
A b s t r a c t. Bentonite has been recognized as a very good

material for the improvement of coarse textured soils. In microplot

experiment, of a sandy soil deprived of the humus layer was enriched

in 1973 with waste bentonite at the rates of 0, 3, 6 and 12 kg m-2.

Until 2002, the microplots were planted with different crops and

regularly enriched with mineral and organic fertilizers. Since 2003,

the microplots were left barren. In 2009, determinations of several

features of the soils (in 5-30, 30-55 and 55-80 cm layers) showed

that the historical amendment of the sandy soil with bentonite

(especially its highest dose) ensured significantly higher contents

of water, organic C, clay, silt and a sand fraction with particle

diameter <0.1 mm in 5-30 cm layer. Proportions of non-dispersible

clay in the total clay of bentonite soils in the two upper soil layers

were significantly lower than those of the control soil. A significant

increase in the penetrometer resistance was observed in 40-58 cm

layers of the control soil and the soil with 3 kg m-2 bentonite

amendment, contrary to the soils with two highest bentonite doses.

K e y w o r d s: sandy soil improvement, bentonite, particle

size fractions, water content, SOM

INTRODUCTION

The coarse textured soils, due to their low content of

clay, are infertile because they usually contain little humus,

nutrients and water. Furthermore, many of these soils

become acidified, because of their low buffering capacity

(Croker et al., 2004; Filipek, 2001; Fotyma and Pietruch,

2001; Kátai et al., 2010b; Noble et al., 2000). Bentonite

(BNT) a rock consisting predominantly of the clay mineral

montmorillonite – has been recognized as a very good

material for the improvement of coarse textured soils in

different parts of the world (Lazányi, 2005; Lhotský et al.,

1970; Satje and Nelson, 2009; Yssad and Belkhodja, 2007).

These studies, however, were of short term character. There-

fore, it was hard to learn long lasting effects of bentonite

addition to soil.

Important information pertaining to the question can be

obtained from a microplot experiment that was conducted for

thirty seven years since 1973 at the Institute of Soil Science

and Plant Cultivation in Pu³awy, Poland (51°24’N, 21°57”E).

During the first 10-years of the study (1973-1983), it was

found that the bentonite addition stimulated the accumu-

lation of organic C and total N, as well as in microbiological

activity and fertility of the soil. Lower BNT rates had pro-

portionally smaller effects (Kobus and Paszkowski, 1985).

The aim of the work presented here was to check

whether the bentonite amendments affected soil properties

after thirty years of cropping and seven years of fallowing.

MATERIAL AND METHODS

The experiment was established in 1973 on a subsoil

(after removing the humus layer to 25 cm depth) of an acidic

sandy soil (pHH2O 5.4), containing in the upper layer 4% of

particles <0.02 mm and 0.35% of organic carbon (OC). In

what follows, this exposed subsoil will be called ‘the basic

soil’ which contained only traces of OC. The upper (0-30 cm)

layer of the basic soil was enriched with waste bentonite

(BNT) at the rates of: 0, 3, 6 and 12 kg m
-2

(0-BNTS,

3-BNTS, 6-BNTS, 12-BNTS) and with NPK fertilizers at

the amounts of 300:300:500 kg ha
-1

(nitrogen as NH4NO3,

phosphorus as superphosphate and potassium as KCl,
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respectively). BNT added to the soil was in a powdered form

with the size of particles (PRT) of <0.71 mm after drying at

400�C. BNT contained 1.66% of total potassium (and 0.39%

of K soluble in 10% HCl), 0.73% (0.60%) sodium, 4.95%

(4.26%) calcium and 1.22% (0.60%) magnesium. Its cation

exchange capacity was equal to 26 cmol(+)kg
-1

. The micro-

plot experiment consisted of sixteen plots (0.8 m
2
) with

concrete walls (1 m diameter, 1 m depth), four replicates for

each of four experimental combinations (Kobus, 1979,

1983; Kobus and Paszkowski, 1985).

