stabilized/solidified
dredged soil material. The specimens included the sampled sediments collected from the in situ
fieldwork in Arendal and Kongshavn. The background levels of the concentration of pollutants were
evaluated to assess the cumulative surface leaching of substances from samples over two months.
The contamination of soil was assessed using a structured workflow scheme on the following toxic
substances, heavy metals—As, Pb, Cd, Cr, Hg, Ni, and Zn; organic compounds—PAH-16 and PCB;
and organotin compounds—TBT. The numerical computation and data analysis were applied to
the results of geochemical testing creating computerised solutions to soil quality evaluation in civil
engineering. Data modelling enabled the estimation of leaching of the contaminants in one year. The
estimated leaching of As is 0.9153 mg/m2, for Ni—2.8178 mg/m2, for total PAH-16 as 0.0507 mg/m2,
and for TBT—0.00061 mg/m2 per year. The performance of the sediments was examined with regard
to permeability through a series of the controlled experiments. The environmental engineering tests
were implemented in the Swedish Geotechnical Institute (SGI) in a triplicate mode over 64 days.
The results were compared for several sites and showed that the amount of As is slightly higher
in Kongshavn than for Arendal, while the content of Cd, Cr, and Ni is lower. For TBT, the levels
are significantly lower than for those at Arendal. The algorithm of permeability tests evaluated the
safety of foundation soil for construction of embankments and structures. The optimized assessment
methods were applied for monitoring coastal areas through the evaluated permeability of soil and
estimated leaching rates of heavy metals, PHB, PACs, and TBT in selected test sites in harbours of
southern Norway.

Keywords: optimization; quality control; material science; chemical contamination; workflow; soil
stabilisation; binders; solidification; leaching; decontamination
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1. Introduction

Soil treatment is a challenging civil engineering task with many applications, such
as soil stabilization [1–4], soil remediation [5–7], and increasing soil permeability [8–10].
These tasks aim at improving geotechnical and environmental properties of soil prior to
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construction works [11–14]. The stabilization of soil foundations with binders improves its
strength properties [15–19], while soil washing removes the pollutants and contaminants
from soil through separating it by particle size or leaching [20–22].

Improving the environmental properties of polluted soil aims at to removing the
contaminants, which can be performed using diverse washing solutions [23,24]. Leaching
is then performed by cleaning the soil from organic and inorganic compounds that are bind
to soil particles. At the same time, the granulometric type of soil affects its behaviour during
leaching and stabilization [25–27]. Thus, soil texture affects the degree of contamination due
to different permeability and capacity to retain pollutants. As a result, fine-grained silt and
clays (particle size of 0.002 to 0.6 mm) typical in the cold environment of Norway [28–30]
retain more contaminants due to to clogging of the pores compared to the middle-grained
sand (0.6 to 2 mm) or coarse-grained gravel with > 2 mm of particle size [31,32].

A key ingredient for effective soil processing in environmental engineering is the
development of the optimised design fit for experiments [33–38], since methods of soil
treatment differ depending on its type (fine-, middle-, or coarse-grained) and properties
(water content, density, and temperature). Existing methods of soil remediation used
in environmental engineering include the evaluation of leaching potential from soil and
immobilization of contaminants [39,40]. Diverse contaminants can be tested, such as toxic
heavy metals, (As, Pb, Cd, Cr, Hg, Ni, and Zn) [41–44], Polycyclic Aromatic Hydrocarbon
(PAH) [45], Polychlorinated biphenyl (PCB) [46], and organotin compounds Tributyltin
(TBT) [47–50]. Depending on the approaches, soil leaching may be implemented with or
without the renewed leachate [51], and using either dynamic or extraction tests [52].

A popular approach of the environmental engineering evaluation of soil properties
includes the common leaching test [53–55]. Other examples use the water leach test [56,57],
toxicity characteristic leaching [58], column leach test [59,60], or soil layering over the
substance drainage system [61]. Existing methods follow the existing standards to make
use of the well-known approaches in soil testing. Such methods focus on remediation of
the ecologically degraded and contaminated soil, assuming that its properties conform
to the models in the existing workflow [62–64]. As a consequence, none of the resulting
approaches are tailored to a better understanding of how the variation of soil properties,
such as soil moisture, grain size, and permeability, affect its behaviour in leaching. At the
same time, soil quality is significantly affected by the the selection of binder types used for
stabilization [65–67], the proportion of water–binder ratio [68] and binder content [69].

Modelling this information, as most dimensionality reduction methods do, introduces
additional parameters, and therefore, improves the workflow of soil detoxification and
removal of chemical pollutants. Workflow strategies of soil decontamination and reme-
diation have high costs [70–72]. The process of soil decontamination includes a complex
expensive chain of remediation techniques to remove pollutants, heavy metals, organic and
inorganic toxins, and organotin compounds [73–75]. Normally, this includes both in situ
(excavating the samples) and ex situ (batch-wise treatment of specimens using percolating
water in a laboratory) [76–78]. Given the constraints of high cost and time pressure related
to soil treatment in large-scale construction works [79–81], it becomes essential to optimise
a workflow at a small scale using parametric simulation and modelling of soil performance
prior to industrial applications [82].

The method proposed in this article is inspired by the optimization techniques of soil
treatment [83–87]. The main idea is to factorise the parameters that affect soil properties
into sub-classes having linear and non-linear distribution of data over time for various
soil samples. In this way, the optimization of the procedure improved the workflow of
soil decontamination in a small-scale using several batches of soil samples modelled prior
to construction works. The data obtained from the numerical experiments on evaluating
the leaching behaviour of contaminants were processed by statistical methods. Using
modelling algorithms, we demonstrated the non-linear performance of leaching for various
pollutants. The suitability of the presented approach to soil treatment is illustrated in
graphical plots and tables where the behaviour of soil leaching is compared for various
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contaminants. The benefits of the proposed approach are compared with the existing
techniques on soil leaching tests, immobilisation of contaminants, and permeability tests.

2. Materials and Methods
2.1. Sampling and Transportation

The laboratory experiments on soil quality and surface leaching were carried out
in the Department of Building Materials of Lunds Tekniska Högskola LTH (Faculty of
Engineering), Lund University. The geotechnical tests were implemented in the Swedish
Geotechnical Institute (SGI). Sampling of dredged sediment material was performed by the
Norconsult AS. The tests were evaluated in the framework of the research project run by
SGI and financed by Swedish Transport Administration. Soil samples were collected from
the test sites in Arendal municipality and Kongshavn, Port of Oslo (southern Norway).

The stabilizing agents and soil specimens were mixed for 5 min to achieve the homo-
geneity of the material. Afterwards, soil samples were moulded into the piston sleeves
which had an inner diameter of 50 mm and a height of 170 mm. The sampling procedure
included four batches. A large Batch 1 of samples is subdivided into the three additional
produced batches of soil specimens (Batches 2, 3, and 4). Batch 2 contains the activated
carbon (powdered charcoal). Batch 3 was pre-treated with the activated carbon one month
before the stabilization process. Batch 4 was stabilized with the Belite Calcium Sulfoa-
luminate (BCSA) cement. The BCSA cement was selected due to its properties, it is an
environmentally-friendly type of cement with low level of CO2 emissions.

2.2. Soil Stabilization

The engineering tests aimed at evaluating the environmental properties of soil. The
workflow consisted of experiments on soil stabilization, permeability tests, surface leaching,
and shake table testing. Due to vibrations during transportation, there is always a certain
separation in the material which leads to the damage of some of the containers and leakage
of water. Therefore, the clay masses were then homogenised for each sample and placed in
tight containers with screw lids, see Figure 1.

Figure 1. Containers in which dredged soil materials were stored after transportation. Photo source:
Per Lindh.
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The screw lids had a gasket to prevent leakage and evaporation. The samples were
then transported to Lund in these containers marked with the respective test labels. After
the transfer, the specimens were homogenised, and the water ratio and density determined.
The water ratio is the ratio of the amount of water with regard to the mass of the solid phase
(soil). After homogenisation with a mixer, soil samples were stabilized using different
combinations of binders. The choice of binder was based on the previous experience from
several similar projects in Sweden. In the mixing tests, a binder combination of 30% CEM I
(SS-EN 197-1) [88] and 70% slag (SS-EN 15167-1) [89] was used. Furthermore, the tests were
carried out with different ratios of weight of water divided by weight of binder, known as
the water–binder number (vbt). The choice of the vbt was based on previous experiences,
including the works from Arendal 2 in Gothenburg [90].

