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The Klonéw Anticline is located in the western outskirts of the Lysogéry Region of the Holy Cross Mountains. A fresh look
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onto the cartographic evidence suggests that this structure shows the key characteristics of a progressive unconformity. This
becomes evident when compared to the classical example of the Sant Lloren¢ de Morunys Anticline (eastern Pyrenees,
Spain). The geometry of the unconformity requires a phase of thrusting or reverse faulting along the Holy Cross Fault in the
latest Silurian—earliest Devonian (Late Caledonian deformation) followed by Variscan thin-skinned thrusting. Thick- and

thin-skinned kinematic scenarios for the latest Silurian-earliest Devonian deformation of the Lysogéry Region are explored.
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INTRODUCTION

The Lysogoéry and Matopolska blocks are situated outboard
of the southwestern margin of the East European Craton (EEC;
Fig. 1). These belong to an assemblage of Neoproterozoic-Pa-
leozoic tectonic units, which stretches along the southwestern
margin of the Archean to Mid-Proterozoic EEC, and which is of-
ten named the Trans-European Suture Zone (TESZ) (e.g.,
Berthelsen, 1993; Pharaoh, 1999). Their local (Baltic) or exotic
(Pan-African) provenance is still a matter of debate (e.g.,
Nawrocki et al., 2007; Krawczyk et al., 2008; Kroner et al.,
2008; Narkiewicz et al., 2015). The tysogéry and Matopolska
blocks have passed through a prolonged Neoprotorezoic-
Paleogene depositional and tectonic history that embraced for-
mation of successive sedimentary basins punctuated by
phases of tectonic shortening and wrenching. As suggested by
the recent deep reflection seismic survey POLCRUST-01
(Malinowski et al., 2013), the Lysogory Block and at least the
northern part of the Matopolska Block are floored by the crust of
the EEC (Fig. 1B).

The tysogoéry and Matopolska blocks are largely concealed
beneath Permo-Mesozoic sediments of the Polish Basin and
Miocene sediments of the Carpathian Foredeep. Their pre-
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Permian basement crops out only in the Holy Cross Mts. (HCM)
(Fig. 1A). This Paleozoic inlier exposes a contact between the
Ltysogoéry and Matopolska blocks, which is defined by the Holy
Cross Fault (HCF). The HCM is the only window into the struc-
ture of the Polish segment of the TESZ and has therefore been
the subject of numerous studies (e.g., Lewandowski, 1993;
Mizerski, 1995; Zelazniewicz, 1998; Lamarche et al., 1999,
2003; Nawrocki, 2000; Porebska, 2002; Belka et al., 2002;
Konon, 2006, 2007; Nawrocki and Poprawa, 2006; Poprawa,
2006a, b; Schétz et al., 2006; Nawrocki et al., 2007; Zyliiska
and Masiak, 2007; Koztowski, 2008; Koztowski et al., 2014).

The Paleozoic exposures of the HCM are divided by the
HCF into the tysogory Region in the north and the Kielce Re-
gion in the south (Czarnocki, 1936; Fig. 2, inset map). These
represent the only outcropping fragments of the tysogéry and
Matopolska blocks. The tysogoéry and Kielce regions display
stratigraphic and structural differences that have triggered a de-
bate as to whether the tysogéry and Matopolska blocks shared
a common pre-Devonian tectonic evolution or evolved inde-
pendently and were juxtaposed along the HCF during Early Pa-
leozoic wrenching (Brochwicz-Lewinski et al., 1984; Pozaryski,
1990; Lewandowski, 1993, 1994; Tomczykowa and Tomczyk,
2000; Nawrocki and Poprawa, 2006; Poprawa, 2006b;
Nawrocki et al., 2007; Koztowski, 2008; Koztowski et al., 2014).
One of the lines of reasoning that supports a decoupled struc-
tural evolution of these two tectonic units is a contrast between
a nearly continuous Late Silurian-Early Devonian sedimentary
succession in the Lysogory Region and a deeply incised base-
Emsian (Caledonian) unconformity in the Kielce Region (e.g.,
Koziowski et al., 2014).
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Fig. 1. Architecture of the pre-Permian basement in the Polish sector
of the Trans-European Suture Zone

A — tectonic sketch; note the position of the Holy Cross Mountains astride the contact
of the Lysogoéry and Matopolska blocks; B — POLCRUST-01 deep reflection seismic
(Malinowski et al., 2013); reinterpreted; HCF — Holy Cross Fault

Although there are several papers that provide argumenta-
tion for a Caledonian unconformity in the tysogéry Region of
the HCM or at least premises on its existence (Tokarski, 1958;
Marianczyk, 1973; Kowaczewski et al., 1976, 1989, 1998; Da-
dlez etal., 1994; Znosko et al., 1996; Malec, 2006), this concept
is not widely accepted. Most publications stress a conformable
sedimentary contact between the Late Silurian and Early Devo-
nian sediments (e.g., Czarnocki, 1936, 1950; Mizerski, 1979;
Narkiewicz et al.,, 2006; Koztowski, 2008; Koztowski et al.,
2014). It affects palaeotectonic and palaeogeographic models.

In this paper, the occurrence of a Caledonian unconformity
in the western part of the Lysog6ry Region is further supported.
Presented ideas arise from a comparison of the observed map
pattern to the classical example of the Sant Lloreng¢ de Morunys
Anticline (eastern Pyrenees, Spain). Four local cross-sections
are presented that constrain the geometry of this unconformity
and explain why it is detectable only in the western periphery of
the Lysogory Region. A seismic analogue from the Chindwin
Basin (onshore Myanmar) is presented to support the proposed

model. Thin- and thick-skinned kinematic scenarios are devel-
oped and their consequences for the pre-Devonian tectonic
evolution of the Lysogory Region of the HCM are explored.

