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Abstract

Humic substances

Background: The study of clay fractions is usually focused on water-dispersible clay (WDC), which is a good indi-
cator of many soil processes involving water (water erosion, transfer and removal of nutrients and contaminants).
Aggregated clay (AC) that remains after WDC extraction is also important, as it controls the formation of aggregates
and their mechanical and water resistance. The aim of this study was a gradual extraction of WDC and AC fractions
from periodically overmoistening meadow podbel (mollic planosol) and the study of the content and composition of
humic substances and clay minerals in these fractions as well as their effect on the hydrosorption capacity.

Results: The complete extraction of clay fractions showed that AC prevails over WDC along the entire profile and
most evidently in the Ag horizon. Most of the organic matter is concentrated in AC. X-ray diffractometry and SEM
analysis revealed a similar set of minerals in both fractions, but in different proportions. In the Ag and Elcg horizons,
WDC is enriched with clastic components (fine-dispersed quartz, feldspars, amphiboles) and clay minerals with rigid
structures (illite, kaolinite, chlorite), compared to AC. In the Btg1 horizon smectite prevails in both fractions. The spe-
cific surface, which characterizes the hydrosorption capacity of clays, of WDC is 28-95 m?/g less than that of AC. Maxi-
mal difference in specific surface of clays is found in the horizon Elcg, where AC has the highest content of free iron.

Conclusions: The present study allowed defining the heterogeneity of the total clay in the periodically overmois-
tened meadow soil, which is manifested in differences in composition and properties of WDC and AC fractions. AC
largely determines hydrosorption properties of soil due to a high content of organic matter and the predominance of
swelling minerals in its composition, compared with WDC. The obtained data highlight the importance of studying
clay fractions WDC and AC for the characteristics of differentiation and aggregation of the clay in soils.
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Background

Humic substances (HS) and clay minerals, concentrated
in clay fractions, are important factors for the formation
of aggregate and pore structure of soil. They also deter-
mine the amount of moisture adsorbed/desorbed by
soil from the surrounding space and its dynamics [1, 2].
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It was found out that in different soil types, the amount
of adsorbed water and the value of the main parameter
of the equation of the water vapor adsorption isotherm
(Wmg—maximal hydroscopic moisture) are determined
by the total content of clay and its mineralogical com-
position [3, 4]. In terms of perceptions of the soil matrix
organization, the composition and surface of fine soil
minerals form a mineral matrix, which affects all soil pro-
cesses, including the distribution of humic substances
by certain “local adsorption centers” Humic substances
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promote the aggregation and stability of soil to a greater
extent than clay minerals. The reason is their amphiphi-
lic and hydrophilic—hydrophobic properties. The specific
surface of the organic matrix is determined by the surface
of the mineral matrix, and the latter in turn depends on
the content of fine particles (mostly <2 pm) [5-7].

At present, in addition to the total clay, the water-dis-
persible clay (WDC) fraction is studied. The content and
properties of WDC and their relationships with various
soil physical, chemical and mineralogical properties have
been examined in a number of studies. WDC characteris-
tics are used to evaluate soil aggregation stability, erosion
resistance of soil to wind and water effects, the risk of
surface sealing and crusting under drying up, and the loss
of nutrients and contaminants in the soil profile [8-16].

Under periodical overmoistening of meadow podbels,
WDC particles are easily mobilized by water and possi-
bly participate in the suspension transfer down the soil
profile. This assists the profile differentiation by the sub-
stance composition. In case of many clayey soils of humid
regions, this peculiarity has a negative effect. When the
content of WDC is high, the colmatage of agricultural
drains takes place and the “crust” is formed on the dry-
ing surface of cultivated soils. Therefore, clayey soils of a
humid zone require monitoring and special agricultural
technologies to reduce the soil capacity for dispergation
in contact with water.

In our opinion, aggregated clay (AC) that remains after
WDC extraction is also important, as it controls the for-
mation of aggregates and their mechanical and water
resistance [17].

The aim of this study was a gradual extraction of WDC
and AC fractions from soil and the study of the content
and composition of humic substances and clay minerals
in these fractions as well as their effect on the hydrosorp-
tion capacity. This approach is important not only for
periodically overmoistened meadow soils in the Amur
River valley in the south of the Russian Far East, but for
most clayey soils of the humid zone.

