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PREFACE  
Soil-plant-atmosphere system, our living environment.  
And its components: Soil – microbiologically active, extremely 
heterogeneous, multiphaseous, multicomponential, polydispersive; 
Plant – living organism with all its peculiarities; and Atmosphere 
within which everything is soaked.  And extremely complex 
interrelations between these elements. 
People wonder how science can deal with so complicated system. 
Fortunately some of them want to do this and like it. They study 
history and present, and try to predict the future. They find 
mechanisms and construct models to improve the system and 
protect it against degradation to leave it properly working for next 
generations. Sometimes they meet to exchange knowledge and 
experience, to discuss new ideas and place new hypotheses. To 
cooperate in research. 
This issue contains some scientific results and opinions of such 
people, who met together during an international workshop hold in 
Puschchino, Russia 22-23 March 2004, organized by:  

Grzegorz Józefaciuk, Andry Alekseev and Olga Khokhlova,  
in the frame of the scientific activity and with financial support of:  

Centre of Excellence for Applied Physics in Sustainable 
Agriculture AGROPHYSICS 
Institute of Physicochemical and Biological Problems in Soil 
Science of Russian Academy of Sciences 
Institute of Agrophysics of Polish Academy of Sciences 
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IN MEMORIAM 
Dr Ludmila Petrovna Korsunskaja 
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August 17, 1946 
1966-1971 student of Donetcky State University,  
1972-2004 worker of Institute of Physicochemical and 
Biological Problems in Soil Science of RAS,  

• junior researcher of Physicochemical 
Laboratory (1972-1982) 

• researcher of the laboratory of Bioproductivity 
of Agrocenoses (1982-1988) 

• senior researcher of the laboratory of Mass- 
and Energy Transfer in Soils (1988-2001) 

• senior researcher of the “Soil-Ecological 
Station” laboratory (2001-2004) 

February 14, 2004 
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Yakov Pachepsky 
Soil Scientist 
Agricultural Research Service 
United States of America 
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MECHANISMS OF FORMATION AND OCCURRENCE OF IRON 
OXIDES IN SOILS – RELATIONSHIP TO VARIOUS ENVIRONMENTAL 

CONDITIONS. 
 

Alekseev A.O., Alekseeva T.V., Maher B.A 
 

Iron oxides and hydroxides play an important role in soil science and 
environmental research. There are thirteen “iron oxides” known to date. The more 
important and predominant in soil science, mineralogy, geology Fe oxides are the 
following: goethite, hematite, lepidocrocite, ferrihydrite, maghemite and magnetite, 
akaganeite, feroxyhyte. The significance of Fe- compounds and importance of Fe-
oxides as suitable indicators of certain pedogenic environments has been 
recognized by many researchers. Fe-oxide minerals form under the influence of the 
common soil forming factors (temperature, moisture, pH, Eh, etc), and therefore 
reflect the pedoenvironmental conditions under which they have formed. In the 
modern literature, extensive material exists regarding the basic tendencies of 
formation and transformation of iron minerals in sediments and soils of different 
climatic zones. However, this kind of information for soils of the steppe and semi- 
desert zone is limited, as traditionally it was considered that in these geochemical 
conditions iron minerals are stable and, therefore, their indicative role for soil 
forming processes is not important. There are also a number of methodical 
difficulties of diagnostics of iron minerals, because of the rather small content of 
iron and its forms in soils of these climatic zones. Here, the results of analysis of 
steppe and semi- desert soils obtained with a range of magnetic and more 
traditional mineralogical methods are presented.  

The most interest for our studies is the sensitivity of certain soil iron compounds 
to climate and environmental changes. Schwertmann (1988) demonstrated (mostly 
on the basis of bulk X ray diffraction analyses and chemical analyses) the response 
of haematite and goethite to different, climatically-driven pedogenic regimes. For 
example, the goethite-haematite ratio in soils varies systematically along climatic, 
hydrological and topographic transects.  

Our data for steppe zone had shown the active role of the Fe in soil-geochemical 
processes (oxidation media, neutral and/or alkaline conditions) what permits to use 
its state as informative indicator of soil-geochemical processes under the impact of 
natural and anthropogenous factors. Obtained data demonstrate that iron state 
reflects environmental conditions not only on macro- (geochemical landscape), but 
on microscale (soil aggregates). 

Environmental magnetism methods are now of wide use for the soils study .The 
magnetic properties of soils are often dominated by formation of the strongly 
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magnetic (ferrimagnetic) oxides, magnetite and maghemite – usually in 
concentrations indetectable by XRD but easily measurable by routine magnetic 
methods of analysis. Hence, magnetic analyses of soils provide an additional, 
sensitive window on soil iron and its response to climate.  

Statistical examination of the relationships between magnetic properties of 
modern steppe soils from transect spanning the loess plain from the Caspian Sea to 
the North Caucasus and major climate variables identifies annual rainfall as the 
most significant factor (R2 = 0.93) (Maher et al., 2003). Soil formation in the steppe 
zone produces dispersed ferrimagnetic minerals (magnetite and maghemite) with 
particle size of predominantly << 0.1 µm which control the soil magnetic properties. 
The variety of shapes and sizes of magnetic particles, particularly the prevalence of 
grains of irregular, round, and oval shapes points to the predominantly soil genesis 
of these minerals. The quantitative content of ferrimagnetic minerals reflects the 
bioclimatic conditions of soil formation (Alekseev et al ., 2003). 

Environmental in situ production of magnetic minerals either through pedogenic 
or biogenic processes appears to be the major source of submicron magnetic 
particles. The production processes of these super dispersed ferrites in soil are 
debated.  

Our mineralogical and microbiological investigation characterizes the nature of 
the carriers of the soil magnetic properties and identifies the possible mechanisms 
that lead to their formation.  

Fe can act as an electron donor or receptor in microbial metabolism. And, in 
magnetite (Fe3O4), Fe is a constituent of a sometimes biogenic mineral that may 
serve as a biosignature in soils and rocks from ancient Earth .Iron reducing bacteria 
(IRB) were determined in all studied steppe soils with up to 105 cells/g of soil. 
(Zavarzina et al, 2003). The formation of fine superparamagnetic (<10 nm) 
magnetite was observed in the soil samples after stimulating the growth of IRB. A 
comparison of the population of iron reducing bacteria in chestnut soils and 
chernozems shows the difference as in the variety of IRB as in the variety of 
“magnetic products” related to the type of soil and bioclimatic environment. This 
fact confirms previously obtained coupling between soil magnetism and climate. 

The magnetic data (χ susceptibility, χARM and SIRM) of the steppe soils are 
dominated by rather small concentrations of the ferrimagnets (magnetite/ 
maghemite concentrations of 0.04 – 0.2%). The high-field remanence (HIRM) 
values indicate haematite concentrations of between ~0.08 and 4 %. The 
climatically determined relationship in concentration of ferrimagnets and most oxic 
iron oxides during soil development was observed. (Fig 1). 
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Fig.1. Iron Oxides Magnetic Mineralogy and climate relationship –

SIRM(magnetite) and HIRM100mTaf (haematite, goethite) for parent materials 
(pm) and representative soil samples versus annual rainfall 

 
The biogeochemical cycle of iron at neutral pH in steppe soils, with formation 

of secondary ferrimagnetic minerals may follow the following sequence: the flux 
of Fe from primary Fe bearing minerals to the microbiologically active zone as a 
function of intensity of weathering; poorly crystalline hydrous ferric oxide 
(ferrihydrite) formation by iron bacteria (Gallionella sp.; Leptotrix sp.,Toxothrix 
sp) in oxidizing conditions. Higher oxidation rates, higher organic matter and lower 
pH (~ 4-6) predispose formation of goethite, whilst haematite is favoured by higher 
temperatures, decreased water activity and higher pH (~7–8) (Schwertmann, 1988). 
In soils, magnetite formation requires the initial presence of some Fe2+ cations. 
Even in generally well-drained and oxic soils, like the steppe soils, Fe2+ can be 
formed in soil micro-zones, made temporarily anoxic during periods of soil 
wetness, via the activity of iron-reducing bacteria (Geobacter sp., Shewanella sp., 
et al). In locally anoxic condition poorly crystalline hydrous ferric oxide will be 
reduced by iron reducing bacteria with formation of magnetite or siderite. 
Intermittent wetting and drying of soils will thus predispose formation of 
magnetite, in the presence of organic matter and a weathering source of iron. To 
produce a ‘constant’ grain size distribution (as in the steppe soils), magnetite 
formation must thus be initiated under ‘constant’ environmental conditions. Such 
constancy in the natural environment can be explained if the bacteria which 
produce the required Fe2+ only operate within, and/or create via their metabolism, a 
certain set of pH, Eh and Fe conditions. In contrast to these optimal magnetite-
forming conditions, longer periods of dryness, with increased oxidation rates and 
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4. 

reduced water activity, would favour formation of the more oxic iron compounds, 
and goethite.  Thus, a climatically determined, equilibrium magnetic value will be 
reached due to feedback between formation of ferrimagnets and their subsequent 
loss by oxidation.  

The rate of formation of secondary ferrimagnetic minerals in soils is connected 
with the flux of Fe from primary Fe- bearing minerals. That is a function of the 
intensity and duration (time) of weathering. Once formed, Fe-oxides may be the 
subject to continual modification in an approach toward equilibrium with the 
changing soil environment. The investigation of sets of buried soils (a 
chronosequences spanning ~5000 years) from the steppe region does not confirm 
the fact that time is the main factor responsible for pedogenic enhancement of 
ferrimagnetic minerals concentration. Duration of the weathering determines the 
total pool of iron released from silicates and involved into formation of soil iron 
oxides in the connection with climatic conditions. 

 
Acknowledgements. This research was supported by the Russian Foundation for Basic 
Research and the Program of Presidium of RAS for Basic Research 
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EFFECT OF EARTHWORMS BY SOIL INGESTION ON ATRAZINE 
ADSORPTION AND BIODEGRADATION 

 
Alekseeva T., Besse P., Binet F., Delort A-M., Forano C., Sancelme M.  

 
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine=AT) remains 

still nowadays one of the most widely used herbicide in corn growing areas. It is 
the most frequently detected herbicide in surface and groundwater, and its 
concentration often exceeds at least 10 to 100 fold the standard policy. High 
persistency of AT and its degradation products causes numerous environmental 
problems and makes the study of AT behavior of priority status. 

The fate of pollutants in the ecosystems depends mainly on the processes in 
which they are involved in soils before the entering the ground and surface waters. 
Adsorption/desorption are the most important mode of interaction between soil 
components and pollutant that controls its availability towards microbial 
degradation, its retention or mobility through the soil profile. According to the 
studies, soil-sorbed organic compounds have been considered unavailable for 
biodegradation without prior desorption (Ogram et al. 1985; Crocker et al. 1995) or 
still degradable by microorganisms. The potential activity of herbicide degrading 
bacteria in soils can often be greatly modified, depending on the physico-chemical 
properties of the soil, but also on the interactions between herbicide and soil 
components (sorption, retention, formation of complexes), or on the interactions of 
bacteria with soil components .  

Without doubt soil - biotic interactions have also to be considered to 
adequately estimate atrazine sorption and availability in soil, however little 
research have been undertaken to assess the role of soil fauna in these processes. 
Regarding the soil fauna, earthworms greatly disturb the soil structure and soil 
porosity by their casting and burrowing activities (Binet & Curmi 1992), leading to 
significant changes in physico-chemical and microbial soil properties. Earthworm 
casts differ from the surrounding soils because of the food selection made by 
worms and changes during soil gut transit (physico-chemical, enzymatical and 
microbial changes). Earthworms ingest preferentially the finest mineral soil 
particles (mostly clays) and the organic ones (leaf and root litter debris, fungal and 
bacterial cells). As a result, casts often have much higher contents of OM and 
nutrients and contain more fine-textured material than the surrounding soil. 
Therefore, earth worm casts seem particular the substrate wherein the adsorption of 
the molecules and their interactions with the soil matrix might be different than in 
un-ingested soil.  
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In this paper AT sorption by surface horizon of hydromorphous soil from 
natural riparian wetland (Brittany, France) was studied. Special attention has been 
paid to modifications of soil properties under the influence of earth worms 
(Aporrectodea giardi) by soil ingestion and their effect on atrazine adsorption. To 
investigate the effect of possible AT-soil interactions on bioavailability of AT and 
on kinetics of its biodegradation, laboratory experiments were performed under soil 
slurry conditions with a model well-characterized AT-degrading bacterium 
Pseudomonas sp. strain ADP (Mandelbaum et al. 1995). Worm casts were 
laboratory prepared by Aporrectodea giardi (Lumbricidae). Soil used for casts 
production was sampled from 20 cm top layer from studied soil profile (PF7).  
Deposited casts were sampled from the soil surface every 24 hs.  

Carbon (total and organic) content in samples was determined with Shimadzu 
TOC-5050A equipment. Composition of humic substances was determined in the 
accordance with the method of Ponomareva & Plotnikova (1980). Cation exchange 
capacity and exchangeable bases content were obtained by ammonium acetate 
method with 1:10 solid: liquid ratio and  pH 7.  Mineralogical composition of bulk 
soil samples and their clay fractions was determined by X-ray diffractometry.  

Atrazine (AT) stock solution of 30mg/l for adsorption experiments was 
prepared in mineral water (Volvic, France). Adsorption of AT was carried out 
using batch-equilibration technique at 25°C in darkness. 1 g of solid was agitated 
for 24h with 10 ml of 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 mg/l AT. After 
adsorption, supernatants were passed through solid phase extraction cartridges 
“Oasis” HLB, and AT was extracted with methanol. 

For biodegradation experiments, Pseudomonas sp. strain ADP was grown in 
100-ml portions of Trypticase Soy broth in 500-ml Erlenmeyer flasks incubated at 
30°C at 200 rpm. The cells were harvested after 15 hs of culture. Extracts obtaind 
from adsorption and biodegradation experiments were analyzed by HPLC analysis 
(Perkin Elmer series 200) with a UV detector (λ= 225nm). A mixture of 
acetonitrile with acetate buffer was used as the mobile phase (30/70 V/V).  

Earthworms change visibly the properties of the parent soil. Worm casts 
are characterized by lower pH, are enriched in organic carbon, clay fraction, have 
larger CEC and exchangeable Ca content. Bulk cast sample is higher in C, HA, 
HA/FA ratio, degree of humification (ΣCHA/C) in a comparison with parent soil. 
Clay fraction of cast sample contains less C, lower proportion of humic acids, and 
is characterized by smallest HA/FA ratio and degree of humification in a 
comparison with clay fraction separated from parent soil. This is, probably, 
connected to the preferential ingestion of slightly decomposed organic fragments.  

Both soil and cast are characterized by similar mineralogical composition of 
clay fractions: predominantly muscovite (30-45 %) – kaolinite (35-40 %) 
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association and absence of minerals with swelling lattice (smectite type). Parent 
soil sample contains lepidocrocite (γ-FeOOH). The presence of lepidocrocite 
confirms the prevailing of reductomorphic conditions, which favour the formation 
of Fe II - required precursor for lepidocrocite synthesis. Casts in a comparison with 
parent soil they do not contain lepidocrocite. The fast dissolution of lepidocrocite 
(the age of casts was about 24 hs) can be caused by the activity of iron reducing 
bacteria and worms’ enzymes or enhancement of CO2 production in casts.  

Adsorption isotherms were linear and best described by Freundlich equation. 
The mean amounts of adsorbed AT for concentrations 3-30 mg/l were 18 % for the 
soil and 34 % for the cast. Distribution coefficients, Kd, expressed as the ratio of 
the amount of AT adsorbed per unit mass of sorbent (x/m) to the amount of 
pesticide in the equilibrium solution (Ce) were 22 *10-4 and 52 * 10-4. Kinetics of 
AT biodegradation in the presence of parent soil sample, cast and its fractions is 
presented on Fig. 1. Worm casts had a greater effect on biodegradation than the 
corresponding soil: AT has completely disappeared within 5hs of incubation 
instead of 9hs for soil.  
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Fig. 1. Kinetics of AT biodegradation in the absence (♦) or in the presence of solid: 
(g) soil PF7 0-20 cm bulk; (○) worm cast bulk; (∆) worm cast clay; (□) worm cast 

bulk OM free (NaOH treated). 
 

Organic carbon content and its parameters such as humic acids content, 
humic/fulvic acids ratio plays the primary role in AT adsorption. Good correlations 
 17
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were obtained with clay content, pH, exchangeable Ca. Non-swelling layer silicates 
and iron-hydroxide (lepidocrocite) sorb negligible quantity of AT. Worm cast 
demonstrates larger capacity for AT adsorption than parent soil due to higher OC 
and HA content, HA/FA ratio and, probably, additional AT adsorption on slightly 
decomposed OM, microbial or fungal biomass and specific compounds like 
proteins, polysaccharides (intestinal mucous) excreted during gut transit. The 
presence of natural solids (both soil and worm cast) greatly stimulates AT 
biodegradation. The effect seems to be linked to the content and composition of 
OM, but also to other parameters: granulometry, desorption rate, bacterial cell 
characteristics like attachment to the solid matrix particles, chemotaxis towards 
AT, etc.  
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USING PETROGRAPHIC AND MAGNETIC METHODS FOR THE SOILS 
PARENT MATERIAL ORIGIN INDICATION 

 
Alekseeva V.A. 

 
Data from quartz grain micromorphology were compared with those obtained 

from magnetic and heavy mineral analysis for two sections of Pleistocene 
sediments in the Upper Oka River Basin (central part of the Russian Plain). The 
aim of the study was to compare the particularities of depositional processes and 
sediment provenance for the Early-Middle Pleistocene alluvial sediments, two 
horizons of the Middle Pleistocene moraines, which are divided by the complex of 
fluvial-glacial and lacustrine sediments, and the Late Pleistocene cover loams on 
the top surfaces, which are the soil’s parent rocks (Complex analysis …, 1992).  

The published heavy mineral data suggests the one primary source from 
Scandinavia for two separate moraine layers, thus the difference in the relative 
content of material derived from Scandinavian source was noticed (Complex 
analysis …, 1992). The increase in content of hornblende, garnet and epidote and 
decrease of staurolite, tourmaline, glauconite and siderite content is characteristic 
for younger moraine layer and can be explained by the gradual loss of influence of 
the underlying, carbonate-rich bedrocks and greater input of Scandinavian material 
The data obtained by magnetic measurements show the largest differences between 
the pre-glacial alluvial sediments of Early-Middle Pleistocene age and the complex 
of glacial sediments of Middle Pleistocene age (Alekseeva, Hounslow, in prep.). 
The lowest values of magnetic mineral abundance characterize pre-glacial 
sediments and can be explained by fluvial reworking of the carbonate-rich 
bedrocks. The glacial sediments contain up to 16 times larger amounts of magnetic 
material with the maximum values for the younger moraine layer and cover loams. 
Such a difference between the two moraine complexes is probably a reflection of 
the greater Fe-oxide content in sediments from the Scandinavian source.  

The study of the quartz surface grain micromorphology by scanning electron 
microscope (SEM) is a tool for help in differentiating ancient sedimentary 
environments and potential transport mechanisms (Krinsley and Doornkamp, 1973; 
Higgs, 1979). This methodology assumes that grain shape and surface features 
reflect the environmental history of the discrete particles. Abrasion of quartz 
produces mechanical surface textures, which are characteristic for specific 
environments. Features due to chemical action can also be distinguished by means 
of the SEM and a number of criteria are available to separate these mechanical and 
chemical textures (Krinsley and Doornkamp, 1973).  
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In present investigation the quartz surface grain micromorphology was studied 
on the 0.25-0.5 mm sand fraction. The complex of 13 quartz surface microtextures 
of mechanical and chemical origin was observed, which had been described 
previously in many studies (Krinsley, Doornkamp, 1973; Higgs, 1979). They are, 
angular and rounded outlines, conchoidal fractures, straight steps, fracture plates, 
parallel striations, straight and curved scratches and grooves, V-shaped 
indentations, upturned plates, oriented etch pits, adhering particles, solution pits 
and crevasses (Alekseeva, 2003). The special combination of these microtextures 
allowed conclusions to be made about the likely transport histories of the clastic 
grains (Higgs, 1979; Krinsley, Donahue, 1968; Krinsley, Doornkamp, 1973). The 
analysis of surface micromorphology of quartz grains from studied sediments 
allowed separating the three main grain groups:  

A) The mostly subangular grains show the prevalence of conchoidal fractures, 
fracture plains and straight steps, which are the result of the weathering processes 
or glacial transport (Krinsley, Doornkamp, 1973; Fig. 1-A). A considerable number 
of grains with such a suite of surface textures have more rounded outlines, V-
shaped indentations and curved grooves overprinted on their surfaces and indicate 
that these quartz grains were transported by water either prior to, during, or after 
the glacial transport. 

