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ABSTRACT:

Rybak-Ostrowska, B., Gąsiński, A. and Kaproń, G. 2020. Dawsonite as an indicator of multistage deformation 
and fluid pathways within fault zones: Insights from the Fore-Dukla Thrust Sheet, Outer Carpathians, Poland. 
Acta Geologica Polonica, 70 (1), 51–78. Warszawa. 

The structural pattern developed within metre to microscopic scale thrust and strike-slip fault zones exposed in 
the Palaeogene flysch rocks of the Fore-Dukla Thrust Sheet in the south-eastern part of the Silesian Nappe, Outer 
Carpathians, Poland, reveals evidence for upper crustal deformation and fluid flow. Syntectonic dawsonite 
[NaAlCO3(OH)2] indicates the following series of deformational events within the fault zones: i) detachment 
and buckle folding resulting from movement along thrust faults; ii) faulting as a compensation of the shortening, 
resulting in the fault propagation folding, breakthrough thrust faulting and imbrications; and iii) strike-slip fault-
ing. The microstructural pattern coupled with the growth of a related sequence of carbonate minerals within the 
fault zones, followed by present-day dawsonite precipitation and tufa formation, indicate a continuing influence 
of fluids within the Silesian Nappe up to and including modern time. Structural observations at metre to micro-
scopic scales coupled with EDS mapping of rocks indicate that dawsonite is a unique tool for the reconstruction 
of subsequent deformation in the Fore-Dukla Thrust Sheet.

Key words: Syntectonic  dawsoni te ;  Faul t  zone;  Mult is tage development;  Fluid pathways;   
Outer  Carpathians.

INTRODUCTION

The occurrence of dawsonite [NaAlCO3(OH)2] 
in natural settings is well known from sedimentary 
rocks in different localities worldwide (Stevenson 
and Stevenson, 1965; Baker et al. 1995; Ferrini et al. 
2003; Worden 2006; Zalba et al. 2011). Dawsonite is 
present in oil shales and natural carbon dioxide res-
ervoirs (Smith and Milton 1966; Kamilli and Ohmoto 
1977; Moor et al. 2005; Kharaka et al. 2006; Okuyama 
2014; Palayangoda and Nguyen 2015; Kiràly et al. 
2016; Li and Li 2017), and coal (Golab et al. 2006; 
Ming et al. 2017). It is also known from fluid inclu-

sions in hydrothermal minerals (McLaughlin et al. 
1985; Sirbescu and Nabelek 2003). In the last two 
decades dawsonite has been the subject of extensive 
studies related to carbon dioxide storage in subsur-
face sedimentary formations (Knauss et al., 2005; 
Worden 2006; Liu et al. 2011; Wigley et al. 2012; 
Trémosa et al. 2014; Estublier et al. 2017). Thus, as 
a mineral trap of CO2, dawsonite has become the ob-
ject of geochemical modelling, laboratory synthesis 
and experiments (e.g. Johnson et al., 2004; Zerai et 
al. 2006; Bénézeth et al. 2007; Stoica and Pèrez-
Ramírez 2010; Yu et al. 2016).

Although dawsonite is well-known from dif-
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ferent geological environments, its tectonic origin 
and/or involvement have been scarcely recognised 
(e.g. Ferrini et al. 2003). The present study focuses 
on dawsonite veins locally associated with dolo-
mite–ankerite–calcite veins found within the fault 
zones in a narrow south-eastern part of the Silesian 
Nappe in Poland – the Fore-Dukla Thrust Sheet 
(Text-fig. 1).

Several decades of studies on fault zones in-
dicate that upper crustal deformation of rocks is 
dominated by brittle failure, resulting in fault rocks 
formation along with subsidiary faulting and frac-
turing, and their sealing (Sibson 1977, 1983; Scholz 
1988, 2002). Distribution of subsidiary structures 
within fault zones is related to their internal archi-
tecture including two components: the core and the 
damage zone (e.g. Chester et al. 1993; Caine et al. 
1996). Field and core studies along with experimen-
tal works indicate that the lithological differences 
of the rock series define characteristic structural 
features and patterns (Chester 1996, 2003; Morley 
1994; Erickson 1996; Fischer and Jackson 1999; 
Ferrill and Morris 2008). An additional factor gov-
erning the development of structures is diagenesis, 
which results in the evolution of the mechanical 
properties of rocks during deformation (Donath 
1964; Knipe 1993; Shackleton et al. 2005; Laubach 
et al. 2009). Fault and fracture networks propa-
gate along or across lithological units (Odling et 
al. 1999; Sibson 1996; 2003; Eichhubl and Boles 
2000; Van Noten et al. 2012) that may play a dual 
role as barriers or pathways for fluid flow (Arndt et 
al. 2014). Competence contrasts of rocks within fold 
and thrust belts promote buckling, detachment fold-
ing and thrust faulting (Ramsay 1967; Dahlstorm 
1969, 1990; Jamison, 1987; Mastella 1988; Fischer 
and Jackson 1999; Latta and Anastasio 2007; Hayes 
and Hanks 2008). A rhythmic siliciclastic sequence 
within the Fore-Dukla Thrust Sheet provides macro- 
and microstructural evidence for the process of rock 
deformation within fault zones. The brittle defor-
mation mechanism is primarily cataclastic within 
thrust fault zones, whereas strike-slip fault zones 
are dominated by fracturing and associated veining. 
Microscopic evidence coupled with EDS mapping 
provide insights into the micromechanics of damage 
accumulation and failure of host rocks, followed 
by mineral healing during different deformational 
stages of the Fore-Dukla Thrust Sheet. Based on 
the assembled data and recent studies on active and 
exhumed fault zones coupled with experimental 
data, we discuss the structural pattern of thrust and 
strike-slip fault zones and related mineral infilling 

Text-fig. 1. Location of the study area. A – Tectonic sketch-map of 
Central Europe (simplified after Guterch et al., 2000); MPA – Mid-
Polish Anticlinorium, HCM – Holy Cross Mountains. B – Tectonic 
sketch-map of the eastern part of the Outer Carpathians in Poland 

(simplified after Żytko et al. 1989)
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to shed light on the process of rock deformation in 
relation to mineral precipitation within fault zones 
of the Fore-Dukla Thrust Sheet. The results of this 
study are a step toward the understanding of the 
complex architecture and cementation patterns of 
fault zones in the Outer Carpathians, which are cru-
cial for predicting the contemporary potential seal 
behaviour of fault zones.

GEOLOGICAL SETTING

The Fore-Dukla Thrust Sheet is located in the east-
ern part of the thin-skinned Outer Carpathians Fold 
and Thrust Belt (OCFTB, Text-fig. 1). The OCFTB 
forms an accretionary wedge that originated during 
the collision of the Alcapa and Tisza-Dacia micro-
plates with the North European plate (Książkiewicz 
1972; Oszczypko and Tomaś 1985; Csontos et al. 1992; 
Royden 1998; Fodor et al. 1999). It comprises stacked 
nappes built of Upper Jurassic to Lower Miocene 
rocks (Żytko et al. 1989; Jankowski et al. 2004), 
mainly of flysch origin (Oszczypko 1998). The rocks 
have been diachronously folded and thrusted from 
late Oligocene to middle Miocene time (e.g. Burchfiel 
and Royden 1982; Kováč et al. 1998; Oszczypko 
2004, 2006; Nemčok et al. 2006), with progressive 
imbrications of Silesian series in early Miocene time 
(e.g. Gągała et al. 2012). Major thrusts accommodate 
variable displacements, e.g., a minimum of 27 km for 
the Magura Nappe within the Mszana Dolna Window 
(Mastella 1988), a maximum of 55 km for the Magura 
Nappe on the Dukla Nappe, and 19 km of the Silesian 
Nappe on the Skole Nappe (Gągała et al. 2012).

