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This paper highlights the application of shallow non-invasive geophysics (electrical resistivity tomography) supported by
sedimentological analysis applied to the investigation, description and interpretation of Upper Jurassic limestones exposed
in the abandoned quarry near the village of Tomaszowice (Krakéw Upland, southern Poland). Within this site, on the northern
margin of the Krzeszowice Graben, a facies diversity of Upper Jurassic limestones can be observed. Field exposures were
analysed to broadly characterize these Upper Jurassic limestones in terms of facies and microfacies development. Three fa-
cies types, including pelitic limestones, bedded limestones and carbonate gravity-flow deposits, composed of numerous
microfacies, have been distinguished. ERT study using a dipole-dipole array has been carried out, along 5 parallel 110 m
long profiles and along a perpendicular 110 m long profile, north of the Tomaszowice Quarry wall. The use of ERT in combi-
nation with the geological data allowed characterization and description of the geology at the research site as well as the de-
termination of the lithological composition and internal architecture of the subsurface. Furthermore, the ERT interpretation
results indicated the presence of a series of a secondary faults closely linked with the Krzeszowice Graben. The distribution
of the gravity-flow deposits reflects the fault zone pattern of the graben and Late Jurassic fault activity.
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INTRODUCTION

Electrical resistivity tomography (ERT) is an effective,
non-invasive geophysical technique, widely applied for the de-
termination of shallow subsurface properties as well as the spa-
tial distribution of these properties embodied in the 2D and 3D
images. Because of this, ERT has been successfully inte-
grated, in particular, in sedimentological studies in geology (see
e.g., Hirsh et al., 2008; Silhan and Panek, 2010; Pellicer and
Gibson, 2011; Cwiklik, 2013; Moscicki et al., 2014; Koztowska
et al., 2016).

The Krakéw Upland, and in particular the tectonic margins
of the Krzeszowice Graben (Fig. 1) are perfect places at which
Upper Jurassic limestones of diverse facies can easily be ob-
served (see e.g., Dzutynski, 1952; Matyszkiewicz, 1997). Along
the graben margins, these Upper Jurassic limestones are com-
monly exposed, and show considerable sedimentological,
lithological and tectonic variability across short distances (see
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e.g., Matyszkiewicz, 1996; Matyszkiewicz and Krajewski, 1996;
Krajewski, 2000) while their lateral extents, restricted by the
size of exposures, remain poorly constrained.

We focus here on the combination of ERT with geological
analysis to provide complementary data on these Upper Juras-
sic limestones. While such geophysical surveys have in general
become more widely applied, the use of ERT in this study is its
first application to the Krzeszowice Graben, though ERT has
been applied north of the Krakéw Upland (in the area of Bydlin)
by Barski and Mieszkowski (2014).

This case study was carried out in a small abandoned
quarry located near the village of Tomaszowice, near Krakéw,
in the southern part of the Krakéw Upland (Figs. 1 and 2). Al-
though the Upper Jurassic limestone facies from this quarry,
have already been briefly described by Ziotkowski (2007b), who
recognized three facies in these Upper Jurassic limestones as
well as erosive contacts between some of them, their develop-
ment has until now not been studied in detail.

Our objective, in this paper, has focused on: (1) highlighting
the potential of ERT for investigation and reconstruction of
these Upper Jurassic rocks, (2) identifying and describing the
carbonate facies encountered in the study site, (3) defining the
spatial distribution together with boundaries between each fa-
cies by correlating the obtained ERT results with lithological
characteristics as well as (4) providing information about the
possible presence of tectonic structures in the research area.
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Fig. 1. Position of the Upper Jurassic limestones analysed in the area of Tomaszowice (asterisk) superimposed on a geological
map of the southern part of Krakow Upland (after Gradzinski, 2009, simplified and modified)

Position of the KLFZ (Krakéw—Lubliniec Fault Zone) and KCHF (Krzeszowice—Charsznica Fault) disturbing the Paleozoic basement after
Habryn et al. (2014); white dots with annotations indicate Upper Jurassic outcrops mentioned in the text: U — Ujazd; G — Giebultow
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Fig. 2A - location map of the abandoned quarry at Tomaszowice with the marked positions of the ERT survey lines (green
lines), the part in the rectangle is magnified in Figure 2B; B — detailed location of the ERT survey lines superimposed on the
digital orthophotomap of the area investigated (source of orthophotomap: Google Earth web site)
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GEOLOGICAL SETTING

The Krzeszowice Graben is one of the largest of all numer-
ous grabens that occur within the regional tectonic unit of the
Silesian—Krakéw Homocline, and is the most easily apparent
structure among the modern landforms of the Krakéw Upland
(Fig. 1).

The homocline is built of Mesozoic sedimentary rocks (Tri-
assic, Jurassic and Cretaceous) that dip gently, at a low angle,
towards the NE, and rest unconformably on the pre-Mesozoic
basement of the homocline, which consists of folded Precam-
brian and Paleozoic rocks. The homocline basement is cut by
the Krakéw—Lubliniec Fault Zone (KFLZ) and the
Krzeszowice—Charsznica Fault (KCHF; Buta et al., 2002;
Habryn et al., 2014; Narkiewicz and Petecki, 2017). The KLFZ,
which divides the homocline basement into the Upper Silesian
Block and the Matopolska Block (Zaba, 1995, 1999) has been
active since the earliest Paleozoic (Morawska, 1997; Zaba,
1999). Moreover, this tectonic zone, especially along the
boundary of the Matopolska Block, includes many Paleozoic in-
trusions (Buta et al., 1997; Zaba, 1999).

