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Abstract

The article shows the results of geophysical surveys performed by using Electrical Resistivity Tomography (ERT)
method on selected ragion of Ptock slope of a Tumski hill near Basilica of Assumption of the Blessed Virgin Mary in
Plock and in Maszewo by the Vistula River a few kilometers north of Ptock. The above-mentioned sections were se-

S

lected due to landslide phenomena observed there. Geophysical surveys were conducted in order to verify the state of
the distribution of electrical resistivity in the sectors where mass movement was identified. The electrofusion cross-
section near Cathedral Basilica shows clays and sands. Also in ERT prospection a zone of loose soils with high resis-
tance is clearly visible. The results of the ERT method from Maszewo, indicates historical land surface of a landslide
and that the slope in Maszewo consists of cohesive deposits. In order to describe these particular issues, geological
cross-sections and safety factor obtained by calculation are presented for the analyzed parts of the slope. The safety fac-
tor shows that probability of landslide activity near Cathedral Basilica is very unlikely and in Maszewo is very high.
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INTRODUCTION

Plock is situated at the western slope edge of the Plateau
Plonska, which was created by glacial processes. To the
south-west of the slope lies a valley of the Vistula river. The
slope in the area in question runs from the south-east to the
north-west, along the Vistula river.

Since the twelfth century the Ptock slope (Fig. 1), which
is the western edge of the Tumski Hill (Old Town) is the loca-
tion for sacral caste complex.

The slope is result of the Vistula river lateral erosion on
the fragment from 630 km to 655 km of the river flow
(Wysokinski 1998). In the further part of the river, beyond
city centre, in Maszewo region, the river creates areas of ex-
traordinary natural beauty, which are being urbanized along
the upper edge of the Ptock slope. The height of the slope var-
ies, from 30 m in Maszewo to 42 m in the city of Ptock.

Urbanization ratio in the area of the slope increases with
time. From the static load point of view this represents an in-
crease of forces increasing the probability of landslides.

In order to achieve objective of this study, that is to ver-
ify the distribution of electrical resistivity of soil in areas as-

sociated with mass movements, two fragments of the Ptocks
slope were selected.
1. Area of the Cathedral Basilica of the Ascendance in Ptock
2. Area in Maszewo, 2 km north of Plock

In the abovementioned places geophysical surveys were
performed by using electrical resistivity tomography (ERT).
In such places, with recognized geological structure, values
of the equilibrium factor were also determined slopes.

HISTORY OF GEOPHYSICAL RESEARCH
IN THE LANDSLIDE AREAS

The use of geophysical methods to study landslides
started in the ‘60s and ‘70s of the twentieth century (Keller et
al. 1966, Bogoslovsky et al. 1977). The focus was put mainly
on the method of seismic and electrical resistivity. Currently,
the use of geophysical methods (mainly methods ERT) to
study contemporary landslides concentrates on the determi-
nation of colluvial zones, slip surface, staging of landslides
and soil-water conditions in the vicinity of the slope. Numer-
ous examples of the application of ERT method for testing
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Fig. 1. Location of selected fragments of the Plock slope (www.

geoportal.gov.pl).

slopes can be found in multiple geo-engineering publica-
tions, e.g.: Hack 2000, Lapenna et al. 2005, Le Roux et al.
2011, Marescot et al. 2008, Mauritsch et al. 2000, McCann
and Forster 1990, Perrone et al. 2004, Goktiirkler et al. 2008,
Gaudio and Bottino 2001, Friedel et al. 2006, Bichler et al.
2004).

