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123Abstract. The investigation was conducted in the eastern part of the Nałęczów Plateau, a region 
of the Lublin Upland, in eastern Poland. The loess cover of this region was formed mainly during 
the last glaciation, and loess accumulation lasted until 15,000–12,000 BP. The undulating loess 
plateau with numerous oval-shaped closed depressions (CDs) is the main landform in the study 
area. Particle size distribution and SEM analyses were conducted for loess profiles under the bot-
toms and on the slopes of 4 CDs. Grain-size distribution characteristics as well as qualitative and 
quantitative micromorphological characteristics of the the loess forming the bottoms and slopes 
of the depressions were compared and discussed. It was documented that the differences between 
the loess forming the bottoms and slopes of the depressions are insignificant in the case of clay 
fraction content, but are considerable in the case of microstructure characteristics. The differenc-
es documented result from the impact of syn- and post-depositional diagenetic processes related 
mainly to suffosion and hydroconsolidation occurring under the influence of water. A quantita-
tive assessment of the morphological effects of these processes was carried out in the context of 
the origin of closed depressions. The morphological effect of Holocene diagenetic processes was 
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manifested in the deepening of the initial closed depressions formed previously under the influ-
ence of primary morphogenetic processes. 

Keywords: loess, grain-size distribution, quantitative analysis of microstructures, hydroconsolidation

1. INTRODUCTION

The loess cover of the Nałęczów Plateau consists of several loess patch-
es of varying size, separated by river valleys where the loess cover is absent. 
The thickness of the loess cover varies both on the regional scale and within 
the individual patches. It reaches the maximum values in the western part and 
along the northern boundary of the region (up to 30 m). In the eastern part of 
the Nałęczów Plateau, the loess cover is usually 10 to 20 m thick (Harasimi-
uk 1987). The loess cover conceals small forms of the underlying sediments 
and mirrors the basic elements of their relief (Harasimiuk and Henkiel 1976). 
According to Maruszczak’s (1991) stratigraphic scheme, the loess cover in the 
Nałęczów Plateau mainly consists of younger loess (LM) that accumulated dur-
ing the Vistulian Glaciation from ca. 100,000 BP to 15,000/12,000 BP as well 
as, locally, of older upper loess (LSg) that accumulated during the Wartanian 
Glaciation (Saale 2) (210–135/130,000 BP). In terms of grain-size distribution, 
upper young loess (LMg) is characterised by a high silt fraction content (70–
80%) and 10–15% clay fraction content and up to 10% calcium carbonate con-
tent (Harasimiuk 1987, Harasimiuk and Jezierski 2001).

Studies of the structure of sediments and sedimentary rocks may facilitate 
the recognition and interpretation of their origin as well as post-sedimentary 
alteration. The structure (microstructure in studies based on scanning electron 
microscopy – SEM) is defined as the sum of three components: 1) grain-size 
and mineral composition, and the chemical composition of the solid, liquid 
and gas phases, 2) fabric, referring to the distribution, shape and dimensions 
of grains and particles, and the character of the pore space, and 3) forces acting 
at the contacts between grains and particles (Mitchell 1993, Gillott 1987). The 
qualitative and quantitative description of microstructure is crucial, similarly 
to other parameters, in characterising geological-engineering properties. Such 
a complex approach to microstructural studies allows for a full recognition of 
sediment behaviour, particularly in macro-scale. This is extremely important in 
applied science.

The most exhaustive and detailed definition of loess microstructure was 
provided by Grabowska-Olszewska (1984, 1998). Aeolian loess is usually 
characterised by skeletal microstructure that usually developed in the form of 
a loose skeleton with evenly distributed pores. The grain skeleton is mainly 
composed of silty mineral grains, most frequently quartz grains. Clay particles 
and microaggregates are distributed unevenly and do not form a uniform con-
tinuous matrix. This material is most often concentrated on the surface of silt 
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grains in the form of membranes or on their contacts, forming various kinds 
of bonds, e.g. clay bridges binding skeleton grains together (Grabowska-Olsze-
wska 1988). Contacts between structural elements are usually of a coagulation 
character, especially for non-weathered younger loess (Grabowska-Olszewska 
1998). The orientation of structural elements does not occur. Pore space consists 
of evenly distributed open interaggregate and interparticle pores. The pores have 
various shapes, most often isometric, and their dimensions range from a fraction 
of a μm to 4–6 μm (Grabowska-Olszewska et al. 1984).

In non-weathered loess, structural elements are mainly connected with clay 
bonds, sensitive to the impact of water. In fully water-saturated loess, these 
bonds easily break, which leads to the destruction of the original structure of 
loess. Calcium carbonate occurs in the form of irregular concentrations on the 
surface of structural elements, connects grains and clay particles into aggre-
gates and microagregates and creates mainly phase contacts. In weathered 
loess, water-resistant ferruginous and siliceous bonds occur. Loess with skeletal 
microstructure has varying sensitivity to water depending on the kind of struc-
tural bonds (Grabowska-Olszewska 1998). The infiltration of precipitation water 
into the ground mass built of loess triggers the movement of fine fractions and 
dissolution of salts, which causes the destruction of original loess microstruc-
ture caused by water infiltration (Liszkowski 1971, Frankowski and Grabowski 
2006). The impermanence of loess structure is related to the unstable behav-
ior of coagulation-based structural bonds that are quickly weakened and broken 
when exposed to water (Liszkowski 1971, Grabowska-Olszewska 1988).

Changes in loess microstructure under the influence of water are referred 
to as filtration-based consolidation (Liszkowski 1971) or hydroconsolidation 
(Rogers et al. 1994). The main factor triggering hydroconsolidation is the wet-
ting of loess. The presence of carbonates and clay is the key element for the 
hydroconsolidation of loess (Smalley et al. 2006, Smalley and Markovic 2014). 
Changes in microstructure (e.g. disruption of the grain-bridging clay, rearrange-
ment and closer stacking of the compact aggregate silt/clay peds) of loess result 
from saturation and may lead to the subsidence of loess.

The study objective is to assess degree of development and morphological 
effects of syn- and postdepositional diagenetic processes, resulted in changes of 
the loess features in closed depressions. The variation of the values of quantitative 
parameters of selected microstructural characteristics and loess grain-size distri-
bution in the bottom and slopes of closed depressions were used for this purpose.

2. STUDY AREA

The investigation was conducted in the eastern part of the Nałęczów Pla-
teau, a region of the Lublin Upland, in eastern Poland (Fig. 1). 
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Fig. 1. Location of the study area

The bedrock of the study area is composed of Upper Cretaceous opokas 
and marls covered by glacigenic sediments (glacial tills, sands with gravels and 
clays) accumulated during the Elsterian and Odranian Glaciation (Harasimiuk 
1987). Glacigenic sediments underlie the loess cover whose thickness ranges 
from several meters to more than 20 m (Harasimiuk and Henkiel 1976). The 
loess cover was formed mainly during the last glaciation, and loess accumula-
tion lasted until 15,000–12,000 BP (Maruszczak 1976, 1980). 