B) The subrounded and rounded grains show the presence of small conchoidal 
fractures, V-shaped indentations, straight and curved grooves and scratches, which 
are considered to be the product of high-energy fluvial transport in coastal or 
riverine settings (Higgs, 1979; Fig. 1-B).  

C) The grains with subrounded and rounded outline, small conchoidal 
fractures, upturned plates and dish-shaped concavities were formed during the 
aeolian transport (Krinsley, Doornkamp, 1973; Fig. 1-C).  

The sediments of different origin show the difference in the content of quartz 
grains of the groups mentioned. The grains with water transport traces absolutely 
dominate in alluvial sediments. Grains from weathered rocks and aeolian material 
appear in glacial sediments. Fluvial-glacial sediments vastly have processed the 
moraine deposits and differ from them by bigger contents of grains with traces of 
water processing that can be explained by the existence of more dynamic 
conditions during the glacier retreating. The lacustrine sediments between two 
moraine layers contain a lot of aeolian grains. The cover loams deposits inherit the 
composition of glacial sediments; the increasing of the contents of grains with 
traces of water conversion in contrast with moraine was observed. 
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Fig.1. Micromorphology of quartz grains from the Pleistocene sediments in the Upper 
Oka River Basin: А – grains formed as a result of glacial transport; B – grains with the 
traces of water reworking; C – grains with the traces of wind reworking; D – adhering 

clays particles as a result of diagenesis; E – traces of cryogenetic weathering. 
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Hence, the micromorphology suggests that the quartz grains of the studied 
sediments have an unexpectedly heterogeneous origin of aeolian and fluvial 
processes, as well as the anticipated glacial origin. The content of these grains 
groups varies for the sediments of different origin. The heavy minerals and 
magnetic data provide information about provenance differences and reflect the 
influence of the Scandinavian sources but not the transport processes as surface 
micromorphology data.  

The data obtained characterize the historian-genetic sequence of events of 
glacial morpholithogenesis that can be considered as a certain trend of the change 
in properties of sediments of different origin. These sediments (predominantly 
cover loams on the top surfaces) are the parent rocks for soils and can provide 
important information for palaeoenvironmental reconstructions. 
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OXYGEN STRESS IN THE ROOT ZONE AND PLANT RESPONSE 
(SOME EXAMPLES) 

 
Balakhnina T.I., Bennicelli R.P., Stępniewska Z., Stępniewski W. 

 
One of the essential negative consequences of the soil flooding is oxygen 

deficiency in the tissues of the submerged plants. Oxygen deficiency effects the 
intensity and the direction of a number of physiological and biochemical reactions 
and induces oxidative stress in the plant cells ( Bennicelli et al. 1998, Blokhina et 
al., 1999; Hunter et al., 1987; Yan et al., 1996, Zakrzhevsky et al. 1995). 

Under optimal conditions the content of reactive oxygen species (ROS) 
maintains, with the help of antioxidative defence system, at a level which is safe 
for the organism (Larson, 1988). Enzymes of superoxide dismutase and ascorbate – 
glutathione pathway eliminate the excess of Н2О2 in chloroplasts, in the cytoplasm 
and in non photosynthesizing tissues (Foyer and Halliwell, 1976). Under stress 
conditions the formation of ROS can exceed the antioxidative potential of the cell 
and cause an oxidative damage (Halliwell, 1984). 

The plant capability to activate the defense system against oxidative 
destruction may be a key link in the mechanism of plant tolerance to unfavorable 
conditions. Changes in the activity level of one or more antioxidative enzymes are 
connected with the plant resistance to stressor action (Allen, 1995). The aim in this 
paper  was to shown response of  stomatal resistance (Rd) on the examples of some 
plants: Triticum aestivum L., Triticale L., Zea mays L.,Pisum sativum L.reaction  
planted on unfavorable soil conditions through hypoxia to anoxia conditions. As 
the indicators of soil aeration conditions Oxygen Diffusion Rate (ODR) and redox 
potential (Eh) were used as described by Gliński and Stępniewski (1985). 

MATERIALS AND METHODS 

The experiments were performed with the use of Triticum aestivum L., 
Triticale L., Zea mays L.,Pisum sativum L under growth chamber  in plastic pots, 
5.9 dm3 in volume, filled with soil material from the Ap horizon of a brown loess 
soil (Orthic Luvisol) of pH in H2O - 7.3 (pH in KCl - 7.1) containing 0.89% Corg, 
15% of 1 -0.1m fraction, 80% of 0.1-0.002 mm fraction, and 5% clay. Each pot 
contained 6.2 kg of soil (dry mass basis) packed to a bulk density 1.35 Mg m-3 
corresponding to total porosity 48% v/v . 
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The air temperature was kept at 23±2оC and 12±2оС during the day and 
night, respectively. The day period was 12 hours with the light intensity of 190 
Wat m-2. The relative air humidity in the growth chamber was 45±5% during the 
day and 70±5% during the night.  



As the indicators of soil aeration conditions the air-filled porosity (Eg), 
Oxygen Diffusion Rate (ODR) and redox potential (Eh) were used as described 
by Gliński and Stępniewski (1985). 
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Fig. 1. Leaf stomatal resistance (RD) of Pisum sativum L. as a function of  Eh i ODR 
of the soil after 12 days of oxygen stress. 
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Fig 2. Leaf stomatal resistance (RD) of Zea Mays L.as a function of  Eh i ODR of 
the soil after 12 days of  oxygen  stress. 
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Fig. 3. Changes of stomatal diffussive resistance (Rd) in relation to Eg,  ODR and 
Eh (Triticum aestivum L.). Mean value ± standard deviation. 

 

y = 23,796e-0,0086x

R2 = 0,82

0

5

10

15

20

25

30

35

0 20 40 60 80 1

ODR, mg m-2 s-1

R
d,

 s
/c

m

y = -0,0315x + 28,883
R2 = 0,65

0

5

10

15

20

25

30

35

0 100 200 300 400 500 600

Eh, mV

R
d,

 s
/c

m

00

 Fig. 4. Changes of stomatal diffussive resistance (Rd) in relation to Eg, ODR and 
Eh (Triticale). Mean value ± standard deviation. 

RESULTS 

After 12 days of growth under unfavorable conditions of aeration the 
availability of oxygen to roots ODR were change from 210 to 2 µg m-2 s-1 and Eh 
from 490 tо -180 mV. 

Under oxygen deficiency conditions experienced by the plant roots during 
the12 days of flooding the soil a generalized adaptive response took place in the 
leaves, which were in the normal aerobic conditions (Zakrzhevsky et al., 1995; Yan 
et al., 1996). The root hypoxia resulted in an increase of the value of leaf stomatal 
diffusive resistance up to 130 and 60 s/cm in Pisum sativum L.as well  Triticum 
aestivum L- non tolerant  of oxygen stress plant; and up to 25 and 13 s/cm in the 
case of Triticale L.and Zea mays L - less sensitive to the effect of unfavorable 
factors  plants. 

 25



 26

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

10. 

Stomatal diffusive resistance of the leaves (Fig.1-4) express relations between 
soil and plant parameters in relation to soil aeration. In each tested plant increased 
of  Rd was observed under hypoxia or anoxia conditions. This relation can be 
describe by linear or curvilinear relationships with high correlation coefficients at 
R2 = 0.65-0.96 for redox potential and at R2=0.67- 0.94 for oxygen diffusion rate. 
From results obtained  Eh is seems to be more effective parameter of soil aeration 
status. 
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AEROBIC CONDITIONS AND ANTIOXIDATIVE SYSTEM OF AZOLLA 
CAROLINIANA IN THE PRESENCE OF Hg IN WATER SOLUTION 

 
Bennicelli R.P., Balakhnina T.I., Stępniewska Z., Szajnocha K., 

Banach A. 

INTRODUCTION 

High concentration of heavy metals effects like other stress conditions in plants 
a number of physiological and biochemical reactions and induces oxidative stress 
in the plant cells (Noctor and Foyer 1998, Blokhina et al., 1999; Hunter et al., 
1987; Yan et al., 1996).Formation of reactive oxygen species (ROS) takes place in 
the cells of all the plants and is a consequence of normal aerobic metabolism. 
Under optimal conditions the content of ROS maintains, with the help of 
antioxidative defense system, at a level which is safe for the organism (Larson, 
1988). Thus superoxide dismutase scavengers superoxide anion - radical  (О2

-.) in 
the cytoplasm, chloroplast and mitochondria (Bowler et al., 1992). Under stress 
conditions the formation of ROS can exceed the antioxidative potential of the cell 
and cause an oxidative damage (Halliwell, 1984). 

The plant capability to activate the defense system against oxidative 
destruction may be a key link in the mechanism of plant tolerance to unfavorable 
conditions. Changes in the activity level of one or more antioxidative enzymes are 
connected with the plant resistance to stressor action (Allen, 1995). Previously we 
found (Bennicelli et al., 1998) that maize response to soil aeration conditions (as 
evaluated by biomass production and stomatal diffusive resistance) and the 
advancement of destructive processes (as assessed by malondialdehyde content) as 
well as the antioxidant system status (expressed by SOD activity) were related to 
soil oxygen availability as measured by oxygen diffusion rate (ODR). Similar 
dependences of growth and oxidative processes to soil aeration parameters was also 
shown for pea known as flood intolerant plant (Zakrzhevsky et al, 1995). 

The aim of the paper was to investigate the response of Azolla caroliniana 
Willd. defense system in the presence of different concentration of Hg and 
availability of oxygen in water solution. 

MATERIALS AND METHODS   

The studies were performed under model laboratory conditions with the use of 
aquatic fern A. caroliniana. The air temperature was kept at 25±2оC and 18/6 
photoperiod was applied. The relative air humidity was on the level 70±5%. As the 
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indicators of soil aeration conditions Oxygen Diffusion Rate (ODR) was used as 
described by Gliński and Stępniewski (1985). 

Plant defense system was characterized by superoxide dismutase (SOD)  
measurements by spectrophotometric method of Paoletti et al (1986), based on 
oxidation of NADH by superoxide anion radicals. The enzyme extract was diluted 
20-fold before the analysis. As a unit of SOD activity, 50% inhibition of NADH 
oxidation rate was used. Analyses were performed from the crude homogenates 
and enzyme extracts from control and treatment plants. All the results were 
calculated per one gram of leave dry mass. 

Three replications of each experimental treatment were done. The variability of 
treatments was analysis by ANOVA test. The relationship between ODR or SOD 
activity and time (day) of prolonged experiment is expressed by  correlation 
coefficient (R2) and by correlation equation. 

RESULTS 

The availability of oxygen to roots of A. caroliniana plants differentiated in the 
wide range what was indicated by changes of the control ODR values 20-30µg m-

2s-1 to 50µg m-2s-1 under higher Hg concentration (Fig. 1). In the presence of 30 mg 
Hg dcm-3 adaptation time (1-4 days) for A. caroliniana plants was needed. After 
this time increasing values of ODR were observed. The level of the availability of 
oxygen (ODR) indicated the release oxygen by roots A. caroliniana  to water 
medium. Release of oxygen from the roots of Typha latifolia at the level of 0.12-
0.20 mmol O2 DW h-1 was described by (Jespersen et al. (1998). 

The SOD activity (Fig. 2) in the leaves of the control plants was during the 
experimental period within the normal physiological range 1800-3000 u. In the 
presence of Hg(II) in water solution increasing of SOD activity in plant tissue was 
observed up to 4000 u what indicates the sensitive response of defense system of A. 
caroliniana to environmental stress. 

 This reaction is comparable to adaptive response of plant under oxygen 
deficiency conditions experienced by the plant roots during the period of flooding 
the soil and  took place in the leaves, which were in the normal aerobic conditions 
(Zakrzhevsky et al., 1995; Yan et al., 1996).  

Under these conditions limitation of the amount of final electron acceptor in 
electron transport chain – NADP+ favors functioning of oxygen as an alternative 
acceptor of electrons. Induction of such reactive oxygen species as superoxide 
radical (О2

-.) and hydrogen peroxide (Н2О2) initiates processes of lipid peroxidation 
and leads to a serious damage of cells and of the entire organism. (Egneus 
et.al.,1975). Increase of the rate of О2

-. and Н2О2  generation in leaves of plant under 
soil hypoxia was correlated with lipid peroxidation (Yan et al., 1996). 
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Protection of plants from oxidative destruction is associated with active 
functioning of SOD activity in roots and leaves under waterlogging conditions 
(Zakrzhevsky et al., 1995). 

Many plants are able to survive stress conditions when antioxidative enzymes 
is not the long - term and the active functioning of enzymes-detoxicators i.e. SOD 
is effective. 
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Fig. 1.  Dynamic of Oxygen 
fusion Rate in the soil at different

experimental treatments. 
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Fig. 2. The Superoxide Dismutase 
activity in plant tissues at different 

experimental treatments. 
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PROBLEM OF STANDARDIZATION OF SOIL PHYSICS METHODS.  
 

Bieganowski A., Walczak R.T. 
 

One of the most important criteria, enabling a comparison of the results, 
obtained in various laboratories is the standardization of research methods.  It is 
especially important in reference to the studied media, which are characterized with 
high variability in time and space. Surely, it is possible to rate soil among such 
media. 

The specificity of agrophysical measurements of soils is connected with the 
fact, that soil is an object in which continuous physical phenomena and chemical 
reactions take place.  These phenomena and reactions, connected with changing 
external conditions (e.g. changes of temperature, rainfall, etc.) as well as with life 
processes of microorganisms and organisms living in the soil, cause the variability 
of soil properties in time. Additionally, the variability and large heterogeneity of 
soil properties in space gives the view of difficulties, to be faced by physicists 
dealing with measurements performed in the soil environment. 

International Standardization Organization (ISO) has perceived the problems 
of measurements, realized in the soils. The confirmation of this fact is the output of 
the Technical Committee TC 190 “Soil quality”. This committee, which is divided 
into 6 sub-committees, has elaborated 70 standards* till now:  

• TC 190/SC 1 “Evaluation of criteria, terminology and codification” (6 
standards) 

• TC 190/SC 2 “Sampling” (5 standards) 
• TC 190/SC 3 “Chemical methods and soil characteristics” (32 standards) 
• TC 190/SC 4 “Biological methods” (15 standards) 
• TC 190/SC 5 “Physical methods” (9 standards). The whole breakdown of 

SC 5 standards is presented in Table 1. 
• TC 190/SC 7 “Soil and site assessment” (3 standards) 

Taking into consideration the numbers of officially published standards, 
concerning the chemical and biological methods, it should be stated that the 
number of standardized physical methods is relatively small. 
 
 
*http://www.iso.ch/iso/en/stdsdevelopment/tc/tclist/TechnicalCommitteeDetailPage.Technical 
CommitteeDetail?COMMID=4381.State actual on 10/02/2004.  
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Table 1. Breakdown of numbers and titles of standards elaborated by TC190/SC 5 
“Physical methods” 

ISO 10573:1995 Soil quality - Determination of water content in the 
unsaturated zone - Neutron depth probe method 

ISO 11272:1998 Soil quality - Determination of dry bulk density 

ISO 11274:1998 Soil quality - Determination of the water-retention 
characteristic - Laboratory methods 

ISO 11276:1995 Soil quality - Determination of pore water pressure - 
Tensiometer method 

ISO 11277:1998 
Soil quality - Determination of particle size distribution in 

mineral soil material - Method by sieving and 
sedimentation 

ISO 11277:1998/Cor1:2002  

ISO 11461:2001 
Soil quality - Determination of soil water content as a 

volume fraction using coring sleeves - 
Gravimetric method 

ISO 11508:1998 Soil quality - Determination of particle density 

ISO 16586:2003 
Soil quality - Determination of soil water content as a 

volume fraction on the basis of known dry bulk 
density - Gravimetric method 

 
Before the international standard is finally accepted by ISO, the procedure of 

standards elaboration provides several intermediate stages. Particular projects of a 
given standard, which are the effect of the work performed in a stage, are 
accordingly denoted at the standard’s number. For instance: 

- ISO/CD denotes Committee Draft and is the result of work done in a 
working group. This is the first proposition to formulate this problem in the 
form of a standard. A possibility exists to publish several CDs. 

- ISO/DIS denotes Draft International Standard and is the effect of 
consultation and discussion, which took place outside the working group. 

- ISO/FDIS denotes Final Draft International Standard and is the last 
version of the document, proceeding an official publication. 

One of working groups - SC SC5, in the second half of the 90-ies, led to 
publishing ISO/CD 12229 „Soil Quality – Determination of soiling water content 
volume fraction – Time Domain Reflectometry (TDR) and Time Domain 
Transmissometry (TDT) Methods”.  

The procedure of standard’s elaboration is a little bit arduous and prolonged in 
time. It requires that the experts from various countries were engaged in the 
working group. Therefore, particular persons can resign of different motives from 
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participation in a working group and the quorum is not preserved. In such case the 
work on a given standard are suspended. 

Such situation took place in case of the standard ISO/CD 12229. The decision 
of ISO/TC 190/SC 5 WG 3 “Water content” from 7/11/2000, suspended the work 
on further elaboration of the standard. 

Taking into consideration that the normalization of the soil water content 
measurement with application of TDR technology is really needed by the users, the 
Institute of Agrophysics PAS in Lublin in the frame of the Center of Excellence 
“Agrophysics” has made a trial to reactivate the works on that standard.  

To strengthen our efforts we would like to prompt the participants of this 
conference to support this work. This support can consist in making the national 
standardization committees in particular countries interested in joining this issue. 
 



MORPHOLOGICAL AND PHYSICOCHEMICAL PROPERTIES OF 
STEPPE PALEOSOILS AS A BASIS FOR RECONSTRUCTION OF 

NATURE IN THE PAST 
 

Borisov A.V., Alekseev A.O., Alekseeva T.V., Demkin V.A. 
 

During the past few decades investigations of ancient barrows have been 
carried out in close cooperation by archaeologists and environmental scientists. 
The objects of their investigations are paleosoils buried under archaeological 
monuments. The main points of such investigations are as follows: (1) the kurgans 
are not only monuments of ancient history but also monuments of nature; (2) the 
properties of the soils of past epochs preserved under kurgan embankments retain 
information about the climatic conditions of their formation and development. 
Comparative analysis of paleosols buried under the kurgan mounds in different 
historical epochs, enables one to obtain information about the dynamics of soil 
properties and thus to reconstruct the climatic changes and pedogenesis regularities 
in the area.  

This paper concerns with the transformation of soil properties influenced by 
the climate changes as well as the soil forming condition development. To answer 
the questions five paleosoils of different ages buried under the kurgan as well as 
modern background soils in the southeastern part of the Russian Plain have been 
studied. According to 14C-dating the kurgans were created 5100±50, 4410±100, 
4260±120, 4120±70 and 3960±40 years BP (the Mayckop Culture, the, Early and 
Developed period of the Katakomb Culture). The paleosoil studies of 
archaeological monuments were conducted in the southern part of the Ergeny 
Upland, in the neighborhood of Iki-Burul (the Republic of Kalmykia). 