Many landslides are characterized by the presence in the
toe of landslide fragments of rock blocks. Among various
publications on ERT method there are known works, where
ERT is used to identify older rock blocks in the subsurface
covered with younger layer sediments and slide drops (e.g.
Socco et al. 2010, Tetegan ef al. 2012). In Poland geophysi-
cal methods (seismic and ERT ) are also used to analyze
slopes, embankments and landslide zones in accordance with
the recommendations made in the works of Wysokinski 1991
and 201 1. There are numerous noteworthy publications, such
as: Ostrowski and Pacanowski 2011, Ostrowski et al 2013.
Geophysical methods are commonly used in hydro-engi-
neering, e.g. stability monitoring, construction of dikes and
retention tanks in the coastal zone of the ‘70 XX (e.g.
Bestynski 1975).

DESCRIPTION OF SELECTED FRAGMENTS
OF THE PLOCK SLOPE

Plock Cathedral Basilica of the Assumption

The slope has two drops: the first with a height of ap-
proximately 23 m and approximately 33° inclination, the
other with a height of approximately 17 m and 16° inclina-
tion. The total height of the slope is roughly 40 m. The extent
of'this part of the slope equals 125 m. The complex of sacred
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buildings is located only on the upper part of the slope. At the
foot of the slope runs aroad. The slope is faced from south to
west.

Fragment of the slope near the Basilica of Ptock is not
listed in the database records of the Landslide Protection Sys-
tem (SOPO). Location of the profile measuring ERT is
shown in Fig. 2. Near ERT profile archive geologic section is
located.

Stability of the slope was a subject of many publications
and materials from the scientific or technical conferences in
Plock. One of conferences ** Displacements of Ptock slope’’
(1998) provided geologic archive of cross-sections describ-
ing the state before geotechnical reinforcements (Fig. 3). As
evidenced, the difference of the slope geometry presented in
relation to that found during the measurements by ERT is sig-
nificant (Fig. 6). Archive shows a cross-section of the slope
in the fieldwork near the cathedral as a very steep, approxi-
mately 40° and 40 m high.

Below the ground level there is lingering fill of 2.5 m in
thickness. Under the fill, there is till and sand from the
Vistulian glaciations of about 5 m in thickness. This layer is
above the layers of tills and sands of Warta and Oder glacia-
tions, which is about 25 m thick. At the foot of the slope (at
the water level fluctuations of the Vistula river) there is
gravel and sand (Great Interglacial) with a thickness of about
6 m. Deposits of Great Interglacial linger on till and sand of
South-Polish glaciations of about 15 m in thickness (Wyso-
kinski 1998). Pliocene clay were not drilled.

The instability of this section (reactivation of landslide
processes) of the slope was earlier reported in the eighteenth
century and in the beginning of nineteenth century. Upon
completion of decommissioning and stabilizing works in the
second half of the twentieth century, mass movements were
stopped.

Maszewo (2 km north of Plock )

The slope has two sections and goes directly down into
the bank of the Vistula river. The lower part is about 13 m
high, and angle of about 24°, while the second stage is about
17 m in height and angle of approximately 27°. The total
height of the slope is about 30 m. On the slope surface, in
places densely overgrown with shrubs and trees, multiple de-
formed trees can be seen (known as “the drunk forest™), indi-
cating the slow movement of the surface layer of the soil. In
contrast, exposure of this part of the slope is from south to
west, and the extension is very substantial: 250 m. On the
so-called “shelf morphology” a driveway is located, which
leads to single-family residential buildings constructed in
that region. According to the Landslide Protection System
(SOPO), the selected portion of the slope in Maszewo is lo-
cated in the area of an active landslide, Nr. 12054. That land-
slide has been described as a rotational landslide that covers
an area of 8.29 hectares (Grabowski 2010). Location of the
ERT measuring profile is shown in Fig. 4.

In this area within the depth range of reconnaissance
drilling, glacial cohesive deposits are dominant (mainly tills
with add of silts and sands). On the face and at the foot of each
slope, colluvia sediments may be present. Slope goes down
directly into the Vistula river bank where alluvial deposits
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Fig.2. Location of the ERT profile, Plock, at the level of the Cathedral Basilica of the Assumption of the Blessed Virgin Mary
(www.geoportal.gov.pl).
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Fig. 3. Simplified geologic archive cross-section through the Plock slope near the Basilica (Wysokinski 1998).

are present. At greater depths Pliocene clay may lie (Skomp- ANALYSIS OF SLOPE STABILITY
ski and Stowanski 1962), however they were not drilled.

