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We have combined traditional geological field mapping, LiDAR-based digital elevation model (DEM) analysis, and shallow
2D Electrical Resistivity Tomography (ERT) to investigate the syn- to late-orogenic Mississippian (‘Culm’) succession pre-
served in the Glinno Graben (NE Bohemian Massif, SW Poland), and to propose a new model for its multistage tectonic evo-
lution. The Glinno Graben, situated in the Géry Sowie Massif (GSM) southwest of the Sudetic Boundary Fault, is ~7.5 km
long, up to 1.5 km wide, and has a markedly asymmetrical internal structure. Structural and geophysical data, supported by
regional evidence from the nearby Kamionki Graben, suggest that the main boundary faults of the graben originated during a
late Carboniferous to early Permian extensional or transtensional phase, following folding of the Mississippian strata, likely
during the Namurian. A subsequent compressional episode during the Late Cretaceous to early Paleogene interval reacti-
vated pre-existing faults and produced broad, gentle folds within the Carboniferous graben fill. Although direct structural evi-
dence is sparse due to limited exposure, this event is supported by regional tectonic correlations. The final tectonic phase,
possibly of Neogene to Quaternary age, was marked by NE-SW extension and resulted in the development of high-angle
normal faults and internal compartmentalization of the graben. This phase also controlled the development of structurally in-
duced landslides and the formation of Ostrzew Hill as a resistant erosional outlier in the southern part of the graben. Despite
poor bedrock exposure, ERT and DEM analyses consistently delineated boundary faults and internal segmentation of the
graben. This integrated approach provides the first detailed structural characterization of the Glinno Graben atop the GSM
and highlights the long-term reactivation of inherited basement discontinuities.

Key words: Variscan folding, Sudety Mts., Mississippian, Alpine inversion, Electrical Resistivity Tomography (ERT), LiDAR
DEM analysis.

INTRODUCTION 2025). Despite its limited geographic extent, the Carboniferous
succession of the GSM holds significant regional importance,

as it preserves a localized record of late Variscan folding during

The Goéry Sowie Massif (GSM), a high- to medium-grade
metamorphic unit forming part of the Variscan orogenic belt at
the NE margin of the Bohemian Massif (e.g., Mazur et al,,
2006), is locally overlain by up to 300 m of unmetamorphosed
lower Carboniferous continental and marine deposits preserved
in isolated grabens and half-grabens (Fig. 1; Oberc, 1949;
Zakowa, 1963; tapot, 1986; Kowalski, 2024; Kowalski and
Pacanowski, 2025). These structures are regarded as
tectono-erosional vestiges of a formerly more extensive late-
Variscan basin system that once developed in southwestern
Poland (Narkiewicz, 2007, 2020; Kowalski and Pacanowski,
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the late Mississippian (possibly extending into the Namurian),
followed by the extensional collapse of the Sudetic segment of
the Variscan orogen. This was succeeded by a late Carbonifer-
ous to early Permian extensional or transtensional tectonic
phase (Kowalski and Pacanowski, 2025). The NW-SE-ori-
ented grabens preserved atop the GSM also record a major re-
organization of regional stress regimes, marked by Late Creta-
ceous to early Paleogene compression, followed by a renewed
phase of extensional tectonics. These processes are consis-
tent with deformation patterns observed in other tectonic units
across the northeastern Bohemian Massif (Oberc, 1972;
Solecki, 1994, 2011; Don, 2003; Don and Gotowata, 2008;
Coubal et al., 2015; Kowalski, 2021a; Sobczyk and Szczygiet,
2021; Voigt et al., 2021; Gtuszynski and Aleksandrowski, 2022;
Kowalski and Pacanowski, 2025).
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Recent structural and geophysical studies have provided
new insights into the relationship between the multiply de-
formed late Paleozoic sedimentary cover and the metamorphic
basement of the GSM, particularly in the area of the Kamionki
Graben and its surroundings (Kowalski and Pacanowski, 2025;
Kowalski, 2025). The present study continues this line of re-
search by extending the regional framework through a detailed
structural and geophysical analysis of its northeastern prolon-
gation, the Glinno Graben (GG), a distinct tectonic trough situ-
ated adjacent to the previously investigated area.

This contribution incorporates new geological mapping and
geophysical data to reassess the tectonic framework originally
proposed in classic studies (Dathe and Finckh, 1924; Oberc,
1949, 1972; Teisseyre and Sawicki, 1958; Zakowa, 1960;
Grocholski, 1962, 1965). The GG has previously been the sub-
ject of geological mapping at 1:25,000 scale (Dathe and Finckh,
1924; Teisseyre and Sawicki, 1958; Grocholski, 1962), along
with biostratigraphic (Zakowa, 1959, 1960) and petrographic in-
vestigations (kapot, 1986, 1988). More recently, structur-
ally-controlled landslides have been reported in the southern
sector of the GG, together with a proposed reinterpretation of
the geological structure of this part of the graben (Kowalski,
2018). Nevertheless, the internal structure of the GG remains
poorly understood.

To address this gap, we integrated traditional geological
field mapping with high-resolution LiDAR-derived digital eleva-
tion models (DEMs) and shallow two-dimensional Electrical Re-
sistivity Tomography (ERT) surveys. In the absence of bore-
hole data, 2D ERT proved especially effective in delineating the
geometry of the Mississippian graben-fill and the configuration
of its bounding faults. This integrated structural-geophysical ap-
proach refines our understanding of the tectonic evolution of the
GSM and provides new insights into the deformation styles of
the early Carboniferous succession during late- to post-
Variscan times on the northeastern Bohemian Massif. In addi-
tion, this study offers a broader regional and temporal context
for the deformation phases affecting the Mississippian sedi-
mentary cover of the study area.

GEOLOGICAL SETTING

GEOLOGICAL FRAMEWORK OF THE GORY SOWIE MASSIF
AND ADJACENT UNITS

The GSM, located at the northeastern margin of the Bohe-
mian Massif, forms a fault-bounded, high- to medium-grade
metamorphic complex with a roughly triangular surface outline
(Fig. 1; Grocholski, 1967; Zelazniewicz, 1987, 1990; Cymer-
man, 1998). It marks the northeastern termination of the Euro-
pean Variscides — a vast orogenic belt formed during the late
Paleozoic through the collision of Gondwana, the Laurussian
supercontinent, and several intervening microcontinents (ter-
ranes; e.g., Mazur et al., 2006; Franke et al., 2017; Edel et al.,
2018; Martinez-Catalan et al., 2021; Schulmann et al., 2022;
Franke and Zelazniewicz, 2023). Today, this belt extends from
the Iberian Peninsula across Central Europe and ultimately
plunges beneath the Miocene Carpathian Foreland Basin. The
GSM consists predominantly of a monotonous sequence of
migmatites, migmatitic paragneisses, and orthogneisses, along
with subordinate lens-shaped bodies of amphibolite, ultrabasic
rock, crystalline dolomite, and felsic granulite (Grocholski,
1967; Zelazniewicz, 1987, 1990; Cymerman, 1988, 1989;
Gunia, 1999; Jastrzebski et al., 2021, 2025; Tabaud et al.,
2021). The paragneisses are interpreted as metamorphosed

flysch-like greywackes and pelitic-psammitic deposits of Neo-
proterozoic to Cambrian age (Zelazniewicz, 1987; Tabaud et
al., 2021) supported by the presence of microfossils (Gunia,
1999). U-Pb zircon data further suggests a peri-Gondwanan
provenance for these deposits (Tabaud et al., 2021; Jastrzebski
et al., 2025). Protoliths of the metaigneous rocks, now mainly
orthogneisses of crustal origin, have been dated to
~500—490 Myr (Kroner and Hegner, 1998; Kryza and Fanning,
2007). The protoliths of gneisses and migmatites of the GSM
were metamorphosed under amphibolite facies conditions dur-
ing the early Late Devonian (~380-370 Ma; Van Breemen et al.,
1988). An earlier episode of high-pressure, high-temperature
(HP-HT) metamorphism in granulites and associated
metaperidotites took place at ~400-395 Ma and was subse-
quently overprinted by amphibolite-facies retrogression (Kryza
and Fanning, 2007). This metamorphic evolution was followed
by rapid uplift and exhumation of the GSM during the Late De-
vonian (Zelazniewicz, 1987; Brocker et al., 1998), a process re-
corded in the sedimentary infill of surrounding basins such as
the Swiebodzice and Bardo units (Wajsprych, 1978; Porebski,
1981; Haydukiewicz, 1990). Together with the Ktodzko Meta-
morphic Unit, the GSM is interpreted as a relict of the allo-
chthonous Tepla—Barrandia—Bohemia terrane, part of the Eo-
Variscan domain near Gondwana'’s northern margin during the
Cambrian—Ordovician (Mazur et al., 2015; Martinez-Catalan et
al., 2021; Jastrzebski et al., 2021, 2025; Tabaud et al., 2021,
Franke and Zelazniewicz, 2023).

