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Abstract: Multidisciplinary studies conducted along two geodynamic test transects across the Polish
segment of the Western Carpathians, crossing the Orava Basin in the west and the Pieniny Klippen
Belt and Magura Nappe along the Dunajec River valley in the east, included gravity and geodetic sur-
veys as well as geological investigations. Gravity and geodetic surveys were carried out annually in
years 2004-2006. Their results appear to suggest recent subsidence of the Orava Basin, particularly
intensive in a Quaternary graben in the northern part of the area, confirming conclusions derived
from geomorphic analyses. Data obtained for the Dunajec River transect do not show any particular
differentiation among individual benchmarks, what can point to either minor uplift of the entire area,
minimal differences between successive slices of the Magura Nappe and the Pieniny Klippen Belt, or
both. Horizontal displacements of benchmarks, different for the western and eastern transects, towards
the west and SW as well east and SE, respectively, can result from general uplift of the area com-
prised between these transects. On the other hand, the N to NNE-oriented vectors of recent horizontal
motions, observed for stations located south of the Pieniny Klippen Belt, point to the ongoing
NNE-directed push of the ALCAPA block.

Key words: temporal gravity changes, neotectonics, Western Carpathians, South Poland

Tres§é: Zintegrowane studia grawimetryczne, geodezyjne i geologiczno-geomorfologiczne przepro-
wadzono na dwoch profilach przecinajacych szereg jednostek srodkowej czgsci Karpat polskich, wy-
kazujacych zrdznicowane tendencje neotektoniczne: w poprzek Kotliny Orawskiej na zachodzie oraz
wzdhuz beskidzkiego przetomu Dunajca na wschodzie. Pomiary grawimetryczne i geodezyjne wyko-
nywano corocznie w okresie 2004-2006. Ich wyniki wskazuja na wspolczesng subsydencje Kotliny
Orawskiej, szczeg6lnie intensywna w obrgbie rowu Wroblowki. Dane uzyskane dla profilu Dunajca
nie ujawniaja wigkszego zréznicowania pomigdzy poszczegdlnymi punktami pomiarowymi, co moze
sugerowaé stabe wypigtrzanie calego obszaru i/lub minimalne réznice mobilnosci kolejnych tusek
plaszczowiny magurskiej oraz pieninskiego pasa skatkowego. Przemieszczenia poziome reperéw usy-
tuowanych w obrgbie Karpat zewnetrznych, a skierowane ku zachodowi i SW w profilu zachodnim
oraz ku wschodowi i SE w profilu wschodnim, moga odzwierciedla¢ wypigtrzanie obszaru ograniczo-
nego profilami, tj. masywu Gorcodw. Natomiast skierowane ku potnocy i NNE wektory wspotczes-
nych ruchéw poziomych dla stanowisk ulokowanych na potudnie od pieninskiego pasa skatkowego
zdaja si¢ wskazywac na nadal aktywny nacisk bloku ALCAPA ku NNE.

Slowa kluczowe: czasowe zmiany przyspieszenia sily cigzkosci, neotektonika, Karpaty Zachodnie,
Polska potudniowa
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INTRODUCTION

The aim of our study was to study recent geodynamics in a portion of the Western
Carpathians that shows contrasting tendencies of recent crustal mobility. The observation
period spanned 36 months (2003—-2006), during which geodetic, gravity and geological sur-
veys were conducted on two test transects (KO and DD) crossing different geological units
of the Inner and Outer Carpathians (Figs 1, 2). Results of geodetic and geophysical surveys
are compared with those concerning morphotectonic characteristics, comprised in already
published papers.

Gravity measurements are the basic research method in view of temporal changes of
the Earth’s gravity field, and are also very important in geodynamic studies and seismic
risk assessment. Gravimetric methods applied to geodynamic purposes rely on measure-
ments conducted by both absolute or superconducting gravimeters (SG), and those obtained
by relative gravimeters of different types (Groten & Backen 1995, van Dam & Olivier 1998).
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Fig. 1. Geomorphic units of the Polish Carpathians and their foreland (based on Starkel 1991, modified).
Shaded rectangles show location of the studied transects

Fig. 1. Jednostki geomorfologiczne Karpat polskich i ich przedpola (wg Starkla 1991, zmienione).
Szrafura wskazuje lokalizacj¢ badanych profili. Oznaczenia literowe: KON — Kotlina Orawsko-
-Nowotarska, PPS — pieninski pas skatkowy, KS — Kotlina Sadecka



219

Monitoring geodynamic processes using geodetic and gravimetric methods:...

(ApAreukp) apysfodieomorupnjod pyysoupal — S ‘onysfodieonsne ysoupal — Ny ‘(ouzndumoz Ajedrey] ‘Onyoom[ay
‘apysuruuad) wojodpozid z suezeimz pyysoupal — N :(g) (duomudrwz /661 ‘v 12 e1dNeqnaN M) oFansuoued-oxoediey nuor3ar Aujeinpnns onzs
‘fiyoxd yokuepeq Bloezieso] z zeim ‘(y) (SUOIUDIWZ ‘686 /v 72 DPAZ M) YoAuzipdumdy jediey muowsas ogarysjod Auzor3o[0dd onjzg 7 "SI

() (payrIpowt /661 /v 12 IoneQNIN U0 PIseq) UoI3al ueruouued-oyiedie)) oy Jo yojoys [ermonns Surmoys dewr 1osuy *s1o0osuel) parpns
9} JO uoned0[ Surmoys (V) (PIYIpow ‘6861 7v 12 0x3A7 uo paseq) sueryyedie) 100 Y} Jo JUSWSS YSI[0d Y3 JO dew-1o3ays [edo150[030) T *S1

I eyskys eumozozserd
VMGN.om\mw / «GNQNm.E AL SUdeN VeISaIS
1 Il exjoluhny exsny - =
— I u_owowm,mn_ pue o_owomw_zn DHD 20)|S BOIUAIY B 3T m mxwwwmﬂucw_mwmmmmmﬁ
T T T 1 pjoedieyoujeuss uabosje exohziysAq exsny QNS pysioys eumozozseid
i 0s oy .0e 0z oL 0 (yosA|4 ajeypod) susboseled _H_ 991|S eouyshg B m m W o \mﬁamz. QlovS o
auzndumem Aediey) JBIS | BYSueZORl ISNf Ry m;@ e)0/uqajs exjsoupa/ eyj0iqojbz exysoupal ‘\\
sueiyjed.eg Jauuj sedls Aleis pue m%mm g 53 nun Hugels M (yun 9019067) papio} A
I'S BYS/ennp euIMOZoZSEN nusboau Asejow suemopyejsaju Apeso
sjun jusjeainbe pue adden eping I sassejow ausbosN I papjoj Jou HD
auzndumaz Aediey anjoedieypazid oysiypedez
sueiyjedied 19no deapaiog ueiyjedien

anjsuaboau
Al
mc,mmm\mmmcww%z _H_ [as] (sepueuiq) suidieyinos
e N\ Inv] shun suidieonsny [Z=—]
[n4] (suewpedied seinQ
alodunseu . "
JsnIyL v/ SHUN OJBA[BH ‘DlUIULSY) m

sjun pajejel-pueaio




220 M. L4j, J. Madej, S. Porzucek & W. Zuchiewicz

Absolute gravimetric studies conducted in the Rhine Graben since 1987 (Keysers &
Kiimpel 2000, Almavict et al. 2004) revealed a drop in gravity by ca. —1.5 puGal, indicative
of slow subsidence. Absolute and superconducting gravimeters are used, for instance,
within the framework of the Global Geodynamics Project (GGP; Crossley et al. 2005) aim-
ing, i.a. at detecting changes of crustal surface and density in the Po Plain (Zerbini et al.
2001). Relative gravity observations were also made along the 63 parallel across Northern
Europe, to detect postglacial rebound of Fennoscandia (Ekman & Mékinen 1996), in a seis-
mogenic zone in West Bohemia (Mrlina et al. 2003), and the Friuli seismic area in northern
Italy (Becker et al. 1994) with a view to monitor seismic premonitory signs.

