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The pa per sum ma rizes up-to-date knowl edge of the con tem po rary tec tonic stress field in Po land and com pares the re sults of geo phys i cal
mea sure ments with math e mat i cal mod els. The ex ten sive set of data pro vided by bore hole break out anal y ses is sup ple mented by hy drau -
lic frac tur ing tests, earth quake fo cal mech a nism so lu tions and pre lim i nary res o lu tion of re gional intraplate mo tions from GPS mea sure -
ments. Fre quent break out pres ence shows that tec toni cally driven ani so tropy of hor i zon tal stress is a com mon fea ture in the study area.
Roughly N–S di rec tion of max i mum hor i zon tal stress (SHmax) in East ern Po land dif fers sig nif i cantly from West ern Eu ro pean stress do -
main. This dif fer ence is pro duced by tec tonic push of Alcapa, which is suc ces sively com pen sated within the Teisseyre-Tornquist Zone 
(TTZ) and in the Up per Silesian seg ment of the Outer Carpathians. In the west ern part of Po land stress di rec tions are am big u ous due to
in ter play of sev eral ad di tional tec tonic fac tors. Most of hy drau lic frac tur ing data and earth quake fo cal mech a nism so lu tions in di cate
strike-slip stress re gime in East ern Po land where stresses are in equi lib rium with pref er en tially ori ented faults of low fric tion (0.16). Lim -
ited data from West ern Po land sug gest nor mal fault stress re gime. Good con for mity be tween di rec tions of SHmax and intraplate mo tions
oc curs from com par i son of break out and GPS data. Fi nite el e ment mod el ling shows that the most im por tant fac tor shap ing the stress field
in East ern and Cen tral Po land is the Adria push trans mit ted through the Pannonian re gion. Sec ond ary, but still no ta ble fac tors are dif fer -
en ti a tion of loads along the Med i ter ra nean col li sion zone and changes in mag ni tude of the ridge push force along the NW con ti nen tal
pas sive mar gin of Eu rope. Re sults of rhe o log i cal mod el ling in di cate that the crust is en tirely de coup led from the man tle in the
Fore-Sudetic Plat form, par tial un cou pling in the base of the up per crust is pos si ble in the TTZ while in the East Eu ro pean Craton (EEC)
the whole litho sphere is cou pled. The com par i son of dif fer ent set of data and mod els pre sented here pro vides a com pre hen sive
geodynamic sce nario for Po land, how ever, a num ber of un re solved ques tions still re mains to be ad dressed.
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INTRODUCTION

The area of Po land pro vides a typ i cal case of
intracontinental litho sphere char ac ter ized by low re cent tec -
tonic ac tiv ity, as can be judged from the lim ited num ber of
neotectonic in di ca tors and low seis mic en ergy re lease
(Wiejacz, 1994; Zuchiewicz, 1995; Guterch and Lewan -
dowska-Marciniak, 2002). This part of the litho sphere has a
com plex tec tonic struc ture and pro nounced lat eral con trast in
the re cent heat flow which re sults in a high me chan i cal het er o -
ge ne ity. The pri mary far-field forces con trol ling the intraplate
stress field in Cen tral Eu rope are the North At lan tic ridge push
and Af ri can push, which is strongly dif fer en ti ated within the
Med i ter ra nean-Cau ca sus Col li sion Zone (Müller et al., 1992;
Gölke and Coblentz, 1996). Ridge push dom i nates in West ern
Eu rope and Scan di na via while the forces re lated to col li sion
with Af rica are cru cial for stress dis tri bu tion in the hin ter land

of the Alps and Carpathians. The area of Po land is lo cated in
the mid dle of the con ti nen tal plate where these two far-field
fac tors in ter act (Jarosiñski, 2005a). De flec tion of far-field
stresses is ex pected in the in te rior of a het er o ge neous con ti nen -
tal plate due to fault re ac ti va tion, me chan i cal di ver sity be tween
tec tonic blocks and other lo cal ef fects e.g. top o graphic forces.
The aim of this pa per is to sum ma rize the cur rent state of our
knowl edge about the re cent stress field and try to de ci pher the
puz zling in ter ac tion be tween sev eral fac tors con trol ling pres ent 
geo dynamics of Po land. 