The undulating loess plateau, rising up to 210–250 m a.s.l., is the main land-
form in the study area. Numerous oval-shaped closed depressions occur on the 
plateau top (Fig. 1). Most of them have a diameter ranging from 25 m to 50 m 
(Kołodyńska-Gawrysiak and Chabudziński 2012). The loess plateau is dissected 
by erosion-denudation valleys forming multi-branched systems. Detailed inves-
tigations were conducted within 4 CDs (Table 1). 

Table 1. Morphometric features of the studied closed depressions

No. Site Current 
land use

Catchment 
area (m2)

Mean slope 
gradient (°)

Diameter 
(m)

Maximum 
depth (m)

1 Jastków cropland 1,500 2.0 40 0.7
2 Stary Gaj forest 7,568 3.41 140 4.9
3 Piotrawin cropland 5,116 3.8 100 2.5
4 Tomaszowice forest 5,513 3.87 98 3.46

The morphometric features of these forms indicate that they belong to 
the most common group of such forms occurring in the loess areas of eastern 
Poland (Kołodyńska-Gawrysiak and Chabudziński 2012). Two profiles in each 
CD were selected for detailed investigation: in the centre and on the slope of 
the CD. The loess under the bottoms of the CDs is decalcified, while the slopes 
are built of carbonate loess with about 10% of CaCO3. In the upper parts of the 
slopes, the depth of the decalcified loess reaches only 1.2.–2 m, and its bounda-
ry is inclined at the angle of approx. 45°.
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3. METHODS

The studies were conducted in four CDs. In each CD, two profiles were 
located: in the bottom and on the slopes. Particle size distribution was analysed 
using the Malvern Mastersizer 200 analyser with the HydroG dispersion unit 
for 210 samples from 8 profiles in 4 CDs. Samples were collected directly from 
the wall of the exposure or from augerings. Bulk samples of soils and sediments 
were collected for analysis from each morphologically distinct horizon. The 
samples were prepared according to the procedure proposed by Antoine et al. 
(2013). The upper limits of fractions were established based on Soil Taxonomy 
(1975). Thus, the upper limit is 0.002 mm for the clay fraction, 0.05 mm for silt, 
and 2.0 mm for sand. 

SEM analyses were conducted for 39 samples from 8 profiles in 4 CDs. The 
samples were taken from fossil soils and loess in situ on the slope and in the 
bottom of each CD. The samples were collected from representative horizons 
using metal Kubiena tins (8 cm × 6 cm × 6 cm) that preserve the structure of the 
soils and sediments intact. Cylindrical augers made up PCV were used to collect 
samples from some profiles. The augers were pressed into the soil using the per-
cussion technique. The samples were secured against humidity loss and shock 
during transport to the laboratory. Sections from 10 to 15 cm long were collect-
ed for microstructural analysis by means of cutting them out directly from the 
loess profiles inside one-metre-long sampling augers. Microscope studies were 
carried out with a scanning electron microscope (SEM), JEOL model JSM 6380 
LA. Undisturbed samples from the studied loess profile were cut into approx. 
1 cm3 cubes and dried using a low-temperature freeze-drying method (Tovey 
and Wong 1973, Smart and Tovey 1982). The qualitative description of the col-
lected material was based on images magnified between 100 and 6,500 times. 
The main type of microstructure, the character of contacts between structural 
elements, and pore space classification were named according to the nomencla-
ture suggested by Sergeyev et al. (1980), Grabowska-Olszewska et al. (1984), 
supplemented by Trzciński (2008).

The quantitative analysis of the loess was carried out using STIMAN 
(STructure IMage ANalysis) software. The analysis was done for 1–1.5 cm2 
samples in a broad range of magnification levels. For each samples, representa-
tive fragments of the surface were selected for analysis. Then suitable magnifica-
tion levels were chosen, and images were recorded for them. The magnifications 
covered both the smallest and the largest structural elements so that all of them 
could be included in the analysis. Magnification levels from 50 to 6,400 times 
were used. Based on photographic documentation (a series of eight images for 
each sample fragment), a qualitative and quantitative analysis of the following 
characteristics and parameters was carried out: (1) types of microstructures and 
arrangement of grains and particles; (2) size, shape and character of the surface 
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of structural elements; (3) degree of aggregation and packing of material; (4) 
types of contacts and structural bonds; (5) arrangement and orientation of struc-
tural elements; (6) anisotropy of microstructure; (7) porosity; (8) basic quantita-
tive parameters such as diameter, area, perimeter of pores; (9) content of pores 
of different sizes (macro-, meso-, micro- and ultrapores; partition according to 
Osipov et al. 2004); (10) content of pores of different shapes (isotropic, aniso-
tropic, and fissure-like). The quantitative analysis was conducted pursuant to the 
STIMAN software manual (Sokolov et al. 2002, Trzciński 2004).

4. RESULTS

4.1. Selected characteristics of loess grain-size distribution 

4.1.1. Loess forming the bottoms of the CDs

The silt fraction predominates in the loess profiles under study, its content 
usually reaching 90–93%, sporadically decreasing to 88–89%. The sand frac-
tion content usually does not exceed 2%, increasing to 3–5% in a few samples 
(Table 2). The clay fraction content varies considerably depending on the depth 
of the analysed profiles (Fig. 2). In the Jastków profile, the clay fraction content 
ranges from approx. 7 to approx. 11%. Initially, it increases gradually to the 
depth of 1.6 m where it reaches 10.82%, and then it falls to about 7% at the 
depth of 2.4 m. From there, the clay fraction content fluctuates, showing a gen-
erally increasing trend, reaching about 10% at the depth of 5.6 m. The mean 
grain diameter (Mz) ranges from 0.012 to 0.027 mm (Table 2, Fig. 2). 

In the Piotrawin profile, the clay fraction content ranges from approx. 5 to 
approx. 10% at the depth of 1.7 m. In the deeper parts of the profile (deeper than 
2 m), the clay fraction content ranges from approx. 6 to approx. 8%, and at the 
depth of 3.5 m it begins to decrease to reach the level of 5.12%. The mean grain 
diameter in the profile ranges from 0.015 to 0.03 mm (Table 2, Fig. 2). 

In the Tomaszowice profile, the clay fraction content ranges from about 
4.4% to about 6.6% down to the depth of 2 m. From the depth of 2 m to 5 m, it 
becomes stable at the level of 6–7% or more. The mean grain diameter reaches 
the highest level (0.03 mm) at the depth of 0.6 to 1.6 m. In the deeper part of 
the profile, it falls to 0.19–0.023 mm. (Table 2, Fig. 2). In the Stary Gaj profile, 
the clay fraction content ranges from about 4.8% to about 8.27% down to the 
depth of about 2 m. Its variation is smaller in the deeper part of the profile than 
in upper part: it varies from 5.5 to 8%. The mean grain diameter in the profile 
ranges from 0.017 to 0.026 mm (Table 2, Fig. 2). 
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4.1.2. Loess forming the slopes of CDs

The silt fraction predominates in the loess profiles under study, its content 
usually reaching 90–94%. The sand fraction content is usually 1–2%, reaching 
5–6% in a few samples (Table 2, Fig. 2). 