The dawsonite veins occur within rocks exposed 
along the fault zones located in the Fore-Dukla 
Thrust Sheet (Text-fig. 1B), within the southernmost 
part of the Silesian Nappe (Opolski 1933; Świdziński 
1958; Rubinkiewicz 2007), in the foreland of the 
Dukla Nappe (Ślączka 1971). To the north-east 
the Fore-Dukla Thrust Sheet borders the Central 
Carpathian Synclinorium (Text-fig. 1B) (Tołwiński 
1933; Kuśmierek 1979; Mastella 1995, Rubinkiewicz 
2007). The Dukla thrust dips southwards with angles 
that range from 45º to 70º (Rubinkiewicz 1996). It 
is steep in relation to the regional trend of thrusting 
within the OCFTB, e.g. 6–19º of the Magura thrust 
in the Mszana Dolna Window (Mastella 1988), and 
20–40º in the Beskid Wyspowy Mts. (Konon 2001).

The Fore-Dukla Thrust Sheet comprises Lower 
Cretaceous to Oligocene flysch deposits (Ślączka 
1957, 1958; Ślączka and Żytko 1978; Kuśmierek 
1979; Gucik and Wójcik 1982; Haczewski et al. 2000; 

Oszczypko 2006) with the oldest strata exposed 
within the northernmost part, in the minor Bystre 
Thrust Sheet (Ślączka 1959, 1968). The thickness of 
the rock sequence is estimated at 3.7 km (Kuśmierek 
1979). The estimated burial depth for the Fore-Dukla 
Thrust Sheet varies from 6–8 km (Świerczewska 
2005) to 3.6–8.6 km (Andreucci et al. 2013), based 
on surface paleo-temperatures combined with recent 
thermal gradients. However, Hurai et al. (2006) esti-
mated a burial of even 11 km in the adjacent Dukla 
Nappe, based on trapping PT conditions calculated 
from fluid inclusions in quartz.

The present study focuses on the Silesian series, 
which comprise the following informal litostratigra-
phic units: Hieroglyphic, Menilite, Transition and 
Krosno beds (Text-fig. 2). The flysch series were 
depo sited in a deep marine environment within 
the Carpathian Basin of north-western Tethys (e.g. 
Poprawa et al. 2002; Oszczypko 2004). The Hiero-
glyphic Beds include Eocene turbiditic deposits, em-
bracing thin- and medium-bedded fine-grained sand-
stones with intercalations of green and calcareous 
or black siliceous shales. The Menilite Beds consist 

Text-fig. 2. Generalized lithostratigraphic succession of the Silesian 
series in the study area (after Ślączka 1959; Kuśmierek 1979, modi-

fied)
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of Oligocene hemipelagic black siliceous and grey 
clayey shales alternating with thin-bedded turbiditic 
fine-grained calcareous sandstones and ankerites. 
They are considered source rocks with high petroleum 
potential (Kotarba and Koltun 2006). The Transition 
Beds comprise Oligocene rocks that are characteris-
tic of both Menilite and Krosno beds, i.e. grey and 
brown-grey clayey or calcareous shales, thin- to 
medium-bedded, fine-grained sandstones and grey 
mudstones alternating with black siliceous shales and 
occasionally with ankerites. Such a variation in rock 
type reflects the transition from hemipelagic and/or 
distal flysch sedimentation recorded by the Menilite 
Beds (e.g. Köster et al. 1998) to synorogenic proximal 
flysch formation recorded by the Krosno Beds (Jucha 
and Kotlarczyk 1961; Pescatore and Ślączka 1984; 
Poprawa et al. 2002; Bojanowski 2007).

The Fore-Dukla Thrust Sheet comprises a se-
ries of folded slices that are separated by map-scale 
NW–SE-trending thrusts (Text-fig. 3). The slices 
have a steep position, laterally overlapping one 
another, or are cut by transversal faults (Mastella 
1995; Haczewski et al. 2000). Bedding dips in the 
Fore-Dukla Thrust Sheet are variable near the Dukla 
thrust, in the central part, and to the north near the 
contact with the Central Carpathian Synclinorium 
(Rubinkiewicz 1996, 2007). NW to SE-trending fold 
axes are mainly subhorizontal but within the cen-
tral part of the Fore-Dukla Thrust Sheet the trend 
changes (Mastella 1995; Rubinkiewicz 1998).

Three sets of faults cut the Fore-Dukla Thrust 
Sheet (e.g. Mastella and Szynkaruk 1998); i) and ii) 
are strike-slip faults forming a conjugate system that 
originated during the middle and late Miocene af-

Text-fig. 3. Location of exposures on a tectonic sketch-maps (after Mastella 1995, modified). A – Łubne region. B – Cisna region
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ter nappe formation. They were partly reactivated 
as normal faults during post-thrusting extension. 
Set iii) comprises predominantly normal faults that 
originated during the post-thrusting extension in 
the Neogene (e.g. Mastella and Szynkaruk 1998; 
Rubinkiewicz 2000). Following Andreucci et al. 
(2013), extensional tectonics was active between 
10–7 Ma prior to or during the major exhumation 
stage in the eastern Outer Carpathians.

METHODS

Fieldwork at a scale of 1:25000 resulted in the 
identification of a few minor fault zones mineralised 
by dawsonite. Although the fieldwork was hampered 
by infrastructural development near villages and 
rather accumulative tendency of the streams, at least 
three exposures were found to provide structural and 
mineral data for this study. Swift currents of streams 
and poor exposures have allowed for field documenta-
tion predominantly on sketches, with photographs of 
small-scale structures made in a few places. Samples 
of slickensides were collected mainly from minor 
thrusts and subsidiary faults, and strike slip faults. 
The lithology of rocks and their damage within the 
fault zones caused samples to be susceptible to disin-
tegration during collection and thin section prepara-
tion. Hence, the thin sections were of variable quality. 
All thin sections were cut parallel to the mineral lin-
eation observed on the fault planes.

Microstructural analysis was performed on pola-
rised microscope and scanning electron microscope 
images. The polarised microscope images were ob-
tained by a Nikon Eclipse LV 100POL microscope 
equipped with a scanning table. The acquisition of 
images was performed using the NIS ELEMENTS 
software. The scanning electron microscope images 
were obtained using a Zeiss Sigma VP® microscope 
at an accelerating voltage of 20 kV, aperture of 120 
mm and angular selective BSE detector. The system 
was equipped with two XFlash® 6 | 10 EDS detec-
tors, which enabled the getting of a good signal over 
100k counts per second. The acquisition was per-
formed using the Bruker Esprit® software. For every 
BSE image, a set of element maps was obtained with 
the so-called hyper-mapping option. The acquired 
image files were combined into final output images 
for every signal by a stitching process described by 
Preibisch et al. (2009), using a Fiji distribution of the 
ImageJ software (Schindelin et al. 2012). Later, the 
procedure of subtracting and adding of signals was 
performed in order to obtain a map of minerals.

The quantification of chemical phases was based 
on EDS mappings supported by BSE images. Thus, 
porosity and unrecognised phases were not included 
into the final calculated results, which were nor-
malised to 100%.