In the first two years of the experiment, the plots were

planted with white mustard and lupin in order to enrich the

soil with the green manure. Subsequently (for twenty eight

years until 2002) the microplots were planted with potatoes,

various cereals (oat, rye, triticale, barley, wheat), alfalfa and

sometimes white mustard as the second crop. During these

thirty years, the soils were treated with mineral fertilizers

and exogenous organic matter (before growing of potatoes

the soils were fertilized with farmyard manure, after grow-

ing of cereals they were enriched with the residual straw, and

after growing of mustard, alfalfa or lupin with the green

manure). The pH of the control soil (CS) not amended with

BNT had to be regulated by CaCO3 addition several times.

In 1974, the soils were inoculated with Azotobacter chro-

ococcum (Kobus and Paszkowski, 1985). Since 2003, the

plots have been left in a bare fallow with no fertilization.

All plots were sampled in May 2009 from the following

soil depths: 5-30, 30-55 and 55-80 cm. The uppermost layer

0-5 cm of the soils was removed because of intensive but

irregular growth of algae on the surface. The samples were

placed in air-tight containers for transport to the laboratory.

At the laboratory the samples were stored at 4�C in hermeti-

cally sealed containers until required.

Soil particle size classes were determined by the hydro-

meter method (HM), modified by Casagrande and Prószyñ-

ski, based on measurements of the density of soil suspen-

sions during progressive sedimentation, supplemented with

the sieve method to fractionate sand. The content of particle

size classes (sand 2.0-0.05 mm, silt 0.05-0.002 mm, and clay

<0.002 mm) is presented according to the FAO/USDA

classification system.

According to Dexter and Czy¿ (2011) and Dexter et al.

(2008), the soil clay content was partitioned between clay

that is complexed with OC and clay that is not complexed.

The non-complexed clay is more easily dispersed in water

than clay that is complexed with OC. Dexter and Czy¿

(2011) and Dexter et al. (2008) defined complexed clay

(CC) as CC=(nOC) if (nOC<clay) else CC=clay, while

non-complexed clay (NCC) in turn was defined as NCC=

(clay-CC) if (clay-CC)>0 else NCC=0. Dexter et al. (2008)

found that 1 g of OC is associated or complexed with 10 g of

clay. Therefore, the amount of clay complexed by soil

organic carbon (SOC) was calculated as SOC x 10.

The amount of total clay (TC) and readily-dispersible

clay (RDC) in water were determined by a turbidimetric

method (TM) which was adapted for Polish sandy soils

using a standard dilution and shaking procedure (Czy¿ et al.,

2010a; Dexter et al., 2011). The clay stability, presented as

a proportion of stable clay was calculated as 1 – (RDC/TC)

in normalized turbidity units (NTU g l
-1

).

Gravimetric water content of the soils (SWC) was mea-

sured in the laboratory by weighing the soil samples before

and after drying at 105°C in an oven for 48 h in three re-

plicates. Additionally, annual means of the contents of water

in 0-30 cm soil layers, determined during the period of 1973-

1985 plus 1990, are presented. In the period of 1991-2008

this parameter was not measured.

Soil strength was measured as penetration resistance

(Q) with a model CP20 cone penetrometer (Agridry RIMIK

Pty. Ltd., Toowoomba, Australia) (Dexter et al., 2007). The

penetrometer electronically records the value of Q at depth

intervals of 2 cm up to 60 cm depth. The average values of Q

at 6-30 and 32-56 cm depth were calculated to find correla-

tions with various soil variables determined in 5-30 and

30-55 cm layers.

Soil pH was measured with a glass electrode in a slurry

of 10 g of soil and 25 cm
3

of deionized water.

Soil organic carbon (SOC) content was determined by

the modified Tiurin method in which OC was oxidized to

CO2 by a mixture of potassium dichromate and sulphuric

acid and excess of dichromate was back titrated with a solu-

tion of Mohr Salt.

For statistical evaluation, the obtained results were

subjected to one-way analysis of variance (at p=0.05 and the

means were separated with Tukey test with p=0.05 level of

significance. For estimation of the relationships, the simple

Pearson correlation analysis was used. Together with corre-

lation coefficients (r), the level of probability (p) and num-

ber of observations (n) are presented.