The spe cific points ad dressed in this pa per are: 
— pres ent-day tec tonic stress ori en ta tion in Po land, 
— struc tur ally con trolled stress ro ta tion and par ti tion ing

be tween large scale geodynamic units, 
— stress re gime and stress mag ni tude in the up per crust,
— com par i son be tween di rec tions of the SHmax and the

intraplate mo tions, 
— the far-field forces, which may in flu ence the re cent

stress field in Po land, 



— ver ti cal strength pro files, rep re sent ing ap prox i mated
lim its on tec tonic stresses within the rheologically strat i fied
litho sphere. 

In this pa per I sum ma rize the re sults of stress field in ves -
ti ga tions, which I have been car ried out for over ten years.
The de vel op ment of new meth ods of mea sure ments and
their ap pli ca tion have been a nec es sary step in fur ther ing un -
der stand ing of the re cent geodynamics of Po land. Nev er the -
less, in many cases, due to the short age of data or sim pli fied
mod el ling ap proach, pre sented re sults should be treated as
pre lim i nary.  

GENERAL TECTONIC
 SETTING AND DEFINITION

 OF GEODYNAMIC DOMAINS 

This sec tion de scribes the larg est tec tonic struc tures, which
are es sen tial for un der stand ing of the re cent geodynamics of
Po land. Their char ac ter is tics are lim ited to the fea tures, which
are im por tant from a point of view of geomechanics. The study
area cov ers com plex tec tonic junc tion com prises the East Eu ro -
pean Craton (EEC) sep a rated by the Teisseyre-Tornquist Zone
(TTZ) from the Palaeozoic Plat form (PP) (Fig. 1). At its south -
ern end the PP is cov ered with the Outer Carpathian orogen. 
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Fig. 1. Intraplate stress in di ca tors show ing the max i mum hor i zon tal stress (SHmax) di rec tions for Po land and ad ja -
cent ar eas from the World Stress Map Da ta base (Reinecker et al., 2005), sup ple mented with data pro vided by

Wiejacz (1994, 2004), Dêbski et al. (1997), Roth and Fleckenstein (2001), Jarosiñski (2005a)

Stress re gimes: NF — nor mal fault ing, SS — strike-slip fault ing, TF — thrust fault ing, U — un known; the main struc tural
units of Po land are drawn in green (af ter Dadlez et al., 2000); in grey: SD — ex tent of the Sudetic Do main, FSP —
Fore-Sudetic Plat form, TTZ — Teisseyre-Tornquist Zone, HCM — Holy Cross Moun tains; dot ted frames delimitate sets of
break out data, which are at trib uted to dis tin guished geo dy nami cal units (com pare with Ta ble 1); in this scheme the
Palaeozoic Plat form (men tioned in the text but not in di cated in the fig ure) con sists of TTZ + FSP + SD + Up per Silesian Mas -
sif + Ma³opolska Mas sif



Pres ently, the EEC is a me chan i cally strong and tec toni -
cally sta ble unit (Jarosiñski et al., 2002a) char ac ter ized by thick 
litho sphere (Panza, 1985) and crust (Guterch et al., 1999; Grad
et al., 1999), which re veals rel a tively low sur face heat flow
den sity (Majorowicz et al., 2003). From the SW the EEC is
bounded by the lithospheric-scale frac ture of the TTZ ex tend -
ing from the North Sea to the Black Sea. The Pol ish seg ment of
the TTZ com prises sev eral tec tonic blocks hid den be low the
thick cover of the Mid-Pol ish Trough (Dadlez, 1989) or el e -
vated near to the sur face in the Holy Cross Mts. and the
Ma³opolska Mas sif. The TTZ is heavily dam aged fault zone,
which has un der gone sev eral re ac ti va tion phases since Early
Palaeozoic (Brochwicz-Lewiñski et al., 1981). The litho -
spheric thick ness and heat flow in the TTZ are tran si tional be -
tween the EEC and the PP (Grad et al., 1999; Jarosiñski et al.,
2002b; Jarosiñski and D¹browski, in press). 

