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We aimed to determine variations in stress regimes during the youngest Variscan de-
formations in the northern part of the Bohemian Massif. For this purpose, we calculated
the orientation of the principal stress and strain axes for kink folds observed in the
metamorphic envelope of the Karkonosze Granite, using two methods: 1) the traditional
method, incorporating structural diagrams (for conjugate kink folds only), and 2) butterfly
diagram analysis. The use of both methods enabled us to determine the stress regime,
based not only on conjugate but also on monoclinal kink bands. The obtained results prove
that butterfly diagram analysis, when applied to monoclinal kink folds, yields reliable
results, especially when calibrated using the internal friction angle (®) calculated for the
conjugate structures.
We identified two generations of kink folds: 1) an older one, developed under sub-
latitudinal shortening and most probably related to the Early Carboniferous terminal
stages of the northwest-directed thrusting of the metamorphic units, and 2) a younger
one; produced by north-south Variscan Carboniferous compression, and the emplacement
and subsequent doming of the Karkonosze Granite. This is the first study on brittle-ductile
structures observed commonly in the metamorphic units of the Bohemian Massif, showing
their relation to the granitoid intrusion and complementing the tectonic models that
usually omit kink folds.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

and Soldevila, 1998; MacKenzie et al., 2010; Rubinkiewicz,
2005), followed by products of brittle tectonics. Apart

Kink folds represent a distinct type of double-hinged
fold marking the transition between ductile and brittle
deformations. Worldwide examples show that they
commonly represent the youngest fold structures in a
specific area, produced during the late stages of deforma-
tion occurring in both metamorphic and, less frequently,
sedimentary rocks (e.g., Behr, 1983; Dewey, 1965; Gaidzik
and Zaba, 2017; Johnson and Manuszak, 2001; Julivert
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from their characteristic appearance in simple two-
dimensional cross sections (e.g., Dewey, 1965), they
exhibit a complex, curving, anastomosing, and intersecting
geometry in the third dimension, i.e. on the foliation plane
(e.g., Dunham and Crider, 2012; Kirschner and Teixell, 1996;
Verbeek, 1978). Kink folds typically form in rock with dense
planes of anisotropy (i.e. bedding, foliation, cleavage), as a
result of bending with shear caused by contraction parallel
(or nearly parallel) to those planes (Anderson, 1974; Reches
and Johnson, 1976). It is commonly accepted that the rela-
tionship between kink folds and surfaces of more intensive
shear stress (Anderson, 1974; Johnson, 1977) frequently
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causes kink band formation to follow two conjugate sur-
faces, which are directed to the axis of the highest
compression (g1) at an obtuse angle (Anderson, 1974). The
most important conditions initiating formation of kink
folds include (Anderson, 1974; Honea and Johnson, 1976;
Reches and Johnson, 1976): 1) rock with dense planes of
flat-parallel (stratified) anisotropy; 2) the occurrence of a
local disturbance of bedding (foliation), which marks the
place of a kink fold initiation due to the concentration of
shear stress in the internal limb; 3) a large frictional force
concordant with the anisotropy surface; 4) an angle be-
tween the highest principal stress axis (¢1) and the surface
of anisotropy in the outer limb of less than 45° — ®/2 (® —
internal friction angle); 5) high surrounding pressure,
restraining a dispersed flexural slip. Typically, palaeostress
reconstruction for these structures employs standard
structural diagram calculations based on conjugate forms
(Anderson, 1974; Ramsay and Huber, 1987). The interpre-
tation of the stress regime responsible for the formation of
monoclinal kink bands is rather complicated and tentative;
however, this should be resolved using butterfly diagram
analysis (Johnson, 2000), calibrated based on conjugate
forms that allows the reconstruction of the largest main
principal stress axis (¢1) from the geometrical parameters
of kink folds and the internal friction angle (®).