Previous studies of the temporal gravity changes in Poland, applied to geodetic and
geodynamic purposes (cf. Zanimonsky et al. 2000, Zabek & Pachuta 2000), relied on mea-
surements in geodynamic test areas, particularly in the Sudetes (Barlik 2000, Cacon ef al.
2003, Kontny 2003, Barlik et al. 2004), less frequently in the Carpathians (Czarnecka
1986, Zabek et al. 1988, 1993, Barlik ef al. 2003, Czarnecki et al. 2004). Another aspect
represent gravity studies aiming at monitoring tectonically and man-induced ground mo-
tions in active and abandoned mining areas (cf. Fajklewicz 1980, Barlik 1993). The area
chosen for our study has not been analyzed by these techniques, except a portion of the
Pieniny Klippen Belt situated west of the DD transect.

The assumed gravity measurements are long-term ones. Finding and analyzing tempo-
ral changes of the gravity field will require as much as tens of years. Therefore, the work
performed within this project should be treated as an input, basic material for future investi-
gations.

GEOLOGICAL SETTING

Regional setting

The Outer Carpathians are a thrust-and-fold-belt, north-verging in the Polish segment
(Fig. 2). The belt, composed largely of Lower Cretaceous to Lower Miocene flysch strata,
comprises several nappes. The innermost and largest of the nappes is the Magura Nappe.
This nappe is subdivided by north-verging reverse faults into four slices which are termed
(from the south to the north) Krynica, Bystrica, Raca and Siary slices. To the north, the
Outer Carpathian nappe pile is thrust over the Carpathian Foredeep, whereas to the south
the Magura Nappe contacts along steep faults with the Pieniny Klippen Belt (Figs 2, 3),
a narrow shear zone separating the Inner and Outer Carpathians and affected by Late Creta-
ceous and Neogene tectonic deformation. South of the belt, the Central Carpathian Palaco-
gene Basin occurs, which belongs to the Inner Carpathians, a continuation of the Northern
Calcareous Alps. The intramontane Orava-Nowy Targ Basin, filled with Late Cenozoic
fresh- -water molasses, is superimposed upon all these units.

Principal structural elements of the Outer Carpathians fold-and-thrust belt were shaped
in the Palacogene and Neogene, when the study area represented an accretionary prism as-
sociated with the south-directed subduction of the European Platform under the ALCAPA
block (Tomek & Hall 1993, Oszczypko 1998, 2001, Fodor et al. 1999).
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Synsedimentary shortening of the Carpathian basins started in the Eocene in the inner
part of the Magura Nappe, and continued until the Badenian-Sarmatian in the outermost
part of the belt (Oszczypko 1998, 2004, Swierczewska & Tokarski 1998, Zoetemeijer et al.
1999). The last episode of thrusting of the Carpathian margin probably occurred after the
Pannonian (Wéjcik ef al. 1999).

The Late Miocene gravitational collapse resulted in the formation of numerous sets of
normal faults (Decker et al. 1997, Zuchiewicz et al. 2002), some of which became reacti-
vated in the Pliocene and Quaternary. Following subduction and collision, structural devel-
opment of the Polish Outer Carpathians proceeded mainly in an extensional regime. Within
intramontane basins, this extension survived until the Late Quaternary (see discussion in
Zuchiewicz et al. 2002).

Analysis of deformed longitudinal profiles of terraces of the main Carpathian rivers
points to the presence of several elevated and subsided zones, the strike of which is nearly
parallel to that of principal thrusts (Fig. 4).

SUCHA
\ BESKIDZKA
Vo

ZAKOPANE
[

VRN

4\“"/%'\ -iﬂ-—\: L lzonao*

N~

19"30’.

zones of abnormally high river-bed
gradients/strefy anomalnie wysokich
spadkow koryt rzecznych

Carpathian foreland

Neogene molasses on \
przedpole Karpat

eroded Carpathians

molasy neogenu na

Pieniny Klippen Belt zerodowanych Karpatach + axes of neo{ectonic eleyations
ﬂ]] pienifiski pas skatkowy osie elewacji neotektonicznych

Fig. 4. Neotectonic sketch of the medial segment of the Polish Carpathians, showing location of the
studied transects

Fig. 4. Szkic neotektoniczny $rodkowej czgsci Karpat polskich wraz z lokalizacja badanych profili
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The maximum of Quaternary uplift (150 m) was found to characterize the southern
part of the Polish segment of the Outer West Carpathians (Starkel 1972, Zuchiewicz 1984,
1998); an area showing a relatively high amount of erosional dissection. Episodes of intense
downcutting of straths, largely induced by surface uplift, occurred in the intervals of
800470 ka (0.15-0.21 mm/yr), 130-90 ka (0.18-0.40 mm/yr), and 15-0 ka (0.2-2.0 mm/yr;
¢f. Zuchiewicz 1991).

The rates of recent vertical crustal motions in the Polish Outer Carpathians range be-
tween 0 mm/yr in the western and medial segment to ca. +1 mm/yr in the east (Wyrzy-
kowski 1985), whereas those in the Pieniny Klippen Belt do not exceed 0.5 mm/yr (Zabek
et al. 1993, Czarnecki et al. 2004). The results of recent GPS campaigns (Hefty 2007) and
borehole breakout analyses (Jarosinski 1998, 2006) point, in turn, to the NNE-directed hor-
izontal motions throughout the area.

Recent seismicity concentrates along the southern marginal fault of the Pieniny
Klippen Belt and along some normal and strike-slip faults, transverse to the former (Pro-
chazkova et al. 1978, Guterch et al. 2005, Guterch 2006). Local magnitudes do not exceed
4.5 on the Richter scale, averaging between 2.5 and 3.4 (Pagaczewski 1972, Prochazkova
et al. 1978, Guterch et al. 2005).

Site-specific setting

The studied benchmarks are placed on two transects (Fig. 3): KO (Orava Basin) and
DD (Dunajec River valley), crossing geological structures of different age and tectonic
style, and showing variable neotectonic trends (Zytko et al. 1989, Zuchiewicz 1995, 1998).

The Orava-Nowy Targ Basin is a bi-partite basin (Figs 3, 5), formed in Miocene time
and superimposed on structural units that build the contact between the Inner and Outer
Carpathians, namely: the Central Carpathian Palacogene Basin, Pieniny Klippen Belt, and
Magura Nappe. The Orava Basin is a tectonic trough which is bounded to the north and
south by a system of longitudinal normal faults of throws up to a few hundred metres.
These are cut by several transverse strike-slip faults that are oriented NNW-SSE and
NE-SW (Pomianowski 1995, 2003). The basin-bounding faults became reactivated in Qua-
ternary times, and their recent activity is indicated by earthquakes of magnitudes up to 4.5
(Guterch 2006).

According to Baumgart-Kotarba (1991-1992) and Bac-Moszaszwili (1993), the Orava
Basin is an Early Miocene pull-apart basin, formed due to sinistral displacement along one
of transversal faults. On the other hand, Pomianowski (1995, 2003) speculates about a re-
leasing bend -type structure, associated with left-lateral displacement along the Pieniny
Klippen Belt during regional Neogene transpression and subsequent gravitational collapse.
A new study by Struska (2008) led to a concept of a composite pull-apart basin, formed due
to linking of small-scale basins bounded by en echelon oriented strike-slip faults, and pro-
duced during a NNW-oriented extension event.

The Wréblowka Graben, situated in the medial portion of transect KO, indicates the
late Pleistocene, or even Holocene, subsidence (Fig. 5). Minor uplift tendencies are ob-
served in the southern part of the Magura Nappe, i.e. in the northern segment of the transect
(Baumgart-Kotarba 1991-1992; Baumgart-Kotarba et al. 2001). The measuring stations
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were sited on the following geological structures: two stations in the Central Carpathian
Palacogene Basin (Podhale Flysch) area, three in the Orava Basin area (one of them in the
Wroblowka Graben), one in the Krynica slice, and two in the Bystrica slice of the Magura
Nappe (Fig. 3).