2.3. Permeability Tests

The permeability tests were performed using the standard SS-EN ISO 17892-11:2019
for geotechnical investigation and testing of soil using permeability tests in a laboratory [91].
The aim was to evaluate the flow of water through a soil sample and, thus, to estimate
the suitability and safety of soil for construction works through the calculation of the
permeability coefficient. The permeability tests were carried out after the homogenisation
and stabilisation of specimens, in the SGI using the specimens fabricated in LTH. The
specimens were used from the same series of soil samples that were tested for compressive
strength after the stabilization. The permeability test was carried out in a cell pressure
permeameter using a standard permeameter device, according to method SGI No. 15.
This method is used in tests performed both in Arendal (Norway) and Östrand (Sweden).
Additionally, the shake table testing has been carried out by the Swedish Geotechnical
Institute (SGI) in Linköping; however, this kind of test is less suitable for the monolithic
materials such as soil dredged masses.

The objective of the tests on permeability consists in sustainable stabilization of the
dredged soil material. The characteristics of the specimen tested for the permeability tests
are common for all the samples and include the following technical parameters, sample
diameter (mm)—50.0 and test temperature (◦C)—20 ± 2. The experiments are recorded in
SGI under the diary number 1.1-2107-0587. The sample preparation/compaction method
included the trimming of the pieces of specimen from the main stabilized soil sample. The
individual characteristics of tested soil specimens are summarised in Table 1.

Table 1. Parameters of the six soil specimens tested for permeability using permeameter in SGI.

Sample ID Sample Water Ratio (%) Bulk Density (t/m3) Dry Density (t/m3)

1_5 60.8 1.62 1.01
4_1 75.3 1.49 0.85
5_4 107 1.40 0.68
3_5 63.5 1.62 0.99
6_5 45.2 1.77 1.22
8_5 45.5 1.72 1.18

2.4. Surface Leaching Tests

The surface leaching tests have been carried out in SGI in Linköping, Sweden, and
the analysis of the leachate is carried out by ALS Scandinavia AB. The experiments were
performed according to standard SS-EN 15863 according to the European Standard used
for evaluating the leaching behaviour of monolithic soil under dynamic and changing
environmental conditions [92], see Figure 2. The tests entail the following procedure. A
stabilized test sample with a known surface area is lowered into a water bath. The water
is then changed after 6 h, 1 day, 2.25, 4, 9, 16, 32, and 64 days, see Tables A1, A3 and
A5 for surface leaching, and Tables A2, A4 and A6 for cumulative surface leaching. At
each water change, the leachate is analysed under fixed experimental conditions and the



Algorithms 2023, 16, 303 5 of 29

concentrations are evaluated for heavy metals (As, Pb, Cd, Cr, Hg, Ni, and Zn), PAHs (16
pcs), PCBs (7 pcs), and organotin compounds (TBT).

The surface leaching was performed as a triplicate test with specimens having des-
ignations within the test series. According to this standard, the release of pollutants is
evaluated as a function of time when the contaminants are immobilised from a monolithic
soil mass during a period of active contact with a leachate aqueous solution. The samples
were named Bach1, Sample 6, Sample 7, and Sample 8A. Three tested specimens were
fabricated using the dredged material collected from various test points.

Figure 2. Process of surface leaching test on soil specimens. Photo source: Per Lindh.

The chemical analysis of the dredged masses was carried out during sampling of soil
on leaching. The test method is performed in accordance to the standard SS-EN 15863 to
evaluate leaching behaviour in monolithic material using regularly shaped test portions of
soil samples with a periodical renewal of leachate from 6 h to 64 days. The main idea of this
approach consist in exposing the soil material to a water leachate for a certain period of time,
then analysing the obtained solution with concentration of contaminants. The requirement
of the minimum size of 40 mm in all directions is satisfied in the current experiments where
the sleeves for soil samples had the dimensions of 50 mm. The aim of the chemical analysis
was to determine the background levels of the chemical elements (heavy metals, PAHs,
PCB, and TBT) and compare them to level from the leached concentrations from the tested
soil specimens in the end of the experiment. In addition, the test aimed to identify, which
of the sample points within the sample area in the harbour was the most contaminated and,
therefore, would be used in surface leaching tests.

In previous projects, the ultrapure Milli-Q water has been used obtained from the
extra purification water systems; however, it results in a biased outcome due to the content
of extra pure water. Therefore, the later projects, such as those run in the Arendal 2 and
Östrand, have been tested with the leachate from the respective local area. In this study,
the leachate from the Port of Oslo has been used to adjust local environmental setting.
The sample point 1_2 was selected for surface leaching based on the materials of the
experiments. According to this method, the specimen is suspended using the nylon ropes
so that surface leaching can take place on the entire surface of the soil specimen.
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3. Results and Discussion

The results of this study are based on the optimised workflow framework developed
for the updated environmental engineering tests with adjusted binder proportions. The
study resulted in evaluated properties of soil obtained during the following workflow:

• The soil samples were collected from the Kongshavn Harbour, Port of Oslo; the
representative soil specimens were excavated from different locations (test sites) and
placed in containers for further soil treating in a batchwise mode.

• The soil was homogenised using a surface mixer and stabilised with various combina-
tion of binders (cement/slag) tested experimentally. The soil samples were cropped
and trimmed in leach piles to a defined height of specimen to minimise the workflow;
unnecessary parts were subtracted from the samples using piles.

• The permeability of soil was analysed using a permeameter device according to the
method SGI No. 15, and compared with optimal parameters for several specimens;
the temperature and humidity conditions were maintained in the laboratory.

• The immobilisation of the environmentally critical contaminants was performed
through leaching with evaluated concentrations of seven types of heavy metals, PAH,
PCB, and TNT. The dynamics of leaching speed and value was recorded and evaluated
for 6 h to 64 days with labelling of soil leaching over the defined time intervals.

• The obtained data were recorded for statistical analysis and computer-based modelling.
The dynamics of concentration of the contaminants in soil was modelled on the graphs.
The behaviour of soil was evaluated using intervals through repetitive soil sampling
in laboratory SGI.

• Statistical correction of the outliers caused by biased sampling was performed in the
dataset to obtain statistically sound results.

• The prognosis of leaching behaviour was numerically modelled using the developed
equations and statistical data analysis. The comparison of the achieved levels of
pollution and leached contaminants were compared on the original (background)
level to estimate the degree of contamination for environmental risk assessment.

The presented workflow of soil treatment enabled the processing of samples of soil
specimens in soil samples collected from Kongshavn, Port of Oslo, southern Norway.
The experiments resulted in evaluated dynamics of leaching and permeability over time
of 64 days. The data were extracted form prognosis modelling for one year based on
the computer-assisted statistical analysis. The trends in dynamics of contamination were
evaluated over time and compared against the original (background) levels of contaminants.

Using the optimised techniques, we tested different experimental conditions, as fol-
lows. In separated batches of soil, different ratios of binders were used to estimate their
effects on soil quality (BCSA cement/slag); different ratios of water amount to binder
amount and the water binder number (vbt) were evaluated. The permeability and leach-
ing of soil data were tested on six cases to achieve a statistical soundness of the results.
The numerical experiments and statistical data processing were performed to derive the
average and standard deviation on the measured data. The experiments have shown the
importance of exploiting the diverse binder combinations for improving soil properties
through stabilization/solidification and leaching. The non-linearity of the permeability
and leaching behaviour of soil were evaluated with regard to binder content used for soil
stabilization.

3.1. Soil Permeability

The results of the permeability testing demonstrated low permeability level achieved
for all tested samples of the dredged soil masses. Figure 3 shows the permeability of soil
stabilized with different combinations of binders (cement and slag). The best effect was
obtained at 70% added slag admixture in the total amount of binder. Table 2 shows mea-
sured permeability for various tested soil specimens. The maximal achieved permeability
for sample 1_5 is 1.5×10−9 after 122.22 h of treatment; for the specimen 3_5—1.0 × 10−9;
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for the specimen 4_1—1.2 × 10−9; for the specimen 5_4—4.8 × 10−9; for the specimen
6_5—3.0 × 10−9, and for the specimen 8_5—1.5 × 10−9.

Figure 3. Permeability of soil in relation to the ratio between cement (c) and slag (s) for dredged soil.
The best results with the lowest permeability of soil show the combination of binders for 30% cement
and 70% slag. The abbreviation HW LB stands for “high water–low binder” level in a mixture.

Table 2. Development of permeability (p, m/s) of the soil specimen over time (t, hours). The maximal
achieved permeability level in soil specimen after the period of treatment is in bold text.