In the Bohemian Massif, surprisingly, despite the
abundance of metamorphic units with a plethora of rocks
favorable for kink fold formation, the literature on these
structures and their recognition is scanty, including only
some remarks on kink folds in the metamorphic envelope
of the Karkonosze Granite intrusion (Gaidzik, 2011; Gaidzik
and Zaba, 2017; Zaba, 1984a; Zaba and Kuzak, 1988). Their
abundance in the metamorphic rocks of this area affords an
opportunity to study them in greater detail, potentially
enabling a conclusion regarding their formation history.
The main goal of this study is to determine the number of
generations of kink folds existing in the northern meta-
morphic envelope of the Karkonosze Granite, and conse-
quently define their kinematic features and stress regimes
for each generation and establish their position in models
of Variscan evolution of the northern part of the Bohemian
Massif. On the other hand, we also aim to test the usage of
butterfly diagram analysis in the palaeostress reconstruc-
tion for the monoclinal kink folds. To accomplish this, we
calculated the orientation of principal stress and strain axes
for each observed kink fold using two methods: 1) the
traditional method, using structural diagrams (for conju-
gate kink folds only) and 2) butterfly diagram analysis
(Johnson, 2000). The use of both methods enabled us to
determine the stress regime responsible for definite kink
fold generation, based not only on conjugate but also
monoclinal kink bands. It also allowed us, together with the
superposition analysis, to determine the position and role
of the studied structures in the subduction—exhumation
models of the northern part of the Bohemian Massif.

2. Study area
The Sudetes, located in southwestern Poland on the

northeastern margin of the Bohemian Massif, represents the
northeasternmost outcropping segment of the Central

European part of the Variscan Orogen, commonly subdivided
into the Moldanubian, Saxothuringian, Rhenohercynian,
Moravo-Silesian, and Tepld-Barrandian zones, and the Lugian
domain (Mazur et al., 2006) (Fig. 1). The Sudetes defines a
composite tectonic collage that consists of a mosaic of struc-
turally distinct units, affected by mostly Devonian to
Carboniferous deformation and characterized by abrupt
changes in the dominant structural trends (Aleksandrowski
and Mazur, 2002; Mazur et al., 2006). This region extends
between two WNW—ESE-trending major fault zones: 1) the
Middle Odra Fault Zone in the northeast, and 2) the Elbe Fault
Zone in the southwest The study area is located in the
northern metamorphic envelope of the Karkonosze Granite in
the Karkonosze—Izera Massif (KIM), in the western part of
Sudetes (Fig. 1a and b). This unit is limited to the north by the
Intra-Sudetic Fault (ISF), which exhibits multiphase activity
since Late Devonian (Aleksandrowski et al., 1997) and sepa-
rates the KIM from the Kaczawa Complex (Fig. 1b).

The KIM is composed of a number of structural Neo-
proterozoic—Palaeozoic metamorphic units, with late
Variscan multistage Karkonosze Granite plutonic complex
at its core (Fig. 1b). The late- to post-orogenic Karkonosze
granite has been dated several times through the years,
using different methods that have yielded various ages,
ranging generally from ~312 to ~320 Ma (e.g., Kryza et al.,
2014; Kusiak et al., 2014; Zak et al., 2013). Several lithos-
tratigraphic and tectonic subdivisions have been proposed
for the metamorphic series of the KIM (e.g.,
Aleksandrowski and Mazur, 2002; Gaidzik, 2011; Jefrabek
et al,, 2016; Majka et al., 2016; Mazur, 1995; Mazur et al.,
2006; Zelazniewicz and Aleksandrowski, 2008). In gen-
eral, these are interpreted as a pile of nappes produced by
Variscan thrusting. The classical division of those nappe
units (Aleksandrowski and Mazur, 2002; Mazur, 1995;
Mazur and Aleksandrowski, 2001; Mazur et al., 2006;
Seston et al., 2000) was recently revised by Zackova et al.
(2010) who proposed a distinction of four major tectonic
units (Jerabek et al,, 2016; Majka et al., 2016). The lower-
most is a parautochthonous unit composed of Neo-
proterozoic to Upper Cambrian/Lower Ordovician Lusatian
and Izera (meta)granitoids (Borkowska et al., 1980; Kroner
et al., 2001; Oberc-Dziedzic et al., 2010; Oliver et al., 1993)
with their Neoproterozoic—Lower Palaeozoic cover (the
Jéstéd Unit; Chaloupsky, 1989). The upper thrust sheets are
divided into Lower, Middle, and Upper Allochthon. Lower
Allochthon is composed predominantly of garnet-bearing
mica schists with subordinate bodies of orthogneisses,
quartzites, calcsilicate rocks, and marbles (Jerdbek et al.,
2016). The Middle Allochthon comprises mostly garnet-
free mica schists, phyllites and marbles with a high pro-
portion of metavolcanics (Zackova et al., 2010). The Upper
Allochthon is composed of mafic and felsic intrusive and
extrusive rocks with low intensity of deformation and
medium pressure metamorphism — Leszczyniec Unit
(Fig. 1b; Seston et al., 2000).