In the Jastków profile, the sand fraction content ranges from approx. 5.5 to 
approx. 8.5%. Initially, it increases to reach its maximum level of 8.5% at the 
depth of 1.2 m, then it falls to about 6% at the depth of 4.5 m, and then increases 
to about 7% in the deepest part of the profile. The mean grain diameter shows 
small variation: from about 0.015 to about 0.025 mm (Table 2, Fig. 2). In the 
Piotrawin profile, the clay fraction content is at the level of about 5–6%, and 
then increases to about 7% at the depth of 4.0–4.6 m. In the deepest part of the 
profile, it falls to about 5.5%. The mean grain diameter ranges from 0.021 to 
0.028 mm (Table 2, Fig. 2). In the Tomaszowice profile, the clay fraction con-
tent increases to 5.6% down to the depth of 0.6 m, and then it remains at a sim-
ilar level of about 4.5–5% down to the depth of 2.5 m. The main grain diameter 
shows small variation with depth: from about 0.025 to 0.029 mm at the depth 
of 2.5 m. (Table 2, Fig. 2). In the Stary Gaj profile, the clay fraction content 
increases to approx. 5.6% at the depth of 0.9 m. It fluctuates at the level of 5–6% 
with increasing depth. The mean grain diameter ranges from 0.03 to 0.022 mm 
(Table 2, Fig. 2). 

Sk and KG indices (skewness and kurtosis of grain-size distribution respec-
tively) have similar values in the loess forming the bottoms and the slopes of 
the depressions, but in the bottoms they show greater variation with increasing 
depth than on the slopes (Table 2, Fig. 2). 

4.2. Loess microstructure 

4.2.1. Loess forming the bottoms of CDs

Qualitative description 

Loess in the bottoms of the CDs mostly have a matrix microstructure except 
for the J2_4, SG15_1, TK1_4 horizon where they have a skeletal microstructure 
(Fig. 3). Matrix microstructure consists of clay matter, referred to as the matrix, 
with irregularly distributed isolated clay particles. The clay matrix is formed by 
clay microaggregates and aggregates. In the Jastków profile (J2) and Tomaszow-
ice profile (TK1), the degree of packing of this microstructure changes with the 
increasing depth of the profile from loosely packed (J2_1, TK1_1) to medium 
packed (J2_2, J2_3, J2_5, TK1_2, TK1_3, TK1_5). In the Stary Gaj profile, the 
degree of packing of this microstructure does not change in the vertical profile; 
its structural elements show are densely packed (Fig. 3). In the Piotrawin pro-
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file, the degree of packing ranges from medium (P_1) to high (P1_2-P1_4). The 
contacts between clay microaggregates in the matrix microstructure are usually 
of the face to edge type (F–E), more rarely of the face to face type (F–F) – J2_5 
(Fig. 3). The number of contacts of the F–F type increases with depth. In the 
Jastków and Tomaszowice profiles, a weak orientation of clay microaggregates 
can be observed (J2_3 and J2_4). In the Stary Gaj and Piotrawin profiles, the 
orientation of structural elements increases with depth and, consequently, the 
microstructure becomes more oriented, i.e. anisometric (Fig. 3). Micropores in 
the loess profiles under study were transformed from isometric micropores in 
the upper part of the profiles to anisometric in the deeper parts (profile J2, SG, 
P1). Changes occurred in the pore space of the profiles under study. Most of 
the large micropores were transformed, and their dimensions were reduced so 
that the smallest micropores, up to 1–2 µm in diameter, are the most numerous 
(Fig. 3). Larger micropores became “closed”, or partially closed (Tomaszowice 
TK1_5 profile), and the matrix microstructure became densely packed (Fig. 3). 
In the Jastków profile, (J2) the microstructure also features a few large micropo-
res and smaller mesopores.

Fig. 3. Microstructure of the loess forming the CDs
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Number of pores

The number of pores (N) in the Jastków profile varies considerably. It 
increases in the upper part of the profile, but in the middle part this trend is 
reversed and the number of pores decreases with depth (Table 3). In the Stary 
Gaj profile, the number of pores increases down to the depth of 2.7–2.8 m, then 
it decreases by half, and then it increases again and remains stable at approx. 
540,000 pores (Table 3). In the entire Piotrawin profile, the number of pores is 
similar: about 400,000 (Table 3). The number of pores varies considerably in the 
Tomaszowice profile. The largest number occurs in the shallowest part, and the 
smallest number in the middle part of the profile (Table 3). 

Porosity

In the Jastków profile, porosity (n) varies from 37.3% to 45.7% (Table 3). 
In the Piotrawin profile, porosity varies from 34.8% to 37.1%, reaching the low-
est value in the deepest part of the profile (Table 3). In the Tomaszowice profile, 
porosity increases with depth from 33.2% to 38.7%, and then falls to 29.9% in 
the deepest part of the profile (6.8–6.9 m) (Table 3). In the Stary Gaj profile, 
porosity ranges from 34.2% to 40.7%, reaching the lowest value in the deepest 
part of the profile (Table 3).

Area of the pores

The total pores area (St) in the Jastków profile is similar and ranges from 
435,009 µm2 at the depth of 260 cm to 540,367 µm2 at the depth of 460 cm 
(Table 3). Across the entire Piotrawin profile, the total pores area is slightly 
above 400,000 µm2. In the Stary Gaj profile, the value of this parameter is simi-
lar, and ranges from about 395,000 to 415,000 µm2 except for the depth of 2.7–
2.8 m where it reaches the value of 477.995 µm2 (Table 3). In the Tomaszowice 
profile, the total area of the pores shows an identical growing trend as in the 
case of porosity, with slightly lower values at the depth of 5.3–5.4 m (Table 3). 
In the Tomaszowice profile, this parameter shows a growing trend down to the 
depth of 4.2–4.3 m, but then its value decreases with depth down to 348,150 
µm2 (Table 3).

The maximum pores area (Smax) in the Jastków profile changes from 5,834 
µm2 to 10,566 µm2, and no trend can be discerned in how the values of this 
parameter change (Table 3). In the Piotrawin profile, the parameter initially 
grows to 13,143 µm2, but then decreases to 4,346 µm2. Similarly to the Jast-
ków profile, no clear trend can be discerned in how the values of this parameter 
change in the Piotrawin profile. Extreme values were recorded in the middle part 
of the profile (Table 3). The maximum pores area in the Tomaszowice profile 
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ranges from 3,465 µm2 at the depth of 1.7–1.8 m to 41,788 µm2 at the depth of 
6.9–7.0. Initially, down to the depth of 4.1–4.2 m, this parameter shows a clear 
growing trend (Table 3). In most profiles, the highest values of the maximum 
area of the pores occur at the depth of 3–4 m. The values of the minimum area 
of the pores (Smin) are 0.01 µm2 for all profiles (Table 3).

In the Jastków profile, the average pores area (Sav) had similar values, i.e. 
about 0.83 µm2, except for the depth of 220 cm where its value is the highest, 
1.25 µm2, and the depth of 307 cm where it is 0.64 µm2. In the shallow part 
of the profile, the value of this parameter decreases with depth (Table 3). The 
average pores area is similar across the entire Piotrawin profile, and ranges from 
0.94 to 1.06 µm2. The values of this parameter are similar in the Stary Gaj pro-
file, ranging from 0.68 to 0.84 µm2. The value of this parameter is higher (1.40 
µm2) only at the depth of 3.7–3.8 m. Initially, it increases with depth, but it 
begins to decrease from the depth of 3.7–3.8 m (Table 3). In the Tomaszowice 
profile, the average pores area is more varied than in other profiles, and no clear 
trend can be observed in how the values of these parameter change. 