The unique readability of the Krzeszowice Graben within
the Silesian—Krakéw Homocline has been conditioned by the
differences in erosion between the Miocene strata filling the
graben and the rocks forming the graben margins (mainly Up-
per Jurassic limestones). A second factor was the Paleo-
gene—Neogene movements which enabled erosion of the Mio-
cene infill.

The southern margin of the Krzeszowice Graben was de-
fined by Dzutynski (1953) as the Tenczynski Horst while the
northern margin has been referred to as the Ojcéw Plateau
(Bogacz, 1964, 1967; Fig. 1); they reflect the narrow zones of
this complicated faulted structure. Although it is generally rec-
ognized that Cenozoic tectonics (linked with the overthrusting
Carpathian nappes) was responsible for generating the faults
that framed the tectonic structure of the Krzeszowice Graben
(Dzutynski, 1953; Gradzinski, 1972), this process may have
been initiated in the Late Jurassic or even earlier
(Matyszkiewicz, 1996; Matyszkiewicz et al., 2007; Nawrocki et
al., 2008; Habryn et al., 2014; Matyja and Ziotkowski, 2014).

The Upper Jurassic strata of the present-day Krakéw Up-
land, the thickness of which reaches ~250 m (Matyszkiewicz et
al., 2015b), are diverse, consisting of massive and bedded fa-
cies as well as reworked sediments that are related to gravity
flow processes (Fig. 3).

The Upper Jurassic bedded facies (also called a “normal fa-
cies”; vide Gwinner, 1976) are represented by thin-bedded
marl-limestone alternations, bedded pelitic limestones and bed-
ded limestones with early diagenetic cherts, and bedded lime-
stone-marl strata known from well logs (Burzewski, 1969). It is
commonly accepted that the sedimentary environment of the
bedded facies was placed in the inner-depressions
(intrabiohermal depressions) between elevated, by up to 100 m
(cf. Matyszkiewicz, 1999), parts of the carbonate buildups and
on their slopes (cf. Dzutynski, 1952).

The Upper Jurassic massive facies, defined by Dzutynski
(1952) as unbedded limestones without cherts, consist of pre-
served fragments of various types of sponge-microbial, micro-
bial-sponge as well as microbial carbonate buildups
(Matyszkiewicz et al., 2012). Locally, within these buildups, rare
accumulations of brachiopods infill neptunian dykes
(Matyszkiewicz et al., 2016).
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Fig. 3. Lithostratigraphic section of Upper Jurassic strata in the
southern part of the Krakéw Upland (after Matyszkiewicz et al.,
2016, modified) with probable stratigraphic position (black line)
of Upper Jurassic limestones exposed at the site
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Almost the entire Upper Jurassic succession of the Krakow
Upland hosts a wide variety of gravity flow sediments. These
sediments reveal a high lithological variety, among which are
grain flow and debris flow deposits as well as calciturbidites and
tempestites (Bukowy, 1960; Gtazek and Wierzbowski, 1972;
Hoffman and Matyszkiewicz, 1989; Matyszkiewicz, 1993, 1996,
1997; Koszarski, 1995; Matyszkiewicz and Krajewski, 1996;
Matyszkiewicz et al.,, 2007, 2015b; Matyszkiewicz and
Olszewska, 2007). These deposits are widely encountered
along the boundaries that define the graben margins, especially
lengthwise along the narrow northern zone of the Krzeszowice
Graben (Matyszkiewicz, 1996; Zidtkowski, 2007a, b; Matysz-
kiewicz et al., 2012).

Reworked sediments are the most accentuated at the
boundary between the Upper Oxfordian and Lower
Kimmeridgian (Matyszkiewicz, 1996). In addition, gravity flow
deposits were identified in the part of the profile that belongs to
the Middle and Lower Oxfordian (Koszarski, 1995). The factors
that affected the formation, development and size of the gravity
flow deposits were closely related to: (1) the differential sea-bot-
tom relief between the carbonate buildups and the basins be-
tween them; (2) a temporary deterioration of conditions control-
ling the growth of the carbonate buildups (initial drowning, cf.
Bice and Stewart, 1990); (3) the synsedimentary tectonics as-
sociated with the KLFZ activity as well as (4) sea level fluctua-
tions (see e.g., Matyszkiewicz, 1996, 1997, 1999;
Matyszkiewicz et al., 2007, 2015b, 2016).