The KIM is wusually interpreted as a Variscan
subduction—accretionary complex related to southeast-
ward subduction and underthrusting of the Saxothuringian
plate (Mazur et al., 2006). It experienced subduction and
blueschist facies metamorphism (~360 Ma), followed by
collision, nappe stacking, and widespread greenschist
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facies metamorphism (ca. 340 Ma). The gneisses and mica
schists of the Izera-Kowary Unit are considered to repre-
sent the Early Palaeozoic continental crust of the Sax-
othuringian Basin (Franke and ZelaZniewicz, 2000; Mazur
and Aleksandrowski, 2001) that was subjected to Varis-
can deformation in the collision zone, which extended
along the southern and eastern rims of the
Karkonosze—Izera Massif. The contractional event (Dq)
associated with northwest-directed thrusting and pro-
gressive metamorphism took place at the turn of the Late
Devonian/Early Carboniferous (ca. 360-340 Ma). — The
Early Carboniferous ESE-directed extensional collapse (D2)
completed with the emplacement of the Karkonosze
Granite (~312 to ~320 Ma), synchronous with regional
doming followed by the formation of the East Karkonosze
flexure under east—west contraction (D3) (Mazur, 1995;
Mazur and Aleksandrowski, 2001).

The northern part of the KIM is built of various types of
pre-Variscan granites, granitogneisses, and gneisses, along
with mica schists and hornfels. Izera granites (meta-
granites) were produced during the Early Paleozoic (Cam-
brian—Ordovician) magmatism, as corroborated by the
following isochron ages: 480—450 Ma, Rb—Sr method (the
whole rock) (Borkowska et al., 1980) or 515-480 Ma, Pb—Pb
and U—Pb method (zircon) (Kroner et al., 2001; Oberc-
Dziedzic et al., 2010; Oliver et al., 1993). The Izera orthog-
neisses are predominantly the products of the deformation
of Izera granite (Zaba, 1984b); their multiphase deforma-
tion, leading to the formation of fold structures of different
generations, occurred in the period from the Older Paleo-
zoic to the Older Carboniferous.

Neoproterozoic—Palaeozoic mica schists, commonly
interpreted as the metamorphic envelope of the Izera
granites (Mazur et al., 2006), build west—east parallel
running belts among Izera gneisses (Fig. 1c): the Ztotniki
Lubanskie, Stara Kamienica, and Szklarska Poreba belts.
These belts are cut by aplite, pegmatite, and lamprophyre
veins related to the Karkonosze Granite. Mica schists of the
Szklarska Poreba and, partly, the Stara Kamienica belt fell
under the thermal influence of the Variscan granitoid
intrusion, transformed into cordierite-andalusite-biotite
hornfels (Borkowska, 1966; Zaba, 1979) at temperatures
of 570—750 °C and pressures of approximately 4—7 kbar.