The GSM is dissected by the NW-SE-trending Sudetic
Boundary Fault, which separates the massif into two mutually
displaced segments: the mountainous, upthrown block to the
SW (Sudetic Block) and the downthrown block to the NE
(Fore-Sudetic Block; Fig. 1; Oberc and Dyjor, 1969; Badura et
al., 2007; Migon et al., 2023). Geophysical data indicate that the
structural levels exposed in the Fore-Sudetic Block are ~5 km
deeper than those in the Sudetic part of the massif (Oberc,
1972; Cwojdzinski and Zelazniewicz, 1995). The absence of
Carboniferous (and younger) strata in the Fore-Sudetic Block is
likely due to post-Carboniferous erosion (Oberc, 1972), al-
though it cannot be excluded that this area acted as a topo-
graphically elevated source region where sediments never ac-
cumulated. To the west, the GSM is bordered by the Gtuszyca
Fault, separating it from the Intra-Sudetic Basin — a synclinorial
unit containing a weakly deformed Mississippian to Upper Cre-
taceous volcano-sedimentary succession (Augustyniak and
Grocholski, 1968; Nemec et al., 1982; Dziedzic and Teisseyre,
1990; Wojewoda, 1997; Kowalski, 2020, 2021b). The northern
edge of the GSM is tectonically bounded by the Swiebodzice
Unit, a syn-orogenic Upper Devonian—Mississippian sedimen-
tary succession (Porebski, 1981, 1990), while to the south, De-
vonian—Mississippian clastics and carbonates of the Bardo Unit
— including older olistoliths — are exposed (Wajsprych, 1978;
Haydukiewicz, 1990; Racki et al., 2022). Complexes of mafic to
ultramafic rocks, surrounding the GSM, belong to the dismem-
bered Central Sudetic Ophiolite (~400 Myr), including the
Sleza, Szklary, Braszowice, and Nowa Ruda massifs
(Dubinska and Gunia, 1997; Awdankiewicz et al., 2021;
Wojtulek et al., 2022). Notably, ophiolites of the Nowa Ruda
Massif are overlain by Pennsylvanian clastic deposits within the
eastern Intra-Sudetic Basin (Bossowski and lhnatowicz, 2006).
To the east, the GSM is flanked by the NNE-SSW-striking
Niemcza Shear Zone, a polygenetic zone of mylonitized gneiss-
es intruded by small granitic bodies (Mazur and Puziewicz,
1995; Pietranik et al., 2013), which separates the massif from
the Kamieniec Metamorphic Belt.
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Fig. 1. Simplified tectonic map of the Géry Sowie Massif and neighbouring units, with their location in the NE Bohemian Massif
(inset). The map is overlaid onto the digital elevation model (DEM) derived from the Shuttle Radar Topography Mission (SRTM)
data (NASA, 2001; Farr et al., 2007)

BrM — Braszowice Ophiolite Massif, BU — Bardo Unit, GG — Glinno Graben, ISS — Intra-Sudetic Synclinorium, KG — Kamionki Graben, KMB —
Kamieniec Metamorphic Belt, KMC — Kaczawa Metamorphic Complex, KMU — Ktodzko Metamorphic Unit, NRM — Nowa Ruda Ophiolite
Massif, NZ— Niemcza Shear Zone, S-JG — Sokolec-Jugéw Graben, SM — Szklary Ophiolite Massif, SSM — Strzegom-Sobdtka Granitoid Mas-
sif, SO — Sleza Ophiolite Massif, SU — Swiebodzice Unit, WG — Walim Graben. Faults: GF — Gluszyca Fault, MOF — Middle Odra Fault, LF —
Lusatian Fault, SBF — Sudetic Boundary Fault, SzF — Szczawienko Fault. Geological map based on Sawicki (1995), modified and supple-
mented by the authors


https://doi.org/10.1029/2005RG000183

4 Aleksander Kowalski and Grzegorz Pacanowski / Geological Quarterly, 2025, 69, 48

THE GLINNO GRABEN AS PART OF THE CARBONIFEROUS
SEDIMENTARY COVER OF THE GORY SOWIE MASSIF

Remnants of a middle Viséan to Namurian(?) Mississippian
sedimentary succession are preserved exclusively in the ele-
vated Géry Sowie Mountains Block, south-west of the Sudetic
Boundary Fault (Fig. 1). Traditionally known as the “Culm of the
Sowie Mountains” (Zakowa, 1963; Oberc, 1972; tapot, 1986,
1988), these deposits are restricted to several small, NW-SE-
trending fault-bounded grabens and half-grabens, including the
Walim, Glinno, Kamionki, and Sokolec—Jugoéw grabens (Fig. 1).
The preserved strata reach up to 300 m in thickness and are
subdivided into three distinct lithostratigraphic units (Kowalski,
2024).

The lowest unit comprises poorly sorted “gneissic” and
“gabbroic” conglomerates and sedimentary breccias (Fig. 2),
classified as the Walim and Jugdéw formations, which rest un-
conformably on the metamorphic GSM basement (tapot,
1986). The gneissic conglomerates of the Walim Formation oc-
cupy the largest area within the Glinno Graben and are inter-
preted as alluvial fan deposits formed along tectonically active
basin margins (Kowalski, 2024, 2025). These grade upwards
into lithic (gneissic) sandstones, followed by marine sandstones
and mudstones of the Sokolec Formation, up to 100 m in thick-
ness. Gneissic conglomerates and sandstones in the northern
GG are intruded by small kersantite sills (Zakowa, 1960:;
Awdankiewicz, 2007). Initially assigned to the upper Viséan
based on macrofaunal assemblages (Zakowa, 1959, 1960,
1963, 1966; Zakowa and Zak, 1962), the upper part of the
Sokolec Formation may extend into the Namurian(?) (Muszer
etal., 2016; Gorecka-Nowak et al., 2025). Notably, the Sokolec
Formation is only preserved as an erosional outlier on Ostrzew
Hill at the southern end of the GG, where itis intruded by a tabu-
lar (sheet-like) kersantite body with an estimated thickness of
~35 m (Lapot, 1986; Kowalski, 2018). The uppermost unit, the
Kamionki Formation, consists of ~80 m of Namurian(?)
polymictic conglomerates, well exposed in the Kamionki and
Sokolec—Jugéw grabens (Zakowa and Zak, 1962; Zakowa,
1966; Kowalski and Pacanowski, 2025; Kowalski, 2025). These
deposits are interpreted as fan deltas that prograded into the
Carboniferous basin from the north and northwest (Kowalski,
2024, 2025). This formation is absent from the GG, likely due to
post-Carboniferous erosion.

The tectonic setting of the GG has remained poorly under-
stood to date, largely due to the absence of borehole data and
limited geophysical imaging. The basal Carboniferous uncon-
formity has been penetrated by hydrogeological boreholes only
in the adjacent Kamionki Graben, at depths of 110 and 143 m
(SPDPSH, 2025; Kowalski and Pacanowski, 2025). Conse-
quently, the magnitude of vertical displacement along the main
boundary faults of the grabens remains unresolved. Dathe and
Finckh (1924), followed by Teisseyre and Sawicki (1958), origi-
nally assumed that the northern part of the GG was bounded by
relatively simple, steeply dipping vertical faults. In contrast,
Oberc (1972) offered a more complex interpretation, describing
the GG as a “secondarily disturbed syncline” composed of
fault-bounded Carboniferous rocks. Within this framework,
Oberc (1972) identified three subordinate structural units — in-
terpreted as separate, minor grabens — arranged from north to
south: the Przygrodna Graben, the Cerekwica Graben (or “the
system of Cerekwica grabens”), and the Glinno Graben.

MATERIAL AND METHODS

This study is based on new geological mapping, LiDAR-de-
rived DEM analysis, and structural investigations, comple-
mented by two-dimensional Electrical Resistivity Tomography
(ERT). These methods were integrated to reconstruct the ge-
ometry and tectonic evolution of the GG.

MAPPING SURVEY AND STRUCTURAL FIELD STUDY

The geological field survey covered ~8 km? and was sup-
ported by analysis of high-resolution LiDAR-derived digital ele-
vation models (DEMs) at ~1 x 1 m resolution. The elevation
data were acquired through airborne laser scanning (ALS) con-
ducted in Poland between 2011 and 2014 under the ISOK pro-
gram (IT System for the Country’s Protection against Extreme
Hazards). The data, provided by the Polish Centre of Geodetic
and Cartographic Documentation (CODGIK), are openly avail-
able as XYZ point datasets, with a point density of
4-6 points/m? and an average vertical accuracy of 0.3 m
(Wezyk, 2015). Shaded relief maps derived from these DEMs
proved invaluable for identifying lithological boundaries and sur-
face fault traces, which were interpreted using GIS software.
The elevation models also facilitated interpretation of tectoni-
cally influenced morphological features such as lineaments
linked to suspected faults and rectilinear zones marking
lithological changes. The surface extent of the Carboniferous
deposits in the GG was corroborated through trenching and
shallow drilling conducted during surface geological mapping
(Cymerman et al., 2023). In addition to geological mapping,
seven ERT cross-sections with a total length of 5140 m from the
central and southern parts of the GG were used to construct in-
terpretative geological profiles across the graben structure (Ta-
ble 1).