Our geological studies were carried out in a small aban-
doned quarry (50°08'29.13"N; 19°50'09.79"E) located in the
complex area that separates the Ojcow Plateau from the vast,
east-west trending Krzeszowice Graben, near the village of
Tomaszowice, in the southern part of the Upland (Figs. 1
and 2). The precise stratigraphic level of the succession ana-
lysed, generally ascribed as belonging to the Oxfordian, re-
mains unknown due to a lack of zonally significant ammonite
faunas. Precise stratigraphic levels have been defined in Upper
Jurassic limestones exposed near Ujazd (the boundary be-
tween the Oxfordian and the Lower Kimmeridgian), ~2 km west
of the exposure studied and at Giebuttéw (Lower
Kimmeridgian) ~4 km east of the succession studied, respec-
tively (Ziotkowski, 2007a, b).

METHODS

The exposure was described and sampled prior to the geo-
physical survey. Sedimentological analysis focused on facies
and microfacies characterization of the exposed limestones.
Samples were collected from the quarry wall, spanning the en-
tire thickness of the Upper Jurassic limestones. Detailed
microfacies analyses was carried out on 18 thin sections and 12
polished slabs. All limestone samples were subsequently clas-

sified using Dunham (1962) scheme with its later modifications
by Embry and Klovan (1972).

ERT acquisition was performed using a SuperSting R8 re-
sistivity meter, connected to a linear array of 56 electrodes si-
multaneously (setup) with basic electrode spacing Ax =2 m. In
this paper, the dipole-dipole array type was used, as it is highly
sensitive to horizontal changes in resistivity and is widely used
in the investigation of near-surface resistivity variations (cf.
Szalai and Szarka, 2000; Dahlin and Zhou, 2004). Lengths of
current and potential dipoles a =1, 2, 3, 4, 5, 6 Ax and separa-
tion factors (distances between current and potential dipoles),
n=1,2,3,4,5,6 ahave been used. In total, 5 parallel (P1-P4,
P6) 110 m long survey lines, separated by each other by 10 m
as well as one survey line perpendicular to the quarry wall
110 m long (P5) were acquired. ERT survey was made in two
stages. During the first phase of ERT measurement (June,
09.2016) two survey lines (P1-P2) were established, whereas
the remaining survey lines (P3—-P6) were conducted during the
second stage (September, 09.2016). In order to avoid quarry
wall effects on the measurement result, the first survey line P1
was placed ~21 m from the quarry edges. The perpendicular
survey line P5, which starts at the edge of the quarry, cuts the
P1 line at 56 m length. Locations and measurement parameters
of each survey line are shown in Figure 2 and Table 1.

Geodetic measurements, with the use of the Jogger 20 lev-
eler of Leica Geosystems, were conducted simultaneously with
the geophysical surveys for the purpose of establishing elec-
trode elevations along each profile. Such measurements are
necessary to determine the terrain morphology which signifi-
cantly influences the data inversion process (Bania, 2011).

The obtained apparent resistivity datasets, along the desig-
nated survey lines, were inverted using Res2Dinv of Geotomo
Software (Loke, 2010). The inversion process based on the
L1-norm (robust, blocky) and L2-norm (smooth) inversion
method was tested. In this paper, we provide inverted resistivity
sections only for the robust inversion method, which tends to
produce models with a much sharper and straighter boundary
between different regions with different resistivity values (Loke
et al., 2003). All inversion data provide root mean square error
(RMS) of between 0.99 and 2.50% (with a mean value of
1.60%) which reflects high data quality.

In order to analyse the resistivity sections in terms of the oc-
currence of sharp “structural” boundaries, analyses of the verti-
cal and horizontal gradients of the interpreted resistivity distribu-
tion was performed. General interpretation of the obtained ERT
results was primarily based on correlation with the exposed Up-
per Jurassic lithologies, for which different facies were as-
signed. To show a general picture of the geological structure,
contour maps of first and second class top surfaces have been
created. The depths for each contour map were determined
over a height point ‘0’, which was adopted from the ERT data.

Table 1

Main characteristics of the ERT survey lines

ERT Parameters
No: survey lines orli::arr?tlealteion Ieﬁg]ct)lgl[em] Elelfér:c? o %l:f;{%%e[sni]e configELIJGr}g%irc?r?se ?array) D?qtﬁnggérgts RMS error [%]
1 P1 1.0
2 P2 NW-SE g ) 1.2
3 P3 pole-dipole 25
110 56 a=1-6 ~1323
4 P4 n=1-6 1.7
5 P5 NE-SW 2.2
6 P6 NW-SE 0.99
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RESULTS

MACROSCOPIC OBSERVATIONS AND MICROFACIES DEVELOPMENT
OF LIMESTONES EXPOSED IN THE TOMASZOWICE QUARRY

In the W-E trending wall of the abandoned Tomaszowice
Quarry, the facies relationships in the limestones can be ob-
served (Fig. 4).

The lower part of the Upper Jurassic succession begins with
yellowish pelitic limestones (F1; Fig. 4). This part of the succes-
sion is only exposed in the lowermost eastern bottom part of the
quarry, and a single sample was collected for microfacies study.
Thin sections show fine bioclastic wackestones with abundant
sponge spicules, fragments of thin-shelled bivalves and radio-
larians (Fig. 5A) while single echinoderm plates and
foraminifers are also present. Pressure dissolution features
represented by horizontal (locally subhorizontal) and/or
subordinately vertical stylolites lined with Fe-oxides are very
common. Moreover, the wackestones are intensely
bioturbated, though the diversity of the trace-fossil associations
throughout this microfacies is very low. Generally, two types of
burrows, Chondrites isp. and ?Planolites isp., were observed.