Metamorphic rocks of the KIM underwent multiphase
ductile deformations leading to the development of 4- to 5-
fold generations in mica schists and orthogneisses (e.g.,
Dziemianczuk and Dziemianczuk, 1982; Gaidzik and Zaba,
2017; Zaba, 1979, 1984a; Zaba and Kuzak, 1988),
frequently connected with the activity of ductile and
ductile/brittle shear zones (Aleksandrowski et al., 1997;
Czaplinski, 1998; Mazur and Kryza, 1996). These are as
follows (Gaidzik and Zaba, 2017; Jeiabek et al., 2016; Zaba,
1984a): F; — tight, isoclinal folds of variable orientation, F,
— upright, inclined, and overturned, usually asymmetric
folds with common axial cleavage, F3 — chevron, asym-
metric folds, F4 and F5 — kink bands.

3. Methods and materials

Field observations and measurements of the main pa-
rameters of kink folds (i.e. spatial orientation of fold limbs,

fold axis, fold axial surfaces; see Fig. 2a) were carried out at
13 sites (Fig. 1) located within the Szklarska Poreba and
Stara Kamienica schist belts (Fig. 1c). Conjugate kink folds,
together with monoclinal structures, were observed in
seven of the selected sites, whereas in others only mono-
clinal forms were recorded (Fig. 1c).

3.1. Principal stress and strain axes

The orientation of the principal stress and strain axes
was determined using structural diagram analysis based on
the spatial orientation of two axial surfaces of conjugate
kink folds (e.g., Ramsay and Huber, 1987). Accordingly, the
resulting directions of stretching and shortening, along
with the direction of the main tectonic stress axes (a1, 02,
and o03), were compared with the results of the butterfly
diagram analysis of the same fold structures. This kind of
stress and strain analysis of more common monoclinal kink
folds does not guarantee reliable results. Thus, to deter-
mine the largest main principal stress axis (¢1) for those
structures, we used butterfly diagram analysis exclusively
(Johnson, 2000, Fig. 2b).

3.2. Butterfly diagram analysis

Butterfly diagram analysis can be a very useful tool in
studies on kink folds, because it enables the orientation of
the main principal stress axis (¢1) to be determined, not
only for conjugate kink folds, but also for monoclinal,
which are generally much more common (Johnson, 2000).
The method uses the following parameters of kink folds
(Fig. 2) (Johnson, 2000; Johnson and Manuszak, 2001): fy
— ultimate locking angle, i.e. the obtuse angle between
the inner and outer limbs of a kink fold (fyz — ultimate
locking angle of Z-shaped folds; fy s — of S-shaped folds),
and internal friction angle (®). A butterfly diagram is
presented as a Cartesian coordinate system in which
locking angles (fy.) are marked on the abscissa and
inclination angles () on the ordinate (angle of divergence
of the orientation of the stress axis (¢1) from the anisot-
ropy plane in outer limbs). The “butterfly pattern” on a
diagram is produced by the area of possible values of the
internal friction angle (®). Values of this parameter are
limited by the following formula (Collier, 1978): 45° — @/
2; Reches and Johnson (1976).

The diagram is a graphic method for solving two equa-
tions with two variables (® and @) (Collier, 1978; Reches
and Johnson, 1976: 1) for an ultimate locking angle of S-
shaped folds (fyrs) — fuLs = 90° — @ + B, where 6 > 0; and 2)
for an ultimate locking angle of Z-shaped folds (fyrz) — 0
1z =—(90° — @) + 3, where 6 < 0.

A butterfly diagram for conjugate kink folds enables the
calculation of both the internal friction angle (®) and the
inclination angle () from the two ultimate locking angles
(fur). Contrastingly, for monoclinal kink folds, both values,
® and fyy, are needed to determine the value of (. The value
of the internal friction angle on the anisotropy surface for
most rock types varies from 20 to 40° (Barton and Choubey,
1977). In this study for monoclinal kink folds, we used
@ = 40°, i.e. the value estimated from the analysis of con-
jugate kink folds.
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Fig. 2. a) Main parameters of a kink fold: o; > 0, > 03 — main principal
stress axes (maximum, neutral, and minimum, respectively); § — inclination
angle, i.e. angle of divergence of the orientation of the stress axis (o) from
the anisotropy plane in outer limbs; fyz — ultimate locking angle of Z-
shaped folds; s — ultimate locking angle of S-shaped fold, b) butterfly
diagram (according to Johnson, 2000): ® — angle of internal friction; other
symbols as in Fig. 2a.