The most ancient paleosoil is dated back 5100±50 BP, Cal. 3966-3803 BC. The 
paleosoil had differentiated profile with prismatic structure of the solonetz horizon 
B. The thickness of humus horizon was 36 cm (Fig.1.); HCl reaction began at the 
depth of 30 cm. The thickness of carbonate accumulation zone was about 50 cm, 
with the impregnation forms of carbonate neoformations prevailing in the upper 
part whereas the nodule forms prevailing in the lower one. The carbonate content 
in the accumulation zone was 13-14%; the middle value in the layer 0-50 cm was 
4.4% (Fig.3). The content of the easily soluble salts and gypsum did not exceed 
0,6% (Fig.2). The upper boundary of the salt accumulation zone was on the depth 
60 cm. There were many Fe-Mn- oxide neoformations in the horizons B1, B2, and 
BC. On the whole, the morphological and chemical properties of the paleosoil are 
close to those of modern soils.  
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Next paleosoil is dated back 4410±100 BP, Cal. 3304-2911 BC. The paleosoil 
properties are also close to these of modern soils. But some soil parameters indicate 
that the climate in the middle of the third Millennium BC differed from that of 
present days. In particular, the salt concentration  in  the  buried  soil  was  virtually 
           5100±50          4410±100        4260±120        4120±70        3960±40      Present time 

 
 
  1           2                     3                     4  
 

1 – nodule calcareous neoformations    2 – easy soluble salts (concentration >1%) 
3 – gypsum neoformations                    4 – depth of HCl-reaction 

Fig. 1. Stratigraphy morphology of the paleosols and modern surface soils 
 
higher, with the content of chloride in the upper part of soil profile exceeding 600 
ppm. Evidently, this kind of soil salinity was due to increasing the salt transfer by 
the wind, sodium chloride, in the firs place, from the Caspian Sea, the process 
occurring when the climate becomes more arid. On the other hand, the HCl-
reaction begun at the depth of 28cm, the thickness of carbonates accumulation zone 
reached 63cm, with the calcareous new formations in the nodule form prevailing. 
The gypsum content was less than 1% (Fig.2.). The Illuvial horizon B had 
prismatic structure with signs of solonetzic process developing. The upper part of 
the soil-forming rock had been leached from the easily soluble salts and gypsum. It 
is typical of the paleosoil to contain many Fe-Mn oxide neoformations in the form 
of thin pellicles and coatings on the soil particle surface in the horizons B1, B2 and 
BC. Fe and Mn are known to immobilize at Eh exceeding 450 mv. Such an 
ambiguity of the soil properties indicates that comparatively humid climate 
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conditions, existing at the first part of the third Millennium BC, had been changed 
by more arid ones not long before the soil been covered by kurgan embankment.  

About 150 years later the soil salinity increased. In the profile of the paleosoil 
buried under the kurgan embankment 4260±120 BP, (Cal. 3016-2628 BC) the SO4 
content became three-five times higher, while the chloride content remained high 
as well. The thickness of the carbonates accumulation zone reduced but the 
carbonate content in the upper 50 cm layer grew up 6,5%. The morphological 
forms of the CaCO3 neoformations changed too. The size of calcareous nodules 
decreased, with impregnation forms prevailing. The Fe-Mn oxide neoformations 
were not observed in the soil as well as in all paleosols described below. The 
prismatic structure of the paleosoil illuvial horizon B became less prominent, 
which is evidence of solonetzic process extinction under the condition of intensive 
water evaporation. Increasing the gypsum content also indicates the intensification 
of ascending migration of water-soluble components in the soil profile, which is 
typical of drought periods.  

During the next one and a half century both the easily soluble salts and gypsum 
evidently rose up gradually resulting in the formation of their accumulation zone 
with the upper boundary at 70 cm deep at the end of the third Millennium BC. The 
gypsum content in the paleosoil buried 4120±70 BP (Cal. 2871-2508 BC) was 
2,4%. The sulphate concentration in the layer of 70-200 cm reached 1300-1400 
ppm. The cloride concentration in the lower part of the soil profile considerably 
increased. This can was due to either the salt re-distribution in the soil profile or the 
ground water chemistry composition change with the ground water salinity 
increasing. The great amount of soil carbonates moved to the upper 0-50 cm layer, 
in which the average CaCO3 content was 8,4% (Fig.3). All carbonates were in 
impregnation form.  

Development of climate aridization resulted in forming unusual soils, which 
are not found within the modern soil cover of dry and desert steppe zones. Whereas 
the modern background soils are light-chestnut soils with differentiated profile and 
solonetzic horizon, the paleosols at the turn of the third and the second Millennium 
BC (3960±40 BP, Cal. 2490-2409 BC) are characterized by undifferentiated profile 
with indistinct boundaries between soil horizons, uniform color of soil-ground 
mass, and considerable salinity. We proposed to refer these soils as “chestnut-like 
soils”. In contrast to the paleosols described above in this soil the thickness of the 
humus horizon reduced until 7 cm, resulted from, most likely, activation of the 
wind erosion. The textural differentiation of the soil profile disappeared. The HCl-
reaction was observed at the level of the soil surface. The soil salinity considerably 
increased, with the easily soluble salts forming another accumulation zone in the 
horizon B. The upper border of the easily soluble salts accumulation zone was on 
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the depth only 25 cm. It should be noted, that sulphate content in this horizon 
grown to about 2000 ppm. The complex of such soil properties indicates extremely 
drought conditions existed at the turn of the 3-d and 2-d Millennium BC. 
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Fig.2 The dynamics of easily soluble salts and gypsum contents in the profiles of 
buried paleosoils and modern background soils 
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Fig. 3 The dynamics of carbonate contents in the layer of 0-50cm in paleosoils and 
modern background soils 

 
Thus, the soil data obtained allowed us to propose the following concept of the 

climate development and soil forming conditions changes during the 3-d 
Millennium BC. At the first part of the 3-d Millennium BC the climate in the area 
under investigation was moderately dry, and the atmospheric precipitation was 
close to than of the present. During the whole second part of the 3-d Millennium 
BC the climate aridization was gradually increasing. The heaviest droughts 
occurred at the turn of the third and second Millennium BC resulting in disastrous 
wind erosions, increase of the concentration of water-soluble components (easily 
soluble salts, gypsum, carbonates), and deflation of the upper horizon of the 
watershed area soils. 
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INFLUENCE OF TEMPERATURE ON WATER PROPERTIES  
OF URBAN SOIL 

 
Bowanko G., Hajnos M., Witkowska-Walczak B.  

 
Effect of addition of various amount of rubble to the soil and influence of 

cyclic changes of temperature on water properties of the resulting mixtures was 
studied. One-week freezing (-20°C) and one-week de-freezing (30°C) cycles were 
performed at constant soil moisture (25w/w%) during 18 weeks. For samples 
collected before the cycles (control) and after 6th, 12th and 18th week of the cycles, 
water potential vs. moisture dependencies (pF curves) were measured. From these 
curves amounts of gravitational, plant available, and non-accessible water as well 
as porosity of the studied materials were calculated.  

INTRODUCTION 

As a result of human activity area of anthropogenic soils, including urban soils, 
expands every year. In urban soils complete destruction of natural soil profile is a 
common phenomenon. Buildings or roads cover the significant portion of urban 
areas, which makes proper circulation of air and water impossible. Engineering 
works leave different kinds of building materials in the soil, which corrode under 
atmospheric and soil environment factors, leading to long-term changes in soil 
properties, particularly in soil structure thus affecting gases, water and nutrients 
retention and transport.  

Soil structure depends on granulometric composition, amount and mineralogy 
of clay fraction, and quantity of humus, as well as on climatic conditions, soil 
biota, fertilizers and meliorations thus this is very sensitive to human building 
activities.  Among climatic factors, the temperature is of primary importance as this 
influences soil structure due to alteration of soil colloidal properties, consolidation 
and deformation and movement of soil particles. 

The aim of this work was to find how the addition of building materials into 
the soil affects its water properties under the influence of cyclic changes of 
temperature. 

MATERIALS AND METHODS  

The upper 0-25 cm layer of a leached brown loessial soil was used. The soil 
material was mixed with a rubble, composed from equal quantities of concrete, 
brick, foam concrete and mortar. Soil and rubble were ground and screened by 
1mm sieve. Mixtures of soils and rubble were prepared in 9:1; 8:2; 7:3; 6:4 and 5:5 
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w/w ratios, moistened with distilled water to 25% w/w and subjected to cyclic 
changes of temperature. One cycle consisted of one-week treatment at -20°C 
following by one-week treatment at 30°C. The material for investigations was 
taken after 6th, 12th and 18th week. 

Water retention vs. moisture dependencies (pF curves) were measured using 
laboratory set LAB 012 produced by Soil Moisture Equipment in a range of soil 
water potential from 0 Jm-3 (pF 0) to 1,5⋅106 Jm-3 (pF 4,2). Prior to the 
measurements the studied samples were placed in stainless steel cylinders (1.8 cm 
radius and 1 cm height) and subjected to several cycles of 48h wetting (capillary 
rise) and 48h (40°C) drying to stabilize the structure i.e. until differences in sample 
bulk densities were insignificant. Changes in granulometric composition and bulk 
density of the soil and mixtures were measured, as well. 

From the above dependencies, the quantity of gravitational water, plant 
available water and non-accessible water were estimated. Quantity of large pores 
(ϕ>18,5 µm), medium pores (18,5µm>ϕ>0,2 µm) and small pores  (ϕ>0,2 µm) 
were estimated also. 

RESULTS AND DISCUSSION 

Figure 1 shows dependencies of moisture on water potential (pF-curves) for 
initial samples and after cyclic changes in temperature.  

First cycle of freezing-defreezing (6 weeks) lead to significant increase in 
water retention for all samples. During next cycles the water retention decreases 
consecutively reaching after third cycle (18 weeks) lower values than the initial 
samples. The above phenomena suggest changes of soil structure during freezing-
thawing periods. Initially the compact structure of artificially prepared soil and 
mixtures is obtained. This structure markedly loosened after first 3 cycles of 
freezing and thawing indicating that most probably larger soil aggregates were 
formed. These aggregates may brake during further cycles and the soil structure 
becomes more stabilized.  

After third cycle when the structure seems to be most stabilized, the water 
retention is higher in all mixtures than in the soil itself. This is due to higher water 
capacity at low pF values i.e. in the range of coarser pores. However, in higher pF 
range (smaller pores), the water retention seems to be smaller in the mixtures than 
in the soil. This may be connected with an increase in silt and loam fractions, 
resulting most probably from dispersion of coarser rubble fractions by water during 
cyclic changes of temperature. 

 
 

 39 



 

 40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

initial
materials

0

10
20

30
40

50

60
70

80
90

100

0 0.5 1 1.5 2 2.5 3 3.5 4 pF

m
oi

st
ur

e 
%

soil (S)
S+10%R
S+20%R
S+30%R
S+40%R
S+50%R

6 weeks
temp. cycles

0

10
20

30

40

50
60

70

80
90

100

0 0.5 1 1.5 2 2.5 3 3.5 4 pF

m
oi

st
ur

e 
%

soil (S)
S+10%R
S+20%R
S+30%R
S+40%R
S+50%R

 
 
 
 
 
 
 
 
 
 
 
 
 
 

12 weeks 
temp cycles

0

10

20
30

40

50

60

70
80

90

100

0 .5 1 1.5 2 2.5 3 3.5 4 pF

m
oi

st
ur

e 
%

soil (S)
S+10%R
S+20%R
S+30%R
S+40%R
S+50%R

18 weeks 
temp cycles

0

10

20

30

40

50
60

70

80

90

100

0 0.5 1 1.5 2 2.5 3 3.5 4 pF

m
oi

st
ur

e 
%

soil (S)
S+10%R
S+20%R
S+30%R
S+40%R
S+50%R

 
 
 
 
0

Fig. 1. Dependencies of moisture on water potential for the studied samples. 
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Figure 2 shows changes in amount of pores of various sizes during the 
temperature cycles for the soil and its mixtures with 10% and 50% of the rubble.  
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Fig. 2. Effect of temperature cycles on porosity in soil and soil-rubble mixtures. 
 

As mentioned previously, the temperature cycles affects the porosity of the soil 
and its mixtures with rubble. The differences in porosity between the studied 
materials are the least after 18 weeks of thermal cycles.  

The addition of the rubble to the soil influences the porosity of the resulting 
mixtures, particularly during the course of stabilization of the structure i.e. during 
first 12 weeks of the thermal treatment. After 18 weeks of the thermal treatment the 
amount of large pores was higher in soil mixtures with rubble than in the soil, 
whereas the amount of medium size pores decreased. Amount of small pores was 
similar in soil and its mixtures with rubble.  

CONCLUSIONS 

Thermal cycles caused initial increase in water retention of soil and its 
mixtures with rubble, which consecutively decreased during further freezing-
thawing periods. After 18 weeks of thermal cycles when the soil structure seems to 
be most stabilized, the water retention and porosity of soil mixed with rubble was 
higher than in the natural soil due to increase in the amount of large pores. The 
amount of medium pores was lower in the mixtures than in the soil.  



STATE OF MICROBIAL COMMUNITIES IN MODERN AND BURIED 
SOILS AS INDICATOR OF CHANGING SOIL-FORMING CONDITIONS 

 
Demkina T.S., Borisov A.V., Demkin V.A. 

 
Soil microbial community is an important part of soil. Practically all soil 

processes are going on with the participation of soil microorganisms. Therefore the 
state of microbial community is one of the most important indicators of 
pedogenesis conditions. Paleosols buried under kurgans retain their properties from 
the time of kurgan building and, consequently, the environmental conditions of that 
time should be reflected in the properties of microbial community. The earliest our 
investigations have demonstrated the existence of active microorganisms in the 
buried soils. This microorganism grown well after the soil-water suspense was 
sowed on the nutrient medium. Using various nutrient mediums it is possible to 
appreciate the trophic groups, quantity, and biomass of microorganisms. These data 
allowed us to reconstruct the pedogenesis conditions in the past.  

At present there is little evidence of these microorganism’s ages and of the 
diagenesis changes of microbial communities in paleosols. Not numerous data 
show that 14C age of bacteria from marine sediments varies from 985±85 to 
7480±80 years (1). Studying microbial properties of ancient paleosols buried under 
sediments dated back 1-4 million years it was shown that on the depth of 50-60 m 
the paleosols enriched by organic carbon had a higher population of culturable 
heterotrophs, a greater glucose mineralization potential, a higher microbial 
diversity, and a more than 20-fold higher concentration of ATP than the weakly 
developed paleosols (2). To the author’s opinion, the survival of microorganisms 
over geologic time periods would be dependent on their ability to prevent cell 
death imposed by desiccation contaminant nutrient limitation. A second adaptive 
strategy for long term survival is the ability to enter a resting state characterized by 
a lack of metabolism or very slow utilization of endogenous energy reserves at low 
matric water potential. The complex of fungi in cultural layers of medieval 
archaeological sites was shown to be similar to that of modern city soils (3).  

Dispersion analysis of microbiological data of buried and modern soils allowed 
us to establish intensity of diagenetic changes of microbial parameters and to 
appreciate whether the characteristics of microbial community of the paleosols can 
be used to reconstruct soil-forming conditions in the past. It was established that 
during 3000-4000 years the diagenetic changes of microbial community in the 
horizon B2 of the paleosols were not going on. Hence the state of microbial 
community in this horizon reflects the soil-forming conditions in the past. 
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We performed microbiological investigation of several dozens of kurgans 
created at Eneolith Epoch, Bronze Epoch, Early Iron Age and the Middle Ages 
within the dry and desert steppe zone. Using the complex of microbiological 
methods the information about microbial biomass, populations of microorganisms 
of different trophic groups and fungal colony-forming units, and microbial 
respiration rate was obtained and some original coefficients were calculated.  

For the first time the distribution of microorganisms in a kurgan embankment 
and buried paleosoil was investigated. The quantity of microorganisms of different 
trophic groups in the horizon A1 of the paleosols is 10-fold higher than that in the 
kurgan embankments. The values of microbiological parameters in modern soils 
decrease downward. In the buried paleosols the distribution of microorganisms is 
either similar to that in the modern soils or increase downward depending on the 
digenetic changes, lithology, and climate conditions in the past.  

In order to establish the relationship between the state of microbial 
communities and modern soil-forming conditions the comparative analysis of 
microbial communities of modern light-chestnut soils and solonetzes within the dry 
and desert zones in the Lower Volga region has been performed. It was established 
that microbial characteristics are mainly depend on the local peculiarities of 
pedogenesis. Within the same soil type the microbial communities vary 
significantly subject to the lithological and geomorphologic conditions, as well as 
the location in the landscape. And vise versa, the microbial communities in 
different soil types are often similar if the soils have similar location in the 
landscape, soil forming rocks and depth of ground water. Therefore we suppose the 
state of microbial community at certain historical period depends on the 
regularities of soil evolution and climate changes in concrete area. 

The dynamics of microbial community states in the various paleosols has also 
been studied. It was shown that during some historical periods the variability of 
microbial community haracteristics was considerable (burial places “Abganerovo”: 
the turn of the IV-III Millennium BC (PS-1), XIX-XVII cc. BC (PS-2), III-IV cc. 
AD (PS-3), IV c. AD (PS-4) (Fig.1); “Malyaevka”: the turn of the III-II millennium 
BC, XVI-XV cc. BC, III-IV cc. AD, XIII-XIV cc. AD, and during other ones it 
was not great (burial place “Kolobovka” the first part of the I c. AD (PS-5), I-II cc. 
AD (PS-6), II-III cc. AD (PS-7). The data obtained are evidences of variability of 
microbiological parameters caused by natural condition changes. Predominance of 
the microorganisms, consuming an easily available organic  matter,  high  values  
of   ratio  of  microbial  population  consuming  plant residues to that consuming 
humus substances, and low index of oligothrophicity allows one to suppose high 
amount of organic matter entering into the soil, the process occurring in  conditions 
of  high  precipitation  norm.  And  vise  versa,  the   drought   increasing   leads   to 
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Burial place “Abganerovo”, light-chestnut soil 
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Fig. 1. Quantity of microorganisms of various trophic clusters in the horizon B2 in 
the paleosols (PS) and modern surface soils (MS) 

reduction of the first and second parameters, whereas the index of oligothrophicity 
grows up. This index expresses the ability of microbial community to use nutrient 
elements from poor environment: the poorer nutrient conditions are the higher 
index of oligothrophicity is.  

The temporary and spatial variability of trophic structure of soil microbial 
community in several regions of the steppe zone has been described. For instance, 
during the last 3600 years in the saline chestnut soils in the river Esaulovsky Aksay 
valley the microorganisms consuming nutrient elements from poor environment 
prevailed (74-97%) (Table 1). These microorganisms also prevailed (69-77%) in 
the light-chestnut soils developed on the saline loams  in  the  Lower  Volga  region 
under more arid climate. In the light-chestnut soils, developed under conditions of 
less saline soil-forming rocks and higher precipitation on the watershed areas of 
Ergeny Upland the microorganisms growing on the rich organic medium prevailed. 
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Table 1.  The temporary and spatial variability of microbial communities in 
paleosols and modern surface soils. 

