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PARTICLE SIZE PARTITIONING OF METALS IN HUMUS
HORIZONS OF TWO SMALL EROSIONAL LANDFORMS IN
THE MIDDLE PROTVA BASIN — A COMPARATIVE STUDY

ABSTRACT. Partitioning of metals in soil particles of various size classes has been receiving greater significance due to the
necessity to predict the behaviour and pathways of the potentially toxic elements in the environment. In this study the
analysis of metals’ distribution in various particle size fractions was performed to characterize and compare geochemical
features of the topsoil horizons of two small erosional landforms located in uncontaminated area of the central part of
European Russia (the Middle Protva basin, mixed forest zone). The landforms represent two typical lithological types of
gullies in the study area. Soil samples were fractionated and the concentrations of Fe, Mn, Ti, Zr, Ni, Co, Cr, Zn, Cu, Pb were
determined in five particle size fractions: 1-0.25,0.25-0.05,0.05-0.01,0.01-0.001 and <0.001T mm. The metals’'concentrations
and their distribution in various particle sizes were found to be related to gully litho-type. The contribution of the clay to
the total amount of metals was the greatest for Mn, Zn, Ni and Co in both systems. The highest mass loading for Ti, Zr and
Cr came from the coarse silt, while for Cu and Pb it was made by different particle size fractions: the medium and fine silt
or the coarse silt. The highest contribution of Fe also came from different fractions, either from the coarse sand or the clay
depending on the system.

KEY WORDS: soil, humus horizons, distribution, heavy metals, particle size fractions, gully

CITATION: Olga A. Samonova, Elena N. Aseyeva (2020) Particle Size Partitioning Of Metals In Humus Horizons Of Two Small
Erosional Landforms In The Middle Protva Basin — A Comparative Study.

Geography, Environment, Sustainability, Vol.13, No 1, p. 260-271

DOI-10.24057/2071-9388-2019-116

INTRODUCTION The majority of the studies have shown that fine soil parti-
cles tend to concentrate and retain higher amounts of metals

Geochemical analysis of small erosional landforms has ~ and have a stronger ability to carry potentially hazardous sub-
been in the focus of the recent studies because gullies play  stances due to their high specific area, more organic matter and
a vital role in the sediment transfer within river basins and Fe/Mn/Al oxides content (Forstner 1982; Hardy and Cornu 2006;
sediment-associated redistribution of potentially hazardous Gong etal. 2014; Liu et al. 2018). In coarser particle size fractions,
elements such as heavy metals (Golosov 2006). During the with a lower sorption capacity, the concentrations of metals
transport of solid material, various physical, physico-chem-  fully depend on the mineralogical composition, in particular
ical, chemical and biochemical processes occur and cause  the proportion of heavy minerals and neoformations (Protaso-
changes in distribution of elements within the mineral as-  va 2003). Consequently, the association of metals with various
semblages and among particle size fractions. The topsoil rep-  particle sizes is determined by parent material, weathering and
resents the most active layer, where such changes are more soil formation pathway (Pobedintseva 1975; Dobrovolskii 1983;
evident in comparison with deeper soil horizons (Samonova Protasova 2003; Hardy and Cornu 2006; Acosta et al. 2011; Ka-
and Aseeva 2006). Most studies dealing with geochemical bata-Pendias 2011). The effect of different parent materials and
analysis of soil-geochemical systems have concentrated on  their mineralogical assemblages was studied in the detail by
total levels or mobile phases of trace elements (Semenkov — Acosta et al. (2011) for the soils located in the Betic Cordilleras

and Koroleva 2019) with very little emphasis on their parti- (SE Spain). The results showed that the distribution of metals in
tioning among soil particle size fractions. However, this type  particle size fractions separated from humus horizons and de-
of analysis contributes to better understanding of size dis-  rived from igneous, metamorphic and sedimentary rocks signifi-
tribution functions of potentially hazardous substances and  cantly depended on parent rock. No distinct trends of accumu-
serves as the basis for accurate risk assessment, soil reme-  lation in specific fractions were observed for Fe and Ti, while for
diation and estimation of metal fluxes in basin-type land-  trace elements two trends were revealed. Some elements, such
scape-geochemical systems. as Pb, Zn and Cu, accumulated preferentially in the clay fraction