RESULTS AND DISCUSSION

At the end of experiment (after 37 years), the control

soil (CS) in the 5-80 cm layer consisted of approx.:

– 95% of sand (PRT>0.5 – 9%, PRT=0.5-0.25 – 41%,

PRT=0.25-0.1 – 42% and PRT=0.1-0.05 – 3%),

– 4% of silt,

– 1% of clay.

In comparison with CS, the soils with BNT added (BNTSs)

were significantly richer in a fraction with PRT<0.1 in the

5-30 and 30-55 cm layers (Fig. 1) (Czaban et al., 2013).

Furthermore, CS contained significantly less: both clay and

silt than the soil with 12 kg m
-2

of the bentonite added

(12-BNTS) in the 5-30 cm layer (Figs 1 and 2); and sand

with PRT=0.1-0.05 than all BNTSs in the 5-30 and 30-55 cm

layers (Fig. 1). Similarly, Yssad and Belkhodja (2007)

found that bentonite mixed with seaside sand in a pot ex-

periment significantly enriched the sand with clay, fine silt
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and fine sand. Suzuki et al. (2007) also reported that an

addition of bentonite into the top 20 cm layer of sandy soil

significantly increased in this layer the contents of both silt

and clay after 4 years.

The differences between CS and BNTSs in the contents

of silt and clay distinctly decreased in the deeper soil layers

(Figs 1 and 2). Similarly, the differences in the content of

total clay (TC) determined by the turbidimetric method

(TC-d-TM) between CS and BNTSs (especially the soil with

12 kg m
-2

of the BNT dose) observed in the 5-30 cm soil

layer were distinctly reduced in 30-55 and 55-80 cm soil

layers (Fig. 3). This observation suggests that the fine parts
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of BNT became partially transferred into deeper soil layers,

but their biggest proportion stayed in the upper soil layer.

Lhotský et al. (1970) also reported that migration of clay

from bentonite in a sandy soil profile was not considerable.

They found that bentonite, applied to 0-45 cm soil layer,

increased the content of PRT<0.002 only to 60 cm depth

after 4 years.

In contrast to clay and silt, the differences between CS

and BNTSs in the contents of <0.1 mm fraction of the sand

were equal or even higher in 30-55 cm layers in comparison

to the upper one (Fig. 1). Ma�vila et al. (2008) have reported

that if the soil is highly porous and contains a lot of vertical

cracks and large pores, then heavy rain or shower may lead

to mechanical migration of larger soil particles then clay and

silt. It should be emphasized that such large pores were

certainly present in the soils of our experiment where the

plots with concrete walls were artificially filled with the

basic soil. Therefore the vertical migration of the finest sand

originated from BNT, which was less stabilized by soil or-

ganic matter than clay and silt, could occur. The finest sand

fraction was not long ago was considered by Polish soil scien-

tists as the coarsest fraction of silt. Skawina et al. (1981) re-

ported that this fraction could be susceptible to water erosion

and could migrate downward the soil profile.

The clay and silt contents in soils determined by the

hydrometer method (HM) were higher in the 5-30 cm layer

than in the deeper layers (Figs 1 and 2), contrary to the

TC-d-TM contents which showed the opposite pattern

(Fig. 3). Because of the fact that the biggest differences in

TC-d-TM between the soil layers occurred in the case of CS,

it is assumed that the clay originating from BNT was not

responsible for the differences between the methods.

This supposition can be confirmed by the following

reasoning. TC-d-TM was not correlated with content of any

particle size fraction determined by HM nor with the con-

tents of SOC and water. However, assuming that the content

of TC-d-TM originating from the basic soil was on similar

level in all treatments as in CS, subtractions of the TC-d-TM

values of CS from the values of BNTSs should result in only

the content of TC originating from BNT. After these sub-

tractions TC-d-TM became significantly correlated with the

contents of: PRT<0.002 (r=0.82 at p�0.01, n=12),

PRT=0.05-0.002 (r = 0.64 at p�0.05, n=12), SOC (r=0.63

at p�0.05, n=12) and water (r = 0.85 at p�0.01, n=12).