 

Burial places Aksay1 Abganerovo2 Malyaevka2 Kolobovka2 

MS 546 406 107 35 Microbial biomass* PS 16-112 20-42 11-19 0.4-3 
MS 66 57 17 44 Quantity of 

microorganisms** PS 8-48 4-47 7-10 25-27 
MS 74 58 66 70 SA PS 74-97 21-58 28-66 69-77 
MS 8 15 4 6 NA PS 0-8 18-36 4-32 6-8 
MS 18 35 30 24 

Populations of 
microorganisms 

of different 
trophic 

groups*** RM PS 4-18 25-61 25-43 16-28 
MS – modern soil,     PS – buried soil      1 – chestnut soil,         2 – light-chestnut soil 
SA – soil agar,           NA – nitrite agar,              RM – rich medium 
* - µg C/g soil            ** - million cells/g soil,    *** - % 
 

It should be noted, that pedogenesis reconstructions obtained on the base of 
microbiological methods are in full accord with those obtained with the help of 
traditional morphological-genetic analysis of the soils. Moreover, being more 
sensitive to soil-forming condition changes, the data of microbial community state 
allows to specify and work out in detail the morphological-genetic analysis data. 
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THE INFLUENCE OF COMPOSITION AND PROPERTIES OF SOILS 
CONTAMINATED BY LEAD ON THE OAT GROWTH 

 
Dmitrakov L.M., Dmitrakova L.K., Abashina N.A., Pinsky D.L. 

 
The problem of geochemical stability of the soils and ecosystems to 

technogenic pollution is still requiring great attentions of soil scientists. The results 
of investigations was shown that in 3-10 fold excess of natural concentration of 
metal in soil triggers negative influence on production process in plants. Thus 
many researches have been carried out using substrates and nutritious solutions 
polluted by soluble salts of heavy metals (HM). At the same time, the analysis of 
both available in the literature and our data demonstrate the existence of the 
contradictions in estimated influence of low and average levels under lead soil 
pollution. In particular there are quite often no precisely expressed factors of 
negative influence on plants under doses Pb up to 1000 mg/kg soil. Consequently, 
lead presence in plants being greatly dependent on durability of lead binding with  
soil and, hence, on soils compositions and properties. 

The behavior and functions of Pb (II) in the system soil - plant in a series of pot 
experiments with the soils and substrates having various composition and 
properties have been studied.  

OBJECTS AND METHODS 
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Pot experiments ware carried out in plastic vessels in the КТLК-1250 chamber 
under constant light exposure, temperature, humidity and extent light day. In the 
experiments with samples from top horizons and parent rock of Soddy-podzol and 
Leashing Chernozems were used. Besides substrates obtained by mixing of soil top 
horizons with parent rock and washed quartz sand were used. Initial agrochemical 
characteristics of the soils (0-20 sм) have been determined using standard 
techniques : for Soddy-podzol - рНKCl - 6.4; C оrg. - 0.93; CEC - 17.72 mg-equ 
/100g, particles < 0.01 mm - 33.84; particles < 0.001 mm - 14.48; for Leashing 
Chernozems - рНKCl - 5.8; C оrg. - 3.48; CEC - 33.78 mg-equ /100g; particles < 
0.01 mm - 46.92; particles < 0.001 mm - 22.75. As a test-plant oat (Avena sativa 
L.) was chosen as steadiest culture to action of HM for experiments. In the first 
experiment as a substrate: top horizon (TH) of Soddy-podzol (1), mix of TH with 
parent rock in the ratio 1:1 (2), parent rock (3), mix TH with sand in the ratio 1:1 
(4) and sand (5) were used. In all cases the control (Ca) was used with addition and 
in three variants the control (К) - without addition of Ca (NO3)2. The duration of 
plants vegetation was made 30 days. In the second experiment as a substances: 1а - 
top horizon of Leashing Chernozems (TH), 2а – mix of TH with parent rock (1:1), 



3а - mix TH with parent rock (1:3), 4а - parent rock, 5а - mix of TH with sand 
(1:1), 6а - mix of TH with sand (1:3) were used. In all cases the control (К) was 
used without addition of Ca (NO3)2. The vegetation duration has made 60 days. In 
both experiments Pb (NO3)2 in a doze of 2000 mg/kg in a dry kind (Pb) were added 
in substrates and after grinding and careful mixing were placed in vessels. 
Substrates have been placed in the chamber and incubated during a month. After 
incubation of the substrates 5 sprout of oat was planted in vessels, it was done 3 
times. Temperature of light day (16 hours / day) was kept within 23-240С. In all 
experiments during the vegetation of oat have been made phenological:  the rates 
of plants growth have been estimated their height by measuring, transpiration of 
moisture – by weight method, plants shoot and root biomasses has been determined 
as well. Mathematical statistics was used when analyzing the results. 

RESULTS 
The results of our research in the series of pot experiments showed that the 

oppressing influence of pollutants in Pb doses up to 2000 mg/kg soil on growth of 
plants was insignificant and reached the maximal value by 20-30 days of 
vegetation. Then the plants overcame stress caused by soil pollution, but jet failed 
to overcome some morphometric differences. In a number of cases more intensive 
growth of plants was observed at low levels of soil pollution by Pb(NO3)2 than in 
controls (Fig. 1). The edition of Ca(NO3)2 into the soil for alignment of nitric 
nitrogen background influences plants development  similarly to Pb(NO3)2. 
Biomass of plant root and shoot was effected by level of soil pollution by Pb(NO3)2 
and Ca(NO3)2  during of oat vegetation in comparison with plants growth.  
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Fig. 1. Dynamics of oat growth on control (А) and polluted substrates (В). 
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The influence Pb on oat biomass was more considerable in comparison with Ca 
in parallel variants (Fig. 2). As shown by the data presented, influence of substrate 
composition on plants growth is typically change depending not only on kind of 
cation, but also on duration of vegetation. Substrate influence lines polluted by Са 
and Pb are not in agreement with control variants. Control plants during the first 10 



days grew faster than on substrate polluted by Ca(NO3)2 and Pb(NO3)2. However 
by 30-th day of vegetation control plants have lagged in growth behind not only 
plants on substrate polluted by calcium, but also the plants on substrate polluted by 
lead. Probably, it is connected either with stimulating action of low HM 
concentration on plants, or with reception of an additional nutrition of metals 
nitrogen salts by plants. 
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Fig. 2. Shoot(А) and root(В) biomass. 
In model experiment with Leashing Chernozems samples the behavior of oat 

plant was similar. For the first 20 days of vegetation the negative influence of lead 
on plants was more considerable, than substrates properties (Fig. 3).  
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Fig. 3. Dynamics of oat growth on control (А),  and polluted substrates (В). 

By 30-ty days of vegetation the oat height on polluted substrates practically 
had leveled with control plants and by the end of experiment it even overtook in 
some variants. Finally composition and properties of substrate rendered the most 
essential influence on growth and development of oat. The height of stalks was 
decreasing (from 100 up to 49 % on the control and from 100 up to 39 % on 
polluted substrate) and sand (from 100 up to 58 and 48 % accordingly) process of 
growth of parent rock content.  
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Biomass of shoot oat (from TH to parent rock decreased from 100 up to 22 on 
the control and to 8 % on polluted substrate) and roots (from 100 to 24 and 28 % 
accordingly) reacted even more sharply to composition and properties of substrate. 
The influence of Pb (NO3) 2 had various effects on shoot oat biomass being greater 
on polluted substrates than on control ones, the root biomass in all the variants with 
lead (except for TH + sand 1: 1) was 56 - 85 % from those on the control  (Fig.4).  
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Fig. 4. Shoot(А) and root(В) biomass. 

The results of experiment of soil conditions modeling testify to complex 
influence properties of soil and concentration of metal -pollutant on growth and 
development of plants. Presence pollutant and its concentration right at the 
beginning of oat vegetation caused the most negative influence on plants. In the 
further most essential distinctions in growth and biomass were shown as a result of 
influence of composition and physico-chemical properties of soil - the humus 
contents, exchange capacity, рН and other factors. 

CONCLUSION 

As a whole, analyzing obtained by us and literary data it is possible to make 
conclusions, that nitric lead produced dual influence on morphometric parameters 
of oat plants: contained in salt nitrate nitrogen facilitates growth processes, and 
lead cations in the doses exceeding 2000 mg/kg soil inhibit them. Rather low doses 
Pb (up to 1000 mg/kg soil) fail not only negative influence on development of 
plants owing to high buffer capacity soils in relation to HМ, but even in a number 
of cases stimulate their development. According to sensitivity to Pb(NO3)2 
influence morphometric parameters form:  height of plants < shoot biomass < roots 
biomass < brunching. Collateral action on development of oat plants render also 
Са2+ cations, added soil with Ca (NO3)2 in order to balance nitrate background. 
This action as a whole has the same Pb2+ cation orientation, as it should be taken 
into account when using nitrogen metal salts in pot experiments.  
Study supported by the Russian Foundation for Basic Research (project no. 02-04-48970).  
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SOIL SALINITY AND CLIMATE CHANGES IN THE PAST 
 

Eltsov M.V., Borisov A.V., Demkin V.A. 
 

During the 2001-2002 years the research workers of the Institute of 
Physicochemical and Biological Problems in Soil Science RAS have carried out 
the field investigations of burial places disposed in the Volgograd region. The basic 
method of research was the method of archaeological pedology. This method 
consists in joining investigation of modern soils and paleosols of archaeological 
monuments constructed at different periods of history. 

Paleosoils of different ages (the beginning of the 3-d Millennium BC, the first 
part of the III Millennium BC, the turn of the III-II Millennium BC, first century 
AD, the II-III centuries AD, the first part of the XIII century AD) buried under 
burial mounds as well as modern surface soils have been investigated. These soils 
are chestnut and chestnut-like calcareous saline soils. 

All studied soils have great carbonate content, with the carbonate 
neoformations in the form of nodules and impregnation prevailing. In the layer of 
0-200 cm the carbonate content was not changed. The depth of HCl-reaction varied 
from 21 to 33 cm. The carbonate content in the soil layer of 0-50 cm was highest in 
the soils of the turn of the III-II Millennium BC; the lowest one was in the 
medieval paleosols.  

It was established, that during the last 4500 years the salt content in the soils 
under investigation varied significantly. For the second part of the III Millennium 
the soil salinity increased more then by 50%, with the upper boundary of the salt 
accumulation zone replacing from the depth of 130 cm to 55 cm. The lowest 
salinity (0.54%) observed in the paleosols buried at I century AD. But already by 
the III-IV centuries AD the soil salinity increased in about three times (the salt 
content was 1.3%). The medieval paleosols were leached from the easily soluble 
salts and gypsum due to the strong increasing precipitation occurred at the XIII-
XIV centuries AD. 

It is typical of the paleosols of all historical periods the presence of gypsum 
accumulative horizon. The gypsum content did not vary significantly and only 
paleosols of the turn of the III-II Millennium AD had more than 1% of gypsum. 
During the next epochs the leaching gypsum from the soil and accumulation of it in 
the soil-forming rocks occurred.  

The temporary changes of the soil salinity described above were mainly caused 
by climate condition changes in the past. 
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Fig.1. Soil carbonate content (%) in the layers: 0-50 cm (a); 0-100 cm (b); 100-

150 cm (c); 0-200 cm (d). 
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Fig.2. Soil salinity (%) in the layers: 0-50 cm (a); 100-200 cm (b); 0-200 cm (c) 
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Fig.3. Gypsum content the layers: 0-50 cm (a); 100-200 cm (b); 0-200 cm (c) 

Abbreviations for the Figures: 1 – the beginning of the III Millennium BC, 2 – the first part 
of the III Millennium BC, 3 – the turn of the III-II Millennium BC, 4 – first century AD, 5 
– the II-III centuries AD, 6 – the first part of the XIII century AD, 7 – the present time 
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POROUS STRUCTURE OF NATURAL BODIES 
 

Hajnos M., Świeboda R. 
 
Porosity is one of more important parameters characterizing porous bodies. 

The solid phase of a given body may be either nonporous (cast, monolyte) or may 
contain pores - spaces filled by liquid or gas phases. The pores may be open and/or 
closed, may have different shape, may be available or nonavailable from the 
surface of the body, may have very different sizes. So, the porosity is defined as the 
occurrence of internal spaces in solid body. A measure of the porosity is a 
volumetric ratio of all free spaces to the bulk of the body. The latter value is called 
absolute porosity (m3/m3). The other definition, relative porosity (m3/m3), is a ratio 
of a volume of available (open) pores only to the bulk volume of the body. Both 
porosity values may be expressed also as percentage or, which is frequently used, 
as volume of pores in a mass unit of the body (m3/kg). 

Porous structures may be formed in several ways: 
- As a result of connection of smaller nonporous units (grains) into larger 

aggregates. The porous structure is thus formed from internal spaces between the 
grains and the grains themselves form the structure skeleton. Such materials have 
granular structure. 

- As a result of the removal of some part of the solid from monolytic body (e.g. 
leaching, dissolution). Such materials have a sponge structure. 

- As a result of both processes together. 
For most porous materials one can distinguish the intergranular porosity 

(between the grains) which is called bed porosity and intragranular porosity (inside 
the individual grains). Solid bodies may have also a geometrically irregular 
surface, which is difficult to distinguish from “real” pores. The pore is thus defined 
by a convention as the surface cavity having larger depth than the half of its 
average size (e.g. the radius for cylindrical pore).  

The pores may be classified according to different criteria: 
According to their availability from outside one distinguishes: 
Unavailable pores (totally closed, isolated) – having any connection with 

surface of the solid body (e.g. occluded gas or liquid bubbles in rocks). Such pores 
are not detected by most porosimetric methods, however they influence among 
others the measurements of solid phase density, shear stresses under high pressures 
and may be responsible for a collapse of a solid under high external forces.  

Available pores – connected with the surface either indirectly or via other pores 
(channels). These pores are subdivided on several groups: 
- pores available from one side (one-side open) 
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- pores available from two sides (two-side open), 
- connected pores, 
- pore nets or clusters – systems of interconnected pores (channels,  voids, 

cavities). 
The shape of natural pores is usually nonuniform. Their complicated build-up 

for calculation purposes is usually approximated by selected geometrical models. 
Among many models (slit-like, ink-bottle, conical, globular etc.) the most 
frequently used is a cylindrical pore model. 

According to the dimension of pores, that is connected with the method of their 
measurement, one distinguishes: 

From point of view of capillary condensation process, Dubinin proposed the 
following classification: 
- macropores: more than 200 nm in radius; in such pores no capillary condensation 

occurs but they may be important in diffusion transport of molecules, 
- mesopores: 2 - 200 nm in radius; in these pores capillary condensation occurs, 
- micropores: less than 2 nm in radius; in these pores no capillary condensation 

occurs, but volumetric filling with adsorbate vapor. 
A popular soil science classification (Luxmoore) is based on water retention 

(pF curve) in soils and is related to plant water availability. One distinguishes 
capillary and noncapillary (aeration) pores. The boundary between the above is 20 
µm in diameter (pF = 2,2). In pores larger than 20 µm (macropores) the water is 
passed through with gravitational force. 

Less than 20 µm, capillary pores are divided on criteria of water availability for 
plants: 
- storing easily available water, d = 20 - 3 µm (pF = 2,2 - 3)  
- storing difficult available water, d = 3 - 0,2 µm (pF = 3 - 4,2)  
- storing unavailable water, microcapilary pores, d < 0,2 µm (pF > 4,2). 

Smart classified pores according to image resolution: 
- for an eye  - larger than 200  µm 
- for microphotography – larger than 6 µm 
- for optical microscopy – larger than 0,2 µm. 

Geenland had distinguished: 
- bonding pores (<5 nm), important for menisci forces connecting primary soil 

aggregates; 
- residual pores (5 - 500 nm), important for soil reactions on molecular level; 
- water storage pores (0,5 - 50 µm), storing water available for soil organisms; 
- transmission pores (50 - 500 µm), important for water movement and roots 

penetration 
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These nonuniform classification systems lead to misinterpretations of porosity. 
Therefore the International Union of Pure and Apllied Chemistry (IUPAC) 
reccommends use of the following terms: 
- micropores – of radii less than 2,0 nm 
- mesopores - between 2,0 and 50 nm 
- macropores – larger than 50 nm. 

MEASUREMENT OF ABSOLUTE AND RELATIVE POROSITY 

Total (absolute and/or relative) porosity may be estimated from measurements 
of the bedvolume (or bulk density) and the solid phase density. The open pores 
volume may be estimated pycnometrically basing on Boyle-Mariotte gas law.  

Total porosity value is of less importance for characteristic of porous materials 
because provides no information  on pore dimensions and number. The same total 
porosity can result from small number of large pores and large number of small 
ones despite both above materials have quite different properties. More important 
pore characteristic is than a function relating pore volume and dimensions within 
defined pore size class (pore size distribution).  

MEASUREMENT OF PORE SIZE DISTRIBUTION 

Pore size distribution is determined using so called direct and indirect methods.  
Direct methods are usually used for investigation of larger than 30 µm pores and 
indirect methods for studying of smaller pores. Direct methods are based on an 
analyze of cross sections of porous bodies: niontransparent sections in reflected 
light and transparent ones in transmitted light microscopy. Soil cross sections are 
useful for determination of pore shapes. Image analyze of XRD and NMR scanning 
photographs is used, as well. Indirect methods determine pore size distributions 
basing on measurements of other physicochemical parameters related to pore sizes 
and volumes as for example gas, vapor or liquid volume and pressure present 
within and over the sample of porous body in equilibrium. The gas or vapor 
condensed in a pore or liquid filling the pore form a lens-shaped surface, called 
meniscus. The pressure difference across the meniscus (inside and outside the 
pore), , is related with the curvature of the meniscus (and so the pore 
dimension) according to Young-Laplace equation: 

P∆ r

r
γ∆P 2

=  

where is a surface tension of the liquid (condensate) present in a pore. γ
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The curvature of the meniscus is dependent somehow with the pore dimension. 
One relates these two values using any convenient pore model, which is selected 



 

either operationally or basing on a knowledge of the sample structure. As far as the 
model pore shape may not reflect the real pore shape, the pore dimensions 
calculated using models are called equivalent dimensions. The pore size 
distributions coming from indirect measuring methods do not include closed, 
nonavailable pores. 

Among most frequently used indirect porosimetric methods one can list 
mercury intrusion, nitrogen or water vapor sorption and water retention. The ranges 
of (equivalent /cylindrical model) pores detected by the above methods are:  
- from water vapor desorption isotherms: 1,6 to 60 nm; 
- from mercury intrusion porosimetry: 3,7 to 7500 nm; 
- from water retention (pF) curves: 95 to 150000 nm. 

 
MERCURY INTRUSION POROSIMETRY TECHNIQUE 

Mercury intrusion porosimetry is widely used for characterizing mesopore 
structure of various porous materials: soils, minerals, sorbents, ceramics, building 
materials, as well as for plats and food products.  

The mercury intrusion porosimetry involves forcing of mercury into soil 
samples at increasing hydraulic pressure. Because mercury does not adhere to most 
of solids (the contact angle is higher than 90 degs), it enters the pores only when an 
external pressure (pm) is applied (for example water of contact angle close to 0 degs 
enters the pores spontaneously). The higher the pressure, the mercury is force to 
narrower pores. The pores should be empty at the beginning and so the sample is 
outgassed at a vacuum prior to the mercury intrusion. The mercury intrusion 
porosimetry apparatus registers the volume V of the mercury forced into the 
sample against the intrusion pressure V .  )( mpV=

The volume V of the mercury forced into the pores is related directly to the 
pore volume and the intrusion pressure may be related to the (equivalent) pore 
radius using Washburn equation: 

mmm pr /cos20 θγ−=  
where: - is a mercury surface tension, - is mercury – solid contact angle (for 
soils this equals to 141,3 degs).  

mγ mθ

The volume of pores having radii less than say is calculated as: 0r
)()( 00 mS pVVVrrV −−=<  

where: V - is a volume of sthe solid phase of the porous body, V - is a volume of 
all pores before the intrusion of mercury and V -the volume of the intruded 
mercury at a pressure p

S 0

)( mp
m. 
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Mercury intrusion data are plotted either in a form of cumulative curve 
showing total pore volume vs. pore size (Fig. 1.) or in a form of a derivative curve 
(Fig 2.) showing volumetric fractions of pores of different sizes. 
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Fig.1. Cumulative porosimetric curves  for exemplary soil samples. V - pore 
volume, R – pore radius 
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Fig. 2. Differential porosimetric curves for the above soil samples.  
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STRENGTH PARAMETERS OF FOOD POWDERS 
 

Horabik J., Molenda M. 
 
