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Tectonic evolution of the Carpathian Foredeep and i t s  influence 
on Miocene sedimentation 
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Shctural anaiysis of the Miocene dcposits o f  thc norlhem marginal part of the Carpathian Forcdccp, fmm thcNidaTrough in the west to 
Tamobrzcgin thccast shows that t h m  tcctonicphasw affcctcd Ncogenc dcposits of the Carpathian Forcdcep: (1) an Early Styrian phasc - 
Early Badcnian synscdirncntary rnovcrncnts, (2) a Moldavian phasc (Latc-Styrian) - Early/Lntc Badcnian, aficr dcposition of gypsum and 
during dcposition of thc hcowcr part of thc Pecfen Bcds, (3) an Attican phasc - Satmatian-Plicccnc(?), aftcr deposition of thc Krakowicc 
Re&. Thc two Badcnian pbascs involvcd reactivation of NW-SE hscrncnt faults Early-Slyrian plmc activity along thcsc faults; rwultcd in 
facies changes and thickness variability in thc Baranbw Bt3cd Reactivation of these faults during thc Moldavian pliasc rcsulted in a considcr- 
ablc increase of thdr throws. Strata in thc footwalls of faults wcrc antithetically rotated to form struchrral traps far subscqucnt hydrocarbon 
and sulphur deposi~s. During thc Attican phasc, a horizontal cornprcssion sb-cw ficld (compression direction - 30-50") produccd tmns- 
vcrse and oblique faults (NE-SW and ENE-WSW) with strikcslip and obliquc-slip movements. Thcsc faults wmc rcsponsiblc for "pump- 
ing" hydroca~bons ~ n t o  thc earlier formod traps. Minor dcfonnations witbin m s u m  dcposiis and seismotoctonic fcaturcs of the W i t h  
Gravcls arc also discussed. 
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This paper discussm Miocene outcrops in the northem mar- 
ginal zone ofthe Foredeep (Fig. 1). In the w&, the Nida Trough 
extends south as far as the Vistula river (Rg. 2), while in the east 
the Osiek-Baranbw (Fig. 4) and Mach6w-Jtxibrko-Jamnica 
(Fig, 3) scdphur deposits occur. These Miocene rocks were stud- 
ied using: 
- mesosh-uctural analysis, 
-remote sensing, 
- geological cross-sections based on boreholes and geo- 

physical data. 
Mesostxuctural analysis of the Nida Trough involved: Mio- 

cene outcrops between Gacki and Czarkowy along the left bank 
escarp of the Nida river (Fig. 2) (Nida Horst slope - Fig. 1); 
outcrops in the Pmszowice reDon (Gniazdowice, Koniusza - 
Fig. 2; Slomniki Horst - Pig. 1); and four expomes in the cen- 
tral part of the Nida Trough (Tmonbw, Dzialosyce, Withw, 
Maj kowice - Fig. 2; Dxialoszyce Depression - Fig. I ). In the 

east, the Machbw sulphw open-pit near Tamobrzeg was he 
field of study (Figs. 1, 3). SI&~ and dip of beds, joints, faults 
and fault throws were measured (analysis ofjoint: patterns will 
be presented in a separate paper). 

Remote sensing comprised satellite images andradarphoto- 
graphs interpreted by and Granicmy (1 983) and supplemented 
by Piqtkowska (Figs. 2-4), and interpretation of aerial photo- 
graphs by the author (Figs. 2,4). 

Data from 55 boreholes h u e d  through the Miocene se- 
quence and reachg underlying rocks were used for the con- 
struction of geological cross-sections (Figs. 5,7). Variations in 
the dip of the Chemical Beds comes fiom shalIow seismic sec- 
tions, by the Geological Research Finn in Cracow I977 (Fig. 5, 
sections; 1-1 - 111-111) andor from field observations and bore 
hole data correhtions. 

Other studies colIatsd included recent interpretation or re- 
processing of older seismic sections (Jawor, 1983a, b, 1991; 
Pietsch and Krqwec, 1994; Dziadzio and Jachowicz, 1996; 
Krzywiec and Pietsch, 1996; Pietsch et al., 1997; Krzywiec, 
1 9 9 7 ~  b and others) showing the fauIt zones which bansect: 



Fig. I. Structural skctch of Carpathian Fodccp (ccnhal part) and location of ihc study arca 

1 -northem Carpalhians margin, 2 -normal faults, 3 - strike-slip faults, 4 -normal faults bordering thc horsk, 5 -geological scction Iincs, 6 -study 
arca 

Miocene deposits, especially in the central and eastern parts of 
the Carpathian Foredeep (south of the Vistllla river). 

The northern part of the study area is less suitable for geo- 
physical investigations, as the Miocene deposits are thinner. 
Seismic boundaries visible here in seismic sections reflect VB. 
locity contrasts within the Mesozoic and basement, and all the 
Miocene sequence is recorded within the limit of image separa- 
tion. 

A new plate tectonics-based interpretation of the structural 
evolution of the Carpathian Foredeep duting the Miocene has 
been given by Jarosiislu (1 998). 

Of relevance here is the possible influence of compaction, 
rather than tectonics, on the formation of normal faults within 
the Miocene deposits (particularly in the cmbal part of the 
Carpathian Foredsep) (Poprawa, 1999; Poprawa and m e c ,  
1999). Preliminary results of subsidence analysis for the whoIe 
Carpathian Foredeep have been given by Oszczypko (1996, 
1997, 1999). 
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Fig. 2. Toctonic map of thc southern pmt of the Nida Trough 

1 - northcrn cxtcnt oCMioccnc dcposits (akr Czamocki, 1950), 2 -important rcgional disIocations, 3 -dislocations docurnmted from borcholc and gco- 
physic31 data and vis~blcon the air-photos, 4-satellite imagc lineaments, 5-air-photo Iineammts, 6- obscumi scgments of lincamcnts, 7-fault throw 
estimated from borchole data for the bottom o f  the anhydrite horimn, 8- boreholcs, 9-fault orientations, 10: a-orienlatiations ofconjugatccomplcmcntary 
fauIts, b-orientations of principal strcss q , 1 1  -outcrops of the Witdw Gravels, 12- Miooenenalural gas field, 13 -abandoned sulphur-m~nc, 14-scis- 
rnic shock cffmts; pw - Early Quatcmary (Prcglacial), Witriw Gravcls, Miocme, Ws-limcstoncs with native sulphur, G -gypsum, Mpg-sub-gypsum 
bcds; 1-111 - cross-scctions 