X-ray diffraction (XRD) analyses of 8 selected 
samples were performed to identify the mineral com-
position of veins. Mineral samples were analysed on 
the powder diffractometer X’Pert-PRO MPD with a 
DSH method using monochromatic Co K-a radiation 
at a 40 mA current and 40 kV voltage. The analyses 
applied the capillary diameter of 0.3 mm for samples 
no 1, 2, 3, 6, 7, and 0.5 mm for sample 4. Detection 
of radiation was provided by a PIXcel line detector. 
The measurement conditions were as follows: start 
position [°2Q] 5.0, end position [°2Q] 90.0, step size 
[°2Q] 0.026, generator settings 40 mA, 40 kV, time of 
measurement 2 h 34 min.

FIELD OBSERVATIONS

Dawsonite assemblages were noted for the first 
time in the Fore-Dukla Thrust Sheet by Rybak (2005). 
The exposures with dawsonite host also calcite and/
or ankerite veins along with marmarosh diamonds, 
i.e. quartz with a perfect euhedral habit.

Minor fault zones with dawsonite veins are ex-
posed in the central and southern part of the Fore-
Dukla Thrust Sheet (Text-figs 1B, 3A, B). The first 
exposure is separated from the second and third by 
about 10 km in a straight line. The distance between 
the latter two exposures is ca. 180 m. Exposures of 
the fault zones reach up to 3 m in height and up to a 
few tens of metres in width. Rocks are strongly de-
formed and damaged, nevertheless they can be traced 
across the exposures and the distinct architecture of 
the fault zones can be followed (Text-figs 4, 5, 6).

The exposure in the Jabłonka Stream (Text-
figs 3A, 4A) displays a minor duplex (cf. Rybak, 
2005) separated by basal and roof thrusts with a 
detachment involved along the latter thrust. The 
major thrusts are listric and show a wavy geome-
try with dips between 5º and 30ºS. Thrust surfaces 
are striated and partially highly polished. The main 
displacement is located along the roof detachment 
thrust within a decimetre-thick gouge. The thrust 
separates two generally incompetent rock sequences: 
the relatively more incompetent Menilite Beds and 
the relatively more competent Hieroglyphic Beds. 
Nonetheless, the sequences are in their normal strati-
graphic position (Text-figs 2, 4A). The orientation of 
the thrust changes along the exposure (Text-fig. 4A). 
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The basal thrust occurs within the Hieroglyphic Beds 
and shows a similar orientation as the roof thrust. 
Dawsonite occurs within the Menilite Beds along the 
roof thrust and bedding planes in the hanging wall 
adjacent to the thrust plane (Text-fig. 4A, B).

The structure of the detached incompetent rock 
succession of the Menilite Beds is interpreted as a 
detachment box fold (e.g., Mitra 2003). The box fold 
shows a complex geometry that includes a series of 
minor second-order chevron folds showing consistent 
as well as opposite senses of vergence in relation to 
the sense of movement of the detachment thrust. The 
highly polished bedding planes lack a mineral linea-
tion. Strikes of the Menilite Beds and the fold axes are 
partly consistent with the strike of detachment thrust.

The interpreted minor duplex occurs within 
the Hieroglyphic Beds. The exposure reveals frag-
ments of an imbricate structure involving overlap-
ping sigmoidal slices with folded rock sequences 

(Text-fig. 4A). The thrusts that separate the slices 
are subparallel. The spacing of the thrusts is constant 
and exceeds 3 m. The Hieroglyphic Beds show a 
variable orientation: overturned in the north-eastern 
part, changing to normal in the south-western part. 
Individual slices reveal fragments of folds that are in-
terpreted as open or box folds. The orientation of fold 
axes is almost consistent with the strikes of the thrust 
faults. The cores and hinges of folds show complex 
structures as the result of fold tightening.

The second exposure (Text-fig. 3B) shows a frag-
ment of a minor imbricate structure developed within 
the upper part of the Menilite Beds (Text-fig. 5). The 
beds are in a homoclinal arrangement and slightly 
folded along the thrusts that separate individual slices. 
The strikes of the beds are sub-parallel to thrust ori-
entations. Steep, north-dipping beds dominate. The 
thrusts show a variable geometry across the fault 
zone and define the sigmoidal geometry of the slices 

Text-fig. 4. Complex thrust fault zone mineralised with dawsonite exposed in the south-eastern bank of the Jabłonka Stream. A – Tectonic 
sketch of the outcrop. B – Thrust fault aligned by dawsonite veins. C – Thin cover of tufa on rocks
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(Text-fig. 5). Some of the thrusts branch off, which 
resulted in the formation of steep, north-east dipping 
faults and lower order slices. Riedel shears along the 
faults and incongruous steps on slickensides indicate 
a reverse component of fault slip. Fault planes ori-
ented nearly parallel to the bedding show multi-lay-
ered dawsonite veins associated with thin intercala-
tions of black shales. The minor imbricate structure 
shows an inclination opposite to the regional trend. 
Based on field and cartographic data (Text-fig. 3B), 
the faults can be interpreted as back-thrusts related to 
the local minor thrust (Text-fig. 5). This issue, how-
ever, will be the focus of further studies.

The third exposure reveals a fragment of a com-
plex imbricate structure dissected by a strike-slip 
fault zone developed within the Transition Beds. 
The exposure is located in the close vicinity to the 
frontal part of the Dukla Nappe (Text-figs 3B, 6A). 
The beds are partly in a homoclinal arrangement and 
partly folded along the thrusts that separate the in-
dividual slices. The strikes of the Transition Beds 
are sub- parallel to the thrust orientations. Steep and 
overturned, S-dipping beds dominate. The thrusts 
show a variable geometry with strikes that vary from 
145º to 165º and dips from 10º to 89ºS. Strike-slip 
faults occur in a few places along the exposure (Text-
fig. 6A). They form two sets with steep surfaces that 
are characterised by strikes at 45–50º (I) and 80–90º 
(II). Incongruous steps and Riedel shears associated 

with slickensides indicate sinistral slip along set I 
and dextral slip along set II. The kinematics and in-
clination of the faults in relation to regional sinistral 
strike-slip faults (cf. Rubinkiewicz 1996; Mastella 
and Szynkaruk 1998) suggest they are second-order 
P faults within set I and R’1 faults within set II (Text-
fig. 6D).

The bedding and fault planes within the fault zone 
are covered by fibrous dawsonite (Text-fig. 6B–E). It 
commonly covers previously formed calcite on fault 
surfaces or on drusy assemblages (Text-fig. 6C, D).

All exposures show the presence of calcareous 
tufas represented by thin crusts partly covering rocks 
within the fault zones (e.g., Text-fig. 4C). Constantly 
seeping water within the fault zones enables the for-
mation of smooth, thin carbonate covers up to few 
metres of extent and up to few centimetres in thick-
ness. During several years of fieldwork, formation 
and erosion of the tufas has been constantly observed 
(cf. Mastella and Rybak-Ostrowska 2012).

CHARACTERISTICS OF DAWSONITE 
AND CARBONATE VEIN INFILLING

Macroscopically, dawsonite is primarily fibrous 
and white in colour with a silky gloss (Text-figs 6B, 
C, D, 7A, B). XRD analysis identified that the sam-
pled veins are infilled with dawsonite with a small 

Text-fig. 5. Back-thrust fault zone mineralised by dawsonite exposed in the western bank of the Solinka Stream
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Text-fig. 7. Acicular dawsonite arranged in rosettes on rocks of the Menilite Beds from thrust fault zones. A – Jabłonka Stream, B – Solinka 
Stream

Text-fig. 6. Thrust fault zone cut by strike-slip faults mineralised with dawsonite exposed in the south-eastern bank of the Solinka Stream. 
A – Localization of strike slip faults along minor imbricated structure. B – Lineation defined by fibrous dawsonite on thrust surface. C, D, E – 

Examples of slickensides mineralised with fibrous dawsonite
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admixture of gibbsite [Al(OH)3], calcite [CaCO3] and 
quartz [SiO2] (Text-fig. 8). The dawsonite content is 
about 95% in most of the samples.