Perimeter of the pores

The total pores perimeter (Pt) in the Jastków profile initially increases 
with depth, but from the depth of 460 cm it becomes stable assuming the val-
ue of about 141,000 µm (Table 3). In the Piotrawin profile, the total perime-
ter shows little variation, staying within the range of 1,123,561–1,287,857 µm. 
In the shallowest part of the Stary Gaj profile, the value of this parameter is 
about 1,500,000 µm, but then it falls to 1,108,479 µm, and stays in the region 
of 1,338,705 µm in the remaining part of the profile (Table 3). The parameter 
does not vary significantly in the Tomaszowice profile, ranging from 953,690 to 
1,441,619 µm (Table 3).

In the Jastków profile, the maximum pores perimeter values are varied; the 
maximum and the minimum values of this parameter occur in the shallowest 
part of the profile (Table 3). Considerable variation of this parameter is observed 
in the Piotrawin profile, its values ranging from 1,684.00 to 7,338.00 µm, but 
there is no change trend depending on depth (Table 3). In the Stary Gaj profile, 
the values of this parameter range from about 2,000 to more than 4,000 µm. The 
value of this parameter is higher (7,106.00 µm2) only at the depth of 3.7–3.8 m 
(Table 3). The maximum pores perimeter shows a very strong variation in the 
Tomaszowice profile. The lowest value of this parameter is almost 10 times low-
er than the highest value: 2,282.00 µm and 2,1604.00 µm, respectively. Extreme 
values are observed at the extreme ends of the profile. The value of this parame-
ter decreases with depth across the entire profile (Table 3).

The values of the minimum pores perimeter (Pmin) are very similar in the 
entire Jastków profile, ranging from 0.44 to 0.56 µm (Table 3). The value of 
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this parameter is similar across the entire Piotrawin profile: it is about 0.45 µm 
in the shallowest part and 0.53 µm in the deepest part (Table 3). The minimum 
pores perimeter is also similar across the entire Stary Gaj profile, its values 
ranging from 0.41 to 0.56 µm (Table 3). In the Tomaszowice profile, the mini-
mum pores perimeter shows slight variation. The minimum value of the param-
eter, 0.44 µm, occurs at the depth of 4.2–4.2 m, and the highest, 0.69 µm, at 
the depth of 2.9–3.0 m. Besides, the parameter’s values range from 0.50 to 0.53 
µm (Table 3).

The average pores perimeter (Pav) in the Jastków profile initially decreases 
with depth, but from the depth of 460 cm it begins to decrease (Table 3). In the 
Piotrawin profile, the values of this parameter are in the 2.79–2.88 µm range 
(Table 3). This parameter shows greater variation in the Stary Gaj profile than 
in the case of the minimum pores perimeter. The minimum value of this param-
eter is 2.42 µm, while the maximum is 3.75 µm. The middle part of the profile 
is characterised by the highest values (Table 3). The average pores perimeter 
the Tomaszowice profile varies from 2.28 to 2.89 µm except for the depth of 
2.9–3.0 m where the value of the parameter is 4.18 µm (Table 3).

Diameter of the pores

The maximum pores diameter (Dmax) in the Jastków and Tomaszowice 
profiles range from 115.9 to 86.1 μm and from 115.4 to 64.2 μm, respectively, 
depending on the depth (Table 3). In the Stary Gaj and Piotrawin profiles the 
variation ranges are 128.2–75.2 μm and 129.3–74,3 μm, respectively (Table 3). 
The minimum pores diameter (Dmin) does not change in the profiles under study 
and has the value of 0.08 μm. The average pores diameter (Dav) have the follow-
ing variation ranges: 0.37–0.24 μm in the Jastków profile, 0.33–0.24 μm in the 
Tomaszowice profile, 0.46–0.30 μm in the Stary Gaj profile, and 0.33–0.35 μm 
in the Piotrawin profile (Table 3).

Size of the pores

The share of ultrapores is similar in all profiles, and ranges from 0.1 to 
0.3% in the Jastków profile, from 0.1 to 0.5% in the Tomaszowice profile, from 
0.1 to 0.2% in the Stary Gaj profile, and from 0.1 to 0.2% in the Piotrawin pro-
file (Table 3). The share of micropores ranges from 22.1 to 33.7% in the Jastków 
profile, from 19.9 to 37.8% in the Tomaszowice profile, from 29.7 to 53.1% in 
the Stary Gaj profile, and from 29.6 to 36.4% in the Piotrawin profile. Their 
share varies depending on the depth. The percentage share of mesopores is var-
ied, and ranges from 77.6 to 66.0% in the Jastków profile, from 61.7 to 80.0% in 
the Tomaszowice profile, from 70.1 to 46.6% in the Stary Gaj profile, and from 
63.5 to 70.3% in the Piotrawin profile (Table 3).
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The pore form coefficient

The average form index of pores (Kfav) reaches relatively low values, rang-
ing from 0.49 to 0.51 in the Jastków profile, from 0.48 to 0.51 in the Tomaszow-
ice profile, from 0.49 to 0.51 in the Stary Gaj profile, and from 0.49 to 0.55 in 
the Piotrawin profile (Table 3).

Shape of the pores

Isometric pores account for between 16.9 and 24.4% of the pores in the 
Jastków profile, from 17.4 to 24.7% in the Stary Gaj profile, from 15.6 to 21.8% 
in the Piotrawin profile, with a growing trend with increasing depth, and from 
13.2 to 25.3% in the Tomaszowice profile (Table 3). Anisometric pores have the 
largest share in all profiles under study: from 75.4 to 83.0% (Jastków profile), 
from 74.6 to 86.6% (Tomaszowice profile), from 74.5 to 82.6% (Stary Gaj pro-
file), and from 68.5 to 84.3% (Piotrawin profile). Their share generally decreas-
es with increasing depth (Table 3). Interstitial pores account for only 0.1–0.2% 
(Jastków profile), 0.1–0.4% (Tomaszowice profile), 0.1–0.7% (Stary Gaj pro-
file), and from 0.3–0.1% (Piotrawin profile). Their share is the greatest in the 
deepest parts of the profiles (Table 3).

Microstructure anisotropy index

The microstructure anisotropy index (Ka) ranges from 3.1 to 8.0%, reaching 
the the lowest value in the deepest part of the Jastków profile (Table 3). In the 
Tomaszowice profile, it ranges from 3.9% to 12.8%, reaching the highest values 
in the deepest part (Table 3). In the Stary Gaj and Piotrawin profiles, the values 
of this index range from 3.8 to 18.4% and from 5.9 to 12.6%, respectively. In 
these two profiles, the value of the index initially goes up, but then it falls with 
increasing depth (Table 3).