Sample 1_5 Sample 3_5 Sample 4_1 Sample 5_4 Sample 6_5 Sample 8_5

t p t p t p t p t p t p

41.90 1.7 ×10−9 41.94 1.1 ×10−9 41.91 1.2 ×10−9 65.91 6.2 ×10−10 41.96 2.3 ×10−9 17.98 1.2 ×10−9

49.96 1.8 ×10−9 49.99 1.2 ×10−9 49.97 1.1 ×10−9 74.05 6.1 ×10−10 46.29 2.3 ×10−9 26.02 1.2 ×10−9

65.88 1.9 ×10−9 65.93 1.4 ×10−9 65.89 1.5 ×10−9 91.27 5.0 ×10−10 50.00 2.3 ×10−9 41.96 1.7 ×10−9

74.02 1.8 ×10−9 74.07 1.4 ×10−9 74.03 1.8 ×10−9 122.25 4.9 ×10−10 65.94 2.5 ×10−9 50.11 1.9 ×10−9

91.23 1.5 ×10−9 91.29 1.2 ×10−9 91.24 1.6 ×10−9 – – 74.09 2.9 ×10−9 67.32 1.7 ×10−9

– – – – – – – – 91.31 3.0 ×10−9 – –

122.22 1.5 ×10−9 122.26 1.0 ×10−9 122.23 1.2 ×10−9 144.98 4.8 ×10−10 122.27 3.0 ×10−9 98.28 1.5 ×10−9

Figure 4 shows the dynamics of the permeability of soil over time in hours. The
specimens used in the experiment are indicated by their IDs. Here, the lines show the
dynamics and the overall trend in permeability level with respect to the time of treatment
of soil samples during stabilization/solidification procedure. The original values of the
permeability plotted on the graph show their variations with a general slight decrease
in trend which proves the effective selected technique of soil treatment for the increase
in strength.
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(a) Specimen ID: 1_5 (b) Specimen ID: 4_1

(c) Specimen ID: 5_4 (d) Specimen ID: 3_5

(e) Specimen ID: 6_5 (f) Specimen ID: 8_5
Figure 4. Permeability of soil samples changing over time of experiment (in hours), Specimen IDs:
(a) 1_5, (b) 4_1, (c) 5_4, (d) 3_5, (e) 6_5, and (f) 8_5.

3.2. Concentrations of Contaminants

The detailed chemical information was obtained as concentrations of pollutants in
the leachate of soil samples evaluating the leaching mechanism of the contaminants. The
obtained results with full data are summarised in Tables and presented in the Appendix of
this study. The Appendix A contains the results of leaching of contaminants in sampling
passes 2317–2324; Appendix B presents the results of leaching of contaminants in sampling
passes 2325–2332, and Appendix C summarises the results of leaching of contaminants in
sampling passes 2333–2340.

The background (original) levels of the concentration of contaminants were evaluated
and presented in Table 3. The analysis of the original level of contaminants enabled to
perform the evaluation of the decontamination of soil based on the discriminating the actual
values of pollutants against those of the original (background) level. In such a way, the
degree of concentration of contaminants in soil samples was evaluated using the analysis
of leaching dynamics for each contaminant, respectively. Reading these data obtained
from the leaching experiments include the analysis of information on the amount and
concentration of the resolved pollutants with respect to the overall amount of soil and, thus,
to evaluate the obtained level of contamination to prevent ecological risks. The evaluated
substances included seven (7) types of heavy metals (mg/kg), total PAH-16 (mg/kg) and
Tributyltin-Sn (TBT) (µg Sn/kg), as shown in Table 3.
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Table 3. Original level of contaminants: 7 types of heavy metals (mg/kg), total PAH-16 (mg/kg), and
TBT (µg Sn/kg) collected in various test sites (TS) of Kongshavn.

Test Site
Heavy Metals

Total PAH-16 TBT-Sn
As Pb Cd Cr Hg Ni Zn

1–2 13 47 0.5 47 0.365 41 200 9.4 37
3–4 10 34 0.2 43 0.17 38 140 0.5 2.8
5 9 38 0.32 45 0.174 30 140 0.94 <2.0
6 7.5 45 0.1 37 0.317 26 180 1.4 38
8 13 100 0.86 52 0.574 50 350 8.1 5.9

The most important parameters in the context of soil contamination by heavy met-
als have been assessed for the following metal types, arsenic (As), lead (Pb), cadmium
(Cd), chromium (Cr), mercury (Hg), nickel (Ni), zinc (Zn), as shown in Table 3. The tests
also evaluating the concentrations of elements in soil samples were tested for the organic
compounds—16 priority Polycyclic Aromatic Hydrocarbon (PAH) and organotin com-
pounds Tributyltin (TBT), Table 3, and for organic chemicals Polychlorinated biphenyl (PCB)
(7 pcs), Table 4. The hydraulic conductivity evaluated the leachate percolation through the
soil monolith, and reported in the Appendix in Table A1 showing 251–275 µS for samplings
2317–2324, Table A3 showing 253–274 µS for samplings 2325–2332, and in Table A5 showing
252–276 µS for sampling 2333–2340. Thus, in all cases the conductivity slightly increases in
course of the experiment from 6 h to 64 days.

Table 4. Concentration level of origin for PCBs in Kongshavn test sites (TS) (mg/kg TS).

TS PCB 28 PCB 52 PCB 101 PCB 118 PCB 153 PCB 138 PCB 180 ∑ 7 PCB

1–2 0.0054 0.019 0.014 0.0098 0.20 0.20 0.013 0.1
3–4 <0.00050 0.00061 <0.00050 <0.00050 0.00063 0.00063 <0.00050 0.0019
5 <0.00053 <0.00053 <0.00053 <0.00053 0.0011 0.0011 0.00070 0.0029
6 0.0017 0.0059 0.0026 0.0031 0.0033 0.0033 0.0022 0.022
8 0.0063 0.017 0.015 0.012 0.012 0.012 0.0071 0.081

The withdrawal of water for analysis of surface leaching was performed with the
following intervals of time periods after 6h of testing, 1d (24 h), 2.25days (54 h), and then on
days 4, 9, 16, 36, and 64. The repetitions of the tests arranged periodically with a non-linear
time gaps in the laboratory across the soil samples enabled to indicate the marks of leaching
levels of each of the contaminants separating the amounts of the leached substances from
the soil samples. The analysis demonstrated the following leaching values (mg/m2): the
highest values of As reached 0.88 with average 0.71; the highest values of Ni reached 2.48
with average 2.20; the maximal leaching of PAH-16 is 0.053 with average 0.039; and the
leaching of TBT increased to 0.0010 with average of 0.0009, respectively.

In order to make a comparison of the contamination level in current state against the
pre-industrial conditions, the deviation classification for heavy metals in sediments has
been carried out according to the existing Swedish standards [93]. The table is recalculated
using values from tables 34 and 36 in the Swedish Environmental Protection Agency’s
report 4914 (mg/kg TS). Thus, the identification of the high level marks in contamination
enables to extract information on changes in concentration of the contaminants during
the assessed period, while the amplitude of contamination enables to evaluate the degree
and extent of the increase in pollution for each types of contaminant. Here, the evaluation
was performed by classes for target substances, such as heavy metals, TBT, PCB, and PAH,
compared to the pre-industrial period with a lower pollution level in soil.

The obtained results show that dredged soil material collected from the Kongshavn
tested areas are generally above Class 1 (Table 5). The classes in deviation ranking of heavy
metals are visually breaking the dataset into five clusters of data according to the value of
pollution repetitively for each type of the analysed heavy metals, as shown in Table 5. The



Algorithms 2023, 16, 303 10 of 29

description of these values of contamination were stored and used for the comparison of
the dynamics of the contaminants for diverse periods, days 1, 2.25, 4, 9, 16, 36, and 64. The
full data presented in Appendix of this article included the records on the contamination
level, the names of the contaminants, and location of the sample sites.

Table 5. Deviation classification of heavy metals according to the Swedish standards (mg/kg TS).

Metal Class 1 Class 2 Class 3 Class 4 Class 5

As <10 10–17 17–28 28–45 >45
Cd <0.2 1.2–0.5 0.5–1.2 1.2 >3
Cr <40 40–48 48–60 60–72 >72
Cu <15 15–30 30–49.5 49.5–79.5 >79.5
Hg <0.04 0.04–0.12 0.12–0.4 0.4–1 >1
Ni <30 30–45 46–66 66–99 >99
Pb <25 25–40 40–65 65–110 >110
Zn <85 85–127.5 127.5–204 204–357 >357

Notations for Classes in Table 5: Class 1—No insignificant deviation from comparative values; Class 2—Small
deviation the comparative value; Class 3—Clear deviation from comparative values; Class 4—Large deviation
from comparative values; Class 5—Very large deviation from comparative values.

3.3. Surface Leaching

Tables summarising the analysis of the leachate are presented in the Appendix.
The analysis of the results of the surface leaching tests resulted in a lower values than
the expected limits of contaminants, which is reported in the tests protocols see the
Appendices A–C for full chemical protocols. In such cases, when the levels of pollutants
are lower than the reported limits, it can be concluded that the leaching of the evaluated
substance has a low level, and the soil is environmentally safe. Table 6 shows the distribu-
tion of values above or below the reporting limit for metals summarised in the additional
Tables of Appendices A–C.

Table 6. Values of concentrations of leaching contaminants (mg/m2) from soil samples: above or
below the reported limits.