Upwards, the pelitic limestones are replaced by ~3 m thick
succession consisting of bedded facies varying in thickness,
which are represented by limestones with cherts and locally
with marly intercalations (F2, Fig. 4). Weathered limestone sur-
faces show numerous calcified siliceous sponges up to several
tens of centimetres across. The chert nodules, locally densely
fractured, represented by elliptical bodies up to 13 cm across
and elongated horizontally bodies up to 25 cm long, are distrib-
uted mainly parallel to the bedding planes. Towards the central
part of the wall, the bedding is less distinct and obscured by
chaotically distributed cherts. Microscopically, the bedded lime-
stones are developed as bioclastic wackestones-packstones
as well as boundstones (Fig. 5B). In microscopic view, the dom-
inant wackestone-packstone components are enigmatic
microencrusting fossils such as Crescentiella morronensis (for-
mer Tubiphytes sp., cf. Senowbari-Daryan et al., 2008) accom-
panied by numerous bioclasts dominated by bivalves shells, a
variety of siliceous sponge spicules, Terebella lapilloides,
plates of echinoderms, bryozoans, serpulid tubes, calcareous
sponges as well as foraminifers and holuthurian sclerities.
Some of the bioclasts have evident thin micritic envelopes.
Among the main recognisable detrital components, tuberoids,
oncoids, intraclasts and subordinate small ooids are also evi-
dent. Locally in the wackestones, small, irregular borings are
also apparent. The prominent components of the boundstones
are microbialites together with the calcified siliceous sponges
which form so-called “unitary sedimentary sequences” (cf.
Gaillard, 1983; Matyszkiewicz, 1989; Oldriz et al., 2003; Reolid
et al., 2005). The sponges provided suitable substrates for en-
crusting or attaching epifauna on their lower surfaces (mainly
serpulids and bryozoans), whereas the opposite, upper
sponge-surfaces were overgrown by diverse microbialites. The
spectrum of microbialites is very wide and includes stromatolite
and thrombolite structures. Sponges bearing numerous borings
as well as some inhabitants related to Bullopora sp. within the
skeletal sponge meshwork could be observed. Furthermore,
numerous Crescentiella morronensis showing up to 0.3 mm
thick walls, agglutinated, oval annelid worm tubes that corre-
spond to Terebella Ilapilloides and individual benthic
foraminifers are also frequent. Stylolites, which are commonly
accompanied by brownish Fe-oxides within the boundstone
microfacies, are very common.

The uppermost part of the Upper Jurassic succession is
represented by massive assemblages of limestone clasts and
chaotically distributed cherts, referred to gravity-flow deposits
(F3, Fig. 4A-B). The limestone clasts are poorly sorted and
their dimensions varied from several cm up to several tens of
cm. Clast packing within this unit is variable and shows
clast-supported and to a lesser extent matrix-supported fabric
(Fig. 4C). Moreover, the limestone clasts are generally distrib-
uted fairly randomly and their orientation is chaotic. Locally,
subtle inverse grading could be observed (Fig. 4C). The
microfacies development of the limestone clasts within the
gravity-flow structure are notably diverse, both vertically and lat-
erally (Fig. 5C—F). The clasts are developed as: (1) detrital sedi-
ments, mostly as packstones, grainstones and wackestones
with very abundant Crescentiella morronensis; (2) micro-
bial-Crescentiella boundstones; (3) bioclastic packstones-
wackestones as well as (4) microbial-sponge boundstones with
Crescentiella.

The boundary that separates the gravity-flow deposits from
the underlying bedded facies extends along sharp irregular dis-
continuity surfaces. Especially in the extreme western part of
the quarry wall, this surface is undulating and forms a presum-
ably N-S or NE-SW erosional trending channel (Fig. 4B). Lo-
cally, this boundary is also emphasized by the occurrence of a
thick layer, up to 15 cm thick, of brownish-greenish marl
(Fig. 4D). The marl contains small angular limestone clasts up
to several cm across and abundant microfossils among which
foraminifers (Ammobaculities sp., Dentalina sp., Paalzowella
turbinella, Rumanolina elevata, R. seiboldi, Spirillina elongata,
Sp. infima, Sp. tenuissima), radiolarians (Spumelaria), numer-
ous spicules and skeleton fragments of siliceous sponges,
echinoids, holothurian sclerites, coccoliths as well as otoliths
were identified.

The Upper Jurassic succession exposed in the quarry wall
hosts discontinuities of various origins. Notably, in the western
part of the quarry wall, the limestones are cut by a ~2 m long
vertical joint, widening up to 16 cm across in its bottom part
(Fig. 6A). This joint is filled with several cm thick accumulations
of epigenetic siliceous precipitates as well as with a brown
clayey karstic residuum. Other indistinct discontinuities could
also be observed within the gravity-flow structure. These wavy,
irregular and/or nearly-flat surfaces divided the entire deposit
into several units (Fig. 4B). In the eastern part of the quarry wall,
the limestone facies are dissected by a presumably
ENE-WSW striking fault, dipping at a high angle (Fig. 6B), ac-
companied by breccias.