Orientation of structural elements

In almost the entire Jastków profile, the dominant direction of pores (α) is 
145°. The lowest values are observed at the depth of 260 cm and 570 cm: they 
are 129° and 138°, respectively (Table 3). In the Stary Gaj profile, the orienta-
tion ranges from 109 to 147°, except for the depth of 4.7–4.8 m where it is 43° 
(Table 3). The orientation in the Piotrawin profile has the highest value at the 
depth of 2.0–2.05 m and 3.0–3.1 m: it is 146 and 137°, respectively. The values 
of this parameter range from 90 to 166 in the Tomaszowice profile (Table 3).
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Specific surface area of the pores

In the Jastków profile, the specific surface area is 1.11–1.12 1/μm in its 
shallowest parts (Table 3). In the deepest parts of the profile, it reaches 1.22–
1.23 1/μm, and the highest value can be observed in the middle part: 1.35 1/
μm. The specific surface area in the Stary Gaj profile ranges from 0.98 1/μm 
in the middle part of the profile to 1.39 1/μm in its shallowest part (Table 3). 
Across the entire Piotrawin profile, the specific surface area is similar, ranging 
from 0.97 to 1.03 1/μm except for the depth of 3.0–3.1 m where the value of 
this parameter is 1.13 1/μm. The specific surface area does not vary significantly 
in the Tomaszowice profile. The minimum value, 0.83 1/μm, is observed at the 
depth of 2.9–3.0 m, while the lowest value, 1.28 1/μm, occurs at the depth of 
5.3–5.4 m (Table 3). The specific surface area in the Tomaszowice profile ini-
tially remains at the level of 1.27 1/μm, but in the middle part of the profile it 
ranges from 0.83 1/μm to 1.07 1/μm (Table 3).

4.2.2. Loess forming the slopes of closed depressions

Qualitative description

The microstructural composition of loess in the profiles under study chang-
es from the matrix microstructure type in the upper parts of the profiles (J3_1 
– J3_4, P5_1, TK11_1) to the skeleton microstructure type in the lower parts 
of the profiles (J3_5 – J3_10 P5_2 – P5_5,TK11_2 – TK11_6) (Fig. 3). In the 
entire Stary Gaj profile, loess is exclusively of the skeletal microstructure type.

The degree of packing of the matrix microstructure varies in the individ-
ual profiles. In the Piotrawin profile, it is loosely packed (P5_2), while in the 
Tomaszowice profile, it is medium packed (TK11_1) (Fig. 3). In the Jastków 
profile, the degree of packing alternates between loosely packed (J3_1 and J3_3, 
P5_2) to medium packed (J3_2 and J3_4). In all the profiles under study, the 
contact between clay microaggregates is mainly of the faces–edge (F–E) type, 
secondarily, the faces–faces (F–F) type, and only sometimes of the edge–edge 
(E–E) type (the Jastków and Tomaszowice profiles) (Fig. 3). Pore space con-
sists of larger, isometric interaggregate pores and smaller, isometric inter- and 
intra-aggregate pores (Fig. 3). The total lack of orientation of structural elements 
or a very weak orientation of clay aggregates and low degree of microstructure 
anisotropy are evident (Stary Gaj profile).

Skeletal microstructure consists mainly of silt grains between which clay 
material is unevenly distributed (Fig. 3). In loess with skeletal microstructure in 
all profiles, the degree of its packing changes with depth: from loosely packed, 
where a small amount of clay matter is evenly distributed (J3_5 and J3_6, SG7_1, 
SG7_2, P5_2 – P5_4, TK11_2, TK11_3), to medium packed, where clay matter 
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is unevenly distributed in irregular concentrations (J3_7 – J3_10, SG7_3, P5_5, 
TK11_5 and TK11_6) (Fig. 3). In the profiles at Stary Gaj (SG7_3, depth of 
3.7–3.8 m), Piotrawin (P5_5, depth of 3.9–4.0 m), and Tomaszowice (TK11_4, 
depth of 4.8–4.9 m), the loess horizons have skeletal microstructure with almost 
horizontal laminae of finer, mainly clay material and, secondarily, very fine silt 
material. The clay microaggregates in the skeletal microstructure have no orien-
tation (Jastków, Stary Gaj, Tomaszowice) or it is very weak (Piotrawin). Loose-
ly packed clay microaggregates most probably combined to form aggregates 
with a greater degree of packing. Changes occurred in the pore space. Most of 
the large micropores became partially “closed” (SG7_3, P5_5), while pores of 
smaller dimensions became totally “closed” (J3_1 – J3_3, Tomaszowice). There 
are also a few large micropores and smaller mesopores (Jastków, Tomaszowice).

Number of pores

In the Jastków profile, the number of pores (N) does not decrease with 
depth, which is the case in the Stary Gaj profile where the growing trend with 
increasing depth is clear (Table 4). In the Piotrawin profile, the number of 
pores decreases down to the depth of 1.55 m, increases by half at the depth of 
2.5 m, but then the trend is reversed and the number of pores decreases again 
with increasing depth. In the Tomaszowice profile, the value of this parameter 
increases and decreases alternately (Table 4).

Porosity

Porosity (n) varies from 29.4% to 46.8% in the Jastków profile, from 36.5 
to 41.7% in the Piotrawin profile, fluctuating and reaching the lowest value in 
the deepest part of the profile (Table 4). In the Tomaszowice profile, porosity 
increases with depth from 38.8% to 40.4%, and then falls to 37.8% in the deep-
est part of the profile (6.8–6.9 m). In the Stary Gaj profile, porosity ranges from 
48.7% to 45.8% in the deepest part of the profile (Table 4).

Area of the pores

In the Jastków profile, the total pores area (sum of the area of all pores) 
(St) initially increases with depth, reaching the maximum value of 552,611 µm2 
at the depth of 350 cm. In the lower part of the profile, the values decreases to 
435,800 µm2 (Table 4). In the Stary Gaj profile, this parameter does not show 
a clear trend, ranging from 488,512 to 581,791 µm2 (Table 4). Across the entire 
Piotrawin profile, the value of this parameter changes within the 428,690–
495,269 µm2 range. Despite the absence of a clear trend, this parameter reaches 
its lowest value in the shallowest part of the profile, and the highest value in 
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its deepest part (Table 4). In the Tomaszowice profile, the lowest value of this 
parameter is 383,409 µm2, at the depth of 5.3–5.4 m. The highest value of this 
parameter, 542,027 µm2, occurs at the depth of 1.2–1.3 m (Table 4).

In the Jastków profile, the maximum pores area (area of maximum pore) 
(Smax) ranges from 5,187 µm2 in its shallowest part to 9,904 µm2 in its deepest 
part. However, there is no clear trend in how the values of this parameter change 
with depth (Table 4). In the Stary Gaj profile, the lowest value of this parameter, 
5,751.00 µm2, occurs in the middle part of the profile, while the highest val-
ue, 45,267.00 µm2, in the shallowest part. (Table 4). The maximum pores area 
shows great variation in the Piotrawin profile. The lowest value of this parame-
ter is 4,961.00 µm2, and it occurs in the shallowest part of the profile, while the 
highest value is 25,127.00 µm2, nearly five times higher, and occurs at the depth 
of 3.2 m (Table 4). In the Tomaszowice profile, the values of the Smax parameter 
rise and fall alternately, ranging from 4,922.00 to 9,134.00 µm2 (Table 4).