The studies that have been conducted to determine regardless of parent rock, however some metals, such as Ni, Co,
heavy metals in different particle size fractions mainly focus  and Cr, were enriched either in the clay or sand fractions de-
on urban or roadside soil, road/urban dust and sediment  pending on rock types. The study performed in France by Hardy
(Sutherland 2003; Ljung et al. 2006; Ajmone-Marsan et al.  and Cornu (2006) for natural and agricultural soils on silty parent
2008; Acosta et al. 2009; Vlasov et al. 2015; Khademi et al.  material (classified as Podzoluvisols) revealed the preferential as-
2019; Zhang et al. 2019), while very little data are available on sociation of trace metals with the clay fraction. Qian et al. (1996)
the distribution of heavy metals in various particle size frac-  found that in moderately and slightly polluted agricultural trop-
tions from agricultural (Qian et al. 1996; Gong et al. 2014) and ical soils in China the majority of the metals accumulated in the
natural (Acosta et al. 2011; Hardy and Cornu 2006; Samonova clay fraction and also in the coarse and medium sand. For the
and Aseeva 2008; Samonova and Aseyeva 2013) soil. urban soil the major carriers of heavy metals are fine fractions,
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including the silt and clay, with particle sizes < 0.05mm (Ljung
et al. 2006) and < 0.01Tmm (Ajmone-Marsan et al. 2008). These
fractions, having high metal levels, might affect human health
and environmental quality since they are easily transported by
suspension, can remain in air for a long period and enter organ-
isms, including humans, by ingestion and inhalation (Ljung et
al. 2006; De Miguel et al. 1997). The coarser fractions in urban
soils are relatively depleted in metals, however in some Euro-
pean cities they reveal high contents of certain metals, in par-
ticular geogenic Cr and Ni, due to their additions from specific
parent lithologies (Ajmone-Marsan et al. 2008). Urban dust and
aerosol are characterized by higher total concentrations of trace
metals (Pb, Zn, Cu, Cd, and Cr) than urban soil (Banerjee 2003;
Khademi et al. 2019) because they mostly consist of fine parti-
cles. The study of roadside dust in Moscow (Vlasov et al. 2015)
showed that heavy metals accumulate in the medium and fine
siltand also in the clay fraction. The study of metals’partitioning
in aerosol fractions performed in an industrial city in southern
Poland (Zwozdziak et al. 2017) also revealed that concentrations
of metals vary with aerosol particle size: the maximum supply
of Fe was related to coarse aerosol fractions (3um-5um), while
the addition of Zn and Pb was associated with finer material
(0.30um-0.67um). The supply of Mn, Cr, and Cu originating from
both natural and man-made sources did not show any particu-
lar association with particle sizes.

Taking into account the importance of background data
on particle size effect on metals’ concentrations, in this paper
we present the results of a soil-geochemical study of two small
erosional landforms located 100 km to southwest from Mos-
cow. The objectives of the study were (i) to investigate and
compare the concentrations and distribution of Fe, Mn, Ti, Zr,
Ni, Co, Cr, Zn, Pb in various particle size fractions (1-0.25mm,
0.25-0.05mm, 0.05-0.0Tmm, 0.01-0.001Tmm and <0.001Tmm)
separated from the landforms’humus horizons, and (i) to assess
the contribution of particle size classes to total metal concentra-
tions, considering the relative abundances of individual particle
size fractions. It was hypothesized that comparing the soils of
the two erosional landforms will reveal the effect of lithologies
on the studied parameters because the landforms belong to
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different lithological types. In addition to this, the study will pro-
vide background geochemical data on natural sources of dust
and aerosol to make a sound basis for pollution assessment of
these components in the urban landscapes of Moscow and
New Moscow area.

MATERIALS AND METHODS

Study area and study objects

The study area (55°12-13'N, 36°21-22'F) is located in the south-
eastern part of the Smolensk-Moscow Upland (314 m a.s.l), in
the Middle Protva basin, 100 km to the southwest from Moscow
(Fig. 1). Geomorphologically, it belongs to a marginal area of the
Middle Pleistocene (MIS 6) glaciation with moraine topography
modified by post-glacial erosional and fluvial processes. Climate
is humid temperate continental characterized by moderately
moist and warm summers (T, =17.5°C), cold winters (mean
Ty =—9:9°C) and mean annual precipitation about 600 mm.
Natural vegetation is variable because the territory is located in
the transition zone from mixed to deciduous forests. The forest
communities cover about 60% of the studied area, while cul-
tivated lands and meadows occupy about 40% of its territory.
The major soil type is Retisol (World reference base 2015). In
the Russian classification system, it corresponds to sod-podzolic
soils. In the study area such soils occupy sub-horizontal surfac-
es and gentle slopes of the interfluve areas and develop under
mixed forest (oak-spruce, lime-spruce, birch-spruce) vegetation
mostly on mantle (loessial) loam, whose origin has still not been
finally settled. Composed predominantly of silt-size particles,
the mantle loam could have different origin (Kolevatykh 2011):
glaciofluvial, eluvial, subaerial, polygenetic. It is assumed that
it contains an aeolian component (Buggle et al. 2008; Muratov
1953) modified to some degree by local reworking and biolog-
ical processes. About 50% of the soils in the interfluve area de-
veloped on the mantle loam in the nearest past were subjected
to arable farming. The steepest relief elements in the study area
such as sides of the river valleys or gullies represent erosional
sites and are occupied by soddy soils (Regosols, according to
World reference base 2015).

N - Settlements

Boundaries of the

- Volchiy gully (1) and
enokosnaya balka (2)

catchments’

Fig. 1. The map of the study area (modified after Panin et al. 2009) with locations and schemes of the study objects -
the gully (1) and the balka (2). Sampling sites are indicated with five-pointed stars
Black stars are the positions where the concentrations of metals were measured not only in a bulk soil sample but also in the
separated particle size fractions.
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The present study deals with the topsoil horizons of a
gully and a small “U"-shaped dry valley (called balka in Rus-
sian) incised into the left side of the Protva river valley (Fig.
1). The gully and the balka represent two common types of
small erosional systems typical of the study area. The gully is
a smaller and younger Holocene landform whose formation
was initiated in between 4.3- 4.6 ka BP (cal.) probably due to
a local forest fire, coincided with sharp changes of hydrocli-
matic conditions (Panin et al. 2011). The gully has well devel-
oped fan, a concave form of longitudinal profile and mostly
"V"-shaped cross-sections characterized by sharp edges and
straight sides, 20-50° steep. Similar to other Holocene gullies
of the study area, very little sediment storages are found in its
bottom (Fig. 2).