Field studies revealed that dawsonite assemblages 
are localised only within fault zones (e.g., Text-figs 4, 
6) and the mineral precipitated during different de-
formation stages. Dawsonite also forms acicular as-
semblages that are widespread on host rocks within 
exposures of fault zones as rosettes up to 6 mm in di-
ameter (Text-fig. 7A, B) or fans up to a few millime-
tres in size. The observations of selected exposures 
indicate that dawsonite is capable of present-day sea-
sonal growth and can be destroyed by flood episodes, 
similarly as tufa deposits.

Macroscopically, the veins are discontinuous, in 
some parts strongly folded, and of a variable thick-
ness of 1 to 3 mm across the fault zone. The length 
of the veins reaches up to few tens of centimetres and 
is limited by the size of exposures. Dawsonite veins 
occur as single objects or in the form of multi-layered 
structures. The latter are arranged parallel to each 
other or display significant small-scale, fault-related 
folding (e.g. Text-fig. 9A).

Cross-sections parallel to lineation show two 
types of veins infilled with: i) dawsonite – these veins 
are closely related to the shale layers of the Menilite 
Beds and Transition Beds (Text-figs 9, 10, 11A, 12, 
13A); and ii) dawsonite associated with dolomite 
[CaMg(CO3)2], ankerite [Ca(Fe,Mg,Mn)(CO3)2], cal-
cite – these veins occur within the mudstones and 

ankerites of the Transition Beds (Text-figs 13A–E, 
14A–C, 15A, B, 16A).

Dawsonite veins show a sub-parallel or oblique 
arrangement of dawsonite fibres in relation to the 
vein walls (Text-figs 9B, 10A–E, 12A–D, 13D, 15B). 
The oblique fibres are slightly curved or sigmoidal 
in shape, and inclined towards the sense of fold ver-
gence and movement of the sampled fault. The angle 
of inclination ranges from 15º to 30º.

The boundaries of the vein walls are rough and 
irregular, especially along veins with an oblique ar-
rangement of the fibres. Cross-sections normal to the 
sampled veins display an assemblage of host rock in-
clusions arranged sub-parallel to the vein wall and/or 
subparallel to the fibres in the outer parts of the veins 
(Text-figs 10C, 12A, C). They have a longitudinal and 
lenticular shape or show an irregular appearance. It is 
likely that the presence of host rock inclusions within 
the veins stimulated the second order fold develop-
ment during progressive faulting.

The dawsonite veins from the Menilite Beds con-
tain narrow rims of gibbsite (Text-figs 9C, 11A, 12A, 
B). The rims reach up to 100 μm in width. The distri-
bution of gibbsite is heterogeneous within the rims. 
Occasionally, rims of gibbsite cover the fibrous tex-
ture of previous dawsonite (Text-fig. 12A, B). Small 
patches of gibbsite are widespread near the rims and 
within the veins around the host rock inclusions, as 
well as within the host rock (Text-fig. 12A, B, C). 
They are irregular or sub-oval in shape and look like 

Text-fig. 8. Example of X-ray diffraction analysis of a dawsonite vein sample
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Text-fig. 9. Multi-layered dawsonite veins from the core of a thrust fault zone in the Jabłonka Stream (sample 2). A – Interpretation of small-
scale faults within the fault zone. B – BSE image of a selected fragment of multi-layered dawsonite veins. C – EDS map of a selected frag-
ment of multi-layered dawsonite veins. D, E – Mineral composition of rocks within the fault core. Arrows indicate the sense of movement. 

MTF – main thrust fault
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nucleation points for dawsonite weathering. The EDS 
map shows that gibbsite occurs in close vicinity to the 
host claystones that are depleted in aluminium and 
potassium (Text-fig. 9C, D). Simultaneously, gibbsite 
is absent or scarce within dawsonite veins along the 
contact with the host claystones that are enriched in 
aluminium and potassium, which is evidenced by 
the presence of relatively large mica crystals (Text-
fig. 9C, E). A similar relation is observed along thin 
zones of claystones enriched in fine quartz grains.

Dawsonite associated with carbonate veins shows 
various arrangements (Text-figs 13A–D, 14A–C) that 
indicate mutual temporal relationships. Carbonate 
veins are composite (Text-fig. 15A) or monominer-
alic, e.g., filled only by calcite (Text-fig. 16A). The 
former contain the same mineralogical sequence vis-
ible within the host rock, showing a distinct zonation 
of minerals from the outer parts toward the centre, 
starting with anhedral dolomite, through iron dolo-
mite with well-developed faces, ankerite that forms 

Text-fig. 11. Mineral composition of veins and rocks within a small-scale thrust fault zone, sample 3. A – EDS map covering the core (central 
and upper part) and the damage zone (lower part). B, C – Percentage diagrams of mineral constituents of rocks within the core and the damage 

zone respectively
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euhedral outgrowths on dolomite faces, and finally 
anhedral blocky calcite sealing the remaining space 
of the veins.

Calcite veins are parallel to the fault planes and 
exceed 1 cm in width. They show diverse fabric. The 
most common is blocky fabric with grains sub-perpen-
dicular to the vein walls (Text-figs 13B, 14A, B). Some 
grains, as a result of syntaxial growth show faces 
pointing towards the centre of the vein (Text-fig. 14B). 
Elongated calcite is less common (Text-figs 13B, 
14A, C). The elongated grains are arranged predom-
inantly slightly oblique to the vein boundary with an 
inclination of 70–80º (Text-fig. 14C). They show weak 
preferred orientation. The arrangement of elongated 
grains parallel to the vein boundary is uncommon and 
occurs within thin veins separated by shears parallel to 
the main fault plane (Text-fig. 13B). Both blocky and 
elongated calcite grains contain host rock inclusions 
sub-parallel or slightly oblique to the vein boundaries 
(Text-fig. 13B), which indicate a crack-seal mechanism 
of vein formation (cf. Ramsay 1980). Additionally, cal-
cite crystals show a progressive increase in size to-

wards the vein centre, pointing to a competition during 
vein growth (Hilgers and Urai 2002).

Calcite bears evidence of deformation after 
crystallisation: fracturing (Text-fig. 14B), irregular 
boundaries suggesting low-temperature grain bound-
ary migration (Text-fig. 14C), and mechanical twin-
ning of type I and II sensu Burkhard (1993) (Text-
figs 13A, 14A, B). The boundaries of calcite veins are 
often stylolitic (Text-fig. 15A, B), thus pressure solu-
tion and mass transfer within the fault zone played a 
role in their formation.

Commonly, thin dawsonite veins extend parallel 
to the fault plane and along previously formed car-
bonate veins at the boundary of the host rock/calcite 
veins (Text-figs 13A, 14A, 15A, B, 16A). Dawsonite 
fibres fill the space along the calcite vein covering its 
stylolitic morphology (Text-fig. 15A, B), locally split-
ting into several parallel strands at larger irregulari-
ties. They also occur along the fracture network and 
host rock inclusions within calcite (Text-figs 13B, 
14B) and form acicular assemblages that resemble 
fans or bundles (Text-fig. 14B).