The original TC-d-TM content (not changed by the sub-

tractions) was correlated with pH (r = 0.57 at p�0.01, n=48),

but after subtractions of the TC-d-TM values of CS from the

values of BNTSs, TC-d-TM content was not correlated with

pH (r = 0.16). Moreover, the correlation between the original

TC-d-TM content (not changed by the subtractions) and pH

was different in individual experimental series. This correla-

tion was strong for CS and 3-BNTS (r=0.77 and 0.84 at

p<0.01, n=12), weaker for 6-BNTS (r=0.69 at p<0.05,

n=12), but in the case of the soil with the highest dose of

BNT (12-BNTS), TC-d-TM was not correlated with the soil

pH (r = -0.25 and n=12). All of these suggest that clay origi-

nating from the basic soil was directly/indirectly influenced

by pH difference between the soil layers which disturbs the

measurement of its content by TM (Fig. 4).
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The readily dispersible clay (RDC) determined by TM

followed a similar pattern to TC determined by the same

method. The contents of this clay fraction were even higher

in deeper soil layers in comparison to the upper one, and

these increases were distinctly stronger in the case of CS

than the soils with BNT added (Fig. 3).

The amounts of RDC were dependent on the TC-d-TM.

Their contents were significantly inter-correlated (r=0.82 at

p�0.01, n=48), and the contents of both RDC and TC-d-TM

were negatively correlated with the clay stability (r=-0.90

and -0.53 for RDC and TC-d-TM, respectively, at p<0.01,

n=48). Such a significant correlation between the contents

of RDC and TC in sandy soils was also determined by Czy¿

et al. (2010a). Therefore, the soil clay stability was negati-

vely influenced not only by the content of RDC but also by

the content of TC-d-TM. The strongest negative correlation

between the clay stability and the TC-d-TM content (r=-0.88

and -0.87 at p<0.01, n=12) and positive correlation between

the contents of RDC and the TC-d-TM (r=0.93 at p<0.01,

n=12), were observed in the case of CS and 3-BNTS.

The clay stability was much lower in deeper soil layers

than in the upper ones (Fig. 5). Czy¿ et al. (2010a) also

reported that the amount of RDC in sandy soils was almost

twice higher in sub-soils than in top-soil and that soil organic

matter (SOM) had a significant effect on the dispersibility of

clay particles. Their results show a negative correlation

between the amount of RDC and SOM. Dexter and Czy¿

(2011) determined distinctly lower SOM content in a per-

manently fallowed soil than in cultivated soil cropped with

various plants, that caused a distinct increase in the amount

of clay non-complexed by SOM. Dexter and Czy¿ (2011)

and Dexter et al. (2008) reported that SOM interacts with the

clay particles to form a complex that is relatively stable in

water, and that unit amount (by mass) of soil organic carbon

(SOC) forms a complex with 10 units of clay. In our studies,

the content of SOC was also negatively correlated with the

content of RDC (r=-0.65 at p�0.01, n=48), and strongly po-

sitively correlated with the clay stability (r=0.79 at p�0.01,

n=48). The significant correlations (at p<0.01, n=12) bet-

ween the content of SOC and both RDC (from r=-0.72 to

r=-0.94) and the clay stability (from r=0.78 to r=0.95) were

found in the case of all the experimental series.

Clay stability was also strongly negatively correlated

with soil pH (r=-0.77 at p�0.01, n=48), and the significant

correlations (at p�0.01, n=12) were found for all BNT rates

(from r=-0.80 to r=-0.89). It is difficult to conclude whether

pH of the soils directly negatively affected the clay stability

or this correlation can be random because in soils fallowed for

sucha long time,basesubstancesmigrated todeeper soil layers.

The higher contents of RDC in the two deeper soil

layers were to a certain extent caused by low SOM content in

these layers that was not high enough to complex all clay.

This can be noticed after the subtraction of the calculated

clay content complexed by SOC (ten times higher than SOC

content) from the total content of clay (<0.002 μm) deter-

mined by HM. The non-complexed clay (NCC) was present

only in two lower soil layers (Fig. 2). The calculated per-

centage of complexed clay decreased with the depth of the soil

in the case of all experimental series and it was correlated

with the measured clay stability (r=0.64 at p<0.01, n=48).