Sample As Pb Cd Cr Hg Ni Zn

B 1, S-6 above below below below below above both
B 1, S-7 above below below below below above below

B 1, S-8A above below below below below above both
Notations for abbreviations in Table 6: B1—Batch 1; S6—Sample 6; S7—Sample 7; S-8A—Sample 8A; As—Arsenic;
Pb—Lead; Cd—Cadmium; Cr—Chromium; Hg—Mercury; Ni—Nickel; Zn—Zinc.

Among the analysed heavy metals, arsenic (As) and nickel (Ni) demonstrated the levels
of concentration above the detection limit for specimens treated during the entire period
from 6 h to 64 days of leaching. Figure 5 shows the cumulative leaching of arsenic (As)
over time where leaching can be considered as diffusion controlled, as shown in Figure 5.
The lines on the graphs were interpolated as several segments of splines, separated by
the Batches and Samples between each measurement and compared for average values,
logarithm curve and standard deviation between the samples within the same time gap.
The lines on the graph show the contamination level as curvatures for each Batch for
evaluated specimens. A standard deviation of the leached As on day 16 was significantly
higher, e.g., in sample No. 6. It may indicate a biased measurement in the laboratory
on a given specific sample. Nevertheless, for the analysis of leaching, the data remain
statistical unbiased, and were included in the calculation of the amount of the leached
As. The average value of the three samples is used to visualise a statistical trend line. The
equation from the trend line is calculated to estimated the expected leaching of As after
one year.
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Figure 5. Cumulative leaching of arsenic (As) against time in tested specimen samples.

The intensive industrial development in the region of Kongshavn (Port of Oslo) in
recent decades resulted in significant areas of degraded lands and contaminated soil. There-
fore, the need for remediation of soil requires a comparison of data on the contamination
level both in a retrospective mode and as a prognosis. The estimation of possible future
leaching of the selected contaminants has been performed for arsenic (As), nickel (Ni), PAH-
16, and TBT. Using the regression equation from Figure 5 and a time period of 365 days,
the potential leaching amount was modelled per m2 for one year, as shown in Equation (1).
This gives an estimated leaching of arsenic (As) of 0.9153 mg/m2 per year.

y = 0.128 ln(time) + 0.161 (1)

Figure 6 shows a cumulative leaching of nickel (Ni) over time. The average value of
the three samples is used to plot a statistical trend line showing general development and
the interpolated trend in the increase in leaching of Ni. The equation from the trend line is
used to calculate the expected leaching of Ni in one year. A trend of Ni leaching is based on
the evaluated data from Batch 1 using Samples 6, 7, and 8A. For Ni, the results of estimated
leaching look similar and in the same way as for As. Likewise, the regression equation
was used from Figure 7 for modelling the data using a time span of 365 days to evaluate
possible leaching of Ni per m2 during one year by Equation (2). The computed data give
an estimated amount of leaching of Ni as 2.8178 mg/m2 per year.

y = 0.3522 ln(time) + 0.7399 (2)

Figure 7 shows a graph of the cumulative leaching of PAH-16 in soil samples over
time. Here, the results vary a little between sample 8A and samples 6 and 7. However, the
standard deviation between those samples is low. The average value of the three samples is
used to visualise a statistical trend line. The equation from this line is then used to calculate
the expected leaching of PAH-16 after 365 days in m2, according to Equation (3). This gives
an estimated value of possible leaching of total PAH-16 as 0.0507 mg/m2 from the soil in
Kongshavn per one calendar year.

y = 0.0074 ln(time) + 0.0071 (3)
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Figure 6. Cumulative leaching of nickel (Ni) over time in tested soil specimens.

The actual content of the PAH-16 substance reflects the results of the statistical analysis.
The location of sampling marks was identified with each sampling case representing a
central point of the line in a given transect. The detection limit was determined with regard
to the standard deviation (Figure 7) obtained when evaluating soil samples. Leaching of
PAH-16 is determined as 10 times the standard deviation for specimens and is roughly
three times higher than the detected limits of PAH-16 presented in specimens. The dynamics
of the PAH-16 leaching was detected based on the frequent measurements as regular
samplings of the soil, represented on the lines of the graphs as dots encountered once
for the period of measurements on each line segment. The lowest concentration level of
PAH-16 was determined as a limit of quantification, that is, quantitatively assessed with a
satisfactory certainty.

The overall trend of PAH-16 leaching is increasing with regard to the line path, i.e.,
the total amount of contaminant is gradually released from the specimens along with soil
treatment. This proves a positive effect of solidification and stabilization of soil on the
removal of PAH-16 contaminants from soil. The leaching of PCB was not calculated since
the values for leached amount of PCBs are positive, i.e., lower than the threshold limit.

Figure 8 shows the dynamics of the cumulative leaching of organotin compound trib-
utyltin (TBT) over time. Using the regression equation from Figure 8 extrapolated for a time
period 365 days, the TBT leaching was modelled for a year in m2, following Equation (4).
The obtained results give an estimated amount of leaching of TBT of 0.00061 mg/m2 per
year. The average value of the three samples is used to draw a statistical trend line which
was used to calculate the equation for the expected leaching of TBT within one year. The
threshold limit specified for TBT is standard for the concentration parameter. The variations
in the TBT concentration can be affected by the dilution due to matrix disturbances, limited
sample quantity, or low dry matter content. The threshold limit of chemical substances was
estimated following the analytical method which evaluates the lowest level of concentration
at which the contaminants are detected in a soil sample.

y = 0.0001 ln(time) + 0.0002 (4)
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Figure 7. Cumulative leaching of PAH-16 in tested soil samples.

For evaluation of the obtained results, a comparison has been completed between
the results for surface leaching received in the present study against those from other
studies [94–96]. More specifically, [97] demonstrates similar results on leaching of As, Pb,
and Sb; the immobilisation of Cr, Cu, and Zn were assessed by [98]. Furthermore, [99]
reports the leaching of diverse heavy metals from remediated soil. The removal of PHB
that is a waste product from the aluminium industry is reported in [100] using stabilization
and neutralization methods.

Table 7 summarises the values of leaching recorded in samples from Oslo (O), Arendal
(A), and Timrå (T). The results are based on the measurements performed after 9 days of
soil testing, and show surface leaching of contaminants (heavy metals and TBT, mg/m2)
from soil after 9 days of testing, as shown in Table 7. The threshold limits of contaminant
concentration of TBT and heavy metals with regard to the content of binder (water–binder
ratio) were evaluated in soil samples as a collective designation for the highest levels of the
substances in samples and compared for various test locations, as shown in Table 7. The
analysis of Table 7 indicates that the amount of As is slightly higher in Kongshavn Port
of Oslo (O) than for Arendal (A) and Timrå (T); however, the content of Cd, Cr, and Ni is
lower. Similar results were reported earlier in the study on the immobilisation of Mg, Cu,
Zn, Al, and K which were evaluated in Swedish soils in Timrå [101].

Table 7. Surface leaching of contaminants (heavy metals and TBT, mg/m2) from soil after 9 days.

Metal O_P6 O_P7 O_P8A A HW LB 23 A HW LB 17 A HW LB 18 T HW LB 11 T HW LB 09

As 0.0807 0.0782 0.105 0.0276 0.0050 <0.0014 0.0042 0.0090
Cd <0.004 <0.004 <0.004 0.0025 0.00035 <0.00028 <0.0003 <0.0003
Cr <0.04 <0.04 <0.04 0.006 0.010 0.0091 0.0091 0.024
Hg <0.002 <0.002 <0.002 <0.0063 <0.0070 <0.0070 <0.0076 <0.0082
Ni 0.272 0.411 0.4 0.52 1.1 0.14 0.46 0.69
Zn <0.2 <0.2 <0.2 <0.013 <0.014 <0.014 <0.015 <0.02

TBT 101 ×10−6 103 ×10−6 157 ×10−6 275 ×10−6 1180 ×10−6 315 ×10−6 – –

Notations for Table 7 : HW LB indicate a “high water / low binder” ratio in a mixture. The abbreviations indicate
the locations where measurements were performed: Oslo (O), Arendal (A), and Timrå (T).

As for TBT, the levels are significantly lower in Oslo than for the corresponding sample
in Arendal. The TBT was not analysed in the Timrå project, and, therefore, could only
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be compared between the sampling results from Oslo and Arendal. The threshold limit
for for contaminants was determined as a quantification limit of seven types of heavy
metals, PAH-16, TBT, and PCB. The applied methodology was optimised to evaluate
and report the concentration values in the contaminants from soil stabilised with various
binder proportions. The specimens were treated using geotechnical and environmental
engineering tests and then evaluated using quantitative methods of the statistical analysis.
The comparison of the leaching levels was performed using estimated levels over time as
accumulative leaching compared to the background level of toxic contaminants.

Figure 8. Developed leaching of TBT from the soil samples over time. Blue area represents the
significant level of cumulative leaching.