GEOELECTRICAL SURVEY RESULTS

The ERT inversion results, which are given in Figure 7,
show that the range of interpreted resistivity values is consider-
able, from 10 to >1000 Om. At the same time the following pat-
terns are apparent in the interpreted sections:

(1) The near-surface zone is dominated by a low-resistivity
layer, of variable thickness, whose resistivity values are
<20 Om. In the central part of the P1 section the thick-
ness of this layer is ~3-5 m (ca. x = 24—86 m) while at
the ends of the cross-section it is significantly smaller
(~1 m). In the further sections a considerable increase in
thickness of the low resistivity layer can be observed. In
the P6 section their thickness is >10 m (ca. x = 56 m;
Fig. 7).

(2) The layer underlying the low resistivity layer is charac-
terized by much higher resistivity values (several hun-
dred Om or more). The significant variability of this layer
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Fig. 4. Field pictures

A — general view of the exposure encountered in the abandoned Tomaszowice Quarry: three diverse Upper Jurassic facies among which
pelitic limestones (F1), bedded limestones (F2) and carbonate gravity-flow deposits (F3) can be observed (cf. Zidtkowski, 2007b). Areas in
the dashed rectangle magnified in Figure 4B and in grey rectangles magnified in Figure 6A, B; B — Detail of the sharp, erosive contact with
channel structure (arrows) between Upper Jurassic carbonate gravity-flow and bedded limestones (respectively F3 and F2, Fig. 4A). Upper
part: internal layering of individual gravity-flow units (red dotted lines). Areas in rectangles magnified in Figure 4C, D; C — densely packed
clast-supported carbonate gravity-flow deposits composed of angular to subrounded limestone clasts with only minor fine-grained matrix.
Sutured edges of the limestone clasts are commonly stylolitized. Lower left part: subtle inverse grading in the basal part (arrow; Nikon lens
cap for scale); D — a layer of marls with platy, mm-scale fissility dipping at a low angle towards the N or NE, occurs locally within the erosional
channel at the top of the bedded limestones (pen for scale)
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Fig. 5. Thin-section photomicrographs of Upper Jurassic limestones from the Tomaszowice Quarry

A — burrowed fine-bioclastic wackestones; centre and right: an distinct burrow enriched with abundant echinoderm detritus with common
echinoid spines, the whole burrow structure is cross-cut by subhorizontal, low-angle stylolites lined by iron-bearing oxides (white arrows); B —
microbial-sponge boundstones with Crescentiella, the outer surfaces of calcified siliceous sponges (upper right and right) are bordered by
stylolites (white arrows); C — wackestones with common Crescentiella; lower left: Crescentiella surrounded by bryozoans in which the
cyanobacterian crust continues around and penetrates partly into the bryozoan cavities (white arrow); D — packstones, with common
Crescentiella, oncoids with bioclasts in the nuclei (red arrow), tuberoids, intraclasts and numerous unidentified crushed bioclasts, some of
the bioclasts tend to have a micritic envelopes (cortoids; white arrows); E — microbial-Crescentiella boundstones, the present position of the
bottom-top direction is indicated by the white arrow, while the red arrow indicates the original top; F — microbial-sponge boundstones with
Crescentiella, upper part: reoriented geopetal infills consisting of fine-grained internal sediments and blocky cement (white arrows) above
the cavity
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Fig. 6. Discontinuity surfaces

A —high-angle fractures, cutting through Upper Jurassic bedded limestones (F2, Fig. 4), filled with the epigenetic precip-
itates (white arrows) and karstic clayey residuum; B — weathered fault breccia: contact between breccia and surrounding
Upper Jurassic limestones extends along the steep surface (white arrows); see locations in Figure 4A

is apparent between sections. In section P1, this layer
occurs shallowest at the NW and SE ends of the electri-
cal sections, while a clear depression can be seen on its
course (including at 30—70 m; Fig. 7). Clear differences
in the resistivity values within this zone, both in the hori-
zontal and vertical directions, are present. The depres-
sion noted is also clearly visible within the next, P2 sec-
tion, where significantly lower resistivities (<200 Qm)
are apparent in the SE part of the section. In the next
sections, P3 and P4, the high resistivity layer has con-
sistently much higher resistivity values than in previous
sections, and the top surface of this layer occurs at
greater depths. A clear change appears between the
sections P4 and P6. The top surface of the high resistiv-
ity layer in section P6 is weakly marked and is located at
least 20 m below ground level.

(3) The ERT P5 section, perpendicular to the parallel sur-
vey lines grid, shows a stepwise structure of the high re-
sistivity layer (Fig. 7).