The structural field study focused on detailed measure-
ments from both natural and artificial exposures within the
graben. Observations were conducted in nine available expo-
sures. Structural features recorded included bedding planes,
joints, striated fault planes and folds. Fracture data were classi-
fied into sets and visualized using circular frequency polygon
plots following Davis and Sampson (1986). Surface features
observed on fault planes include striated ridges, hackles,
grooves, Riedel shears (both low- and high-angle), and en ech-
elon tension cracks, following the classification and terminology
established by Petit (1987). Structural measurements were
plotted on f and = stereograms using the lower hemisphere
equal-area Schmidt—-Lambert net.

GEOPHYSICAL SURVEY

Two-dimensional Electrical Resistivity Tomography (ERT)
was employed to visualize the subsurface structure and delin-
eate the main boundary faults of the GG. A total of seven ERT
profiles, with a total length of 5140 m, were acquired across the
study area (Ostrowski et al., 2022; Table 1). The geophysical
profiles were established roughly perpendicular to the
map-view elongation of the GG and its fault boundaries, limited
by technical feasibility and field conditions. The methodology
applied enabled the identification of the position and lateral ex-
tent of the graben infill, major lithological boundaries within the
GG, and the characterization of suspected faults and fault
zones — features that had also been recognized through de-
tailed field mapping and LiDAR-based DEM analysis.

For each lithological unit identified along the ERT profiles,
statistical parameters describing the distribution of resistivity
values were calculated to characterize the geoelectrical proper-
ties of the lithologies distinguished. The analysis included the
minimum and maximum resistivity values, as well as the geo-
metric mean and median, expressed both in Om and as
base-10 logarithms (logqo [@m]; Table 1). These parameters
were extracted from discrete zones delineated within the two-di-
mensional inversion models, representing relatively homoge-
neous resistivity intervals associated with specific lithological
units. The geometric mean was used to describe the central
tendency of resistivity values, as such data in multiscale porous
media typically follow a log-normal distribution (Kurochkina et
al., 2008; Binley and Slater, 2020). Lithological classification
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tailed geological maps shown in Figure 4
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Table 1

Summary of ERT profiles acquired in the Glinno Graben area

Profile Length [m] | Orientation (course) Number of measured points Mean RMS error [%]
ERT-1 1550 SW-NE 7867 2.17
ERT-2 600 SW-NE 1613 2.80
ERT-3 600 SW-NE 1678 4.12
ERT-4 500 SW-NE 1258 2.50
ERT-5 800 NW-SE 2357 3.20
ERT-6 300 SW-NE 597 2.94
ERT-7 790 SW-NE 2388 4.74

The table includes basic parameters of each Electrical Resistivity Tomography (ERT) profile: name, total length
[m], location and orientation, number of measured points, and average root mean square (RMS) error [%] from

the inversion process

within the ERT sections was performed based on assumed re-
sistivity intervals, a standard approach in geophysical interpre-
tation grounded in previous studies and reference datasets
(Reynolds, 2011). This approach enabled quantitative compari-
son across different lithologies and provided additional con-
straints for geological interpretation and correlation.

Prior to the geophysical survey, each survey point was ac-
curately geolocated using differential-phase GNSS methods,
achieving a horizontal positioning precision of ~0.3 m. Coordi-
nates were assigned within the PL-1992 spatial reference sys-
tem. The quality of the satellite data allowed full use of
GNSS-based geodesy across the entire profile network. Eleva-
tion values for the documentation points were established
through RTN (Real-Time Kinematic) satellite levelling and ref-
erenced to the national vertical datum PL-EVRF2007-NH.

2D ELECTRICAL RESISTIVITY TOMOGRAPHY

Electrical resistivity methods rely on measuring an artifi-
cially induced electric field within the geological medium or, less
commonly, on detecting natural electric currents and fields gen-
erated by geodynamic or geochemical processes in the Earth’s
crust. The key physical parameter obtained through these
methods is electrical resistivity, which quantifies a material’s ca-
pacity to resist the flow of electric current (Reynolds, 2011). Re-
sistivity values can vary by several orders of magnitude, from a
few Qm in organic-rich deposits or saline groundwater, to sev-
eral million Qm in dry crystalline bedrock. Unlike properties
such as density or magnetic susceptibility, electrical resistivity is
not a fixed material constant, but rather a function of multiple in-
terrelated factors. These include lithology, porosity, degree of
water saturation, temperature, pore water chemistry, and the
presence of organic matter or gas. As a result, even within a
single lithological unit, resistivity may exhibit substantial internal
variation.

Electrical Resistivity Tomography (ERT) is a near-surface
geophysical technique that measures the apparent resistivity of
subsurface materials by injecting direct current between elec-
trode pairs and recording the resulting voltage drop. The theo-
retical basis of the ERT method has been well established in
foundational works (Keller and Frischknecht, 1966; Loke and
Barker, 1996; Dahlin and Zhou, 2004; Loke, 2000, 2012). The
method involves deploying electrodes along a linear profile, in-
jecting current through a transmitter electrode pair, and mea-
suring the voltage drop between a separate pair of potential
electrodes. The resulting apparent resistivity is an averaged
value dependent on the geometry of the electrode array and re-
flects the properties of the subsurface volume traversed by the

current. The depth of investigation primarily depends on the
electrode spacing, the resistivity distribution and, to a lesser ex-
tent, local topography.

Modern ERT systems use computer-controlled multi-chan-
nel switching and digital acquisition units. These allow for auto-
mated configuration of electrode arrays (e.g., Wenner, Schlum-
berger, dipole—dipole, gradient), sequencing of measurements,
and real-time diagnostics of grounding resistance and data
quality. Inversion algorithms are used to generate two-dimen-
sional resistivity models from apparent resistivity datasets,
commonly corrected for topography. ERT enables the detection
of both vertical and lateral resistivity variations, making it partic-
ularly suitable for structurally complex settings such as glacio-
tectonic zones (Loke et al., 2007). However, inversion results
are inherently non-unique, meaning that multiple subsurface
models can explain the same data equally well (Bania et al.,
2024).

In this study, data were acquired using an ABEM Terra-
meter LS 2 system equipped with a multi-channel module and
an automatic electrode selector (ABEM, 2012; Ostrowski et al.,
2022). Electrodes were spaced at 5 m intervals and connected
via 21-takeout multicore cables (Fig. 3). Survey lines ranged
from 300 to 1550 m in length. A gradient array was used to en-
able multiple simultaneous measurements, improving data ac-
quisition efficiency and ensuring that depth penetration ex-
ceeded 50 m. The Roll-Along technique was applied in the field,
whereby the first cable section was relocated to the front of the
array, allowing continuous profiling without full system reconfig-
uration. Survey conditions were locally constrained by infra-
structure, including an asphalt road that intersected one of the
profiles (Pacanowski et al., 2022). Resistivity measurement
data were processed using geophysical inversion techniques
implemented in Res2Dinv software (Loke, 2000), version x64
4.02.35. The inversion employed the L1-norm (robust) method,
optimized for resolving blocky subsurface structures.