Although CS had the lowest content of SOC among the

soils (Fig. 6), the clay stability of BNTSs was significantly

lower than that of CS in 5-30 cm and 30-55 cm soil layers

(Fig. 5). Notwithstanding the fact that in:

– the 5-30 cm layer all clay is assumed to be complexed by

SOM, because on the basis of data of Dexter and Czy¿
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(2011) and Dexter et al. (2008) the content of SOC in this

layer was high enough to make complexes with whole

available clay;

– the 30-55 cm layer the percentage of complexed clay in

CS was similar to that of the 12-BNTS (Fig. 2) the clay

stability in CS was much higher than that of 12-BNTS

(Fig. 5). However, the results presented in Fig. 2, showing

that migration of clay was not substantial, suggest that the

clay in BNTSs was stable.

It is difficult to explain the reason for the observed in-

consistency. Two factors – much higher content of TC (Fig. 2)

and soil water content (SWC) (Fig. 7) in 12-BNTS than

those in CS – could be responsible to some extent for the dif-

ference in the clay stability between CS and 12-BNTS. Czy¿

et al. (2010b) reported that the soils with greater TC content

have a greater specific surface area and this can result in

more clay being dispersed by low energy inputs. Montmoril-

lonite, which was a major component of BNT, has a large

specific surface area (Skawina et al., 1981), and it is most

probable that clay originating from the basic soil was kaoli-

nite, therefore its specific surface area should be expected to

be much lower. Due to more intense negative charge and

finer texture associated with montmorillonite clays, their

stronger dispersion is possible than in the case of other types

of clay (Rolfe at al., 1960). Czy¿ et al. (2010b) and Dexter et

al. (2011) also reported that the proportion of clay dispersed
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was greater at larger values of SWC. The bentonite soils,

especially the soil with the highest rate of the rock in the

upper soil layer, of which the clay stability was much lower

than that of CS, contained distinctly more water than CS

(Fig. 7). It is not unlikely, that clay originating from BNT,

present in BNTSs, needed different amounts of OC to be

stabilized than clay present in CS. Schjonning et al. (2010)

supposed that the mineralogical composition of clay was

different among soils, which may compromise the Dexter

idea of clay/OC=10 as a general threshold for clay saturation

with OC. They concluded that their data support the concept

of clay saturation with OC and differentiating soil content of

clay in a complexed and non-complexed part, but did not

unambiguously point out n=10 as the clay/OC threshold.

The differences in pH between the soils were very small

in the 5-30 cm soil layers, and only pH of the soil with the

highest rate of BNT differed significantly from those of CS,

3-BNTS and 6-BNTS. The soil pH increased significantly

with increase of soil depth, especially in the case of BNTSs,

therefore the differences in pH between CS and the BNTSs

significantly rose with the increase in soil depth and the

BNT dose (Fig. 4).

The upper layers of the soil enriched with the two

highest rates of BNT had significantly higher SOC content

than those of the two other treatments (Fig. 6). The SOC

contents in the two lower soil layers were significantly lower

from those in the 5-30 cm layer. In the deeper soil layers, the

differences in SOC contents were not statistically proved

(Fig. 6) (Czaban et al., 2013). The content of SOC was positi-

vely correlated with the content of PRT<0.05 (r=0.75, at

p<0.01, n=48) which suggests that the added BNT (especial-

ly its highest dose) had an essential effect on OC content in

the soils.

During the period of 1973-1990, soil water content

(SWC) in the top 30 cm of soil was proportionally related to

the amount of BNT added. The mean values of SWC in

6-BNTS and 12-BNTS significantly differ from that in CS at

p<0.05 (Fig. 8). The relation of the mean values to the doses

of BNT shows the following linear equation:

% SWC = 0.172x + 4.32, R
2

= 0.99,

where: x – the dose of BNT added in kg m
-2

.