DISCUSSION

INTEGRATION OF SHALLOW GEOPHYSICAL SURVEY
WITH GEOLOGICAL DATA

Comprehensive geophysical-geological interpretation.
The value determined in the DC resistivity measurements is de-
fined as the apparent resistivity, which is a function of many pa-

rameters, such as true resistivity distribution, type of electrode
array, and its size and position in relation to the geological struc-
tures (Moscicki and Antoniuk, 1999). In order to obtain the infor-
mation about the true resistivity distribution, the apparent resis-
tivity measured in the field undergoes a quantitative geophysi-
cal interpretation (inversion), in which ambiguity is an inherent
feature (Loke, 2011). An additional complication is that the ob-
tained 2D model resistivity section assumes that the measure-
ments were carried out on a profile perpendicular to the axis of
the geological structure. This is rarely met because the geologi-
cal structure is unknown. It causes the “error” in the interpreta-
tion, resulting from the 2D approximation of the real, spatially di-
verse geological structure (Loke and Barker, 1996). Therefore,
the resistivity section obtained from inversion should be treated
as an approximation of the true resistivity distribution.

The integration of geophysical and sedimentological data
has led us to the reconstruction of the shallow facies architec-
ture of the Upper Jurassic limestones in the area of
Tomaszowice. In order to facilitate the resistivity distribution
analysis that was obtained from the inversion process, three re-
sistivity classes were distinguished (Fig. 8). Taking into account
all the data obtained, the appropriate lithologically diverse fa-
cies type (Fig. 9) has been assigned to a particular resistivity
class.

The first resistivity class, which represents the range of re-
sistivity >300 Om (cf. Fig. 8), most likely corresponds to solid
limestones and presumably represents two distinct facies
types. One of these, in cross-sections P1 and P2 (Fig. 9), can
be interpreted as a continuation of the carbonate gravity-flow
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The position of each survey line is indicated on Figure 2
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The classifications based on the resistivity classes should be regarded as an attempt to simplify the lithological identification based on
the resistivity values
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Fig. 9. Geological interpretation of the ERT survey lines (P1-P6) obtained by integration of all the research data

deposits apparent in the quarry wall (cf. F3, Fig. 4). The line of
the maximum negative values of the vertical gradient, outlined
on the P1 section (black dotted line, Fig. 8), emphasises the
course of the lower boundary of these deposits. Unfortunately,
the same surface is not apparent within the next P2 section,
with the result that this boundary is unclear. Curiously, it reap-
pears in the further cross-section P3 (white question mark, P3,
Fig. 8). It should be noted that the position of this line, in the P3
section, cannot be treated with high confidence, because in this
part of the interpreted section we are dealing with a homoge-
neous zone with a relatively high values of interpreted resistiv-
ity. This ambiguity may be due, e.g. from the nature of the inver-
sion process (cf. Loke and Barker, 1996).

Assigning a particular facies type to the deposits of the first
resistivity class that are visible in other cross-sections
P3-P4-P6 (Fig. 8) seems to be difficult due to the presence of
considerably higher values of resistivity in relation to the initial
profiles P1—P2 (Fig. 7). These deposits may be interpreted as a
continuation of the carbonate gravity-flow deposits, or as a dif-
ferent facies that represents e.g. massive limestones (cf.
Fig. 9). Ambiguity in the facies interpretation (based on the re-
sistivity distribution) may be connected with the fact that the
measurements were performed at two different stages and
therefore the weather conditions (governing humidity and water
distribution in overburden deposits) may have affected the
measurement results (e.g., Clement et al., 2009).
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The second resistivity class, which represents resistivity in
the range of 100—-300 Om (cf. Fig. 8), can be interpreted in two
ways. On the one hand, the zone that occurs immediately
above the high resistivity sediments of the first class can be
combined with a layer of weathered limestone (Fig. 9) except
for the surface layer that is highlighted in section P6 (at
6—47 m), which in this case is one of the overburden layer (e.g.,
sandy soil). The line of the maximum positive values of the ver-
tical gradient (red dotted line, Fig. 8), emphasises the top sur-
face of the weathered zone of the Upper Jurassic limestones
(Fig. 9). This zone occurs in the shallowest parts of the extreme
SE and NW ends of the P1, P2 cross-sections as well as at the
NW end of the P3 section (Figs. 9 and 10A). Within the central
parts of the first three cross-sections, these deposits are at a
depth >9 m, thus consistent with an eroded trough (cf. zone D;
Fig. 10A).

The same resistivity zone (100—-300 Qm) that occurs imme-
diately below the high resistivity sediments well up on P1 sec-
tion, suggests the occurrence of a different limestone facies
type. In this case, this zone may be associated with the bedded
limestones (Fig. 9) that are present directly below the grav-
ity-flow deposits (cf. F2, Fig. 4). Presumably this limestone type
also appears in the next P2 cross-section where it is limited to
the NW margin of the section (Fig. 9).

An interesting case of the second resistivity class occurs
within the SE part of the P2 cross-section (at 72—96 m; Fig. 8).
This particular part of the cross-section can be presumably as-
signed to the carbonate gravity-flow deposits together with
zone of the weathered limestones (question mark in circle,
Fig. 9). Moreover, the second resistivity class marked on the
perpendicular section P5 (Fig. 8) can be equated with the rock
that represents the facies variety described in the first resistivity
class along with the zone of weathered limestones (Fig. 9). The
difference in the resistivity distribution between parallel and per-
pendicular survey lines (e.g., P1 and P5) can be associated
with a different electric current distribution within a complex
geological structure.