OUTLINE OF GEOLOGY

PRINCIPAL STRUCTURAL CHARACTERISTICS
OF THE LYSOGORY REGION

The structural nucleus of the HCM is formed by the Paleo-
zoic core that exposes strongly deformed pre-Permian rocks
over an area of ~90 by ~40 km in extent (Fig. 2, inset map). The
Paleozoic core is surrounded from the north, west and
south-west by the Mesozoic margin that comprises less de-
formed Permian-Mesozoic sedimentary rocks. The Paleozoic
core of the HCM was exhumed during the Late Creta-
ceous-Paleocene inversion of the German-Polish Basin (e.g.,
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Fig. 2. Geology of the Holy Cross Mountains

Inset map: principal tectonic subdivision (HCF — Holy Cross Fault);
main map — general geological map of the Paleozoic core

Kutek and Glazek, 1972; Lamarche et al., 2002, 2003). In the
Miocene, the Paleozoic core and the Mesozoic margin were
covered by transgressive sediments of the Carpathian foreland
basin that completed the encirclement of the Paleozoic core
from the south (Fig. 2).

The pre-Permian rocks of the HCM were deformed during
consecutive phases of tectonic inversion: in the Late Cambrian
(local Sandomirian phase, which is a time-equivalent of the
Late Timanian orogeny at the northeastern margin of the EEC),
Late Silurian—Early Devonian (Caledonian), ?Late Carbonifer-
ous (Variscan), and the Late Cretaceous—Paleocene.

The Lysogdry Region comprises two principal map-scale
tectonic units: the tysogory Thrust Sheet (TS) in the south
(e.g., Czarnocki, 1919, 1950; Czarnocki and Kuzniar, 1922;
Stupnicka, 1988) and the Bronkowice Anticline in the north.
They are separated by the Bodzentyn Syncline (Fig. 2). The
tysogory TS, which is the main object of this study, is a tectonic
slice that dips to the north-northeast at 35-60° (in the west,
however, up to subvertical; Mizerski, 1979). The Lysogéry TS is
largely lacking map-scale fold deformation, which is expressed
in a continuous succession of stratigraphic units: from the Mid-
dle Cambrian adjacent to the HCF in the south to the
Famennian in the core of the Bodzentyn Syncline in the north
(Fig. 2). Middle-Late Cambrian strata close to the base of the
tysogory TS are sheared and folded (Salwa, 2006). Younger
stratigraphic units, in particular Silurian, are either inferred to be
folded (e.g., Czarnocki, 1950) or their homoclinal geometry is
postulated (e.g., Mizerski, 1979; Koztowski, 2008). The Lyso-
gory TS is compartmentalised by transverse faults (Fig. 2).

An enigmatic duo of structures called the “Klonéw Anticline”
and the “Barcza Syncline” occurs at the western periphery of
the Lysogory TS, close to the erosional boundary of the trans-
gressive Permian-Triassic strata (Fig. 2). The Klonéw Anticline
has been portrayed in cross-sections only twice:

— Lamarche et al. (2003) have interpreted it as a slightly
asymmetric, S-vergent anticline that features a constant,
concentric thickness pattern of Devonian strata. Internal
geometry of pre-Devonian stratigraphic units in the core
of the anticline has not been illustrated.

— An earlier, more detailed cross-section by Filonowicz
(1973b), although mostly based on subcrop interpreta-
tion, has indicated very low amplitude of the Klondw
Anticline at the Devonian level and revealed thickness
problems within Silurian strata. The latter observation is
in line with the reasoning presented in this paper.

STRATIGRAPHY OF THE LYSOGORY REGION

A ~7 km thick, near-continuous succession of Mid-Cam-
brian-Late Devonian sediments is exposed in the £ysogory Re-
gion (Fig. 3). The base of the succession is defined by the HCF,
which is followed along-strike for ~70 km by the oldest exposed
unit: the Middle Cambrian Gory Pieprzowe Formation (Figs. 2
and 3). The top is erosional with the youngest Famennian strata
preserved only locally. The succession contains an alleged hia-
tus within the Pragian (Malec, 2001, 2006; Narkiewicz et al.,
2006; Koztowski, 2008; Fig. 3).
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Fig. 3. Stratigraphy of the Lysogoéry Region

The Upper Silurian-Lower Devonian units are based on Koztowski (2008), Koztowski et al. (2014) and Malec (2001, 2006); thicknesses
were retrieved from geological maps, scale 1:50,000; note a disparity between the large thickness of the Wydryszéw and Rzepin series
and their short time of deposition; abbreviated names of additional lithostratigraphic units referred to in the text: BF — Bronkowice Fm., GPF
— Gory Pieprzowe Fm., GS — graptolite shales, MGC — Miedziana Géra Conglomerate, RF — Rachtanka Fm., WF — Wisniéwka Fm., WoF —
Wojciechowice Fm.; time scale created using TSC Creator v. 6.3 (2015)

The stratigraphy of the Late Silurian-earliest Devonian sedi-
ments in the Lysogory Region is insufficiently defined, as sum-
marized e.g., by Narkiewicz et al. (2006). This is the case with
the formation names and ages, as well as with vertical and lat-
eral geometric relationships between particular stratigraphic
units. The latest lithostratigraphic schemes differ from one an-
other and are not in common use yet (Malec, 2006; Koztowski,
2008). To avoid this confusion, the Late Silurian-earliest Devo-
nian succession is here traditionally subdivided into the
Wydryszéw, Rzepin and Klondéw/Bostow series from bottom to
top (Czarnocki, 1950; Fig. 3). Although an oversimplification,
this subdivision is consistent with the current geological maps
and enables construction of serial cross-sections.