The soil cover of the gully’s catchment is dominated by
sod-podzolic soils under forest communities while in the
bottom and on the sides of the landform soddy soils with
weakly differentiated A-AC-C profile are developed. The gul-
ly’s detrital fan is covered by soddy soils with a relatively thick
humus horizon developing under herbaceous meadow
communities. The soils are formed on different parent mate-
rials since the system cuts through various lithologies includ-
ing glaciofluvial sands, highly erodible glacio-lacustrine silts
and fine-grained sands with a limited involvement of loessial
(mantle) loams and boulder clays (Fig. 2).

The balka is morphologically different and an older sys-
tem whose formation was initiated in the Pleistocene and
continued in the Holocene during phases and episodes of
high erosion (Panin et al. 2009). The balka is incised entirely
into loamy deposits, such as Late Pleistocene loessial loams,
which cover significant share of interfluves area in the region
and also Middle Pleistocene glacial sediments.

It has a smoothed longitudinal profile (Fig. 2), well devel-
oped fan and “U" -shaped cross-sections. The bottom of the
balka is covered by loamy sediments (Fig. 2) accumulated
during the periods of low erosion therefore the parent mate-
rial for soil formation is more homogeneous than in the gully.
The soddy soils of the balka’s sides and bottom are devel-
oping on loamy deposits under grass and large shrub veg-
etation. The large proportion of the balka's catchment area
with sod-podzolic soils was used as tillage and recently is
occupied by grass vegetation. Thus, the gully and the balka,
having different morphology, belong to different lithologi-
cal types, which allows us to evaluate the effect of parent li-
thology on particle size partitioning of metals in their humus
horizons: the balka can be viewed as more homogeneous,
monolithic, system with loamy deposits serving as parent
material and gully belongs to a sandier and less homoge-
neous, heterolithic type.
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Fig. 2. Geological sections along the gully (1) and balka (2) incised in different types of Quaternary deposits and
showing different sediment storage in their bottoms (from Panin et al. 2009)
Geological indexes: Origin: a — alluvium, sl - mantle loam, g — glacial till, gf- glacio-fluvial, Ig - limno —glacial; Age: Q, - Middle
Pleistocene, dn — Dnieper stage (MIS-8), ms — Moscow stage (MIS-6), Q,- Late Pleistocene, Q, - Holocene.
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Sampling and analytical procedures

The samples were taken from the surface A horizon (0-10
cm) according to the scheme displayed in Fig. 1. The sampling
locations in each landform represent three major geomorphic
units, such as sides, bottom and detrital fan, connected by sed-
iment fluxes as well as adjacent catchment area considered as
a source of solid matter (Samonova et al. 2014).

The collected bulk samples were analyzed for exchange-
able soil acidity in 1M KCI solution. The concentrations of
total organic carbon (TOC) were determined using KCr,O,
wet-combustion method and then recalculated to humus
content (Van Reeuwijk 1992). The total levels of metals and
their lateral distribution in the humus horizons of the gully and
balka soils in all the sampled locations (n=75) were analyzed in
our previous study (Samonova et al. 2014). Particle size analysis
and physical fractionation of the bulk soil into five particle size
classes was performed for the fine earth fraction <1 mm. Over-
all, 22 soil samples were subjected to physical fractionation (11
samples for each landform). The boundaries between parti-
cle size classes were defined in accordance with the Russian
conventional fraction groups (Arinushkina 1992): coarse and
medium sand (1-0.25 mm), fine sand (0.25-0.05mm), coarse
silt (0.05-0.01 mm), medium and fine silt (0.01-0.001 mm), clay
(<0.001T mm). The listed fractions for the convenience were
designated by capital latter G and (according to particle siz-
es) by Arabic numerals: G1, G2, G3, G4-5, G6. The sand frac-
tions (G1 and G2) were separated by wet sieving while the silt
fractions (G3 and G4-5) as well as the clay fraction (G6) were
obtained by sedimentation and siphoning, during times de-
termined by Stokes' law (Arinushkina 1992). In the individual
particle size fractions (3-5 g) and also in the bulk soil material,
the concentrations of Mn, Cu, Ni, Co, Cr, Zn, Pb, Ti and Zr were
determined by atomic emission spectroscopy with 3-phase dc
arc using DFS-458 equipment and the concentrations of Fe
were determined by atomic absorption spectrometry. In total
110 samples of the individual fractions were analyzed for the
metals’ contents. Many of the analysed elements, such as Ni,
Co, Cr, Zn, Pb, Cu are often-studied and linked with health risk
concerns (Rinklebe et al. 2019; Zwozdziak et al. 2017), while
some, namely Ti and Zr, have received little attention in envi-
ronmental studies as compared to other potentially toxic ele-
ments (PTEs). Also, the key (typomorphic) elements, such as
Mn and Fe, are necessary in explaining the distribution of PTEs
since their (hydr)oxides may incorporate trace elements and
thus influence mobilization and accumulation of trace metals
in soils.