FAULT PATTERN was the structural map of the basement (Kmkowski and 
kapinluewia, 1965; Kruczek, 1968; Jawor, 1970; Oszczypko 
et a]., 1989). The fault mna could not then be properly eluci- 

UntiI recent the main source of infomation on the location dated owing to he lack of good city data. fiat 
of ZOnes Miacme of the Carpathim Foredeep time it was believed fiat the faults cutting the Miocene deposits 



/ radar llnearnents 

Fig. 3. Linemmt map of the s n l p h  deposit Mach6w-I&ibrko-Jmiw 

were a simple propagation of basement fauh (Cisek and 
Czemiclri, 1965; Jawor, 1970; Eyczewska, 1971, 1975; 
Omblski, f 972; Pawlowski et d.,1985; Kubica, 1992, 1996, 
and othm). Structlrral maps of the Carpdim Fore@ Mio- 
cene, derived fmm closely spaced &C s e c h ,  are now in 
preparation (Krqwiec, 1999) or already exist for Gertain p 
&ld aras (Baran et a[., 1996; FiIc, 1996). Theref&, the author 
has wed remote sensing methods, on the ~ s ~ m  hat the 
pattern of heamnts  should mostly reflect the fault pattern, 
since Miocene deposits are at outcrop or lmdemeath thig Qua- 
terrxary deposits. It is si@cant that recent tectonic activity kas 
been recorded in this area (see Fig. 2). 

The linmmt: pattern ofthe area studied is Ccmrposea of 2 
major sets (Figs. 2-4): 

1. r n 4 E  to WMW-HE* or longituditd. 
2. PJESW to NN&SSW, or mverse .  
Most of the are transverse, with an azimuth of 

50-80°. Tbe longitudinal probably correspond to older base- 
metrt faults, which bavenot cut b u g h  the Upper Miocene ar- 
giuaceous deposits. 

IMAGE AND DEPTH EXTENT OF FAULTS 

Tmmerse fadis have stxikpslip or oblique-slip (Fig 6) and 
legs fquently dip-slip motions Ip1. I, Figs. 1-3; Tab. 1). This 
group of faults is represented by the Wmtwv-Zawichost 
Zone (Figs. 1,7) {c$ Omblski et &, 1978; JarosibE, 1992; 

KO- 1997), the mrkn boundary of the fore&q which 
is visible as a distinct ~ o ~ e .  Large throws on these 
faults occur south of the Proszowice-Kazimierza 
WiebWiSlica line, where they reach about 3&100 m and in- 
crease up to about 500 m near the Vistula river (Fig. 2) in the 
Nida Trough ~ ~ 4 a w i c h o s t  Zone), North of this 
line, d c d  slips on tramverse faults d y  do not exceed 10 
m. In the Tarnobmg sulphur deposits area, throws on tmm 
v e w  M t s  belonging to the Kurdwanh-%wichost Zone do 
notexceed4Om~ig. 7).Eetween~andNpwyKorczyn, 
the Vistula river valley ewice isms itom E-W to NESW. 
Tbeae Ghanges corrqond with two lineament sets which, m 
cording to Osm6lski et al. (1978), represent strike-slip 
(NE-SW) and dipslip (E-W) hults. The maximum stress di- 
d o n  axis oh obtained using amjugale ~ ~ O T L S  d corn- 
plementaxy shears in Miocene deposits within the 
Kurdwanbw-Zawichost Zone (Ihysi&, 1986, f i g  2)  indicates 
compression at an azimuth of3&50°, andthis k ~esprmsibIefor 
fheNE4W sirhslip activity of the fmnsverse faults. The a- 
istenceofhmizontaIstressesfimntheSWintbismwasEII- 
ready assumed by OsmbIski (1972). 

Poltowicz (1978) considered that the 
Kurdwadw-Zawichost Zone as a whole is an obliqueslip 
slmctuq &nd its hdmntal & s p a t  in Jurassic deposits at- 
taim8Zrm. 

Accorchng to Trafas (I 9751, the bends in the V i a  river 
dIeybehwm Krak6w andthe lbba rivermouth resulted Bmn 
s ~ w a r d  displacement (between Krak&w and Niepohdce) 
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Pig. 4. Lincamcnt map ofthc sulphur dcposit Osick-Baranbw 

and northward displacement (near the Raba river mouth) by al- 
luvial fans of the l& and right bank tributaries of the VistuIa 
river, However, these river bends and tributary configurations 
are fault-influenced (Osm6Iski et al. ,1978). I consider that this 
indicates neotectonic fault activity affecting erosion and accu- 
mulation in the river system. 

Longitudinal faults affecting the M i m e  deposits are 
dip-slip faults. Thy form a row of horsts and ?roughs and wider 
tectonic depmsions (Figs. 1,s-7). Longitudinal faults are steep 
or inclined towards their footwalls (with dips of 40-70'). In 
general, the smta in the footwall are normally rotated, i.e. to- 
wards the throw direction, although sometimes, near the horsts, 
reverse drag of beds is observed (Fig. 5, section V-V). 

Maxim~un throw on the longitudinal faults in the study area 
is 2040  m (Fig. 5, sections 1-1 - III-111, V-V; 71, sporadically 
reaching 100 m (Fig. 5, section W-IV). Kubica (1 996) recorded 
throws reaching 120 m along faults bordering the 
Osiek-BaranGw sulphur deposit, but this value was calculated 
by correlating the base of the Chemical Beds across consider- 
able distances (about 20 km). The great thickness variability of 
the Miocene deposits in this area suggests that this might be an 
over-estimate (cf. Krysiak, 19868). Elsewhere, throws are of up 
to twenty rnems or, along the strikeslip hulk, there may be no 
vertical displacement. These small throws incurred doubc for- 
merly, about faulting in the Miocene deposits of the Carpathian 
Foredeep (in particular Jucha, 1974, 1 985,1995). 