The minimum pores area (area of minimum pore) (Smin) reaches the same 
value of 0.01 µm2 in the profiles of all sites (Table 4). In the Jastków profile, 
the average pores area (Sav) reaches the lowest value of 0.61 µm2 at the depth of 
210 cm, and the highest value of 1.12 µm2 at the depth of 140 cm (Table 4). The 
value of this parameter shows a falling trend with increasing depth in the Stary 
Gaj profile. At the depth of 1.2–1.3 m, the value of this parameter is 1.39 µm2, 
while at the depth of 3.6–3.7 m it reaches 0.55 µm2 (Table 4). The average pores 
area shows great variation in the Piotrawin profile. After the initial increase of 
this parameter to 0.94 µm2, it falls to 0.65 µm2, and then rises again to 1.58 µm2 
(Table 4). The values of this parameter in the Tomaszowice profile range from 
0.66 to 1.32 µm2. The extreme values occur in the shallowest part of the profile, 
while the remainder of the profile has similar values of about 0.76 µm2 (Table 4).

Perimeter of the pores

In the Jastków profile, the total pores perimeter (Pt) reaches the lowest val-
ues, about 1,170,000–1,180,000 µm, in the shallowest part, and the highest values, 
1,593,907 and 1,554,252 µm, at the depth of 210–270 cm. In the Stary Gaj pro-
file, the value of this parameter increases with depth, from 1,060,531 to 1,895,071 
µm (Table 4). At the Piotrawin site, the values of total pores perimeter are similar 
across the entire profile and range from 1,183,350 to 1,496,801 µm, except for 
the lower part of the profile where the value is the lowest, 893,631 µm (Table 4). 
The total perimeter in the Tomaszowice profile has similar values ranging from 
1,155,777 µm in the shallowest part of the profile to 1,460,268 µm in its middle 
part (Table 4).

In the Jastków profile, the maximum pores perimeter (Pmax) increases from 
2,350 µm at the depth of 95 cm to 4,462 µm at the depth of 210 cm. In the deeper 
part of the profile, the value of this parameter ranges from 2,587 µm at the depth 
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of 350 cm to 5,114 µm in the deepest part (Table 4). In the Stary Gaj profile, 
the maximum perimeter shows a very wide range of values. The highest value, 
13,396.00 µm can observed in the shallowest part and is over four times higher 
than the lowest value (2,876.00 µm) in the middle part of the profile (Table 4). 
The values of this parameter in the Piotrawin profile are extremely varied. For 
a greater part of the profile, these values range from 2,280.00 to 3,508.00 µm. 
The biggest deviation was observed at the depth of 3.2 m where the parameter’s 
value was 11,934.00 µm, nearly three times higher than the average value for 
the profile. In the Tomaszowice profile, the maximum perimeter does not show 
considerable variation and ranges from 2,048.00 µm at the depth of 6.8–6.9 m to 
3,516.00 µm at the depth of 1.2–1.3 m (Table 4).

The values of the minimum pores perimeter (Pmin) are in the range from 0.47 
to 0.56 µm for the entire Jastków profile (Table 4). In the Stary Gaj profile, the 
values of this parameter decrease with increasing depth, but they do not show con-
siderable variation, ranging from 0.56 to 0.44 µm (Table 4). In the Piotrawin pro-
file, the minimum perimeter is 0.50 µm (+/–0.06) and it does not show any clear 
changing trend (Table 4). In the Tomaszowice profile, the minimum circumference 
has very similar values ranging from 0.47 to 0.56 µm (Table 4).

In the Jastków profile, the average pores perimeter (Pav) ranges from 1.88 
to 3.28 µm. The highest values can be observed at the depth of 140 cm, and the 
lowest at the depth of 430 cm. (Table 4). In the Stary Gaj profile, the values of 
this parameter show a decreasing trend with increasing depth, in the 1.93–2.54 
µm range (Table 4). In the Piotrawin profile, the average perimeter shows varia-
tion in the 2.00–3.00 µm range: it rises initially, then it falls, and then a growing 
trend is observed again (Table 4). In the Tomaszowice profile, the values of this 
parameter range from about 2 µm to nearly 3 µm, falling and rising alternately. 
Extreme values occur in the shallowest parts of the profile (Table 4).

Diameter of the pores

The maximum pores diameter (Dmax) in the Jastków profile ranges from 81.2 
to 112.3 μm, generally increasing with depth (Table 4). In the Tomaszowice pro-
file, it changes from 115.4 to 64.2 μm with increasing depth (Table 4). In the Stary 
Gaj and Piotrawin profiles, this parameter ranges from 75.2 to 128.2 μm and from 
79.48 to 178.8 μm respectively (Table 4). The minimum pores diameter (Dmin) does 
not change in the profiles under study and has the value of 0.08 μm (Table 4). The 
average pores diameter (Dav) ranges from 0.39 to 0.25 μm in the Jastków profile, 
reaching the lowest values in its deepest part (Table 4). In the Tomaszowice pro-
file, the average diameter is in the 0.22–0.27 μm range; initially it falls, but then it 
grows with increasing depth (Table 4). In the Stary Gaj profile, the average diameter 
decreases with depth from 0.31 to 0.23 μm (Table 4). In the Piotrawin profile, the 
average diameter generally increases with depth from 0.27 to 0.32 μm (Table 4).
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Size of the pores

The share of ultrapores (no more than 0.1 μm) is similar, and ranges from 0.2 
to 0.3% in the Jastków profile, from 0.2 to 0.4% in the Tomaszowice profile, from 
0.1 to 0.3% in the Stary Gaj profile, and from 0.1 to 0.3% in the Piotrawin profile 
(Table 4). The share of micropores (10 μm <Ø<1,000 μm) ranges from 19.7 to 
46.1% in the Jastków profiles, decreasing with increasing depth (Table 4). In the 
Tomaszowice profile, it ranges from 19.5% to 33.7% (Table 4). In the Stary Gaj 
profile, the value of this parameter increases with depth from 16.0 to 21.4%, while 
in the Piotrawin profile it generally decreases with depth from 31.8 to 14.4%. 
(Table 4). The percentage share of mesopores (0.1 μm <Ø<10 μm) is varied, and 
ranges from 53.6 to 80.1% in the Jastków profile, increasing with depth (Table 
4). In the Piotrawin profile, it decreases with depth from 83.9 to 78.3% (Table 4). 
In the Tomaszowice profile, the share of mesopores ranges from 68.9 to 80.3%, 
while in the Stary Gaj profile from 46.6 to 70.1% (Table 4).

The pore form coefficient

The average form index of pores (Kfav) reaches relatively low values, rang-
ing from 0.47 to 0.51 in the Jastków profile (increasing with depth), from 0.48 
to 0.51 in the Tomaszowice profile, from 0.47 to 0.48 in the Stary Gaj profile, 
and from 0.49 to 0.51 in the Piotrawin profile (Table 4).