Materials

The investigated soil profile is located on the flat part of
the second above-floodplain terrace of the Amur River
in the south-western part of the Middle-Amur Lowland,
150 km to the south of the City of Birobidzhan (Fig. 1).
The soil-forming rock is loamy clay deposits of lake-allu-
vial origin. The vegetation is mostly a motley grass—sedge
meadow. The climate is a combination of moderately con-
tinental and monsoon features. The average annual tem-
perature is 0.6—1.1 °C; the average annual precipitation
is 500-600 mm. Snow melting in spring and heavy sum-
mer rains creates conditions of temporary excessive soil
surface moistening. According to the Russian national
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soil classification [18], the studied soil is included in the
section of texture-differentiated soils, the type of dark-
humic gleyic podbels with horizon sequences AO-Ag—
AElcg—Elcg-EIBtg-Btgl-Btg2—(BC)g—-Cg. According to
the WRB [19, 20], it corresponds to the planosol order.
Detailed classification is mollic planosol (pedomorphic,
redoxic, with illite dominant). In the Russian Far East
south meadow podbels are used to grow crops only after
the drainage amelioration.

The humic Ag horizon (color moist 10YR 3/4) is
10-15 cm thick. In the upper part, it is densely covered
with the roots of meadow vegetation; its lower boundary
is irregular, which is characteristic of lowland meadow
soils. The transition to the packed grayish AElcg hori-
zon (10 YR 4/3) is gradual. The eluvial Elcg horizon
(I0YR 5/4) is 20-30 c¢m thick. Oxidation microzones of
intensely ocher shade (10Y 5/8) contain multiple manga-
nese—ferrous concretions (1-2 mm in diameter).

The illuvial Btgl horizon at a depth of 50(65)-70(80) cm
is of non-uniform color (the basic background is 10YR
4/4, with abundance of mottles 10YR 7/6) with very strong
grain aggregates covered by grayish black cutans. Com-
pact manganese—ferrous concretions 2—3 mm in diameter
can be found here. The lower part of the illuvial Btg2 hori-
zon has a compact nutty structure. Angular-nut aggre-
gates (peds of the first order) are covered with a greyish
cutan outside and are ferritized inside. The lower part of
the profile [the (BC)g horizon, 120-140 cm], is character-
ized by nutty structure, multiple whitish stains, veins, and
black manganese patches. A special morphological char-
acteristic of Btg2 and (BC)g horizons is the presence of a
bleached fine-dispersed substance on the facets of struc-
tural units in the form of local clusters. WDC and AC
subfractions of clay were extracted from the three main
genetic horizons of the studied soil: the humic Ag, eluvial
Elcg and illuvial Btgl horizons.

The general characteristics of physical and chemical
properties of the main horizons of the studied soil profile
are given in Table 1.

Methods

WDC and AC fractions (particle size <2 pm) were iden-
tified with the method of fractional dispergation of clay
in water [21], a modification of the method of Barral
et al. [8]. WDC particles dispergate, when soil is care-
fully mixed with water (1:40) without any mechanical
or chemical actions. The clay suspension was removed
from a depth of 7 cm after 7 h with a siphon. The oper-
ation was carried out to a very faint opalescence of the
supernatant (at least 20 times). The clay suspension was
coagulated with drops of 1 N HCI to slightly acidic solu-
tion (followed by washing until a negative reaction to Cl
ions) and dried in a water bath. To extract AC fraction,
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Table 1 General characteristics of the soil profile

Horizon, PHyater Exchangeable cations C-OM C-HA C-FA Fe,03 Particle content

depth, cm <0.01 mmP®
Ccazt Mg”
cmol kg™! %

Ag 0-14 58 16.49 4.95 4.90 1.88 141 1.51 58.5

Elcg 22-30 59 11.96 742 1.00 0.22 0.26 2.19 60.8

Btg1 65-80 63 17.68 9.77 0.95 0.19 023 1.66 793

Cg 150-160 6.3 16.58 7.87 0.75 ND ND 1.61 689

C-OM organic matter carbon, C-HA humic acid carbon, C-FA fulvic acid carbon
? Fe,0,, dithionite—citrate-bicarbonate extracted
b pipette method

the remaining wet paste-like sample was then kneaded
in a weakly alkaline medium (10 % NH,OH) to destroy
aggregates. The other operations were the same as in the
first case of WDC extraction.