OnIy in the central and eastern part of the fmdeep (e.g. 
Wiefkie Oczy Trough), do fault throws attain large vdues, 

SYNSEDTMENTARY FAULTING DURMG 
SEDTMENTATION OF THE BARANOW BEDS 

The nature of the Miocene marine transgression on to the 
Carpathian Foreland, and the deposition ofthe Lower Badmian 
deposits underlying the evapwitic series raise the q~estion of 
what relief existed during the kamgression. There are iwo dif- 
ferent opinions on the subject. Supporters of significant 
pre-Miocene basement relief @kIytiski, 1953; Radwdski, 
1968,1969,1973; Oszczypko and TomaS, 1976; Konior, 198 1; 
Szyrnanko and Wbjcik, 198 1 ; Cisek, 1983; Jawor, 1983a; Peryt 
and Kasprzyk, 1992; Pdtowicz, 1994, 1997) note the varylng 
thicknesses and facies of Badcnian sub-evaporitic deposits, and 
changes in microfaunal assemblages accompanying the 
lithofacies variations (Alexandrowicz, 1979). The varied relief 
of the Miacene sea floor was atlributed to preMiocene tectonic 
movements and to fluvia1 erosion (Dbulyriski, 1953; 
Radwaiski, 1973; Koni~r, 198 I), or excl~~sively to fluvial activ- 
ity (Oszczypko and TomaB, 1976; Oszczypko, 1996; Cisek, 
1983; Jawor, 1 983a; Pokowicz, 1994). A different opinion is 
represented by Crradn6ski (1962, 1963), Bogacz (1967) and 
Ney et 01. (I 974) who considered that the Miocene sea Irans- 
gressed on a flat area with relatively low relief, what preclude 
major Paleogene tectonic activity. Differences in the base of the 
M i o m e  deposits were athibuted to Iater tectonic movements. 
My present studies show evidence for both arguments. 

The following has been ascertained: 
1. Senonian mads underlying Miocene deposits in the Nida 

Trough often have high dips (30-40°), and Badenian deposits 
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Stratigraphic-lHhologiotectonic table 

overlie them r~nconformably (Osmblski, 1972; Lyczewska, 
1975). This unconformi~ can be traced in many boreholes 
across the Nida Horst zone, particularly around Czarkowy, and 
also at the bounday of the Nida Horst with the Solec Depres- 
sion in exposures along the Nida river escarpment. 

2. Breccias composed of fragments of Cretaceous mads ce- 
mented with glauconitic clays (Fig. 8) commonly occur at the 
base of the Miocene succession: on slopes, at the matgins of 
horsts and in tectonic troughs. 

3. Sub-gypsum deposits in the Solec Depression and the 
Nida Hmst near Czarkowy show stnrcturally controlled facies 
variability. In the horsts, Lower Badenian white marls, similar 
to the Cretaceous ones, predominate (Fig. 8, sections I-I, 
Wa-Wa, MJ-W~), or the horsts are composed exclusively of 
Cretaceous dqosits (Fig. 8, sections 111-111, IV-IV, TVb-IVb, 
V-V). Grey days and glauconitic marls occur in tectonic 
troughs ('Fig. 8, sections 1-1 - IVa-Na). Good examples of such 
facies changes are seen in exposures dong the Nida river es- 
carpment. In the hanging wall of the fault exposed in the Gacki 
quarry (Pl. I, Fig. I), selenite gypsurn deposits overlie the 
Badenian light cream-coloured marls, which resemble the un- 
derlying, slightly paler Senonian marls, In the footwallthe 

gypsum deposits overlie dark grey glauconitic clays of the 
Baranbw facies, 

In the Dzkdoszyce Depression, the lithological profiIe of the 
Subgypsum Beds is bipartite (Fig. 8, section V-V): marls oc- 
cur at the bottom and days in the upper part. Therefore, only the 
thiclmess variations sf the Sub-evaporitic Beds and occasion- 
ally the extent of basal btreccias indicate that the msgression 
was syntectonic here. Naturally, the character of sedimentation 
was influenced not only by water depth in turn determined by 
sttuctural position, but also by basement lithology. Hence, 
while in the Dziatoszyce and Solec Depressions, marls and 
clays were deposited upon Senonian rnarls, in the area of the 
W6jcz~Pihczhv I-Iorst was lithothamniurn reefs developing 
on hard Jurassic rocks, and the sandy Baran6w Beds were de- 
posited on quartzites and shales (uppermost Precam- 
brian-Cambrian) in the Tamobrzeg area. 

4. Thicknesses of the Badenian Sub-gypsum Beds vary 
widely depending on struchual position: from 0-3 m on the 
horsts to lQ-50 rn in the tectonic troughs mg. 8; qf Osm6lski, 
1 972; Kubica, 1996). Likewise, in other parts of the Carpathian 
Foredeep, the thickness of the Baranijw Beds varies befwem 0 
m up to a few tens of metres (Ohszyk, 1968; Cisek, 1983; 
Jawor, 1983a); thichwses in boreholes exceed 150 n only in 
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Pig 5, Gwlo&d croswmtions: I-I, E-II, III-III- Solac Depmsiom, IV-N- Mda Hor& V-V- Shmiki Horsf; for location seeFig. I 

For expIanatiom see Figs. 6 and 7 



Fig. 6, Bl& di- - shucbmd model of thc Nida Trough 

l-Qua~,Tertiary~M~eeac~2-~iecB&(mFig. 7,seetionVCVI-nndividdolay~~)verongypm), 3-Pe&nBcds,4-gypstlm,5- 
limestones with d v c  sulphur, 6 -bamn liinatmm, 7 - Barandw Beds, 8 - C~tPtewus, 9 - ltbandand dphar-mine 

vicinity of the Carpdims (B.& mtbe h&Ie Kowahy  I - 
Jawor 119831 including at least 180 rn of bmxk). This thick- 
ness variability in the Subgypsum (Bamrh) Beds cannot be 
relatad to later erosion, because (Czamocki, 1935; Kowalewski, 
1966; Gdicki, 19791, there is sedimenhq continuity between 
the Sub-gypsum Beds and the gypsum. 

5. There are areas where gyp~um deposits immediertely 
overlie the Pahmmic or Mesozoic basement without the 
Baranh Beds o c m c e  (see CmnocE, 1947; 6 Pig. 5, sw 
tions 14,  WIQ, IV-TV), or ody h e  KTakwviec Clays overlie 
the basement ( O d l s E ,  1972; @ Fig. 7, d o n  W-W. 