ERT techniques have been widely applied in geological,
geomorphological, hydrogeological, geotechnical and environ-
mental investigations (e.g., Zhou et al., 2001, 2002; Kemna et
al., 2002; Chambers et al., 2006; Krautblatter and Hauck, 2007;
Ostrowski et al., 2010; Silhan and Panek, 2010; Putigka et al.,
2012; Perrone et al., 2014; Kowalczyk et al., 2015; Topolewska
et al., 2016; Wozniak et al., 2018; Ducut et al., 2022). 2D ERT
has been also widely applied for fault characterization and im-
aging of individual fault zones (e.g., Suzuki et al., 2000; Caputo
et al., 2003; Zhu et al., 2009; Stépandikova et al., 2010, 2011,
2025; Fischer et al., 2012; Imposa et al., 2015; Drahor and
Berge, 2017; Mojica et al., 2017; Muller et al., 2020; Porras et
al., 2022).


https://wwwguidelinegeoc.cdn.triggerfish.cloud/uploads/2016/03/Terraloc-Pro-Instruction-Manual.pdf
https://doi.org/10.7306/gq.1750
https://doi.org/10.1016/S0264-3707(03)00036-X
https://doi.org/10.1016/S0264-3707(03)00036-X
https://doi.org/10.1190/1.2360184
https://doi.org/10.1111/j.1365-2478.2004.00423.x
https://doi.org/10.1016/j.jappgeo.2016.10.021
https://doi.org/10.1016/j.jappgeo.2016.10.021
https://doi.org/10.1016/j.displa.2022.102208
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https://doi.org/10.1016/S0022-1694(02)00145-2
https://doi.org/10.1016/S0022-1694(02)00145-2
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https://doi.org/10.1029/2006JF00054
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Fig. 3. Graphical representation of the automated data acquisition procedure performed by the instrument (source:
https://Iwww.guidelinegeo.com)

A, B — current electrodes; M, N — potential electrodes; a=1, a=2, a=3 — successive prospection depths

RESULTS

GEOLOGICAL MAPPING

On the map, the GG appears as an ~7.5 km-long and up to
1.5 km-wide, asymmetrical fault-bounded tectonic depression
(Figs. 2 and 4). It comprises at least three distinct tectonic sub-
units, each delineated by the main boundary faults of the
graben and by subordinate fault zones (Fig. 4). The graben is
developed atop the crystalline basement of the GSM, primarily
composed of migmatitic and biotite paragneisses with minor
amphibolite bodies (Teisseyre and Sawicki, 1958; Grocholski,
1962). The main boundary faults of the graben — here referred
to as the Western, Eastern, Northern Glinno, and Kurasz faults
(Fig. 4) — separate the Mississippian graben fill from the sur-
rounding metamorphic basement (Fig. 4). However, the vertical
and possible horizontal displacements along these faults re-
main unconstrained due to limitations in surface exposure and
the absence of borehole data. Moreover, none of the 2D ERT
profiles conducted in this study reached the metamorphic base-
ment beneath the graben, further limiting our ability to deter-
mine the total thickness of the sedimentary infill and the dis-
placement values along the fault zones.

The northernmost sector of the GG (the Przygrodna Graben
of Oberc, 1972) displays a WNW-ESE-striking half-graben
structure, predominantly filled with gneissic conglomerates and
sandstones of the Walim Formation (Figs. 4A and 5). The con-
glomerates are clast- to matrix-supported and are predomi-
nantly very poorly sorted (Fig. 5A—C). Large clasts and boulders
found at the surface, particularly in the northern part of the GG,
are derived from the weathering of conglomerates (Fig. 5D, E).
The clasts, which show variable degree of rounding, include
migmatitic gneisses, biotite-oligoclase paragneisses, fibrous
gneisses, granulites, orthogneisses, fragments of other meta-
morphic rocks, and vein quartz (Lapot, 1986, 1988; Fig. 5F).
The gneissic clasts within the conglomerate are frequently frac-
tured, displaying both macro- and microfractures, with fracture
surfaces commonly coated with hematite. The grain framework
is filled by a sandstone matrix composed of clastic material de-
rived from the disintegration of gneissic rock fragments. These
strata generally dip gently at 15-20° to the south-west and are
intersected by narrow, WNW—-ESE-trending lamprophyre dykes
(Figs. 4A and 6). In the northern part of the GG, the gneissic

conglomerates locally rest horizontally, which may suggest the
presence of a flexure (Fig. 4A and 6). Additionally, this part of
the graben is dissected by several NNE-SSW-oriented trans-
verse faults, which locally offset the Mississippian succession
and its basement — particularly on the northern slopes of Kurasz
Hill — and contribute to its structural compartmentalization.
Some of these dislocations are clearly expressed in the land-
scape as distinct scarps and lineaments (Fig. 4A). Notably, in
the easternmost part of this part of the GG, the gneissic con-
glomerates rest nearly horizontally on the metamorphic base-
ment, with no clear evidence of bounding faults.

To the south, the half-graben merges with a NNE-SSW-ori-
ented fault-bounded gneissic block (the Cerekwica Graben of
Oberc, 1972), overlain by a thin carpet of gneissic conglomer-
ates near Cerekwica Hill (Figs. 4A and 6). This block is sepa-
rated from the northern part of the graben by the
WNW-ESE-trending Kurasz Fault. The central portion of the
GG forms a distinct topographic depression (the main body of
the GG), aligned with the Mtynéwka stream valley and extend-
ing between the villages of Michatkowa and Glinno (Figs. 4B, C
and 6). It is bounded by two nearly parallel, NW-SE-trending
boundary faults (the Western and Eastern Glinno faults), with
total trace lengths of ~6.5 km and 4 km, respectively. This sec-
tor exposes only gneissic conglomerates of the Walim Forma-
tion (Figs. 4A, 5C and 6). To the south of Boreczna Hill, the GG
is separated from the neighbouring Walim Graben by a narrow
NW-SE-trending basement horst (Figs. 2 and 4B). Geological
mapping revealed a prominent cataclasite zone up to 70 m
wide, aligned along the Western Glinno Fault (Fig. 4C). This
zone consists of fault gouges and breccias, with angular frag-
ments of gneiss at the contact between the gneissic conglomer-
ates and crystalline basement.

In the southernmost part of the GG, a morphological high
known as Ostrzew Hill (713.4 m a.s.l.) rises ~150 m above the
graben floor (Figs. 4C, 6 and 7). This erosional outlier exposes
sandstones and mudstones of the Sokolec Formation, intruded
in its upper part by a tabular kersantite body, while gneissic con-
glomerates of the Walim Formation crop out on the lower
slopes (Figs. 4C, 6 and 7). The structure of this sector is well
constrained based on surface exposures and archival trenching
data, including studies by Zakowa (1959, 1960). Sandstones
and mudstones of the Sokolec Formation, form a broad,
NW-SE-oriented syncline, with its axial trace aligned with the
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Fig. 4. Detailed geological maps showing the northern (A), central (B), and southern (C) sectors of the Glinno Graben, along with
corresponding hillshaded LiDAR-derived digital elevation models (shown to the left of each map panel). Note the presence of distinct
lineaments (marked fault traces) through the graben area and structurally controlled landslides in its southernmost sector (C)
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Fig. 5. Main lithological and structural features of the Walim Formation in the study area and its surroundings

A —representative exposure of gneissic conglomerate in the adjacent Walim Graben; B — exposure of gneissic conglomerate (loc. 2) in the
northern part of the GG; C — exposure of gneissic conglomerate (loc. 3) in the central part of the GG; D — well-rounded boulder derived from
the weathering of gneissic conglomerate (northern sector of the GG); E — clast of folded and migmatized layered gneiss from the gneissic
conglomerate (northern sector of the GG); F — petrographic composition of clasts in the conglomerates of the Walim Formation at
Michatkowa (central part of the graben) and Lubachéw (northern part), after tapot (1986); G — joint system in gneissic sandstone in the north-
ern part of the GG (loc. 1). Orientation of joints is shown as a rose diagram (circular frequency polygon plot); H — small-scale, S- to

SW-vergent folds in a limited exposure of Walim Formation sandstones (loc. 1). The folds are interpreted as a soft-sediment deformation
structure (SSDS)



Aleksander Kowalski and Grzegorz Pacanowski / Geological Quarterly, 2025, 69, 48

10

uol}08s yoea uo pajeslpul si ajyold
143 Buipuodsa.iod jo abues yidep ay] ‘4 pue z sainbi4 ul se (s}ney) suoieiAsiqge Jo suoljeue|dxg 'SUOI}08S-SS0I0 8Y) JO UOIIEDO| 10} 4 21nbi pue Jaulod Jybu Jamo| 8y} ul dew josul 993

6 pue g sainbi4 ul umoys sajiyoud |eaisAydoab pue sasiael) pjaly Buiddew uo paseq uageis) ouul|s ayj SSOIOE SUOI}I3S-SS04I |e2160]039 "9 "Bi4

sessioub [ ]

(‘w4 wiepn) seresswolbuod oissivub —

(‘w4 wiepn) seuoispues [T ]

(‘w4 os|0)0g) ssuo)spnw pue ssuojspues [ |
(‘w4 ovj0x03) sauoisowi| [

seyjuessoy

(¢) seyse|oeled pue seloos.q jney [ q |

MOZIISO

0S¢




Aleksander Kowalski and Grzegorz Pacanowski / Geological Quarterly, 2025, 69, 48 11

AR e

Oslrzaw Rill L kit tteie e tont o B e b

{

Sokolec Formationfa

Tk

olec ormtlo '
(ex-situ) i
}

Ji!‘f

Jintrusive contact

Fig. 7. Main lithological and structural features of the Sokolec Formation in the Glinno Graben

