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1.

Numerous experiments with nanoparticles have recently led to a better understanding of the migration of colloids and larger particles in soils. However, it remains unclear how colloidal particles
migrate in soil horizons without macropores, and whether they can move with the flow of capillary
water. In this article, we tested the hypothesis that colloidal particles can be transported by water
flow in capillary-sized soil pores. To test our hypothesis, column experiments with platinum nanoparticles were carried out. The columns contained undisturbed monoliths from the Luvisols and
Phaeozems soil horizons in the southeast of Western Siberia. The lower part of the soil columns was
immersed in a colloidal solution with platinum nanoparticles. Thus, we checked whether the nanoparticles would rise to the top of the columns. Platinum nanoparticles are a usable tracer of colloidal particle migration pathways. Due to the minimal background concentrations, platinum can
be detected by inductively coupled plasma mass spectrometry (ICP-MS) in experimental samples.
Due to their low zeta potential, nanoparticles are well transported over long distances through the
pores. Our experiments made it possible to establish that the process of the transfer of nanoparticles with a flow of capillary water is possible in almost all the studied horizons. However, the transfer distances are limited to the first tens of centimeters. The number of migrating nanoparticles and
the distance of their transfer increase with an increase in the minimum moisture-holding capacity
and decrease with an increase in the bulk density of soil horizons and an increase in the number
of direct macropores. The migration of nanoparticles in capillary pores is limited in carbonate soil
horizons. The transfer of colloidal particles through soil capillaries can occur in all directions, relative to the gravity gradient. Capillary transport plays an important role in the formation of the ice
composition of permafrost soils, as well as in plant nutrition.

Introduction

The rapid development of nanotechnology in recent years
has raised the question of the origin, distribution, fate and transport of nanoparticles (NPs) of various chemical elements in the
environment. The sources of NPs in the environment are various technological operations, biomedical products, consumer
goods, drugs and their delivery systems, etc. (Vance et al., 2015;
Hansen et al., 2016; Rajput et al., 2020). Once released into the
environment, either as production and consumption waste, or
as a by-product of certain processes, NPs or nanoscale materials
are increasingly found in various components of the environment (Bundschuh et al., 2018). By their nature, NPs are active
at molecular levels; accordingly, there is a danger that their appearance in the environment in case of unintentional release

may pose a threat to the health of various organisms including
human (Nowack and Bucheli, 2007; Bakshi et al., 2015; Kurwadkar et al., 2015). Therefore, the processes of transport and deposition and the toxic effects of NPs in various components of the
environment are considered to be some of the most demanded
and actively developing areas in environmental geochemistry
(Boxall et al., 2007; Abbas et al., 2020).
Soil acts as one of the main deposition media for NPs and
largely determines the paths and intensity of their migration in
aquatic environments, including the possibility of further entry
into human food chains (Theng and Yuan, 2008; Rodrigues et al.,
2016). In addition, it is known that NPs can affect soil chemical and physical properties as well as their biological activity
(Rajput et al., 2018a). For example, NPs accumulated in soils are
capable of modifying the surface properties of soil particles,
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causing changes in their sorption properties (Dror et al., 2015).
Particular attention is paid to metal NPs due to their potential
toxicity (Gestel et al., 2010; Cornelis et al., 2014; Rajput et al.,
2018b; Shrivastava et al., 2019).
For the reasons listed above, in the last decade, considerable attention has been paid to the mechanisms of the transport
of metal NPs in porous media. (Montańo et al., 2014). It should
be noted that the mechanisms of migration of metal NPs in artificial homogeneous porous media are well studied (Lecoanet
et al., 2004; Ben-Moshe et al., 2010). At the same time, for natural porous media such as soils, which are much more complex
and heterogeneous systems compared to model analogs, studies on their geochemical behavior are less common. (Cornelis
et al., 2013; Braun et al., 2015; He et al., 2019). In most experimental studies using cylindrical columns, the main emphasis is
on the effect of the physical and chemical properties of soils on
the intensity of gravitational transfer of NPs, while the possibilities of their migration with capillary waters are practically not
considered; however, this aspect may be important for solving
a number of ecological and geochemical problems.
Among the metal NPs, platinum nanoparticles (PtNPs) deserve special attention. On the one hand, PtNPs are produced by
humans for further application in the medical and chemical industries (Alex and Tiwari, 2015), and on the other hand, they are
formed under natural conditions during the weathering of Au/Pt
deposits (Hough et al., 2008, 2011; Campbell et al., 2015). Stabilized
metal NPs can be subjected to dispersion and further transportation in natural waters, and changes in the geochemical conditions
of the environment can lead to their deposition and the formation of secondary enrichment zones (Southam et al., 2009; Reith
et al., 2010; Reith and Cornelis, 2017; Korshunova and Charykova,
2019). Such zones can form deposits of precious metals or act as a
prospecting indicator while conducting soil geochemical surveys