4. Conclusions

Recent industrialisation has resulted in the increased soil contamination by heavy
metals, TBT, PCB, and PAH. The need for decontamination and remediation of soil aimed
at removing contaminants in large quantities necessitates the development of effective
optimised methods for soil treatment. Using adjusted stabilization workflow with ex-
perimentally adjusted proportions of binders, the scheme of soil remediation has been
employed in polluted sediments collected from the Port of Oslo (Kongshavn), Norway.
This method demonstrated a particular effectiveness for immobilisation of heavy metals,
TBT, PAH, and PCB from soil samples.

We have proposed an optimised approach to leaching experiments on soil for physical
decontamination from heavy metals and chemical PAH, PCB, and TBT that relies on
processing the soil samples using multi-factor tests. To this end, we have performed a
series of the experiments on soil testing that allow modelling the non-linear behaviour of
leaching from soil and the evaluation of the effects from the combination of binders. This
method of soil decontamination provided additional information on the concentration of
contaminants in the sampled soil collected in Kongshavn (Port of Oslo) and enabled the
estimation of a prognosis of leaching for one year based on the obtained results simulated
for long term release.

Soil contamination is a significant environmental problem that includes threats to
human health and environmental sustainability. At the same time, large construction and
industrial projects increase soil contamination. This project contributed to establish the
links between the construction engineering and environmental monitoring. Specifically,
the presented scheme of the workflow enabled to perform accurate decontamination and
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remediation of soil based on the proposed integrated approaches of in situ soil sampling
and statistical data analysis. As a result of the implemented framework, soil specimens
were processed, stabilized, solidified, and decontaminated. Such workflow presented a
model for the further processing of large quantities of soil material in harbours and marine
ports. For environmental purposes, data extrapolation was presented for the estimation of
possible leaching dynamics during one year. The visualised examples of leaching behaviour
from contaminated soil are presented graphically and in tables with provided detailed
comments and formulae used for numerical modelling.

Optimization of workflow is a crucial issue in large-scale projects, such as harbour
construction and civil engineering. A current limitation of our project is its use of dredged
sediments collected from the harbour. This has shortcomings, since sampling of the marine
sediments decreases the availability of suitable disposal specimens and increases the
transportation and storage costs. At the same time, soil processing for industrial projects
involves a lengthy, costly, and difficult process and high capital costs. As a continuation
of this work, we intend to study the soil properties using samples collected at different
depths. We also plan to investigate how statistical methods could be exploited to model
soil collected in large quantities (hundreds of tons) for optimization of large-scale industrial
projects such as harbour construction.

This study contributes to a better understanding of leaching behaviour in the stabilized
soil and can be considered and compared in similar research. The obtained results can be
used as information for the environmental risk assessment and evaluation of soil quality.
This article gives an insight on the durability of the treated soil based on the performed
environmental engineering workflow. The results can be reused for estimation of the
pollution level in the areas of Kongshavn. As a recommendation for future similar works
where large quantity of soil should be processed for industrial construction purposes with
optimised workflow, a pilot project should always be carried out to ensure the reduced cost
of soil processing in a large volume before testing. Second, when comparing laboratory
tests and pilot scale, the temperature of the dredged soil masses should be taken into
account since it plays a role in the development of soil strength. Moreover, to control soil
properties, temperature measurements should be included at different depths.
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Abbreviations
The following abbreviations are used in this manuscript:

BCSA Belite Calcium Sulfoaluminate
BaP Benz[a]pyrene
BghiP Benz[g,h,i]perylene
DBT Dibutyltin
DBahA Dibenz[a,h]anthracene
DOT Dioctyltin
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DPhT Diphenyltin
IP Indeno[1,2,3-cd]pyrene
MBT Monobutyltin
MOT Monooctyltin
MPhT Monophenyltin
PAH Polycyclic Aromatic Hydrocarbon
PCB Polychlorinated biphenyl
SGI Swedish Geotechnical Institute
TBT Tributyltin
TPhT Triphenyltin
TCyT Tricyclohexyltin
TTBT Tetrabutyltin

Appendix A. Leaching of Contaminants: Sampling 2317–2324

Appendix A.1. Surface Leaching of Contaminants

Notations for common for all the samples in Table A1; the applied Methodology is
based on standard SS-EN 15863:2015. The start and end days of the tests are from 30 January
2023 until 4 April 2023. The experiments were performed in Swedish Geotechnical Institute.
The amount of leachate for all samples is 1.50 L. Conductivity was measured in mS/m
by temperature of sampling at 25 ◦C. The period refers to the day of sampling. Surface:
0.0197 m2. Redox (mVolts) refers to oxidation (reduction) potential of solutions or chemical
species to acquire/lose electrons and be reduced/oxidised. Leached amount/withdrawal
is given in mg/m2 for all the samples.

Abbreviations for organic compounds: Acy—acenaphthylene; BaP—Benz(a)pyrene;
B[a]A—Benz[a]anthracene; BjF—Benzo[j]fluoranthene; BkF—Benzo[k]fluoranthene; MBT—
Monobutyltin; DBT—Dibutyltin; TBT—Tributyltin; TTBT—Tetrabutyltin;
MOT—Monooctyltin; DOT—Dioctyltin; TCyT—Tricyclohexyltin; MPhT—Monophenyltin;
DPhT—Diphenyltin; IP—Indeno[1,2,3-cd]pyrene; DBahA—Dibenz[a,h]anthracene; BghiP—
Benz[g,h,i]perylene; TPhT—Triphenyltin; Total oth. PAH—Total other PAH; Total carc.
PAH—Total amount of carcinogenic PAH.

Table A1. Surface leaching of contaminants (heavy metals, organic compounds, PCB and PAH,
mg/m2) from soil specimens during period of 64 days of sampling (2317–2324).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2317 2318 2319 2320 2321 2322 2323 2324
pH 8.93 9.12 8.85 9.18 9.17 8.95 8.43 8.11
Conductivity 2510 2500 2980 2760 2740 2750 2770 2750
Redox (mV) 29 73 33 34 21 19 48 84
Al 2.08 1.69 1.49 1.29 0.755 0.751 0.585 0.531
As 0.0553 0.0736 0.084 0.0852 0.0807 0.35 0.0728 0.0669
Ba 6.31 7.02 8.4 7.5 13.1 13.3 21.6 22
Ca 15,500 17,000 19,600 19,300 24,300 25,300 34,600 38,200
Cd <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004
Co 0.038 0.0306 0.0244 0.0202 0.0333 0.0244 0.0358 0.0508
Cr <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Cu 1.58 1.03 0.744 0.532 0.653 0.5 0.86 0.634
Fe 0.898 0.739 0.664 0.486 <0.3 <0.3 <0.3 <0.3
Hg <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
K 15,900 15,600 17,300 16,200 15,700 15,700 16,300 15,400
Mg 39,000 38,700 43,100 40,000 33,100 34,300 26,200 25,400
Mn 1.2 0.944 0.566 0.661 0.218 0.321 0.0646 0.0921
Mo 0.807 0.709 0.807 0.727 0.91 0.776 1.13 1.18
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Table A1. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Na 374,000 374,000 414,000 390,000 368,000 370,000 356,000 360,000
Ni 0.285 0.271 0.237 0.211 0.272 0.182 0.24 0.182
Pb <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
V 0.153 0.212 0.24 0.282 0.391 0.264 0.155 0.139
Zn 0.18 <0.2 <0.2 0.179 <0.2 <0.2 <0.2 <0.2
B 140 142 157 145 126 126 101 101
Sb 0.0467 0.0534 0.0496 0.0575 0.0822 0.0688 0.11 0.116
Se <0.2 <0.2 <0.2 <0.2 <0.2 7.2 <0.2 <0.2
Naphthalene <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Acy <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Acenaphthene <0.0008 <0.0008 <0.0008 <0.0008 0.00099 0.00084 <0.0008 <0.0008
Fluorine <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Phenanthrene <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Anthracene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Fluoranthene <0.0008 <0.0008 <0.0008 <0.00084 0.002 0.0014 0.0019 <0.0008
Pyrene <0.0008 0.0013 0.002 0.0021 0.0037 0.004 0.0052 0.0028
B[a]A <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Chrysene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BjF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BkF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BaP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
DBahA <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BghiP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
IP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Total PAH 16 <0.0072 0.0013 0.002 0.0029 0.0062 0.006 0.0071 0.0028
Total carc. PAH <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027
Total oth. PAH <0.005 0.0013 0.002 0.0029 0.0062 0.006 0.0071 0.0028
Total PAH L <0.0019 <0.0019 <0.0019 <0.0019 0.00099 0.00084 <0.0019 <0.0019
Total PAH M <0.002 0.0013 0.002 0.0029 0.0052 0.0052 0.0071 0.0028
Total PAH H <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
MBT 0.000404 0.00326 0.00202 0.00223 0.00536 0.0055 0.0044 0.00711
DBT <0.00008 <0.00008 <0.00008 <0.00008 0.000142 0.000112 0.000153 0.00024
TBT 0.0000807 0.0000951 <0.00008 0.0000883 0.000101 0.000104 0.0000799 0.000133
TTBT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TCyT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
PCB 28 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 52 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 101 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 118 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 138 <0.000091 <0.000091 <0.000091 <0.000091 <0.000091 <0.000091 <0.000091 <0.000091
PCB 153 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 180 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
Total PCB 7 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003

Appendix A.2. Cumulative Surface Leaching of Contaminants

Notations for Table A2: The applied methodology is based on the three approaches:

• Standards SS-EN ISO 10523:2012 with measurement uncertainty of ± 0.05 pH-enh;
• SS-EN 27888-1:1994 with measurement uncertainty ±2.9%;
• SGI-method with measurement uncertainty pf ± 25%.