Text-fig. 12. Examples of internal structure of veins and rocks (BSE images). A – Internal fibrous texture of a dawsonite vein with a gibbsite 
assemblage at the contact with the wall rock and host rock particles within the vein, sample 2. B – Irregular patches of gibbsite distributed 
within the outer part of the dawsonite vein and within the cataclasite, sample 3. C – Weakly foliated cataclasite with a network of anastomosing 

shears, sample 3. D – Fracturing, comminution and rotation of grains within a cataclasite sample 3. Arrows indicate the sense of movement
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Text-fig. 13. Example of the internal structure of a minor dextral strike-slip fault in the Solinka Stream, sample 7. A – Core with a multi-lay-
ered vein of dawsonite lying parallel to a fault-parallel complex carbonate vein and a damage zone developed within calcareous siltstones, 
cross-polarised light. B – Fragment of a multi-layered calcite vein infilled with blocky and elongated grains, aligned and partly altered by 
fibrous dawsonite; calcite grains show deformation lamellae (lower-right part), cross-polarised light. C – Fibrous, gently folded dawsonite vein 
aligned along the stylolitic boundary of a calcite vein, cross-polarised light. D – P shears within the fault core in close vicinity to a calcite vein 
with a stylolitic morphology (BSE image). E – R and R’ shear fracture developed within a damage zone. Arrows indicate the sense of movement
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Text-fig. 14. Example of the internal structure of a minor sinistral strike-slip fault from the Solinka Stream, sample 6. A – Network of P-R 
shears associated with a blocky calcite vein and P shear mineralised by calcite and dawsonite. B – Secondary R’ and R’1 shear fractures de-
veloped within calcite, partly aligned by parallel fibrous dawsonite; shear fractures enhance the precipitation of dawsonite arranged in fans 
and rosettes; calcite grains show deformation lamellae. C – P shear infilled with elongated calcite showing a domino structure developed from 

antithetic shears infilled with fibrous dawsonite. Cross-polarised light. Arrows indicate the sense of movement
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The dawsonite fibres also align elongated calcite 
grains within subsidiary shear fractures associated 
with minor faults (Text-fig. 14C). Occasionally, they 
pass into acicular assemblages between calcite grains 
or within larger pores of host rocks near the veins. 
Fault-parallel fibrous and acicular arrangement of 
dawsonite suggests its syn- and postectonic growth, 
respectively.

The relationship between calcite and dawsonite 
within veins, such as dawsonite alignment paral-
lel to previously formed calcite veins, nucleation of 
dawsonite along host rock inclusions, and fractures 
within calcite suggests that dawsonite precipitated 
after calcite within a strike slip-fault zone.

FAULT ZONE MICROSTRUCTURE VERSUS 
LITHOLOGY

The architecture of minor fault zones is strongly 
affected by the lithology of the rocks. Commonly, 
thrust faults show slip localisation subparallel to the 
bedding planes (Text-figs 9, 10). However, strike-slip 
faults also break the rocks independently of bedding 
(Text-figs 13, 14). Macroscopically, the fault cores 
of thrust and strike-slip faults, if developed, cover 
the incorporated and deformed incompetent layers 
of shales (Text-figs 9A–C, 10A, 13A, 15A, B). Some 
of the strike-slip faults did not develop fault rocks. 
Instead calcite and/or dawsonite veins formed along 
them (Text-figs 14A, B, 16A).

Macroscopically, damage zones developed within 
the relatively more competent mudstones, sand-
stones, and ankerites. They cover second-order faults 
and fractures that die out with the increasing distance 
from the core towards the host rocks. As a conse-
quence, the contact between the fault core and the 
intact rock represents a gradual transition of decreas-
ing intensity of brittle deformation. This observation 
implies that competence plays a crucial role in the de-
velopment of fault zone architecture and deformation 
of veins. Thus, microstructures within fault zones 
were characterised in the context of relative compe-
tence of the host rock layers (Donath 1970; Ferrill 
and Morris 2003). Relatively incompetent thin-bed-
ded layers have been observed in all samples and 
include claystones in relation to the more competent 
siltstones or mudstones.

It is significant that shaly cores of thrust fault 
zones have a potential for the development of daw-
sonite veins (Text-figs 10A, 11A). In turn, the oc-
currence of dawsonite within subsidiary faults and 
fractures in damage zones is rare. Exceptions are 

strike-slip fault zones that display the presence of 
abundant dawsonite-bearing assemblages along sub-
sidiary faults and fractures, and within pores of the 
host rocks (Text-figs 14A–C, 15A–D, 16A–C).

Veins and host rocks within fault zones contain 
microscale structures (Text-figs 9A, 10A–E, 13A–E, 
14A–C) that correspond to the sense of movement of 
the faults recognised during fieldwork. Deformation 
within the fault zones includes folding, sliding along 
microfaults, fracturing, and pressure solution. The ar-
rangement and relationship between the microstruc-
tures, as well as the mineralogical composition of the 
host rock and mineral infilling of the microstructures 
give hints on the multiple deformation history.

Cores of fault zones

The cores of faults in thin sections appear as nar-
row zones of fault rocks which may be classified as 
cataclasites (after Sibson 1977; Woodcock and Mort 
2008) (Text-figs 12B–D, 13D). Cataclasites comprise 
predominantly fractured, angular grains with irreg-
ular boundaries in a fine and/or clayey matrix. The 
intensity of grain and mineral fragmentation and de-
formation differs between the thrust fault zones and 
strike-slip fault zones.

Cores of thrust fault zones show weak foliation 
defined by the fault-parallel arrangement of the elon-
gated grains, and/or anastomosing network of shears 
(Text-fig. 12B–D). Comminution and rotation of 
grains are common (Text-fig. 12D). Cores of strike-
slip fault zones show a fault-oblique arrangement of 
grains (Text-fig. 13D). BSE images and mineralog-
ical maps show that cataclastic fault rocks slightly 
differ in composition among individual localities 
(Text-figs 9D, E, 11B, 15A, E).

The cores cover structural patterns of variable 
complexity recorded by dawsonite veins related to 
the faults (Text-figs 9A–C, 10A–E, 13A, D).

Thrust fault zones

The cores of thrust fault zones cover 2.5 mm to 
1.8 cm wide detachment zones. The geometry of the 
detachment zones is defined by a mechanical con-
trast of the deformed rock and vein sequence. The 
major detachment thrusts occur most commonly as 
two separate planes (basal and roof) that limit the 
detachment zone (Text-fig. 10A). The major detach-
ment thrusts show a straight and flattened geometry 
that is related to the claystone sequence. Occasionally, 
stair-step geometry with slip transfer to the upper 
roof thrust resulted in ramp formation (Text-fig. 10A). 



 DAWSONITE WITHIN FAULT ZONES 67

Text-fig. 15. Mineral composition of rocks within the core and the damage zone of a minor dextral strike-slip fault zone, sample 7. A, C – EDS 
maps. B, D – BSE images. C, D – Fragment of calcareous siltstone covering mineral associations and alteration. E, F – Percentage diagrams of 

rocks within the core and the damage zone, respectively



68 BARBARA RYBAK-OSTROWSKA ET AL. 

However, such an interpretation is limited by the scale 
of observation. Minor detachment thrusts within ma-
jor detachment zones are multiple, flat, and locally 
branch into imbricate splays at the leading edge (Text-
fig. 10A). The imbricate splays show inclination an-

gles of 35–45º in relation to the detachment horizons. 
They have listric, sigmoidal to wavy shapes, and oc-
casionally display stylolitic morphology.