(Perel’man, 1986; Korshunova and Charykova, 2019). In addition,
as shown by the results of one study (Reith and Cornelis, 2017),
PtNPs are stable in soil solutions and are potentially promising
objects for studying pedogenic processes associated with the migration of fine particles. (Kulizhsky et al., 2013, 2017).
The main route through which contaminants enter the native ecosystems is via aerial transport. This transfer involves
both solutes and insoluble particles, including nanoscale ones.
One of such regions is Western Siberia in Russia, which contains
huge native biomes and industrial centers producing insoluble
particles which enter the atmosphere (Shevchenko et al., 2020).
The aim of this work was to study the possibility of the transfer
of PtNPs with a capillary water flow, including such aspects as
i) the identification of relationships between the physical and
chemical properties of soils and the intensity of this process and
ii) the determination of the potential role of capillary processes
in assessing the migration of PtNPs in different horizons of soils
characteristic for the southwest of Western Siberia (Russia) in
the context of an explanation of common pedogenic processes.

2.

Materials and Methods

2.1. Field Study and Soil Sampling
The studies were carried out in the hemiboreal forest zone in
the southeast of Western Siberia (Tom–Yaya–Chulym interfluve)
(Fig. 1). The studied territory is characterized by the presence of
two types of ecosystems. The first type is represented by tall-grass
aspen–fir forests (chernevaya taiga) that correspond to the highest positions of the relief (up to 270 m a.s.l.). The second type of
ecosystem is represented by birch–pine grass forests (subtaiga)
that correspond to the lower topographic levels (Loyko et al.,

Fig. 1. Study area and key sites of Luchanovo,
Bogashevo, Basandayka
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Fig. 2. Altitude profile of the Tom-Yaya interfluve, key sites and
photographs of the studied soil profiles: (L1) Luvic Greyzemic
Phaeozems (Episiltic, Endoloamic); (L2) Endoluvic Endostagnic
Phaeozems (Endoalbic, Amphisiltic, Endoclayic); (Bg1) Amphiluvic Phaeozems (Epialbic, Episiltic, Endoloamic); (Bg2) Albic
Luvisols (Episiltic, Endoloamic); (Bs1) Albic Luvisol (Episiltic,
Endoclayic, Endocutanic) and (Bs2) Katoluvic Greyzemic Katostagnic Phaeozem (Epiloamic, Endoclayic). The monolith sampling horizons are highlighted in yellow.

2015; Abakumov et al., 2020). The parent materials of the study
area are represented by calcareous loess-like clayey mantle with
the predominance of clay and coarse silt fractions. The largest
areas are occupied by Albic Luvisols and Luvic Phaeozems (Loiko
et al., 2015). The soils were selected taking into account the microtopographic catenas. The studied soils were classified according
to the WRB (IUSS Working Group WRB 2015) and are shown in
Fig. 2. The selected soils are of high interest for the experimental
studies described below; in addition, the migration of fine material and the eluvial–illuvial differentiation of the profile can be
considered to be their characteristic features (Loiko et al., 2015).
In laboratory experiments, 10 soil horizons were studied
(Fig. 2). These horizons characterize the entire range of the properties of the considered soils. The mollic horizon (profile L2) and
parent material with and without carbonates (profile L1) were
selected from the Luchanovo site (L). The albic and argic horizons (profile Bg2) and argic horizon (profile Bg1) were selected
from the Bogashevo site (Bg). The umbric and albic horizons
(profile Bs1), the argic horizon and the lower part of the mollic
horizon of profile Bs2 (residual A) were selected from the Basandayka site (Bs). A total of 30 undisturbed soil monoliths were collected from soil pits in cylindrical experimental columns 15 cm
high and 8 cm in diameter (Table A1). The monoliths from each
horizon were sampled in triplicate. In the case of the sampling of
endopedons, epipedons were removed. The soils were sampled
by vertically driving the column to a depth of 15 cm. To prevent
soil from falling out of the core, its ends were wrapped with a