These facts suggest that 
1. The Nida Tmgh arq composed of poorly wegther- 

i n g - r e t  Cretaceous marls, must have been &xkd by 
complete peneplanatim Wng the Palmgene break in sedi- 
mentation (which M 46 My - Tab. I), obliterating any re 
lief caused by p o s t ~ u s  tectmicg, 

2. The facies mi thichess variability of the Subgypsum 
Beds, as weU as the distri'bution of breccia5 around the Creta- 
ceous horsb W o r e  indieate tectonic movements just b e h e  
the trampsion and/or simuIfaneous with se&mentah. 

3. Because the thichess vahbZgf o f b  Sub-gypsum Beds 
does not r d t  fiom emdon, it reflects the magnitude of tec- 
tonic movements which accompanied the sedimentation. We 
can M o r e  &mate throw value8 fbr pa r tbk  hults during 

sedimentalion of the Sub-gypsum Beds. In tha Sola and 
Ddoszyce D e p w s i s  the values of throws amount to a few 
metm up to 20 m, s p o d i d y  to 40 m (Fii. 8). Nowadays 
~ w s o n t h e s e r m e ~ a r e 2 ~ 3 0 t i m ~ ~ ~ ( ~ F i g .  5,aa 
in Fig. 8). 

4. A lo& lack of facia and thichess variability corre- 
sponds to areas of lcsser tectwic activity. 

5. The dhibutirm ofbreccias, facia changes, dtb ichea  
variability of the B d w  3eda (Fig. 8) shows that the only ac- 
tive fault zones at that time were those aligDed NW-SE. This 
pattern seems to hold afso for other parts of the Cqwhian 
Fmdmp (6 '"rhidmm map of the Sub-anhydrite Beds" - 
Kamkowski and mk, 1968), where of these & 
posits are arranged along NWSE trends, and lrmsversefaults 
do not appamtly digturb them (also c$ Kubica, 1996). 

There is a mminhg prublem: why the tectonic movments 
which accpmpaded the Miocene transgression and sedimenta- 
tion of the Sub-gypsum Beds had such a small spatid extent, 
~onstant&entati~an8damplitude~Itseemstbat~e~ct 
reason for such mmxmfs was the influence of Miocene ma- 
~ m g r e s s i w u p w ~ y f i ~ C r e t a c e w s m a r l s ( i a  
the west) or brittle and weathered Old P k z o i c  rocks (in the 
east). This might have triggered the sinking of second order 
troughs on the peneplanated s&ce of the P h g e n e  land by a 
hyhmtonic mechanism. An analogous trigger operate8 
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Fig. 7. CfooI~~caI  m a s - a d m  though H n r d w a a 6 ~ c h o . s t  Zone VLVI - Pias-6w m b m g  sulphur deposits). VI1-VII - 
Osick-Baranbw (Tarnokg sulphur deposits) 

1 - Cmbttan, 2 - bmhoies, 3 - n@ fidts, 4 - strikc4lip fhults, 5 - Wt throws; a m  q,Ianatiorts pee Fig. 6 

~ t h e ~ o f d m ~ w i t h w a t e r ( S W a a l . , 1 9 7 4 ;  hadnotbeenaffected bylatererasion(c$Kanhw&iand 
Gupta and Rastagi, 1979). The main fault zones, stretching OthsqIc, 1968). I d d e r  this argument unconvincing, and 
NW-SE, were the zones of weetlmess, and this explains why the discuss it below. 
Lower-Badenian synsdimentary slructum inherited this di- This synsedimentary tectonics correspond with the 
rectiun. TaIus of Cretaceous marl debris formed accumulations Early-Styrian phase (Tab. 1). 
.at the feet of horsts (Fig, a), whereas sedimentation of clays and 
glauconitic mark c&&& in fhe tmugb. The highest - h t s  
r d & d e p o s i t t b  ~ j ,  8, m-m, I V - ~ ,  mm, S w C A I J 3  SYNSEDIMENTARY DWOWATIOI'J 
V-V) and wbitemla were deposited on M o w l y  submerged OF GYPSUM DEPOSITS 
honk (Fig. 8, sections I-I, I%-lVa, IVb-M). the ea&ern 
parl of the &ad area (Mach6w-Jezihko - Fig. 7, section 
VI-VI and Osiek-Bardw - Fig. 7, section VIFVII) - the 
Upper Precmhian to Lower Cambrian sandstones and 
quakites supplied material to the B d w  a d  and sand- 
stones, which are the dominant faciw in the central part of the 
Carpathim Foredeep. Locally, an higher elevations and shoals, 
a Iithothmium limestone facies qpd (eg. Janmica sul- 
phur deposit). The hults in the 3aran6w Beds thus reproduce 
the basement sttuctural pattux 

This explanation of the lack of distinct relief in the 
pepfanad pre-Miocene rmrface is c m b q  to most previous 
interpmMi0118 (eg. Padowski, 1965; Ney et al,, 1974; Cisek, 
1983; Jawor, 1913a; Pawlowski et al., 1985) who considered 
that sedimentation of the Bdenim subgypsum membm flat- 
Wed the basin floor ')pafae&ef'. Evidence cited incfuded 
sedimentary mtimity with the Sub-evaporitic Beds and the 
constant fhickneas of gypsum deposits (1620 m) where m e  

I consider the time of gypsum sedimentation as, in general, 
tectonic quiescemt The opposik point of view is presented by 
Peryt and Kasprqyk (1992) and Pm (1996) who relate mivati 
ability of the gupgum deposits to sea-level c b  controlled 
by strong tectonic movements. Distinct tectonic movements 
seemin factto have takenplaceaplateas atthedofdphate 
evaporation (see Tab. 1). Within t h e w  henumerous d- 
imentary-dkgenetic deformations (K-wski, 1972; Bqbel, 
199 1,1996,1999; Kaspnyk, 1995, I99!4a> 6) are accompanied 
by deformdm which may s m u  Iato be migned to tectonic 
structures dated to WC compaction of the deposits @m- 
sure-solution structures - e.g. s d  folds PL 11; Figs. 1, 2) and 
to seismic shocks (e.g. breccia vein in a fauIt fissure - PL 11, 
Fig. 4). These structms occur withid the lminatedgypsum de- 
posits, and incIude syndimentq flexures of m t  scaIa 
and geometries, as well as brittle deformations: breccia veins 
and breccia complexes of consickable thicknesses. 
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Fig. 8. Tmtono-facics cross-sections for time of sub-gypsum beds sedimentation: 1-1,111-ILI- Solcc Depression, IV-IV, Wa-Wa, TVb-Wb -NidaHorst, 
V-V - Sbmniki Horst 