Data treatment

For two independent subpopulations of the samples (“the
balka”and “the gully” datasets, n=11, each), we calculated de-
scriptive statistics and used two-sample t-test and significance
level a=0.05 to compare the means between the two groups
in order to understand whether there is a difference between

(a) Gully
Adjacent catchment
area (sod-podzolic soils) 4 15 51 19 -
Landform sides
(soddy soils) L 2 4 o -
Bottom (weakly = = » .
developed soddy soils) .
Fan (moderately thick ne = % - -

soddy soils)

0% 20% 40% 60% 80% 100%

the metal concentrations in bulk soil or in a particular particle
size fraction on the basis of the landform type. For the statisti-
cal treatment the software program SPSSv11.0 was used. The
magnitude of the differences between two subpopulations
was also evaluated by calculating enrichment ratio. It shows
how many times the average metal concentrations in one
group of samples (bulk soil or individual particle size fractions)
taken from one landform exceeds the average concentrations
in the other group. This ratio in the text is given as a numeric
index next to the element symbol.

The relative importance of a particular fraction with re-
spect to its contribution to total metal concentrations was as-
sessed on the basis of the soil textural data and the content of
a particular metal in each size fractions by calculating average
mass loading using the following formula (Sutherland 2003;
Gong et al. 2014):

5
MGi = (Mi*Gi)/ (O (Mi*Gi)*100) Q)
i=1
where Mi — is the average content of the metal in a particle
size fraction i (mg-kg™); Gi — the average mass percentage of
individual fraction.

RESULTS AND DISCUSSION

The particle size distribution and physicochemical charac-
teristics of the bulk soil in the gully and the balka systems
The data on average proportions of individual particle size
fractions in humus horizons of various locations of the two
systems are shown in Fig. 3. The greatest differences in the
granulometry of the topsoil horizons are observed in the gully
system, which can be explained mostly by its heterolithic na-
ture. In the catchment area the particle-size distribution is very
characteristic for loessic material and resembles one found in
the topsoil of the balka’s catchment. Towards the gully’s fan
due to the landform incision into glaciofluvial strata the gran-
ulometry of the topsoil changes: total sand share (G1 and G2)
increases to 55%, while the proportions of the silt (G3 and G4-
5) drop accordingly from 70% to 32% (Fig. 3a). The amount of
the clay fraction stays relatively stable, however, on average,
the clay is slightly enriched in the soils located on the sides of
the landform and in its adjacent catchment area (13-12%). For
the longitudinal soil sequence in the gully’s bottom, the linear
trend estimates performed in our previous study (Samonova
et al. 2014) proved that the amount of the sand fractions ex-
hibit an increasing trend (r=0.79, p=0.002), while the silt frac-
tions reveal decreasing trends (r=-0.75, p=0.005), which might
indicate redistribution of soil material in longitudinal direction
taking place during summer rainstorms or spring snowmelt.
Compared to the gully, the distribution of particle size frac-
tions in soils along the different units of the balka system is
more uniform. In all geomorphic positions the balka's topsoil
horizons are dominated by the coarse silt, whose proportions

(b) Balka
Particle size

2 63 25 . fractions, mm

GI (1.0-0.25)
s B 52 :
723 7- G2 (0.25-0.05)

G3(0.05-0.01)

34 59 23 -
G4-5 (0.01-0.001)

" G6 (<0.001)

0% 20% 40% 60% 80% 100%

Fig. 3. Average granulometry of the topsoil horizons in the gully (a) and the balka (b) in various soil locations
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vary between 52-63% (Fig. 3b). The clay comprises 8-11% of
the fine earth fraction. The contents of the sand fractions (G1
and G2) vary within a wider range: in the topsoil of the balka's
sides the sand accounts for 14%, which is higher than in the
adjacent area (4%) or in the balka's bottom (7%). The estima-
tions of linear trends for the longitudinal soil sequence in the
balka’s bottom (n=16) (Samonova et al. 2014) showed the pat-
terns similar to those described for the gully.

The humus content in soils of the gully and balka systems
varies considerably from very low (1-2%) to very high values
(Fig. 4a) due to control of erosional-depositional processes as
well as different development of vegetation communities and
ground cover producing organic residues and protecting soil
from erosion. The highest average levels of soil organic mat-
ter in both systems are observed in the soils occupying the
sides of the landforms (Fig. 4a) probably due to accumulation
of soil material that moved with creep processes (Azhigirov et
al. 1987; Gennadiev et al. 2008; Golosov 2006). The minimum
humus content in the two systems is found in the bottom lo-
cations which reveal decreasing linear trends in longitudinal
soil sequences (from the headcuts towards fans) (Samonova et
al. 2014).

The data on the soil exchangeable acidity (Fig. 4b) display
that the soils of adjacent catchment areas formed on a single
parent material mostly have weakly acidic reaction. The topsoil
of the internal units in the balka are characterized by weak-

Humus, %
10
9
8
7
6
5
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Adjacent  Sides Bottom Fan
catchment

area

ly acidic or neutral reaction, while in the gully this parameter
changes more sharply, from weakly acidic to weakly alkaline
reaction. The sharp increase in pH in the landform long profile
is accompanied by the rise of the fine sand content in topsoil
horizons, which is caused by the incision of the gully landform
into calcareous sandy strata.