Other deposits that have a resistivity of <100 QOm represent
the third resistivity class (cf. Fig. 8) and can be identified with
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the post-Upper Jurassic deposits that form the overburden
(Fig. 9).

Tectonic interpretation. The geophysical interpretation
has also permitted us to identify tectonic phenomena, espe-
cially zones likely to represent series of faults or, more precisely
fault zones, in the research area. These structures may cause
the characteristic contour distribution, representing the value of
the interpreted resistivity, which can be examined and investi-
gated by numerical modelling (cf. Nguyen et al., 2005). The
course of the faults was suggested based on the sections that
had been compiled with the calculated values of the vertical as
well as the horizontal gradients of the interpreted resistivity
(Fig. 8). The presence of four fault zones in the study area is
postulated (Fig. 9).

In the cross-section P1 over the distance of the ~60—-72 m, a
distinct break in the continuity of the maximum positive and
negative values of the vertical gradient of the interpreted resis-
tivity as well as in the strata attributable to the first and second
resistivity class by a zone that reveals a lower resistivity value is
evident (LRZ; Fig. 8). This situation is better reflected on the
map that shows the top surface of the strata of the first resistivity
class (Fig. 10B) with a resistivity of >300 Qm. It is apparent that
these rocks do not occur in certain parts of the maps, as is par-
ticularly visible in sections P1 and P2 (zone A, Fig. 10B). The
lateral limitations of this zone match perfectly to the mutually
parallel horizontal gradients of the interpreted resistivity posi-
tioned within cross-section P1 (at 60 and 72 m) and P2
cross-section (at 66 and 72 m; Fig. 8). The same zone on the
further P3 section is less visible and is presumably limited only
to the SE marginal part of the section. In our opinion, this zone,
with an alleged NE-SW course, may be interpreted as fault fis-
sure enlarged by karst processes (Fig. 9). Another fault which
was probably reshaped by karstification is apparent at the SE
end of cross-section P5 (Fig. 9) in the close proximity to
cross-section P1. The lateral extent of this zone, which extends
in a presumably WNW-ESE direction, is marked by the occur-
rence of two parallel zones of horizontal gradients (X' = ~16 and
22 m; Fig. 8).

19°50’10.56”E
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Fig. 10. Contour maps of Upper Jurassic limestone top surfaces (without tectonic phenomena)

A — top surfaces of the sediments assigned to the second resistivity class (cf. Fig. 8), which have been identified as zones of weathered
limestone (cf. Fig. 9); B — top surfaces of the strata assigned to the first resistivity class (cf. Fig. 8), which have been identified as
carbonate gravity-flow deposits and/or another facies type (cf. Fig. 9); source of orthophotomap( Google Earth web site)
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Fig. 11. Sketch map with the positions of the faults identified
in the research area

Source of orthophotomap (Google Earth web site)

A distinct break in the continuity of the maximum positive
values of the vertical gradient within the NW part of the P3
cross-section (between 22 and 26 m; Fig. 8) indicates another
fault zone. The presumed NNE-SSW course of this fault has
been defined on the basis of the horizontal gradients apparent
on the subsequent P1-P2—-P4 and P6 cross-sections. The last
hypothetical fault, of alleged WNW-ESE course, is positioned
in the zone between the P2 and P3 cross-sections. The faults
emphasise the complex geological structure with small, dis-
tinctly tilted (toward the NE) fault blocks, clearly visible on the
perpendicular P5 cross-section (Fig. 9).

Figure 11 depicts the schematic course of the interpreted
fault zones based on the geological interpretation derived from
Figure 9. All established faults represent a series of secondary
faults, which are more or less perpendicular to the main faults
which frame the structure of the Krzeszowice Graben (cf.
Fig. 1).

REMARKS ON THE DEVELOPMENT OF THE UPPER JURASSIC
LIMESTONES IN TOMASZOWICE QUARRY

According to Ziotkowski (2007b), the Upper Jurassic pelitic
limestones (F1, Fig. 4) exposed in the lowermost part of the
Tomaszowice Quarry represent a presumably similar sedimen-
tary environment and time interval (?Middle Oxfordian) to the
Upper Jurassic limestones described from the area of Korzkiew
(~7 km north-east of the studied outcrop; Ziotkowski, 2005).

The bedded limestones from the middle part of the
Tomaszowice Quarry (F2, Fig. 4), were deposited in Late Ju-
rassic shallow-water and open-marine epicontinental condi-
tions (e.g., Leinfelder et al., 1996; Matyszkiewicz, 1997;
Krajewski et al., 2016) and represent the Tubiphytes—Terebella
association widely described from the literature (Leinfelder et
al., 1996).