The basal part of the Late Silurian-Early Devonian succes-
sion in the tysogory Region is comprised of a monotonous

flysch unit of the Wydryszéw Series that is mid-Late Ludlowian
in age. The Wydryszéw Series is interpreted as a Caledonian
foreland basin deposit (Koztowski et al., 2004, 2014; Malec,
2006; Nawrocki and Poprawa, 2006; Poprawa, 2006b; Nawro-
ckietal., 2007; Koztowski, 2008). The Wydryszéw Series has a
constant thickness, slightly in excess of 1000 m. The overlying
Rzepin Series consists of up to ~1200 m of variegated clastic
deposits of Late Ludlowian—Pridolian age. The sedimentology
and fauna documented from the Rzepin Series is consistent
with a shallow marine depositional environment (Czarnocki,
1919, 1950; Koztowski, 2003, 2008). The Rzepin Series was
deposited in an over-filled Caledonian foreland basin during ter-
minal stages of its evolution (Koztowski, 2003, 2008). The
siliciclastic Klonow/Bostow Series overlies the Rzepin Series
and is Late Pridolian—Lochkovian in age (Kowalczewski et al.,
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1998; Malec, 2006; Koztowski, 2008). The Klonéw/Bostow Se-
ries is around 300 m thick and includes marine and continental
units (Kowalczewski et al., 1998; Koztowski, 2008).

The Late Silurian-earliest Devonian stratigraphic section of
the Lysogory Region is capped by a short-term hiatus that com-
prises the Early and Middle Pragian (Czarnocki, 1936; Malec,
2001, 2006; Narkiewicz et al., 2006; Koztowski, 2008). The gap
is succeeded by ?Late Pragian-Emsian siliciclastics that belong
to the Barcza and Zagorze formations (Fig. 3). The basal
Barcza Fm. is a transgressive unit that features an estuarine fa-
cies association. These two formations attain a combined thick-
ness of ~650-900 m.

In contrast to the Lysogoéry Region, the Upper Silurian-low-
est Devonian section in the Kielce Region is thin and less com-
plete and it is often missing over large areas. Transgressive
Emsian sediments in the Kielce Region, which are correlatable
with the Barcza Fm. of the Lysog6ry Region, commonly rest on
top of Lower Cambrian units. However, in the northwestern part
of the Kielce Region, which is adjacent to the segment of the
Lysogoéry Region analysed in this paper, the difference is less
distinctive. Here, the Late Silurian-earliest Devonian succes-
sion resembles that of the £ysogoéry Region in terms of facies,
albeit thinner and less complete (Czarnocki, 1919, 1936, 1950;
Malec, 2001, 2006; Fig. 3). The conspicuous Miedziana Gora
Conglomerate has been identified in the uppermost part of the
Upper Silurian section of the northwestern Kielce Region
(Czarnocki, 1919). According to the original record, later cor-
roborated by Malec (2001, 2006), the conglomerate consists of
boulder-size blocks of Upper Cambrian quartzites identical to
those of the Wisniéwka Fm. in the tysogory Region (Fig. 3).
The addition of pebbles derived from the Cambrian and Ordovi-
cian of the Kielce Region is, however, used as evidence against
a Lysogory Region provenance for the Miedziana Géra Con-
glomerate (Koztowski, 2008; Koztowski et al., 2014). This strati-
graphic unit plays an important role in geometric and kinematic
restorations presented below.

DATA AND METHODS

CARTOGRAPHIC EVIDENCE

The western part of the Lysogéry Region was mapped in
the scale 1:50,000 by the Polish Geological Institute (Filono-
wicz, 1970, 1973b; Fig. 4). The maps include the Quaternary
cover (Fig. 4A) but are associated with subcrop sketches that
interpolate the covered stratigraphic contacts between the
available wells (Fig. 4B). The subcrop sketches are to some ex-
tent influenced by the tectonic concepts of their authors. Never-
theless, they were used as an input to the cartographic analysis
in order to assure that the conclusions are built on commonly
available materials and are therefore verifiable. The key area of
the Klonéw Anticline has been accurately mapped by Kowal-
czewski et al. (1989) (Fig. 4). This map relies on surface data
and shallow geoelectric sounding that allowed for tracing Pa-
leozoic lithological complexes under the Quaternary cover.

The maps by Filonowicz (1970, 1973b) and by Kowalczewski
et al. (1989) are not always mutually consistent which becomes
evident after accurate georeferencing. The outcrop information
included in the maps by Filonowicz (1970, 1973b) has been used
as the decisive criterion in case of ambiguity. When the outcrop
information was missing, the priority has been given to the more
recent map by Kowalczewski et al. (1989).

CROSS-SECTION CONSTRUCTION
AND UNFOLDING

The subsurface structural model has been constructed us-
ing the kink (bisector) method (e.g., Suppe, 1983). This basic
technique of cross-section construction permits in-depth ex-
trapolation of exposed stratigraphic contacts in accordance with
dip data. The resultant geometries consist of dip domains con-
taining beds with a constant dip angle separated by axial planes
of successive kinks. Reliability of this method depends on the
structural context: it gives best results for detachment folds but
it is of a limited use, e.g. for rollover anticlines. Thin-skinned
thrust sheets may be reconstructed reliably; however, the
higher inclination of a thrust sheet the shallower is an angle at
which the dip information is projected. This simple geometric
limitation influences the depth of credible extrapolation of sur-
face data. Therefore, the subsurface structural interpretation of
the Lysogory TS is not only tied to the data directly projected
onto the cross-section plane, but it also honours along-strike
geometric relationships. A representative cross-section was un-
folded to the base-Barcza Fm. using a flexural slip algorithm.
This restoration method preserves lengths of lines (strati-
graphic boundaries) provided they are parallel to the marker ho-
rizon. The cross-section area and thicknesses of beds are pre-
served as well. Pin lines for the restoration were placed in the
area of a presumed minimum layer-parallel slip. Midland Valley
Move® package was used for the data integration, cross-sec-
tion construction and unfolding.