Shape of the pores

The number of isometric pores in the Jastków profile ranges from 15.7 to 
23.0% in its deepest part, from 19.1 to 13.8% in the Stary Gaj profile (decreasing 
with depth), in the Piotrawin profile from 17.1 to 23.7%, and in the Tomaszow-
ice profile from 16.0 to 23.6% (Table 4). Anisometric pores have the largest 
share in all profiles under study: from 74.0 to 84.2% (Jastków profile), from 
76.4 to 83.9% (Tomaszowice profile), from 80.7 to 86.1% (Stary Gaj profile), 
and from 76.0 to 82.8% (Piotrawin profile) (Table 4). Their share varies depend-
ing on the depth. Interstitial pores account for only 0.1–0.2% (Jastków profile), 
0.2% (Tomaszowice profile), 0.2–0.3% (Stary Gaj profile), and 0.3–0.6% (Pio-
trawin profile). Their share varies depending on the depth (Table 4).

Microstructure anisotropy index

The microstructure anisotropy index (Ka) ranges from 0.87 to 7.5% in the 
Jastków profile, and from 1.6 to 9.2% in the Tomaszowice profile (Table 4). In 
the Stary Gaj and Piotrawin profiles, the values of this index range from 2.5 to 
3.9% and from 2.6 to 17.6%, respectively (Table 4). 
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Orientation of structural elements

In the Jastków profile, the dominant direction of pores (α) reaches quite 
extreme values: from 1° to 176° (Table 4). Large differences are observed for 
this parameter in the Stary Gaj profile as well. This parameter reaches its mini-
mum value (35°) in the middle part of the profile, and the highest value (179°) 
in its shallowest part (Table 4). The orientation is similar across the entire Pio-
trawin profile, and ranges from 142 to 179° (Table 4). In the Tomaszowice pro-
file, the lowest value of orientation (116°) occurs in its shallowest part, while in 
the remaining part of the profile it ranges from 142 to 164° (Table 4).

Specific surface area of the pores

The specific surface area in the Jastków profile ranges from 1.03 1/µm at 
the depth of 140 cm and 480 cm to 1.38 1/µm at the depth of 210 cm (Table 4). 
The values of this parameter in the Stary Gaj profile range from 0.90 to 1.63 
µm2, increasing with depth (Table 4). In the Piotrawin profile, specific surface 
area is characterised by considerable variation: from 0.76 1/μm in the lowest 
part of the profile to 1.29 1/μm in its middle part (Table 4). In the Tomaszowice 
profile, the value of this parameter does not vary significantly, staying in the 
0.99–1.27 1/μm range (Table 4).

5. DISCUSSION

5.1. Comparison of grain-size distribution and microstructure of loess for-
ming the bottoms and slopes of depressions

The loess cover in the studied closed depressions has grain-size distribution 
characteristics typical of younger upper loess documented in numerous profiles 
in the Nałęczów Plateau (Harasimiuk 1987, Maruszczak 1991, Harasimiuk and 
Jezierski 2000). 

The grain-size distribution characteristics of loess forming the bottoms 
and slopes of depressions show slight differences. The loess under the bottoms 
of the CDs are characterised by the greater variation of clay fraction content 
depending on depth in relation to the loess in the slopes of the CDs. The varia-
tion reaches 3–5% in the individual depressions. The biggest variations, i.e. 5%, 
were found in the Jastków and Piotrawin profiles (Table 2, Fig. 2). The loess 
in the slopes of the CDs shows the smallest variations of clay fraction content: 
only 1.5–3% in the individual forms. The biggest variations, i.e. 3%, occur in 
the Jastków and profile (Table 2, Fig. 2). The obtained results correspond with 
the results of a small number of previously conducted studies presenting the 
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variation of loess grain-size distribution characteristics in relation to micro-re-
lief forms in the loess cover (Maruszczak 1954, Czarnecki and Solnceva 1992)

Similarities were found between the younger upper loess characteristics 
determined by Grabowska-Olszewska (1988) and the microstructure of younger 
upper loess in the slopes of the CDs under study. Carbonate loess in the slopes 
has primary skeletal microstructure or loosely packed microstructure. In the 
deeper parts (deeper than 3 m), the loess in most profiles (except Jastków) has 
primary skeletal microstructure with preserved synsedimentary characteristics 
of the aeolian environment (horizontal laminae of the clay and silt fraction). 
Clear differences occur in the microstructure of the loess forming the bottoms 
and slopes of the CDs (Fig. 3). The loess under the bottoms of the CDs are 
mainly characterised by matrix microstructure with a medium and high degree 
of packing, increasing with depth. On the slopes, loosely or medium packed 
matrix microstructure occurs only in the topmost parts of the profiles, within 
decalcified loess. 

Differences also occur in the pore space (Table 3, 4, Fig. 4). The loess in 
the bottoms of the CDs has a greater share of micropores (20–53%) in com-
parison with the slopes (14–46%), and a smaller share of mesopores (46–80% 
compared to 46–84% on the slopes). In the bottoms of the CDs, larger micro-
pores became “closed”, and the matrix microstructure became densely packed 
(Fig. 3). The smallest micropores with a diameter reaching 1–2 µm are the most 
numerous. On the slopes, larger micropores were found to be only partially 
closed. Besides, the presence of large micropores and smaller mesopores was 
also found. The loess in the bottoms of the CDs have a slightly lower porosi-
ty (30–45.7%) in comparison with the slopes (30–48%), and greater average 
diameter of the pores (0.24–0.46 in comparison with 0.22–0.39 on the slopes) 
(Table 3, 4). The structural elements are mostly anisometric both beneath the 
bottoms and on the slopes of the depressions because the average form index 
of pores (Kfav) has a similar value of 0.4–0.5 (Table 3, 4, Fig. 4). The number 
of anisometric pores shows a greater variation in the profiles under the bottoms 
of the CDs, reaching 86.6%, i.e. up to 2% more than on the slopes (Table 3, 4, 
Fig. 4). The microstructure anisotropy index (Ka) reaches higher values in the 
loess forming the bottoms rather than the slopes of the depressions (3.1–18.4%) 
(Table 3, 4, Fig. 4). Micropores in the bottoms of the depressions were trans-
formed from isometric shape in the upper part of the profiles to more anisomet-
ric shape in the deeper parts.

At various depths of some depressions (2 m in Stary Gaj, 4.6 m in Jastków, 
5.2 m in Tomaszowice), loess with skeletal microstructure typical of loess form-
ing the slopes of the CDs was found amidst loess with matrix microstructure. 
This can be indicative of the movement of loess packages due to slides from the 
slopes of the CDs, or of the spatially varied impact of water (filtration channels) 
within the thick loess cover.
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5.2. Record of diagenetic processes and assessment of the morphological 
effects of their impact 

The variation of the clay fraction content as well as the size and shape of the 
pores (share of micro- and mesopores) as well as the orientation of clay microag-
gregates can indicate the migration of clay matter in the loess under the influence 
of the water infiltration (mechanical suffosion sensu Maruszczak 1954). Accord-
ing to Afelt (2013), the selective migration of clay particles through interskeletal 
pores occurs during mechanical suffosion with a filtration stream. This process 
leads to a change in the pore space configuration with regard to micro- and mes-
opores and ordering of the pore space. Stronger variations of clay fraction con-
tent in the loess forming the bottoms of the CDs indicate a stronger movement of 
this fraction in the vertical profile beneath the bottoms of the CDs in comparison 
with their slopes. The movement of clay particles was accompanied by their par-
tial deposition in some horizons, influencing the variation of clay fraction content 
depending on depth, as documented in the profiles under study.