Tertiary: Lawcr Badcnian, sub-gypsum bcds: 1 - gfauconitic clays, 2 - marls, 3 - breccias; Cretaceous: 4 - mark and gaims; 5 - bwcholcs, 6 - 
undrillcd sub-gypsum beds, 7 - faultcd margins of synsdimentary dcprcssions, throw - rnagnitudc, whcrc known, in mehcs (broken circlc - estirnatcd 
vaIuc) 
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PLASTIC DEFORh4ATIONS 

In the Gacki quany, broad folds in the laminated gypsum 
beds (10-20 m wide, 1-3 m hgh) occur immediately above 
crystalline gypsum deposits with an uneven tap surface. The 
laminated gypsum strata are a little thicker in fold limbs than 
hinges, suggesting a synsedimmtary or early diagenetic age of 
these structures, which thus fom some sort of drape folds. Folds 
of this type are nearly E-W, though some folds ofN-4 strike 
have also been observed (Fig. 9). In the Dzialoszyce Depres- 
sion, these sfmctures are 10-15 m wide, and 1-5 m high. A 
synsedimentaty trough (Fig. 10) whose amplitude was about 5 
rn and was bordered along one side by a flexrue in a laminated 
gypsum bed, was visible in the middle part ofthe eastern wall of 
Gach quarry. The hichess of the gypsum bed varies from 1 m 
in the hanging wall and 0.2 m in the hinge, up to 2 m in the 
trough. Within the trough, above the laminated gypsum sbata, a 
bracia fills the bough and is composed of kgments of these 
deposits. The struchue is overlain by disturbed laminated gyp- 
sum. The basal parts of the siruchlre were not visible, but 
coarsely ctystalline gypsum rselenite") ofthe lower unit was 
exposed a few mmes below. This suggests that the trough visi- 
ble above is a sinking of layer effect, develop4 on an uneven 
top surface. Some flexures of 1-2 m amplitude, occturing 
within laminated gypsum deposits, have also been fotuld in 
Gacki q~1m-y. Their strike, like that of the trough described, is 
E-W. A characterjstic feature of all these forms are compensa- 
tory variations in h c h e s s  of strata (Fig. 11). Ths suggests a 
synsedimentary or early diagenetic age, when the sediment was 
not completely lithified. 

I consider small plastic deformations such as: kink folds (PI. 
II, Fig. 11, recumbent folds (PI. 11, Fig. 2) dishamonic in rela- 
tion to the underlying and overIying beds, not as tectonic s e m  
stricto, but as diagenetic-synsedimentaly in origin (cf: 
Kwiatkowskj, 1972; Bqbel, 1991). Peryt and Kasprzyk (1 992) 
suspect that these struchmes farmed as a ~ s t ~ l t  of seismic 
shocks. However, their small sizc, limited spatial extent, iso- 
lated nature and disharmony s~~ggest otherwise. A comparison 
of these structures (op, cib.) with syn-rill seismites from the Red 
Sen (cf: Plaziat et aL, 1990) seems not relevant because the latter 
represent larger-scale phenomena. 

BRECCIA VETNS AND BRECCIA COMPLEXES 
OF CONSIDHMBLE 'THICKNESS 

Breccia veins were observed in a few exposures in the Solec 
Depression (Gacki quarry - PI. 11, Fig. 4), Chotel Czenvony, 
Gbrki, Leszcze, Wola 7agBjska (Fig. 2). In the laminated gyp- 
sum deposits these are only 0.1-0.5 m wide. In one case, a b ~ c -  
ciavein occurs within a h i l t  zone ofa ca. 1 m throw. Typically, 
these wins have a sharp boundary with undeformd gypsum de- 
posits. The veins are infillcd with closely packed hgrnents, LIP 

to twcnty centii~~etres in diametm, of laminated gypsum. Nei- 
ther continuous deformations nor thickness ckqnges w i t h  
laminae adjoining the veins and in breccia-forming fragments 
were observed At places where a compltte gypsum profile is 
visible, frachues filled with breccias do not cut a11 the laminated 
gypsum sequence, but only its lower part, reaching as far as half 

Fig. 9. Diagram of bend's axis orientations in the laminated gypsum 

Sol= Dcpression: Ga- Gacki, G- Gbrki; Dzialoszyce Dcprcssion: Gn- 
Gniazdowicc, K-Koniusza, W - Winiary, P - Posqdza; biack circlc - 
axis of layer bcnd 

its tbcloless (4-5 m). At the top t h y  are  overlain by an 
~wdefonned cover. The breccia veins may represent catachstic 
veins of seismic orign, perhaps related to small seismic shocks 
which caused brecciation of diageneticall y altered gypsum 
laminae along zones of tectonic weakness, before deposition of 
later sediment. Studies performed by Schreiber at a1 (1976) 
confirmed that lithification of gypsum could occur on the basin 
floor ynor to deposition of youger layers. 

Babel (1 991,1996,1999), however, considered that forma- 
tion of the bmciaveins was related to dissolution of halite crys- 
tals. 

Breccia complexes up to 5-10 m thick have been found in 
the Dzialoszyce Depression (Gniazdowice, Posqch, Koniusza 
-Fig. 2). Their composition most frequently resembles Ulat of 
the veinbreccias, but they also include fiagrnents showing flow 
folds, formed by brecciatian of neighbouring small fold stme 
tures. According to Kwiatkowki (1 972), the gypsum fiag- 
ments with deformed lamination are rollers, and the breccia as a 
whole represents a submarine slide. Whee bteccias occur close 
to medium and small dishamonic folds, internal stress associ- 
ated with gypsdanhydrite kausfmations (Pl. IT, Fig. 3) may 
be a sufficient reason of the gypsum layers's failure. Howevm, 
such breccias can reach a considerable thickness, e.g. in the 
Dzialosvce Depression up to 20 m (cJ Osrn6lski, 1972). This 
indicates that these might be tectonic breccias formed as a result 
of seismic shocks. Breccias in the Dzialosqce Depression (op. 
cit.) contain fragments of laminated gypsum together with 
coarse-crystalline gypsum, mast probably derived from the un- 
derlying beds. This is not observed in the Solec Depression. 
This suggests earlier and more intensive tectonic activity in the 
Dzialuszyce Depression as compared with the Solec Depm- 
sion, resulting from the proximity of the former to the 
Catpathians. The breccias show no roundness indicative of long 
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Fig. 10. Synsodimcntary trough in laminated gypsum, Gacki quarry - a t -  
crn wall 

GIII - laminated gypsum; Gn - sabn: gypsum 

transport, nor are associated with hrrbidite sequences. They thus 
resemble classic submarine slides (cf: Peryt and Jasionowski, 
1994). 