The strength characteristics of food powders were examined. Experiments were 
performed using the Jenike shear tester according to the Eurocode 1 recommenda-
tions. The tester was 60 mm in diameter and the displacement velocity was 
0.03 mm⋅s-1. A reference normal stress ranging from 30 to 100 kPa was applied. 
The following strength parameters were determined: the effective angle of internal 
friction, the angle of internal friction, the cohesion and the flow index. There was 
no clear influence of the consolidation pressure on the effective angle of internal 
friction and the angle of friction. In the case of fine milk, agglomerated milk and 
potato starch a significant shear stress vibration was observed. The frequency of 
these vibrations were found to decrease with an increase in normal stress. Two 
components of the total strength were considered: the physical friction strength and 
the extra component of strength due to dilation. 
 
INTRODUCTION 

Automation and increased scale of operation in the food industry in recent 
decades has led to an increase in the amount of raw materials. ingredients and food 
products used in a more convenient granular form. At the same time handling bulk 
solid materials is one of the least understood areas associated with solid processing 
plants. An important part of powder production and processing is maintaining the 
consistency of the product such that in-plant powder flow problems which could 
effect packaging or the use of die-filling machine do not occur. Strength character-
istics of powders and flow behaviour are essential for better design of those type of 
processes [6]. To explain the fundamentals of particulate solids consolidation and 
flow behaviour a reasonable combination of particle and continuum mechanics are 
frequently used. This behaviour depends on the nature of the acting binding 
mechanisms at the contact areas among particles [8]. 

Jenike’s [5] publication is the best known work on determining the strength 
and flowability characteristics using shear strength testing. This technique is the 
most popular and widely accepted by researchers and knowledgeable practitioners 
as a definitive mean of flowability characterisation. Eurocode 1 [3] recommends 
using the Jenike shear tester to determine the strength of granular materials. The 
objective of this study was to compare shear strength parameters of typical food 
powders. 
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METHOD AND MATERIALS 

The shear strength parameters of food powders were determined according to 
the Eurocode 1 [3] recommendations using the Jenike [5] shear tester. The effec-
tive angle of internal friction δ, the angle of internal friction ϕ, the cohesion c and 
the flow index i were determined from experiments performed in the tester of 
60 mm in diameter. A displacement velocity was equal to 0.03 mm⋅s-1. The sample 
was consolidated under the reference normal stress σn of 30, 60, 80 and 100 kPa. In 
the case of powders which reveal the tangent stress oscillation the reference normal 
stress was enlarged to about 200 kPa to verify the influence of the consolidation 
pressure. The standardized twisting of the top plate of the shear box were applied 
to consolidate the sample. Two shear tests were carried out for each variant of ex-
periments. One sample was sheared when loaded to the reference stress. The other 
was sheared at half of the reference stress after pre-loading to the reference stress 
(Fig. 1). Tests were performed in the controlled temperature (20oC) and air relative 
humidity (65%) laboratory. Tests were performed for 12 grocery food powders: 
products of cereal grain, milk, sugar and kitchen salt. 
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Fig. 1. Jenike shear tester and procedure of the strength testing [3]. 
 
RESULTS 

The effective angle of internal friction δ of all tested materials was found to be 
in the range of 30-35 deg. mainly (Table 1). There was no clear influence of the 
consolidation pressure. The largest value of the effective angle of internal friction 
(approx. 40 deg.) was obtained for potato starch and agglomerated milk for the 
lowest value of the consolidation pressure. The smallest was for coarse wheat flour 
(27 deg.) for the highest value of the consolidation pressure. About twice higher 
standard deviation of the effective angle of internal friction for coarse sugar as 
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compared to other materials indicates that the simplified procedure applied in this 
study may be not enough accurate for some materials. The angle of internal friction 
ϕ was smaller than the effective angle of friction δ of no more than 5 deg. 

The angle of natural repose θ of coarse food powders (groats, durum wheat 
flour, agglomerated milk and corn meal) was found to be close to the effective 
angle of internal friction δ while for fine powders θ was larger than the angle δ. 
Only in the case of NaCl salt the angle of natural repose θ was significantly smaller 
than the effective angle of friction δ. This confirms the opinion that the angle of 
repose does not coincide with the angle of internal friction. 

Within the range of consolidation stress applied in this study the food powders 
tested were determined to have the flow index which would classify them as free 
(i<0.1) or easy (i<0.25) flowing powders. The largest value (i = 0.2) was obtained 
for the agglomerated milk. 

Three types of the tangent stress-displacement relationships were observed in 
this study: smooth curve typical for wheat flour and groats, irregular vibration typi-
cal for corn meal and NaCl salt, and saw blade curve typical for fine milk (Fig. 2). 
In the case of three tested materials: the fine milk, the agglomerated milk and the 
potato starch very regular oscillations of the shear stress occurred while approach-
ing the maximum strength of the material. This saw-tooth pattern resulted in large 
variation in the shear stress for very small displacements. 

The amplitude of the oscillation was found to be proportional to the normal 
stress. To cheque whether this relationship is valid also for higher pressures the 
tests were performed in extended range of the normal stress (Fig. 3). The pitch 
oscillation was determined to increase for an increase in normal stress (Fig. 4). The 
pitch of oscillation was the highest for the agglomerated milk (approx. 0.5 mm) 
and the lowest for the potato starch (approx. 0.1 mm). The pitch of oscillation is a 
fraction of the mean grain diameter (0.2 and 0.16) in the case of the agglomerated 
milk and the fine milk and equals to approx. 3 grain diameter in the case of the 
potato starch. Therefore, it is possible that for this two group of powders two dif-
ferent mechanisms of the shear stress oscillation participate. Maksimovic [7] indi-
cates four components related to the angle of maximum shearing strength: the an-
gle of physical friction, the angle of degradation, the angle of reorientation, and the 
angle of dilation. All four components are of different significance for different 
types of granular solids. The angle of physical friction depends on the material. 
This value is recorded only as combined with the values of angles of degradation 
and reorientation. It seems the most possible that in the case of the agglomerated 
milk and the powder milk a grain degradation contributes the strongest the shear 
strength oscillation while in the case of the potato starch a component related to the 
grain reorientation participates the strongest in this process. 
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Fig. 2. Comparison of the tangent stress-displacement relationships: smooth 

curve for wheat flour and groats, irregular vibration for NaCl salt, and saw blade 
curve for fine milk. 

Normal stress   [kPa]σn  

 
agglomerated milk
fine milk
potato starch

70

60

50

40

30

20

10

  0
0              50              100            150            200            250            300

A
m

pl
itu

de
 o

f o
sc

ill
at

io
n 

[k
Pa

]

 
Fig. 3. Amplitude of the tangent stress oscillation as affected by normal stress. 
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Some powder materials exhibit tendency to change volume during shear, 
known as dilatancy. Strength and resistance to slow deformation can be profoundly 
affected by dilation [1,2,4]. Sequences of compaction-dilation events were thought 
to be the most probable source of the shear stress oscillations. Oscillation can be 
considered as part of a sequence of compaction-dilation events occurring around 
the area of shear zones developing in the material. Compaction of the particulate 
material resulted in an increase in material strength and the ability to withstand 
higher shear loads. When the maximum strength of the particulate material is ex-
ceeded dilation in the shear zone occurs resulting in a sharp decrease in the shear 
load. This leads to limiting mechanisms of slow dilatant plastic shear deformation. 
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Fig. 4. Pitch of the tangent stress oscillation as influenced by the normal stress. 

Based on the saw blades model of dilatancy proposed by Bolton [1] the two 
following strength components were determined from the tangent stress – shear 
displacement relationships: the physical friction strength and the extra component 
of strength related to dilation. It was assumed that the minimum value of tangent 
stress during oscillation corresponds to a critical state of the sample with zero dila-
tion. Contribution of the stress oscillation to the total strength was approximately 
30% for the agglomerated milk, 35% for the fine milk and 45% for the potato 
starch.  

 
CONCLUSIONS 

The effective angle of internal friction δ of all tested materials was found to be 
in the range of 30-35 deg. There was no clear influence of the consolidation pres-
sure. The angle of internal friction ϕ was smaller than the effective angle of friction 
δ of approximately 0.2-5 deg. 
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The shear experiments revealed two different types of the shear stress-
displacement relations of food powders: smooth curve in the case of wheat flour 
and groats and a considerable shear stress vibration in the case of fine milk, ag-
glomerated milk and potato starch. The most probable reason of the vibrations is 
dilation and hardening of the material during slow deformation. The frequency of 
these vibrations were found to decrease as normal stress increased. Two compo-
nents of the total strength were suggested: the physical friction strength and the 
extra component of strength caused by dilation. 
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SURFACE CHARGE OF SOILS AND PLANT ROOTS  
 

Józefaciuk G. 
 
Electric charge of natural materials may be divided onto two general types: 

permanent charge and variable charge. The permanent charge results from a substi-
tution of higher valence cations by lower valence cations in the atomic (macromo-
lecular or crystal lattice) structure, and a variable charge resulting from dissociation 
and/or association of protons by surface acidic groups (Van Olphen, 1993).  

Prevalence of permanent charge exposed on basal planes of the particles is a 
common feature of most clay minerals. Variable charge occurs on surfaces of most 
soil solid phase constituents: organic matter, aluminum, iron and silicon oxides, 
edges of clay minerals and on plant roots surfaces, as well. Variable charge domi-
nates also on kaolinites that is located both on the edges and on the basal Al and Si 
sites of the mineral (Ward and Brady, 1998). Contrary to the permanent charge, the 
magnitude of the variable charge depends on the composition of the soil solution 
(pH, concentration, ionic composition). The variable charge origins from dissocia-
tion and association of hydrogen ions (protons) from/to surface functional groups 
of acidic, basic or amphoteric character.  

 

MINERAL SOIL CONSTITUENTS 
The permanent charge of clay minerals origins from that higher valence 

cations in the crystal lattice (for example silicon in the silica layers) are substituted 
by lower valence cations (for example by aluminum) during the genetic processes. 
This results in the “unsaturation” of oxygen bonds and excess of the negative 
charge. The substituting cation should be of similar size to this being replaced, 
therefore this process is called isomorphic substitution. Frequently the summarical 
amount of the charge resulting from the isomorphic substitution is not equal to the 
permanent charge of the mineral. For example a part of the lattice charge may be 
neutralized by specifically bound cations inside the mineral particle structure (i.e. 
in the interlayers), as this frequently occurs in illites (binding of potassium cations) 
or may be blocked by multivalent polycations adsorption (Keren, 1986). The 
amount of permanent charge is characteristic for the mineral and conditions of its 
genesis. For most frequently occurring clay minerals this charge amounts from a 
few (kaolin group) by few tens (mica group – illites) to hundreds (smectites, zeo-
lites) of centimoles per kilogram of the mineral. Permanent charge minerals domi-
nate in mineral soils of the temperate climatic zone, therefore soils of these regions 
are called permanent charge soils.  
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Variable charge of mineral surfaces can have either positive, zero or nega-
tive charge, depending on soil pH value. In relatively low pH range, surface hy-
droxylic groups (SURFACE-OH) of these constituents may associate protons from 
soil solution via hydrogen bonds thus the surface becomes positively charged. In 
relatively high pH range, these surface hydroxyls may also undergo acidic dissocia-
tion, resulting in formation of negative charge. At a defined pH value surface 
hydroxyls neither associate the protons from the solution nor dissociate their own 
ones and the surface has no charge. The latter value of pH is called point of zero 
charge (PZC). The point of zero charge for some most frequently occurring soil 
constituents is: 3-4 for silicon oxides, 5-8 for iron oxides, 6-10 for aluminum ox-
ides. The PZC of edge surfaces of clay minerals is most frequently around 8,2.  

Variable charged mineral constituents, mainly oxides and hydroxides of 
iron, aluminum and silicon and mixed aluminum-silicon oxides – allophanes and 
imogolites occur in large amounts in highly weathered soils of humid tropics and 
subtropics, therefore soils of these climatic zones are called variable charge soils.  

 
Both permanent and variable charge sites on mineral surfaces are heterogene-

ous. Petit et al. (1999) basing on the IR spectra of NH4
+-saturated and KBr-

exchanged smectites found that the layer charge have permanent low charge den-
sity and/or variable charge sites whereas the interlayers were characterized by high 
permanent charge density. Different proton interacting sites were found by Janek 
and Lagaly (2001) on freshly H-saturated and autotransformed smectites using 
potentiometric titration data. Sites with pK values of ~2.8 were assigned to protons 
exchanged for sodium ions and of ~11.3 to deprotonisation of silanol groups. Hy-
drated aluminum ions in freshly proton-saturated dispersions were characterized by 
pK~6. This group of weakly acidic centers also included oligomeric hydroxoalu-
minum cations because the amount of these sites increased during autotransforma-
tion and was accompanied by a shift in pK to ~5.5. Autotransformation removed all 
strongly acidic sites with pK~2.8. A specific form of Al oxyhydroxide with ampho-
teric properties, having two constants of deprotonation K1=10-5 and K2=0.32·10-6 

were found by Mrad et al. (1997) as the product of Al13 polycation transformation 
in aluminium intercalated montmorillonite. Inhomogeneity of an illite charge indi-
cating the existence of a multiplicity of energetically distinct surface types was 
found by Sinitsyn et al. (2000) basing on potentiometric titration. These surface 
sites included amphoteric silanol and aluminol groups, basal planar surfaces, and 
"frayed edges". The frayed edges were observed only in low ionic strength solu-
tions.  
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ORGANIC SOIL CONSTITUENTS 

Acidic functional groups of soil organic matter (aliphatic and aromatic car-
boxyls, sulfoxyls, phenolic, enolic etc.) have very different acidic strength, depend-
ing not only on the kind of the group, but also on its locality. An increase of the pH 
of the soil solution leads to the neutralization of these groups thus they become 
negatively charged. Surface groups of stronger acidic character (similarly as 
stronger acids) are neutralized at lower pH values. The weaker acidic is the group, 
its neutralization requires higher pH value. Therefore the higher is the soil pH, the 
larger surface charge occurs on organic matter surfaces. These acidic surface 
groups, which are located closely to each other, create common electric field sur-
rounding these groups and within this field their protons become delocalized (prox-
imity effect). The delocalized protons behave as strong acids and so the neighbor-
ing groups are strongly acidic and the soil organic matter has some negative charge 
even at very low pH values. The negative charge at pH around 8.2 of fulvic acids 
reaches a few hundreds centimoles per kg and for fulvic acids up to one thousand. 

PLANT ROOTS 

On surfaces of plant roots, variable charge of carboxylic groups dominate. The 
charge of plant roots was found to be closely correlated to uronic acid, present as 
polymerized galacturonic acid in pectic substances (Knight et al. 1961). The mag-
nitude of root charge (CEC) was used for an explanation how various plant species 
survive environments with low level of cations availability (Gray et al. 1953), why 
plants uptake different proportion of mono and divalent cations (Huffaker and Wal-
lace 1958), how plants compete in nutrient deficient mixed populations (Wood-
ward et al. 1983), what are the mechanisms of aluminum toxicity (Keltjens 1995). 
This may be connected also with the surface charge density. The higher the SCD, 
the higher the surface potential and the higher relative adsorption of multivalent 
cations. Significant positive correlation between CEC of cell walls and Al sorption 
was found by Schmol and Horst (2001), who postulated that Al binding by pectin 
matrix is an important step in the expression of Al toxicity. The roots charge is 
higher for Al sensitive plants than for Al resistant plants.  
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DESCRIPTION OF VARIABLE CHARGE 
FROM BACK TITRATION DATA 

 
Józefaciuk G., Matyka-Sarzyńska D. 

 
Back titration procedure (Duquette and Hendershot 1993, Józefaciuk and Shin 

1996a, Nederlof et al., 1991, 1993) has been widely used for characterizing vari-
able surface charge of minerals, soils and plant roots. The titration is performed 
separately for the suspension and for its equilibrium solution (supernatant), starting 
from low pH upwards. The idea of this method is based on the assumption that the 
hydroxylic ions of the base added to the suspension are consumed by acids present 
in the equilibrium solution and by acidic functional groups present on the surface 
of the suspended solid. Therefore after subtraction of the titration curve of the equi-
librium solution from this of the whole suspension, one obtains the titration curve 
of the solid. 

 
THEORY 

The solid phase titration curve i.e. an amount (mole) of base consumed by the 
suspension, Nsusp, minus the amount consumed by the supernatant, Nsol, is treated as 
an increase of the variable surface charge of the solid phase, ∆QV(pH), during the 
titration:  

∆QV(pH) = Nsusp - Nsol,       (1) 

The ∆QV(pH) accounts for an increase of negative charge and a decrease of 
positive charge. 

The variable charge vs. pH dependence can be interpreted in terms of proton 
dissociation/association of surface functional groups using site-heterogeneity the-
ory (De Wit et al., 1990; Jozefaciuk and Shin, 1996b; Koopal et al., 1987), that is 
briefly outlined below.  

Assuming that the variable charge origins from dissociation of surface acidic 
groups of kind i: SOHi = SO-

i + Hs
+, (Hs denotes a proton in a plane of dissociation) 

and the (intrinsic) dissociation constants Ki: 
Ki = [SO-

i][Hs
+]/[SOHi],        (2) 

where the brackets denote surface activities, the variable charge at a given pH is: 

QV(pH)  =∑ [SO
i

n

=1

-
i](pH) = N

i

n

=
∑

1
iαi(Ki,pHs),    (3) 

where αi(Ki,pHs)=[SO-
i]/[SOHi] is the degree of ionization of groups kind i and 

Ni=[SOHi] is their amount. For any pH during the titration: 
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QV(pH)/Nt = α(pH) = α
i

n

=
∑

1
i(Ki, pHs) Ni/Nt = ∑ α

i

n

=1
i(Ki, pHs) f(Ki), (4) 

where Nt is the total amount of surface groups and f(Ki)=Ni/Nt is a fraction of i-th 
groups. Using condensation approximation (Nederlof et al. 1993) the f(Ki) values 
are: 

f(Ki) = 1/Nt ∆ QV(pH)/∆Ki;   Ki = [Hs
+],    (5) 

and in logarithmic scale: 
f(pKi) = 1/Nt ∆ QV(pH)/∆pKi;  pKi = pHs.    (6) 
The distribution function of surface dissociation constants, i.e. f(Ki) vs. Ki de-

pendence, can be calculated knowing both surface protons activity (pHs) and Nt 
values. Soil components, as well as plant root surfaces may have different shapes 
and different charges thus may vary in surface potential values. For pHs (and Ki) 
calculations, basing on the diffuse double layer theory, a single potential value 
spread uniformly over all surfaces of the same shape is a common assumption, 
which seems not to be valid in the case of soils and plants. Also, there still exist 
much controversies on the application of the DDL theory to surface chemistry (Mc 
Bride, 1997). Therefore, the surface proton activity is replaced by the solution ac-
tivity and Nt is taken as Nmax = maximal value of (Nsusp-Nsol) measured within the 
experimental window and, instead of the intrinsic, the distribution functions of 
apparent surface dissociation constants, Kapp, are determined: 

f (pKapp,i) = 1/Nmax ∆QV
 (pH)/∆pKapp;   pKapp = pH.   (7) 

The average value of pKapp, pKapp,av, is calculated as: 

pKapp,av = ∑ pK
i

n

=1
i,app fi(pKapp),      (8) 

which is direct measure of the average energy of the proton binding. 