\

Fig. 5. Digital elevation model based on SRTM level 2 data of the Orava Basin and its surroundings,
showing place names mentioned in the text. PKB — Pieniny Klippen Belt. Numbers refer to
benchmarks of transect KO

Fig. 5. Numeryczny model terenu bazujacych na danych SRTM level 2 Kotliny Orawskiej i jej oto-

czenia, zZ zaznaczeniem miejscowosci omawianych w tekscie. Orava Basin — Kotlina Orawska, Nowy

Targ Basin — Kotlina Nowotarska, PKB — pieninski pas skatkowy, Sieniawa Gate — Brama Sieniawska,

Luban Range — Pasmo Lubania, Gubaldéwka Foothills — Pogorze Gubatowskie. Cyfry odnosza si¢ do
punktéw pomiarowych profilu KO

The second transect (DD) crosses the Pieniny Klippen Belt and three southern slices of
the Magura Nappe. The nappe is composed of strata that build three structural complexes of
the Late Cretaceous-Palaecocene, Early to Late Eocene, and Oligocene to Early Miocene
age, which show decreasing degree of tectonic deformation towards the top of the nappe
(Oszczypko 2001). Transect DD is passing through a fragment of the Polish Outer Carpa-
thians which has been most strongly uplifted in the Quaternary. The antecedent Dunajec
River water-gap in the medial segment of the transect crosses one of longitudinal neotec-
tonic elevations (Fig. 4; cf. also Starkel 1972, Zuchiewicz 1984, 1991, 1998). One station
of transect DD is situated in the southern part of the Polish segment of the Pieniny Klippen
Belt, three in Krynica, one in Bystrica, and one in Raca slices of the Magura Nappe
(Fig. 3). Two southern stations are located to the west, and four northern ones to the east of
the dextral Dunajec Fault (Birkenmajer 1979, Oszczypko 2001), striking NNW-SSE and
running largely along the western side of the Dunajec River valley. The last episode of ac-
tivity of this fault was dated to 2.5-6.5 ka (Jurewicz et al. 2007).
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METHODS

Geophysical measurements were made at permanently stabilized geodynamic measur-
ing stations, which were placed as down-hole earth benchmarks below the expected freez-
ing point, i.e. ca. 2 m below the ground surface (Loj et al. 2005). The benchmark spacing
was chosen at ca. 5 km, so as to meet the principle that each station should be located in
a different geological structure.

Special constructions were prepared for fastening and disposing of certain measuring
equipment in the measuring stations. For this reason, in the geodetic GPS method, steel
bars screwed into the disc were made. During the measurements, the bars were fastened to
the satellite antenna. Accurate connection of the bar and the stator elements of the measur-
ing station had a positive influence on the stability and precision of geodetic measurements.
In case of gravity measurements performed with various types of gravimeters, a base on
which the equipment could be safely disposed had to be constructed (L6j et al. 2005). It
was a universal stator having a circular base, the radius of which corresponded to the inner
diameter of the pipe. The stator was finished off with a slotted steel plate, enabling disposal
of the measuring equipment.

Geodetic works were made with the use of GPS, providing accuracy at a level of 3 to
5 mm at the coordinates X and Y, as well as 5 to 7 mm at the coordinate Z.

To determine horizontal changes of station location, static GPS measurements were
made observing the following principles:

— duration of an observation session at the basic points of the transects lasted 48 hrs,
with registration interval (time of calculations) less than 30 seconds,
— height of satellite observations over the horizon (cutting angle) attained 10°.

Geodynamic transects were tied to 6 permanent stations of an active geodetic network
ASG-PL. Without burdening the inner accuracy of the network, the stations of the analyzed
transects were “tied up” to the national gravity network at an accuracy better than +5 cm.

The following parameters were calculated: geodetic coordinates and their mean errors
after being compensated in the Euref’89 system, flat coordinates in the national system
2000, as well as distances between stations on the transects and mean errors of their deter-
mination. These parameters may form a basis for inferring on the possible movements of
the stations. In view of the obtained values of length mean errors, which are less than 1 mm
in case of the distance between the neighbouring stations on a transect, it can be assumed
that the comparison of the results of successive observation epochs shall enable detecting
station drifts in time between the epochs at a level of 3 to 5 mm.

Gravity measurements on each transect were made three times a year in 2004 through
2006 on two types of astatized gravimeters: two quartz gravimeters with automatic record
of data by Canadian SCINTREX — CG-3 and CG-3M, and a metal gravimeter LaCoste &
Romberg, model G, for which the read-outs were made by the interpolation method with an
external volt meter. The devices used for field work measure gravity with the accuracy of up
to 0.01 mGal (1 mGal = 1-10~° ms2). Owing to the fact that different types of gravimeters
were used for geodynamic investigations, they were first calibrated, i.e. scale coefficients
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were determined for each device. These coefficients were calculated as a weighted average
with its weight being proportional to the difference of the force of gravity acceleration. In
such a way, one can directly compare the values obtained by various instruments.

Calibration was made on a profile at the southern fragment of the National Gravime-
tric Basic System, between Zakopane — Nowy Targ — Mys$lenice stations. The range of this
fragment of the basic system equals to ca. 200 mGal, corresponding to gravity values ex-
pected in measurements on a complex geodynamic investigation area. This calibration was
supposed to take place each time before the annual gravity measurements.

To provide high accuracy of gravimetric observations, the measurements were made
with the double chain method (L6j e al. 2005), in which observation is made twice at each
outer point of the chain and three times at the inner point. This approach enables for the
calculation of gravity field changes between stations on a triple increment-measurement ba-
sis, which considerably raises the precision of calculation. It is the optimal method of the
gravimeter drift elimination. According to the rules accepted in gravity survey, all results
are presented as differences between neighbouring observation points, i.e. the so-called net-
work leg values.

The measurements in a single area between stations accounted for corrections (height
of the instruments in the stations, tide correction, and drift elimination), so that the final
value Ag between the stations and the average error were obtained. The scale coefficients
enabled to compare values obtained from various gravimeters between the same stations.

Each transect was tied up to the basic system of the National Gravimetric Network.
The station at Nowy Targ was selected due to a relatively small difference of gravity force
between the basic and selected stations in both transects.

Errors were calculated after each series. The calculation error was determined for each
gravity value between the stations and for the average gravity value. The measurement pre-
cision was ca. 0.01 mGal, or 0.005 mGal during cycling measurement.

RESULTS

Neotectonic and geomorphic constraints
Orava Basin

The maximum drilled thickness of sedimentary infill of the Orava Basin is 950 m, in-
cluding 922 m of fresh-water Neogene molasses (Watycha 1976; see also Fig. 6B). The
thickest Quaternary sediments (117 m) are confined to the Wroblowka Graben, in the
northern part of this basin (Watycha 1973). The Quaternary basin fill comprises glacio-
fluvial sediments deposited during the three mountain glaciations in the Tatra Mountains.

Neotectonic history of the Orava Basin can be reconstructed from the analysis of de-
formed planation surfaces of Neogene age, structural studies of fractured pebbles within
Neogene fresh-water molasses and Quaternary terrace alluvium, as well as from geomor-
phic studies of tectonically-induced changes of the drainage pattern.
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Fig. 6. A) Pattern of planation surfaces in a simplified section across the Tatra Mts, Orava Basin and
southern portion of the Outer Carpathians (based on Baumgart-Kotarba 1983, 1991-1992; modified).
Arrows denote Neogene and Quaternary (shown in red) subsidence (—); the number of “+” signs re-
flects relative intensity of uplift. Shaded bar marks the position of KO transect. See text for explanati-
on of the age of planated levels (I-VI, a—d). B) Section across the Orava Basin along transect KO
(based on Pomianowski 2003; modified). Mediterranean equivalents of the Central Paratethys Neo-
gene stages: Langhian and early Serravallian = Badenian, late Serravallian = Sarmatian, Tortonian =
Pannonian, early and middle Messinian = Pontian. Thick vertical lines denote boreholes