net with a mesh diameter of 0.1 mm. In this form, the columns
were transported to the laboratory. Additionally, a sample was
taken for analysis of the chemical and physical soil properties
from each horizon.
2.2. Analytical methods
A number of physical and chemical properties of the soil
horizons used in the experiments were analyzed. The samples
were air-dried at 25°C for 1 week, mixed, grounded and sieved
to < 1 mm, and debris was removed prior to chemical and physical analysis. Soil pH was measured by potentiometry in the
supernatant suspension of soil and water in a ratio of 1:5 (ISO
10390:2005, 2005). Organic carbon content (OC) was analysed
by the Tyurin titrimetric method of wet oxidation (Vorobyova,
2006), which is analogous to the Walkey-Blake international
method. Base saturation (BS) was determined by the method of
BaCl2-TEA extractable acidity (Soil Survey Staff, 2014) and 1N
NaCl extractable bases (Ca2+ and Mg2), measured by EDTA titration (Vorobyova, 2006). H+ and Al3+ cations, extractable by 1N
KCl, were determined using the method described by Sokolov
(Vorobyova, 2006). In the C horizon samples, the content of carbonates was also measured according to the complexometric
method proposed by Kudrin (Vorobyova, 2006).
The following physical parameters of the soil samples were
determined according to standard methods (Vadyunina and Korchagin, 1986): gravimetric soil moisture (SM), gravimetric mini-
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Table 1
Chemical properties of the studied soil horizons
Site

Soil

Horizon

Mg2+

Depth

Са2+

cm

cmolc kg–1

Н+

Al3+

Acidity

BS1

рН

OC2

%

%

L1

Luvic Greyzemic Phaeozems (Episiltic,
Endoloamic)

Bc

120–130

22.0

4.4

0.3

6.2

2.4

91.7

6.1

0.1

L1

Luvic Greyzemic Phaeozems (Episiltic,
Endoloamic)

Cca

167–177

33.2

6.4

–

–

–

100.0

7.5

0.04

L2

Endoluvic Endostagnic Phaeozems (Endoalbic,
Amphisiltic, Endoclayic

A

0–10

32.4

6.2

0.4

0.7

8.6

81.9

5.5

4.3

Bg1

Amphiluvic Phaeozems (Epialbic, Episiltic,
Endoloamic)

Bt

67–77

23.6

1.0

0.62

14.22

3.83

86.5

6.2

0.5

Bg2

Albic Luvisols (Episiltic, Endoloamic)

E

36–46

12.2

9.4

0.3

23.4

7.5

74.2

5.8

1.8

Bg2

Albic Luvisols (Episiltic, Endoloamic)

Bt

90–100

17.6

1.0

0.3

24.5

4.1

81.8

5.9

0.4

Bs1

Albic Luvisol (Episiltic, Endoclayic, Endocutanic)

A

0–10

23.0

3.8

0.7

12.1

12.0

69.1

5.6

2.9

Bs1

Albic Luvisol (Episiltic, Endoclayic, Endocutanic)

E

30–40

16.2

0.6

0.4

86.3

8.2

67.3

6.1

1.0

Bs2

Katoluvic Greyzemic Katostagnic Phaeozem
(Epiloamic, Endoclayic)

A

30–40

22.2

2.4

0.44

6.21

8.33

74.7

5.7

2.1

Bs2

Katoluvic Greyzemic Katostagnic Phaeozem
(Epiloamic, Endoclayic)

Bt

75–85

25.8

3.8

0.6

4.7

4.1

88.0

5.7

0.7

1

Base saturation; 2organic carbon.

Table 2
Physical properties and soil texture of the studied soil horizons
Site

Soil

Horizon

Depth

BD1

SM2

cm

g cm–3

%

MC3

Particle size fractions, μm
<1

1–5

5–10

10–50 50–250 250–1000

L1

Luvic Greyzemic Phaeozems (Episiltic,
Endoloamic)

Bc

120–130

1.4

10.9

30.3

19.2

7.0

7.1

48.7

17.9

0.1

L1

Luvic Greyzemic Phaeozems (Episiltic,
Endoloamic)

Cca

167–177

1.3

9.7

29.0

21.1

6.7

7.7

46.9

17.4

0.2

L2

Endoluvic Endostagnic Phaeozems (Endoalbic,
Amphisiltic, Endoclayic

A

0–10

0.9

19.6

46.0

15.6

10.6

8.1

44.6

20.6

0.5

Bg1

Amphiluvic Phaeozems (Epialbic, Episiltic,
Endoloamic)

Bt

67–77

1.4

12.1

22.2

34.0

6.5

6.7

38.9

13.9

0.0

Bg2

Albic Luvisols (Episiltic, Endoloamic)