Further studies included the following procedures. The
general physical and chemical properties of soil were
studied with conventional methods [22]. The mineral-
ogical composition of WDC and AC was analyzed with
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the universal X-ray diffractometer DRON-2.0. Radiation
was KaClu, filtered with Ni. Operational mode: tube volt-
age—35 kV; anode current—12 mA; goniometer rota-
tion speed—2 °/min. Oriented preparations were used
for the X-ray diffractometry. The samples were processed
with 30 % H,O, to remove organic matter and with the
sodium dithionite—citrate—bicarbonate extract follow-
ing the Mehra and Jackson method [23] to remove free
Fe compounds, followed by the saturation with a mag-
nesium cation from 1 N solution of MgCl,. Specimens
were analyzed in an air-dry state (20 °C), after incinera-
tion at 550 °C for 2 h and saturation with ethylene glycol.
The X-ray diffraction patterns were interpreted using the
conventional procedures [24]. Semiquantitative estimates
of the proportions of different minerals in WDC and
AC were obtained using the method of Biscaye [25]. The
morphology of WDC and AC particles was studied with
a scanning electron microscope EVO 40 HV (Carl Zeiss,
Germany). The samples were prepared by suspending in
ethanol, drying and Au coating. Magnification was up to
50,000.

The Turin scheme, modified by Ponomareva
(Scheme 1), was applied to estimate the group and frac-
tional composition of humic substances in WDC and AC
[26]. By the scheme, humic acids (HA) and fulvic acids
(FA) were additionally divided into fractions according to
the mode of binding with the mineral matrix of soils. The
analysis procedure can be briefly described as follows. At
the first stage, HA1 and FA1, free and bound with mobile
Fe,O; and Al,O,, are estimated in the alkaline extract
0.1 N NaOH. HA1 and FA1 are separated after acidifi-
cation of the extract with 1 N H,SO, to pH ~1. At the
second stage, a separate portion of the sample is decalci-
fied with 0.1 N H,SO, to estimate FAla (the most mobile
“aggressive” fraction of FA) in the filtrate. Then the alka-
line extract 0.1 N NaOH is prepared, and four fractions

0,1N NaOH , 2S04
a SAMPLE 0,1N H2SO.
Extract
H2S04| pH~1 [ Residue ] [ Extract FA1a ]

O,1N|NaOH

[HA1][FA1]L 1

0,02N|NaOH, t°

H2S04 pH~1

[HA1+HA2 | | FA1+FA2 | [ Extract | [ Humin |
H2SO4 |pH~1

[Haz ] [ Fas |

Scheme 1 Fractionation procedure for HA and FA fractions
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(HA1 and FA1, HA2 and FA2) which pass into the solu-
tion are analyzed. Based on the difference, we then calcu-
late HA2 and FA2, bound with Ca. The residue is treated
with 0.02 N NaOH, heating on a steam bath for 6 h to
dissolve HA3 and FA3, strongly bound with clay miner-
als. After the last treatment, the test sample contains
humin (non-hydrolyzable residue). Carbon of fractions
as well as total carbon were estimated with bichromate
oxidation method and measured by spectrophotometer.
Non-silicate iron was analyzed with the Mehra and Jack-
son method in the dithionite—citrate—bicarbonate extrac-
tion [23].

The water vapor sorption isotherms (adsorption—des-
orption cycle) were obtained with a weight method at
25 °C using an isopiestic instrument [27]. The samples
were preliminarily sieved (<1 mm) and dried at 105 °C.
The complete adsorption—desorption isotherms were
in the range of relative pressures p/p, from 107> to
1. Each curve was determined from 13 experimental
points in spacing of about 0.08 units of p/p, over a sul-
furic acid solution. Each sample weighed 1 g, and every
measurement was repeated twice. Equilibration time
was 1-5 days. The surface area was calculated from the
adsorption part of the isotherms with the BET method
[28-30] using the equation:

S = ﬂmNAWO;

where a,, is the adsorption value, corresponding to a
monomolecular layer; N, is the Avogadro’s number;
w, is the surface area occupied by a water molecule
(wy = 1.48 nm). The value a,, was calculated with the
obtained adsorption isotherms by the BET method.

Results and discussion

WDC and AC content in soil

The composition and distribution of WDC and AC along
the meadow podbel profile are shown in Table 2. In the
Ag horizon, the WDC content is low (<2 %), whereas in
deeper horizons it increases, reaching maximum at the
depths of the soil-forming rock. The increased disperga-
tion of clay in the Btgl and Cg horizons can be explained
by fine-dispersed clay minerals originating from lake-
alluvial clays; migration of suspended particles to the
profile bottom and/or disaggregation due to the gleying
process. AC prevails over WDC along the entire profile
and most evidently in the humic Ag horizon. The AC
distribution along the profile reveals two evident maxi-
mums. The first maximum is in the humic Ag horizon,
and the second is in the illuvial Btglhorizon.