The Upper Jurassic deposits from the uppermost part of the
quarry (F3, Fig. 4) display characteristics associated with car-
bonate gravity-flow deposits, such as debris flow deposits (cf.
Fligel, 2004), in line with the observation of Zidtkowski (2007b).
Based on the sedimentological study it cannot be excluded that
these Upper Jurassic debris flow deposits might have formed
by aggradational growth of several stacked individual debris
flow surges (see e.g., Major, 1997; Sohn et al.,1999; Sohn,
2000; Tripsanas et al., 2003). However, the ERT methods did
not discriminate details within the debris flow sedimentary body.
Post-depositional processes such as dewatering, compaction
and/or amalgamation may have led to the welding of single
surges, which are not stratigraphically distinguishable, into the
one unit that can be observed right now in the quarry (cf. Major,
1997; Sohn, 2000). The high proportions of limestone clasts
with relative low matrix content, that according to Fllgel (2004)
is noncohesive in a carbonate debris flow, suggest that this de-
bris must have been weak during deposition (cf. e.g., Surlyk,
1984). Such a composition results in presumably stiff plastic
flow properties in which internal friction and clast shearing are
responsible for a decelerating flow speed (Henrich, 2016). Such
material within the flow structure could not be transported for
long distances from the source area due to the lack of buoyancy
(e.g., Drzewiecki and Simé, 2002).

The lower boundary of the debris flow deposits (revealing
their typical erosive nature) may be identified with a basal shear
surface where the downslope oriented shear stress exceeds
the shear strength of a sediment (vide Frey-Martinez, 2010).
However, such surfaces may result in the deposition of debris
flow deposits that have high internal shear near the base of the
flow (Middleton, 1970).

The deposition of the debris flows analysed probably took
place in the zones that represent the proximal parts of the
slopes of carbonate buildups or their complexes and suppos-
edly corresponds to the Upper Jurassic Oxfordian—Kim-
meridgian stage boundary (Fig. 3; cf. Matyszkiewicz, 1996;
1997). With respect to the gravity-flow deposits at
Tomaszowice, similar deposits (in close proximity to the site ex-
amined) of comparable age have been comprehensively identi-
fied at Ujazd and Giebuttéw. In agreement with observations
provided by Zidtkowski (2007a), the Upper Jurassic deposits
represent the Bimmamatum—Platynota zone at Ujazd and the
Lowermost Kimmeridgian sublevel Polygyratus—Desmoides of
the Platynota zone at Giebuttéw.

The direction of the erosional channel (Fig. 4B) documents
the presumably N-S or NE-SW sediment transport direction
towards the present-day centre of the Krzeszowice Graben.
Furthermore, the observed channel orientation is almost paral-
lel to that of the nearby faults (Fig. 9), which corresponds to the
northern boundary of the Krzeszowice Graben (Fig. 1). It is
widely accepted in the literature (e.g., Matyszkiewicz, 1996;
Ziotkowski, 2007a) that at least a portion of the faults which
bound the structure of the Krzeszowice Graben already existed
in Late Jurassic or even earlier times and were subject to multi-
ple Alpine reactivation (Matyszkiewicz et al., 2007; Nawrocki et
al., 2008; Habryn et al., 2014; Matyja and Ziétkowski, 2014).
The same situation appears to hold for the faults (Fig. 8) which
were identified in the research area.

The presence of Upper Jurassic debris flow deposits at
Tomaszowice records Late Jurassic synsedimentary fault tec-
tonics, which was a repercussion of the transregional factors
that were responsible for opening both the North Atlantic and
Tethys Oceans (Ziegler, 1990; Allenbach, 2002). Fault tectonic
activity plays a major role in the initiation of gravity flows, and
also affects their character by influencing factors such as sedi-
ment production and slope morphology (cf. Pochat and Van
Den Driessche, 2007; Quiquerez et al., 2013). In the research
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area, tectonic activity was accompanied by the rejuvenation of
older Paleozoic structures in the homocline basement, in partic-
ular the Krakéw—Lubliniec Fault Zone (e.g., Brochwicz-
Lewinski et al., 1984; Zaba, 1999; Matyszkiewicz et al., 2006,
2007, 2012, 2015a, b).

CONCLUSIONS

1. Electrical resistivity tomography together with
sedimentological study was used to investigate the Upper Ju-
rassic limestones at the Tomaszowice Quarry, located within
the northern margin of the Krzeszowice Graben (southern Po-
land).

2. The correlation between the exposed Upper Jurassic
limestones and the ERT images obtained (on which resistivity
classes have been established) has allowed their interpretation
in the subsurface as constraint of their lateral distributions. The
first resistivity class (>300 (2m) was identified for the most part
as debris flow deposits, perhaps with massive limestones. A
second resistivity class (100-300 Qm) was correlated with bed-
ded limestones, zones of weathered limestones and rocks at-
tributable to the first resistivity class. Both of these classes refer
only to the Upper Jurassic limestones, while a third resistivity
class (<100 Qm) represents overburden layers that are youn-
ger than Upper Jurassic. On general grounds, the obtained re-

sults provide and supplied information to the its geological inter-
pretations.

3. The ERT results (analyses of the vertical and horizontal
gradients) showed the usefulness of this technique for the delin-
eating zones that may be interpreted as fault zones. The data
presented suggest occurrence of four fault zones, of which two
are enlarged, presumably by karst processes.

4. The presence of gravity-flow sediments such as debris
flow deposits in the marginal zones of the Krzeszowice Graben
reflects Late Jurassic activity of the faults that formed the
graben. This phenomenon was connected with the reactivation
of the preexisting Krakéw—Lubliniec Fault Zone.
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