E

36–46

1.3

16.6

32.2

11.0

11.2

10.5

47.4

19.2

0.6

Bg2

Albic Luvisols (Episiltic, Endoloamic)

Bt

90–100

1.7

15.7

27.4

24.9

7.8

8.0

41.1

18.2

0.0

Bs1

Albic Luvisol (Episiltic, Endoclayic, Endocutanic)

A

0–10

0.6

38.7

80.1

9.2

13.1

10.0

56.3

11.3

0.2

Bs1

Albic Luvisol (Episiltic, Endoclayic, Endocutanic)

E

30–40

1.4

20.3

31.7

13.5

13.0

10.9

51.3

11.2

0.1

Bs2

Katoluvic Greyzemic Katostagnic Phaeozem
(Epiloamic, Endoclayic)

A

30–40

1.3

26.5

37.0

25.7

10.6

10.0

39.6

13.8

0.2

Bs2

Katoluvic Greyzemic Katostagnic Phaeozem
(Epiloamic, Endoclayic)

Bt

75–85

1.4

23.3

34.5

31.9

7.9

8.8

38.9

12.4

0.1

1

Bulk density; 2soil moisture; 3minimum moisture-holding capacity.

mum moisture-holding capacity (MC) and bulk density (BD). Particle size analysis was conducted using the pipette method with
the pyrophosphate procedure used for soil preparation. Soil size
fractions were defined as clay (< 0.001 mm), fine silt (0.001–0.005
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mm), medium silt (0.005–0.01 mm), coarse silt (0.01–0.05 mm),
fine sand (0.05–0.25 mm) and medium and coarse sand (0.25–
1.00 mm) according to the East European texture classification
system (Kachinskiy, 1956).

The concentration of Pt in the studied soil samples was determined using ICP-MS at the accredited Chemical Analytical
Center “PLASMA” (Tomsk, Russia) according to MVI 001-ХМС2007 (PLAZMA 2015). The prepared soil sample of 0.1 g was
subjected to ashing at 450°С and digested in a concentrated HFHNO3-HClO4 mixture. The concentrations of Pt of the digested
solution were determined by an EIAN DRC-e spectrometer
(PerkinElmer, USA). QA/QC included reagent blanks, analytical
duplicates and analysis of the state standard reference samples. The relative error was not higher than 20%. The method
detection limit (MDL) for Pt was 0.01 mg kg–1. In this study, a Pt
concentration below the MDL was taken as half of one (Johnson et al., 2011) and equal to 0.005 mg kg–1. This value is several
orders of magnitude lower than the upper continental crust
content of metal (0.5 mg kg–1) (Rudnick, Gao, 2003) or world
soil average (0.02 mg kg–1) (Kabata-Pendias, 2011), but it is similar to the estimations by Greenwood and Earnshaw (1989). It
should be noted that the direct determination of Pt in various
environmental objects is often difficult due to the low concentrations (Komendova, 2020). Previous studies (Kulizhsky et al.,
2013, 2017) have shown that background Pt content in natural
soils of sites under consideration are close or below the detection limit of the chosen method. At the same time, the concentration of Pt in the suspensions used for the experiments was
significantly higher; therefore, its accumulation in the columns
could be easily tracked, and we could assume that all the detected Pt in the columns is related to its migration from the
suspension in the form of PtNPs.
2.3. PtNP suspension
PtNPs were obtained by laser ablation in distilled water from high-purity (99.97%) platinum bars, as described in
(Kulizhskiy et al., 2017). The characteristics of NPs were verified by TEM (Phillips CM-12, France), dynamic light scattering
(Zetasizer Nano ZS, USA) and BET (TriStar 3000, USA). The size
of PtNPs (Δ50) was 5 nm, and the specific surface (S) area was
36 m2 g–1. The concentration of PtNPs in suspension was 10 mg
L–1. Deionized water (Milli-Q) was used as a dispersion medium.
2.4. Column experiments
In the laboratory, the experimental columns with soil were
placed in a container with a suspension of nanoparticles with at
a concentration of 10 mg L–1 at a depth of 0.5 cm for a week. The
lower part of the column, which was immersed in the suspension (0.5 cm), was cut off during sampling. To create a moisture
gradient in the columns during the experiment, their tops remained open, and the container with the suspension was isolated from evaporation. Subsequently, the total content of platinum
in the samples from the upper and lower parts of the columns
was determined. These samples were 2.5 cm thick. For this, the
edge parts of the soil monoliths were cut off and transferred to
ICP-MS. The total platinum concentrations at the ends of the columns allowed us to calculate the coefficient of differentiation of
the distribution of platinum in the column (KPtNPs), given by the
following equation:

. 3W13V =

&WRS × 
&ERWWRP

(1)

where Ctop is the Pt concentration in the upper part of the column,
and Cbottom is the Pt concentration in the deeper part of the column.
2.5. Data analysis
Multivariate statistical analysis and data visualization were
conducted using the STATISTICA 12 software package. The analysis of histograms and the Kolmogorov–Smirnov test were utilized to examine the normality of the studied parameters, and
non-normal variables were standardized to a z-score. The homogeneity of variance was tested using Levene’s test. Hierarchical
cluster analysis (HCA) was used to group the soil columns based
on the absorption rate of PtNPs according to Ward’s method; the
measure of similarity used 1-Pearson’s r, and the results were
reported in the form of a dendrogram. The critical level of amalgamation for a set of 30 samples was 0.639 at p< 0.05. Differences between soil columns were determined using main effects
one-way ANOVA followed by a post hoc test (LSD test). Pearson
correlation coefficients were calculated to determine the relationships between soil properties and PtNP concentrations.

3.

Results

3.1. Properties of studied horizons
The data on the selected chemical and physical properties
of studied horizons are presented in Tables 1 and 2. It is clearly
visible that various horizons show differences in the studied parameters.
The pH values increased from 5.5–5.7 in A horizons to 5.8–
6.1 in E horizons and 5.7–6.2 in Bt and BC horizons. The highest
pH was characteristic of the Cca horizon, which is clearly due to
the presence of carbonates (5.4 %). The content of organic carbon
decreased from 2.1–4.3 in A horizons to 1.0–1.8 in E horizons, 0.4–
0.7 % in Bt horizons and 0.0–0.1 % in Bc and Cca horizons. The
variation of acidity and base saturation values were rather characteristic for soils with eluvial-illuvial differentiation of the profile, when the highest BS decreases in the following row Cca – Bc
– Bt – A – E horizons, and acidity shows a reverse trend, respectively. Both soil moisture and minimum moisture-holding capacity were highest in the upper part of the soil profile and decreased
with depth. The bulk density varied from a minimum value of 0.6
g cm-3 in the A horizon of Albic Luvisol from the Basandayka site
to a maximum value of 1.7 g cm-3 in the Bt horizon of Albic Luvisol from the Bogashevo site. The variations in the content of clay
fraction in the studied samples showed very similar trends, with
the bulk density reaching the maximum and minimum values in
the horizons of Albic Luvisols with pronounced eluvial–illuvial
differentiation of the profile up to 34.0 % in Bt and 9.2% in A, as
well as 13.5% in E. In general, discussion regarding the differences in properties between individual soil profiles or types is
difficult; however, we discuss the most representative horizons
of the most common components of the soil cover.

Loiko et al.

3.2. PtNP transfer with capillary rise
The results obtained during the experiments are available
in Appendix and in Fig. 3. The obtained results showed that the
maximum concentrations of Pt in the bottom parts of the columns decreased in the following raw A > E > Bc > Cca > Bt horizons. It is important to note that concentrations of Pt in the
bottom part of the columns with the A, E and Bc horizons were
several magnitudes higher than in the Bt horizons, except for the
residual humus horizon of the Bs2 profile (Katoluvic Greyzemic
Katostagnic Phaeozem).
The results for the PtNP concentrations in the upper part of
the column were rather different. The concentration in the upper
parts of the Bt horizons were comparable or even higher than in
the E and Bc horizons, except for the Bt of the Bs2 profile (Katoluvic Greyzemic Katostagnic Phaeozem) from the Basandayka site.
The highest values of Pt content were observed in the A horizon
of the L2 profile (Endoluvic Endostagnic Phaeozems) representing the Luchanovo site. At the same time, this result requires further examination since one of three columns showed values two
magnitudes higher than all other columns in the experiment,
and therefore it should likely not be included in discussion due
to the low degree of confidence. In total, most of the columns for
the individual horizons showed a low degree of variability. The
absence of PtNP accumulation in the upper parts of the columns
representing the Cca horizon of the L1 profile (Luvic Greyzemic
Phaeozems) from the Luchanovo site is also worth mentioning.