Detachment zones also contain second-order nor-
mal (Text-fig. 10A) and reversed (Text-figs 9A, 10A) 

Text-fig. 16. Mineral composition of calcareous siltstone and veins within a minor sinistral strike-slip fault zone, sample 6. A – EDS map. 
B, C – Fragment of a host rock covering the mineral association and alteration. D – Percentage diagram of the host rock beneath the vein
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listric faults synthetic to the detachment thrusts. The 
latter locally contribute to the imbricate structure 
formed behind the steep ramp and appear to follow 
the curvature of that ramp (Text-fig. 10A). The incli-
nation of both types of faults changes across the fault 
zone from 20º at the roof horizon to 40º at the basal 
horizon. The geometry and sense of movement of the 
faults in relation to the major detachments indicate 
that they represent R and P type faults, respectively 
(Text-figs 9A, 10A).

The detachment zones host folded dawsonite 
veins. The small-scale contractional folds include 
detachment fold trains parallel or oblique to detach-
ment horizons with a continuation into the non-de-
formed parts of the veins, fault-propagation folds 
along imbricate splays, secondary faults, and mixed 
detachment and fault-propagation fold series (Text-
figs 10A–E).

Detachment fold trains contain a range of folds 
from subsequent stages of dawsonite vein deforma-
tion (Text-figs 9A–C, 10A–E, 11A, C) represented 
by folds of various shape profiles from disharmonic 
folds to box folds (e.g. Mitra 2002, 2003).

Disharmonic fold trains are common (Text-
fig. 9A–C). The length of the fold trains reaches a 
few centimetres. The vergence of the fold trains is 
generally consistent with the sense of movement of 
the main thrust. However, the position of individual 
axial planes varies from tilted towards the sense of 
movement, through vertical, to an opposite sense of 
vergence, especially within low-amplitude folds. The 
folds are predominantly inclined, occasionally up-
right. They display a full spectrum of inter-limb an-
gles, from gentle to tight, and show variable shapes. 
The thickness of the veins changes across the dishar-
monic fold trains with a significant increase within 
the fold hinges. Thinning of fore-limbs of inclined 
folds is common. The dawsonite veins form rounded 
anticlines that are associated with thickening of clay-
stone members within adjacent synclines (cf. Verges 
et al. 2011).

Asymmetric fold trains are located above flat de-
tachment thrusts, locally with the beginning at the 
leading edge (Text-fig. 10A, B). The folds are tilted 
toward the sense of fault movement and form short, 
crowded trains that exceed 1 cm in length. These 
folds are characterised by steeply to moderately dip-
ping, overturned short forelimbs and moderately dip-
ping back-limbs. The thickness of the veins varies 
across the fold trains. Anticlines are tight or closed 
and occasionally show box shapes. The cores of the 
anticlines and some of the synclines comprise incom-
petent siltstones, which are deformed and thickened. 

The folds within the trains show fold accommodation 
faults represented predominantly by out-of-syncline 
thrusts (o-s), into-anticline thrusts (i-a) sensu Mitra 
(2002) within the hinges, and limb wedge thrusts 
(l-w) (Text-fig. 10B). Dawsonite veins split into a 
series of fibres that were deformed individually and 
resulted in a thickness increase within limbs and/or 
fold hinges. The individual dawsonite fibres within 
the hinges of box folds are cracked, displaced and 
secondarily folded along the minor thrusts (Text-
fig. 10B, C). The axial planes of these minor folds 
form a flower structure showing a consistent, as well 
as an opposite sense of vergence in relation to the 
major box fold (Text-fig. 10B, C). Limbs of anticlines 
within fold trains show also second-order detachment 
folds formed along individual fibres or aggregates of 
fibres (Text-fig. 10B).

Some of the minor detachment folds show a highly 
complex geometry (Text-fig.10B, C) with a sub-
division into upper and inner layers (Text-fig. 10D). 
The upper layers are deformed into asymmetric 
high- relief detachment folds that in a more mature 
stage evolved into high-relief fault-propagation folds 
(Text-fig. 10D). Fault-propagation folds show steeper 
and narrower reduced fore-limbs in relation to their 
back-limbs. The inner layers of minor detachment 
folds show little internal deformation expressed by 
low amplitude harmonic buckle folds (Text-fig. 10D). 
Locally, the back-limbs of the folds evolved along flat 
ramps into fault-bend low-amplitude anticlines. They 
are transported by the lower order detachment above 
the low-relief trains of asymmetric detachment folds 
partly imbricated along into-anticline thrusts into a 
series of fault-propagation folds (e.g., Boyer and Elliot 
1982; Mitra 1986) that partly evolved in a more ma-
ture stage into breakthrough fault-propagation folds 
(Text-fig. 10D). These folds are very tight, almost iso-
clinal, with cracked hinges. Fault-propagation folding 
within the train is minor, and is considered to be a sec-
ondary process that evolved from earlier detachment 
folding (e.g., Dixon and Liu 1992).

Breakthrough fault-propagation folds (after Suppe 
and Medwedeff 1990) occur in series within the de-
tachment zones (Text-fig. 10A) and contribute to 
low- relief imbricated structures. Individual slices 
asso ciated with P thrust faults consist of synclinal 
breakthrough, tight fault-propagation folds with 
thin ned and locally partly reduced steep forelimbs, 
rounded or acute hinges, and moderately to gently 
dipping back-limbs. The breakthrough fault-propa-
gation folds developed in close vicinity of the roof 
detachment, in the hinterland of the thinnest part of 
the detachment zone. Slip along the thrust faults is 
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hardly possible to estimate, because of the dense net-
work of thrust faults within the sets. The formation 
of breakthrough fault-propagation folds is closely 
related to the stair-stepping geometry of the basal 
major detachment and formation of a ramp that en-
hanced contraction within the detachment zone.

Strike-slip fault zones

The cores of strike-slip faults are covered with 
multi-layered dawsonite veins, often associated with 
carbonate veins parallel to the main fault (Text-figs 
13A–D, 15A, B).

Dawsonite veins that align calcite veins are rather 
continuous, locally slightly folded. Individual low-am-
plitude folds or trains of folds are located within wider 
parts of the cores in close vicinity to irregularities in 
previous calcite veins (Text-figs 13A–C, 15A, B). The 
folds are asymmetric and show a vergence with the 
same sense of movement as that of the sampled fault. 
The inter-limb angles vary from gentle to tight (Text-
fig. 13A–C).

Locally, dawsonite veins show strands oriented 
slightly oblique to the fault plane (Text-fig. 13A). The 
inclination of strands tends to change across the core 
from c. 15º at the beginning to almost 0º within the 
core. The strands occur individually or align to the 
previously formed multi-layered calcite veins at their 
boundaries. Some of the dawsonite fibres at the end 
of strands continue into calcite crystals. Individual 
veins within the core bear traces of shortening related 
to continuous fault movement.

Damage zones

Damage zones of thrust faults and strike-slip 
faults host subsidiary structures but they differ in 
form and distribution in relation to the host rock com-
position (Text-figs 11 A, C, 15A, C, D, F, 16A–D).

Damage zones in the vicinity of detachment zones 
host minor fold-accommodation faults represented 
by thrust wedges and subsidiary microfaults (Text-
fig. 10A). Minor thrust wedges occur in the hanging 
and footwalls (Text-fig. 10A). They are synthetic to 
the sense of movement along the detachment hori-
zons. Traces of thrust wedges are bent or wavy in 
shape. Displacement of competent layer fragments 
along thrust wedges caused local thickening and 
buckling of the layers.