Fig. 6. A) Powierzchnie zrownania na uproszczonym przekroju przez Tatry, Kotline Orawska i potud-
niowa cz¢$¢ Karpat Zewngtrznych (wedlug Baumgart-Kotarbowej 1983, 1991-1992; zmodyfikowane).
Strzatki wskazujq neogenska i czwartorzgdowa (kolor czerwony) subsydencj¢ (—); znak ,,+” oznacza
wzgledna intensywno$¢ wypigtrzania. Zaszrafowany pasek wskazuje lokalizacje profilu KO. Poréwnaj
tekst odnosnie do wieku kolejnych sptaszczen (I-VI, a—d). B) Przekrdj przez Kotling Orawska wzdluz
profilu KO (wedlug Pomianowskiego 2003; zmodyfikowane). Migdzynarodowe odpowiedniki pigter
wyrdznianych w Paratetydzie Centralnej: lang i wezesny serrawal — baden, pdzny serrawal — sarmat,
torton — panon, wezesny i srodkowy messyn — pont. Pogrubione linie pionowe oznaczaja wiercenia
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Planation surfaces in the Tatra Mts (Klimaszewski 1988), Podhale region and Beskidy
Mts (Baumgart-Kotarba 1983, 1991-1992, Kukulak 1993), dated to the Serravallian (late
Badenian — Sarmatian; levels I through V) and early Tortonian (Pannonian; levels VI and a),
Messinian (Pontian; level b), late Zanclean and Piacenzian (late Dacian and Romanian;
level ¢), and early Pleistocene (level d) are tilted towards the centre of subsiding Orava Ba-
sin (Fig. 6A). The axis of subsidence migrated in time from the Domanski Wierch and
Czarny Dunajec area in Neogene times to the Wroblowka and Pieniazkowice grabens in the
Quaternary, from the south to the north (Figs 5, 6). The southern part of the Orava Basin is
occupied by the Domanski Wierch fan (Fig. 7 on the interleaf), which is composed of
a nearly 500 m thick sequence of terrestrial gravelstones, intercalated by sands, clays and
lignites (Oszast 1973, Birkenmajer 1979). The southern part of the fan is dated to the late
Serravallian (Sarmatian; Birkenmajer 1979), whereas the northern one, more than 220 m
thick, represents early and middle Pliocene (Oszast & Stuchlik 1977), Villafranchian-type
molasses, composed of paraconglomerates that comprise nearly exclusively sandstone cobbles
transported from SW, SSE and ESE, from the Central Carpathian Palacogene flysch strata.

Numerous pebbles are fractured (Fig. 7); these were examined at sites Stare Bystre and
Migtustwo A and B (cf. Zuchiewicz 1994, Tokarski & Zuchiewicz 1998). The first site is
situated in the northern, Pliocene part of the fan, within a 10 m thick package of gravel-
stones exposed in a N80°E oriented scarp. Vertical fractures of planar surfaces are limited
here to singular clasts and cluster into two sets that intersect each other at an angle of
20-25°, the bisectrix of which strikes N35—40°E. The second site is located in the southern
part of the fan, within a 70 m thick sequence of gravelstones of attitude 70/20N. These sed-
iments are exposed in a scarp oriented N140-160°E. Vertical and subvertical fractures
show both planar and undulating surfaces, and form a single set striking NNE. Fracture ori-
entation is similar in both localities. Moreover, the fractures are aligned obliquely to the
scarps where fractured pebbles were measured; hence, the present-day morphology does
not seem to have controlled their pattern. Site Stare Bystre reveals two sets of shear frac-
tures conjugate under small dihedral angle, whose bisectrix (NNE) denotes the position of
the maximum principal stress. According to Aleksandrowski (1985), the stress field of sim-
ilarly oriented o1 did exist in that part of the Carpathians in Middle Miocene times. Recent
studies of breakouts in the Outer West Carpathians point to analogous position of the recent
maximum compressive stress (Jarosinski 1998).

The stress field characterized by horizontal, NNE-oriented maximum stress was also
suitable for the formation of Quaternary transversal faults, detected on the margins of the
Orava Basin by Pomianowski (1995). On the other hand, the origin of Neogene and Qua-
ternary longitudinal faults is difficult to explain. This controversy can be resolved by as-
suming repeated permutations of the stress field axes in the time-span considered. Such
a conjecture is supported by the character of fractures occurring at site Migtustwo B (Fig. 7D).
These fractures form two sets, I and II. The set I includes vertical and subvertical, NNE-ori-
ented fractures, parallel to those observed at sites Stare Bystre and Migtustwo A. The set II,
in turn, is represented by vertical and subvertical fractures that strike WNW, i.e. subparallel
to some of the longitudinal normal faults bounding the Orava Basin.

The origin of fractures in the Domanski Wierch series is probably associated with the
activity of a transversal fault, identified by gravity studies of Pomianowski (1995) in the
basement of the fan.



A) 0

\ T20°E
. MN Nowy Tart Q, mas.l ma.s.l
N . o NT o%o mn.p.m. mn.p.m.
~ & 800 800
Y} OB <(\*0 . PKB N DOMANSKI WIERCH STARE BYSTRE MIETUSTWO _ o
g > > = P e T Nl
o \ /S 38 1 600 — i \\ \\ 600
| § CCP re=>J 500 Pieniny Klippen - 500 ? 500
PKB i . Belt/pienirniski pas m / faults
0 5 10 15km ~ 919N Quat skatkony Domanski Wierch Do ki Wierch uskold
. uaternary I 1 omanski lercl Neogene
| S E—
yl ([T czwartorzed [-=7] Series (Pliocene) :]Senes (Sarmatian) [xxx tufﬁtgs [ g:lnat;l gg;’;fhg‘z'a"
seria Domariskiego seria Domariskiego tufity po dhalgnsk/

Wierchu (pliocen) Wierchu (sarmat) neogeriskie

STARE

B IN L
BYSTRE

S CZARNY DUNAJEC

PODCZERWONE
4 km

0 500 1000 m
[ S—)

Fig. 7. Location of Neogene conglomerates with fractured clasts in the Orava Basin (based on Tokarski & Zuchiewicz 1998, modified): A) position of

the Orava Basin in the West Carpathians (after Zytko et al. 1989); letter symbols: MN — Magura Nappe, OB — Orava Basin, NT — Nowy Targ Basin, PKB

— Pieniny Klippen Belt, CCP — Central Carpathian Palacogene; B) outcrops of the Domanski Wierch series (after Birkenmajer 1979) with location of the

studied exposures; C) section across the Domanski Wierch series (based on Birkenmajer 1979); D) plots of fractures within pebbles in the studied
exposures (lower hemisphere stereograms on the left, rose-diagrams on the right)

Fig. 7. Lokalizacja wychodni zlepiencow neogenskich ze spgkanymi klastami w Kotlinie Orawskiej (wg Tokarskiego & Zuchiewicza 1998,

zmodyfikowane): A) potozenie Kotliny Orawskiej w Karpatach Zachodnich (Zytko et al. 1989); symbole literowe: MN — ptaszczowina magurska, OB —

Kotlina Orawska, NT — Kotlina Nowotarska, PKB — pieninski pas skatkowy, CCP — paleogen centralnokarpacki (flisz podhalanski); B) odstonigcia serii

Domanskiego Wierchu (wg Birkenmajera 1979) z lokalizacja badanych stanowisk; C) przekroj przez seri¢ Domanskiego Wierchu (wg Birkenmajera

1979); D) stereogramy spgkan w klastach badanych stanowisk (z lewej — odwzorowanie pétkuli dolnej siatki rownopowierzchniowej, z prawej
histogram azymutalny)
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Fractured clasts are also common within Late Pleistocene and Holocene terrace alluv-
ium, particularly at sites located on both normal and strike-slip faults near the southern
margin of the basin, i.e. in areas affected by relatively frequent historical seismicity (Tokar-
ski et al. 2007, ¢f. Fig. 8 on the interleaf).

In the remaining part of the Orava Basin, the results of seismic soundings (cf. Baumgart-
Kotarba 1996, 2000, Baumgart-Kotarba et al. 2001, 2004) point to the presence of several, W-E
trending Quaternary faults north of the Domanski Wierch Mt. The greatest throws (128—112 m)
reveal faults bounding the Wroblowka Graben, smaller ones are confined to a more nor-
therly situated Pieniazkowice Graben (Figs 5, 6). Orientation of young grabens (W-E) po-
ints to N-S-oriented extension during the last episode of neotectonic mobility of the area.

Repeated precise levelling surveys in the area (Makowska & Jaroszewski 1987,
Makowska 2003) point to diversified uplift of the Tatra Mts., Pieniny Klippen Belt and the
southern portion of Magura Nappe, and variable subsidence of the Orava-Nowy Targ Basin
(Fig. 9). Recently obtained results of PSInSAR (Persistent Scatterers SAR interferometry)
processing of 51 ERS-1/2 SAR scenes, covering a period of 1992-2000 years, showed rela-
tive 1 mm/year uplift of the Zakopane area in respect to Nowy Targ, and suggested recent
activity of some faults (c¢f. Perski 2008).