SOIL SCIENCE ANNUAL

Only one of three individual columns showed PtNP concentrations in its upper part higher than the detection limits.
The KPtNPs values were rather high for the Bt horizons in
particular, as well as for both the Bt and A horizons of the soils
representing the Basandayka site. The reasons for the high variability of the KPtNPs values in the A horizon of the Bs1 and Bs2
profiles representing the Basandayka site are discussed in the
paragraph above.
3.3. Relationships between properties and soil type and PtNP
mobility
The results of the correlation analysis demonstrating the
relationship between PtNP concentrations and the properties
of the studied samples are presented in Table 3. For the concentration of PtNPs in the bottom part of the columns, one can
see a significant (p < 0.05) strong positive correlation with the
content of organic carbon (0.74), a moderate positive correlation with the content of medium and coarse sand (0.54), a weak
positive correlation with the acidity (0.50) and a minimum moisture-holding capacity (0.50), as well as contents of fine (0.46)
and coarse silt (0.44) and a negative moderate correlation with
bulk density (–0.68) and content of clay fraction (–0.58). The concentrations of PtNPs in the upper parts of the columns showed
significant (p < 0.05) weak and moderate positive correlations
with soil moisture (0.42), coarse silt content (0.38) and minimum
moisture-holding capacity (0.51), as well as weak negative cor-

Fig. 3. Means plots showing the
distribution of (a) Pt concentration in the lower part of soil
columns; (b) Pt concentration
in the upper part of soil columns; (c) differentiation coefficient (KPtNPs).
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relations with bulk density (–0.44). The values of the KPtNP coefficient showed significant (p < 0.05) moderate positive correlations with H+ (0.46) and clay (0.39).
To highlight the differences in PtNP concentrations between
the soil columns, the significance of soil type and horizons was assessed using one-way ANOVA (Table 4). According to the multivariate Wilks lambda criterion, the soil type and soil horizon were
highly significant for PtNP mobility (p < 0.0005). Significant differences depending on the soil type and soil horizon were found
only for the PtNP content in the bottom layer of the column (Table
3). The LSD test revealed that the L2 profile (Endoluvic Greyzemic
Phaeozems) exhibit the highest absorption capacity in relation to
PtNPs in comparison with all other soils. In addition, significant
differences were identified between the Bs1 (Albic Luvisol) and
Bs2 (Katoluvic Greyzemic Katostagnic Phaeozem) profiles. Significant differences in the PtNP content in the bottom part of the
column were observed between the Bt horizons and all other horizons except BC, as well as between the A, E and Cca horizons.

The results of the hierarchical cluster analysis (HCA) are
presented in Fig. 4. The hierarchical dendrogram shows four
clusters, although their interpretation is not always exact. The
first cluster mainly unites samples from the E horizon of the Bs1
profile and the BC horizon of the L1 profile, the A horizon of the
L2 profile and the A horizon of the Bs1 profile and the E horizon
of the Bg2 profile. The second cluster is represented by different
soils; it is almost entirely composed of the Cca horizon of Luvic
Greyzemic Phaeozems. The third cluster unites the Bt horizon of
the Bg1 (Amphiluvic Phaeozems) and Bg2 (Albic Luvisols) profiles. The fourth one mainly refers to the Bt and A horizons of the
Bs2 profile (Katoluvic Greyzemic Katostagnic Phaeozem). Two
large clusters that unite the first and second clusters and third,
fourth and fifths clusters, respectively, cannot be indicated, as
their linkage appears above the critical level of amalgamation;
however, they give indirect evidence of the relationships between the A and E horizons on the one hand and the Bt, Cca and
residual A horizons on the other.

Table 3
Pearson correlation coefficients between platinum nanoparticle (PtNP) concentrations and properties of soils
Variable