The movement of the clay fraction in the studied profiles also contributed 
to the infilling of the pore space (also space remaining after the leached CaCO3) 
and the closing of micropores. This caused a reduction of loess porosity in the 
bottoms of the depressions. The vertical migration of the finest material caused 
an increase in the degree of its packing leading to the formation of the matrix 
microstructure that dominates in the bottoms of the CDs.

The upper parts of the analysed profiles, both in the bottoms and on the 
slopes of the CDs, are enriched with the clay fraction. This enrichment can be 
linked to the impact of pedogenetic processes (illuviation accompanying the 
development of Luvisols). The range of pedogenic enrichment in the clay frac-
tion is greater in the bottoms of the CDs, reaching the depth of more than 2 m, 
while on the slopes it reaches the depth of only about 1 m. In the deeper parts 
of the profiles (deeper than 2.5 m), the clay fraction content evens out, reaching 
about 6–9% in the bottoms and 5–7% on the slopes.

The presence of matrix microstructure with a considerable degree of pack-
ing, the higher, but decreasing with the depth, share of anisometric pores, and 
the higher value of the anisotropy index in the loess forming the bottoms of the 
CDs can indicate subsidence, to which loess in the bottoms of the CDs were 
more susceptible. This is also confirmed by decreasing with the depth of such 
parameters as: number of pores, total and maximum pores area, maximum 
perimeter and diameter of the pores.

Hydroconsolidation, also described as filtration consolidation (Liszkowski 
1971), is a typical process to which loess is subjected due to calcium car-
bonate and clay matter content (Rogers et al. 1994, Smalley et al. 2006, Smal-
ley and Markowic 2014). Hydroconsolidation is defined as the destruction of 
loess microstructure under the influence of water, resulting in the slumping of 
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loess (Rogers et al. 1994). Changes of this type have been documented in loess 
profiles by many researchers (Liszkowski 1971, Grabowska-Olszewska 1988, 
Frankowski and Grabowski 2006). The loess forming the bottoms of the CDs 
is decalcified, while the loess forming the slopes contain 10% of CaCO3. Given 
the documented small difference in clay fraction content in the loess forming the 
bottoms and slopes of the CDs under study, it seems that changes in microstruc-
ture and, in consequence, the quantitative (morphological) effect of loess sub-
sidence in the bottoms of the depressions were strongly influenced by CaCO3 
leaching (chemical suffosion sensu Maruszczak 1954). Studies by Grabows-
ka-Olszewska (1988) suggest that, after the leaching of CaCO3 that creates 
cementation contacts between mineral grains, the loess is more water-resistant. 
According to Liszkowski (1971), although mechanical erosion is widespread in 
loess areas, the relief-forming role of this process is minimal because the leach-
ing of clay particles is accompanied by their accumulation in the pore space of 
the ground mass. This is confirmed by the obtained investigation results show-
ing that strong depth-dependent variation of clay fraction content is character-
istic in the bottoms of the depressions below the range of pedogenesis. This 
suggests the multi-stage migration of the clay fraction and makes it difficult to 
obtain a quantitative assessment of the morphological effect of this process.

Taking into account the average calcium carbonate and clay fraction con-
tent in the unchanged loess forming the slopes of the closed depressions, we can 
estimate the potential maximum subsidence (slumping) of land as a result of the 
total leaching of CaCO3 and the clay fraction (Table 5). 

Table 5. Potential morphological effect of hydroconsolidation and suffosion in the loess forming 
the CDs

Index Jastków Stary Gaj Piotrawin Tomaszowice
Depth of the present CDs: Wg (cm) 70 490 250 340
Thickness of colluvia: C (cm) 120 80 100 0
Depth of the primary CDs: Pg (cm); 
Pg = Wg – C 190 570 350 340

Average porosity of carbonate loess forming the 
slopes of the CDs (%) 39.49 45.34 39.03 38.12

Potential subsidence index for the bottom of 
the initial CDs due to the destruction of pores: 
P (cm)

39.49 45.34 39.03 38.12

Potential subsidence index for the bottom of the 
initial CDs due to CaCO3 leaching: Cca (cm) 10 10 10 10

Average clay fraction content in the loess 
forming the slopes of the CDs: Y 6.68 5.0 5.93 4.92

Potential subsidence index for the bottom of the 
initial CDs due to clay fraction leaching (cm) 6.68 5.0 5.93 4.92

Potential maximum subsidence index for the 
bottom of the initial CDs: Ws (cm); Ws = P + 
Cca + Y

56.18 60.34 54.96 53.04

Depth of the initial CDs: Ig (cm); 
Ig = Pg – Ws 133.82 509.66 295.04 286.96
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The potential maximum subsidence in individual CDs is: 16.68 cm, 15 cm, 
15.93 cm, 14.92 cm. If microstructure changes consisted of the total reduction of 
pores in the loess, the studied CDs would become deeper by 38–45 cm (Table 5). 
The maximum subsidence (slumping) of land, resulting from the total leaching of 
the clay fraction and CaCO3 and removal of pores would amount to 56.18 cm (Jast-
ków), 60.34 cm (Stary Gaj), 54.96 cm (Piotrawin), and 53.04 cm (Tomaszowice) 
(Table 5). This value should be construed as the potential (maximum) morpholog-
ical effect related to hydroconsolidation and suffosion (maximum subsidence of 
the bottom of a CD). However, the calculated value is considerably inflated, and 
the actual value is difficult to estimate. Nonetheless, it will not exceed the maxi-
mum value provided above. The original depth of the CDs under study (Table 5) 
is several times greater than this potential morphological effect of hydroconsoli-
dation and suffosion; hence they would not lead to the formation of the depres-
sions under study. The investigations suggest that mechanical suffosion (sensu 
Maruszczak 1954) recorded beneath the bottoms of the depressions is a second-
ary process developing within initial depressions formed previously as a result of 
primary morphogenetic processes (e.g. thermokarst or deflation processes). The 
leaching of CaCO3 (chemical suffusion sensu Maruszczak 1954) probably began 
and/or could accompany the final phase of younger upper loess deposition during 
the thawing of various forms of ground ice (Kołodyńska-Gawrysiak et al. 2018).

6. CONCLUSIONS

The qualitative and quantitative characteristics of the microstructure and 
grain-size distribution of the loess forming the bottoms of CDs indicate the 
impact of syn- and post-depositional diagenetic processes related to the leach-
ing of CaCO3, migration of the clay fraction, and hydroconsolidation under the 
influence of the water infiltration into the loess cover.

Different degrees of the development of these processes were recorded in the 
bottoms and slopes of the CDs. The greater changes in microstructure as well as 
clay fraction and CaCO3 content occurred in the loess under the bottoms of the 
CDs. The microstructure of carbonate loess did not change on the slopes of the 
CDs, below the range of pedogenesis. The morphological effect of loess diagen-
esis under water infiltration was manifested in the deepening of the initial CDs 
formed previously under the influence of primary morphogenetic processes. 
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