Humics in WDC and AC
The organic matter distribution between WDC and AC
fractions in the meadow podbel is shown in Table 3.
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Table 2 General characteristics of WDC and AC

Sub Horizon, Content S(m?%/g) C-OM (%) Fe,03(%)
fraction depth, (%)
cm
WDC Ag 0-14 1.6 1137 9.9 2.10
Elcg 22-30 9.9 1258 32 1.79
Btg1 19.2 2250 14 2.19
90-100
AC Ag 0-14 380 177.5 133 1.99
Elcg 22-30 19.0 220.5 36 6.56
Btg1 39.7 253.0 1.5 3.88
90-100

S surface area, C-OM organic matter carbon

? Fe,0,, dithionite—citrate-bicarbonate extracted

Calculations were made considering the mass of each
clay fraction in soil. All humic and fulvic acids are pre-
sent in WDC in small quantities, and the content of HA3
and FA3 is especially low (nearly absent). The greatest
amount of organic matter is found in AC. Thus, in the
humic Ag horizon, about 60 % of total soil humic matter
is a part of AC and only 2 % belongs to WDC. The sum of
HA in AC is 30 times more than in WDC.

The HA1 (free and bound with mobile Fe oxides) pre-
vails in AC in the Ag and Btgl horizons. The mass por-
tion of the FA1 in AC is less noticeable. The content of
humins in WDC is not significant; this fraction is con-
centrated in the AC and is 22, 13 and 24 % in the Ag, Elcg
and Btgl horizons, respectively, taking into account the
mass portion of AC in each horizon.

Mineralogical composition and morphology of WDC

and AC particles

The obtained X-ray diffraction patterns for the meadow
podbel (Fig. 2) illustrate both similarities and differences in
the mineralogical composition of WDC and AC. The simi-
larity is that both fractions are characterized by the same

Table 3 The content of humic fractions in WDC and AC
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set of minerals. In the upper part of the profile (Ag and
Elcg horizons), illite noticeably prevails in both fractions
(50-67 %); smectite (28—38 %) and kaolinite (5—-12 %) are
of subordinate importance. In the lower part of the profile
(Btgl horizon) smectite (54—54 %) prevails in both cases;
illite (36—-38 %) and kaolinite (5—10 %) are of subordinate
importance. Clastic components (fine-dispersed quartz,
feldspars, amphiboles) are present in significant amounts in
the entire clay profile. Differences between WDC and AC
are most notable in the upper part of the profile (Ag and
Elcg horizons). Compared with AC, WDC is enriched with
clastic components and minerals with rigid structures (illite
and kaolinite) and is depleted with minerals with a swelling
crystal lattice (smectite). Of clay minerals with rigid struc-
tures, chlorite is also present in WDC, but absent in AC.
The nature of the peaks of illite and kaolinite on the diffrac-
tion patterns (half-width) suggests differences in the prefer-
ential size of crystallites of the latter [24]; illite and kaolinite
crystallites in WDC are larger than in AC.

Specifics of WDC and AC composition described in
the paper clearly correspond to the differentiation of
WDC and AC by the peculiarities of particle morphology
and in particular the degree and nature of their aggrega-
tion (Fig. 3). WDC in the upper part of the profile is rep-
resented with non-aggregated relatively coarse particles
(Fig. 3a—c), and in the lower part of the profile (Btgl hori-
zon) with finer particles (lamella) with primary packing
“face-to-edge” [31]. AC particles are mostly aggregated
with particle packing “face-to-face” (Fig. 3d—f).

Adsorption characteristics and specific surface of WDC

and AC

The obtained data (Fig. 4) show significant differences in
the hydrosorption capacity of WDC and AC, both at a
low relative pressure of water vapor (p/p,) and at an ulti-
mate uptake (p/p,). Important factors able to affect the
value of the specific surface of the clay fractions are their
clay mineral, HS and free iron contents [32—34].