OBSERVATIONS

MAP PATTERN IN THE VICINITY
OF THE KLONOW ANTICLINE

In the area of the Klonéw Anticline, the outcrop extent of the
Barcza and Zagorze formations broadens to the south, as op-
posed to the regular homoclinal belt that they form further to the
east (Fig. 4B). In contrast, the outcrop extent of the underlying
Klonéw/Bostow Series and particularly the Rzepin Series de-
creases to the west (Fig. 4B). The exposure width of the
Klonéw/Bostow Series drops from ~1170 m in the east to
~515 m in the west. The width of the Rzepin Series reaches
~2150 m in the east and drops to ~500 m in the west. The base
of the Rzepin Series is also offset to the south and results in a
reduction of the outcrop extent of the underlying Wydryszéw
Series from ~1600 m in the east to ~520 m in the west (Fig. 4B).

These offsets of stratigraphic boundaries create a peculiar
map pattern of the Klonéw Anticline and the Barcza Syncline.
The Klondéw Anticline has limbs of the Barcza and Zagorze for-
mations, which encircle the core of the Klonéw/Bostoéw Series
(Fig. 4B). The Barcza Syncline is outlined by a mildly folded
lobe of the Barcza and Zagorze formations. It has an irregular
outline which is topography-controlled to a significant extent. It
emphasizes an open, flat-bottom geometry of the Barcza Syn-
cline. The Barcza and Zagoérze formations merge towards the
east into a single homoclinal belt parallel to the underlying and
overlying stratigraphic units. The eastern extension of the
Klonéw Anticline and the Barcza Syncline is covered by trans-
gressive Permian-Triassic strata with a single inlier of Paleozoic
rocks that exposes the Eifelian Wojciechowice Fm. (Fig. 4B).

The dip pattern of the Upper Silurian-Lower Devonian strata
around the Klonéw Anticline indicates some geometric compli-
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B — a mosaic of “uncovered” geological maps with subcrop interpretation (Filonowicz, 1969, 1973a; Kowalczewski et al., 1989);
key stratigraphic markers are highlighted
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cations. To the east of the Anticline the entire Paleozoic section
is roughly homoclinal. The dip measurements plotted in the
geological map by Filonowicz (1973b) cluster between 30 and
40°. This, however, does not comply with the exposure width of
the Klonéw/Bostow Series that may exceed 1100 m (map by
Kowalczewski et al., 1989) despite the unit’s thickness of only
~300 m (Koztowski, 2008). A simple geometric calculation
would imply the mean dip angle of ~16° instead of the regional
30-40°. It suggests that the Klonéw/Bostéw Series may be not
coplanar with the underlying sequence. The occurrence of the
Rzepin Series with fauna, mapped by Filonowicz (1970) in the
area occupied by the Klonéw/Bostéw Series (Kowalczewski et
al., 1989), is in line with this simple observation (Fig. 4B). This
inlier may represent an erosional window through which the
moderately dipping Rzepin Series emerges from beneath the
flat-lying Klonéw/Bostéw Series. In the area of the Klonéw
Anticline, the simple dip pattern is preserved only within the
Cambrian-Upper Silurian part of the section, although the Cam-
brian is dipping steeper, up to subvertical. Nevertheless, the
structure of the pre-Devonian section is considered generally
coplanar as the bedding strike remains constant. The situation

Sant Lloren¢ de Morunys Anticline
Map from Ford et al. (1997), cross-section from Suppe et al. (1997)

changes upper in the section. The Klonéw/Bostow Series to-
gether with the overlying Barcza and Zagorze formations define
the Barcza Syncline and the Klonéw Anticline, which are
superposed onto the homoclinal Rzepin Series dipping to the
north-northeast. Hence, the structure is three-dimensionally
non coplanar.

GEOMETRIC INTERPRETATION

PREFERRED SOLUTION: PROGRESSIVE
UNCONFORMITY

This model results from comparison of the observed map
pattern to that of the Sant Lloren¢ de Morunys Anticline in the
eastern Pyrenees (Spain). This well-studied anticline hosts
classical examples of growth strata deposited in a foreland set-
ting (e.g., Suppe et al., 1997; Ford et al., 1997; William et al.,
1998; Fig. 5). A detailed anatomy of the folded package results
from migration of the synclinal axis through undeformed beds

Western part of the Lysogory Thrust Sheet

Continues for ~1.5 km

.

Base of growth strata
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Fig. 5. Northern flank of the Sant Lloren¢ de Morunys Anticline (Ford et al., 1997; Suppe et al., 1997) as the analogue
to the western part of the Lysogoéry Thrust Sheet

The map image of the Sant Lloren¢ de Morunys Anticline results from an intersection of a progressive unconformity at successively shal-
lower structural levels from east to west; given the similarity of the surface patterns, the same solution may be readily applied to the
subsurface of the Klonéw Anticline; the map of the Sant Lloreng de Morunys Anticline flipped and rotated colours assigned arbitrarily to facil-

itate comparison
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coeval with a syn-kinematic erosion and/or deposition, depend-
ing on the local sedimentation/uplift rates. The syn-kinematic
strata that were deposited in the foreland position with respect
to the migrating synclinal axis remain coplanar with the underly-
ing pre-kinematic strata. On the contrary, those deposited di-
rectly behind the migrating kink display growth geometries that
pass to an angular unconformity on top of the previously tilted
beds. This special case of unconformity is termed “progressive”
as it passes down-dip and basinwards into a continuous strati-
graphic sequence (e.g., Riba, 1976; Rafini and Mercier, 2002).
In consequence, it is the level at which the structure is ob-
served, deciding whether the section appears conformable or it
is split by an angular unconformity (Fig. 5).