A — view from the southwest (loc. 9) towards the Ostrzew Hill outlier located in the axial part of the Glinno Graben. The reddish weathering
cover of gneissic conglomerates of the Walim Formation is visible; B — exposure of fine-grained sandstones and mudstones of the Sokolec
Formation (loc. 7) in the southern part of the GG (southwestern slopes of Ostrzew Hill); C — exposure of sandstones (loc. 6) within a landslide
block on the southern slope of Ostrzew Hill. Contact with a kersantite intrusion is visible. Strike-slip fault of undetermined slip sense forming a
negative flower structure, and associated E-W-trending normal faults are observed; D — intrusive contact between sandstones of the
Sokolec Formation and kersantite at loc. 6 (landslide body in southern Ostrzew Hill); E — two dominant joint sets (J; and J;) cutting sand-
stones (loc. 4) and kersantites (loc. 5) in the southern part of the GG. Orientation of joints is shown as rose diagrams (circular frequency poly-
gon plots) and as stereoplots (the lower hemisphere, equal area projections on the Schmidt-Lambert net)
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graben’s general trend (Figs. 4C and 6). This part of the GG
also includes two structurally controlled landslides developed
on the northwestern and southern slopes of Ostrzew Hill
(Kowalski, 2018). The Western and Eastern Glinno fault zones
extend southeastwards into the metamorphic basement of the
GSM (Figs. 2 and 4C). Some parts of these fault zones are
manifested by distinct straight escarpments (lineaments), along
with arrays of water springs and peat bogs (Fig. 4C). Impor-
tantly, the uppermost member of the Carboniferous succession
preserved in grabens within the GSM — the Kamionki Formation
conglomerate — is not exposed anywhere in the GG, likely due
to post-Carboniferous erosion.

GEOPHYSICAL SURVEY

Seven geoelectrical profiles, shown as calculated resistivity
models (ERT; Figs. 8 and 9), form the primary dataset of the
geophysical survey conducted in the GG and serve as the basis
for subsequent geological interpretation (Fig. 6). Geological
cross-sections, developed by integrating surface mapping with
ERT data, constrain the internal geometry and fault architecture
of the graben, and clarify the spatial relationship between the
Mississippian sedimentary infill and the underlying crystalline
basement (Fig. 6). The ERT cross-sections reveal pronounced
vertical and lateral variations in resistivity, corresponding to
contrasting lithologies: crystalline basement rocks exposed in
the graben shoulders and sedimentary fill. These units are
clearly separated by well-defined faults or fault zones.

Average resistivity values derived from profiles 1 to 7 offer
diagnostic insights into the lithological differentiation of the
study area. Based on the statistical analysis of ERT data, Mis-
sissippian rocks in the GG — primarily gneissic conglomerates
of the Walim Formation — show geometric mean resistivity val-
ues ranging from 212.9 to 431.4 Om and median values be-
tween 205.4 and 441.9 Om (profiles ERT-1-ERT-6; Figs. 8 and
9). In contrast, profile ERT-7, which includes both conglomer-
ates and interbedded sandstones of the Sokolec Formation, is
characterized by lower resistivity values, with a geometric mean
of 140.5 Om and a median of 148.8 QOm (Table 2). The shallow
resistivity inhomogeneities visible in profiles 1-6 (Figs. 8 and 9)
corresponds to a weathered near-surface horizon of gneissic
conglomerates. This pattern likely reflects internal heterogene-
ity, with high resistivity values linked to large gneiss clasts form-
ing a grain-supported framework, while lower values reflect the
finer-grained sandstone matrix (cf. Fig. 5A-D). Kersantite, iden-
tified in profile ERT-7 on Ostrzew Hill, has a geometric mean re-
sistivity of 937.3 Qm and a median value of 1002.0 Om. These
elevated resistivity values are consistent with the mafic compo-
sition and typically low porosity of unaltered kersantite (Fig. 9).
Sandstones and mudstones of the Sokolec Formation intruded
by this kersantite sill at the same locality also have relatively
high resistivity values, likely due to thermal alteration related to
intrusion emplacement (Fig. 9D).

Weathered gneiss has moderately high resistivity values,
with geometric means ranging from ~187.1 OQm (ERT-7) to
764.0 Om (ERT-5) and median values between 183.0 Om
(ERT-7) and 778.0 Om (ERT-5), suggesting a partially altered
structure of gneissic bedrock. In contrast, unweathered, mas-
sive gneisses consistently show higher resistivity, with geomet-
ric means ranging from 574.9 Om (ERT-1) to 1750.8 Om
(ERT-3) and median values spanning from 594.3 Om (ERT-1)
to 1745.4 Om (ERT-3), with several units exceeding 1000 Om
(e.g., 1433.3 Omin ERT-1 profile and 1157.0 Qm in ERT-6 pro-
file), reflecting a more compact, less porous lithology (Table 2;
Figs. 8 and 9).

Unconsolidated Quaternary deposits (Q) display the lowest
resistivity values among all lithological units, with geometric
means ranging from 78.2 Om (ERT-5) to 83.3 Om (ERT-7) and
median values from 73.5 Om (ERT-7) to 77.9 Om (ERT-5).
These values are consistent with the geophysical response of
fine-grained, unconsolidated, and water-saturated materials,
primarily slope talus and deluvial tills. Such deposits are most
notably developed in the Mtynéwka River valley near Glinno
and, to a lesser extent, within the morphological depression
separating Ostrzew Hill and Kokot Hill in the southern GG (as
recorded in profile ERT-7; Fig. 9B, D).

Several narrow zones of anomalously low resistivity,
marked by near-vertical indentations in the ERT profiles, were
interpreted as fault zones (see Figs. 8 and 9). These include the
Western Glinno Fault (FZ-1) and Eastern Glinno Fault (FZ-2),
as well as two subsidiary fault zones — FZ-3 and FZ-4 — identi-
fied within the cemented sandstones and mudstones of the
Sokolec Formation on Ostrzew Hill (profile ERT-7; Fig. 9D),
which display steep lateral resistivity gradients. These anoma-
lies are interpreted to represent water-saturated fault cores and
zones of brecciation.

Statistical analysis shows that mean resistivity values in
fault zones generally range from 114.1 to 452.8 Om, with the
majority of values falling between 257.7 Om (ERT-5) and
293.3 Om (ERT-1). Exceptions include markedly elevated re-
sistivity recorded in cataclasites of FZ-1 in profile ERT-4 (geo-
metric mean = 1106.2 Qm), likely reflecting massive and well-
cemented fault-related rock, and low values in profile ERT-7
(FZ-3, 52.5 Om) associated with a finer-grained, probably
clayey, fault core. The resistivity contrast across fault zones
also varies with lithology. In profiles ERT-4, ERT-5, and ERT-7,
where fault zones intersect crystalline basement (i.e. gneisses),
resistivity remains moderately elevated due to the inherently re-
sistive nature of fractured metamorphic rocks. In contrast, in
sedimentary successions intersected by FZ-1 in profiles ERT-1
and ERT-2, resistivity is markedly lower, consistent with the in-
creased porosity, moisture retention, and finer grain size of fault
zone (Fig. 8A, B).

STRUCTURAL ANALYSIS AND ARCHIVAL DATA

MESOSCALE FOLDS

During geological mapping of the GG, no meso-scale folds
were observed in surface exposures. Only in the northern part
of the graben (loc. 1; Fig. 4A), within a very limited exposure of
Walim Formation sandstones dipping ~15° to the SW,
small-scale folds were identified. These folds show probable
south- or south-west vergence and are confined to a single bed
~40 cm thick, while the strata above and below remain
undeformed (Fig. 5H). This localized deformation likely repre-
sents a case of soft-sediment deformation structure rather than
tectonic folding.

Exposure-scale folds within the GG are otherwise known
only from archival descriptions of research trenches excavated
by Zakowa (1959, 1960). On the southwestern slope of Ostrzew
Hill, within trench no. Il, ~50 m long and 2—-3 m deep, Zakowa
(1960, p. 356) documented heterolithic packages of sand-
stones, mudstones, limestones and claystones of the Sokolec
Formation, dipping predominantly ~20° to the NE (Fig. 10). In
the northeastern part of the trench, Zakowa (1960) described
mesoscopic folds forming a syncline—anticline pair, character-
ized by gentle, open geometry and nearly vertical axial planes.
The fold limbs dip ~20° to the SW and NE, and the fold axes are
subparallel to the general orientation of the GG, indicating
nearly NE-SW-directed tectonic shortening.


https://doi.org/10.5604/01.3001.0012.7708
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Fig. 10. Profile of research trench on the southwestern slope of Ostrzew Hill, originally excavated by H. Zakowa in the late
1950s (redrawn from Zakowa, 1960, modified)

The trench was originally divided into four descriptive sections. Exposure-scale folds trending NW-SE are clearly visible in section C of
the trench

No similar mesoscopic folds have been observed in sand-
stone exposures elsewhere on Ostrzew Hill. However, based
on bedding attitude, a map-scale, fault-controlled syncline may
be inferred in the southeasternmost part of the graben (Fig. 6).
In contrast to the limited folding observed in the GG, expo-
sure-scale folds are relatively common within the Mississippian
marine Sokolec Formation in the adjacent Kamionki Graben
(Zakowa and Zak, 1962; Kowalski and Pacanowski, 2025).