Amal gam ation of the PP took place in two stages: the Cal -
edo nian ac cre tion of the Avalonia-type ter ranes and the
Variscan ac cre tion of the Armorica-type ter ranes (Pha raoh,
1999; Nawrocki and Poprawa, 2006). The Cal edo nian part of
this plat form (Mazur and Jarosiñski, in press) is char ac ter ized
by a no ta bly higher sur face heat flow (Hurtig et al., 1992) and
thin ner litho sphere then the Variscan part (Jarosiñski and
D¹browski, in press). As a con se quence, this part of the PP is
prob a bly the rheologically weak est por tion of Po land
(Jarosiñski et al., 2002a). The crys tal line base ment of the
Variscan part of the PP is out crop ping to the sur face in the
Sudetes, which to gether with Fore-Sudetic Block com prise rel -
a tively rheologically stron ger Armori can part of the PP
(Jarosiñski and D¹browski, in press). A block-like struc ture of
this area has been in ten sively remobilized in the Neo gene time
(Dyjor, 1993). 

In di rect fore land of the Carpathians the PP con sists of the
Up per Silesian and Ma³opolska Mas sifs, par tially cov ered by
the Carpathian Foredeep sed i ments (Oszczypko, 1998). Fur -
ther to the south, these mas sifs sink be low the Neo gene
accretionary wedge of the Outer Carpathians. Both mas sifs are
char ac ter ized by mod er ate heat flow and in ter me di ate rhe o log -
i cal strength (Majorowicz et al., 2002). The Outer Carpathians
and the North Eu ro pean part of the Eur asian Plate ter mi nate at
the su ture of the Pieniny Klippen Belt. The Cen tral
Carpathians, lo cated south to this su ture, be long to the South
Eu ro pean Plate. They con sist of a pile of thrusts cre ated dur ing
the Late Cre ta ceous col li sion in the Al pine realm (Plasienka,
1997). Dur ing the Mio cene, the Cen tral Carpathians be come a
part of the Alcapa microplate, which was ex truded from the
Alps and docked in their pres ent-day po si tion (Ratschbacher,
1986; Peresson and Decker, 1997).  

For the pur pose of geodynamic char ac ter iza tion of Po land
in this study I used the sim pli fied par ti tion ing of struc tural units 
(Fig. 1): 

— the East Eu ro pean Craton (EEC) in cludes the Lublin
Ba sin; 

— the TTZ cor re sponds to the cen tre of sub si dence of the
Perm ian-Me so zoic Pol ish Ba sin (the Mid-Pol ish Trough) that
is slightly broader than the Mid-Pol ish Swell;

— the Fore-Sudetic Plat form (FSP), be ing a part of the Pa -
leo zoic Plat form ly ing be tween the TTZ and the Fore-Sudetic
Block (slightly broader than the Fore Sudetic Monocline);

— the Sudetic do main (SD) com pris ing the Fore-Sudetic
Block and the Sudetes; 

— the Carpathian do main in cludes the Cen tral and Outer
Carpathians and the prox i mal part of the Carpathian Foredeep.
The Outer Carpathian do main is di vided into the Up per
Silesian and Ma³opolska seg ments, de pend ing on the af fin ity of 
their autochthonous base ment. The bound ary be tween these
seg ments be low the thick cover of the Magura Unit (near the
Carpathian su ture) is hy po thet i cal.

METHODS

Prior to this ef fort none of the meth ods which I used has
been ap plied in or der to in ves ti gate re cent tec tonic stress in Po -
land. Their ap pli ca tion re quired ad ap ta tion of stan dard meth ods 
to spe cific lo cal types and qual ity of data and also needed de -
vel op ment of new an a lyt i cal ap proaches and com puter pro -
grams, like: SPIDER, TENSOR, SIGMAC and GEOSLIP
(Jarosiñski, 1998, 1999) and RHEOL (Jarosiñski et al., 2002a).
A par tic u lar ad vance has been done in the meth od ol ogy of
break out anal y ses from six-armed cal i per tool (Jarosiñski,
1998, 1999). Also some prog ress was made in higher level of
nu mer i cal mod els’ in te gra tion (Jarosiñski et al., 2006). In this
con tri bu tion pre sen ta tion of de vel oped meth ods is re duced to a
nec es sary min i mum, thus for a more com plete ex pla na tion the
reader is re ferred to the pa pers by the au thor (Jarosiñski, 1994,
1998, 1999, 2005b) and lit er a ture cited therein. In gen eral, four
ap proaches were used:

— anal y sis of bore hole break out,
— in ter pre ta tion of hy drau lic frac tur ing from bore hole tests,
— nu mer i cal mod ell ing of stress field,
— an a lyt i cal mod ell ing of lithospheric strength.
In the World Stress Map Da ta base fo cal mech a nism so lu -

tions are the most im por tant in di ca tors of the re cent stress
field (Zoback, 1992; Jarosiñski, 1994). In the aseismic area of
Po land sev eral other meth ods have to be ap plied in or der to re -
con struct the tec tonic stresses. The most use ful is the pro cess -
ing of dipmeter logs for the bore hole break out in ter pre ta tion
(Bell and Gough, 1979; Jarosiñski, 1994). Break outs are fail -
ures of bore hole wall, trig gered by dif fer en tial stress ex cess,
per pen dic u lar to the max i mum hor i zon tal stress (= SHmax =
hor i zon tal com pres sion) (Fig. 2A). De vel op ment of the
break out-type fail ure in the bore hole wall is the func tion of
sev eral nat u ral and tech no log i cal fac tors (Zoback et al.,
1985), how ever, the prin ci pal nec es sary con di tion is a suf fi -
cient value of the hor i zon tal dif fer en tial stress (SHD). In Po -
land the great est amount of data was ac quired with a 6-armed
dipmeter tool sup ple mented in some cases with in for ma tion
from a 4-armed dipmeter and bore hole televiewer. For the
pur pose of au to matic iden ti fi ca tion of break outs from tech no -
log i cal bore hole fail ures the com puter pro gram SPIDER was
de vel oped (Jarosiñski, 1998, 1999; Jarosiñski and Zoback,
1998). This method of data pro cess ing, tested by com par i son
with bore hole televiewer logs (Jarosiñski and Zoback, 1998),
ap pears to be ef fi cient in pre cise de ter mi na tion of break out
ori en ta tion, how ever, re sults in re duc tion by half of com bined
break out length (in com par i son to televiewer re cord). This is
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caused by im per fect dipmeter po si tion within break out and
too small break out size in re spect to the cal i per pad. The cri te -
ria of iden ti fi ca tion of break outs from 4- and 6-armed
dipmeter data were pre sented by Plumb and Hickman (1985)
and by Jarosiñski (1998, 1999), re spec tively.

Stress mag ni tudes were es ti mated from hy dro-frac tur ing
tests per formed in hy dro car bon pro duc tion wells (Jarosiñski,
2005b). Al though these tests where not orig i nally de signed
for stress ex am i na tion, reg u larly shaped pres sure curves pro -
vide a sig nif i cant in for ma tion about the stress re gimes. The
re sults of bore hole data anal y ses for de ter mi na tion of stress
re gime and ori en ta tion are com pared with a scarce seis mic
and space ge od esy data taken from lit er a ture (e.g. Gibowicz,
1984, 1989; Wiejacz, 1994; Hefty, 1998). It is worth men tion -
ing that none of the bore hole logs or tests were col lected spe -
cif i cally for the pur pose of study ing geodynamics but the in -
dus trial data were re pro cessed in or der to re solve newly raised 
prob lems. 

More gen eral ques tions con cern ing the sources of the re -
cent intraplate stress field of Po land and in flu ence of far-field
tec tonic loads have been ad dressed us ing a fi nite el e ment mod -
el ling method (FEM) and ANSYS com mer cial code. This ap -
proach pro vides a way to com bine sev eral fac tors re spon si ble
for the re dis tri bu tion and mod i fi ca tion of the far-field sources
of the intraplate stress, fa cil i tates an eval u a tion of the fit be -
tween ob ser va tion and pre dic tion, thereby re sult ing in a better
as sess ment of the pres ent-day geodynamic con di tions.

Fi nally, thermo-me chan i cal mod els of the litho sphere were
de vel oped to pro vide a first or der ap prox i ma tion of pos si ble
tec tonic stress dis tri bu tion in ver ti cal pro files lim ited by
strength en ve lopes (Ranalli, 1995). These 1D mod els pro vide a 
way to iden tify which lay ers are prone to duc tile and brit tle de -
for ma tions and at what depth me chan i cal de tach ments have
pos si bly de vel oped. The mod el ling was per formed us ing
RHEOLOGY 1.1 com puter pro gram writ ten for this pur pose
(Jarosiñski et al., 2002b).