Gypsum and anhydrite deposits form a distinct horizon on 
seismic profiles. However, detailed exposure mapping has 
shown that the base only of the gypsum deposits forms a flat sur- 
face which may be used for the correlation and measurement of 
fault throws, particularly as there is a sedimentary continuity at 
the boundary with the Baranhw Beds. The top surface, both at 
outcrop and below the overlying clays, shows strong relief ow- 
ing to erosion-karst processes pi&, 1970, 1977; Osmblski, 
1976, 1977; Pawlowski et al.,l985; Kubica, 1992, 1996; 
Poltowicz, 1998). Between the gypsum and the clay deposits, 
there is a stratigraphic gap which corresponds to at Ieast the 
Chodenice Beds (Osm6lski, 1972). Pdtowicz (1998) considers 
that the erosion was submarine. 

The gypsum deposits themselves (or correlative limestones 
with native sulphur) have been strongly tilted (Figs. 5, 12) by 
later tectonic movements ofthe Late-Styrian (Moldavian) phase 
-Tab. 1. The pnmary variable thickness of the gypsum depos- 
its (Bqbel, 1996), and the erosional upper boundary with the Up- 
per Badenian clays hinders the determination of the magnitude 
of tectonic movement during this phase. Displacements of the 
Chemical Beds measured in cross-sections (Figs. 5,7) repre- 
sents total throw, including effects of earlierphasesstarting with 
the Moldavian phase until the present, 

SYNSEDIMENTARY ACTIVITY AT THE BASE 
OF THE PECTEN BEDS 

Tectonic movements of the Moldavian phase, which com- 
menced immediately after gypsum dqosition, continued dur- 
ing sdimentation of the Pecten ~ e d s ' .  

Tlus is shown by the following: 
1. The thickness variation of the Pecta Beds reflects struc- 

tural position as observed in the Machhw open pit (Fig. 12) as 
well as in the Solec Depression (Fig. 5, sections 1-1- 111-III), on 

' ~ h c  tcrm Peten Bcds has boen uscd for morc thm 3 0 - y m  (Lwzkowska, 
196% Kowlewski, 1966; Osmdski, 1972). Howcvcr, i t  has rcccntly bccn sug- 
gcstcd (Studcncka, 1999; pcrs. comm.) that this unit should bc t m c d  thc ScaI- 
lop Bcds (scc Budowa GooIogima Polski, 1996). 

the Nida Horst (Fig. 5, section IV-tV) and the 30mniki Horst 
pig. 5, section V-V). 

2. Breccias and conglomerates which occur in the lower part 
of tbe Pecten Beds (Neoh~irninn longs Zone) m composed of 
pebbles of Cretaceous matls and Badtnian limestones 
(lithotharnniwn and Litava limestones) in the Nida Trough. In 
the area of the Tarnobmg sulphur deposits they consist of frag- 
ments of hard grey limestones and cemented masses of Pecten 
shells (Osrn6lsIci and Pilichowska, 1978), and fragments of 
bored limestone (Osrnblsh, pers, corn.); occasionally roIlers, 
up to 0.5 m in diameter, occur within clays. In the Machow 
mine, these deposits fill pockets, up to 3 m deep, occurring im- 
mediately above the chemical limestones (Fig. 12). The Pecten 
Beds have locally dips of 30-40°, more usually 10-1 5". 

An angular unconformity with the overlying, almost hori- 
zontal Krakowiec Beds, defines the upper limit of the 
Moldavian phase tectonic movements. These Late Badenian 
tectonic movements were in fact the fmt significant tectonic 
phase in the Miocene ofthe Carpathian Foredeep. For, Iongitu- 
dinal faults W E ) ,  which in heir initial form existed wj tbin 
the Baranhw Beds (Fig. 8), were reactivated and their throw 
slips increased2, 

Numerous new faults, frequently of considerable throws, 
also came into existence at that time (Figs. 5-7). The structural 
consequence of those movements were rotations of beds, partic- 
ularly in footwalls (frequently of antithetic character - Fig, 6; 
cJ Krysiak, 1985, 1986b, 1 987a; Dziadzio and Jachowicz, 
1996). Tectonic traps, which became later a location of sulphur 
deposits, were created this way (Kysiak, 1985, 1987~). 

Longitudinal faults were active while the Pecten Beds were 
deposited. However, mesostructural observations show that 
some transverse faults may already have been initiated. Trans- 
verse faults were initialIy dipslip faults (Pl. I, Figs. 1-3; Fig. 
12) and were later reactivated as strike-slip faults. Macro- and 
mesostructural observations (Fig. 12) show that the longitudinal 
faults were produced by E-W and ENE-WSW regional exten- 
sion, This extension probably resulted from regional upliA: as 
there is no evidence for localized h m t  uplift, and no sign of any 
horizontal compression, that could have produced the exten- 
sion. In addition, compaction of Upper B a d e  argillaceous 
deposits which were underpinned by a rigid complex of chemi- 
cal deposits (limestones, gypsum), might have played an impor- 
tant role in the reactivation of the faults. 

POST-KRAKOWIEC BEDS TECTONICS 

The deposition of the Krakowiec Beds has been linked with 
spedunentary deepening of the Carpathian Foredeep and the 
development of minor depressions and troughs (Obuchowicz, 

%C fault thmw rncasurcd for thc basc of chcmicaE dcposi ts arc from 2 to 
30 timcs grcatcr than synsodimmtary throws of thcsc faults in the Raranbw 
Bcdr;. Hawcvcr, this valuc involvcs t lc  rcccnt, but not thc Latc Badcnian, 
hypsomctricpositionofthc beds andrcflcctsthc total throw ofthcfault zoncs. 
It is difficult to cstimatc scparatcly thc throws for thc Latc Badcnian and 
ncotcctonic movcmcnts. 