Subsidiary microfaults occur within footwalls 
and initiate at the basal detachment thrust. They con-
tinue through overlying rock layers that are defined 
by increased competence, and die out at the bound-

ary of contrasting competence layers or within layers 
with higher competence (Text-fig. 10A). Fault traces 
within claystones are bent or wavy in shape, and 
overprinted by stylolitic seams (Text-fig. 10A). They 
occur in two synthetic sets that show opposite incli-
nations of c. 15–20º. Occasionally they form weakly 
developed meshes (Text-fig. 10A). The spacing be-
tween the faults within particular sets ranges from 
a few millimetres to 1 cm. They represent R- and 
P-type faults, respectively. Faults of types R and P are 
closed, aligned by phyllosilicates.

The structure of strike-slip fault damage zones is 
related to the composition of host rocks represented 
by calcareous siltstones with carbonate cements. 
The pore cement contains the following sequence of 
carbonate minerals: i) dolomite–iron-rich dolomite–
ankerite–calcite–dawsonite (Text-fig. 15A–D, F) ii) 
calcite and dawsonite (Text-fig. 16A–D). Dolomite 
is corroded, locally cracked and overgrown by euhe-
dral iron-rich dolomite. Both of the dolomites show 
overgrowths and internal anhedral assemblages of 
ankerite. The porosity of the rocks is sealed by calcite 
and dawsonite.

Layers of more competent calcareous siltstones 
host subsidiary shear fractures of variable distribu-
tion, size, and mineral infilling related to host rock 
cement (Text-figs 13A, E; 14A–C, 15A, B, 16A).

In thin section a dense system of thin R and R’ 
shear fractures pervasively cuts the host calcareous 
siltstones within the damage zone. Spacing between 
shear fractures reaches 0.5 mm. The shear fractures 
crosscut some of the host rock grains or bypass them, 
which results in irregular traces. The fractures are 
sealed predominantly with iron-rich dolomite that is 
partially corroded and secondarily infilled with an-
kerite and rarely with calcite (Text-fig. 15A, C).

R1’ shear fractures cut the R and R’ system and 
show wider and less regular distribution in relation to 
the R and R’ system. R1’ shear fractures are aligned 
by parallel elongated grains of mica (Text-fig. 15A, 
F). They are inclined at an angle of c. 60–70º to 
the sampled fault. R1’ shear fractures are infilled 
with carbonate minerals in a similar sequence as the 
fault-parallel veins and host rocks, i.e. dolomite, iron-
rich dolomite, ankerite, and calcite.

Siltstones also host subsidiary microfaults devel-
oped in one synthetic set with an inclination of indi-
vidual members at 25–35º in relation to the sampled 
fault (Text-figs 14A, 16A). Kinematically and geo-
metrically they correspond to P shears. The spacing 
of the microfaults changes across the damage zone 
from a few to several centimetres. The segmentation 
of microfaults resulted in the formation of dilational 
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veins infilled with calcite. The veins show blurry 
boundaries because they have the same composition 
as the host rock cements. Calcite grains are slightly 
oblique to the vein boundaries. The inclination of 
grains towards the sense of movement of the shear 
fracture indicate its syntectonic growth. Dawsonite 
fibres occupy antithetic shears that bound dilational 
veins and probably alter calcite crystals within the 
veins.

DISCUSSION

The structural pattern developed within the fault 
zones of the Fore-Dukla Thrust Sheet contains evi-
dence for the upper crustal deformation of Palaeogene 
flysch deposits. The fault zone architecture combined 
with the succession of mineral infilling provides ev-
idence for dawsonite formation along progressively 
developed structures within the thrust fault and the 
strike-slip fault zones, and after deformation continu-
ing until recently.

Thrust fault zones yield evidence for subsequent 
deformation resulting from the accommodation of 
continuous shortening within detachment zones by: 
1. frictional granular flow of rocks resulting in cata-
clasis, 2. formation of bedding and detachment-par-
allel dawsonite veins, and 3. detachment-induced 
folding and faulting of veins evidenced by the se-
quence of disharmonic and fault-related folds (Text-
figs 9A–C, 10A–E, 11A). Damage zones record de-
formation by the formation of thrust wedges within 
the hanging walls and a network of R and P shear 
fractures within the footwalls. The constraint of fi-
brous dawsonite veins to bedding planes of shales 
and detachment zones within thrust fault zones in-
dicates that these structures were permeable during 
thrusting.

The strike-slip fault zones yield evidence for de-
formational phases recorded by: 1. formation of fault 
parallel veins infilled with a sequence of dolomite–
iron-rich dolomite–ankerite–calcite, followed by 2. 
formation of fault-parallel dawsonite veins that have 
been locally folded during progressive displacement 
along the fault (Text-figs 13A, 14A). Commonly, the 
geometry of previous carbonate veins defines the ex-
tent and deformation of dawsonite veins along strike-
slip faults. Formation of veins along the faults was 
accompanied by simultaneous sealing of subsidiary 
shear fractures within damage zones and host rock 
porosity. The process likely resulted in progressive 
cementation and decrease of fault zone permeability 
(cf. Gratier and Gueydan 2007).

Structural pattern versus lithology

Thrust and strike-slip fault zones generally show 
evidence of brittle faulting processes (cf. Mastella 
1988; Konon 2000; Rybak-Ostrowska et al. 2017). 
However, layers of different grain size and miner-
alogical composition reveal different styles of defor-
mation. Claystones from the Menilite Beds are domi-
nantly deformed by cataclastic flow within fault cores 
and fault-related folding within detachment zones 
(Text-figs 9A–C, 10A–F). Siltstones from the Menilite 
Beds contribute to the damage zones (Text-fig. 10A) 
and along with sandstone layers they show subsidiary 
shear fractures. The fault cores and damage zones 
show evidence for pressure solution. Conversely, 
the thrust fault zones within the Menilite Beds lack 
widely distributed dilational jogs or other extensional 
structures sealed by dawsonite or calcite.

The calcareous siltstones of the Transition Beds 
are more prone to fracturing and show composite 
mineral veins along the main fault plane as well as 
a dense system of subsidiary shear fractures infilled 
with dolomite–iron-rich dolomite–ankerite–cal-
cite (Text-fig. 15A), or calcite and dawsonite (Text-
fig. 16A). The latter assemblage occurs only within 
damage zones of strike-slip fault zones. The evidence 
of pressure solution is predominantly recorded within 
the mineral infilling, only occasionally within the 
host rocks.

In summary, the formation of structures depends 
on the mineral composition of the host rocks: very 
fine-grained rocks with predominant phyllosilicate 
constituents such as claystones enhance cataclastic 
deformation, comminution of grains and develop-
ment of foliation. These rocks have low permeability 
and produce a sealing system. Thus fluid pathways 
are limited to faults and bedding planes. Conversely, 
fine-grained rocks with a quartz grain-supported 
matrix such as calcareous siltstones enhance frac-
turing and the development of extensional structures 
within fault zones, having potential for fluid flow. 
Additionally, the porosity of these rocks may con-
tribute to the formation of a complex permeability 
system.