4. Results
4.1. Kink fold geometry

We found similar kink folds in both studied mica schist
belts (SKSB and SPSB) in the northern part of KIM (Fig. 1),
suggesting that these are penetrative structures formed
throughout the analyzed area. The most frequent and best
developed examples can be observed in mica schists and
leptinites of the SKSB (farther from the Karkonosze
Granite), whereas in hornfels of the SPSB (closer to the
intrusion) the kink folds are significantly less frequent and
usually only poorly preserved. Thus, the spatial relation
between the folds and the Karkonosze Granite can be
noticed.

Kink folds of monoclinal geometry, recorded in all the
sites studied, predominate in the study area, whereas
conjugate forms, both symmetrical and asymmetrical, were
observed only at sites 2, 6, 7, 8, 9, 10, and 13 (see Figs. 3, S1
and S2). These are usually small mesoscale structures. In
most of the studied kink folds, the outer limbs are long and
dip gently, whereas the inner limbs (kink bands) are steep
and narrow, with widths varying from <1 to ~20 cm.
Monoclinal structures present both geometries: S-shaped
and, more commonly, Z-shaped. The ultimate locking angle
of Z-shaped folds (fyrz) varies from —40 to —65°, of S-
shaped folds (fyis) from 40 to 60° (Figs. 3, S1 and S2).
Similar values of ultimate locking angles were calculated
for conjugate kink folds (Figs. 3, S1 and S2).

The observed kink folds exhibit wide variations in the
spatial orientation of outer and inner limbs, fold axes, and
axial surfaces (Figs. 3, S1 and S2). Nevertheless, based on
the variations in spatial orientation of kink folds, and an-
alyses of their superposition observed in the field, two
generations of fold structures can be defined (Fig. 4).
Younger folds clearly deform and overprint the orientation
of the fold axes of older structures, as evidenced on the
photograph (Fig. 4). Clear interferences of studied kink
bands with older fold structures were observed in the field
but are beyond the scope of this manuscript (see Gaidzik
and Zaba, 2017). The older structures trend NW-SE,
plunging gently to moderately towards the north, north-
west (outside of the Karkonosze Granite), and were
observed mainly at sites 1, 4, 6, 7, 10, and 13 (Fig. S1). The
younger kink folds trend east-west and plunge at low an-
gles towards E, and were recorded at sites 2, 3, 5, 8,9, 11,12,
and 13 (Fig. S2).

4.2. Stress and strain analysis

The angle of internal friction (®) calculated for con-
jugate kink folds based on the butterfly diagram analysis
varies between 35 and 45°, but most commonly equals
40° (Figs. S1 and S2). Thus, we used ® = 40° for the
analysis of butterfly diagrams of monoclinal kink folds.
The calculated inclination angles (8) for both conjugate
and monoclinal kink folds are usually relatively small
(<15°), suggesting that the maximum principal stress axis
(o1) was characterized by an orientation similar to that of
the anisotropy plane in the outer limbs. The results of
butterfly diagram analysis for selected kink folds from all
studied sites, divided into two generations, are presented
in the supplementary materials (Figs. S1 and S2) along
with the main parameters used in the analysis and
sketches of kink folds.

Shortening and stretching directions vary significantly,
along with the spatial orientation of the main principal
stress axes (g1, 03, and o3) calculated for structures of
different generations (Fig. 5a). Older kink folds were
developed under west—east-directed shortening (Fig. 5b).
The spatial orientation of the maximum compressional
stress axis (1), calculated using conjugate kink folds, varies
slightly from WSW—ENE (sites 7, 10, and 13) to west—east
(site 6; Fig. 5a).