Comparison of the gully and balka humus horizons on the
basis of heavy metal concentrations in the bulk and individ-
ual soil particle size fractions

The metal contents calculated for the bulk soil and indi-
vidual particle size fraction for two subpopulations of samples
(grouped on the basis of gully or balka membership) are pre-
sented in Appendix (Table A), and Fig. 5. The magnitude of dif-
ferences between the mean values in two groups of samples
was evaluated using the enrichment ratio.

The results of the performed comparison demonstrated
that the bulk soil (humus horizons) of the gully and the balka
systems have nearly equal levels of Ni and very small differenc-
es in the average concentrations of a wide spectrum of the
elements including Fe, Zr, Cu, Pb, Co (+ 10%). Despite very nar-
row divergence between metals' contents in the gully and the
balka topsoils, the differences are statistically significant (Table
1) for all listed elements except for Cu. The concentrations of
Co, Zr are slightly higher in the soils of the balka, while the gully
topsoil has higher levels of Pb and Fe. The larger magnitude of
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Fig. 4. Statistics on humus content (a) and pH (b) in the topsoil of the gully and balka systems

Table 1. Results of two-sample t-test for metal concentrations in bulk and individual particle size fractions separated from

humus horizons of the balka and the gully: two-tailed test p-values (n=11)

Elements Gl G2 63 G5 66 Bulk
1-0.25 0.25-0.05 0.05-0.01 0.01-0.001 <0.001 mm

Cu 0.556 0495 <0.001* <0.001* <0.001* 0474
n 0.105 0482 0.001* <0.001* <0.001* 0.861
Pb 0.002% 0.174 <0.001* <0.001* <0.001* 0.001*
Co 0.011 0.897 <0.001*% <0.001* 0450 <0.001*%
Ni 0.841 0117 <0.001* <0.001* 0.126 <0.001%
Cr 0.551 0.390 <0.001* <0.001* 0.001* <0.001*
Mn 0.006* 0273 0.012% 0.003* 0.752 <0.001*
Fe 0.156 0212 <0.001* <0.001* 0.629 <0.001*
Ti 0.219 1,000 0312 0.000* 0.017* <0.001*
Zr 0.087 0873 0.284 0.001* <0.001* <0.001*

* the star sign indicates p-values below the chosen threshold (a=0.05), which means that two sets of data are significantly different
from each other. For such cases the font colour (red, blue or black) is used to show the magnitude of the difference. The red or blue

fonts are used to demonstrate high magnitude of the divergence between mean concentrations with the enrichment ratio >2. The red

font shows that the mean concentration of a particular element is higher in the balka, while the blue one — in the gully samples.
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differences between the bulk soil of the two systems were ob-
served for Mn, Cr, Ti, and Zn, showing higher levels in the the
balka (with the enrichment ratio equal 2 for Mn, and 1.3-1.4 for
other elements). The difference, however, is significant only for
Mn, Crand Ti (Table 1), while for Zn it is not. Thus, the variations
in lithology across the balka and the gully systems have clear
response in metals concentrations in the bulk soil: the topsoil
of the balka system is generally higher in metals than that of
the gully except for two metals — Fe and Pb, enriching soils of
the gully.

The sand fractions might have different genesis in the
two systems. In the gully, the sand could be inherited main-
ly from glaciofluvial strata, but in the balka sand material
is mostly derived from mantle (loessial) loams. According
to the obtained data, the coarse and medium sand (G1)
separated from the balka's topsoil compared to that in the
gully contains equal average amount of Ni, but higher con-
centrations of Mn, . Co, ., Pbm, Tizr ., CuZn, and lower
concentrations of Fe, . and Cr, . However, statistically these
differences are significant only for Mn, Co and Pb (Table
1). The higher content of these three elements in coarse
particle size fraction might reflect a relative abundance of
manganese coatings or nodules which are usually enriched
in several other trace metals, in particular Co and Pb (Ka-
bata-Pendias 2011; Sposito 2008; Barrdon and Torrent 2013).
The observed metal depletion in the sand sized material in
the gully system seems to be related to the fact that gla-
ciofluvial sediments in comparison with mantle loam or till
are relatively enriched in quartz (Protasova 2003; Rychagov
and Antonov 1992) that does not contain or very few oth-
er elements than Si (Hardy and Cornu 2006). The fine sand
fraction (G2) of the two systems has less distinct differences
than the coarser one. It is equal in terms of Ti, Zr, Zn, and
Co levels. However, it showed statistically insignificant dif-
ferences for other elements whose average concentrations
were mostly 1.5-1.2 higher in the balka, except for Cu, en-
riching this particle size fraction in the gully soil.

The coarse silt (G3), separated from the gully and the bal-
ka soils and composed mostly of primary minerals (Schaetzl
et al. 2005), does not differ in terms of Ti and Zr levels. At
the same time, in the gully it contains significantly higher
amounts of Cufe,, ., Ni2_3,Cow,ZnW_6,Pb1 JMn Cro The
medium and fine silt (G4-5) from the gully soils also demon-
strates higher contents of a wide range of metals (Cu5_9,Pb2v5,
Fe,, Zn,, Ni,, Co , Mn , Cr ), while the same fraction
from the balka's humus horizon is significantly higher in
stable elements — Zr, . and Ti, . The predominance of micas
and chlorite which accumulate a wide spectrum of trace
metals (Hardy and Cornu 2006) over other major silt con-
stituents, such as quartz, alkaline feldspars and plagioclases,
seems to be a reasonable explanation for higher amounts
of trace elements in the silt-sized material of the gully soils.
The fine and medium silt fractions in the balka soils proba-
bly contain less micas and more Zr and Ti-rich primary ac-
cessory minerals (rutile and zircon).