TECTONIC STRESS INFORMATION
FROM BOREHOLE BREAKOUTS

FREQUENCY AND CHARACTERISTICS
OF BREAKOUT PROFILES 

Break outs are rel a tively fre quent fea tures in deep bore holes 
in Po land (Jarosiñski, 1998, 1999, 2005a), what points to wide -
spread ani so tropy of hor i zon tal stress field (= hor i zon tal dif fer -
en tial stress SHD) in the up per 1–4 km thick layer of sed i men tary 
cover. They are par tic u larly plen ti ful:

— in the autochthonous base ment of the Outer Carpathians
and be low the Carpathian Foredeep com plex,

— in the sed i men tary fill of the Lublin Ba sin,
— in the Palaeozoic and Me so zoic com plexes along the

TTZ. This high fre quency of break out oc cur rence im plies rel a -
tively high value of the SHD. 

How ever, there are four com plexes where break outs are
rare or ab sent, im ply ing low SHD con di tions:

 — the Carpathian Foredeep com plex con sist ing of clays
and mudstones is prob a bly too soft to trans mit re gional stresses
at long dis tances; 

— the sed i men tary cover of the EEC in te rior where stresses 
are prob a bly dis si pated in thick litho sphere;

— Zechstein evap o rates where stresses are re laxed by vis -
cous flow of the rock salt;

— the Palaeozoic com plex of the Fore-Sudetic Plat form (be -
low evap o rates) where bore holes are shal low and the pres sure of
mud-fluid is high what pre vent de vel op ment of break outs.   

In some places break out di rec tions ro tate sys tem at i cally in
wellbore pro files. Three range-scales of ro ta tions are iden ti fied
(Jarosiñski, 2005a): 

— first-or der ro ta tions char ac ter ized by gen eral change of
break out di rec tions along a thou sand metres of bore hole sec -
tion are con nected with re gional trends in stress field changes;
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Fig. 2. A — stress dis tur bance around bore hole in the plane per pen dic u lar to the well axis ob tained with SIGMAC com puter
pro gram; the max i mum ef fec tive prin ci pal stress (Smax) val ues are shown (high in red, low in blue, far-field stress value in
green); B — ap prox i mate bore hole cross-sec tions rep re sented by cal i per pad pro jec tions in the SPIDER pro gram pro cess ing.
Typ i cal break outs, be ing the best in di ca tor of the SHmax di rec tion, de velop when only part of the bore hole fails. Elon ga tion
zones, also re garded as tec tonic stress in di ca tors, de velop when the whole cir cum fer ence of the bore hole fails. Usu ally in this
case the az i muth of SHmax is de ter mined with less pre ci sion 



— sec ond-or der ro ta tions em brace usu ally more than a
hun dred metres of depth sec tion and may re sult from mo bi li za -
tion of large fault zones or salt struc tures;

— third-or der break out ro ta tions lim ited to sev eral metres
of bore hole pro files are linked to dis crete mo tion along fault
planes. In some cases it was pos si ble to point out the spe cific
fault planes re spon si ble for this kind of ro ta tions (Jarosiñski,
1998, 2001).  

Pres ent-day max i mum hor i zon tal stress di rec tions were
suc cess fully de ter mined from break outs and less fre quently
from elon ga tion zones (Fig. 2B) for 62 wells in Po land.
Whereas de tailed re sults of this stress anal y ses have been pub -
lished (Jarosiñski, 1998, 1999, 2005a) and in cluded in the
World Stress Map Da ta base (Reinecker et al., 2005),
geodynamic in ter pre ta tion is pre sented be low. For the stress
field in each dis trict unit is doc u mented by sig nif i cant amount
of data, ex pressed by com bined length of break outs in the
range of 1050–1550 m (Ta ble 1) ex cept for the Fore-Sudetic
Plat form where only 310 m of break outs were found. 