It should be noted that the proper interpretation of ERT Landslide activity in the section of the Ptock slope near
measurement results requires analysis of previously con-  the Tumski hill was still in the twentieth century a burning

ducted geological drillings and insight into cross-sections ar- ~ problem of the city of Ptock. In the second half of the twenti-
chives, which serve as a benchmark for these measurements. eth century safety works were performed, which stopped
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Fig. 4. Location of the ERT profile with the selected landslide
Nr. 12054 (base SOPO), Maszewo.

progressing processes that would damage architectural mon-
uments of Polish history. Currently, there are no traces of
landslide activity.

Analysis of the selected fragment of the slope of Ptock in
Maszewo shows that in the presented section, there was a his-
tory of progressive mass movement. Today, displacements in
the upper part of the slope stopped. Although, based on the
deformed tree trunks and the type of soil (cohesive), it can be
concurred that there is a local slow movement of the soil;
creep in the lower part of the slope.

The values of the safety factor (ratio of balance) F for
some sections of the slope of Plock summarized in Table 1.
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Table 1
Safety factory calculation table
Calculate Value of safety PlauS} bility N f land-
cross-sections factor (F) slide activity Source
(Wysokinski 1991)
Upper slope:
1.35; slope is unlikely
Maszewo stable Own calculations
Lower slope: (R.Mieszkowski)
1.08; slope is in very like
state of stability
Cathedral 1.7: slone is
Basilica of the -/ siop very unlikely — Wysokinski 1998
. static
Assumption

MEASUREMENTS BY ELECTRICAL
RESISTIVITY TOMOPRAGPY (ERT)

Assumptions of electrical resistivity methods were first
formulated in the early twentieth century by the brothers
Conrad and Marcel Schlumberger. Description of the me-
thod theory can be found, in the works of Keller and Frisch-
knecht 1966 or Stenzel and Szymanko 1973. Electrical resis-
tivity tomography method was developed in the late twenti-
eth century and is widely described in the works of, e.g.:
Kirsch 2009 and 1996, Loke 2012. The electrofusion re-
search for this study was conducted by using Terrameter LS
aperture manufactured by Swedish company ABEM. The
main advantage of the ERT method is the possibility to de-
velop measurements based on modeling the distribution of
the circuit resistivity with a unit of rectangular blocks. Such
modeling allows accurate mapping in 2D space. The study
uses one of the most popular methods was used: the Schlum-
berger system. Measurements were carried out with intervals
between the electrodes, along the profile line, amounting to 5
m. The depth range on the field of research obtained during
the measurement for diagnosis of resistivity amounted up to
30 m. ERT measurements were captured from two selected
areas (Figs 2 and 4) by using the ERT method, which were lo-
cated in the vicinity of previously created geological cross-
sections (Figs 3 and 5).
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Fig. 5.

Simplified geologic cross-section through the slope in Maszewo.
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ERT geophysical method enabled to track the distribu-
tion of the electrical resistivity of layers of soils in a two-di-
mensional pattern. Thanks to that a vertical section along the
measuring line was obtained.

On cross-sections obtained by ERT in order to allow
in-depth interpretation (including lithology correlation to re-
sistivity), profiles of available boreholes were applied. Ob-
tained cross-sections of land degradation in electrical resisti-
vity in conjunction with geological interpretation are shown
in Figs 6 and 7.