These subsurface geometric relationships give rise to a di-
agnostic map image (Fig. 5). Depending on the level of erosion,
the map pattern may be either homoclinal or the older homo-

clinal units may be mantled by the younger transgressive strata.
Both cases are observed in the geological maps of the Sant
Lloren¢ de Morunys Anticline and the western part of the
tysogory TS (Fig. 5). Although in details this analogy is not per-
fect, in particular no growth strata in the Late Silurian/Early De-
vonian sequence of the Lysogory TS have been identified so far
and the deformation history is different, but the concept of a pro-
gressive unconformity is applicable to both cases. Therefore,
the subsurface structure of the Sant Lloreng de Morunys
Anticline is used as the interpretational clue that helps to inter-
pret the Klonéw Anticline as a gently folded progressive uncon-
formity preserved due to less erosion in the western part of the
Ltysogory TS than in the centre of this unit.

This inferred progressive unconformity in the western periph-
ery of the Lysogory TS is composite. It consists of three individual
discordance surfaces of: at the base of the Rzepin Series, at the
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Fig. 6. Klonéw Anticline as a folded, progressive Caledonian unconformity: geological map

The map is based on Filonowicz (1970, 1973b) and Kowalczewski et al. (1989); Kielce Region has been faded
in order to emphasize the structural pattern of the Lysogory Region; lithological abbreviations: cgl — conglomerate,
Imst — limestone, mdst — mudstone, mrl — marl, sdst — sandstone, sh — shale
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Fig. 7. Klonéw Anticline as a folded, progressive Caledonian
unconformity: serial cross-sections

Cross-section C is more complete than the others because
it is used for restoration and to discuss kinematic scenarios;
colour code as in Figure 6

base of the Klonéw/Bostéw Series, and at the base of the Barcza
Fm. The principal progressive unconformity is the one at the
base of the Klonéw/Bostow Series, the two others are minor.
This is illustrated with an updated geological map and four serial
cross-sections (Figs. 6 and 7). The map retains all of the field and
borehole evidence included in the original maps (Filonowicz,
1970, 1973b; Kowalczewski et al., 1989; Fig. 4). The new map
and the cross-sections form a geometrically consistent “2.5D”
framework that permits along-strike tracing of geometries.

The lowermost of the three unconformities is inferred to oc-
cur at the base of the Rzepin Series. As evident from the posi-
tion of stratigraphic contacts, this unconformity incises ~150 m

into the underlying Wydryszéw Series in the area of cross-sec-
tion B. Further to the east it diminishes but it is still discernible in
the area of cross-section C. Along cross-section D, the contact
between the Wydryszéw Series and the Rzepin Series is con-
formable (Fig. 7). According to Koztowski (2008), the Rzepin
Series in this area begins with continental red beds of the
Rachtanka Fm., which pass upward into marginal marine de-
posits of the Bronkowice Fm. This evidence for a transgressio-
nal succession overlying incised continental units supports the
concept of an unconformity at the base of the Rzepin Series.

The main unconformity underlies the Klonéw/Bostow Se-
ries. This cuts up to ~900 m into the underlying Rzepin Beds
and is responsible for most of the cartographic complications
described previously. The angular discordance at the base of
the Klonow/Bostéw Series reaches ~15° along the best-con-
strained cross-section C. The angle may be higher (possibly up
to 30°) for the neighbouring cross-sections B. However, this es-
timate requires further confirmation. The unconformity at the
base of the Klonéw/Bostéw Series is exposed at increasingly
deeper levels to the east. As a result, a successively more com-
plete sequence crops out in this direction. Only the deepest
remnant of this discordance is still inferred in cross-section D,
while further east, the unconformity remains entirely above the
present erosion level.

The contact between the Klonéw/Bostow Series and the
overlying Barcza Fm. is largely concordant. However, there is a
possibility for a slight S-ward thinning of the former. In cross-
section B, the lowest thickness of the Klonow/Bostéw Series
constrained by the cartographic image and dip data is ~180 m,
while in cross-section D, the lowest thickness that assures con-
sistency with the surface data is ~370 m. It can be either due to
a low-angle unconformity at the base of the Barcza Fm. (Kowal-
czewski et al., 1989, 1998) or due to a depositional thinning of
the Klonéw/Bostéw Series.

ALTERNATIVE SOLUTION: STAIRCASE THRUST

This scenario takes into account an uncertainty concerning
the internal structure of the Silurian series. It was already
Czarnocki (1950) who noted that the thickness of the Silurian
profile might be tectonically multiplied. More recent works
stress a homoclinal structure of this series (e.g., Koztowski,
2008). Although the map image seems to support the latter
view, poor outcrop conditions impede a univocal validation of ei-
ther of these two possibilities.

The alternative model (visualised as a rebuilt version of
cross-section C) explains the observed map pattern (Fig. 8A) by
a staircase thrust (Fig. 8B). The basal detachment is placed in
the Lower Silurian graptolite shales. This guess is reasonable
concerning the mechanical stratigraphy and the regional con-
text: the graptolite shales act as a detachment in the northern
part of the Kielce Region (Gagata, 2014). In order to explain the
geometric pattern along cross-section C, an intermediate de-
tachment must be assumed near the contact of the Rzepin and
Klonéw/Bostow series. This is also not unlikely given rather in-
competent lithologies of the Rzepin Series. The basal and inter-
mediate detachments are connected by a ramp that cuts
through the Wydryszéw and Rzepin series. With this simple
thrust geometry, the dip-slip displacement is ~1800 m.