1966; Ney et al. E., 1 974; Rutkowski, 1981). 7'he greatest thick- 
nesses of the Krakowiec Clays are indeed observed in tectonic 
depressions, where they are better preserved, but this is not a 
proof of synsedirnentary tectonics, because the top of the 
PCrakowiec Clays is erosional. Analysis of borehole sections 
(Figs. 5 , 7 )  rather shows that the Krakowiec Clays effaced the 
relief created by the tectonics of the previous phase. The local 
overlap ofthe Ksakowicc Clays on to Cretaceous deposits (Fig. 
2 - borehole 44s; Fig. 5, section W V -  borehole 1 Is), id- 
cates a local increase in basin extent. 

The Krakowiec Clays thcken tenfold southwards across the 
Kurdwanbw-Zawichost Zonc (the Vistula river line - Figs. I ,  
7). This resub from enhanced snbsidence, whereas the occur- 
rence of abundant sandy intercalations in the upper part of the 
Krakowiec Clays in the Carpathian Foredeep is interpreted by 
Kxnkowski (2978, 1989) as the delta slope of a river flowing 
from the Meta-Carpathian Range. I have suggested (Krysiak, 
1987b) that spsedimentary activity in this part of the basin and 
in the adjacent Carpathian5 resulted in clastic supply not h m  
the north but from the sot~th. Karnkowski (1944) has recently 
invoked both directions of sediment bansport. 

Following the deposition of the Krakowiec Clays, subse- 
quent tectonic activigr (the Attican phase) of postsedimentary 
character was marked in the area studied. It is dificult to define 
precisely the upper limit of these movements because the Neo- 
gene lithostzatigraphic profile is incomplete here (the upper 
Saunatian, Pannonian, Pontian and Pliocene are lacking- Tab. 
1). Undoubtedly, Phey took place before the Quaternary, i.e, 
prior to deposition of the Older Quaternary Witciw Gravels 
(Tab. I). Rittkowski (1981) and Czapowski and Studencka 
(1 996) suggest tectonic control on the boundary between the 
Krakowiec Clays and the detrital Sarmatian deposits (data from 
the Pdaniec Ziot~gh). The onset of Attican phase movements in 
the northern marginal part of the Carpathian Foredeep could 
thus be defined. 

A change of the regional s t m s  field took place during the 
Attican phase in the Carpathian Foredeep. The distribution of 
complementary shears in this area (Fig. 2 - Gacki) indicates 
that a system of transverse and oblique faults - of shikeslip 
and oblique-slip motion with transverse faults dominant (Fig. 2 
- E-W, Em-WSW)- came into existence due to horizontal 
compression oriented N W W  (azimuth 30-50"). A shift in 
mapped geological boundaries and axes of major strucmres in- 
dicates sinistral displacement Strike-slip displacements were 
compensated by folding of clays overlying the Chemical De 
posits - Fig. 12 (cf: ICrysiak, 1985, 1986a, b and detailed 
r n e s o ~ c t m l  analysis in Jarositiskj, 1992). This sinistral 
strike-slip wrenching played an important role in the 
kctogenesis of the Carpathian Foredeep, since it causal a mns- 
verse dismembering and mutual displacement of smctures 
striking NWSE, by up to 0.5-1 km (cf: Osmblsh, 1972; 
Osmblski et al., 1978). The Kwdwan6w-Zawichost =ne 
(Figs. 1,7; cf: Jmsihslu, 1992) is a fault of this type. Sinistral 
displacement along this zone seems responsible for the relative 
dispIacement of the Piasecmo and Machbw sulphur deposits 
(Figs. 1 ,3 )  as well as the Osiek and Baranbw fields (Fig. 4). 

Strike-slip and oblique-slip tectonic movements, 
postsedimentary in relation to the Krakowiec Beds, all have 

Fig. I 1 .  Compensatory fold in laminated gypsum. Gacki quarry - notthcm 
wall 

features of this tectonic phase and so should be ascribed to the 
Attican phase of the Alpine orogeny (Tab. 1). 

NEOTECTONICS AND RECENT TECTONIC 
MOVEMENTS 

The Neogene tectonic movements, which ended with the 
"skke-slip" Attican phase, seem to terminate the Late Alpine 
cycle, corresponding, in the Carpathians, to the f d  thrust 
movements over the foreland. 

Starting with the Valahian phase, the next change in the re- 
gional s k s s  field took place - from compressional (strikeslip 
faults) to extensional -caused by uplift of the Calpathians and 
neotectonics began. Intensive erosion of the uplifting 
Carpathians resulted in deposition of the Preglacial Carpathim 
gravels in the foreland. In the area studied these are  the Witbw 
Gravels forming thick dqosits around the Raba river mouth 
pig. 2; Ktysiak, 1987b). A series of normal, lishic faults of 
small throws (up to I m) occur within the Witbw Gravels (PI. I, 
Fig. 4). The Witbw Gravels are not overlain by younger Quater- 
nay deposits, and their contact with the Miocene deposits is not 
visible in the outcrops. The age and extent af these faults are 
therefore difficult to establish. The l i h c  shape of the faults 
seems to indicate their small extent, perhaps limited only to the 
gravels. The faulting mechanism may have been 
mass-movements caused by seismic shocks. Their predominant 
strike azimuth is 160" CKrysiak, 198Tb). Such an orientation is 
typical over the Slomiki Rorst (Fig. I), where measurement 
was made over its SE slope. Comspondence of fault orienta- 
tions in the Witbw Gravels with major fault zones in the Meso- 
zoic-Miocene basement suggest that tectonic deformation of 
the gravels formad as a result of the reactivation of basement 
faults, rnanifmted as seismic shock effects. 