JOINTS AND FAULTS

The gneissic sandstones of the Walim Formation, occurring
in several isolated exposures in the northern part of the GG
(loc. 1; Figs. 4A and 5G), are affected by two conjugate joint
sets, striking NW-SE and NE-SW, and referred to here as J1
and Jy, respectively. A joint system with similar orientation is ob-
served in the marine sandstones and mudstones of the Sokolec
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Table 2

Statistical parameters of resistivity for selected lithological units identified along ERT profiles in the Glinno Graben

Min. Max. Geometric mean Median
Lithology Number | |6g10 (resistivity) | Resistivity | log10 (resistivity) | Resistivity | log10 (resistivity) | Resistivity | log10 (resistivity) | Resistivity

[om] [Qm] [om] [Qm] [Qm] [om] [Qm] [om]

P1-3 1.91 81.5 3.13 1348.0 247 2933 245 279.2

P1-4 173 53.7 2.80 631.0 2.36 229.1 2.40 251.2

P2-4 1.91 81.3 2.88 762.4 2.33 212.9 2.32 209.4

Conglomerates P3-1 1.88 76.7 2.77 592.4 245 281.4 252 3285
P3-2 2.20 158.3 3.11 1280.8 263 4314 265 4419

P4-3 1.83 66.9 4.16 14615.7 2.60 4016 2.60 396.1

P5-2 175 56.2 3.17 1491.0 237 2338 233 215.0

P6-2 1.99 98.3 3.34 2172.7 2.37 236.7 2.31 205.4

g::(fs"tﬂz’sates and | p74q 151 325 2.71 515.6 215 140.5 217 148.8
P1-2 (FZ1) 1.87 73.7 2,52 327.7 2.06 1141 2.03 108.2

P2-3 (FZ1) 1.88 75.4 2.52 334.2 2.18 150.1 2.19 154.2
P4-2 (FZ1) 2.04 110.1 3.58 3807.8 3.04 1106.2 3.04 1098.9

Fault zomes P5-5 (FZ2) 1.98 94.8 3.10 1257.7 2.66 4528 2.70 505.4
P5-7 (FZ3) 2.19 153.8 3.66 4597.7 2.41 257.7 2.29 197.0

P7-2 (FZ3) 157 375 2.09 1218 1.72 52.5 1.71 50.8

P7-4 (FZ4) 1.85 71.4 2.88 750.1 2.16 143.7 2.02 105.9

P7-6 (FZ2) 1.80 62.7 2.79 610.7 215 140.9 212 131.1

P1-6 1.71 51.1 3.04 1085.3 257 370.8 269 486.4

P2-2 1.86 72.9 3.20 1596.5 2.62 418.9 2.61 405.4

Weathered P5-3 2.75 566.4 2.97 9241 2.88 764.0 2.89 778.0

gneisses

P5-8 2.39 247.4 3.82 6586.4 2.81 651.8 274 550.9

P7-8 1.45 28.0 3.46 2894.8 227 187.1 2.26 183.0

P1-1 2.20 158.4 3.45 2822.2 2.76 574.9 2.77 594.3

P1-5 2.62 4186 3.04 1099.9 2.89 782.6 291 813.9
P1-7 2.65 4431 3.51 3225.7 3.01 1023.3 3.00 1002.6
P2-1 2.54 3442 3.57 3719.7 3.13 1355.6 3.16 14333
P3-3 2.25 1772 3.75 5621.7 3.24 1750.8 3.24 17454
Gneisses P4-1 2.04 110.1 3.58 3807.8 3.04 1106.2 3.04 1098.9
P5-4 2.25 1796 3.43 2686.6 3.19 15412 3.22 1651.7

P5-6 217 1471 3.69 4946.5 2.91 8221 2.99 9741
P5-9 2.24 173.4 403 10597.4 3.21 1637.0 3.19 1565.6
P6-1 2.05 111.8 3.92 8368.6 3.05 1123.2 3.06 1157.0

P7-7 1.84 68.9 3.32 2080.9 2.84 685.1 297 934.2

Quaternary P5-1 0.33 2.1 3.01 1034.4 1.89 78.2 1.89 77.9
deposits P7-5 1.42 26.1 2.89 7773 1.92 83.3 1.87 735
Kersanitites P7-3 1.66 458 3.80 6351.5 297 937.3 3.00 1002.0

The table provides minimum and maximum resistivity values, as well as geometric mean and median resistivity (in Qm) for each lithological
unitinterpreted on the basis of 2D inversion models. Profile numbers and lithological unit names correspond to labels used in Figures 8 and 9

Formation on Ostrzew Hill (loc. 4; Fig. 7E), as well as in the in-
tersecting kersantite intrusions (loc. 5; Fig. 7E). These joints are
generally oriented approximately perpendicular to bedding (or
to the magmatic foliation in the kersantites) and display consis-
tent strikes. The J; set strikes nearly NW-SE, parallel to the
graben boundaries, while the J, set is oriented approximately
NE-SW.

In exposures of the Sokolec Formation within the landslide
body on the southern slopes of Ostrzew Hill (loc. 6), joint sets
striking approximately N-S and W-E are observed. In addition,

strike-slip faults striking E-W have developed along fractures of
the same orientation (Fig. 7C). Locally, these faults form
well-defined, small-scale negative flower structures. Structural
analysis of the joint surfaces suggests that these faults are lo-
calized along planes assigned to the J; set (originally striking
NE-SW), which have been rotated clockwise. This rotation is
interpreted as the result of downslope displacement of landslide
blocks and their subsequent rotation around a vertical axis
(Kowalski, 2018). These faults may represent high-angle Riedel
shears (R-shears) associated with sinistral strike-slip move-
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ment along NW-SE-oriented master faults. According to
Kowalski (2018), fractures of the J; set within the sandstones
and mudstones of the Sokolec Formation on the southwestern
slope of Ostrzew Hill show clear evidence of sinistral strike-slip
shearing. However, these exposures are currently inaccessible.

In the same landslide block exposure (loc. 6) on the south-
eastern slopes of Ostrzew Hill, normal faults striking nearly
E-W and dipping southwards at angles of up to 80° have also
been documented. These faults are most likely the result of
gravitational processes; however, a tectonic origin cannot be
entirely excluded. If of tectonic origin, these structures — similar
to the sinistral strike-slip faults — may have originally been ori-
ented nearly NE-SW, with their current geometry resulting from
clockwise rotation during landslide displacement. Furthermore,
in the southern part of the Ostrzew Hill massif, a depression
trending NE—-SW has been identified (Kowalski, 2018). This
feature is interpreted as an extensional fracture, indicating seg-
mentation of the massif along probable normal faults of similar
orientation.

INTERPRETATION AND DISCUSSION

Given the scarcity of direct structural and stratigraphic evi-
dence from the GG, its tectonic evolution is interpreted — based
on the data presented in this study — within the broader context
of regional deformation patterns established for adjacent,
better-documented sectors of the NE Bohemian Massif. These
surrounding regions are similarly partially overlain by syn- to
post-Variscan sedimentary successions.

Drawing on the results of geological mapping, structural
analysis, and shallow geophysical surveys, the model proposed
here outlines a four-stage tectonic evolution of the GG (Fig. 11).
This evolution closely mirrors the recently developed structural
model for the adjacent Kamionki Graben (Kowalski and
Pacanowski, 2025). The formation and development of the GG
are interpreted to have initiated during the Carboniferous and
progressed through multiple reactivation phases of inherited
basement faults, episodic uplift, and erosional removal of the
sedimentary cover of the GSM, continuing into the late Ceno-
Zoic.

NW-SE-trending meso-scale folds, identified within the
Mississippian succession of the GG — particularly on the slopes
of Ostrzew Hill — are interpreted as the result of end-Variscan
compressional deformation. Similar fold styles are well docu-
mented in Carboniferous deposits preserved in both foreland
and intramontane basins along the northeastern and eastern
margins of the Bohemian Massif (Oberc, 1972; Hartley and
Otava, 2001; Babek et al., 2004, 2006; Mazur et al., 20086,
2010; Narkiewicz, 2007, 2020; Tomek et al., 2019). Mesoscale
folds have also been described from the Paleozoic sedimentary
successions forming the Variscan external fold-and-thrust belt
in western and central Poland. Seismic reflection profiles and
borehole data reveal that these successions are dominated by
imbricate thrust stacks and moderately to steeply inclined folds
trending WNW-ESE to NW-SE, which reflect northeast-di-
rected shortening and the progressive propagation of the Vari-
scan deformation front during the late Carboniferous (Mazur et
al., 2010, 2020; Krzywiec et al., 2017; Tomaszczyk and
Jarosinski, 2017; Mazur and Schulmann, 2025). This structural
geometry is consistent with the regional end-Variscan stress
field reconstructed across the northeastern termination of the
belt, suggesting that the GG area records a comparable style of
folding related to this compressional phase.