PODHALE

B)

Biatka

Biaty Dunajec

Fig. 9. Recent dynamics of the Podhale-Tatra region inferred from repeated precise levelling (based on

Makowska & Jaroszewski 1987, Makowska 2003; modified): A) hypothetical model preceding present-

day situation; B) present-day situation. Letter symbols: MN — Magura Nappe, OB — Orava Basin, NT
— Nowy Targ Basin, PKB — Pieniny Klippen Belt, ZB — Zakopane Basin, KE — Koszysta Elevation

Fig. 9. Wspolczesna dynamika rejonu tatrzansko-podhalanskiego na podstawie wynikow powtarzanej

niwelacji precyzyjnej (wedlug Makowskiej & Jaroszewskiego 1987 oraz Makowskiej 2003; zmienione):

A) hipotetyczny obraz poprzedzajacy sytuacje wspotczesna; B) sytuacja wspolczesna. Oznaczenia

literowe: MN — ptaszczowina magurska, OB — Kotlina Orawska, NT — Kotlina Nowotarska, PKB —
pieninski pas skatkowy, ZB — Kotlina Zakopianska, KE — elewacja Koszystej
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Medial portion of the Pieniny Klippen Belt and Magura Nappe
cut by the Dunajec River

The Dunajec River valley in the studied transect forms two antecedent water-gaps, dis-
secting the Pieniny Klippen Belt in the south and the Krynica and southern part of Bystrica
slices of the Magura Nappe in the north (Figs 3, 4, 10). The latter water-gap dissects the
Beskid Sadecki Mts range, rising above 1,200 m a.s.l. The “Beskid Sadecki” water-gap in-
cludes two deeply cut meanders which are separated by a rectilinear valley, parallel to
a fault line. This area is situated at a place of intersection of NNW, NE, and N-S striking
topolineaments (Fig. 10).

Painyic S-SR NERSESIRET
NS - Nowy Sacz Basin, KL - site Klodne
NS - Kotlina Sqdecka, KL - stanowisko Ktodne

Fig. 10. Digital elevation model based on SRTM level 2 data of the medial segment of the Polish

Carpathians, dissected by the Dunajec River valley. Dashed lines mark the most prominent

topolineaments; dotted line denotes axis of the Beskid Sadecki neotectonic elevation. Numbers refer
to benchmarks of transect DD

Fig. 10. Numeryczny model terenu bazujacy na danych SRTM level 2 $rodkowego segmentu Karpat

polskich, rozcigtego doling Dunajca. Linie przerywane oznaczaja glowne topolineamenty; linie

kropkowane wskazuja 0§ elewacji neotektonicznej Beskidu Sadeckiego. Cyfry oznaczaja punkty
pomiarowe profilu DD

The gorge is 15 km long and up to 700 m deep, its width changing from 75-100 m
within the meanders to 450—500 m in other segments. The river-bed is cut into solid bed-
rock and its long profile is ungraded and of exceptionally high gradient, compared to the
upstream and downstream valley reaches (cf. Fig. 4). The eastern valley sides are steep (50—-66%)
and dissected by a network of short (up to 1.5 km) and high-gradient (> 200 m/km) minor
tributary valleys and ravines (Fig. 11).
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Fig. 11. Stream gradients of the left (dashed lines) and right-hand (solid lines) small-size tributaries
of the Dunajec River in the Beskid Sadecki gorge segment. Two lower diagrams portray lengths of
the analyzed streams. Bold numbers represent benchmarks of DD transect. See figure 13 for location
Fig. 11. Spadki lewo- (linie przerywane) i prawobrzeznych (linie ciaglte) doptywoéw Dunajca w prze-
tomie przez Beskid Sadecki. Dwa dolne diagramy obrazuja diugosci analizowanych potokow.
Pogrubione cyfry oznaczaja punkty pomiarowe profilu DD. Lokalizacja na figurze 13

Outlets of tributary valleys are usually hanging above the present-day river bed, up to
10-15 m. Headwater parts of some of these tributaries represent hour-glass valleys. The
surrounding ridges bear traces of four pre-Quaternary planated surfaces that rise 900 m,
770-830 m, 500-590 m, and 450-500 m a.s.1. (Fig. 12 on the interleaf).

The eastern valley sides are mantled by weathering debris and loams, while the western
ones are dominated by a flight of straths and complex-response terraces (Fig. 13 on the inter-
leaf, Fig. 14), the alluvial covers of which were deposited during the Pleistocene glacial
stages: Praetiglian (150-155 m to 154-161 m), Menapian or Elsterian-1 (75-84 m to
78-96 m), Elsterian-2 (51-55 m to 52—65 m), Saalian (2641 m to 29-41 m), Wartanian
(17-24 m to 20-31 m), and Weichselian (10-11 m to 1618 m), as well as in the Holocene
(6-10 m, 4-5 m, 2-3 m). The thickness of terrace alluvium is between 3—4 m and 10—14 m
(cf- Zuchiewicz 1984, 1995 and references therein). These covers are composed of poorly
rounded and poorly sorted, both Outer Carpathian flysch (sandstones, siltstones, rare con-
glomerates) and Tatra-derived (granites, quartzites) gravels and cobbles. Limestones shed
from the Pieniny Klippen Belt can only be found within the youngest, i.e. Weichselian and
Holocene alluvium; limestone clasts of older fluvial series became completely dissolved.
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Fig. 12. Diagrams showing elevation of preserved fragments of planation surfaces in the central part of the Dunajec River
drainage basin (based on Zuchiewicz 1995, modified and supplemented). Planation surfaces: a — “Beskidy” level (middle — late
Serravallian), b — “intramontane” level (early — middle Tortonian), ¢ — “foothills” level (Piacenzian), d — “riverside” level (Early
Pleistocene). A) elevation above sea level; B) elevation above present-day river bed; C) rates of erosional dissection with
confidence intervals shown in grey; D) long profiles in the Dunajec River gorge segment in the Beskid Sadecki Mts. Tectonic
units (based on Tokarski 1975): EK — Kroscienko Elevation, SK — Klodne syncline, AT — Tylmanowa anticline, SR — Rzeka
syncline, SZ — Sobel-Zabrzez anticline. Shaded bars mark zones of disturbance within long profiles of planation surfaces. Bold
numbers represent benchmarks of transect DD

Fig. 12. Diagramy obrazujace wysokosci zachowanych fragmentéw powierzchni zréwnania w $rodkowej czgsci zlewni
Dunajca (wg Zuchiewicza 1995, zmienione i uzupetnione): a — poziom beskidzki (srodkowy — pozny serrawal), b — poziom
$rodgorski (wezesny — $rodkowy torton), ¢ — poziom pogorski (piacent), d — poziom przydolinny (wczesny plejstocen).
A) wysoko$¢ nad poziom morza; B) wysokos¢ nad wspotczesnym poziomem koryta rzeki; C) tempo rozcigeia erozyjnego wraz
z przedziatami ufnosci (kolor szary); D) profile podluzne w beskidzkim przetomie Dunajca. Jednostki tektoniczne (wedhug
Tokarskiego 1975): EK — elewacja Kroscienka, SK — synklina Ktodnego, AT — antyklina Tylmanowej, SR — synklina Rzeki,
SZ — antyklina Sobla — Zabrzezy. Odcinki zaszrafowane wskazuja strefy zaburzen profili podtuznych powierzchni zréwnania.
Cyfry pogrubione oznaczaja punkty pomiarowe profilu DD
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The Early and Middle Pleistocene covers include a large proportion of angular clasts, point-
ing to the role of intensive solifluction within glacial stages. All Pleistocene fluvial covers
interfinger with solifluction tongues, those dated to the last and penultimate glacial stages
being also overlain by slopewash and/or solifluction-slopewash sediments, which are
3-8 m thick. Such interfingering enables for relative dating of the preserved terrace covers,
i.e. their assignment to individual glacial stages.
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Fig. 14. Straths of the Dunajec River (based on Zuchiewicz 1984, 1998; modified and supplemented):