On the day of sampling in 2009, SWCs were similar in

all the studied soil layers of CS and the soils with the two

lower BNT rates. Only in the case of 12-BNTS, SWC was

significantly higher in the upper layer than in the deeper

ones. Furthermore, SWC in 12-BNTS was significantly

higher than those in CS in 5-30 cm and 30-55 cm layers, but

the differences in SWC between the soils disappeared in the

deepest soil layer (Fig. 7).

The average differences in SWC in the upper soil layer

between CS and the BNTSs in two seven-year periods

(1973-1979 and 1980-1985 plus 1990) and in 2009 were

similar (0.4, 0.2 and 0.3% in the case of 3-BNTS; 1.0, 1.0

and 0.6% for 6-BNTS; 2.0, 2.0 and 2.2% for 12-BNTS).

Moreover, the linear trend lines of SWC in all soil in the

period of 1973-1985 plus 1990 are almost parallel to each

other and to the x axis (Fig. 9). This suggests that during the

study period, the transport of soil particles, responsible for

the water retention in the upper soil layers of BNTSs,

downward through the soil profile was limited.

Soil water content was significantly (at p<0.01, n=48)

correlated with PRT<0.05 mm and SOC (r = 0.55 and 0.50,

respectively) but not with TC-d-TM and RDC. After

subtraction of the CS values of TC-d-TM and RDC from the

values of BNTSs, SWC became significantly (at p<0.01)
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correlated with both TC-d-TM and RDC (r= 0.85 and 0.71,

respectively, n=12). These observations mean that the BNT

enrichment of the sandy soil was responsible for the higher

SWC of the soils. An increase of water holding capacity of

soils after bentonite amendments has been reported by other

authors (Benkhelifa et al., 2007; Kátai et al., 2010a; Lhotský

et al., 1970, Suganya and Sivasamy 2006; Suzuki et al.,

2007; Satje and Nelson 2009).

Enrichment of sandy soils with bentonite increases their

porosity and alters pore-size distribution (Suzuki et al.,

2007; Satje and Nelson 2009). Lhotský et al. (1970) report-

ed an increase in the proportion of pores <0.3, 0.3-3, and

3-30 μm and a decrease of pores of 30-300 μm after soil

amendment with bentonite. These changes increase water

capillary rise (Lazányi, 2005). It is very interesting that

Suzuki et al. (2007) and Satje and Nelson (2009) found that

higher water holding capacity of sandy soils after their

supplementation with bentonite significantly increased the

field capacity (determined as the soil water content at

-10 kPa), although the permanent wilting point (determined

at -1500 kPa) remained relatively unchanged. Therefore, the

bentonite treatments resulted in a remarkable increase in the

available water content for crop growth.

The determination of penetration resistance (Q) was

chosen because it correlates with several soil properties of

practical importance eg the draught force of tillage imple-

ments or the growth of plant roots (Dexter et al., 2007).

Penetration resistance was similar in the case of all the soils
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to the depth of 38 cm excluding a slightly higher (but

significant at p=0.05) resistance of 12-BNTS in the 2-10 cm

layer and of 3-BNTS in the 20-30 cm layer. The biggest

differences between the soils were found in 40-58 cm layers.

At this depth CS and 3-BNTS showed significantly (at

p=0.05) higher Q than that of 12-BNTS and 6-BNTS

(Fig. 10). Averaging the values of Q in two upper soil layers

(6-30 and 32-56 cm) enabled the calculation of correlations

between Q and other variables determined in the 5-30 cm

and 30-55 cm soil layers. Q was positively correlated at

p<0.01 (n=32) with the content of PRT=2-0.1 (r = 0.56)

among which PRT=0.25-0.1 (r = 0.41, significant at

p<0.025) had the strongest effect. On the other hand Q was

negatively correlated (at p<0.01) with the contents of SOC

(r = -0.64) and SWC (r = -0.47) as well as with the content of

PRT<0.1 (r = -0.56) among which not only clay and silt

contents but also those of the finest sand (PRT = 0.1-0.05)

most probably influenced Q (r = -0.44 and -0.46 for

PRT<0.05 and PRT=0.1-0.05, respectively). It suggests that

the BNT was responsible for the difference in the soil

strength as measured by Q including the fraction of the fine

sand (PRT = 0.1-0.05 mm) that migrated to the layer of

30-55 cm because in contrast to the finer soil fractions it

should be less complexed with SOM.
It is difficult to explain why these two adjacent sand