It is difficult t~ decide whether the faults in the Witbw 
Gravels are synsedimentary or f m e d  during inter- andlor 
postglacial periods. In the latter case, a relaxation mechanism 
induced by the retreat of an ice-cap cannot be precluded. I con- 
sider that the transport direction of these deposits h m  the west 
to east (Gradzihski and Umg,  f 959; D h w s k i  er al., 1974), 
i.e. outside of the Slomniki Horst, suggests that: tectonic move- 
ments were initiated as early as the sedimentation of the Witbw 
Gravels. On the basis of height differences in the base of the 
Wit6w Gravels, Poftowicz (1 967) estimated the neotectonic up- 
lift of the Puszcza Horst (old expression for Slomniki Horst) at 
about 50 n, According to that author the uplift, associated with 
tilting of thc Aorst, resulted in a migration of the Vistula river 
channel earn the SE towards the NW between Niepdomice and 
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Fig. 12. Tectonic sketch of the Machbw-mine eastern wall - sulphur deposit and overburden clay 

1 - de-watering wells, 2- orientation of strata, 3 -normal faults, 4 -reverse faults, 5 -azimuth of synclinal axis, 6 -azimuth of anticlinal axis, 7 - limestones withnative sulphur, 8 -barren limestones, 9 -breccias 
ofPecten limestones, 10 -Pecten clays, 11 -cover of sulphur deposit; tectonically deformed green clays with Syndosmyu refem and the base of the Krakowiec Clays 
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Nowy Korczyn by 6-9 km, as well as in displacement of the 
Raba river bed towards the west by about 6 h. The amplitude 
of neotectonic movements, estimated from height differences in 
the base of the Preglacial gravels, are of 40-50 m in the 
Dzialoszyce Depression (Pdtowicz, 1967; Jonak, 1979; 
Lindner and Siennicka, 1 W4), and 4 M 0  m in the Sandomierz 
Depression (Laskowska-Wyswdska, 1981,1993,1995). Ac- 
cording to Walczowski (1 983), a Lower PIiocene base-levelling 
surface can be distinguished in the central part of the 
Dzialoszyce Depression. This surface is lowered southwards by 
a system of W-E trending fault steps with throws amounting to 
about 50 rn. 

CONCLUSIONS 

I. The fault dynamics are contolled by a graviq-driven 
stress field of varying intensity through time. 

2. In general, the fault system affecting Miocene deposits in 
the m a  studied comprises two mutually perpendicular fault sets 
(longitudinal --roughly N-S, and tmnsverse-roughly E-W). 
Fault azimuths vary from NNW-SSE and ENE-WSW (in the 
northern part) through NW-S E and NE-S W (in the central part) 
to WNW-ESE and NNE-SSW (in the southern part). Azimuth 
changes of the faults depend on their orientation in relation to 
basement simctum and on their distance h n  the Carpathians. 
Longitudinal faults are a dipslip (normal) faults, whereas trans- 
verse faults are oblique-slip (obliquenormal-slip) faults and 
strike-slip faults. 

3. The Kurdwanbw-Zawichost Zone is of a strilwwslip and 
obliq~~e-slip character. The Miocene activity of this fault zone 
started in the Eariy Sarmatian, as a dip-slip fault. The increasing 
downthrow of gypsum deposits associated with that phase, ta- 
gecber with later phases (about 500 m total) might have caused 
gypsum alteration into anhydrites in Central Carpathian 
Foredeep. ?he Kurdwanbw-Zawjchost Zone was reactivated 
during the Attican phase (after Early Sannatian) as a strikeslip 
fault zone. 

4. Normal faults were in large part rejuvenated, and their 
dips are steep or decreasing with depth. Strike-slip and 
oblique-normal-sIip faults are mostly steep or vertical, although 
there are also faults of varying dips. At l as t  some of this faults 
are primary. 

5, Most faults transecting the Miocene deposits show 
postdepositional activity. 

6. Fault throws in the area studied do not usualIy exceed sev- 
eral tens of metres (sporadically reaching about 100 rn), as a 
nde they attain a few to t w m ~  m w .  

7. Horizontal displacements along the major strike-slip 
faults reach a maxhm o f  a few lalome~s,  commonly atEain- 
ing several tens of m w  or several hundred metres. 

8. Deformation observed in gypsum deposits does not show 
a distinct relationship with regional tectonics. Meso-folds, 
dishamonic in relation to the upper boundary, are drape or 
compensation slmchlres. Tectonic breccia veins exhibit a 
seismotectonic character. 

9. Three tmtanic phases which affectedNeogene deposits in 
the northem part of the Carpathian Foredeep have been distin- 
guished: 
- Styrian phase (Early-Styrian) - coincident with the 

Parakthys transgression, and controlling facies and thichess 
variability of the Lower Badenian dqosits (the B m 6 w  Beds), 
by synsedimentary movements, with NW-SE longitudinal 
faults active; 
- Moldavian phase (LateStyrian) - after deposition of 

the gypsum and during sedimentation ofthe lower part of the 
Pecten Beds in the Upper Badenian Longitudinal faults were 
reactivatedby E-W to ENE-WS W oriented extension, with an- 
tithetic rotation of beds in the footwalls of faults, in particular 
on the eastern side of horsts (Fig. 6). 
- Attican phase - after sedimentation of the Krakowiec 

Beds in the Sarmatian. Strike-slip and oblique-slip faults 
(NNE-SSW, NE-SW to WSW-ENE) formed in a 
compressional stress field oriented at an azimuth of 3&50°, 
with N-S tension. A structural consequence of these move- 
ments are transvem displacements of longitudinal structural 
axes, of up to I km. 

10. Quaternary neotectonic movements are represented by 
folIowing phases: the Valahn phase - during deposition of 
the Preglacial Wit6w Gravels, and the postglacial Passadmian 
phase (Tab. I), during which lisiric faults transecting the Withw 
Gravels originated. Rejuvenation of the entire tectonic network 
of the Carpathian Foredeep took place at that time in an 
extensional stress fie14 and the displacements were probably of 
a seismotectonic character. 
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I. Normal fault 40/80N, throw 15-20 m; sub-gypsummarls and giant gypsum intergrowths (selenites) visible in hanging wall; Gacki quany, NidaTrough. 2. Reverse fault 64/30N, hanging wall- limestone with native sul- 
phur after metasomatically altered giant gypsum intergrowths, foot wall - metasomatized limestone with native sulphur instead of laminated gypsum; Mach6w-mine (northern wall) near Tarnobrzeg. 3. Normal fault 
30155N with en echelon pattern of plumage fractures; Gniazdowice. 4. Normal faults in Witdw Gravels - dominant orientation 160170E; Witdw near Brzesko Nowe - Dzialoszyce Depression 



I. Kink folds; laminated gypsum; exposure at Gniazdowice near Proszowice. 2. Small recumbent broken fold (20 cm height); laminated gypsum; exposure at Gniazdowice near Proszowice. 3. Breccia composed of 
closely-packed laminated gypsum fragments; the last stage of laminated gypsum diagenesis; exposure at Gniazdowice near Proszowice. 4. Tectonic breccia of laminated gypsum in a fault fissure; Gacki quarry (pencil as 
scale) 