Gentle to steep shortening, rotating from NNW—SSE in
the western part of the study area (site 8) to NNE—SSW in
the eastern part (sites 2, 3, 5, and 11; Fig. 5b), produced kink
folds of the younger generation. The spatial orientations of
the g1 axis, calculated using conjugate folds, show gentle
inclination angles, whereas those calculated using mono-
cline structures indicate a much steeper ¢ axis (Figs. 5a
and S2).

Fig. 1. a) Tectonic setting of the Sudetes and of the studied area (red rectangle) in the Variscan Belt (according to Mazur et al., 2006); b) Geological sketch map of
KIM with the location of the study area (black rectangle) (modified after Kryza and Mazur, 1995); c) WNW—ESE geological cross section through KIM (after
Zelazniewicz and Aleksandrowski, 2008); d) location of the field sites (rectangles 1-13) within the geological sketch of the study area; sites located in SPSB: 1)
Zwalisko Mt.; 2) Wysoki Kamien Mt.; 3) Zbojnickie Skaty, pyrite mine; 4) Zbdjnickie Skaty, eastern area; 5) Mniszy Las; sites located in SKSB: 6) Czerniawa Zdrdj,
cave; 7) Czerniawa Zdréj, Czerniawska Kopa Mt.; 8) Czerniawa Zdrdj, Ulicko, Czerniawski Las; 9) Swieradéw Zdréj, Zajecznik Mt.; 10) Swieradéw Zdréj, Jerzy
quarry; 11) Swieradéw Zdréj, Eeczyna; 12) Kotlina, near ruins of military centre; 13) Gierczyn, Lyszczyk Mt. Sites with conjugate kink folds are marked in green,

whereas those with monoclinal structures are marked in orange.
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Fig. 3. Examples of kink folds observed in the field (photographs and sketch with main parameters): a — symmetrical conjugate kink fold in mica-schist of the
Stara Kamienica belt (site 10 in Fig. 1); b —asymmetrical conjugate kink fold in hornfels of the Szklarska Poreba belt (point 2 in Fig. 1); ¢ — monoclinal kink fold in
hornfels of the Szklarska Poreba belt (site 3 in Fig. 1); d — butterfly diagram for kink folds presented in Fig. 3a—c with error bars.
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Fig. 4. Superposition of two generations of kink folds in mica-schist of the
Stara Kamienica schist belt (site 13 in Fig. 1). The solid black line marks the
fold axis of the older generation of kink folds, whereas solid yellow line
marks the fold axis of the younger one.

5. Discussion
5.1. Occurrence of kink folds

We found two generations of kink folds in the northern
metamorphic envelope of the Karkonosze Granite; each
developed differently, depending on the distance of the
fold from the granitoid body, i.e. the farther from the
intrusion, the more frequent and better developed the kink
structures. This might suggest that the studied kink folds
are older than the granitoid batholith (i.e. pre-intrusion
structures), and consequently were significantly “erased”
and “overprinted” as a result of the transformation of mica
schists to hornfels on contact with the magmatic body. This
may explain the much lower frequency of kink folds in the
SPSB, built of hornfels, in comparison with the SKSB, where
mica schists mainly occur. In that case, kink folds would be
formed before the Variscan intrusion (312—320 Ma; e.g.,
Kryza et al.,, 2014; Kusiak et al., 2014; Zdk et al., 2013). This
agrees with M.P. Mierzejewski (2007), who postulated that
all of the identified fold structures were formed prior to the
emplacement of the Karkonosze Granite, since they are
absent in granites, and commonly overprinted by the
contact and structural aureole related to this magmatic
body. However, based on the spatial relation between
studied folds and the intrusion, these could be also coeval
(i.e. synintrusion structures). In that case, the difference in
their development would be related with variations in li-
thology caused by the thermal influence of the Karkonosze
Granite, i.e. better developed and more frequent structures
in mica schists, and much more limited in hornfels.