Abbreviations for organic compounds in Table A2: Acy—acenaphthylene;
BaP—Benz[a]pyrene; B[a]A—Benz[a]anthracene; BjF—Benzo[j]fluoranthene;
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BghiP—Benz[g,h,i]perylene; BkF—Benzo[k]fluoranthene; MBT—Monobutyltin; DBT—
Dibutyltin; TBT—Tributyltin; TTBT—Tetrabutyltin; MOT—Monooctyltin; DOT—Dioctyltin;
TCyT—Tricyclohexyltin; MPhT—Monophenyltin; DPhT—Diphenyltin; IP—Indeno[1,2,3-
cd]pyrene; DBahA—Dibenz[a,h]anthracene; TPhT—Triphenyltin; Total oth. PAH—Total
other PAH; Total carc. PAH—Total amount of carcinogenic PAH.

Table A2. Cumulative surface leaching (heavy metals, organic compounds, PCB and PAH, mg/m2)
from soil specimens during period of 64 days of sampling (2317–2324).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2317 2318 2319 2320 2321 2322 2323 2324
Al 2.08 3.77 5.26 6.55 7.3 8.05 8.64 9.17
As 0.0553 0.129 0.21 0.298 0.379 0.73 0.802 0.868
Ba 6.31 13.3 22 29.2 42.3 55.6 77.2 99
Ca 15,500 32,000 51,900 71,200 95,500 121,000 155,000 194,000
Cd <0.004 <0.008 <0.01 <0.02 <0.02 <0.02 <0.03 <0.03
Co 0.038 0.0686 0.093 0.113 0.147 0.171 0.207 0.258
Cr <0.04 <0.08 <0.1 <0.2 <0.1 <0.1 <0.3 <0.3
Cu 1.58 2.6 3.35 3.88 4.53 5 5.89 6.53
Fe 0.898 1.64 2.3 2.79 <3 <3 <4 <4
Hg <0.002 <0.003 <0.005 <0.006 <0.008 <0.009 <0.01 <0.01
K 15,900 31,500 48,800 65,000 80,700 96,400 113,000 128,000
Mg 39,000 77,500 121,000 161,000 194,000 228,000 254,000 280,000
Mn 1.2 2.16 2.73 3.39 3.61 3.93 3.99 4.08
Mo 0.807 1.52 2.32 3.05 4 4.74 5.87 7.05
Na 374,000 748,000 1,160,000 1,550,000 1,920,000 2,290,000 2,650,000 3,000,000
Ni 0.285 0.556 0.793 1 1.28 1.46 1.7 1.88
Pb <0.02 <0.03 <0.05 <0.06 <0.08 <0.09 <0.1 <0.1
V 0.153 0.365 0.605 0.887 1.28 1.54 1.7 1.84
Zn 0.18 <0.3 <0.5 0.666 <0.8 <1 <1 <1
B 140 282 438 584 710 836 937 1040
Sb 0.0467 0.1 0.15 0.207 0.289 0.358 0.468 0.584
Se <0.2 <0.5 <0.7 <0.9 <1 8.34 <9 <9
Naphthalene <0.002 <0.005 <0.007 <0.009 <0.01 <0.01 <0.02 <0.02
Acy <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Acenaphthene <0.0008 <0.002 <0.002 <0.003 <0.004 0.0049 <0.006 <0.006
Fluorine <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Phenanthrene <0.002 <0.003 <0.005 <0.006 <0.008 <0.009 <0.01 <0.01
Anthracene <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.002 <0.006
Fluoranthene <0.0008 <0.002 <0.002 0.0031 0.005 0.006 0.0079 <0.009
Pyrene <0.0008 0.0021 0.004 0.0056 0.0093 0.01 0.018 0.021
B[a]A <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Chrysene <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BjF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BkF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BaP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
DBahA <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BghiP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
IP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Total PAH 16 <0.0072 0.0085 0.01 0.013 0.019 0.025 0.032 0.035
Total carc. PAH <0.0027 <0.0053 <0.008 <0.011 <0.013 <0.016 <0.019 <0.021
Total oth. PAH <0.005 0.0059 0.007 0.01 0.016 0.022 0.03 0.032
Total PAH L <0.0019 <0.0038 <0.0057 <0.0076 0.0086 0.0094 <0.011 <0.013
Total PAH M <0.002 0.0036 0.005 0.008 0.013 0.018 0.025 0.028
Total PAH H <0.003 <0.006 <0.009 <0.01 <0.02 <0.02 <0.02 <0.02
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Table A2. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

MBT 0.000404 0.00366 0.00569 0.00792 0.0133 0.0188 0.0232 0.0303
DBT <0.00008 <0.0002 <0.0002 <0.0003 0.000446 0.000558 0.000711 0.00095
TBT 0.0000807 0.000176 <0.0003 0.00034 0.000441 0.000545 0.000625 0.000758
TTBT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TCyT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
PCB 28 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
PCB 52 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
PCB 101 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
PCB 118 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
PCB 138 <0.000091 <0.00018 <0.00027 <0.00037 <0.00046 <0.00055 <0.00064 <0.00073
PCB 153 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
PCB 180 <0.000084 <0.00017 <0.00025 <0.00033 <0.00042 <0.0005 <0.00059 <0.00067
Total PCB 7 <0.0003 <0.00059 <0.00089 <0.0012 <0.0015 <0.0018 <0.0021 <0.0024

Appendix B. Leaching of Contaminants: Sampling 2325–2332

Appendix B.1. Surface Leaching of Contaminants

Notations for common for all the samples in Table A3. The applied Methodology
contains Batch 1, Prov 7. The start and end days of the tests are from 30 January 2023 until
4 April 2023. The experiments were performed by Robert Selegård in Swedish Geotechnical
Institute, registered under Diary Nr. 1.1-2107-0587. The amount of leachate for all samples
is 1.50 L. Conductivity was measured in mS/m by temperature of sampling at 25 ◦C. The
period refers to the day of sampling. Surface: 0.0197 m2. Redox (mVolts) refers to oxidation
(reduction) potential of solutions or chemical species to acquire/lose electrons and be
reduced/oxidised. Leached amount/withdrawal is given in mg/m2 for all the samples.

Abbreviations for organic compounds: Acy—acenaphthylene; BaP—Benz[a]pyrene;
B[a]A—Benz[a]anthracene; BjF—Benzo[j]fluoranthene; BkF—Benzo[k]fluoranthene; MBT—
Monobutyltin; DBT—Dibutyltin; TBT—Tributyltin; TTBT—Tetrabutyltin;
MOT—Monooctyltin; DOT—Dioctyltin; TCyT—Tricyclohexyltin; MPhT—Monophenyltin;
DPhT—Diphenyltin; IP—Indeno[1,2,3-cd]pyrene; DBahA—Dibenz[a,h]anthracene; BghiP—
Benz[g,h,i]perylene; TPhT—Triphenyltin; Total oth. PAH—Total other PAH; Total carc.
PAH—Total amount of carcinogenic PAH.