Concerning the 2D geometry along cross-section C, this
model shows a reasonably good fit to the local surface data and
offers an uncontroversial subsurface solution (Fig. 8B). In com-
parison to the “unconformity” solution, this model implies a thin-
ner Upper Silurian-lowest Devonian section: ~2500 m vs
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Fig. 8. Klonéw Anticline as a hanging-wall anticline of a thrust sheet displaced along a staircase thrust:
A — alternative map-view and B — subsurface interpretations

The map is based on Filonowicz (1970, 1973b) and Kowalczewski et al. (1989); colour code as in Figure 6

~1950 m. Both these figures fall within the accept-

able range (Koztowski, 2008). However, this model SSW\\ » . N% £
creates problems if analysed in 3D. [km] _ \\v/
The eastern extension of the inferred thrust 0 NS
would have to result in a stratigraphic repetition of 1.
the Rzepin Series (Fig. 8A). Neither such a repeti-
tion nor the thrust itself have been mapped so far, 24
although poor outcrops do not rule it out definitively. -3
To the west, the inferred thrust must be placed pro- 4]
gressively deeper in the footwall stratigraphy, to
comply with the narrowing belt of the Rzepin Series, -5+
which may result from a lateral ramp that displaces 64
the intermediate detachment deeper into the foot-
wall. However, such a geometry of the basal thrust- 7
would have to find its expression in a more complete ;
hanging-wall stratigraphy, which is not the case. An- Part restored conceptually according Part restored according to the
other possibility is an out-of-sequence thrust cutting | to the provenance data | geometry of the base-Barcza F"I"
down-section. Although possible from the geometric 7
point of view, an out-of-sequence thrust is not likely Miedziana Géra Cgl. Reworked Ordovician acritarchs
in a non-orogenic setting that has experienced only (Czarnocki, 1919) (Kowalczewski et al., 1998)

limited shortening.

Although this alternative solution cannot be
completely ruled out, the inherent 3D problems
make it inferior to the progressive unconformity hy-
pothesis. Therefore it will not be further developed.

CROSS-SECTION RESTORATION

RESTORED EARLY DEVONIAN GEOMETRY

Fig. 9. Restored Early Devonian geometry along cross-section C

~ The well-constrained geometry of the progres- Colour code and symbols as in Figure 6

sive unconformity permits the restoration of the lat-

est Silurian-earliest Devonian deformation pattern

in the western part of the Lysogory TS. Cross-sec- ) . ]
tion C has been unfolded to the base of the Barcza Fm. (Fig. of the restored cross-section. In the southern part, it remains
9). Cambrian-Silurian strata in the restored cross-section dip ~ @bove the present erosion level. Here, a continuation of the
by ~20° to the north. The beds turn to horizontal down-dip tilted flankis indicated by the Miedziana Gora Conglomerate in
across a well-defined kink plane. The base of the Barcza Fm.  the footwall of the HCF (Fig. 9). These strata contain boulders
can be used as an unfolding template only in the northern part ~ Of quartzite sandstones coming from the Upper Cambrian
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Wisniowka Fm. Hence, the Miedziana Géra Conglomerate is
a record of the exhumation of almost the entire sedimentary
succession of the Lysogory TS during the latest Silurian-earli-
est Devonian shortening. Moreover, Kowalczewski et al.
(1998) provided evidence on reworked Ordovician acritarchs
in the Klondw/Bostow Series, which further supports an exhu-
mation and erosion of the leading edge of the tysogory TS.
The southern part of cross-section C has been restored ac-
cordingly, although the geometry (particularly the dip angles)
is diagrammatic.

SEISMIC ANALOGUE

In order to support the proposed interpretation, a seismic
analogue from the Chindwin Basin, onshore Myanmar, is
presented (Fig. 10; a line drawing of an unpublished seismic
line from author’s collection of seismic examples compiled from
various public domain sources). The seismic line reveals a
thin-skinned thrust sheet that carries a folded angular uncon-
formity with an angular discordance of between 5° to 12°. The
same unconformity can be traced in the footwall. The stratigra-
phy below the unconformity becomes increasingly more com-
plete down-dip. On the extreme right of the seismic line, the un-
conformity becomes sub-parallel to the reflectors. These fea-
tures are indicative of a progressive unconformity, analogous to
that from the Lysogoéry TS. The unconformity in the seismic line
from the Chindwin Basin was generated by the general tilt of the

sedimentary succession and the basement. Subsequent short-
ening led to the rotation of the unconformity in the hanging wall
of a thin-skinned thrust. The Chindwin Basin experienced much
less erosion than the Lysogoéry Region of the HCM. However, if
the erosion level is arbitrarily placed at a level comparable to
that in the tysogoéry TS, the resultant “dip” and “stratigraphic”
patterns are reasonably similar (Fig. 10).

DISCUSSION

LATERAL EXTENT OF THE PROGRESSIVE
UNCONFORMITY

The progressive Caledonian unconformity is observed at in-
creasingly deeper structural levels from west to east. It permits
a reliable reconstruction of the subsurface geometry (cross-
sections B-D in Fig. 7). To the east of the Klonéw Anticline, the
unconformity remains above the present erosion level and
therefore it is not traceable over most of the Lysogoéry TS (Fig.
11). It may be due to the general westward tilt of the Paleozoic
core or due to the increase in the amount of Variscan slip along
the HCF.

The contact between the Klonéw/Bostéw and Rzepin series
remains conformable up to the eastern limit of the reliably
mapped part of the Lysogory TS. Further east, the evidence
consists of a few scattered outcrops and wells. The conform-

A Seismic analogue (Chindwin Basin onshore Myanmar)

B tysogéry Thrust Sheet (cross-section C)
[kmﬁ\

post-kinematic (post-Caledonian) strata
====(Caledonian) unconformity
pre-kinematic (pre-Caledonian) strata

Erosion level comparable
to that in cross-section C
I

unconformit
-

Fig. 10. Seismic analogue (line drawing) from the Chindwin Basin, onshore Myanmar,
which shows a progressive unconformity deformed by subsequent thrusting

A — interpreted seismic section, original and restored to the unconformity;
B — cross-section C, original and restored to the base-Barcza Fm.
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Fig. 11. The along-strike extent of the progressive Caledonian unconformity (interpretative)