Dawsonite veins formation

The relationship of the mineralogical composition 
of syntectonic veins and host rocks (Text-figs 9, 11, 15, 
16) gives some hints on fluid flow within fault zones 
and related fluid/rock interactions. For example, syn-
tectonic fibrous dawsonite veins in thrust fault zones 
are closely related to claystones (Text-figs 9A–D, 
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10A, 11A, B, 15A, C). However, the clay matrix lacks 
albite, which is supposed to be the potential source 
of sodium for dawsonite formation (e.g., Baker et al. 
1995; Moor et al. 2005, Worden 2006). This relation-
ship suggests that sodium for dawsonite formation 
could have been provided from fluids infiltrating the 
thrust fault zones. Previous studies on natural and 
synthesized dawsonite (Moor et al. 2005; Worden 
2006; Bénézeth et al. 2007) followed by numerical 
modelling (Hellawang et al. 2011; Trémosa et al. 
2014) indicate that dawsonite precipitates from acidic 
CO2-rich fluids. The fluids may enhance alteration of 
the rock constituents, including dissolution of alumi-
nosilicates (e.g., clay minerals, cf. Johnson et al. 2004; 
Bénézeth et al. 2007; Hellawang et al. 2011; Trémosa 
et al. 2014) resulting in the liberation of aluminium. 
A similar process might have affected the clay matrix 
in the Menilite Beds and resulted in the syntectonic 
growth of fibrous dawsonite. Consequently, gibbsite 
occurring in the outer parts of dawsonite veins might 
have formed by the decomposition of dawsonite (cf. 
Palayangoda and Nguyen 2015), probably related to 
post-thrusting processes combined with fluid flow 
within thrust fault zones. This possibility would 
explain the irregular distribution of gibbsite assem-
blages within fibrous dawsonite veins (Text-fig. 12A, 
B). However, this complex hypothesis needs further 
geochemical analyses.

The process of fluid migration within strike-slip 
fault zones dissecting the Transition Beds is recorded 
by fault-related veins and host rock carbonate cements 
composed of a dolomite–iron-rich dolomite–anker-
ite–calcite sequence. Authigenic precipitation of do-
lomite is considered to take place at shallow burial 
during early diagenesis within the upper Eocene–
Oligocene rocks of the Outer Carpathians (Narębski 
1957; Rajchel and Szczepańska 1997; Szczepańska 
2003). However, the sequence of dolomite–iron-rich 
dolomite–ankerite cements within the Menilite and 
Krosno Beds studied in the Dukla Nappe (Boja-
nowski 2014) indicates subsequent burial of rocks 
from shallow depths towards the decarboxylation 
zone. Considering the mineral succession within the 
fault-parallel veins and subsidiary shear fractures 
within the strike-slip fault zones, it is plausible that 
the dolomite–ankerite–calcite precipitation sequence 
was associated with the strike-slip faulting. It is also 
possible that the maintained porosity was capable of 
fluid channelling during the faulting (Text-fig. 15A, 
B). Syntectonic dawsonite formation followed the 
subsequent strike-slip faulting localised along the 
earlier carbonate veins partitioned by pressure solu-
tion along fault surfaces (Text-fig. 15A, B).

Dawsonite veins from the strike-slip fault zone 
within the Transition Beds lack a gibbsite-bearing 
assemblage. This fact can be explained by the pres-
ence and dissolution of albite within the host rocks 
(Text-figs 15C, D, 16B, C). Successive replacement 
of albite by dawsonite is recorded by relics of albite 
grains within dawsonite that infilled the pores of 
host rocks. This observation implies that the host 
rocks were porous and permeable and as a result 
were infiltrated by fluids. Successive chemical dis-
solution of albite has been probably enhanced by 
mechanical disintegration related to faulting. This 
process might have provided a constant source of so-
dium for dawsonite formation (cf. Baker et al. 1995; 
Hutcheon et al. 2016).

The beginning of dawsonite formation within 
the Fore-Dukla Thrust Sheet in fault zones coin-
cides with the maturation of the low permeable or-
ganic-rich Menilite Beds followed by generation and 
expulsion of hydrocarbons, which took place during 
Miocene overthrusting (Kotarba and Koltun 2006). 
However reducing hydrocarbon-rich fluids contain 
minimum CO2 (e.g. Hurai et al. 2006). Thus the oc-
currence of dawsonite limited to fault zones cutting 
the Menilite Beds and the stratigraphically younger 
Transition Beds suggests the influx of CO2-rich flu-
ids from deep-seated units (c.f. Hurai et al. 2015).

Fluid pathways in this setting were defined by 
the distribution of low permeable shales and the fault 
zone architecture. Distribution of dawsonite within 
thrust fault zones dissecting the Menilite Beds sug-
gests that thrusts and bedding planes might have 
been one of the main pathways for fluid migration 
within generally low permeable shales.

Burial and diagenesis of sediments during con-
tinuous deformation caused their cementation and 
porosity reduction within permeable siltstones. All 
these processes enhanced fluid flow through faults 
(e.g. Moore and Vrolijk 1992; Nemčok et al. 2009, 
Faulkner et al. 2010), although additional pathways 
for fluid migration could have been provided by 
porous siltstones. Based on the results of fluid in-
clusion study in calcite and quartz in the OCFTB 
(Młynarczyk 1996; Jarmołowicz-Szulc and Dudok 
2005; Hurai et al. 2006; Jarmołowicz-Szulc 2009; 
Jarmołowicz-Szulc et al. 2012), we suggest that pre-
cipitation of carbonate minerals within strike-slip 
fault zones could have been linked with the succes-
sive migration of CO2-rich fluids through the fault 
zones.

The present-day precipitation of dawsonite as 
well as the formation of tufa covers on rocks within 
the fault zones indicate a constant migration and con-
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tinuing influence of CO2-rich fluids within the Fore-
Dukla Thrust Sheet.

Further research is necessary to establish the iso-
topic composition of dawsonite and other carbonate 
minerals along with tufa deposits within the fault 
zones. Comparison of the oxygen and carbon isotope 
compositions should allow for deciphering the source 
of CO2 during and after the activity of the fault zones 
in the Fore-Dukla Thrust Sheet. Additionally, chem-
ical analysis of seeping waters within the fault zones 
should provide data on the present day processes op-
erating within fault zones.

CONCLUSIONS

The structural pattern of fault zones contains 
evidence for upper crustal deformation. Fault zones 
covered with dawsonite record the following succes-
sive development of structures within the Fore-Dukla 
Thrust Sheet: i) detachment and folding by buckling 
controlled by movement along thrust faults; ii) fault-
ing associated with the shortening and resulting in 
subsequent fault propagation folding, breakthrough 
thrust faulting, and imbrications; and iii) strike-slip 
faulting.

The microstructural patterns along with the rel-
ative sequence of carbonate mineral growth within 
the fault zones indicate subsequent fluid flow. Fluid 
pathways in this setting were defined by the distribu-
tion of low permeable rocks and the fault zone archi-
tecture. Thus fluid pathways within low permeable 
incompetent rocks, such as shales from the Menilite 
Beds were limited predominantly to bedding planes 
and thrust faults. Moreover, fluid pathways within 
more permeable and competent rocks such as silt-
stones or ankerite of the Menilite and Transition 
beds, were also provided by a subsidiary fault and 
fracture network within damage zones.

The architecture of the fault zones combined with 
syntectonic dawsonite precipitation provide evidence 
for the formation of dawsonite along progressively 
developed structures within thrust fault zones and 
strike-slip fault zones.

The thrust fault zones within the Menilite Beds 
dominated by claystones are mineralised mainly by 
dawsonite and superimposed gibbsite. In contrast, 
the strike-slip fault zones within the Transition Beds 
show a complex sequence of sealing minerals, from 
dolomite followed by iron-rich dolomite, ankerite, 
calcite, to late dawsonite. Contemporaneous precip-
itation of dawsonite within fault zones suggests an 
ongoing process of the formation of dawsonite.
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