The clay fraction (G6) showed very little (less than 10%)
and not significant differences in Fe, Mn, Co, Ni levels, but
higher divergence and significant difference in the average
concentrations of other elements (Table 1). In particular,
Cu,,, PbW_S, Zn, . Cr enrich the clay of the gully’s soil, while
Zr,,and Ti  accumulate in the clay of the balka’s humus
horizons. Some of these patterns obviously are inherited
from the silt fractions because clay is formed from silt due
to geochemical and mineralogical transformation of unsta-
ble primary minerals in secondary minerals and also physi-
cal microdivision of primary silt particles (Hardy and Cornu
2006).
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Comparison of the gully and balka on the basis of metals
partitioning in various particle size fractions

Metal distribution among soil particle size fractions is
shown in Fig. 5. It is obvious that the metals show different
patterns due to the different ways in which these elements
can occur in the soils. They can be present in soil (a) as
structural components in primary stable (Zr, Ti) or ferrous
minerals (Fe, Ti, Mn), (b) in secondary minerals such phyllo-
silicate clay or as (hydr)oxides (Fe, Min), especially in redox
conditions, and (c) as adsorbed ions on clay minerals and/
or humus (Pb, Zn, Cu, Ni). Part of the latter elements and
elements of ferro-family (Co, Ni) may also be concentrat-
ed in the Fe Mn (hydr)oxides, but they are unlikely to form
minerals of themselves.

The analysis of the partitioning of metals among differ-
ent soil particle size fractions in the gully system showed
that the studied elements can be combined into the fol-
lowing groups. The first group includes Fe and metals of
ferro-family — Min, Ni and Co, with a minimum average con-
tent in the coarse silt and maximums in two hosting frac-
tions — the clay and the coarse and medium sand. Bimodal
distribution of elements with concentration maxima in the
clay and sand fraction was reported earlier by Qian et al.
(1996) and was explained by the presence of several soil
minerals and phases having high retention for metals. It is
reasonable to suggest that in the clay the listed elements
are associated with secondary clay minerals, while in the
sand they are bound to newly formed Fe-Mn-hydroxides or
ferrous heavy minerals, such as hornblende, garnet, ilmen-
ite and glauconite, which are common in the soil parent
materials of the study area (Rychagov et al. 1992).

The second group includes Zn, Pb, Cu, Cr. These trace
metals are characterized by a minimum average content
in the sand but by the maximum concentrations in finer
fractions: the medium and fine silt (Pb, Cu) and the clay
(Zn, Cr). The preferential accumulation of metals in the fine
fractions was reported earlier both for the natural (Acos-
ta et al. 2009; Hardy and Cornu 2006) and polluted soils
(Ljung et al. 2006) suggesting that they are rather present
in adsorbed form in the clay minerals and/or humus.

The third group incorporates stable elements Ti and Zr.
In the gully system they reveal the maximum concentra-
tions in the silt fractions: in the coarse silt (Zr) and in the
medium and fine silt (Ti), which can be explained by their
preferential occurrence in detrital grains of primary acces-
sory minerals such as rutile, titanite, zircon (Sposito 2008).
These minerals often survive several cycles of weathering
and sedimentation (Deer et al. 1997) and usually concen-
trate in the fine sand to coarse silt fractions.

In the balka system the patterns of distribution shown
by some metals are very similar to those found in the gul-
ly’s soils. This is the case for Min, Ni, Co, Fe (1), Cr (2) and also
for Ti, and Zr (3). The elements from the third group com-
pared to the gully soil, however, have slightly higher lev-
els in the silt and the clay fractions probably due to higher
mineralogical maturity of the correspondent fractions of
mantle loam deposits associated with the higher relative
abundance of stable accessory minerals.

The particle size partitioning of Zn, Pb and Cu seem
to be more lithology dependent. The minimum concentra-
tions of Pb, Cu, Zn in the gully on average are observed in
the sand fractions (fine sand), while in the balka the lowest
levels are observed in the coarse silt; the maximum con-
centrations of Pb and Cu in the gully are typical of the me-
dium and fine silt, while in the balka these elements tend
to accumulate in the clay.
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Fig. 5. Comparison between the abundances of metals in particle size fractions in humus horizons in the gully with
those in the balka
Arithmetic mean is indicated as a cross, median — as a line across the box. X-axe — particle size fractions

Comparison of the gully and balka on the basis of vari-
ability of metals’ concentrations in bulk soils and their vari-
ous particle size fractions

The extent of variability of the metals’ concentrations in
the bulk samples of the topsoil horizons and in particle size
fractions is given in Table A (Appendix). According to the vari-
ation coefficient (CV), which is often viewed as a measure of
group heterogeneity (Dmitriev 2009) the highest degree of
dispersion of concentrations around the mean in bulk sam-
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ples of the gully system is shown by Mn (CV=50%). Other
metals can be arranged into the following groups: Zn, Pb, Zr,
Co (CV=20-30%); Fe, Cr, Cu, Ni, Ti (CV=10-20%). The balka has
less variable topsoil geochemistry regarding metal concen-
trations, which can be explained by relatively homogeneous
textural and mineralogical composition of the bulk samples
in comparison to those in more heterogeneous gully system.
In the fraction of the coarse and medium sand separated
from the gully soils, the variation coefficient for the majority
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of the elements exceed 50%, except for Pb (30%). The disper-
sion around the mean reaches the highest values for Ti and
Mn (101% and 128%, respectively) due to the presence of
outliers. The same fraction in the balka's topsoil seems to be
less variable with respect to Ti concentrations, however, Ni
and Cu display higher and Zn, Pb, Cr, Fe nearly equal degree
of variation.