STRESS DIRECTIONS IN THE CARPATHIAN DOMAIN  

In the west ern, Up per Silesian seg ment of the Outer
Carpathians char ac ter is tic stress par ti tion ing be tween struc -
tural lev els is in ter preted from sev eral bore hole pro files, giv ing
con sis tent vari a tion in the stress di rec tion (Jarosiñski, 1998)
(Fig. 3). Herein, the NNE–SSW ori ented SHmax in the
accretionary wedge dif fers sig nif i cantly from NNW–SSE SHmax

in the autochthonous base ment. The deep est bore holes show
fur ther NW–SE ro ta tion of the SHmax near their bot toms. The
max i mum gra di ent of stress ro ta tion ap pears across the bot tom
thrust of the Carpathian Nappe com plex. Large an gu lar dis -
crep ancy be tween stress di rec tions in the nappes and their base -
ment sug gests that the nappes alone are tec toni cally pushed by
Alcapa to wards NNE with com pen sa tion of the thin-skinned
push lo cated in the top of the autochthonous base ment. In the

deeper base ment the re gional NW–SE SHmax trans mit ted
through the North Eu ro pean Plate  prob a bly in ter feres with ex -
ten sion due to ac com mo da tion of sinistral strike-slip mo tion
along the Mur-Žilina Fault Zone (Aric, 1981; Tomek, 1988)
(Fig. 3), a su ture be tween the Cen tral Carpathians and the East -
ern Alps.

In the accretionary wedge of the east ern Ma³opolska seg -
ment, the SHmax di rec tions are nearly NE–SW thus per pen dic u -
lar to the strikes of the nappes. How ever, in the flysch nappes of 
the east ern seg ment the qual ity of stress de ter mi na tion is poor
ow ing to short break out pro files. Short age of break outs in the
nappes may re sult from high de gree of the bore hole de struc tion
caused by nat u ral tec tonic fail ures as well as from low val ues of 
the SHD. In the vi cin ity of the fron tal thrust of the Outer
Carpathians the SHmax di rec tion is roughly NNE–SSW. Here, in
some bore holes it was pos si ble to com pare stress di rec tions in
the nappes and their base ment. With only one ex cep tion, small
dif fer ences within the range of stan dard de vi a tion of mea sure -
ments are de tected. A mean SHmax di rec tion in the Ma³opolska
seg ment of the Outer Carpathians is sim i lar to this in the nappes 
of the Up per Silesian seg ment (Jarosiñski, 2005a). This sug -
gests that in the east ern seg ment the Alcapa push is ef fi ciently
trans mit ted to the base ment but in the west ern seg ment it re sults 
only in thin-skinned com pres sion. 

STRESS DIRECTIONS WITHIN THE FORELAND
OF THE CARPATHIANS  

In sed i men tary fill of the Carpathian Foredeep the SHmax is
roughly per pen dic u lar to the ad ja cent front of the orogen, sug -
gest ing the in flu ence of to pog ra phy-re lated stresses. The
Alcapa push is trans mit ted into the fore land plate through the
base ment of the Ma³opolska Mas sif that re sults in N–S or
NNE–SSW ori ented com pres sion in the edge of the EEC. In
the Palaeozoic fill of the Lublin Ba sin un usu ally sta ble SHmax in

the range of az i muths 2–9° is de ter mined from very good qual -
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T a  b l e  1

Sta tis ti cal syn the sis of break out data for dis tinct geodynamic units based on data pre sented by Jarosiñski (2005a)

Geodynamic unit Mean SHmax
az i muth

Stan dard
de vi a tion

Com bined
 break out length

[m]

Mean break out
depth
[m]

Com ments

Carpathians, 
Up per Silesian seg ment 167° ±19° 1552 2960 stress de coup ling be tween nappes and

base ment; best data from the base ment

Carpathians, 
Ma³opolska seg ment  13° ±23° 1329 2490 small SHmax ro ta tion be tween nappes and

base ment; best data from the base ment

EEC, Lublin Ba sin segment   5° ±11° 1304 2768 no ta bly sta ble SHmax ori en ta tion with
small stan dard de vi a tion

Bal tic EEC+ off shore TTZ 156° ±17° 1048 2963 sys tem atic SHmax ro ta tion to wards the
trend of the TTZ