fractions PRT=0.25-0.1 and PRT = 0.1-0.05 were so dif-
ferently correlated with Q. Perhaps the different role of these
two sand fractions in water retention in the soils was the
reason of the difference. The finest sand fraction (PRT =
0.1-0.05), which not long ago was considered by Polish soil
scientists as the coarsest fraction of silt, could be able
(contrary to PRT=0.25-0.1) to increase water retention in
sandy soils (Skawina et al., 1981). The studies of Czaban et
al. (2010) as well as other unpublished studies of Czaban on
different Polish soils in a very long-term (since 1881) plot

experiment where the soils were always cultivated by hand
tillage, suggest that PRT=0.1-0.05 is closer to silt than to
other sand fractions. They found, that this soil particle
fraction, contrary to PRT=0.25-0.1, was positively corre-

lated with: the volume of pores with a neck diameter 3-6 �m
(r = 0.75 vs. to r = -0.20 for PRT=0.25-0.1), which belonged
to the soil microenvironment, often containing water and
responsible for the retention of water easily available to
plants); with the content of water available to plants (r = 0.63
vs. r = -0.17) and the number of hydrophilic fungi (r = 0.78
vs. to r = 0.35); but negatively with the volume of pores of

30-300 �m ( r = -0.67 vs. to r = 0.20). The assumption that
these two sand fractions originated from different sources
(PRT=0.25-0.1 from the basic soil and PRT = 0.1-0.05 from
BNT) can be also confirmed by their different chemical
composition. PRT=0.25-0.1 was positively correlated with
the content of total potassium (r = 0.44), contrary to the
finest sand fraction (r = -0.42), which, on the other hand was
correlated with the content of total calcium (r = 0.42 vs. to
r =-0.18 for PRT=0.25-0.1). All correlations were signifi-
cant at p<0.05, n=32 (results not presented).

CONCLUSIONS

1. After thirty seven years of a plot experiment, the

amendment of a deprived of the humus layer sandy soil with

the 12 kg m
-2

of waste bentonite significantly enriched the

soil with clay and silt only in its upper 5-30 cm layer. This sug-

gests that the migration of the finer particles of bentonite into

deeper soil layers (30-55 and 55-80 cm) was not substantial.

2. The addition of two highest bentonite doses caused in

5-30 cm layer a significant increase in organic carbon con-

tent. In view of the fact that the soil organic carbon as well as

silt and clay particles had remained in the upper layer of the

bentonite soils, it was concluded that in that layer permanent

organic-mineral complexes were formed.
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3. Besides of silt and clay, the bentonite added increased

in the soil the content of the fraction of fine sand (0.1-

0.05 mm). In contrast to silt and clay, partial migration of

the fine sand into the 30-55 cm layer occurred. Most likely,

the sandy soil (composed mainly of particles of 0.5-0.1 mm)

prepared in the plots, contained large pores that enabled the

finest sand (less stabilized by soil organic matter than clay

and silt) to migrate into the soil depth.

4. The enrichment of the soil in the fine particle frac-

tions by the addition of 12 kg m
-2

of bentonite caused a sig-

nificant increase of soil water content in the 5-55 cm layer.

The comparison of differences in soil water content in the

upper 25 cm soil layers between the control soil and the ben-

tonite soils in the 1973-1990 period (as well as in 5-30 cm

layers in 2009) suggest that the upper soil layers were not

becoming impoverished to a significant extent in the par-

ticles responsible for the water retention.

5. The amendment of the sandy soil with bentonite in-

creased pH of the soil. The differences in pH between the

control soil and the bentonite soils were significant in the

deeper soil layers. It means that bentonite treatments

diminished the acidification of the soil, especially in the

deeper soil layers because greater amounts of base sub-

stances accumulated in deeper soil layers in the case of the

bentonite soils than the control soil.

6. The significant increase of the penetration resistance

was found only in the 40-58 cm layers in control soil and soil

with 3 kg m
-2

of bentonite added.
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