At the regional scale, the fold tectonics affecting the Missis-
sippian strata overlying the GSM correspond to the deformation
style observed in the adjacent Bardo Unit (Oberc, 1972). Ac-
cording to Oberc, the Bardo succession experienced an initial
phase of folding at the transition from the early to late Carbonif-
erous, forming E-W- to NW-SE-trending structures. These
were later overprinted by late Carboniferous refolding, which
produced NE-SW to N-S-oriented folds superimposed on the
earlier fabric (Oberc, 1972). The E-W- to NW-SE-trending ini-
tial folds are attributed to deformation associated with the
late-Variscan (“Sudetic”) phase of E-W to NE-SW compres-
sion. The geometry of meso-scale folds documented in the GG
— particularly within the Sokolec Formation at Ostrzew Hill —
closely mirrors that observed in the southern sector of the
Kamionki Graben, where WNW-ESE to W-E, and less com-
monly NW-SE-trending, exposure-scale folds and associated
reverse faults have been reported (Kowalski and Pacanowski,
2025). The consistent structural patterns between the two
grabens suggest that both underwent comparable phases of
deformation, likely transpressional in character, controlled by
the reactivation of inherited basement faults within the GSM
(Kowalski and Pacanowski, 2025). Late Paleozoic dextral
movements along major crustal shear zones in the northeast-
ern Bohemian Massif, active during the final stages of the
Variscan orogeny, have been widely documented (Aleksan-
drowski, 1995; Aleksandrowski et al., 1997; Zak et al., 2018;
Tomek et al., 2019). These displacements most likely occurred
on a broader scale as a consequence of oblique convergence
between Gondwana-derived microcontinents and Laurussia
(Mazur et al., 2006; Hofmann et al., 2009; Franke et al., 2017;
Edel et al., 2018; Zak et al., 2018; Tomek et al., 2019;
Martinez-Catalan et al., 2021).

The sinistral strike-slip faults observed in the Sokolec For-
mation at Ostrzew Hill are interpreted as the product of a sec-
ond deformation phase associated with the initial tectonic de-
velopment of the GG. The formation of the graben likely fol-
lowed shortly after the folding of the Carboniferous strata and is
attributed to a period of regional uplift and erosion during the
late Carboniferous to early Permian. The strike-slip faults ob-
served within the landslide-displaced blocks affected clock-
wise-rotated surfaces of the J, joint set, originally oriented
NE-SW and parallel to the graben boundaries, and may repre-
sent high-angle Riedel (R) shears. Sinistral shearing along
NW-SE-oriented J; joints on the southwestern slopes of
Ostrzew Hill was previously documented by Kowalski (2018),
suggesting that this deformation pattern is part of a broader, re-
gionally significant trend. Further support comes from the adja-
cent Kamionki Graben, where NNW-SSE to NNE-SSW-strik-
ing strike-slip faults (fault population Il of Kowalski and
Pacanowski, 2025) show comparable geometry and are attrib-
uted to a late Carboniferous—early Permian transtensional re-
gime, characterized by NE-SW to WNW-ESE-oriented exten-
sion. Notably, this proposed kinematic phase aligns with inter-
preted late Carboniferous—early Permian sinistral displacement
along the Gtuszyca Fault — a segment of the Intra-Sudetic Fault
System — which runs parallel to both grabens and forms the
southwestern boundary of the GSM (Aleksandrowski, 1995;
Aleksandrowski et al., 1997). Additionally, the emplacement of
NW-SE to NNW-SSE-oriented kersantite and rhyolite dykes
within the GSM (Grocholski, 1967; Awdankiewicz, 2007), along
with coeval volcanic and subvolcanic bodies in the adjacent
Intra-Sudetic Basin (Awdankiewicz, 1999, 2022), appears ge-
netically linked to this regional extensional tectonic regime. Ac-
cording to Nadaskay et al. (2024), during the middle Pennsylva-
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Fig. 11. Schematic model illustrating the deformation of the Mississippian succession in the Glinno Graben

The diagram depicts the inferred late Namurian folding phase after Kowalski and Pacanowski (2025).
For detailed discussion and additional context, refer to the main text
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nian to early Permian (Moscovian—early Asselian; ~310-300/
298 Myr), sinistral strike-slip deformation along NW-SE-ori-
ented fault zones in the northeastern Bohemian Massif was
likely triggered as a far-field effect of the Uralian orogeny.

Reconstructing the tectono-sedimentary evolution of the
GSM from the Permian to Early Cretaceous remains highly
challenging due to the absence of preserved sedimentary cover
and limited structural evidence. While Lower Triassic deposits
are well documented in the adjacent Intra-Sudetic Basin, the
GSM likely acted as a sediment source during that time
(Mroczkowski and Mader, 1985; Kowalski, 2020). However, it
remains unclear whether any sedimentary succession covered
the mountainous portion of the massif or its continuation within
the Fore-Sudetic Block. Geophysical data indicate that struc-
tural levels exposed in the foreland are ~5 km deeper than
those in the Sudetic part, raising the possibility that sedimentary
rocks never accumulated there, or were entirely removed by
post-Carboniferous erosion (Oberc, 1972). Based on apatite
fission-track data, Aramowicz et al. (2006) proposed that the
GSM may once have been buried beneath a significant thick-
ness of upper Carboniferous—Permian, or younger (?) deposits,
suggesting a notable post-Variscan burial event prior to its final
exhumation.

The presence of Jurassic and Early Cretaceous strata over
the GSM remains uncertain, and if such cover existed, it has
since been eroded. Outcrops of these rocks are limited to areas
west of the Elbe Fault Zone (Valecka, 2019, Nadaskay et al.,
2024), raising doubts as to whether the GSM was ever covered
during this time. Although extensional reactivation of Variscan
strike-slip faults and localized subsidence during the Middle Ju-
rassic—Early Cretaceous has been proposed in the NE Bohe-
mian Massif (Nadaskay et al., 2019), palaeogeographic recon-
structions generally exclude the GSM from these depositional
areas. During the Late Cretaceous, the GSM clearly emerged
as part of the Eastern Sudetic Island, supplying clastic material
to adjacent basins (Wojewoda, 1997; Biernacka, 2012;
Kowalski, 2021b).

During the Late Cretaceous to early Paleogene, the ele-
vated part of the GSM underwent significant tectonic uplift along
two major basement faults: the Sudetic Boundary Fault (NE)
and the Gluszyca Fault (SW). This uplift is attributed to
NE-SW-oriented compressional stress resulting from the con-
vergence of the African, Iberian, and European plates, transmit-
ted as far-field effects across considerable distances from the
active orogenic fronts (Rosenbaum et al., 2002; Mazur et al.,
2005; Kley and Voigt, 2008). The result was regional-scale in-
version of Permo-Mesozoic and older basins, forming a wide
NW=SE trending belt of basement uplifts and associated de-
pressions bounded by reactivated high-angle faults in Central
Europe. Prominent structural highs within this belt include the
inverted Lower Saxony Basin, Harz Mountains, Flechtingen
High, Thuringian Forest and its Bavarian prolongations, and the
Lusatian—-Sudetic High (Voigt, 2009; Kley and Voigt, 2008).
While Voigt et al. (2021) suggested that tectonic inversion in
Central Europe began as early as ~95 Ma (Cenomanian), in the
Intra-Sudetic Basin the youngest preserved Cretaceous strata
are of Lower Coniacian age (~89-87 Ma; Wojewoda, 1997;
Kowalski, 2021b). This implies that tectonic uplift of the GSM
and its surroundings may have initiated somewhat later, likely
during the late Coniacian to Santonian (~87—84 Ma), following
the termination of sedimentation in the basin — provided that
younger deposits were not subsequently eroded, which re-
mains a possibility. This interpretation aligns with the
thermochronological findings of Danisik et al. (2012), who ar-
gued that reverse faults and low-angle thrusts were active
across the Sudetic region during the ~85-70 Myr interval, indi-

cating a regional compressional phase consistent with the Late
Cretaceous to early Paleogene deformation event. Palaeo-
stress indicators from reverse faults in the nearby Kamionki
Graben suggest NW-SE-directed compression, consistent
with data documenting this deformation phase in the northeast-
ern Bohemian Massif and the Sudetes region (Peskova et al.,
2010; Coubal et al., 2015; Novakova, 2015; Sobczyk et al.,
2015, 2019; Kowalski, 2021; Gtuszynski and Aleksandrowski,
2022; Kowalski and Pacanowski, 2025). Thermochronological
constraints indicate removal of ~4—8 km of overburden from the
GSM during this episode, with ~4 km of denudation also re-
corded in the Intra-Sudetic Basin (Aramowicz et al., 2006; Botor
etal., 2019). Sobczyk et al. (2015) further postulated that burial
depths within the axial part of the Intra-Sudetic Basin reached
up to 5.5-6 km, implying a comparable magnitude of subse-
quent exhumation during post-Cretaceous uplift and basin in-
version. Although exposure evidence in the GG is limited,
map-scale folds within the Mississippian succession, particu-
larly the NW-SE trending syncline in the southernmost part of
the graben, likely reflect the same compressional phase. The
large-scale folds observed in other parts of the GG most likely
also formed during this compressional event. However, the
bedding is poorly expressed in the gneissic conglomerates,
where its identification is particularly challenging due to the
massive structure and weathering, a difficulty compounded by
the near-total absence of fresh exposures.