The existence of two generations of kink folds was
recognized in the field using superposition analysis (Fig. 4)
and corroborated by significantly different orientation of
the principal stress and strain axes (Fig. 5) calculated for
structures of both generations. Two generations of kink
folds were also recognized by previous studies, which
analyzed the evolution of folds throughout the area
(Gaidzik and Zaba, 2017; Zaba, 1984a; Zaba and Kuzak,
1988) or exclusively in the SPSB (Krzykowska, 2007). The
results obtained in this study using both methods for

conjugate kink folds are similar, proving the reliability of
the results obtained by the butterfly diagram analysis used
for monoclinal kink folds. In these cases, because of the
absence of a second conjugate axial surface, we were not
able to calculate the orientation of the principal stress axes
using structural diagrams. Nevertheless, our study shows
that butterfly diagram analysis (Johnson, 2000) applied to
monoclinal kink folds, yields reliable results, especially
when calibrated using the internal friction angle (®)
calculated for the conjugate structures.

5.2. Age and regional implications

The two generations of kink folds analyzed in this study
refer to the youngest fold structures observed in the
metamorphic rocks of the northern part of KIM (Gaidzik
and Zaba, 2017; Jefabek et al., 2016; Zaba, 1984a; Zaba
and Kuzak, 1988). They deform flexural-slip and flow
folds of older generations and are followed only by faults,
fractures, and joints. Some studies conducted in the
southern part of KIM recorded similar kink structures
(Gaidzik, 2011; Gaidzik and Zaba, 2017; Jefabek et al., 2016),
whereas others describe only older folds, without any in-
formation on kink bands (Zackova et al., 2010).

We recorded significantly different orientations of
principal stress and strain axes for two distinct kink folds
(Fig. 5). The older structures (referred as Fy4; see Gaidzik
and Zaba, 2017) were developed under sublatitudinal
horizontal compression (maximum principal stress axis
g1) (Fig. 5b). Subsequent rotation caused by the doming
related to the emplacement of the Karkonosze Granite
produced gentle to moderate plunging of the fold axis
towards the north, northwest, i.e. outside of the intrusion.
However, because the rotation axis was generally
perpendicular to the fold axis, it resulted only in fold
tilting to the north, i.e. outside of the intrusion. Thus, it
did not change the calculated trend of the ¢ axis, only
the plunge of the other stress axes. The younger struc-
tures (F;) were produced by gentle-to-steep sub-
longitudinal compression (Fig. 5b). These structures were
probably formed by north—south compression during the
doming of the Karkonosze Granite. From the previous
discussion, we know that the studied folds predate or are
coeval with the heating and consequent transformation of
mica schist into hornfels on contact with the Karkonosze
intrusion. The near-horizontal orientation of the ¢ axis
calculated for F4 folds (Fig. 5) excludes their genetic
relation to pressure exerted by the intruding Karkonosze
Granite. However, the steeper oriented compression
calculated for Fs5 kink folds suggests their temporal rela-
tion with the Karkonosze Granite.

Thus, we believe that the formation of F4 kink folds as a
result of west—east compression took place in the Early
Carboniferous and predated the Karkonosze Granite
emplacement (Fig. 6). These folds may have been related to
the terminal stages of Late Devonian—Early Carboniferous
deformation D1 in the KIM, identified by Mazur (1995) and
resulting in northwest-directed thrusting of the meta-
morphic envelope. Some studies (Dziemianczuk and
Dziemianczuk, 1982; Jerdbek et al., 2016) suggest even
that at least some of the F4 kink bands are actually pre-F;
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Fig. 5. a — Lateral variations of the orientation of principal stress axes calculated for the observed kink folds in the Izera—Kowary Unit; ¢y > d2 > g3 — principal
stress axes; red arrow — direction of sub-horizontal shortening; b — lateral variations in the direction of sub-horizontal shortening between kink folds of the older

(green arrows) and younger (red arrows) generations. For key to colors, see Fig. 1.

structures strictly related with the main phases of the Late
Devonian thrusting. This finding confirms that they have to
be pre-intrusion structures.