Concentration, mg kg–1

KPtNPs

Bottom

Top

pH

–0.34

–0.16

Soil Organic Carbon

0.74

0.25

–0.08

Са2+

0.25

–0.01

0.02

1.0

Mg2+

0.29

0.003

–0.33

0.8

Н

–0.05
Color map

0.09

0.31

0.46

0.6

Al3+

–0.01

–0.03

–0.103

0.4

Acidity

0.50

0.35

0.01

0.2

Base Saturation

–0.26

–0.25

0.003

0.0

Soil Moisture

0.26

0.42

0.03

–0.2

Minimum Moisture-Holding Capacity

0.50

0.51

–0.03

–0.4

+

Bulk density

–0.68

–0.44

–0.01

–0.6

Clay

–0.58

–0.28

0.39

–0.8

Fine Silt

0.46

0.29

–0.19

–1.0

Medium Silt

0.10

0.15

–0.26

Coarse Silt

0.44

0.38

–0.23

Fine Sand

0.28

–0.22

–0.30

Medium and Coarse Sand

0.54

0.05

–0.27

bold

p < 0.05

Table 4
Results of main effects one-way ANOVA for studied soils
Effect1

Cbottom

Ctop

KPtNPs

SS

DF

MS

F

p

SS

DF

MS

F

p

SS

DF

MS

F

p

Horizon

3.494

3

1.165

3.982

0.020

4.937

3

1.646

1.667

0.202

9.927

3

3.309

52.754

0.000

Soil

11.381

2

5.690

19.459

0.000

3.836

2

1.918

1.943

0.166

0.383

2

0.191

3.052

0.067

Error

6.726

23

0.292

22.702

23

0.987

1.443

23

0.063

1

Significant effects (p < 0.05) are in bold.
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Fig. 4. Hierarchical dendrogram showing clustering of studied soil columns according to Pt concentrations using
Ward’s method of amalgamation and the 1- Pearson’s r distance as the distance measure. The dashed line in the dendrogram represents the critical level of amalgamation

4.

Discussion

While discussing the obtained results, we should be precise
in terms of conclusions since the experiments performed with
the columns of natural soils, especially Phaeozems and Luvisols,
are very heterogenous, unlike artifactual saturated porous media, which are typically used for studies of metallic NP transfer. Another important issue that significantly complicates the
interpretation of the data is related to the absence of modeling
in these experiments as it is very difficult to evaluate the input
parameters. At the same time, the data obtained allow us to note
several interesting probabilistic points. The ability to scale the
revealed patterns allows us to understand the properties of soils
in other regions, which are similar to the studied soils (Glina et
al., 2013; Kobierski et al., 2015).
The physical properties of the soils had a noticeable effect
on the capillary rise of PtNP colloids. The minimum moisture
holding capacity of humus horizons is relatively high, and the
soil density is the lowest among all horizons. This indirectly indicates a high rate of capillary pores. These pores retain moisture.
Epipedons are often characterized by increased water holding
capacity (Polyakov et al., 2020). Due to this, the epipedons not
only easily absorb suspensions but also fix them, acting as sorption barriers not only for dissolved forms, but also for nanoparticles (colloids) (Kulizhskiy et al., 2013, 2017). A higher intensity
of Pt transfer with capillary rise was observed in the A and E horizons, while it was lower in the Bt and Cca horizons. The A and
E horizons are characterized by the highest content of organic
carbon, which significantly increases their potential for the
sorption of PtNPs (Philippe, Schaumann, 2014; Reith, Cornelis,
2017; Komendová et al., 2019). A significant limiting factor for
the migration of highly dispersed matter is the presence of carbonates in the horizon. The results of various studies concerning the transport of metallic NPs in the saturated porous media
showed that their mobility also decreases with the increase in
the content of carbonates (Laumann et al., 2013; Adrian et al.,
2019).
PtNPs in Phaeozems and Luvisols are able to move not only
with the gravitational current of water, but also under the action
of capillary forces in any direction relative to the gravity vector.
The volume and range of transfer of highly dispersed material
increases with decreasing density. This fact is very important for
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the modeling of plant nutrition, since this effect provides NPs
with the ability to move in any direction relative to the force of
gravity, which can be important during their remobilization due
to the flow of capillary water along the moisture gradient that is
created around the root system (Ghestem et al., 2011).
The process of the transfer of colloids under the action of
capillary phenomena was possible in almost all the studied horizons, but the transfer distances were rather limited. Apparently,
in natural soils, this migration mechanism probably leads to
the transfer of colloids in the illuvial horizons from magistral
pores to pores of lower orders. It was also seen that different
genetic horizons showed various intensities of PtNP migration
with capillary rise with respect to their chemical and physical
properties (Kodešova et al., 2011). For example, the Bt horizon
of the Katoluvic Greyzemic Katostagnic Phaeozem (Epiloamic,
Endoclayic) of the local depression within the aspen–fir taiga is
worth mentioning. In the experiments with columns from this
horizon, the PtNPs managed to transfer only into the lower part
of the column, while the concentrations of Pt in the upper part
for all three replications were lower than the detection limits.
However, it is possible to suggest that the degree of clogging of
the pore space in the textural horizon of this soil is so great that
the fine particles are practically unable to move through themselves, although it can also be explained by the peculiarity of
the experimental columns, in which there is a slight compaction
of the soil. Under such conditions, the residual A horizon partly
plays the role of illuvial, which is supported by the results of
cluster analysis.
The revealed mechanism of migration of PtNPs through
capillaries suggests that a similar transfer of colloids of other
chemical compounds is possible. This has two important implications. (1) In soil horizons without macropores, colloidal particles can migrate with both lateral and vertical flows of capillary
water. Transfer of colloids can be expected even in “warm” permafrost, where, as is known, capillary moisture is in an unfrozen state (Ming et al., 2020; Qiu et al., 2020) and migrates to the
freezing front. The revealed process can explain the accumulation of dissolved and colloidal forms of elements in dispersed ice
below the active layer in the peat deposit of Cryic Histisols (Lim
et al., 2021). The second consequence is associated with the recently described mechanism for the uptake of natural colloidal
phosphorus by plants (Montalvo et al., 2015; Bollyn et al., 2017).
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This indicates that colloidal particles entering the rhizosphere
through capillaries play an important role in plant nutrition
even in the absence of macropores.