The unconformity is exposed in the western part of the Lysogory Thrust Sheet; over the central part, it remains above the pres-
ent erosion level; narrowing of the Silurian belt indicates that the unconformity may return below the present erosion level in
the east; to the west of the Paleozoic core, the evidence is ambiguous; boreholes: Da-1—Daromin IG 1, Ki-1 —Kichary IG 1, Lo
— topata, tu — Lukawa, St-1 — Stachura-1; structure and stratigraphy of the Kielce Region are not illustrated for the sake of

clarity

able Silurian-Devonian sequence seems to extend further east
up to the isolated exposure of the Barcza Fm. in Ptkanow (Fig.
11). However, in the area of Pobroszyn situated only ~8 km
from Ptkanow, the Lower and Middle Devonian strata are proxi-
mal to the trace of the HCF and the Silurian belt is almost ab-
sent (Samsonowicz, 1932; Fig. 11). This pattern is a mirror re-
flection of that from the area of the Klonéw Anticline, and may
result from a re-appearance of the Caledonian unconformity in
that area due to the shallower structural level exposed at the
present erosional surface. This is consistent with one of the
cross-sections published by Kowalczewski et al. (1976), which
shows a conspicuous base-Devonian discordance in this area.
Further east, the trace of the inferred unconformity shall be in-
terpolated between the topata and tukawa boreholes on one
side, and the Daromin IG 1 and Kichary IG 1 boreholes on the
other (Fig. 11).

The extent of the Caledonian unconformity west of the Pa-
leozoic core is even more speculative. There exist two Paleo-
zoic inliers that expose the Klonéw/Bostéw Series and the
Barcza Formation (Fig. 11). Both of them are situated in the
hanging wall of the Oblegorek Fault which is the most probable
western extension of the HCF. Accordingly, it may be expected
that the Lower Devonian strata unconformably mantle the en-
tire Cambrian-Silurian succession of the tysogory TS in that
area. However, given the Late Cretaceous/Paleocene inver-
sion of the Oblegorek Fault (Lamarche et al., 2003), it is possi-
ble that these two outcrops occur in a footwall short-cut posi-
tion. In such a case, the two Paleozoic inliers would represent
slivers of the footwall rather than the hanging wall of the
Variscan HCF. Hence, this evidence is not fully conclusive. The
Stachura-1 borehole that hit Cambrian rocks directly below the
Triassic further increases the uncertainty.

AGE OF THE PROGRESSIVE UNCONFORMITY
AND TIMING OF DEFORMATION

The main progressive unconformity supported by the map
pattern, and redeposition of Cambrian-Ordovician material is in-
ferred at the base of the Klonéw/Bostow Series. It constrains
the timing of rotation and uplift of the southern part of the
tysogory Region as Pridolian. More precise age assignation
depends on progress in dating of the Klonéw/Bostéw Series,
which is not straightforward (e.g., Kowalczewski et al., 1998;
Malec, 2006; Koztowski, 2008).

The postulated Pridolian deformation occurs ~10 Myr prior
to the beginning of the Early-Middle Pragian hiatus proposed
e.g., by Malec (2001, 2006) and Koztowski (2008) (Fig. 3). This
hiatus is inferred to occur on the top of the Klonéw/Bostow Se-
ries and not at the base of this unit. A minor unconformity in a
corresponding stratigraphic position has been proposed by
Kowalczewski et al. (1989, 1998), and it is sustained in this pa-
per (Figs. 6 and 7). This may be explained in two ways:

— After the main phase of deformation in the Pridolian, ro-

tation of the Lysogory tilted flank resumed after ~10 Myr
with similar kinematics.
The Pragian hiatus records a more regional tectonic
event related e.g., to the cessation of the Late Silu-
rian-earliest Devonian flexural subsidence (Poprawa,
2006b).

CONSEQUENCES FOR THE KINEMATICS
OF THE HOLY CROSS FAULT

The presence of the Caledonian progressive unconformity
in the Lysogory TS has consequences for the Caledonian and
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Variscan kinematics of the HCF and hence also for the palaeo-
geographic relationships between the tysogéry and Mato-
polska blocks. Thin- and thick-skinned interpretative tectonic
scenarios are presented (Fig. 12). It is proposed that these are
end-members of a wide range of potential tectonic solutions.

A Caledonian shortening
thin-skinned scenario SSW <@— NNE
short-cut model
HCF

Matopolska Block
®

tysogory Block

Triangle-zone model
HCF

Matopolska Block:
-——

tysogory Block

The thin-skinned scenario assumes that thin-skinned Cal-
edonian thrusting along the HCF was followed by Variscan re-
activation with similar kinematics (Fig. 12A). The first phase of
thrusting created the progressive unconformity, and the second
phase folded it. The direction of fault slip offers two alternative

Variscan shortening

Matopolska Block

Matopolska Block

—

tysogory Block

B thick-skinned scenario

[\ pre-HCF
\
®

Matopolska
Block

Matopolska
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Devonian younger than the Klonéw/Bostéw Series

Wydryszéw, Rzepin and Klonéw/Bostéw series

Ordovician—Lower Silurian
Post-Cambrian Paleozoic (footwall of the Holy Cross Fault only)

Mid-Upper Cambrian
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i
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common pre-Mid Cambrian substratum of the Matopolska and tysogéry blocks (thin-skinned scenario, triangle-zone variant)

gﬂ separate pre-Mid Cambrian substratum of the Matopolska (a) and tysogéry (b) blocks (thick-skinned scenario and the

thin-skinned scenario, short-cut variant)

Fig. 12. Kinematic interpretation of the Lysogéry Thrust Sheet based on the present and restored geometries