Table A3. Surface leaching of contaminants (heavy metals, organic compounds, PCB and PAH,
mg/m2) from soil specimens during period of 64 days of sampling (2325–2332).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2325 2326 2327 2328 2329 2330 2331 2332
pH 8.94 9.21 9.1 9.2 9.22 9.06 8.42 8.21
Conductivity 2530 2510 2840 2860 2600 2760 2730 2740
Redox (mV) 36 70 36 39 30 27 58 87
Al 1.86 1.73 1.4 1.34 0.68 0.61 0.417 0.387
As 0.0581 0.0753 0.0859 0.0642 0.0782 0.0821 0.0569 0.0828
Ba 6.04 6.89 7.66 6.65 13.1 13.4 21 20.1
Ca 15,900 17,400 19,600 19,000 24,200 24,300 32,300 35,000
Cd 0.0042 0.00505 <0.004 <0.004 <0.004 <0.004 <0.004 0.00431
Co 0.037 0.0295 0.0239 0.0266 0.0419 0.0271 0.0292 0.0413
Cr <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Cu 1.3 0.936 0.674 0.539 0.599 0.594 0.89 0.967
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Table A3. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Fe 0.859 0.66 0.59 0.463 <0.3 <0.3 <0.3 <0.3
Hg <0.002 <0.002 <0.002 <0002 <0.002 <0.002 <0.002 <0.002
K 16,000 15,600 17,500 16,300 16,000 15,400 16,200 15,500
Mg 39,400 39,400 43,600 40,700 34,000 34,300 26,700 27,200
Mn 1.33 1.03 0.542 0.561 0.196 0.271 0.0798 0.0427
Mo 0.782 0.72 0.782 0.68 0.898 0.798 1.1 1.17
Na 380,000 371,000 418,000 394,000 371,000 364,000 350,000 359,000
Ni 0.411 0.315 0.224 0.301 0.411 0.233 0.173 0.158
Pb <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
V 0.141 0.21 0.243 0.242 0.351 0.24 0.15 0.116
Zn 0.278 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
B 144 144 157 149 128 124 101 104
Sb 0.044 0.0485 0.0501 0.0511 0.0882 0.0725 0.114 0.11
Se <0.2 <0.2 <0.2 <0.2 <0.2 4.2 <0.2 <0.2
Naphthalene <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Acy <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Acenaphthene <0.0008 <0.0008 <0.0008 <0.0008 0.00092 0.0008 <0.0008 <0.0008
Fluorine <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Phenanthrene <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Anthracene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Fluoranthene <0.0008 <0.0008 <0.0008 <0.0008 0.0012 0.0012 0.0018 0.001
Pyrene <0.0008 0.0012 0.0017 0.002 0.0035 0.0037 0.0053 0.0044
B[a]A <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Chrysene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BjF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BkF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BaP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
DBahA <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BghiP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
IP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Total PAH 16 <0.0073 0.0012 0.0017 0.002 0.0057 0.0057 0.0071 0.0054
Total carc. PAH <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027
Total oth. PAH <0.005 0.0012 0.0017 0.002 0.0057 0.0057 0.0071 0.0054
Total PAH L <0.0019 <0.0019 <0.0019 <0.0019 0.00092 0.0008 <0.0019 <0.0019
Total PAH M <0.002 0.0012 0.0017 0.002 0.0048 0.0049 0.0071 0.0054
Total PAH H <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
MBT 0.000333 0.0027 0.00229 0.00335 0.00398 0.0153 0.00515 0.0174
DBT <0.00008 <0.00008 <0.00008 <0.00008 0.00013 0.000108 0.000132 0.000272
TBT 0.000108 0.0000936 <0.00008 0.0000944 0.000103 0.000109 0.000089 0.000144
TTBT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TCyT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
PCB 28 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 52 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 101 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 118 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 138 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092
PCB 153 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 180 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
Total PCB 7 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003

Appendix B.2. Cumulative Surface Leaching of Contaminants

Notations for Table A4. The applied methodology is based on the three approaches:
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• Standards SS-EN ISO 10523:2012 with measurement uncertainty of ±0.05 pH-enh;
• SS-EN 27888-1:1994 with measurement uncertainty ±2.9%;
• SGI-method with measurement uncertainty pf ± 25%.

Table A4. Cumulative surface leaching (heavy metals, organic compounds, PCB and PAH, mg/m2)
from soil specimens during period of 64 days of sampling (2325–2332).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2325 2326 2327 2328 2329 2330 2331 2332
Al 1.86 3.6 5 6.32 7 7.6 8.02 8.41
As 0.0581 0.133 0.219 0.284 0.362 0.444 0.501 0.584
Ba 6.04 12.9 20.6 27.2 40.3 53.8 74 94.6
Ca 15,900 33,300 52,900 72,000 96,300 121,000 15,300 190,000
Cd 0.0042 0.00927 <0.01 <0.02 <0.02 <0.02 <0.03 0.0328
Co 0.037 0.0663 0.0902 0.117 0.159 0.186 0.215 0.256
Cr <0.04 <0.08 <0.1 <0.2 <0.2 <0.2 <0.3 <0.3
Cu 1.3 2.23 2.91 3.45 4.04 4.64 5.53 6.5
Fe 0.859 1.52 2.1 2.57 <3 <3 <3 <4
Hg <0.002 <0.003 <0.005 <0.006 <0.008 <0.009 <0.01 <0.01
K 16,000 31,600 49,100 65,400 81,300 96,700 113,000 128,000
Mg 39,400 78,800 122,000 163,000 197,000 231,000 258,000 285,000
Mn 1.33 2.35 2.9 3.46 3.65 3.92 4 4.05
Mo 0.782 1.5 2.29 3 3.87 4.66 5.7 6.9
Na 380,000 747,000 1,170,000 1,560,000 1,930,000 2,290,000 2,600,000 3,010,000
Ni 0.411 0.726 0.95 1.25 1.66 1.9 2.07 2.23
Pb <0.02 <0.03 <0.05 <0.06 <0.08 <0.09 <0.1 <0.1
V 0.141 0.35 0.591 0.833 1.18 1.4 1.57 1.69
Zn 0.278 <0.4 <0.6 <0.7 <0.9 <1 <1 <1
B 144 288 445 594 722 846 947 1050
Sb 0.044 0.0924 0.143 0.194 0.282 0.354 0.469 0.579
Se <0.2 <0.5 <0.7 <0.9 <1 5.35 <6 <6
Naphthalene <0.002 <0.005 <0.007 <0.009 <0.01 <0.01 <0.02 <0.02
Acy <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Acenaphthene <0.0008 <0.002 <0.002 <0.003 0.004 0.005 <0.006 <0.006
Fluorine <0.0008 <0.002 <0.002 <0.003 0.004 0.005 <0.005 <0.006
Phenanthrene <0.0008 <0.002 <0.002 <0.003 0.004 0.005 <0.005 <0.006
Anthracene <0.0008 <0.002 <0.002 <0.003 0.004 0.005 <0.005 <0.006
Fluoranthene <0.0008 <0.002 <0.002 <0.003 0.0043 0.0055 <0.0074 <0.0084
Pyrene <0.0008 0.0019 0.0036 0.0056 0.0091 0.013 0.018 0.023
B[a]A <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Chrysene <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BjF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BkF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BaP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
DBahA <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BghiP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
IP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Total PAH 16 <0.0073 0.0084 0.01 0.012 0.018 0.023 0.031 0.036
Total carc. PAH <0.0027 <0.0054 <0.0081 <0.011 <0.013 <0.016 <0.019 <0.021
Total oth. PAH <0.005 0.0058 0.0074 0.0094 0.015 0.021 0.028 0.033
Total PAH L <0.0019 <0.0038 <0.0058 <0.0077 0.0086 0.009 <0.011 <0.013
Total PAH M <0.002 0.0035 0.0051 0.0071 0.012 0.017 0.024 0.029
Total PAH H <0.003 <0.006 <0.009 <0.01 <0.02 <0.02 <0.02 <0.02
MBT 0.000333 0.003 0.00531 0.00866 0.0126 0.0279 0.0331 0.0505
DBT <0.00008 <0.0002 <0.0002 <0.0003 0.000436 0.000545 0.000677 0.000948
TBT 0.000108 0.000202 <0.0003 0.000373 0.000476 0.000585 0.000674 0.000818
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Table A4. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

TTBT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TCyT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
PCB 28 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
PCB 52 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
PCB 101 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
PCB 118 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
PCB 138 <0.000092 <0.00018 <0.00028 <0.00037 <0.00046 <0.00055 <0.00064 <0.00074
PCB 153 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
PCB 180 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.00051 <0.00059 <0.00068
Total PCB 7 <0.0003 <0.0006 <0.0009 <0.0012 <0.0015 <0.0018 <0.0021 <0.0024

Appendix C. Leaching of Contaminants: Sampling 2333–2340

Appendix C.1. Surface Leaching of Contaminants

Notations for all the samples in Table A5. The applied Methodology contains Batch 1,
Prov 8A. The start and end days of the tests are from 30 January 2023 until 4 April 2023.
The experiments were performed by Robert Selegård in Swedish Geotechnical Institute,
registered under Diary Nr. 1.1-2107-0587. The amount of leachate for all samples is 1.5 L.
Conductivity was measured in mS/m by temperature of sampling at 25 ◦C. The period
refers to the day of sampling. Surface: 0.0197 m2. Redox (mVolts) refers to oxidation
(reduction) potential of solutions or chemical species to acquire / lose electrons and be
reduced/oxidised. Leached amount/withdrawal is given in mg/m2 for all the samples.

