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The subject of the study was a gentle and smooth loess slope, featuring a Magdalenian culture site, located near
the northern edge of the loess belt in eastern Poland. Based on the probing of 130 soil profiles across a
10 × 10 m mesh within an area of 1.2 ha, the land surface after the deposition of Weichselian loess was
reconstructed. Soil mapping indicated the patchwork character of the present soil cover, which consists of
Luvisols of varying degrees of transformation resulting from agricultural use. Partly eroded and buried soils
co-occur in the upper part of the ridge flat, non-eroded soils in the middle part, and eroded soils in the lower
part, in the archaeological site area, with buried soils at the foot of the slope.
The thickness of the primary soil cover was reconstructed by means of geostatistical analyses. This was used to
reconstruct the primary, undulating land relief characterised by numerous small convex forms (small hillocks
and hummocks) and concave forms (closed depressions and slope troughs). These forms were levelled out by
soil erosion in the course of agricultural use. The planation of relief caused a decrease of the mean inclination
by 25% and elevation difference by 13%. The greatest changes occurred on the ridge flat where the denudation
of small hillocks and the filling of closed depressions took place. Local inclinations decreased by up to fourfold
and in some places the inversion of slope exposure occurred.
During the 210 years of agricultural use, the eroded surfaces subsided by an average of 0.32 m and, at most, by
0.92 m, which corresponds to an average of 1.5 mm and 4.3 mm per annum respectively. Less than 50% of the
eroded soil material was deposited within the investigated slope; most of the material was carried off beyond
it. The accumulated surface, however, is 2.5 times smaller than the eroded surface. Hence the accumulation indi-
cators are slightly higher than the erosion indicators.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Archaeological sites documented in loess areas are attractive for
research on human settlements as well as the evolution of the natural
environment (e.g. Alexandrovskiy, 2000; Alexandrovskiy et al., 2013;
Goldberg and Macphail, 2006). In the European Loess Belt, the final
period of loess dust deposition coincides with the existence of the
Magdalenian culture. Recreating the image of the primary land relief
at the end of the loess patch formation period remains a significant
research problem in loess areas (~16–11 ka BP) (Fedorowicz and
Łanczont, 2007; Maruszczak, 1991). In modern times, the relief has
been considerably remodelled by the processes of post-sedimentary
multi-stage erosion and denudation, largely determined by anthropo-
genic factors (e.g. Dotterweich, 2008; Rejman et al., 1998; Rommens
et al., 2005; Wolf and Faust, 2013). Given the peculiar characteristics
of loess relief, which consists of highly denuded surfaces as well as

surfaces buried under younger sediments, such areas are exceptional
objects for pedo-geomorphic analysis. It would appear that the primary
palaeorelief can be reconstructed by investigating open Magdalenian
sites based on a detailed analysis of the contemporary land relief in
the context of the current development of the soil cover and distribution
of artefacts.

Open sites of theMagdalenian technocomplex in Polish territories have
been foundmostly in loess areas (Bobak et al., 2013; Kozłowski and Pettitt,
2001;Madeyska andKozłowski, 1995; Połtowicz-Bobak, 2009a,b, 2013). A
considerable number of them are now used for agricultural purposes.
Loess covers with large elevation differences, in excess of 50 m, have
been dissected by a network of gullies as a result of agricultural use
(Dotterweich et al., 2012; Maruszczak, 1973; Rodzik, 2010). In the case
of smaller elevation differences, surface soil erosion is the main relief-
transforming factor (Paluszek, 2010). Today, in the age of mechanised ag-
riculture, tillage erosion is the main process in the soil erosion complex
(Rejman et al., 2013), where the local movements of material causes the
levelling of small relief forms and planation (Rodzik et al., 2008).

The only documentedMagdalenian site in the Lublin Upland is locat-
ed in Klementowice. Archaeological studies were conducted here in the
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years 1981–1982 and 2007–2011. During the excavations, a total of
approximately 30,000 stone and flint artefacts were discovered. They
occurred within an area covering approximately 350 m2, to a depth of
approx. 70 cm from the present-day ground surface. Remnants of Late
Pleistocene fauna were also found (Wiśniewski et al., 2012). The site
had been partially devastated due to farming on the slope and to tillage
erosion. The soil profiles in some places were considerably reduced,
while in other places they were covered by re-deposited material.
Thus, the location of the primary topographic surface within the site
changed, and some of the artefacts were moved along with the soil
material (Rodzik et al., 2013).