Thin-skinned scenario that attributes the Caledonian and Variscan deformation to repetitive activation of the HCF interpreted
as a fully thin-skinned structure that soles down to the Middle Cambrian Géry Pieprzowe Fm. The “short cut” model requires
the presence of a deep-rooted fault beneath the tysogéry Thrust Sheet. The “triangle zone” model makes it unnecessary.
Thick-skinned scenario that assumes a partitioning of the Caledonian and Variscan deformation between two independent
structures. The Caledonian tilt is attributed to reverse slip along a thick-skinned predecessor of the HCF. The ensuing
Variscan shortening activated the thin-skinned HCF that truncated the hanging wall of the pre-existing deeply rooted fault
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models for the thin-skinned scenario. In the “short-cut” model,
the shortening comes from the north-northeast. In the “triangle
zone” model, the shortening comes from the south-southwest.
The “short-cut” model requires the preservation of a footwall
shortcut at depth, which may be explained by the presence of
an inherited step in the basement, possibly a pre-existing
deep-rooted fault. The “triangle zone” model requires only an
indentation of the leading edge of the Matopolska Block into the
Middle Cambrian detachment of the Lysogoéry Block.

The thick-skinned scenario assumes the interaction of two
faults: a thick-skinned predecessor of the HCF, and the actual
thin-skinned Variscan HCF. The Caledonian tilt is linked to re-
verse slip along a deeply rooted and steeply dipping fault, not
exposed at present (Fig. 12B). Subsequent Variscan thrusting
truncated the hanging wall of this fault along the thin-skinned
HCF, resulting in the present structural pattern (Fig. 12B).

As shown by all kinematic scenarios, Variscan thrusting
along the HCF is inevitable. If there was Variscan strike-slip dis-
placement as postulated e.g., by Lamarche et al. (1999, 2003)
and Konon (2007), it must not have been strong enough to
overprint the simple geometry of the Lysogory TS.

Both the “short-cut” model of the thin-skinned scenario
and the thick-skinned scenario require a major basement-
rooted fault underlying the Lysogoéry TS to make pre-Devonian
strike-slip displacements between the Matopolska and
tysogory blocks possible. The “short-cut” model of the thin-
skinned scenario would favour pre-Ordovician strike-slip
movement. The thick-skinned scenario enables both pre-Or-
dovician and Late Silurian wrench displacements. Therefore,
these two kinematic solutions may be easily integrated into the
existing tectonic models (e.g., Nawrocki and Poprawa, 2006;
Poprawa, 2006b; Nawrocki et al., 2007; Koztowski, 2008;
Koztowski et al., 2014; Narkiewicz et al., 2015). They suffer
however, from two limitations. First, they do not obey the
Ockham'’s razor principle. As shown by the “triangle zone”
model of the thin-skinned scenario, a deeply rooted fault is not
necessary to explain the structural evolution. Second, there is
a lack of any major thick-skinned faults that could displace the
top-EEC basement in the deep seismic profile POLCRUST-01
(Malinowski et al., 2013). In addition, the zone of Caledonian
tilt in the thick-skinned scenario is narrow, as shown by the re-
stored cross-section C (Fig. 9). Typically, the width of the up-
lifted hanging wall is positively related to the depth at which a
fault soles down to a detachment horizon. If the inferred Cal-
edonian thick-skinned predecessor of the HCF had deep foun-
dations, it would have resulted in wider uplift of the southern
edge of the Lysogory Block than is suggested by the geometry
of the Caledonian unconformity.

The “triangle zone” model of the thin-skinned scenario elim-
inates the need for crustal-scale foundations of the HCF in-
voked by e.g., Brochwicz-Lewinski et al. (1984), Lewandowski
(1993, 1994), Tomczykowa and Tomczyk (2000), Guterch and
Grad (2006), Narkiewicz et al. (2015). Consequently, there is

no way to accommodate large-scale wrenching between the
Matopolska and tysogéry blocks. This solution resolves the
structural evolution of the Lysogory TS with the minimum num-
ber of structures involved. Moreover, it may be easily integrated
with the new seismic data that reveal the continuous top of the
EEC basement that reaches at least up to the Matopolska Block
(Malinowski et al., 2013). There are two mechanical problems
inherent in the “triangle zone” model:

— lItrequires the preservation of a Caledonian thrust during
Mid-Late Devonian extension such that it could re-acti-
vate during Variscan shortening.

— It is difficult to imagine an isolated, yet as much as
>85 km long, thin-skinned thrust without a strong base-
ment control.

Moreover, the simplicity of the “triangle zone” model does not
allow for Late Silurian strike-slip movement along the HCF (e.g.,
Nawrocki and Poprawa, 2006; Poprawa, 2006b; Nawrocki et al.,
2007; Koztowski, 2008; Koztowski et al., 2014; Narkiewicz et al.,
2015). The “triangle zone” model would therefore require a rein-
terpretation of the pre-Devonian tectonic evolution of the HCM.

FINAL REMARKS

Although the concept of the Caledonian unconformity in the
tysogory Region of the Holy Cross Mts. has been repeatedly
returning in several papers published over the past 40 years, it
has never been commonly accepted. This idea has been
deemed inconsistent with a nearly continuous and conformable
Silurian-Devonian section in the Bodzentyn Syncline. This pa-
per demonstrates that it is only an apparent discrepancy. The
example of the Klonéw Anticline shows that the Caledonian un-
conformity developed over the Lysogoéry Thrust Sheet is pro-
gressive. Hence, itis the structural level at which the structure is
dissected by erosion that decides whether the Devonian/Silu-
rian contact appears conformable or unconformable.

The consequences of the proposed geometric model for the
latest Silurian-earliest Devonian kinematics of the Holy Cross
area are yet to be studied. It is believed that the thin- and
thick-skinned kinematic scenarios are the end-members that
embrace a wide range of potential solutions. These have impli-
cations for the deep crustal foundations of the Holy Cross Fault.
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