Across the sand fractions, the fine sand in both systems
reveals lower dispersion of Mn and Ti. The same trend is ob-
served for Cr and Pb in the gully and for Cu, Ni and Fe in
the balka. The higher CV values, which might indicate an in-
crease in spatial differentiation of this fraction in comparison
to the coarser sand, are displayed by Zn (in both systems), Cu,
Ni, Fe (in the gully) and Pb, Cr (in the balka).

The coarse silt, when comparing with sand fraction G2,
demonstrates a significant drop in the variation coefficients
for the majority of the elements both in the gully (except for
Pb) and in the balka (except for Mn), which could be due to
the fact that the silt is more homogeneous in its mineralogi-
cal composition.

The medium and fine silt and the clay have relatively low
CV for most metals. In the lithologically heterogeneous gul-
ly system finer particle size fractions G4-5 and G6 reveal the
minimal CV values for all elements, except for Pb and Mn,
whose lowest variation were observed in the fine sand (Pb)
or coarse silt (Mn). In the balka’s soils only Mn displayed the
minimal dispersion in the sand fraction (G2), while other el-
ements were found to be the least variable in G3 and finer
fractions. When comparing fine soil fractions between the
two systems, the general trend was revealed: the variations
of the metal concentrations are higher in the gully’s soil. In
the medium and fine silt the difference in CV values for Zn,
Pb, Fe is twice higher or nearly three times for Zr. In the clay
the same magnitude of differences in CVis shown by Pb and
Zr. The lower variations in metal contents in the balka’s fine
fractions could be due to more homogeneous mineralogical
composition of fine soil material and/or its more intensive
transformation by soil-geochemical processes.

Contributions of particle size fractions to total metal con-
centrations in topsoil horizons of the gully and balka sys-
tem.

The relative importance of particle size fractions in con-
trolling total metal concentrations in topsoil horizons of the
gully and balka system was evaluated by considering the
joint effect of average abundances of particle size fractions
and their metal contents. The results of these calculations are
shown in Fig. 6.
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In the gully soils (Fig. 6a), the maximum mass loadings
of Mn (39%), Zn (34%), Co and Ni (25%) were associated
with the clay fraction. This reflects high concentrations of
the listed metals in clay-sized particles (Fig. 5) characterized,
however, by relatively low average share (11%) in the top-
soil horizons of the studied system. For the same reason the
maximum contribution of Cu (37%) and Pb (33%) in the gul-
ly's soils came from the fraction of the medium and fine silt
(Fig. 6a). The coarse silt, which dominates over other particle
size fractions, mostly controls the concentrations of stable
elements — Zr (62%), Ti (50%) and also Cr (39%), while the
contribution of other elements from this fraction does not
exceed 22% (29% for Pb). The only element whose maximum
mass loading came from the sand fraction (coarse and medi-
um sand) was Fe (26%).

In the balka the clay fraction with average proportion of
10% makes the maximum contribution to the total amount
of a wide range of metals: Mn (43%), Fe (35%), Ni (33%), Zn
(31%) and Co (30%). The second important fraction is the
coarse silt (Fig 6b). Because of high amount in the bulk soil
(58%) it makes the maximum mass loading for Zr (73%), Ti
(58%), Cr (53%) Pb (42%) and Cu (32%). The coarser sand frac-
tions G1 and G2 due to their very low amount in the surface
horizons of the balka’s soils (4%) have very little loadings of
Ti, Zr, Cr, Pb but make slightly higher contribution to total
abundances of ferro-family elements (Mn, Fe, Co, Ni) and also
Cu.

CONCLUSIONS

The bulk soil of the gully and balka systems revealed very
little differences in average concentrations for the majority of
metals except for Mn, Cr and Ti enriching the balka’s soils.

Some individual particle size fractions in the two systems
have equal average levels of the specific metals: the coarse
and medium sand - Ni, the fine sand — Ti, Zr, Zn, Co; the
coarse silt — Tiand Zr, the clay fraction — Fe, Min, Co and Ni.

The silt fractions separated from the gully’s and the bal-
ka's humus horizons have the most prominent differences re-
garding the mean metal contents. The silt size particles in the
gully’s soils on average are more metal-rich than those in the
balka's soils. The significant differences in metal concentra-
tions between the two studied systems were also found for
the coarse and medium sand: this fraction has higher levels
of the majority of metals in the balka’s soil.