The objective of the study was to reconstruct the primary topo-
graphic surface from the Late Magdalenian (Bobak et al., 2013), when
the deposition of loess dust in the Late Weichselian had ended
(Fedorowicz and Łanczont, 2007; Maruszczak, 1991). This is possible
thanks to the spatial analysis of the preserved soil profiles near the ar-
chaeological site. A reconstruction of the micro-forms of the primary,
pre-agrarian relief of the loess slope can provide a basis for establishing
the details of the primary distribution of the artefacts. This type of pedo-
geomorphic analysis is still rare and limited primarily to research on the
evolution of loess patches in the Holocene, with particular emphasis on
historic times; hence they are concerned with changes to the land sur-
face with traces of considerable older transformations of the relief and
soil cover (e.g. Rommens et al., 2005; Zádorová et al., 2013).

2. Study area

The site in Klementowice is the north-easternmost point of
settlement of the Magdalenian technocomplex in Central Europe
(Wiśniewski et al., 2012), at the coordinates: N — 51°20′27″, E — 22°8′
57″. It is locatedwithin the loess Nałęczów Plateau, 3 km from its north-
ern edge, which also constitutes the boundary of the Lublin Upland
(Fig. 1A). The loess of this meso-region has the following composition:
fine-grained sand b15%, silt 70–80%, clay b10% and calcium carbonate
approx. 10% (e.g. Dwucet, 1999; Frankowski and Grabowski, 2006).
The loess cover of the Nałęczów Plateau, up to 30 m thick, mostly orig-
inates from the last glaciation period (Weichselian, 110–10 ka BP). It

lies mostly on glacial and fluvioglacial sediments of the maximum
range of Saale glaciation. In some places beneath them occur sediments
of older glacial periods, while the bedrock is an Upper Cretaceous–
Palaeocene complex of carbonate–silica marine sediments: opokas,
gaizes and limestones, up to 1000 m thick (Harasimiuk and Henkiel,
1975/76).

The top surface of the Nałęczów Plateau lies at 200–240 m a.s.l., and
features numerous small forms (closed or open depressions, and small
hillocks) whose origination was simultaneous with loess accumulation
(Fig. 1B). The plateau top is dissected by numerous multi-branched sys-
temsof dry erosion–denudation valleys that formed in the LateGlacial pe-
riod, after the accumulation of loess (Maruszczak, 1961). In the Holocene,
this relief was stabilised by forest formations: first a boreal forest, and
then a dry-ground forest. Luvisols then formed beneath the forests: they
have a well-developed profile and an average depth of approx. 1.5 m. A
distinctive feature is the sequence of easily recognisable, multi-coloured
horizons: A–Eet–Bt1–Bt2–BC–C–Ck (Turski and Słowińska-Jurkiewicz,
1994). These soils were already being used by the first agricultural
cultures— in the Neolithic and later in both theMiddle Ages andmodern
times (Kadrow and Zakościelna, 2000;Maruszczak, 1988; Nogaj-Chachaj,
2004). At present, semi-subsistence farming prevails here, with farms
covering a few hectares and characterised by a considerably fragmented
field pattern. Alongside traditional cereal and root vegetable crops such
as potatoes and sugar beets, an increasing acreage is occupied by berry
plantations, particularly currants and raspberries (Rodzik, 2010; Rodzik
et al., 2009).

The growing season here lasts 218–220 days, and the mean annual
air temperature is +7.6–7.8 °C. The snow cover lasts for an average
of 65 days, and the mean annual precipitation is 550–600 mm
(Kaszewski, 2008). Most of thewater is subject to evaporation and tran-
spiration: between 20 and 25% of the precipitation amount runs off. Due
to the high permeability of the ground, groundwater runoff dominates
at approx. 100 mm per year, while surface runoff is small and amounts
to 20–25 mm (Michalczyk and Wilgat, 1998).