A) rates of erosional dissection of Pleistocene straths within regions of contrasting neotectonic ten-

dencies; B) long profile of straths within the gorge in the Beskid Sadecki Mts (see figure 13 for loca-

tion). Shaded bars mark zones of disturbance in strath long profiles. Bold numbers represent bench-
marks of transect DD. See figure 12 for explanation of tectonic units

Fig. 14. Cokoly skalne teras w dolinie Dunajca (wg Zuchiewicza 1984, 1998, zmodyfikowane i uzupet-
nione): A) tempo rozcinania erozyjnego cokotéw plejstocenskich teras w obszarach o réznych ten-
dencjach neotektonicznych; B) profile podtuzne cokotow terasowych w przetomie przez Beskid
Sadecki (lokalizacja na figurze 13). Szrafura wskazuje strefy zaburzen w profilach podluznych cokotow.
Pogrubione cyfry oznaczaja punkty pomiarowe profilu DD. Pozostate objasnienia — por. figura 12
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Long-profiles of Pleistocene straths (Fig. 14) clearly show increased relative heights
of the latter within meander loops. These heights are greatest within the entire Polish seg-
ment of the Outer Carpathians; straths of equivalent age within the remaining Dunajec
River valley reaches, and those of other Carpathian river valleys are lower even by 30 m in
case of the oldest Pleistocene straths (cf. Zuchiewicz 1998 and references therein). Defor-
mations of Pleistocene straths combined with intense erosional downcutting appear to indi-
cate Pleistocene surface uplift of the axial part of the Beskid Sadecki Mts, part of the most
strongly elevated neotectonic structure in the Polish Outer Carpathians (cf. Starkel 1972,
Zuchiewicz 1995; ¢f. also Fig. 4). The amount of fluvial accumulation throughout the Mid-
dle and Late Pleistocene in the Dunajec River gorge can be estimated at 555 x 10° cubic
metres, that removed by erosion attaining ca. 652 x 10° cubic meters (cf. Tokarski et al.
20006). The lack of fluvial covers from the Eburonian and — possibly — also Menapian stages
points to intense, tectonically-controlled, erosion before the Elsterian; the equivalent-age
terrace covers are to be found immediately north of the gorge.

Gravity survey

Gravimetric observations were made at all geodynamic stations with the use of the
same measuring method in summer months. This refers both to the time regime and the
measuring scheme. The material is based on the results of three years of observations of
gravity values at the stabilized geodynamic stations. Gravity surveys were planned to be
made with three gravimeters. However, the results of only two gravimeters were at our dis-
posal: LaCoste & Romberg model G No. 986, and Scintrex Autograv CG-3 No. 4511.

Prior to gravimetric observations, calibration measurements were made in both research
areas to provide a uniform scale of the determined relative gravity force values. Calibration
was made each year in a period directly preceding the gravimetric observations. It should
be stressed out that relative errors of scale coefficients of both gravimeters did not exceed
2 x 10* mGal. Hence, it can be concluded that the error of less than 3 uGal (1 Gal = 1-10"® ms2),
was made when determining the gravity at measuring stations. Both devices were calibrated
between the stations of the National Gravimetric Network on the route: Myslenice — Nowy
Targ — Zakopane.

The results of gravimetric observations performed in the years 2004-2006 are pre-
sented for two time intervals: 2005-2004 and 2006-2004. After each measurement session,
the calculated gravity error was analyzed to maintain the reliability of measurements. The
errors of the determined gravity values are below the accuracy of the apparatuses used. There-
fore, it can be assumed that the obtained gravity values are congruent with the actual ones.

A preliminary analysis of two series of investigations was presented by Lo6j et al.
(2005, 2007) and Porzucek et al. (2006). The trend of gravity field changes at the measur-
ing stations was determined and presented for both transects. Taking into account the error
of specific devices, it has to be underlined that the trends of gravity changes at measuring
stations are only similar at the end-stations of both transects. Gravity values at initial sta-
tions of these transects decreased in 2005 compared to that of 2004. The magnitude of this
decrease ranged from 0.01 mGal (for LCR gravimeter) to 0.045 mGal (for CG-3 gravimeter)
in transect KO (Figs 15, 16). The discrepancy between indications of both gravimeters in-
tensified at the end-stations of both transects. However, its value was less than 0.03 mGal.
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Fig. 15. Temporal gravity changes (in mGal, 1 mGal = 1:10° ms?): A) LaCoste & Romberg;
B) Scintrex Autograv CG-3; average (C), and height changes (D) at stations located on transect KO
for time intervals of 2005-2004 and 2006—2004. See figure 3 for station distribution

Fig. 15. Czasowe zmiany sily ciezkosci w mGal (1 mGal = 1-10° ms™): A) LaCoste & Romberg;
B) Scintrex Autograv CG-3, $rednia (C) oraz wysoko$ci (D) punktéw pomiarowych profilu KO dla
interwalow 2005-2004 1 2006-2004. Lokalizacja punktéw na figurze 3
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Fig. 16. Temporal gravity changes (in mGal, 1 mGal = 1-10° ms?): A) LaCoste & Romberg;
B) Scintrex Autograv CG-3, average (C), and height changes (D) at stations located on transect DD
for time intervals of 2005-2004 and 2006—2004. See figure 3 for station distribution

Fig. 16. Czasowe zmiany sily ciezkosci w mGal (1 mGal = 1-10° ms™): A) LaCoste & Romberg;
B) Scintrex Autograv CG-3, $rednia (C) oraz wysokosci (D) punktéw pomiarowych profilu DD dla
interwalow 2005-2004 1 2006-2004. Lokalizacja punktéw na figurze 3
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Differences in trends and gravity changes between 2005 and 2004 in the indications of
both gravimeters should be explained by a more prominent influence of air humidity on the
indication of gravimeter LCR than that of CG 3. July 2005 was a very rainy month. A very
rapid change of atmospheric conditions was observed during the measurements. These
changes negatively affected the accuracy of observations made with gravimeter LCR. For
this reason, the time interval 2006-2004 was assumed for further analysis of temporal
changes of gravity values along the transects. In both these measuring periods, similar at-
mospheric conditions occurred.

The results are presented in figures 15 and 16, which also include a list of temporal
changes in the discussed interval 2005-2004. The presented gravity differences (Ag) be-
tween years 2006 and 2004 are analogous for both gravimeters on both transects.

In transect KO, between stations KOO1 and KOO07, a uniform trend of temporal chan-
ges Ag in the period 2006-2004, calculated for both gravimeters, can be observed (Fig. 15).
Mean values of changes Ag in the time interval 2006-2004, calculated on the basis of ob-
servations performed on both gravimeters, present a very reliable distribution. The highest
changes Ag were observed at stations KOOI through KOOS, reaching a value of —0.03 mGal.
This is in contrast to the registered height changes (Fig. 15D), and means that a drop of Ag
value in the time interval 20062004 corresponds to an increase of ordinate Z. Such a rela-
tionship was only observed in the northern portion of transect KO. This difference in time
indications of gravity changes is certainly connected with geological structure. The north-
ern part of transect KO crosses the Magura Nappe, whereas the southern part, between sta-
tions KOO5 and KOO8, transects two different units: the Orava Basin and the Central
Carpathian Palacogene Basin.

As far as transect DD is concerned (Fig. 16), the gravity values decreased between
2005 and 2004, especially in the initial, northern part of the transect, but in the interval
2006-2004 the trend of gravity values became reversed. Bearing in mind the accuracy of
gravimeters, the gravity values increased by about av. 0.02 mGal along the entire transect,
compared to the year 2004. It should also be noted that the registered trends of temporal Ag
changes, measured by both gravimeters along DD transect in the period 2006-2004, are of
the same shape. Accordingly, the calculated average value from both gravimeters reveal the
same trend (Fig. 16C). Unlike transect KO, the temporal Ag changes between 2006 and
2004 are congruent with the decreasing trend of the ordinate Z (Fig. 16D). This is espe-
cially well visible at stations DD02 — DDO03, where changes of Ag and ordinate Z signifi-
cantly stand out in the entire DD transect.

Geodetic survey

The GPS satellite measurements conducted in 2004, 2005 and 2006 were performed at
14 basic stations of the two N-S-oriented geodynamic transects. In the Dunajec River val-
ley transect (DD), observations were made at 6 stations, and in the Orava Basin transect
(KO) at 8 stations (Fig. 17).