The results of the ERT method in Plock section
through the slope near the Basilica

In the obtained electrofusion cross-section (Fig. 6) a
compliance between borehole profiles with characteristic re-
sistivity dispersion in the region of clays (up to 90 Q m) and
sands (> 120 Q m) can be observed very well. In the cross-section
representing the base of the slope, a zone of loose soils with high
resistance (> 500 Q m) is clearly visible. This is a safety embank-
ment protecting the Plock slope from falling. On the face of the
slope, above the embankment reinforcement, land area of
higher resistivity (> 200 Q m) can be distinguish. Geological
research could not recognize the place immediately, but
based on electrical resistance it can be assumed that this is

Electrical resistivity cross-section made in Plock, the Basilica. The explanation as on Fig. 3.

loose soil and can that potentially result in mass-movement
(e.g. under the influence of rainfall).

Atthe face of the slope there are lingering alluvial depos-
its with resistivity above 120 Q m.

The results of the ERT method in a section
through the slope in Maszewo

Drillings, as well as the results of the ERT method (Fig. 7),
show that the slope in Maszewo consists of cohesive deposits
(clay, sandy clay) with resistances of 35-60 Q m. In the upper
part of the slope their resistivity is slightly elevated (separa-
tion 7 — Fig. 5). That can be associated with loosened soil or
sand (> 130  m), which is noticeable only at the top edge of
the slope. Trees growing on the upper portion of the slope
grow straight, which means there is no landslide activity. The
steep “walls’’ of that fragment of the slope indicate that it
may be the former edge of the niche of a landslide.

The sediments forming the “shelf”, at the level of several
meters beneath the ground, have significantly lower resistan-
ces (separation 4). This zone extends for approximately 100 m.
Drillings have proved that these are silty clays over layered
with till. Most likely, they are the historical land surface of a
landslide. The argument confirming this hypothesis is the
land surface morphology, typical for landslide areas (Wyso-
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Fig. 7. Electrical resistivity cross-section performed in Maszewo.

kinski 1991), i.e. the presence of a niche, colluvium and
lakes.

Within the lower part of the slope (below the shelf) two sec-
tors of clearly elevated resistances (> 100 Q m and > 300 Q m)
can be distinguished. Boreholes located in these areas have
shown that these are slope sediments (colluvium). The trunks of
the trees grow on this part of the slope in a distinctive way. In the
bottom layer sector of ERT profile, a resistivity of around a do-
zen of Q m has been recorded. That can be most likely associ-
ated with Pliocene clay.

SUMMARY

By using the method of electrical resistivity tomography
(ERT) it was possible to acquire the distribution of electrical
resistivity in the soil in a 2D scheme for selected fragments of
the Ptock slope: near the Basilica and in Maszewo (2 km
north of Plock). The results of geophysical study have en-
abled significant expansion of geo-engineering analysis of
the Plock slope stability with additional information about
the arrangement of lithological layers and the degree of ho-
mogeneity of each layer. Due to variation of soil resistivity
based on lithology, its density and moisture, potential land-
slides locations can be indicated. Such sites show increased
electrical resistance in analyzed cross-sections.

It is important, that the results of ERT method allow de-
termination of the approximate size of the land area with in-
creased resistivity, and in order to verify anomalous zone, it
is possible to indicate with high accuracy the area for direct
verification (holes, outcrops). An important result of re-
search by ERT on the slope in Maszewo (SOPO database
which is described as a landslide Nr. 12054) is an indication
of the potential slip surface of a landslide. Research by ERT

made in the area of the Basilica also helped mapping the
slope stabilization for the slope below the building. Land-
slide activity in this area would have disastrous consequen-
ces for the cathedral complex. The geophysical study shows
that ERT method gives good results in comprehensive evalu-
ation of slope stability. Separated abnormality zones with in-
creased electrical resistivity values are usually areas of po-
tential landslide activity. Secretion of such zones enables op-
timal localization of test drillings for more accurate, direct di-
agnosis. The ERT research can also be used to help allocating
mass-movement monitoring posts, as well as enhancing pre-
ventive activities.
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