Water erosion of soils occurs during episodic surface, rainwater and
snowmelt runoff. Such runoff usually occurs several times a year, but
runoff with considerable geomorphological effects occurs every few

Fig. 1. Location of study area on the background: A — loess covers and last glacial limit in Poland; B — local topography and land use (based on geoportal.gov.pl).
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years (Janicki et al., 2010; Rodzik et al., 2009). Tillage erosion has a
greater significance, as it results in the planation of small-radius features
of loess relief, reduction of the soil profile on ridges and accumulation of
material in depressions (Rejman, 2006; Rejman et al., 2013; Rodzik,
2010). In the western part of the Nałęczów Plateau, close to the bound-
ary of the loess cover and the Vistula and Bystra valleys, a network of
gullies developed whose mean density is 2.5 km/km2 and locally ex-
ceeds 10 km/km2 (Maruszczak, 1973).

The site under study is locatedwithin a gentle slopewith an angle of
4°, approx. 150 m long and 7 mhigh (189.5–196.5 m a.s.l.). It is a right-
hand slope, with a WSW exposure, of the periodically drained upper
stretch of the valley of Klementowice Stream (Fig. 1B). The slope is com-
posed of carbonate loess from Weichselian glaciation, topped by Late
Glacial–Holocene Haplic Luvisol. It has been used agriculturally for at
least 200 years, as indicated in the Austrian map by Mayer von
Heldensfeld, published in 1804 (Heldensfeld von, 1804). In that period,
there was a forest in the vicinity of the slope, which was felled soon
afterwards when the area was probably taken over for farming in the
period of economic boom at the end of the 18th and the turn of the
19th century (Maruszczak, 1988).

3. Material and methods

The probing of soil profiles in the archaeological site area was
conducted in August 2011 within a 210 × 50 m rectangle encom-
passing the slope of the valley side, part of the valley bottom and the
ridge flat. The distribution of the profiles was based on the ESE–WNW
field pattern, i.e. at a slightly oblique angle to the slope. During the
study, the use of this small area, covering just over 1 ha, varied and
encompassed raspberry and rose plantations, potato and cabbage
crops, part of a wheat stubble field and pastures in the valley bottom.
A total of 130 profiles were made in a 10-metre mesh, which was
marked out by tape (Fig. 2A). All points were located using a laser
total station (Nikon DTM-330), and then related to an independent sys-
tem of topographic coordinates.

An Eijkelkamp hand auger was used to carry out the probing to a
depth of 3 m or less, to the top of the carbonate loess. The 3-cm diame-
ter sampler enabled the collection of sampleswith an undistorted struc-
ture. The location of the carbonate loess top (Ck) was determined by an

effervescence test using a 10% HCL solution. Based on the colour and
structure of the sediment, the range of the particular soil horizons was
also determined in each profile. In the course of archaeological excava-
tions, samples from three selected soil profiles were collected for
granulometric and micromorphological studies in order to specify
their origin. Grain size distribution was determined on the basis of an
analysis performed with a laser diffraction method using a Malvern
Mastersizer Hydro 2000G1 apparatus. Vertically oriented samples of
undisturbed structure were collected for the micromorphological anal-
yses using “Kubiëna” tins (10 × 8 × 6 cm). The methodology for the
implementation of microscope slides is consistent with the develop-
ment of Lee and Kemp (1992) as modified by Mroczek (2008). From
each sample two thin sections (8 × 5 cm) were prepared.

Afield analysis of the particular pedonswas carried out to determine
their structure, location in the soil catena and characteristic elements.
Based on the total station measurements, the following were deter-
mined: Hr — altitude of the present topographic surface and Hps —

altitude of the primary topographic surface in stable profiles (Hp =
Hr). In the profiles sampled, the following were measured: Sr —

thickness of present soil (and its horizons), Sps— primary soil thickness
in stable profiles, Spb — primary soil thickness in buried profiles, Kr —
present colluvium thickness (in buried profiles), Cr — present C
(decalcified loess subsoil horizon) thickness, and Pr — present pedon
(decalcified soil) thickness. Based on the measurements in the profiles
sampled, the following were calculated: Hpb — altitude of the primary
topographic surface in buried profiles (Hpb = Hr − Kr) and HCk —

altitude of the top of the carbonate (loess) sediments (HCk = Hr −
Pr) (Fig. 3).

To reconstruct the primary characteristics of the soil cover and land
relief, we used the relationships between the depth of decalcified loess
(P) and soil thickness (S) found in the complete soil profiles. As the basis
for calculating profile reduction,we adopted the thickness of decalcified
loess (soil profile C = Cr), established in the field for all complete and

Fig. 2. Distribution of examined soil profiles in detailed investigation area: A — soil profiles numeration: B — soil profiles classification.