Having the variable charge vs. pH dependence one can find the relation of ac-
tual surface charge, QA, vs. pH. To do this the QV(pH) curves are shifted against y-
axis to meet the actual charge value at any pH e.g. a cation exchange capacity of 
the studied solid, estimated at the same ionic strength, at which the titration is per-
formed. One should select a higher pH value to diminish eventual occurrence of 
positive surface charge that is not determined during the CEC measurements. 
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PRACTICAL REMARKS 

The titration curve of a soild, and especially of the soil, may include free 
acidic ions adsorbed on the surface (exchange acidity), which are not surface acidic 
groups. Therefore there exist a danger of interpretation of exchange acidity in 
terms of variable charge. To avoid the latter prior to the titration, the soil suspen-
sions should be exchange acidity depleted. This can be done by standard neutral 
salt washing. We use fivefold centrifuging with excess of 1 mole dm-3 NaCl solu-
tion of pH=3 that provides the lack of Al (ICP AES) in the supernatants. The 
washed sample can be directly used for the titration, provided its mass is known.  

Next 1 mole dm-3 NaCl suspension containing around 1.00g (dry mass) of the 
sodium homoionic form of the solid is kept at pH≈2.9 by additions of small incre-
ments of 1 mole dm-3 HCl for half an hour of mixing. During additional 3 min. 
mixing the pH is controlled, and if changed by more than 0.02 unit, the suspension 
is centrifuged and the pretreatment repeated. From the final suspension, half of the 
supernatant (weighing) and the remaining suspension are titrated with 0.100 mole 
dm-3 NaOH in 1 mole dm-3 NaCl solution with the rate of 30 µl/min. The amount of 
the titer consumed between pH 3 to 9 is recorded with a step of 0.2 pH unit. The 
measurements are performed in four replicates. Usually the deviation of the titra-
tion curves is lower for the suspensions (around 5%) and higher for the super-
natants (around 15%). If washing of the solid and the pretreatment for the titration 
are properly performed, the titration curves of the supernatants are similar to a titra-
tion curve of 1 mole dm-3 NaCl pH=3 solution, which indicates also that the disso-
lution of the solid phase under experimental conditions is negligible. This is impor-
tant to note that in the above procedure the equilibrium conditions are not reached, 
so the titration curves can be used rather for comparative purposes. 24 hours equi-
librium titration of a soil consumes up to twice as much titer as the continuous 
titration described here and a high dissolution of the solid phase occurs as is indi-
cated by high deviation of the titration curves of the supernatants from the titration 
curve of NaCl solution (Jozefaciuk and Shin, 1996a). 

Applying constant and high concentration of neural salt during titration has a 
few advantages. It minimizes adsorption of exchange protons at low initial pH 
value and their further titration (replacing exchange protons by neutral salt cations), 
dilution effects (changes of variable charge with salt concentration), dissolution of 
solid phase, and allows for a better development of variable surface charge (surface 
groups dissociation is less hindered by electrostatic effects at high ionic strengths). 

Some results of the application of the back-titration method in analysis of 
various materials are presented in Józefaciuk (2002) for minerals, Józefaciuk and 
Szatanik-Kloc (2002) for plant roots, Jozefaciuk et. al. (2002) for soils. 
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GEOCHEMICAL FUNCTION OF SOIL IN THE ECOSYSTEM 
 

Kerzhentsev A.S., Alekseeva T.V., Alekseev A.O., Abramichev A.Yu. 
 

Metabolism, the turnover of substance and energy between the vegetation 
(phytocenosis) and soil (pedocenosis), is the major function of natural ecosystem 
Metabolism of an ecosystem is the way of manifestation and maintenance of the 
life by interaction of opposite processes of synthesis and decomposition of organic 
matter. It consists of three subprocesses: anabolism, necrobolism and catabolism 
(Fig. 1). Anabolism turns mineral elements into the biomass. Catabolism converts 
dead biomass (necromass) into the mineral elements, which enter a new cycle of 
metabolism. Between these strong and opposed directed processes there is a 
smoothing their interaction processes of necrobolism, turning the biomass used up 
in the life cycle into the necromass. 

Natural ecosystem functions in stationary regime when the biomass synthesis 
is balanced with its dying and mineralization. Unbalance of metabolism makes up 
not more than 1% of the ecosystem mass. This allows us to consider climax 
ecosystem as a closed one, where the mass of mineral matter, required for biomass 
synthesis, equals the mass of mineral substance, released at mineralization of the 
dead biomass (necromass) with an accuracy of 1%. This means that in complete 
cycle of metabolism the ecosystem losses 1% of its mass and it is required 
subsequent supplement of losses due to the weathering of mountain rocks and 
atmospheric precipitations (liquid and solid). Migration of substances on relief and 
soil profile (up and down) has not been taken into consideration. 

The rate of anabolism, including photosynthesis and respiration, is much 
higher than that one of catabolism, hence several periods of biomass synthesis 
correspond to a period of complete mineralization of the necromass. The time of 
complete mineralization of the mass of annual litter-fall is characteristic time (CT) 
of this soil and ecosystem within which the matter mass renews completely. In 
tropic soils CT does not exceed 3-5 years, in podzol soils it makes up 50-70 years, 
and in chernozems it reaches 300-500 years. The influence of external factors on 
specific soil should be considered taking into account its CT. 

Long, comparable with CT, change of hydrothermal conditions in one (any) 
direction from the averaged or artificial change of the components of ecosystems 
mass: biomass, necromass, mineral mass, may disturb the dynamical equilibrium. 
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BM - biomass; NM - necromass; MM – mineral mass; NF – natural factors; AF – 

anthropogenic factors; ANB - anabolism; NKB - necrobolism; KTB - catabolism; bsn - 
biosynthesis; exc- excretion; die – dying off; ret – return of assimilates; min - 

mineralization; gum - humification. 

Fig. 1.  Structural-functional scheme of an ecosystem. 
 

Transition of the substance from the phase of anabolism to catabolism and vice 
versa occurs with changing of the composition. Subsequence of consumption of 
mineral elements in anabolism differs from that one of their release at catabolism. 
The number and composition of the elements required is determined by the species 
composition of biocenosis and its phenology. Mineral elements during ontogenesis 
form different molecules, living cells, tissues, organs, physiological liquids differed 
by the complexity of structure and strength of chemical bonds. 
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As the organisms reach the generative phase, the necrobolism of turning 
biomass into the necromass begins. It consists of two subprocesses: the necrosis 
itself and return of vital substances into still functioning organs, first of all 
generative ones (flowers, fruits, seeds).The mature organisms provide generation of 
populations. Once the generative phase is completed, the biomass used up its life 
resource dies, turning into the necromass. 

Since the “landing” of necromass, the catabolism starts: dissimilation of dead 
organic matter into simple mineral elements. It also comprises two subprocesses: 
mineralization and humification. 

The sequence of dissimilation of organic matter depends upon the strength of 
chemical bonds, composition and activity of heterotrophic soil biota. Initially 
simple compounds are mineralized: sugars, proteins, amino acids, then more 
complicated ones and finally stable substances like lignin, chitin, and bone tissues. 
As a result of mineralization of simple compounds mineral gases (CO2, methane, 
ammonium etc.) are formed. More complicated compounds with higher ash content 
form except gases, mineral salts or free radicals. Gases are absorbed by the plant 
leaves or diffused in the atmosphere. 

A great part of mineral elements is absorbed by the root system of plants. The 
elements not required by phytocenosis interact with free radicals, forming soil 
humus. The other elements migrate with water solutions   on soil profile and relief 
incline and the ecosystem losses them. Humus, as a product of second synthesis, 
entering into the composition of necromass, is also the subject to mineralization, 
but it is mineralized more slowly and with release of much more salts than gases. 
Humines are the most resistant fraction of organic matter. The process of their 
complete mineralization lasts for decades and centuries. Mineral colloids with 
small amount of salts of rare elements are the products of mineralization. They 
completely remain in the soil, enriching the reserve of minerals and falling out 
from biological turnover. 

In natural ecosystem the losses of substances are minimal. Usually the 
elements not demanded for phytocenosis and incorporated into humus are lost. The 
losses increase sharply at changing external conditions, which stimulate the 
processes of adaptation. In this connection, to endure in new conditions the 
organisms change their function and the ecosystem - its structure.  The change of 
species composition disturbs the normal rhythm of substances turnover, creating 
the conditions for removing the chemical elements from the ecosystem. 
Catastrophic losses of mineral elements occurs at fires and invasion of 
entomological pests (locust, silkworm), when biomass is mineralized almost 
completely, and anabolism is blocked. The weeds become rescues of ‘gold supply’ 
of the mineral elements. They can increase their own mass by hundred and 
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thousand   times at the absence of competitors and abundance of mineral food. 
They like biological pumps absorb mineral elements, limiting their losses from the 
ecosystem. Succession returns the turnover into its normal limits. 

Plowing and loosening of the soil improve many times aeration, stimulating the 
activity of heterotrophic biota, which mineralizes soil humus, releasing mineral 
elements to provide high yields. However, despite many species phytocenosis, the 
monoculture of agrocenosis is able to assimilate not more than 20% of the mineral 
elements released by the soil. Another 80%, as after the fire, is condemned to be 
removed with the run-off from the ecosystem. Minimal fresh litter-fall and the 
deficit of free radicals hinder active humification. The weeds try even here to play 
its ecological mission on protection of ‘gold supply’, but due to agro technical 
technique and means of chemical protection they are eliminated. Hence, the losses 
of the elements and degradation of soils in agrocenosis are inevitable. By this it is 
possible to explain a great exceed of chemical run-off from agricultural lands over 
the run-off from natural landscapes. 

The system of tillage free agriculture or zero treatment of soil is the most 
ecological, since it limits the layer of compulsory aeration of the soil with flat 
colter for deep planting of seeds. The soil functions in natural mode. The absence 
of excess of mineral elements restrains the weeds. 

The system of polydominant plants, capable to absorb maximum mineral 
elements released by the soil, is also ecological, but its usage in practice restrains 
by technical difficulties of harvesting various crops grown on the same field. 
Ecological agriculture should be based on regulation of the capacity and the rate of 
metabolism in agrarian ecosystem with the account of mutual compensation of 
anabolism and catabolism, excluding the losses of mineral elements. 



LANDSCAPE AND GEOCHEMICAL CONDITIONS FOR GENESIS OF 
DIFFERENT KINDS OF CARBONATE ACCUMULATIONS IN 

CHERNOZEMS OF THE SOUTHERN PRE-URAL, RUSSIA 
 

Khokhlova O.S., Oleynik S.A. 
 
Carbonate accumulations (CAs) have been studied at the topographical 

sequence (catena) of the Ordinary Chernozems developed on the redeposited 
diluvium of the Permian clays and sandstones in the Southern Pre-Ural, Russia. 
The study site is situated at the steppe area of this region in the floodplain of the 
Salmysh River (the tributary of the Sakmara River). 4 pits studied have been 
located on the different heights and distances from the waterlogged floodplain of 
the local stream (Fig. 1). The uppermost soil I occupied the automorphic position 
in the catena, the lowest one IV – hydromorphic position and two soils II and III in 
the middle part of the sequence – transit positions in the catena. The length of the 
catena was 200-250 m, the difference in the heights – 1,5 -2 m. CAs in the soils of 
catena have presented by the white soft spots, hard nodules and some intermediate 
forms. They have been studied morphologically (on macro-, micro and 
submicroscopic levels) and using instrumental techniques (X-ray diffraction 
pattern, thermal and isotopic analyses).  

The Ordinary Chernozems of the uppermost part of catena are changed by the 
Meadow Chernozems in the lowest part of it. In the profile of the Meadow 
Chernozems there was water at the depth of 150-170 cm in summer. In the soil I of 
the uppermost part in catena the CAs have been presented by large brightly white 
soft sports, in the soils II and III of the transit positions in catena these spots 
become less whiteness, smaller and had a hard core, in the soil IV of the lowest 
part in catena there were small whity-gray hard nodules. 
 Internal micro- and submicrostructure of the CAs in the soils of catena were 
different. The white soft spots in the soil I of the uppermost part of catena is made 
of microcrystalline calcite, there are dissolving and recryslallizing calcite grains in 
voids, all mineral grains of matrix are surrounded by calcite coating. The white soft 
spots with hard core in the soils II and III of the middle transit part in catena have a 
very characteristic microstructure: on the background of homogeneous clay and 
carbonate plasma impregnating by microcrystalline calcite there are some packed 
undifferentiated cryptocrystalline sections – cores or sections of ooidsepic fabric 
when we can see not a single core between soft calcite accumulations but a lot of 
hard cryptocrystalline concretions. The hard nodules in the soil IV of the lowest 
part in catena have packed cryptocrystalline microstructure, the dissolving and 
recryslallizing calcite grains are distinctly seen in voids. 
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Fig. 1. The scheme of catena. 

 
The differences that have been revealed in the microstructure of CAs in the 

soils of catena are well preserved on the submicrolevel of observation. The white 
soft spots is made of well crystal calcite, the hard nodules are characterized by 
collomorphic undifferentiated texture. In the soils of transit part in catena there is a 
cellular texture, the calcite grains are well crystallized mainly, the “boundary” of 
cell is made of cryptocrystalline calcite. 

Based on the X-ray diffraction pattern and thermal analysis all the CAs are 
composed of pure calcite. The calcite content in CAs varies from 70 to 90% and 
has no differences throughout the catena (Table 1). The distribution of isotopic 
composition of carbon in calcite of the CAs have a catena regularity. The isotopic 
composition of carbon in the white soft spots and hard nodules is clear different 
and amounts respectively -9,6‰ and -13,2‰. The intermediate forms of CAs (the 
white soft spots with hard cores) have an intermediate isotopic composition of 
carbon as well – -10,7‰ , -12,0‰. At the same time, the isotopic composition of 
humus carbon in the upper humuc A1 horizon does not differentiate throughout the 
catena and amounts -23,4– -24,7‰ in all the soils studied. It means that calcite in 
the hard carbonate nodules formed in more hindered conditions of gaseous 
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exchange than that in the white soft spots and testifies to the hydrogenous nature of 
the nodules. 

Table. 1. СaCO3 content in CAs, thermal characteristic, data on isotopic 
composition and X-ray diffraction pattern for calcite 

   Data on 
   

 
Content  

isotopic 
composi-  

thermal analysis X-ray 
diffraction 

pattern 
Soil, 

horizon, 
depth, cm 

Sample CaCO3 in 
CAs, % 

tion of 
carbon 

temperature (°С) of  

   in CAs, 
‰ begin-

ning 

maxi-
mum end d104 

    of structural decomposition  
Soil I, 
В2са,170
-200 

White 
soft spots 100 -9,6 700 

810 

740 

860 

800 

890 

0.037 

Soil II,  
В1са,130
-170 

White 
soft spots 
with hard 

core 

69 -10,7 

 

790 

 

880 

 

920 

 

0.037 

Soil III, 
В1са,130
-150 

White 
soft spots 
with hard 

core 

89 -12,0 770 880 920 0.037 

Soil IV, 
В2са, 
150-170 

Hard 
nodules 

89 -13,2 800 870 920 0.037 

 

 
We can conclude that the white soft spots and hard nodules in the Chernozems 

of the steppe area of the Southern Pre-Ural develop in distinctly different 
conditions, i.e., automorphic and hydromorphic ones, accordingly. If the white 
spots in the soil of the upper part in catena form from the true solution It can 
marked out the intermediate forms of CAs – the white soft spots with hard cores 
that develop in the transit part of catena under interchange of automorphic and 
hydromorphic conditions of soil formation. The complex study of CAs using 
hierarchical morphological approach and instrumental techniques lets us to get 
additional information and data that point directly to the genesis of the different 
kinds of CAs. 



SEASONAL VARIABILITY OF SOIL WATER RETENTION CURVES 
 

Korsunskaia L.P., Farkas Cs. 
 

INTRODUCTION 

Sustainable agricultural management requires detailed information on the effect of 
various management practices on soil physical properties and water regime. The 
complex approach of such a study should be based on both, field measurements 
and mathematical modelling.  

The main limit on the application of soil water balance simulation models for 
soils under agricultural utilization is the rather strong seasonal variability of soil 
physical and hydrophysical properties. These properties are handled in most of the 
simulation models, used in practice, as constant ones. The seasonal variability of 
soil hydrophysical functions (soil water retention and soil hydraulic conductivity 
curves) under different tillage practices has not been well examined yet. This 
variability was found to be valuable in the low suction range for brown forest soils 
of Gödöllő, Hungary, developed on sandy loam (Farkas et al., 1999). The 
sensitivity of the SWAP simulation model to seasonal changes in soil water 
retention curves was proofed (Farkas et al., 2000).  

Further development of soil water balance simulation models is limited 
because of the lack of available data. Soil surveyors face problem of sampling all 
the time: it is difficult to estimate, how many times and after which events soil 
sampling should be performed to determine the seasonal variability of soil 
hydrophysical functions. Such kind of monitoring is rather expensive and time 
confusing. Thus, finding a relationship between the water retention curve 
parameters and soil properties, related to soil compaction (bulk density) allows 
quicker and cheaper description of the effect of soil compaction on soil water 
regime and transport.  

As several authors reported, various tillage treatments influence the shape of 
the pF-curve in the low suction range (Korsunskaya et al., 1995), while the form of 
the curve remains almost the same at low soil water content (and high soil 
potential) values. Based on these conclusions, a non-linear estimation method to 
calculate the parameters of the soil water retention curve was developed by 
Sobczuk and Walczak (1996), consisting of the modification of the commonly used 
Van-Genuchten equation (Van Genuchten, 1980). Two additional soil properties 
(bulk and particle densities) and a site-specific parameter were used for this 
purpose.  
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In this study the applicability of the Sobczuk’s and Walczak’s method was 
tested on an appropriate soil hydrophysical database, constructed from data of a 
long-term tillage treatment in Gödöllő, Hungary. 

MATERIALS AND METHODS 

The research was conducted in the 4th year of a long-term field experiment of 
five tillage systems on the experimental field of the Institute of Crop Production at 
the Szent István University in Gödöllő (47o46’N, 19o21’E), Hungary. The soil is a 
brown forest soil formed on sandy loam, which is typical in this region and 
considered to be sensitive to sealing and compaction.  
Tillage treatments include conventional ploughing (P- 22-25cm) and disking (D- 
16-20cm), loosening-ploughing (L- 35-40cm, P- 22-25cm), loosening-disking (L- 
35-40cm, D-16-20cm) and minimum tillage (direct drilling, NT) (Birkás et al., 
1999). The soil was tilled in October 1996. Corn was planted in April and 
harvested in October.  

Undisturbed soil cores of 100 cm3 volume were collected 4 times (March, 
June, August and October) within the 1997 growing season at 5 to 10-, 15 to 20- 
and 40 to 45- cm depths in 3 replicates from each tillage treatment to determine 
soil bulk and particle densities and soil water retention curves (pF-curves). The 
latter were measured at pressure heads represented by the pF values of 0.0, 0.4, 1.0, 
1.5, 2.0, 2.3, 2.7, 3.4 and 4.2 according to (Várallyay, 1973).  

The modified Van-Genuchten parameters of the pF-curves, according to 
Sobczuk and Walczak (1996) were calculated, using the non-linear least square 
method. The following function was fit to the measured pF-curves: 
 

( )[ ]Ψ∗+
−









−=Θ αρρ

n11
1

1n/1

0

   

 
considering  n = (ρo-ρ*C)/2 

 
where:  θ     - calculated water content (g/g) 

ρ     - bulk density of the soil sample (g/cm3) 
ρ0    - density of the solid phase of the soil (g/cm3) 
ψ    - soil water suction (cm of H2O) 
α    - calculated parameter (1/cm) 
C    - calculated parameter (cm3/g) 
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The mean difference (MD) and the root mean square difference (RMSD) were 
calculated for evaluating the accuracy of the estimated soil water retention curves 
and the closeness between the measured and calculated water retention curves, 
respectively, according to Tietje and Tapkenhinrichs (1993). The jack-knifing 
method was used for verification: soil water retention curves, measured at 3 
sampling times were utilised to determine the parameters C and α, characteristic 
for the tillage treatment analysed. One set of pF-curves (consisting of 9 curves: 3 
depths x 3 replicates), corresponding to one measurement period was out of the 
fitting procedure in all of the cases to be used for the independent verification of 
the estimated pF-curves. Thus, 5x4 fitting procedures were performed: “5” refers to 
the number of the tillage treatments (NT, P, L, LP and LD), while “4” to the 
combination of the sampling times.  