Based on field observations conducted in the GG, a subse-
quent episode of extensional deformation is proposed, marked
by the development of normal faults that likely represent the
youngest tectonic dislocations affecting the graben structure.
These faults are oriented either parallel or perpendicular to the
nearby NW-SE-trending Sudetic Boundary Fault (Oberc and
Dyjor, 1969; Krzyszkowski and Pijet, 1993; Krzyszkowski et al.,
1995; Badura et al., 2007; Rozycka et al., 2021; Migon et al.,
2023), suggesting that a late-stage extensional regime has
been superimposed on pre-existing structural discontinuities.
On the southern slopes of Ostrzew Hill (loc. 6), both normal
faults and extensional fractures — clearly expressed in pres-
ent-day terrain morphology — have been documented. Addition-
ally, two landslides have been identified in this area, whose de-
velopment appears closely linked to the fault-controlled bed-
rock architecture. These faults, along with other dislocations
that have contributed to the internal compartmentalization of
the GG — such as NE-SW-oriented faults dissecting both the
Kurasz Fault and the Northern Glinno Fault — are most likely as-
sociated with Neogene to Quaternary fault activity previously
reported along the Sudetic Boundary Fault (Krzyszkowski et al.,
1995; Krzyszkowski and Bowman, 1997; Migon and tach,
1998; Badura et al., 2007; étépanéikové et al., 2010, 2011;
Rozycka et al., 2021; Migon et al., 2023) and subordinate fault
systems within the GSM. This late-stage faulting appears to
have exerted a substantial influence on the local drainage net-
work. The course of the Mtynéwka River valley in the central
and southern sectors of the graben, as well as the headwater
zone of the Bojanicka Woda stream in its northern part, closely
follows morphological depressions that coincide with mapped
fault zones. This spatial correspondence suggests that neotec-
tonic movements along normal faults may have played a key
role in controlling fluvial incision and valley alignment in the GG
area. Moreover, the isolated position of Ostrzew Hill situated in
the axial zone of the graben likely reflects a combination of
structural preservation and differential erosion, controlled prob-
ably by late-stage normal faulting. Hence, Ostrzew Hill may rep-
resent an erosional remnant bounded by NE-SW-oriented
faults that segmented the graben floor during Neogene to Qua-
ternary extensional deformation.
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Another important issue that must be addressed in the con-
text of the Neogene to Quaternary evolution of the GG con-
cerns the nature and kinematics of the Sudetic Boundary Fault,
particularly with respect to the earlier, possible strike-slip dis-
placements along this structure. According to Cwojdzinski and
Zelazniewicz (1995), the absence of a pronounced offset in the
mapped boundaries of the GSM along the fault suggests that
previously proposed strike-slip displacements along this struc-
ture were likely minor or of limited geological significance. Fur-
thermore, Cwojdzinski et al. (1995) and Zelazniewicz et al.
(1997), based on interpretations of the GB-2A seismic reflec-
tion profile, proposed that both the Sudetic Boundary Fault and
the Intra-Sudetic Fault functioned as multiply reactivated listric
faults. Importantly, the crystalline basement of the GSM ex-
tends southwards beneath the Devonian strata of the northern
Bardo Unit (Chorowska et al., 1992) and likely also underlies
parts of the Swiebodzice Unit (Porebski, 1981, 1990), beyond
the currently mapped extent of the mountainous massif. This
structural configuration implies that the apparent continuity of
GSM boundaries may be misleading and potentially obscured
by vertical (dip-slip) fault reactivation during the Neogene to
Quaternary tectonic phase. Consequently, the absence of a
visible lateral offset in plan view does not preclude the occur-
rence of strike-slip displacements during earlier stages of the
tectonic evolution of the Sudetic Boundary Fault. Such dis-
placements likely occurred primarily along the Intra-Sudetic
Fault, which has been widely recognized as a major zone of late
Paleozoic strike-slip deformation.

SUMMARY AND CONCLUSION

The Glinno Graben is a well-defined, fault-controlled tec-
tonic feature developed atop the crystalline basement of the
metamorphic Gory Sowie Massif, comprising folded syn- to
late-orogenic Mississippian strata. Its structural evolution re-
flects the complex, late- to post-Variscan tectonosedimentary
history of the northeastern Bohemian Massif.

This study provides an integrated structural, geomorpho-
logical, and geophysical analysis of the graben, based on de-
tailed geological mapping, LIDAR-based terrain analysis, and
two-dimensional Electrical Resistivity Tomography (ERT). The
preserved Carboniferous succession — comprising gneissic
conglomerates and sandstones of the Walim Formation and
marine deposits of the Sokolec Formation — is locally intruded
by NW-SE- to NNW-SSE-trending kersantite dykes and sills,
indicating late-Variscan magmatic activity. The Glinno Graben
consists of at least three fault-bounded tectonic subunits, delin-
eated by major dislocations including the Western, Eastern,
Kurasz, and Northern Glinno faults. ERT imaging reveals a pro-
nounced contrast between the resistive crystalline basement
and the more conductive sedimentary infill, allowing for
high-resolution mapping of fault zones and precise character-
ization of the overall graben geometry.

Structural data and regional correlations support a
four-stage deformation model of the graben. The first phase —
represented by NW-SE-trending meso-scale folds in the Mis-
sissippian succession - is attributed to end-Variscan
NNE-SSW to NE-SW shortening. The meso-scale folds likely
formed under compressional or transpressional (dextral?) re-
gimes. The second phase involved sinistral strike-slip faulting
during late Carboniferous to early Permian transtension. This
event is reflected in fault planes dissecting the Sokolec Forma-

tion and aligns kinematically with sinistral deformation in the
Kamionki Graben and along the nearby Intra-Sudetic Fault. It
also corresponds with the emplacement of kersantite dykes and
associated igneous activity in the GSM and Intra-Sudetic Basin.

A third, regionally significant tectonic phase occurred during
the Late Cretaceous to early Paleogene, when NW-SE-di-
rected far-field compressional stress — generated by the con-
vergence of the African, Iberian, and European plates — reacti-
vated inherited high-angle basement faults and triggered the in-
version of Permo-Mesozoic basins and older tectonic structures
in Central Europe. This stress regime induced crustal shorten-
ing within the northeastern Bohemian Massif and led to the up-
lift of the mountainous part of the GSM, particularly along the
Sudetic Boundary Fault and the Gluszyca Fault. It also caused
extensive erosion of the massif and its sedimentary cover. Re-
verse faults and large-scale folds observed within the Mississip-
pian succession of the GG — although only locally exposed — are
likely attributable to this compressional phase and are consis-
tent with palaeostress reconstructions from the adjacent
Kamionki Graben.

The final phase of deformation is characterized by Neogene
to Quaternary NW-SE-oriented extension, manifested as
high-angle normal faults and extensional fractures — particularly
in the southern sector of the graben in Ostrzew Hill. These
structures, locally rotated within landslide bodies, show orienta-
tions either parallel or perpendicular to the Sudetic Boundary
Fault, suggesting a late-stage extensional regime superim-
posed on older faults. In addition to controlling the development
of slope instabilities, these graben-parallel faults appear to have
influenced the alignment and incision of the local drainage net-
work. The Mtynéwka River valley and Bojanicka Woda headwa-
ters both coincide with fault-controlled depressions, indicating a
possible neotectonic imprint on modern topography.

Importantly, the proposed structural evolution of the Glinno
Graben, involving repeated episodes of fault reactivation from
the Carboniferous to Quaternary, is consistent with the defor-
mation history reconstructed for the adjacent Kamionki Graben.
These findings emphasize the persistent regional role of inher-
ited basement faults and their long-term tectonic reactivation in
influencing the structural framework of the northeastern Bohe-
mian Massif.
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