1 The particle size analyzer was purchased under the Operational Programme entitled
“Development of Eastern Poland” for the period 2007–13. Priority Axis 1: Modern Econo-
my. Measure I.3. Supporting Innovativeness. “Increasing the R&D Potential of the Depart-
ments of Chemistry, Biology and Earth Sciences of theMaria Curie-Skłodowska University
in Lublin”.
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reduced soil profiles. The highest correlation coefficient, R2 = 0.8031,
was obtained for the relationship Cr/Pr in a linear function. Based on
the relationship Cr/Pr (in stable profiles) and its linear function, we
calculated Ppe — assumed pedon thickness in eroded profiles (y =
1.7647× + 138.74). Ppe was used to calculate: Hpe — altitude of pri-
mary topographic surface in eroded profiles (Hpe = HCk + Ppe),
Spe — primary soil thickness in eroded profiles (Spe = Ppe − Cr) and
Er — eroded layer thickness (Spe–Sr) (Fig. 3).

Based on the measured data, the following were prepared using
ArcGIS: a map of the present topographic surface, present soil thickness
and location of the carbonate loess soil. Isarithmic maps were prepared
based on the calculation results, on the basis of which the denudation
balance and the primary relief characteristics (inclinations and altitude

differences) were determined. The primary microforms of open and
closed depressions as well as slope flats were also identified.

4. Results

4.1. Types and structure of soil profiles

The investigated soil profiles contain Luvisols, except for four pro-
files – D0, E1, F1 and F2 – located in the valley bottom, close to its axis
(Fig. 2A), where at a depth of b1 m water-peat bog sediments were
found in the form of peat and carbonate gyttja (Fig. 4). These sediments
lie on strongly gleyed loam resembling loess and underneath loamy col-
luviumwhose thickness ranges from0.81 to 0.93 m. The top layer of the

Fig. 3. Scheme of soil toposequence along the eroded loess slope (gentle and short) — symbol explanations in the text.

Fig. 4. Diversity of soil profiles along the representative cross-section (location is marked in the Fig. 2A).
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colluvium has been homogenised by tillage in dry periods. This young
colluvial soil is characterised by the Ap–Ccol–D profile, although in
some places signs of secondary pedogenesis can be observed.

Among the Luvisol profiles complete profiles occur, as well as par-
tially eroded and buried profiles (Fig. 2B). In all three types are se-
quences of horizons of varying thickness and varying degree of
development. What all these soil profiles have in common is their com-
plete decalcification, also affecting the top of the bedrock (C). Carbon-
ates were found only in the lower-lying horizon of primary loess (Ck).
The depth at which carbonate loess occurs varies from 0.68 m below
the topographic surface [b.t.s.] in the most eroded profile, B16, to an
undefined depth which is considerably greater than 3 m b.t.s. in the
most buried profile, B19 (Fig. 4).

Complete profile soils are represented by profile group 43. The ara-
ble horizon (Ap), usually 20–25 cm thick, encompasses primary
epipedon A and, partially, Et (Fig. 5A). All profiles demonstrate a similar
development of endopedons and diagnostic horizons: eluvial Et and
illuvial Bt (with sub-horizons: Bt1, Bt2) and transitional horizon BC.
Their morphological characteristics, such as colour and structure as
well as the grain size characteristics and micromorphology of the Et
and Bt horizons (Fig. 6B, C), indicate that the soil cover was shaped pri-
marily by the illuviation process (Table 1). This is documented particu-
larly by the clay content (the highest values occur in the Bt1 horizon)
and illuvial microforms (clay coatings and infillings in the Bt horizon),
diagnostic for the well developed diagnostic argic horizons clearly visi-
ble in thin sections (Fig. 6C). These soils are categorised as Haplic

Luvisols (IUSS Working Group WRB, 2006), with the horizon sequence
Ap–Et–Bt1–Bt2–BC–C–Ck.

The composition of 64 profiles of eroded soils primarily reflects the
varying extent of their reduction. The arable horizon (Ap) in these pro-
files is developed within the exhumed horizons. In most profiles, it is
developed at the illuvial horizon, Bt, mainly in its upper sub-horizon,
Bt1 (Fig. 5B). The degree of erosion in the Ap–Bt1–Bt2–BC–C–Ckprofiles
can be described as moderate. In four cases, the development of the ar-
able horizon was found within the originally overlying Et horizon and
transitional Et/Bt sub-horizon, which indicates poor erosion. Consider-
able erosion was found only in three profiles (B16, B17 and C17)
where the arable horizon developed within the primary sub-horizon,
Bt2. All profiles of eroded soils can be categorised as primary Haplic
Luvisols.