The compensation covering mean error of satellite antenna centering equalled to +0.3 mm
and the height measurement error was +1.0 mm. Moreover, the mean errors of component GPS
vectors were multiplied by 10. A typical error of compensated network was +0.4 — 0.65 mm for
transect DD, and £0.4 — 0.7 mm for transect KO. The %2 test, checking the congruence of dis-
tribution of corrections after compensation with the normal distribution, was also made.
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Fig. 17. Directions and rates of horizontal displacements of stations located on KO (left) and DD
(right) transects

Fig. 17. Kierunki i tempo ruchéw poziomych na stanowiskach zlokalizowanych na profilach KO
(z lewej) i DD (z prawej)

In KO transect, only horizontal, south-directed (SSW or SSE) movements were ob-
served at stations located in the Orava Basin. In the remaining stations located on three dif-
ferent geological units, the directions of changes of geodynamic stations were different. In
DD transect, no distinct direction of changes of observation stations was found. This refers
to both the entire transect and the geological units marked in figure 17.

The southern directions prevailed in transect KO, while in transect DD the northern
and ecastern trends were observed. The latter direction may be found at all stations of the
Krynica slice of the Magura Nappe. It is also worth noting that the only station located on
the Krynica slice crossed by KO transect also reveals the E to NE trend.

DISCUSSION
Weather constraints and measurement reliability
Gravimetric investigations were carried out in summer months, in the first decade of

July, to provide comparable measuring conditions. Unfortunately, it was not possible to
guarantee the identical conditions during all observation sessions. The weather conditions
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turned out to be the least stable factor. Only two series performed in the years 2004 and
2006 had similar atmospheric conditions, and their influence on the measured gravity
forces was irrelevant. The measuring series in 2005 was performed in difficult weather con-
ditions. All the period during which the measurements were made was very rainy and
strongly humid. Analysis of the results of gravity measurements in 2005 reveals a discrep-
ancy between values obtained from various apparatuses, whereas the results from the re-
maining sessions were fully congruent. The discrepancies are most probably a result of the
influence of air humidity on the measuring systems used by the gravimeters. Unlike
Autograv CG-3, which has a measuring system closed in a tight container, LaCoste &
Romberg gravimeter is attached unprotected and exposed to the direct impact of air humid-
ity. This has been confirmed in the literature (E1 Wahabi ef al. 2001), analyzing the influ-
ence of atmospheric factors, mainly temperature and air humidity on the measured gravity
values. It follows from the analyses that air humidity causes a considerable drop in accu-
racy of gravity measurements. Therefore, the changes of gravity obtained in the time inter-
val 2004-2005 were treated only as a statistical proof that the measurements were per-
formed. Only the results obtained in the time interval 2004-2006 were analyzed.

Geodynamic implications

Gravity changes in transect KO are two-fold in type. Stations KOOI through KOO04,
located within the Magura Nappe, reveal the same trend of changes. The observed gravity
force values decrease with time, whereas the height value is observed to increase at the
same stations. The results obtained by both methods may suggest that the region is still be-
ing uplifted. The opposite trends of gravity changes are observed at stations KOOS5 through
KOO07 in the Orava Basin, where field values relatively decrease compared to those regis-
tered in the Magura Nappe. Moreover, a drop in height values is observed at these stations.
The most prominent lowering is observed at stations located near the Wroblowka Graben.
Thus, it can be concluded that the obtained gravimetric and geodetic results confirm subsi-
dence of the area. Temporal changes of the gravity field observed along transect DD are
less dramatic than those of transect KO. The same trend of gravity changes is observed at
all stations of transect DD. The gravity value increases with time and the height slightly de-
creases for the entire transect. The least increase of the gravity value is observed at stations
DDO02 and DDO03, where the biggest lowering of the coordinate Z was recorded.

The results of GPS observations enabled determining trends of drift of certain struc-
tures, on which benchmarks were stabilized. The general trend of horizontal shift of sta-
tions in the Orava Basin is pointed to the north or NNE, whereas the trends of motion of
other geologic units do not share a common direction. The eastward trend prevails in
transect DD, while opposite directions are characteristic for transect KO. No traces of re-
cent strike-slip activity of the Dunajec Fault were recorded. The NNE-directed shift of sta-
tions situated south of the Pieniny Klippen Belt follows the recent maximum horizontal
stress trajectories, obtained by Jarosinski (2006) from borehole breakouts for the Western
Carpathians.
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CONCLUSIONS

The results of gravity and geodetic surveys appear to suggest that the intramontane
Orava Basin reveals recent subsidence, particularly intense in the Wrébléwka Graben, con-
firming conclusions derived from previous geological and geomorphic studies. Data ob-
tained for the Dunajec River transect do not show any particular differentiation among indi-
vidual benchmarks, what can point to either minor uplift of the entire area, minimal differ-
ences between successive slices of the Magura Nappe and the Pieniny Klippen Belt, or
both. Horizontal displacements of benchmarks, different for the KO and DD transects, re-
spectively towards the west and SW as well east and SE, can result from general uplift of
the area comprised between these transects, i.e. the Gorce Mts., situated within one of the
most neotectonically elevated structures of the Outer Carpathians of Poland.

It should be emphasized, however, that such a short time of measurements does not al-
low for drawing unambiguous and final conclusions on recent tectonic activity of the
fold-and-thrust belt of the Outer Carpathians. Our results can only provide input data for
future observations.

This project was financially supported through a grant no. 5 TI2E 031 25 of the State
Committee for Scientific Research of Poland.
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Streszczenie

Badania grawimetryczne i geodezyjne przeprowadzono w dwdch profilach: przecina-
jacym Kotling Orawska (KO) oraz biegnacym wzdluz beskidzkiego przetomu Dunajca
(DD); zlokalizowanych na jednostkach geologicznych polskiego segmentu Karpat Zachod-
nich o zréznicowanych tendencjach neotektonicznych: fliszu podhalanskim, pieninskim pasie
skalkowym, a takze wewngtrznych podjednostkach ptaszczowiny magurskiej (Fig. 1-4).
Profil w Kotlinie Orawskiej, na ktorym zatozono osiem punktow pomiarowych, ma dtugos¢
ok. 40 km (Fig. 5-9). W dolinie Dunajca natomiast obserwacje wykonano w szesciu punk-
tach geodynamicznych na odcinku 25 km (Fig. 10-14). Geodynamiczne punkty pomiarowe
stabilizowano w odleglosciach ok. 5 km od siebie. Uzyskane wyniki odniesiono do czgsciowo
juz publikowanych danych geologicznych i geomorfologicznych, odnoszacych si¢ do pliocensko-
-czwartorzedowej mobilnosci tektonicznej badanych obszarow.

Obserwacje grawimetryczne we wszystkich punktach badawczych obu profili prze-
prowadzono w okresie letnim z zachowaniem tej samej metodyki pomiarowej. Dotyczyto
to zar6wno rezimu czasowego, jak i schematu pomiarowego. Podstawowym materialem ba-
dawczym byly wyniki trzechletnich obserwacji wartosci wzglednych sity cigzkosci w usta-
lonych punktach geodynamicznych. Przewidziano, iz obserwacje grawimetryczne wyko-
nane zostang trzema grawimetrami. Z powodow niezaleznych od wykonawcdw niniejszego
projektu pozostaly do dyspozycji wyniki tylko z dwoch urzadzen: La Coste & Romberg
model G nr 986 oraz Scintrex Autograv CG-3 nr 4511.