The nomination used was MM_TT, where MM referred to the tillage 
treatment, whereas TT – to the number of the month, the pF-data of which was 
taken out of the non-linear estimation and used for the verification. 
In case of ploughing treatment, the estimation procedure was repeated separately 
for each sampled soil layer for evaluating the possibilities to reduce the estimation 
error. Consequently, 4x3 fitting procedures were done, where “3” refers to the 
number of soil layers the samples were taken from (5-10, 15-20 and 40-45 cm), 
while “4” to the combination of the sampling times.  

RESULTS AND DISCUSSION 

The MD and RMSD values, calculated for different tillage treatments varied 
between –0.004 ÷ 0.038 m3/m3 and 0.021 ÷ 0.048 m3/m3, respectively (Table 1). 
Tietje and Tapkenhinrichs (1993) present results of soil pedotransfer function 
evaluation of 13 authors. They report 5 authors with 100% evident applicability. 
MD and RMSD values according to these authors vary between –0.053 to 0.013 
m3/m3 and 0.033 to 0.075 m3/m3, respectively. Nemes (2002), comparing the soil 
water content dynamics, simulated with measured and estimated pF-curves 
concluded, that pF-curve estimations, producing RMSD up to 0.07 m3/m3 is 
satisfactory for soil water content modelling. Similar Concerning these results, we 
can conclude, that the estimation method, proposed by Sobczuk and Walczak 
(1996) gave good results for the presented dataset. 
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The statistical evaluation of the pF-curve estimation for 3 different soil layers 
of the ploughing treatment is given in Table 2. In general, slight improvement of 
the estimation of the pF-curves was obtained, when handling soil layers separately. 
Estimation accuracy, however, did not increase as much as we expected, probably 
because ploughing homogenises the upper 20-23 cm of the soil or because more 
measured data is required for the calculation of the parameters (α and C). 



Table 1. Averaged mean and root mean square differences, calculated for  
  pF-curves of different tillage treatments 

 
 MD RMD 
 m3/m3 m3/m3 

NT_03 0.003 0.025 
NT_06 0.008 0.021 
NT_08 -0.004 0.029 
NT_10 -0.004 0.024 
P_03 0.004 0.040 
P_06 0.003 0.026 
P_08 0.002 0.027 
P_10 -0.002 0.025 

LP_03 0.000 0.028 
LP_06 0.021 0.034 
LP_08 0.034 0.037 
LP_10 0.012 0.024 

 MD RMD 
 m3/m3 m3/m3 

D_03 0.035 0.048 
D_06 0.038 0.044 
D_08 0.029 0.036 
D_10 0.012 0.025 

LD_03 0.017 0.030 
LD_06 0.038 0.047 
LD_08 0.020 0.028 
LD_10 0.018 0.026 

 
 
 

  

 

Table 2. Mean  and root mean square differences, calculated for the pF-curves of    
  each sampled soil layer of the ploughing treatment 

 
 MD RMD 
 m3/m3 m3/m3 

P_03 0.005 0.036 
P_06 0.003 0.023 
P_08 0.005 0.026 
P_10 -0.003 0.031 

 

CONCLUSIONS 

The formula, proposed by Sobczuk and Walczak (1996), used in this paper 
allows estimation of soil water retention curves of tilled soils from bulk and 
particle densities, which are more easy and quick to measure. Using this method 
the seasonal variability of the bulk density of a previously examined soil unit can 
be translated into the hydraulic properties variability, avoiding time consuming 
measurements of the latter ones. Thus, dataset, required for the development of the 
soil water balance simulation models to consider the seasonal variability of the soil 
hydraulic properties, can be constructed.  
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CONCURRENT TRANSPORT OF REACTIVE AND NON-REACTIVE 
CONTAMINANTS IN UNDISTURBED SOIL COLUMNS 

 
Korsunskaia L. P., Shein E. V., Pachepsky Y. A. 

 
ABSTRACT 

Advective-dispersive contaminant transport in soils continues to be a subject of 
extensive studies. Transport of conservative tracers, i.e. non-reactive ions, is 
mostly affected by soil physical heterogeneity that causes the differences in 
mobility of different parts of soil solution. Transport of reactive contaminants is 
affected by both physical and chemical heterogeneity. The objective of this study 
was to observe effects of soil structure and flow velocity on transport of reactive 
calcium and sodium ions.  Undisturbed southern chernozem and chestnut soil 
columns were used to monitor the concurrent chloride, calcium and sodium 
transport in slow-flow and fast-flow breakthrough experiments. Parameters of the 
advective-dispersive transport were estimated by fitting the advective-dispersive to 
the reduced breakthrough data. At low velocities, transport seemed to occur in 
pores having a wide range of effective diameters. Diffusion and slow transport in 
fine pores caused slow effluent concentration changes at the late stages of the 
transport. Creating fast flow resulted in a decrease in the proportion of pore space 
providing the initial  breakthrough and an increase in the proportion of pore space 
participating in diffusion-driven mass exchange as compared with the slow flow 
transport. Transport of reactive ions was affected by the flow rates in the same way 
as the transport of the conservative tracers. Flow rate effects on transport were 
more pronounced in chestnut soil that had poorer structure as compared with 
chernozem soil.  

INTRODUCTION 

Advective-dispersive transport of adsorbing chemicals in soils is the subject of 
extensive studies. Soil heterogeneity affects such transport. Transport of 
conservative tracers, i.e. non-reactive ions, is mostly affected by soil physical 
heterogeneity that causes the differences in mobility of different parts of soil 
solution. Soil solution can be provisionally divided into mobile and immobile parts 
(van Genuchten, 1976; Korsunskaya, 1986; Pachepsky, 2000). Because of soil 
chemical heterogeneity, different parts of soil pore surfaces have different affinities 
to the chemicals moving in soils. Soil pore surfaces are often conditionally divided 
into fast- and slow-adsorbing parts with different adsorbing capacities (Selim, 
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1992; Selim 1999). The relative importance of the two types of soil heterogeneity 
depends both on soil properties and on properties of the chemical.  

Observing simultaneous transport of conservative tracers and reactive 
contaminants and examining differences in transport of the two types of chemicals 
should provide an insight in the relative role of the chemical heterogeneity in the 
transport of reactive chemicals. The objective of this work was to compare 
transport of the chloride ion as a conservative tracer to the transport of reactive ions 
of calcium and sodium in undisturbed soil columns of two major agricultural soils 
from Southern Russia. 

MATERIALS AND METHODS 

Undisturbed southern chernozem and chestnut soil columns were used to 
monitor the concurrent chloride, calcium and sodium transport. The columns of 5 
cm ID and 10 cm height were sampled in Stavropol region at depths from 5 to 15 
cm. Selected chemical and physical properties of soils are shown in Table 1.  

 
Table 1. Selected soil properties 

Exchangeable cations  
(meq 100g-1) 

Soil D BD PP OC 

Са2+ Mg2+ K+ Na+ 

pH 

Southern 
chern. 

0-30 1.38 28.7 2.10 20.9 19.0 0.97 2.35 7.30 

Chestnut 
soil 

0-30 1.61 20.6 1.70 13.8 13.4 0.90 16.8 7.65 

D = Depth, cm; BD = bulk density, g cm-3 PP = % of particles < 1 µm, OC = organic 
carbon % 

 
The advective-dispersive transport was studied with flow rates in the range 

from 0.7 to 11.7 cm day-1.  The slow and the fast flows were created in each 
column by maintaining different heights of the influent solution above soil surface. 
The slow rates varied from 0.7 to 1.3 m day-1, the fast ones were in the range from 
5.7 to 11.7 cm day-1. At the slow rate, each column received (a) a pulse of 0.001N 
CaCl2 solution, (b) a pulse of 0.1N CaCl2 solution,  (c) a pulse of 0.05N CaCl2 and 
0.05N NaCl solution, (d) a pulse of 0.001N CaCl2. Then this sequence was 
repeated with the fast flow rate. Each of the pulses was terminated when the 
concentration of any of the three studied ions in the effluent became equal within 
the 1% accuracy window to the concentration in the influent. Ion selective 
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electrodes (Radelkis, Hungary) were used to measure ion concentrations in the 
effluent. 

Data on the effluent concentrations were presented as breakthrough curves, 
i.e. dependencies of relative concentrations Crel on the relative effluent volume 
Vrel. The relative concentrations were computed as  

i
rel -CC

-CCC
0

0=     (1) 

where Ci is the concentration in the influent, and C0 is the concentration in the 
control experiment. The relative effluent volume was computed as Vrel=V/Vpore, 
where Vpore is the pore volume of the column. 
 The advective-dispersive equation in the form  

X
relC

X
relC

qL
D

relV
relCR

∂
∂

−
∂

∂
=

∂
∂

2

2
    (2) 

was used to simulate chloride transport in the soil columns. Here D is the 
dispersion coefficient, cm2 day-1, q is the flow rate cm day-1, L is  the column 
length, cm, R is the retardation coefficient, X is the relative distance from the top 
of the column,  (Korsunskaia, 2000). The software CXFIT (Toride et al., 
1995) has been used to fit the semi-infinite interval solution of the equation (2) to 
the chloride breakthrough curves to estimate parameters.  The visual inspection of 
shapes of breakthrough curves was used to find indications of the presence of 
preferential flow pathways and to assess the distribution of pore velocities (Pandey 
et al., 1984, Valles et al, 1994; Strock et al., 2001). The information of this type 
was derived mostly from the chloride breakthrough curves. Using conservative 
tracers for that purposes has been proposed and justified earlier (Pfannkuch, 1963; 
Dankwerts, 1953; Valles et al., 1990). 

10 ≤≤ X

Preliminary tests have been done to evaluate the reproducibility of 
breakthrough curves measured presumably in the same conditions. Some results of 
such tests are shown in Fig. 1 for the southern chernozem. Breakthrough curves 
were compared for two pulses of 0.1N CaCl2 separated by elution with 0.001N 
CaCl2. Chloride contents were measured with two ion-selective electrodes for each 
of the two breakthroughs. The breakthrough curves appeared to be close visually; 
the transport parameters were also close (Table 2). 
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Fig. 1. Replicated chloride breakthrough curves;  and  - first run,  and  - 
second run, hollow and filled symbols show measurements made with two 

independently calibrated ion selective electrodes. 
 

Table 2.  Parameters of the advective-dispersive equation for data shown in figures 
in this paper. 

Figure Symbol q D Figure Symbol q D 
1  0.70 3.28 6b  7.3 474 
1  0.70 3.30 6b  7.3 267 
1  1.24 6.90 7a  0.94 29.2 
1  1.24 7.41 7a  0.94 6.4 
6a  0.8 32.8 7a  0.94 85.3 
6a  0.8 518 7a  5.7 248 
6a  0.8 142 7a  5.7 555 
6a  5.7 2526 7a  5.7 40.5 
6a  5.7 2915 7b  1.2 36.4 
6a  5.7 509 7b  1.2 17.9 
6b  1.06 36.4 7b  1.2 72.1 
6b  1.06 17.9 7b  8.1 324 
6b  1.06 72.1 7b  8.1 15.8 
6b  7.3 304 7b  8.1 14.8 
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RESULTS AND DISCUSSION 

Data on CaCl2 transport of in two studied soils are shown in Fig. 2 and 3. 
Breakthrough curves in replications are very close for the southern chernozem at low 
flow rates of 0.72 to 1.4 cm day-1 (Fig. 2a).  Transport parameters are also very close 
(not shown). Shapes of the breakthrough curves suggest that the transport occurs in 
pores having a wide range of effective diameters. The inflection of breakthrough 
curves is caused by the dispersion in large pores. Diffusion and slow transport in fine 
pores cause slow effluent concentration changes at the late stages of the transport. 
Changes in the flow rates change shapes of the breakthrough curves from the same 
columns (Fig. 2b). Only one column has breakthrough curves with the inflection in the 
range of relative concentrations from 0 to 0.5. All other columns have breakthrough 
curves with an interval of the fast increase starting from the portions of the effluent. 
Such shape of breakthrough curves is typical for soil structures with preferential 
pathways including relatively small part of pore space. Such pathways carry chemicals 
through soil very fast because the pore water velocity in such preferential flow paths is 
high. The dispersion is caused by the mass exchange between preferential pathways 
and the bulk of soil rather than by the variations in pore water velocities within pores 
of large range as it has been in slow-flow experiments. Creating fast flow causes 
smaller part of pore space to work for the breakthrough transport and larger part of 
pore space to participate in diffusion-driven mass exchange as compared with the slow 
flow transport.  

The chestnut soil demonstrates much more developed preferential flow as 
compared with the southern chernozem (Fig. 3a, b). The absence of inflection and the 
interval of the fast rise of relative concentrations are pronounced in all but one columns 
even at the low flow rates (Fig. 3a). High flow rates exacerbate differences in mobility 
of different parts of pore water (Fig. 3). Only one pore volume of effluent changes the 
relative concentration from 0 to 0.7. At the same time, the tail of the breakthrough 
curve is very long. This indicates that some parts of pore space, mostly fine pores, have 
a poor connection with the preferential flow pathways, and they are hardly accessible 
for the diffusion from/to the preferential pathways. In general, more dispersion can be 
seen in chestnut soil than in southern chernozem columns; the average value of the 
dispersion coefficient are 25.0±14.2 cm2 day-1 as compared with values of 4.0±1.9 cm2 
day-1 in chernozem. The difference in dispersion coefficients in the two soils is tenfold 
in fast flow experiments. 
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Fig. 2. Chloride breakthrough curves in southern chernozem cores from low-flow (a) 
and fast-flow (b) experiments. Different symbols refer to different cores. 

The differences in Cl breakthrough in the two soils can be, at least partly 
explained by differences in pore size distributions. Comparison of differential porosity 
for the two sols in this study has shown that pore size distribution in chestnut soil 
reflects presence of large number of fine pores with the effective diameters less than 
0.01-0.06 mm. The pore size distribution for the chernozem showed the presence of 
much larger range of pore sizes (Korsunskaia, 2000).  The chestnut soil also has been 
compacted as compared with the southerm chernozem (Table 1). Pores less than 0.1 
mm constitute more than 50% of pore space in such compacted soils (Domzhal, 1996). 
The domination of fine pores in chestnut soil results in larger role of such pores in 
convective dispersive transport in this soil as compared with chernozem. 

Data on CaCl2 transport before and after the pulse of CaCl2 +NaCl are compared 
in Fig. 4 and 5.  Note that the actual concentrations after the pulse are decreasing as the 
leaching progresses. However, the relative concentrations computed with (1) increase 
both before and after the pulse allowing the comparison. The pulse changes the Cl 
breakthrough in chernozem (Fig. 4). The differences can be seen better in the slow-
flow experiments. The longer tails on the after-pulse breakthrough curves imply some 
disaggregation and formation of additional fine pores caused by the presence of 
sodium ion. The fast-flow experiments show the coincidence of the initial sections on 
breakthrough curves before and after the pulse in three of the four columns. This can 
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be interpreted as a “memory” in pathways similar to the one shown in field 
experiments (Shein, 2000). More extensive tailing is also seen in fast flow experiments 
after the pulse.  
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Fig. 3. Chloride breakthrough curves in chestnut soil cores from low-flow (a) and fast-
flow (b) experiments. Different symbols refer to different cores. 
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Fig. 4. Chloride breakthrough curves in southern chernozem cores (a) before and (b) 
after the pulse of CaCl2 +NaCl. 
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Comparison of before- and after-pulse Cl breakthrough curves for chestnut soils 
(Fig. 5) reveals more extensive tailing after the pulse in slow-flow experiments. That 
can be attributed to the effect of sodium ion on soil structure similar to that in 
chernozem. The fast flow experiments resulted in breakthrough curves that were 
similar before and after the CaCl2+NaCl pulse. One possible explanation is based on 
the assumption that the preferential pathways occupy a small part of the pore space. 
The fast pulse moves predominantly through these pathways and a relatively small 
fraction of pore surface can be affected by the sodium solution. Another reason can be 
relatively short duration of the fast-flow experiments, so that the cation exchange 
kinetics was slow as compared with the transport time, and sodium did not have 
enough time enter the cation exchange complex. More time was available for cation 
exchange on slow-flow experiments. A similar effect was observed for uranium 
transport (Barnett et al., 2000). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Chloride breakthrough curves in southern chernozem cores (a) before and (b) 
after the pulse of CaCl2 +NaCl. 

 
Data on the concurrent transport of Cl, Ca and Na are shown in Fig. 6 and 7. The 

data come from the phase of experiments that developed after the last pulse and was 
monitored after about 22 and about 30 pore volumes of Ca-containing solutions for 
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chernozem and chestnut soils, respectively. Up to 16 pore volumes of 0.001N CaCl2 
solution passed the columns during this phase of the experiment. In chestnut soil,  

Crel
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0.0

0.5

1.0 a b

breakthrough curves of Cl, Na and Ca ions can be grouped by the flow rates rather than 
by the specifics of their interaction with surfaces in soils (Fig. 6). Changes in flow 
rates seem to cause changes in relative input of different groups of pores in the total 
transport in chestnut soil. The Cl ion approaches the equilibrium levels slightly slower 
than sodium. In chernozem samples, the differences between chloride and sodium 
transport are visible even better (Fig. 7). Leaching of sodium occurs as if it is available 
for leaching only at relatively small part of pore space. A larger part of pore space, 
including fine pores, is available for the chloride transport, and that causes a slower 
approach of the effluent concentration to the influent one. The relatively fast leaching 
of sodium also shows that the kinetics if ion exchange is relatively fast as compared 
with the ion transport. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Chloride ( , ), calcium ( , ) and sodium ( , ) breakthrough curves 
observed in slow-flow (hollow symbols) and fast-flow (filled symbols) experiments with 

two chestnut soil cores. 
 
The physical and chemical properties in Table 1 do not explain the differences in 

the Cl, Ca, and Na transport in the two soils under study.  The chernozem soil exhibits 
more aggregation and its bulk density is less than the chestnut soil. This structural 
differences impact transport. In the chernozem soil, the presence of large pores 

 91 



0 1 2 3

C
re
l

0.0

0.5

1.0

Vrel

0 1 2 3

a b

provides the accessibility of cation exchange complex to moving soil solution and 
large mobile soil solution proportion than in chestnut soil. The over-compacted 
chestnut soil has a pore structure in which pore surfaces can rapidly become Ca-
saturated.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 7. Chloride ( , ), calcium ( , ) and sodium ( , ) breakthrough curves 
observed in slow-flow (hollow symbols) and fast-flow (filled symbols) experiments with 

two southern chernozem soil  cores. 
 
In summary, the physical heterogeneity governed transport of in ions in this work.  

This heterogeneity may cause fast transport of adsorbing pollutants in soil profiles, 
groundwater pollution, and creates a challenge incorporating the physical 
heterogeneity in models of pollutant transport in soils and sediments. 
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MODEL RESEARCH ON FORMATION OF SYNTHETIC ORGANIC-
MINERAL BINDINGS AT VARIOUS pH AND AT PRESENCE OF 

ALUMINUM IONS 
 

Księżopolska A. 
 

Humus compounds in soils occur most of all in the form of bindings with the 
mineral part of soil. However, investigating those bindings in natural conditions, 
extracted directly from the soil is too complicated due to the destructive influence 
of extractants.  

This paper aims at determining the degree of reaction of humic acids with 
minerals at various pH (3-7) and at the presence of aluminum ions on the basis of 
electrolytic conductivity and specific surface area. In order to prepare the organic-
mineral preparations, humic acids from chernozem using the Schnitzer and 
Stevenson method [Schnitzer and Schluppli 1989; Stevenson 1994] and Na-
montmorillonite, mica, kaolinite and aluminum chloride were used. Suspensions of 
minerals with 0.1 M NaOH solution in the 1:10 ratio were formed. Then the 
preparations of humic acids were added to those suspensions in the amount of 0.4 g 
humic acid and 0.4 g AlCl3. The suspensions obtained were occasionally shaken by 
stirring and left for 24 hours to react. Then they were brought to the scheduled pH 
(3-7) values using the solution of hydrochloric acid and sodium base, gradually for 
three weeks in order to obtain a relatively constant desired pH value.  