The other 19 profiles indicate the occurrence of buried soils. The top
of the primary A horizon occurs at a depth of between 0.2 and 1.12 m,
and is overlain by a layer of re-deposited soil material topped with the
Ap horizon (Fig. 5C). The most frequent sequence of these modern
and buried soils is Ap–Ccol–fA–fEt–fBt1–fBt2–fBC–C–Ck. In the overly-
ing colluvial sediments, one can find signs of secondary pedogenesis,
particularly in the four most buried profiles located within the ridge
flat. Signs of secondary eluviation and illuviation occur here within the
re-deposited material or overlap with the top layers of the buried
Luvisol (Fig. 4). The composition of most of the buried profiles resem-
bles Luvisols, although a gleyed Bt horizon was found in eight of these
profiles, particularly those located at the foot of the valley side. The

Fig. 5. Examples of soil profiles on thewalls of archaeological excavations in Klementowice: A— non-eroded (profile no. B5); B—moderately eroded (D10); C— sequence ofmodern and
buried soils in the closed palaeodepression (between B18 and B19).

Fig. 6. Macrophotographs of representative thin sections from the studied Luvisols (profile B5) in Klementowice: A — Ap horizon, massive, different colours indicate the presence of
redeposited soil material; B— Et horizon, massive with numerous charcoals and Fe andMn nodules; C— Bt1 subhorizon, crumbymicrostructure, soil aggregates are covered by clay coat-
ings. Plane polarized light. Scale bar: 1 cm.
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groundwater level here is at a depth of approx. 1.5 m; hence these soils
are categorised as Gleyic Luvisols.

4.2. Soil cover thickness and loess decalcification

The analysis of 130 profiles, including 126 profiles of Luvisols, indi-
cates considerable variation of the thickness of the present soil cover.
The lowest thickness, ranging from 0.6 to 0.8 m,was found in the centre
of the area located at the edge of the ridge flat. This generally coincides
with the area of the most eroded soils, where decalcified loess is at the
shallowest level, 0.7–1.0 m (Fig. 7). Another cohesive area of eroded
soils occurs in the middle and lower part of the slope, near the

archaeological site. The soil thickness here is slightly greater, between
0.8 and 1.2 m, while carbonate loess occurs at a depth of 1.0–1.5 m.
Altogether, the eroded soil cover occupies nearly half of the area
under detailed study (Table 2).

The non-eroded soil cover primarily encompasses awide zone in the
middle and upper slope of the valley where the soil thickness usually
exceeds 1.5 m, while decalcified loess occurs at a depth of approx.
2 m (Fig. 7). Altogether, the complete profile soils occupy 35.4% of the
area of detailed study (Table 2).

Buried soils occur mainly in two locations: within the ridge flat
and in the valley bottom area (Fig. 7C). On the ridge flat they constitute
two enclaves of deep soils among shallow, eroded soils. The greatest

Table 1
Particle size distribution andmicromorphology of the selected agriculture soil profiles in Klementowice. Types ofmicrostructures: Ch— channel, Cr— crumby,M—massive, P— platy. The
frequency of clay microfeatures is recorded in number of crosses: one (+) mark single, and four (++++) common presence.

Profile
(location — Fig. 2)

Soil horizon — depth
[m]

Particle size (mm) distribution, % Micromorphology

Sand Silt Clay Micro-structure Clay features

N0.1 0.1–0.05 0.05–0.02 0.02–0.005 0.005–0.002 b0.002

B5 Ap — 0.17 1.41 19.72 42.56 24.56 5.81 5.94 M, Ch
Et — 0.32 0.98 17.34 41.95 26.88 6.78 6.09 M +
Et/Bt — 0.44 0.88 16.78 42.70 27.61 5.92 6.10 Ch, P ++
Bt1 — 0.54 0.90 16.39 41.62 26.89 7.29 6.91 Ch, Cr ++++
Bt1 — 0.64 0.74 15.24 43.86 26.75 6.42 6.99 Ch, Cr +++
Bt1 — 0.74 0.87 15.83 44.20 26.65 5.82 6.64 Ch, Cr +++