5.

Conclusions

The present work showed that in all investigated soil horizons of Phaeozems and Luvisols, PtNP suspensions relocate
by water flow to soil capillaries despite the gravity gradient. At
short distances (centimeters), soil organic carbon, the minimum
moisture-holding capacity, acidity sand contribute to a greater
transfer of PtNPs. Sand particles form pores between themselves,
which have a large cross-section that does not contribute to the
development of long-range capillary transfer but contains a large
volume of suspension. Bulk density and clay limit the absorption
of the PtNPs. Clay increases the packing density by reducing the
number of active capillary pores. At longer distances, measured
in the first tens of cm, the relocation of PtNPs is regulated by
the minimum moisture-holding capacity; the higher its value,
the more PtNPs are relocated. This property depends on the
volume of capillaries capable of retaining water. Long-distance
transport is favored by coarse silt; these particles create capillaries with an optimal cross-section. The opposite effect causes
an increase in the bulk density, which prevents the relocation of
PtNPs. The coefficient of KPtNPs, which shows the percentage of
nanoparticles displaced to the top of the column, positively correlates with the amount of H+ in the exchange state.
The transfer of water under the action of capillary forces
plays an essential role in soils, especially when water is pulled
into the rhizosphere in the dry season. Plants take up PtNPs (Astafurova et al., 2015; Ahmed et al., 2021), which means that the
established capillary transfer will enhance the uptake of PtNPs
by the roots. The least active nanoparticles move in the capillary
pores of the carbonate horizons. For dense soil horizons without macropores, capillary pores are the only pathways for water
movement. The experiments carried out show the possibility of
cutan formation in fine pores due to the transfer of colloids under the action of capillary forces.
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Appendix A
Table A1
PtNPs concentrations in studied soil columns
Site

L1

L2

Bg1

Bg2

Bs1

Bs2

12
141621

Soil name according to WRB 2015

Luvic Greyzemic Phaeozems (Episiltic, Endoloamic)

Endoluvic Greyzemic Phaeozems (Episiltic, Endoloamic)

Amphiluvic Phaeozems (Epialbic, Episiltic, Endoloamic)

Albic Luvisols (Episiltic, Endoloamic)

Albic Luvisol (Episiltic, Endoclayic, Endocutanic)

Katoluvic Greyzemic Katostagnic Phaeozem (Epiloamic,
Endoclayic)

Column

Horizon

KPtNPs

Pt, mg kg-1
Bottom

Top

6-1

Bc

2.01

0.01

0.5

6-2

Bc

1.79

0.03

1.7

6-3

Bc

0.82

0.08

9.8

7-1

Cca

0.23

<0.01

2.2

7-2

Cca

0.42

<0.01

1.2

7-3

Cca

0.41

0.03

7.3

10-1

A

2.48

0.05

2.0

10-2

A

6.99

0.05

0.7

10-3

A

6.44

0.07

1.1

1-1

Bt

0.23

0.06

26.1

1-2

Bt

0.07

0.04

57.1

1-3

Bt

0.08

0.08

100.0

4-1

E

1.74

0.06

3.4

4-2

E

0.83

0.04

4.8

4-3

E

1.31

0.05

3.8

5-1

Bt

0.23

0.02

8.7

5-2

Bt

0.13

0.01

3.8

5-3

Bt

0.50

0.02

4.0

8-1

A

1.95

1.29

66.2

8-2

A

3.19

0.03

0.9

8-3

A

3.18

0.02

0.6

9-1

E

1.81

0.04

2.2

9-2

E

1.31

0.06

4.6

9-3

E

2.13

0.03

1.4

2-1

A

0.15

<0.01

3.3

2-2

A

0.14

0.03

21.4

2-3

A

0.11

0.03

27.3

3-1

A

0.11

<0.01

4.5

3-2

A

0.08

<0.01

6.3

3-3

A

0.03

<0.01

16.7