The aim of this research was to elaborate the optimum reaction of the 
suspension for the synthesis of organic-mineral bindings, as well as the role of 
aluminum. Electrolytic conductivity turned out to be a good parameter determining 
the degree of reaction between the humic acids and minerals because the mobility 
of ions decreased as the result of the complexing reaction. The lower the value of 
electrolytic conductivity was, the higher the degree of complexation was stated. EC 
was determined using a micro-computer conductivity meter CC311 (Elmetron, 
Poland) at 20°C +/-5°C. The measuring chamber of the conductivity meter was 
calibrated using standard KCl solutions of different concentrations. The organic-
mineral complexes were resuspended in distilled water with an electrolytic 
conductivity of 5.8*10-6Ω-1 cm-1. Prior to the measurement, the suspensions were 
allowed to stand for 24 h with occasional mixing [Kalra and Maynard 1991].  

Electrolytic conductivity, i.e., the ability of a solution to conduct electric 
current as a function of the number of ions in the solution and the electric charge is 
believed to be a reliable indicator for the characterization of organo-clay 
complexes [Cygański 1991; Podsiadło 1990]. 
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Electrolytic conductivity of preparations with Na-montmorillonite without 
aluminum is (8.9-36.3 mS), with aluminum (8.1-15.7 mS), of preparations with 
mica without aluminum (8.7-10.7 mS), with aluminum (8.8-39.4 mS), and of the 
preparations with kaolinite without aluminum (9.6-18 mS), with aluminum (9-26.7 
mS). An important influence of the pH value of the suspension was stated on the 
value of electrolytic conductivity. The greatest correlation was found in the 
organic-mineral preparations with kaolinite and with aluminum (r=0.93***) and in 
the preparations with mica without aluminum (r=0.75***). It was proved that the 
greatest degree of reaction of the humic acids with Na-montmorillonite and with 
mica took place at pH 5, and with kaolinite at pH 7 (in the above mentioned 
combinations with aluminum). Aluminum clearly stimulated the increase in the 
degree of complexity of humic acids with minerals. 

Specific surface area is a very good parameter that characterizes the structure 
of the organic-mineral adsorbent. Specific surface area was determined using the 
initial part of the water vapour adsorption isotherm at 20°C within an adsorbate 
relative pressure range of 0,P/P0, 0.35 in accordance with the Brunauer, Emmet and 
Teller (BET) equation [Brunauer et al. 1938]. Water vapour adsorption were 
determined at 20°C gravimetrically (by weight), using a vacuum dryer in a 
temperature-controlled room according to Stawiński at al. (1999). The results of 
the specific surface area were statistically analyzed, including analysis of variance 
using the Statgraf software, and regression analysis using the Excel software. The 
calculated relations were then described with a linear equation, logarithm and 
power equation. The description of the relation analysis was made using the most 
fitted function. 

The variability of surface phenomena during the formation of synthetic 
organic-mineral bindings is proved by different values of the specific surface area. 
The specific surface area of the bindings with Na-montmorillonite without 
aluminum ranges between 87 and 150.4 m2/g; with aluminum 145.6 to 152.8 m2/g; 
for bindings with mica without aluminum 83.2 to 150.4 m2/g; with aluminum 145.6 
to 152.8 m2/g; for bindings with kaolinite without aluminum 14.1 to 43 m2/g; with 
aluminum 15.9 to 38.5 m2/g. A significant influence of the pH value of the 
suspension on the size of the specific surface area was stated. The highest 
correlation was observed in the bindings with kaolinite (r=0.93 ***). It was proven 
that the addition of aluminum to the bindings with Na-montmorillonite 
significantly influenced the growth of the specific surface area at pH 5, in bindings 
with mica-at pH 7, and in bindings with kaolinite- at pH 3 and 4. At pH 3 there was 
a significant decrease in that value and there was an increase at pH 4. The greatest 
degree of reaction was stated in bindings with Na-montmorillonite (without Al) at 
pH 5 , with mica (without Al) at pH 7, and with kaolinite at pH 5,6 and 7. 
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The analysis of the specific surface area of the investigated preparations proved 
that the addition of humic acids to the minerals caused an increase in their specific 
surface area at all pH values both with and without aluminum. Observing the 
impact of pH on the specific surface area there was noticed growing tendencies 
with decreasing pH value from 7 to 3, which might have been caused by the 
transformation of the crystal lattice of the used clay minerals during the elaboration 
leading to formation of the synthetic bindings of minerals, humic acids and 
aluminum ions. That gradual increase of the specific surface area might also be 
related to the formation of amorphic silica of a great area in the processes of acid 
mineral destruction [Drees et al.1989]. Therefore, at pH 3, the specific surface area 
has the greatest value. The changes in the suspension of the organic-mineral 
bindings may cause the destruction of the crystal lattice of clay minerals. Those 
processes occur at the presence of hydrogen ions adsorbed exchangeably on the 
mineral surface. The attack of protons in the case of montmorillonite takes place on 
the face side, while in kaolinite – on the side of mineral plate, which has a great 
impact on the specific surface area of the investigated minerals [Motowicka-
Terelak 1979; Milene et al. 1995; Józefaciuk 1995; Józefaciuk 1998].  

Generally it can be stated that the degree of reaction of humic acids with 
minerals depends most of all on the type of mineral, pH value, and the presence of 
aluminum. 
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PHOSPHATE-INDUCED CHANGES IN THE SPECTRAL AND 
CHEMICAL PROPERTIES OF SOIL HUMUS SUBSTANCES 

 
Kudeyarova A.Yu. 

INTRODUCTION 

The capability of soil to bind phosphate-anions is determined by the 
coordination reactions that occur at the solid-liquid interfaces. Soil metal – 
containing solids as sorbents for phosphate (P) are usually covered with humus 
molecules and thus exhibit the properties of metal-humus complexes. Little is 
known about the P-induced changes in the metal-humus sorbing surfaces. Much 
attention should be given to high P additions simulating soil conditions in the 
immediate vicinity of P fertilizer granules.  

The aim of this study is to examine spectral and chemical properties of the 
alkali-soluble humus substances (HS), the humic acid (HA) and fulvic acid (FA) 
fractions at different stages of their transformation in the P-enriched soil. 

MATERIALS AND METHODS 

A soil sample was taken from the humus horizon of an arable grey forest soil 
(humic luvisols). The main chemical properties of the initial soil were as follows: 
pHKCl – 5.15; total and exchangeable acidity – 2.7 and 0.7 meq/100 g soil, 
respectively; exchange capacity – 16.5 meq/100 g soil; and base saturation – 
83.1%. The total content of Corg constituted 1.2%  (according to the Tyurin 
method); the content of Corg in 0.1 N NaOH extract – 627 mg/100 g soil; the 
contents of total phosphorus and organic – bound phosphorus in 0.1 N NaOH 
extract – 15.0 and 10.3 mg/100 g soil, respectively. Soil with added NH4H2PO4 (in 
amounts corresponding to ½ of the total P-binding capacity, 102 mg P2O5/100 g 
soil) or NH4NO3 (in amounts corresponding to the content of N in the added 
phosphate salt, 28 mg N/100 g soil) was incubated for 7 days, 1 year, and 3 years at 
a temperature of 20±2° and the moisture content of 55% of the WHC. Soil samples 
after the incubation were air-dried, ground (1 mm), and then used for analyses. The 
soil HS were extracted with 0.1 N NaOH  (the soil-to-solution ratio of 1:50) 
without preliminary decalcification. Soil suspensions in flasks were shaken for 2 h 
and then left for a night, after which they were filtrated. 

In the extracts obtained, the contents of carbon (C), Fe and Al (metals, M) 
were determined. The C content was determined by the bichromate oxidation 
method. To determine the contents of M, aliquots of alkaline extracts were treated 
with a mixture (3:1) of concentrated H2SO4 and 57% HClO4 on heating. Then, 
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metal concentrations were determined using the atomic absorption method. To 
obtain the HA and FA fractions, the 0.1 N NaOH extracts were acidified to pH 1.5 
with 1 N H2SO4. After the separation of precipitated HA from acid FA solution, the 
P content in two fractions was determined by the Murphy-Riley method. The 
contents of C, Fe, and Al were determined as noted above.  

Difference electronic spectra of the alkaline extracts, HA and FA were 
obtained using the solvent (0.1 N NaOH for soil extracts and HA, a mixture of 0.1 
N NaOH and 1 N H2SO4 for FA) as a reference. 

The HA obtained from initial soil was used to prepare Fe-HA complex. The 
treatment of HA with FeCl3 provided C:Fe ratio of 1:6. The Fe-HA complex 
prepared was treated for five weeks with KH2PO4 solution added to have a C:P 
ratio of 1:17. The pH value for systems was 4.1. Control complex and its P-
modified organic product were used for the IR examination (KBr – technique). IR 
spectra of HA and FA from initial soil were also obtained. 

RESULTS AND DISCUSSION 

Table 1 shows that extractability of C and M by 0.1 N NaOH tended to 
increase with increase in incubation period of P-enriched soil. Under these 
conditions, the difference in distribution of alkali-soluble C and M between the HA 
and FA fractions became more and more obvious. The amount of C associated with 
HA was greater, the greater was the incubation period of P-enriched soil. On the 
contrary, the amount of M associated with HA decreased sharply after one-year 
incubation of soil enriched in P. 
 
Table 1. The contents of Corg, metals (Fe+Al), and P, mg/100 g soil 

 

0.1 N NaOH 
extract HA FA 

Soil treatment 
Corg M Corg M P Corg M P 

1 year incubation  
without P 
with added P 

 
628 
570 

 
170 
210 

 
369 
365 

 
87 
114 

 
10 
24 

 
259 
205 

 
83 
96 

 
10 
29 

3 years incubation  
without P 
with added P 

 
657 
745 

 
190 
250 

 
403 
552 

 
107 
73 

 
4 
3 

 
254 
193 

 
83 
177 

 
11 
58 
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According to the data of Table 1, the chemical composition of HA and FA 
varied considerably in the course of incubation. It is however seen that there is a 
relationship between the contents of M and P in HA and FA. After incubation of P-
enriched soil for 3 years, the contents of M and P decreased considerably in HA but 
increased in FA. Consequently, the P incorporation in humus molecules resulted in 
the change of their reactivity in an acid medium. The P promoted reactions of M 
elimination. 

The reactivity of organic compounds is a function of the distribution of 
electron density in their molecules. The UV-VIS absorption spectrum reveals the 
excitability degree of molecular electron system. The variation of excitation state 
from ground state may characterize energetic state of electrons belonging to 
functional groups having double bonds. 

The difference electronic spectra (Fig. 1) show the pronounced effect of P on 
the electron energy state in the extractable HS. This fact suggests the P-induced 
structural changes in humus molecules. Bathochromic band shift observed in the 
region of 210-230 nm can be indicative of the appearance of additional C=C bonds 
in the side chains of the P-modified molecules of HS. Another P-induced spectral 
change is observed in the region of 250-350 nm (Fig. 1). This absorption band is 

 

 
  
Fig. 1. Electronic spectra of alkali-soluble HS 

and FA: 1 -  initial soil; 2 – P-treated soil, 
incubation  for 7 days; 3 – incubation for 1 

year; 4 – incubation for 3 years; 5 – FA from 
initial soil; 6 – FA from P-treated soil, 

incubation for 3 years. 

Fig. 2. IR spectra: A – FA; B – 
HA; C – Fe-HA-complex; D – 

P-treated complex. 
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attributed to the transition of free electronic pairs belonging to the nucleophilic 
atoms (mainly oxygen, for one, in the C=O group and its heteroanalogs). 
Hypsochromic shift of this absorption band increasing with the increase of 
incubation period of the P-treated soil could probably be due to the appearance of 
new polar P=O groups in the P-modified HS. 

To gain insight into the mechanism of reactions resulting in the formation of 
new bonds in humic ligand, the prepared Fe-HA complex was tested as the metal-
humus sorbent for P anions. Figure 2 shows that control and P-modified complexes 
differed structurally. There are the absorption bands at 1610 and 1402 cm-1 in the 
control IR spectrum which can be attributed to the coordinated C=O groups. The P 
treatment resulted in the disappearance of these frequencies. At the same time, 
some new absorption bands arose in the spectrum. Among them are the bands at 
1250 and 1170 cm-1 which can be attributed to the vibration frequencies of the P=O 
groups having the dissimilar surroundings. 

The data obtained prove the possibility of intra-complex formation of P=O 
bonds in humic macroligand through the substitution of prior C=O groups. It is 
known that compounds with P=O group are more capable of binding metal ions in 
the forms of very inert soluble complexes than compounds with C=O group. This 
fact allows to explain the increased elimination of metals from the P-modified 
humus molecules and their accumulation in FA (Table 1).According to the IR 
spectra of HA and FA (Fig. 2), the O-containing functional groups tended to 
accumulate in FA whereas C=C bonds tended to accumulate in HA. As evident 
from Fig.1, in the spectrum of the P-modified FA there is a hypsochromic shift of 
the absorption band concerned with the transition of electrons belonging to oxygen 
atoms. This shift can be attributed to the P=O groups passing to FA fraction of HS. 

CONCLUSION 

Consecutive changes in spectral and chemical properties of alkali-extractable 
humus substances have been revealed in the soil incubated with orthophosphate 
salt. The most considerable changes were observed at the end of the incubation 
period (3 years). The P-modified humus molecules were characterized by the 
accumulation of C=C bonds and P-containing polar groups. Structural changes 
corresponded to the observed changes in chemical properties of humus substances. 
It is shown that chemical composition of humic and fulvic acids varied 
significantly in the course of incubation of the P-enriched soil. The longer was 
incubation period, the lower were contents of metals and phosphorus in humic acid. 
The P incorporation in humus molecules promoted elimination of metals in the 
forms of soluble P-containing complexes and their discovery in fulvic acid fraction. 



EFFECTS OF THE FULVIC ACID ON THE BEHAVIOR OF Cu (II), Zn 
(II), Pb (II) AND Cd (II) IN THE SYSTEM SOLUTION – NATURAL   

ADSORBENTS. 
 

Pinsky D.L., Zolotareva B.N. 

INTRODUCTION 

The condition and functions of heavy metals (HM) in soil are affected by the 
following major processes: interaction of HM with soil adsorbing complex (SAC), 
creation of difficultly soluble compounds of various composition and complexing 
with the solution components. Fulvic acids are known to be specific components of 
soil solutions actively interacting with HM. This study investigates the effects of 
fulvic acid both on the state of Cu2+, Zn2+, Pb2+ and Cd2+ in the solution and 
adsorption of cations by natural adsorbents with different physical-chemical 
characteristics, namely kaolin, bentonite, madder loam, loess-like loam and 
Chernozem. 
MATERIALS AND METHOD 

The samples of humus horizon of leaching chernozem and were collected in 
the Voronezh region, the samples of madder loam were collected in the Tver’ re-
gion, the samples of kaolin and bentonite were obtained at the Mineralogy Museum 
of the Russian Academy of Sciences (RAS). In the experiment, the adsorbents were 
used in their natural ion-form. The major physical and chemical characteristics of 
the employed adsorbents are listed in Table 1. 
The fulvic acids (FA) were isolated from the water of Lake Velikoe in the 
Meschera lowland. The isolation, accumulation and purification of FA were carried 
out according to the methods described by Orlov (1995 ). The dry sample of HA 
has 1.36% of ash content and 12 m-eqv/g of acidic groups including 8.1 m-eqv/g of 
carboxylic groups. The constant of dissociation of the acidic groups amounted to 
4.0. The weighted average of the FA molecular mass at pH 3,4,5, was 500, 1500, 
2000 respectively.  

The initial solutions were prepared from the exact weight of dry FA and Cu2+, 
Zn2+, Pb2+ and Cd2+ nitrates. The initial solutions served as a basis for a series of 
working solutions varying in HM and FA concentration, ranging from 2.10–5 to 
32.10–5 mol./l at pH 3; from 0.67.10–5 to 10.6.10–5 mol/l at pH 4; and from 0.5.10–5 
to 8.0.10–5 mol/l at pH 5.  The ratio of solid faze:solution remained invariable 
1:250 in all the experiments on adsorption. At the end of the one-hour shaking pe-
riod, suspended matter were left intact for 24 hours in order to restore their balance 
and then filtered through a membrane filter. Equilibrium concentrations of Cu, Zn, 
Pb and Cd were measured using the atomic-absorption method; the FA concentra-
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tion was measured using the Tjurina micro-method. The standard deviation (SD) 
for HM did not exceed 10% and SD for FA did not exceed 5%.  
 
Table 1. Physical and chemical characteristics of adsorbents 

 

Subjects Indexes 
Bentonite Kaolin Loess-

like loam 
Madder 

loam 
Cher-
nozem 

S m2/g 
pH (H2O) 
SEC, m-eqv/100g 
Са+Mg, m-eqv/100g 
C org., % 
СО2 carb., % 
Type of mineral 

400 
8,2 
73 
43 
─ 

1,69 
2:1 

22 
6,2 
9 
3 
─ 

0,72 
1:1 

60 
7,9 
21 
14 
─ 

3,62 
2:1 

39 
6,3 
11 
6 
─ 

0,89 
2:1 

58 
6,8 
31 
26 

 
4,77 
─ 

RESULTS AND DISCUSSION 

The data obtained show that at pH 3, nearly 100% of Cd and Zn are present in 
the solution in the form of free cations. The concentration of metal-fulvic com-
plexes (MeFA+) reaches 70% for Cd at pH 8 and 95% for Zn at pH 6.5. The sum of 
the concentrations of Cd2+ and CdFA+ remains constant throughout the entire series 
of the solutions employed in the experiment and stretches to 100%. These findings 
allow hypothesizing the possibility of sorption of Cd in the form of charged metal-
fulvic complex. The concentration of Pb2+ at pH 3 amounts to 70%, and concentra-
tion of Cu2+ does not exceed 50%. The highest concentration of PbFA+ reaching 
100% is observed in solutions with pH ranging from 4.5 to 7. The highest concen-
tration of CuFA+ is observed in solutions with pH 5.5. The sum of the concentra-
tions of Cu2+ and CuFA+ is about 70% at pH >6. At pH 8 the most Cu is associated 
with OH– and CO3

2–.   
In sum, the investigated cations of  HM interact differently with components 

of the employed solutions and fulvic acids. It has also been shown that HM cations 
assume different forms depending on the solution pH and therefore are subjects to 
various degrees of adsorption by adsorbents. During the interaction of adsorbents 
and HM solutions, partial acidification of equilibrium solutions occurs.  
Two types of pH change regularly accompany the acidification process. The first 
type of pH change can be characterized as uneven, depending on the acidic-alkali 
buffering ability of the adsorbents. The second type of pH change is constant and 
connected with the transition of the protons from their bound, absorbed form into 
the solution during the process of HM adsorption.  
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The coefficients of the HM distribution in the investigated systems were as-
sessed. Finally, a bivariate  prediction model was constructed, with the amount of 
adsorbed cations as an independent variable and the amount of desorbed cations as 
a dependent variable. The regression relation was significant at p<0.005. The fol-
lowing relationships were observed between the amount of desorbed cations and 
the amount of adsorbed cations at various pH levels: 
Cu desorbed =   6.51 + 0.539 Cu adsorb. R=0.786 
Zn desorbed = 10.51 + 0.538 Zn adsorb.  R=0.879 
Cd desorbed = 10.31 + 0.541 Cd adsorb. R=0.829 
Lead behaves differently, which can be explained by its more complex chemical 
properties in the investigated systems. 
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