Fraction Horizon % Soil organic carbon
Humic acids Fulvic acids
HA1 HA2 HA3 YHA FAla FA1 FA2 FA3 XFA
WDC Ag 0.76 0 0.13 0.89 0.18 048 0.13 0.12 091
Elcg 4.04 1.94 202 8.00 3.16 3.08 279 0.64 9.67
Btg1 2.01 0 1.46 347 1.09 229 0.76 0.13 4.27
AC Ag 19.90 0 6.03 2593 3.34 9.30 1.86 5.06 19.56
Elcg 11.75 0 6.12 17.87 8.92 6.32 1067 0.12 26.03
Btg1 17.87 0 6.92 24.79 10.13 133 10.82 0 2228

HA1, HA2, HA3 fractions of humic acids, FATa, FA1, FA2, FA3 fractions of fulvic acids [26], XHA sum of humic acid fractions, XFA sum of fulvic acid fractions
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WDC shows significantly less adsorption capacity than
AC. The specific surface of WDC is less than the one of
AC in Ag, Elcg and Btgl horizons by 64, 95 and 28 m*/g,
respectively, because of the predominance of minerals
with rigid structures in its composition. The values of
the specific surface of both WDC and AC increase from
the upper humic Ag horizon to the bottom of the profile,
where they are maximal for both clay factions. The latter
is associated with a significant increase of smectite in clay
(60 %).

Moreover, the values of the specific surface of WDC
and AC are in strict accordance with the content of
humic substances. This correspondence is most evident
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in the upper Ag horizon, where the humus content in
WDC and AC is 9.9 and 13.3 %, respectively, for specific
surface values of 113.7 and 177.5 m?/g.

It should be noted that free (non-silicate) iron can
affect the specific surface of clay. For instance, the maxi-
mum difference in the specific surface for clays (98 m?/g)
was observed in the Elcg horizon, which corresponds to
the maximum difference of 5 % in free iron content.

Conclusions

The present study defined the heterogeneity of the total
clay in the periodically overmoistened meadow soil,
which is manifested in differences in the composition

10.0

10.0

3.34

II

A I R PP A

20
Degrees, 20

Fig. 2 X-ray diffraction patterns of WDC (/) and AC (/l). T Air-dry samples; 2 samples after solvation with ethylene glycol; 3 samples after incineration
at 550 °C; a Ag horizon; b Elcg horizon; ¢ Btg1 horizon. The peak numbers do not correspond to 2@ values, but d spacing values
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Fig. 3 SEM images of WPC (a—c) and AC (d—f). a-d Ag horizon; b-e Elcg horizon; e—f Btg1 horizon; arrows indicate phytoliths

6Tk Ay

and properties of two clay fractions—water-dispersi-
ble (WDC) and aggregated (AC—a portion of clay that
remains after the WDC extraction).

Differences in the mineralogical composition of WDC
and AC are most significant in the upper part of the pro-
file (Ag and Elcg horizons), whereas at the bottom of
the profile they are smoothed. Compared to AC, WDC
is enriched with clastic components and clay miner-
als with rigid structures (illite, kaolinite, chlorite) and
is detrimental to minerals with a swelling crystal lattice
(smectite). It is these components of total clay that form
the WDC fraction during soil overmoistening, repeated
freezing and thawing.

Organic matter also affects the total clay aggregation
and its differentiation to AC and WDC. In the humic
horizon with a high content of organic matter (5 %),
most of the clay transforms into an aggregated state.
The WDC content does not exceed 2 %, while the AC
content reaches 38 %. In lower horizons, organic matter
content decreases, while the WDC content increases to
20 %. In all horizons, WDC contains only small amounts
of organic substances, since most of the organic matter is
concentrated in AC.

Hydrosoption properties of clays change according to
their mineralogical composition, content of humus and
free iron. In all horizons, AC, compared to WDC, has a
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Fig. 4 Isotherms of water vapor sorption of WPC (7, 2) and AC (3, 4).
1, 3 adsorption; 2, 4 desorption; a Ag horizon; b Elcg horizon; € Btg1
horizon

substantially higher specific surface. However, in both
clay categories, the specific surface increases along with
depth. In spite of the high content of HS, Ag horizon has
the minimum specific surface values due to the amphi-
philic character of HS. A significant difference (95 m?/g)
in the specific surface of clays in the Elcg horizon can be
explained by the high content of free (non-silicate) iron
in AC. The obtained data highlight the importance of
studying clay fractions WDC and AC for characterizing
the differences in clay aggregation in soils, as well as the
importance of humic substances that interact with clay,
thus providing different characteristics to the soil matrix.
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