C11 Ap — 0.18 1.32 18.22 40.00 25.7 7.71 7.04 M, Ch
Et — 0.27 1.03 17.95 41.78 26.86 6.31 6.07 M, Ch +
Bt1 — 0.49 0.81 14.07 41.54 28.11 7.53 7.94 Ch, Cr
Bt2 — 0.97 1.21 19.71 45.81 21.97 4.99 6.30 Ch, Cr +++

D10 Ap — 1.43 2.71 18.90 40.87 24.99 6.42 6.11 M, Cr +
Bt1 — 1.55 1.09 16.54 43.94 26.22 5.34 6.87 Ch, Cr +
Bt1 — 1.63 1.08 15.93 44.28 26.77 5.40 6.40 Ch, Cr +++
Bt2 — 1.93 1.28 18.98 43.63 24.83 5.68 5.61 Ch, Cr +++

Fig. 7. Characteristic of present soil cover in the field investigation: A — thickness; B — depth of decalcification; C — soil types.
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variation can be found here in the depth of decalcified loess (Fig. 7B).
The B16 and B19 profiles mentioned above are only 30 m apart but
they are at opposite extremes in terms of erosion/accumulation and
depth of decalcification (Fig. 4). At the foot of the valley side, the transi-
tion of eroded soils into buried soils is not as sudden as on the ridge flat,
and the change in the depth of decalcification is not very clear-cut. The
colluvium cover, whose thickness increases downhill, covers both
Gleyic Luvisols and water-peat bog sediments (Fig. 4). Altogether, the
buried soils occupy 17.6% of the area of detailed study (Table 2).

The thickness of the present soil cover clearly correlates with, and
thus to a large extent results from, the extent of its reduction or accumu-
lation ofmaterial (Fig. 7A, C). The distribution of the particular thickness
categories clearly depends on the land relief. Zones of eroded, stable and
accumulated soils form several alternating strips with a SSE–NNW ori-
entation. This orientation is parallel to the adjacent stretch of the
Klementowice Stream valley and perpendicular to the inclination of
the valley slope. The orientation of the decalcification depth zones is
similar (Fig. 7B). These clear relationships between the particular char-
acteristics of the present soil coverwere used to reconstruct the primary
cover and the hypothetical depth of decalcification, which helped re-
construct the primary topographic surface and land relief.

5. Interpretation and discussion

5.1. Primary relief and geomorphologic effects of soil erosion

It was established that the position of the topographic surface did
not change significantly in the stable soil profiles, i.e. Hr = Hp (Fig. 3).
In the buried soil profiles, the surface was raised by the thickness of
the colluvium layer (Hr = Hpb + Kr). The fundamental problem, how-
ever, is the reconstruction of the topographic surface in the eroded soil
profiles. In areas with small variation in the soil cover, the eroded pro-
files were compared to the benchmark profile established for this pur-
pose (Rodzik, 2001; Rodzik et al., 2009). In Klementowice, however, it
was found that the variation in the thickness of the entire profiles as
well as the particular horizons was too large (Fig. 4). Rejman et al.
(2005) carried out a reconstruction of the topographic surface based
on a comparison with neighbouring complete profiles. However, as
many as 38% of the profiles are located at the edge of the study area in
Klementowice due to its elongated shape. Therefore, the assessment
of the topographic surface in the eroded profiles (Hpe = HCk + Ppe)
was based on the determination of Ppe according to a linear function
obtained from the Cr/Pr relationship for stable soils (Fig. 8). This func-
tion was applied given the relatively high correlation coefficient and
the not highly significant standard deviation.

The comparison of the two surfaces, the reconstructed and the
present, indicates a tendency for the land to be levelled out as a result
of agricultural use (Fig. 9A, B). The planation of the relief is visible across
the entire study area (Fig. 9C), and its measurable effects include the
subsidence of the plateau surface culmination and raising of the valley
bottom level (Fig. 4). As a result, the altitude difference along the entire
length of the study area (200–210 m) decreased by 13% (Table 3).
Considerable changes occurred within the side of the valley featuring
the archaeological site because the slope flats and shallow troughs, as
well as small hummocks, had been levelled out (Fig. 9A, B). This caused

considerable devastation of part of the site, and some artefacts were
moved across the valley side (Wiśniewski et al., 2012).