The formation of Fs5 kink folds was probably related to
the latest stage of the Variscan Carboniferous north—south
compression, i.e. Westphalian C (304—313 Ma; Gradstein
et al,, 2012) and the emplacement and subsequent dom-
ing of the Karkonosze Granite, as indicated by gentle-to-

steeply inclined ¢; axis (Fig. 6). Synchronous dextral dis-
placements were observed along the Intra-Sudetic Fault
(Aleksandrowski et al., 1997). However, it is believed that
they ceased before the emplacement of the Karkonosze
Granite, since granites on the contact with the fault are
unaffected by fault-related dextral shearing
(Aleksandrowski et al., 1997). Dextral displacements
observed along other major NW—SE trending faults in the
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Early Carboniferous (D,)

Carboniferous (D,)

Fig. 6. Relationship of recorded kink fold generations (F4 and Fs) to regional
deformations (D; and D,; according to Mazur, 1995): 1 — northwest
thrusting in the Karkonosze—Izera Massif; 2 — west—east compression
during the D; event; 3 — dextral displacements on ISF (according to
Aleksandrowski et al., 1997); 4 — ESE extensional collapse in KIM; 5 —
north—south compression; 6 — relative uplift and subsidence related to
doming of the Karkonosze Granite. Sketch not to scale.

northern part of the Bohemian Massif, such as the Elbe and
Middle Odra Faults (Aleksandrowski, 1995; Aleksandrowski
et al., 1997) corroborate north—south compression. The
formation of F5 folds and the dextral activity on the ISF
seems to be related to the D, event in the KIM and subse-
quent ESE-directed gravitational collapse that followed the
nappe stocking (Aleksandrowski and Mazur, 2002;
Aleksandrowski et al., 1997; Diot et al., 1994; Mazur,
1995; Mazur and Aleksandrowski, 2001; Mazur et al,,
2006). The recorded north—south compression and
dextral activity along major NW—SE-trending faults, along
with the subsequent extensional event, agree with the
symmetric and asymmetric models of the Karkonosze
Granite emplacement (Diot et al., 1994).

The studied structures terminate the Variscan
subduction-exhumation processes in the Bohemian Massif
usually correlated with F; to F3 folds (e.g., Jefabek et al.,
2016). Whereas F4 structures could have been formed at
the late stages of convergence as a result of shortening in

the accretionary wedge, probably related with change from
continental subduction to continental collision, younger
structures Fs the most probably the result of north—south
shortening commonly recorded in Bohemian Massif (e.g.,
Aleksandrowski, 1995; Aleksandrowski et al., 1997; Jefabek
et al., 2016) and the Karkonosze Granite emplacement and
doming. Younger deformation observed in KIM are con-
nected with brittle deformations.

5. Conclusions

1. Based on our results, we suggest the existence of two
generations of kink folds in the northern metamorphic
envelope of the Karkonosze Granite.

2. We recorded significantly different orientations of the
principal stress and strain axes for two generations of
kink fold structures. The older folds were developed
under sublatitudinal horizontal compression (maximum
principal stress axis ¢1), whereas the younger folds were
produced by a gently to steeply north—south-trending
compression axis.

3. Older kink folds were produced prior to the Karkonosze
Granite intrusion emplacement (~312—320 Ma), related
to the terminal, Early Carboniferous stages of west—east
compression, probably during continental collision.
Younger kink bands were produced in the latest stage of
the Variscan Carboniferous north—south compression,
and consequent emplacement of the Karkonosze Granite
and its doming.

4. We obtained similar orientation of principal stress and
strain axes for the conjugate kink folds using two different
methods: 1) the traditional method, incorporating
structural diagrams, and 2) butterfly diagram analysis,
proving the correctness and reliability of both methods.

5. The results obtained in this study prove that butterfly
diagram analysis, when applied to monoclinal kink folds,
yields reliable results, especially when calibrated using
the internal friction angle (®) calculated for the conju-
gate structures.
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