Przed przystapieniem do obserwacji grawimetrycznych na obu profilach badawczych
przeprowadzono pomiary kalibracyjne majace na celu zapewnienie jednolitej skali wyzna-
czanych wielko$ci wzglednych sity cigzkosci. Kalibracje t¢ przeprowadzano corocznie
w okresie bezposrednio poprzedzajacym obserwacje grawimetryczne. Bledy wzgledne wspot-
czynnikéw skali obu grawimetréw nie przekraczaty 2-10~* mGal. Upowaznia to do stwier-
dzenia, ze w wyznaczonych wartosciach wzglednych sily cigzkoSci w punktach pomiaro-
wych popetiono btad nie przekraczajacy 3 pGal. Kalibracje obu przyrzadéow przeprowa-
dzono na przgstach podstawowej Krajowej Sieci Grawimetrycznej na trasie: MySlenice —
Nowy Targ — Zakopane. Wyniki obserwacji grawimetrycznych, przeprowadzonych w la-
tach 2004-2006. przedstawiono w dwoch interwatach czasowych 2005-2004 i 2006—-2004.
Po wykonaniu kazdej serii pomiarowej przeanalizowano wartosci btgdu obliczonych warto-
Sci sity cigzko$ci. Pozwolito to na sprawdzenie wiarygodnosci wykonanych pomiarow.
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Btedy wyznaczonych wartosci sity cigzko$ci lokuja si¢ ponizej doktadnosci wykorzystywa-
nych urzadzen. Mozna zatem zalozy¢, iz otrzymane w wyniku pomiaréw wartosci sity cigz-
kosci sa zgodne z rzeczywistoscia.

W granicach btedu poszczegdlnych przyrzadow tendencje zmian sily cigzko$ci
w punktach pomiarowych sa podobne tylko w poczatkowych punktach profili (Fig. 15, 16).
Zaroéwno w profilu KO, jak i DD w poczatkowych punktach zarejestrowano w 2005 roku
spadek wartosci sity cigzkosci w stosunku do roku 2004. Wielko$¢ tego spadku waha sig od
0.01 mGal (dla grawimetru LCR) do 0.045 mGal (dla grawimetru CG-3) w profilu KO.
W profilu DD natomiast przy podobnej rozpigtosci zmian czasowych g pomigdzy latami
2005 1 2004, wigksze wartosci roznic zaobserwowano grawimetrem LCR. Rozbieznosci
pomigdzy wskazaniami obu grawimetrow nasilaja si¢ w koncowych punktach obu profili.
Jednak ich rozpigto$¢ juz nie jest tak duza — nie przekracza bowiem warto$ci 0.03 mGal.

Niezgodno$¢ kierunkdéw i wartos$ci zmian sity ciezkosci w czasie (pomigdzy 2005
a 2004 rokiem) we wskazaniach obu grawimetréw nalezy tlumaczy¢ znacznie wigkszym
wplywem wilgotnosci powietrza na wskazania grawimetru LCR niz CG 3. Przypomnie¢
bowiem nalezy, iz w lipiec 2005 roku byl wyjatkowo deszczowy. W czasie obserwacji pro-
wadzonych w tym czasie zachodzita bardzo szybka zmiana warunkow atmosferycznych.
Zmiany tego rodzaju w sposob niekorzystny dla dokladnosci obserwacji wptywaty na prace
grawimetru LCR. Z tego tez wzgledu do dalszej analizy zmian czasowych sity ciezkosci
w profilach badawczych przyjeto interwal czasowy 2006-2004. W obu tych okresach
pomiarowych wystepowaly podobne warunki atmosferyczne.

W profilu KO zaobserwowa¢ mozna jednolita tendencj¢ przebiegu zmian czasowych
Ag w okresie 2006-2004 od punktu KOO1 do KO07 obliczona dla obu grawimetréw (Fig. 15).
Wielce wiarygodnym rozktadem w punktach geodynamicznych staje si¢ zestawienie $red-
nich wartoéci zmian g w interwale 2006-2004 obliczonych na podstawie obserwacji po-
czynionych oboma grawimetrami. Najwigksze zmiany Ag widoczne sa w punktach KOO1 —
KOO05 osiagajace wartos¢ —0.03 mGal. Pozostaje ona w opozycji do rejestrowanych zmian
wysokosci, co oznacza, ze spadkowi wartosci Ag w interwale czasowym 2006—-2004 odpo-
wiada wzrost rzednej Z. Zaleznos¢ ta wystgpuje w potnocnej potowie odcinka profilu KO.
W drugiej jego czgsci nie obserwuje si¢ tych analogii. Ta dwudzielno$¢ réoznych wskazan
czasowych zmian sity cigzkosci ma niewatpliwy zwiazek z budowa geologiczna. Potnocna
cze$¢ profilu KO polozona jest na ptaszczowinie magurskiej, natomiast potudniowa jego
czg$¢, od punktu KOOS5 do KOO8 na dwoch odmiennych jednostkach — w Kotlinie Oraws-
kiej i na fliszu podhalanskim.

W profilu DD (Fig. 16) w okresie 2005-2004 nastapito zmniejszenie obserwowane;j
wartosci sity cigzkosci — szczeg6lnie w poczatkowym, pétnocnym odcinku profilu, nato-
miast w interwale 20062004 zaznaczylo si¢ odwrdcenie tendencji zmian wartosci pola sity
cigzkosci. Na catym odcinku obserwuje sig, w granicach doktadnosci grawimetréw, wzrost
wartosci sity cigzkosci w porownaniu do roku 2004, $rednio o okoto 0.02 mGal. W od-
ro6znieniu od profilu KO nastgpuje tu zgodno$¢ zmian czasowych (w interwale 2006-2004)
warto$ci Ag z tendencja spadku obserwowanej rzednej Z. Jest to szczegdlnie widoczne
w punktach DD02 — DDO03, gdzie zmiany Ag i wspotrzednej Z sa wyraznie wyrozniajace
si¢ w catym przekroju profilu DD.
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Pomiary satelitarne GPS w latach 2004-2006 wykonane zostaty na 14 podstawowych
punktach dwoch potudnikowych profili geodynamicznych (Fig. 17). W wyréwnaniu przyj-
mowano S$redni btad centrowania anteny satelitarnej rowny +0.3 mm oraz btad pomiaru wy-
soko$ci 1.0 mm. Dodatkowo bledy srednie sktadowych wektorow GPS przemnozone byty
przez 10. Btad typowy sieci po wyréwnaniu wynidst dla profilu dunajeckiego +£0.4—0.65 mm
oraz dla profilu orawskiego +£0.4-0.7 mm. Zawsze byl tez speliony test x> badajacy zgod-
no$¢ rozktadu poprawek po wyréownaniu z rozktadem normalnym.

W profilu KO wyraznie widaé, iz w punktach potozonych w Kotlinie Orawskiej —
KO04 — KOO07 obserwuje si¢ ruchy poziome tylko w kierunku zblizonym do poludniowe-
g0, tj. SSW lub SSE. W pozostatych punktach, potozonych na trzech réznych jednostkach
geologicznych, kierunki zmian polozenia punktow sa rozne. W profilu DD brak jest wyrdz-
niajacego si¢ kierunku zmian potozenia punktow obserwacyjnych. O ile w profilu KO prze-
wazat kierunek potudniowy zmian potozenia reperow, to w profilu DD dominuje tendencja
do ruchu ku péinocy i na wschod. Ten ostatni kierunek obserwowaé mozna we wszystkich
punktach potozonych na podjednostce krynickiej ptaszczowiny magurskiej.

Wyniki badan grawimetrycznych i geodezyjnych zdaja si¢ sugerowac tendencje obni-
zajace Kotliny Orawskiej, szczegdlnie w rejonie rowu Wroblowki, potwierdzajac zarazem
wnioski plynace z analiz geomorfologicznych. Dane uzyskane dla profilu wzdtuz przetomu
beskidzkiego Dunajca nie wykazuja wigkszego zréznicowania migdzy poszczegdlnymi
punktami badawczymi, co moze wskazywac na: stabe podnoszenie catego obszaru (sugero-
wane przez wyniki badan gemorfologicznych i morfotektonicznych), minimalne réznice
migdzy poszczegdlnymi tuskami ptaszczowiny magurskiej i pieninskim pasem skatkowym,
wzglednie rownoczesne oddziatywanie obu czynnikow.

Przemieszczenia poziome reperéow usytuowanych w obregbie Karpat zewngtrznych,
a skierowane ku zachodowi i SW w profilu zachodnim (KO) oraz ku wschodowi i SE
w profilu wschodnim (DD), moga odzwierciedla¢ wypigtrzanie obszaru ograniczonego pro-
filami, tj. masywu Gorcow. Natomiast skierowane ku poinocy i NNE wektory wspotcze-
snych ruchéw poziomych dla stanowisk ulokowanych na potudnie od pieninskiego pasa
skalkowego zdaja si¢ wskazywaé na nadal aktywny nacisk bloku ALCAPA ku NNE.