Changes to the relief in the microscale caused a considerable reduc-
tion of the inclination angles, whichwere originally 5–7° locally (Fig. 9C,
D). At present, angles exceeding 5° do not occur here at all (Fig. 10). The
map of past angles of inclination (Fig. 9D) reflects the primary shape of
the slope, with numerous “steps” 20 to 30 mwide. A similar interval of
the past relief, also with a SSE–NNW orientation, is visible on the ridge
flat. In the upper part of the slope, the “wave” is 60 m long (Fig. 9D).
Similar intervals of loess relief, with a “wave” length of 30 and 60 m,
were described by Rodzik et al. (2005) in Bogucin, located approx.
20 km east of Klementowice. It can be surmised that the regular undu-
lation of relief results from the uneven accumulation of the youngest
sediments as loess mega-ripplemarks or dune-like forms in the final
stage of deposition. The hummocks dividing closed depressions in the
loess plateau surface resemble the typically undulating landscapes
found in Serbia (Zeeden et al., 2007) and central USA (Mason et al.,
1999). In Klementowice, the position of the “waves” on the slope with
the WSW and SW exposure indicates the prevalence of NE winds in
the final stage of loess accumulation.

The greatest effects of planation caused by tillage were recorded
within the ridge flat, where small landform features such small hillocks
and closed depressions were levelled out (Fig. 9B), and in some cases re-
lief inversion occurred. For example, along a 14-metre stretch between
points A20 and B19, the altitude difference decreased from 2.1 to
0.6 m. The angle of inclination decreased nearly fourfold, from 6.8° to
1.9°, on the slope of a fossil closed depression with a WSW exposure.
On a counter-slope of this form, between profiles C18 and B19, the pri-
mary altitude difference was 1.30 m, with an inclination of 4.2° towards
the ENE. Currently, the altitude difference is 0.34 but the direction of the
1.1° inclination is WSW. Thus, the closed depression, 1.5–2 m deep, was
not only entirely filled but also the exposure of the slope changed. The
planation of relief completely changed the conditions and directions of
transport of the soil material (Fig. 11). A considerable agriculture-
induced planation of the loess ridge, with inversion changes, was also
found by Rejman et al. (2013) in Bogucin, already mentioned above.

5.2. Denudation balance and material transport

The changes to the surface as well as the distribution of erosion and
accumulation categories were determined by comparing the past and
present surfaces (Fig. 12). This formed the basis for calculating the de-
nudation balance of the study area (Table 2). The topographic surface
subsided, on average, by 0.32 m for nearly half the study area (47%).

Table 2
Erosion and accumulation rates in the investigation field.

Direction of change Area Volume
m3

Change of location (m)

m2 % max
(profile code)

mean

Erosion (reducted soil profiles) 5017.8 47.0 1580.9 −0.92 (B16) −0.32
Constant (full soil profiles) 3779.4 35.4 0 −0.1 – +0.1 0
Deposition (buried soil profiles) 1879.0 17.6 735.1 +1.02 (B 19) +0.39
Balance 10676.2 100.0 845.8 −0.08

Fig. 8. Linear relationship of decalcified C horizon thickness to depth of loess decalcifica-
tion of non-eroded soils in the investigation field.

56 J. Rodzik et al. / Catena 117 (2014) 50–59



Author's personal copy

The maximum subsidence, by 0.92 m, was found at point B16 within
the ridge flat. The maximum subsidence of the valley side in the area
surrounding the archaeological site amounted to 0.90 m, at point D8.
1581 m3 of the soil material has been eroded from the surface, which
corresponds to a 0.15-metre thick layer across the entire study area.

More than one third of the study area has a relatively stable topo-
graphic surface, and only 17.6% is covered by accumulated material.
The volume of accumulated material is less than half the volume of
eroded material (Table 2). This means that less than half of the eroded
material had accumulated within the study area while most of it had
been carried away. The mean thickness of accumulated material is
slightly greater than the eroded material because it amounts to
0.39 m, or 0.07 m across the entire study area. The maximum accumu-
lation was 1.02 m within the plateau top area (point B19) and 0.93 m
within the valley bottom.

The erosion and accumulation levels determined for Klementowice
differ from those provided by Rejman et al. (2005) for the 5.71 ha
Bogucin catchment. Despite the slightly shorter duration of agricultural
use, both themaximum andmean for the erosion and accumulation in-
dicators, calculated in proportion to the catchment size, are consider-
ably higher (1.5 to 2 times). This can be explained by the twice as
high altitude difference in Bogucin and the considerable proportion
(20%) of N5° slope angles that do not occur in Klementowice today.
The mean subsidence of the entire study area is similar, because in

Fig. 9. Change of topographic surface location and inclinations in the investigation field: A — present hypsometry; B — reconstructed primary hypsometry; C — present inclinations;
D — primary inclinations.