The variability of the metal content is related to the sizes
of particles and decreases from the coarser to finer particle
size fractions, which is explained by relatively homogeneous
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Fig. 6. The average mass loadings of different particle size fractions in terms of metal contents in the bulk soil (humus
horizon) of the gully (a) and the balka (b)
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mineralogical composition and the predominance of sec-
ondary clay minerals over the primary ones in the fine silt
and clay fraction.

The topsoil horizons of the two systems have common
types of distribution over the particle size fractions for the
majority of the studied metals but slightly different ones for
Zn, Cu and Pb. Our data provides evidences that preferential
association of metals with particle size fractions is not limited
to finer fractions. The elements of ferro-family (Fe, Mn, Co,
Ni) appear to have bimodal distribution with concentration
maxima in the clay and sand fraction. The partitioning of Ti
and Zr accumulating in the silt fractions is governed by their
incorporation in mineral structure of accessory minerals that
are stable during the processes of physicochemical weather-
ing and soil formation.

The contribution of the clay to the total mass loading of
metals was the greatest for Mn, Zn, Ni and Co in both sys-
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APPENDIX
Table A. Metal concentrations in bulk and individual particle size fractions of topsoil horizons in the gully and balka
(n=11; Min: minimum, Max: maximum, VC: variation coefficient, %)

Sample Statistics cue /n? Pb? Co? Nie Cre Mn? Tie Zr Fe®
Gully
Min 24 40 21 7 22 40 320 3500 320 1.5
Max 36 90 44 18 40 63 1300 6200 840 20
Mean 282 63.6 315 10.7 276 52.8 5636 | 42818 | 5364 1.9
Bulk <o VC 14.2 20.2 22.5 312 18.6 14.0 51.7 19.6 29.1 10.6
Balka
Min 20 60 26 11 21 59 600 5100 350 1.5
Max 34 100 35 14 27 84 1600 6400 720 20
Mean 296 82.7 30.8 12.2 24.7 717 1107.3 | 53818 | 5709 1.8
VC 124 144 89 109 9.1 10.0 299 7.7 16.6 14.7
Gully
Min 31 30 12 6 21 25 420 500 60 2
Max 150 100 31 40 98 150 6400 5000 290 15
Mean 724 67.5 18.6 16.9 40.5 54.5 14109 | 12464 | 1145 7.0
VC 564 487 313 756 56.6 61.9 1282 100.9 559 495
1-0.25mm 2alka
Min 17 30 20 11 14 21 520 640 100 2.0
Max 240 130 50 74 130 120 8600 3600 280 10.0
Mean 86.6 80.9 30.6 353 429 46.5 39836 | 18127 166 5
VC 780 404 319 49.6 76.7 59.7 539 43.1 383 52.5
Gully
Min 19 30 13 3 7 24 250 1600 250 1.5
Max 200 120 23 24 68 84 860 4200 800 10
Mean 59.1 56.0 18.7 8.5 24.0 471 4127 | 28000 | 4745 4.1
VC 88.5 66.3 15.7 72.8 733 46.6 458 27.6 39.5 65.8
0.25-0.05mm Salks
Min 21 25 12 5 15 31 360 1700 200 2.0
Max 85 150 56 13 62 150 580 3800 610 10.0
Mean 475 514 239 83 35.1 58.6 4827 | 2800.0 | 459.1 55
VC 392 68.0 494 359 39.8 64.2 17.1 233 325 413
Gully
Min 40 30 22 5 9 51 250 4100 470 1.5
Max 140 100 44 10 25 84 600 6200 1200 4
Mean 76.9 62.7 316 6.9 16.5 63.3 3727 | 53636 | 819.1 23
VC 36.0 312 227 254 312 14.9 29.2 15.6 330 373
0.05-0.0Tmm
Balka
Min 17 30 18 3 6 46 180 4800 720 0.5
Max 31 50 25 5 8 56 410 6200 1200 1.0
Mean 22.8 382 204 4.0 7.2 50.5 260.9 | 5654.5 | 919.1 0.7
VC 19.3 229 10.1 194 10.5 7.1 30.1 7.2 14.5 19.5
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Gully
Min 160 120 35 12 24 56 100 4300 250 2
Max 480 300 130 22 48 74 1200 6300 760 6
Mean 3236 192.7 915 16.2 373 66.6 8236 | 55000 | 4082 3.1
VC 253 304 274 205 22.1 95 338 136 40.1 44.5
0.01-0.00Tmm Sl
Min 41 80 30 7 15 48 310 5700 540 1.0
Max 79 130 45 12 26 62 840 8100 800 1.5
Mean 544 98.2 372 9.1 19.5 55.7 5036 | 73364 | 6218 1.3
VC 179 163 129 151 20.1 6.3 282 105 14.7 19.1
Gully
Min 210 200 58 19 49 80 1700 3300 90 4
Max 380 430 110 42 84 110 6000 5400 200 10
Mean 2800 | 3309 85.0 286 68.2 962 | 32273 | 41909 | 1300 6.0
VC 212 230 220 204 16.6 8.1 49.6 14.8 238 289
<0.00Tmm Salka
Min 58 180 48 17 48 76 1500 3900 210 3.0
Max 120 300 71 36 92 100 5100 5400 300 8.0
Mean 86.3 229.1 555 26.7 60.0 836 | 34182 | 47909 | 2636 64
VC 24.2 179 10.5 216 21.1 9.8 338 94 12.5 27.5
*mgkg’
b %
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