Table A5. Surface leaching of contaminants (heavy metals, organic compounds, PCB and PAH,
mg/m2) from soil specimens during period of 64 days of sampling (2333–2340).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2333 2334 2335 2336 2337 2338 2339 2340
pH 8.75 8.68 8.57 8.72 8.8 8.49 8.15 7.87
Conductivity 2520 2510 2660 2860 2750 2760 2740 2760
Redox (mV) 46 84 74 57 45 42 74 75
Al 2.25 2.03 1.75 1.6 0.749 0.78 0.624 0.646
As 0.0637 0.074 0.084 0.0687 0.105 0.135 0.071 0.0895
Ba 8.11 9.25 11.3 10.4 19.4 20.5 30.3 26.8
Ca 16,700 18,100 22,000 22,000 30,100 31,500 50,000 47,000
Cd 0.0056 0.00637 <0.004 <0.004 <0.004 <0.004 <0.004 0.00499
Co 0.0414 0.036 0.033 0.0226 0.042 0.028 0.0486 0.0499
Cr 0.0414 0.036 0.033 0.0226 0.042 0.028 0.0486 0.0499
Cu 1.46 1.13 0.803 0.722 0.739 0.741 0.941 0.941
Fe 0.902 0.84 0.556 0.593 <0.3 <0.3 <0.3 <0.3
Hg <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
K 16,000 15,800 17,500 16,200 15,900 15,600 16,400 20,000
Mg 38,800 37,900 41,800 38,400 29,500 29,900 20,000 20,500
Mn 1.28 1.1 0.612 0.772 0.135 0.0856 0.0263 0.0247
Mo 0.811 0.772 0.895 0.772 1.04 0.948 1.19 1.29
Na 375,000 370,000 415,000 389,000 370,000 366,000 360,000 364,000
Ni 0.372 0.362 0.292 0.268 0.4 0.259 0.338 0.129
Pb <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
V 0.172 0.284 0.353 0.364 0.45 0.295 0.154 0.122
Zn 0.294 0.183 0.216 0.2 <0.2 <0.2 <0.2 <0.2
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Table A5. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

B 139 139 151 141 116 110 88.7 91.8
Sb 0.0561 0.0664 0.0699 0.0724 0.108 0.0971 0.135 0.135
Se <0.2 <0.2 <0.2 <0.2 0.55 4.47 <0.2 <0.2
Naphthalene <0.002 <0.002 <0.002 <0.002 0.004 <0.002 <0.002 <0.002
Acy <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Acenaphthene <0.0008 <0.0008 <0.0008 <0.0008 0.0017 <0.0008 <0.0008 <0.0008
Fluorine <0.0008 <0.0008 <0.0008 <0.0008 0.00099 <0.0008 <0.0008 <0.0008
Phenanthrene <0.002 <0.002 <0.002 <0.002 0.0041 <0.002 <0.002 <0.002
Anthracene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Fluoranthene 0.00099 0.002 0.0022 0.0028 0.0043 0.0036 <0.0008 <0.0008
Pyrene 0.0011 0.0022 0.0029 0.0034 0.0057 0.0057 0.0037 0.0013
B[a]A <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Chrysene <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BjF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BkF <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BaP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
DBahA <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
BghiP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
IP <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Total PAH 16 0.0021 0.0042 0.0051 0.0062 0.021 0.00933 0.0037 0.0013
Total carc. PAH <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027
Total oth. PAH 0.0021 0.0042 0.0051 0.0062 0.021 0.00933 0.0037 0.0013
Total PAH L <0.0019 <0.0019 <0.0019 <0.0019 0.0057 <0.0019 <0.0019 <0.0019
Total PAH M 0.0021 0.0042 0.0051 0.0062 0.015 0.00933 0.0037 0.0013
Total PAH H <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
MBT 0.00142 0.00255 0.00189 0.00262 0.00453 0.00902 0.00554 0.00661
DBT 0.000091 0.00011 0.0000849 0.00011 0.000211 0.000248 0.000236 0.000593
TBT 0.000142 0.000118 0.000109 0.000151 0.000157 0.000121 0.000125 0.000113
TTBT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DOT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TCyT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
MPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
DPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
TPhT <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008 <0.00008
PCB 28 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 52 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 101 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 118 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 138 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092 <0.000092
PCB 153 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
PCB 180 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084 <0.000084
Total PCB 7 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003

Appendix C.2. Cumulative Surface Leaching of Contaminants

Table A6. Cumulative surface leaching (heavy metals, organic compounds, PCB and PAH, mg/m2)
from soil specimens during period of 64 days of sampling (2333–2340).

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Sample No 2333 2334 2335 2336 2337 2338 2339 2340
Al 2.25 4.28 6.03 7.63 8.38 9.16 9.78 10.4
As 0.0637 0.138 0.22 0.29 0.395 0.53 0.6 0.69
Ba 8.11 17.4 28.7 39.1 58.5 79 109 136
Ca 16,700 34,800 57,000 79,000 109,000 141,000 200,000 230,000
Cd 0.0056 0.012 <0.02 <0.02 <0.02 <0.03 <0.03 0.0361
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Table A6. Cont.

Period 6 h 1 Days 2.25 Days 4 Days 9 Days 16 Days 36 Days 64 Days

Co 0.0414 0.0775 0.11 0.133 0.18 0.2 0.251 0.301
Cr <0.04 <0.08 <0.1 <0.2 <0.2 <0.2 <0.3 <0.3
Cu 1.46 2.59 3.4 4.12 4.86 5.6 6.54 7.48
Fe 0.902 1.7 2.3 2.89 <3 <4 <4 <4
Hg <0.002 <0.003 <0.005 <0.006 <0.008 <0.009 <0.01 <0.01
K 16,000 31,800 49,300 65,500 81,400 97,000 113,000 100,000
Mg 38,800 76,800 119,000 157,000 186,000 216,000 236,000 257,000
Mn 1.28 2.39 3 3.77 3.91 3.99 4.02 4.04
Mo 0.811 1.58 2.48 3.25 4.29 5.24 6.43 7.72
Na 375,000 750,000 1,170,000 1,550,000 1,900,000 2,290,000 2,600,000 3,010,000
Ni 0.372 0.733 1.03 1.29 1.7 1.95 2.29 2.42
Pb <0.02 <0.03 <0.05 <0.06 <0.08 <0.09 <0.1 <0.1
V 0.172 0.456 0.81 1.17 1.6 1.92 2.07 2.2
Zn 0.294 0.477 0.693 0.893 <1 <1 <1 <2
B 139 278 430 570 686 796 885 976
Sb 0.0561 0.123 0.192 0.265 0.373 0.47 0.604 0.74
Se <0.2 <0.5 <0.7 <0.9 1.5 5.94 <6 <6
Naphthalene <0.002 <0.005 <0.007 <0.009 0.013 <0.02 <0.02 <0.02
Acy <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Acenaphthene <0.0008 <0.002 <0.002 <0.003 0.0047 <0.006 <0.006 <0.007
Fluorine <0.0008 <0.002 <0.002 <0.003 <0.0041 <0.005 <0.006 <0.006
Phenanthrene <0.002 <0.003 <0.005 <0.006 0.01 <0.01 <0.01 <0.01
Anthracene <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Fluoranthene 0.00099 0.003 0.0052 0.008 0.012 0.016 <0.02 <0.02
Pyrene 0.0011 0.0033 0.0062 0.0096 0.015 0.021 0.025 0.026
B[a]A <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Chrysene <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BjF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BkF <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BaP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
DBahA <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
BghiP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
IP <0.0008 <0.002 <0.002 <0.003 <0.004 <0.005 <0.005 <0.006
Total PAH 16 0.0021 0.0063 0.011 0.018 0.038 0.0476 0.051 0.053
Total carc. PAH <0.0027 <0.0054 <0.008 <0.011 <0.013 <0.016 <0.019 <0.021
Total oth. PAH 0.0021 0.0063 0.011 0.018 0.038 0.0476 0.051 0.053
Total PAH L <0.0019 <0.0038 <0.0057 <0.0076 0.013 <0.015 <0.017 <0.019
Total PAH M 0.0021 0.0063 0.011 0.018 0.0326 0.0419 0.046 0.047
Total PAH H <0.003 <0.006 <0.009 <0.01 <0.02 <0.02 <0.02 <0.02
MBT 0.00142 0.00398 0.00586 0.00849 0.013 0.022 0.0276 0.0342
DBT 0.000091 0.0002 0.000283 0.00039 0.000601 0.000849 0.00108 0.00168
TBT 0.000142 0.00026 0.000369 0.000519 0.000676 0.000797 0.000922 0.00104
TTBT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DOT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TCyT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
MPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
DPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
TPhT <0.00008 <0.0002 <0.0002 <0.0003 <0.0004 <0.0005 <0.0005 <0.0006
PCB 28 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
PCB 52 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
PCB 101 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
PCB 118 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
PCB 138 <0.000092 <0.00018 <0.00028 <0.00037 <0.00046 <0.00055 <0.00064 <0.00073
PCB 153 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
PCB 180 <0.000084 <0.00017 <0.00025 <0.00034 <0.00042 <0.0005 <0.00059 <0.00067
Total PCB 7 <0.0003 <0.0006 <0.00089 <0.0012 <0.0015 <0.0018 <0.0021 <0.0024
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