Table 3
Change of the relief parameters in the investigation field.

Time Altitudes Denivelation Inclination Share of slopes

(m a.s.l.) (m) (°) (%)

Max Min Total In topa Mean Max ≤2° ≥5°

Present 198.0 188.6 9.4 0.6 2.67 5.0 21.4 0.5
Pastb 198.5 187.7 10.8 2.1 3.72 9.0 11.7 22.9

a In maximal distance (14 m) between adjacent profiles.
b Before agriculture used. Fig. 10. Grade participation of primary and present inclinations in the investigation field.
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Bogucin only 30% of the eroded material has been carried away outside
the catchment area, which constitutes a natural geosystem.

The area of detailed study in Klementowice is open, which enables
the transit of soilmaterial. The supply ofmaterial from the outside is lim-
ited because there is a private property and a hard road located on the
side of greater elevations, theNE and E (Fig. 1B). There are no such obsta-
cles on the SWandW sides, where the elevations are smaller. At present,
after the levelling out of microforms, thematerial is moved from the pla-
teau top down the slope, in theWSWdirection. Thus, the stable soil zone
is a transit zone for the material accumulated mostly outside the area of
detailed study. The transport occurs by means of the re-deposition of
material in the Ap horizon, which is confirmed by the presence of clear
signs of primary illuviation in the non-eroded soil profile (Fig. 6A). Be-
cause the Bt horizon in this profile is beyond the scope of tillage, as it is
separated by the Et horizon, part of the material must originate from
the zone of eroded soils located higher up the slope.

Despite the relative evenness of the slope, the archaeological site is
under a continued threat of erosion. The slope hummock in this area
has not been completely levelled out yet, which indicates that a local
erosion zone remains on the slope (Fig. 12A). Assuming that the dura-
tion of the agricultural use of the slope is 210 years, the eroded surface
has subsided, on average, by 1.5 mmper annum, and in particularly sus-
ceptible places by as much as 4.3 mm per annum. These values corre-
spond with the expected subsidence rate of agriculturally used loess
slopes with a small or moderate slope angle. The scope of the erosion
rate of Luvisols mentioned above corresponds to the findings obtained
from other test sites in the Nałęczów Plateau where soil profiles have
been analysed (Rodzik, 2001). The study findings also conform to the
analyses carried outwith the use of othermethods such as geodetic sur-
vey (Mazur, 1972), measurements of washing intensity in a catchments
(Janicki et al., 2002) and in experimental fields (Rejman, 2006), and also
the analysis of 137Cs concentration (Zgłobicki, 2002).

Fig. 11. Levelling and inversion of relief in the hilltop surface.

Fig. 12. Distribution and thickness of soil erosion and accumulation in the investigation field on the background of: A – primary hypsometry; B – present hypsometry; (-) – erosion, 0.1-0.1 –

constant, (+) – accumulation.
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6. Conclusions

The field analysis of well-developed arable soil profiles, such as of
Luvisols, is useful in reconstructing the palaeo-relief and recognising
the small primary forms that have since been levelled out. This method
makes it possible to determine the direction and rate of erosion process-
es that reduce and increase the soil profiles. At present, it is manifested
in the patchwork character of the soil cover, whose top horizons consist
of exhumed horizons of well-developed soils that have been forming
since the end of the loess silt deposition.

Pedological analyses indicate that the primary surface of the loess
cover was characterised by a diverse micro-relief featuring tiny forms,
both convex (small hillocks and hummocks) and concave (slope
troughs and closed depressions). Their regular distribution indicates
that the undulating character of the loess cover (except for large ero-
sional forms) results from accumulation. The small-radius features of
loess relief were characterised by considerable local variation of slope
angles, exposures and habitat conditions. They had already been taken
into account by Palaeolithic cultures in establishing their settlements.

The rate and effects of the agriculture-induced planation of loess re-
lief are relatively large, even on low-angle slopes. The effects are even
clearer within the plateau top, which is levelled out, and where slope
and exposure inversion aswell as shifts of local watersheds often occur.
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