On shore TTZ 161° ±19° 1541 2368
com mon SHmax ro ta tion in the range be -

tween NW–SE and N–S 

Fore-Sudetic Plat form   6° ±25°  310 1759 plau si ble stress de coup ling at salt layer;
best data from Me so zoic com plex

POLAND 173° ±26° 7086 2655 av er age re sults from break outs

For lo ca tion of data in cluded to each of these units see Fig ure 1 
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Fig. 4. Rep re sen ta tive ex am -
ples of break out data from the
Lublin Ba sin com puted with
SPIDER pro gram (af ter
Jarosiñski, 2005a, mod i fied)
show ing ex cep tion ally sta ble
SHmax di rec tions; A — in ver ti -
cal bore hole pro files (points in -
di cate break out di rec tions,
bars on the right-hand side of
the di a gram show rel a tive
depth of break outs); B — be -
tween the wells 

Rose di a grams show break out
di rec tions, points out side the
rose di a grams in di cate pad po si -
tion within the break outs. SHmax

az i muth is per pen dic u lar to the
mean break out di rec tion for each 
ana lysed depth in ter val, br. leng. 
— com bined length of break outs 
in a given depth in ter val; for lo -
ca tion of bore holes see
Jarosiñski (2005a) 

Fig. 3. Geodynamic sketch of
the Pol ish Outer Carpa -
thians show ing SHmax dis tri -
bu tion con strained by
break out mea sure ments (af -
ter Jaro siñski, 2005b, mod i -
fied) and fo cal mech a nism
so lu tion af ter Wiejacz (1994)
and Wiejacz and Guterch
(pers. comm.)

Dashed lines show ex trap o -
lated SHmax tra jec to ries. Sys -
tem atic stress ro ta tion in the
Up per Silesian seg ment of the
Carpathians is in ter preted as
stress par ti tion ing be tween the
flysch nappe and autochtho -
nous com plexes. In the Ma³o -
polska seg ment only mi nor
stress par ti tion ing be tween the
nappes and their base ment
might be ex pected. Green ar -
rows in di cate ki ne mat ics of
tec tonic blocks



ity data (Fig. 4). Con stant di rec tion of break outs, ex pressed
also by a small stan dard de vi a tion for the en tire Lublin Ba sin
(Ta ble 1), in di cates co ax ial stress with out hor i zon tal sim ple
shear com po nent. Fur ther to the NW, in the sed i men tary fill of
the Peri-Bal tic Syneclise SHmax di rec tion changes grad u ally to
NNW–SSE. In most of the wells break outs de vel oped only in
di rect vi cin ity of faults, where stresses are am pli fied. Con for -
mity be tween stress di rec tions from sev eral poor qual ity break -
out pro files sug gests that de ter mined stress di rec tion is a re -
gional one. This stress di rec tion is a mean be tween the Alcapa
push and the Mid-At lan tic Ridge push that im plies that these
two fac tors are in equi lib rium in the Bal tic part of the EEC.  

Within the off shore, Bal tic por tion of the TTZ, very good
qual ity data from the Up per Palaeozoic com plex in di cates a
well-de fined SHmax ori en ta tion par al lel to the NW–SE struc tural 
trend of this zone. Stress ori en ta tions are sta ble in ver ti cal well
sec tions. Mi nor amount of break outs in the Perm ian se quence

in di cates that the ex ag ger a tion of SDH is re stricted to the tec toni -
cally dis turbed Variscan struc tural com plex. In con trast to the
off shore part of the TTZ, the on shore wells ex hibit com mon
first- and sec ond-or der SHmax ro ta tions (Fig. 5).  In both the Me -
so zoic com plex above the Zechstein salt and in the Up per
Palaeozoic com plex SHmax di rec tion changes in the range from
NW–SE to N–S, with some NE–SW ex cep tions. Ir reg u lar ity in
stress ro ta tions makes the de ter mi na tion of a con sis tent
geodynamic lay ers prob lem atic. The large vari a tion in di rec -
tion and qual ity of stress in di ca tors is ev i dence of high het er o -
ge ne ity of the stress field within the TTZ, sug gest ing strike-slip
mode of de for ma tion, prob a bly due to struc tur ally con trolled
ac com mo da tion of the Alcapa push (Jarosiñski, 2005a). 

The stress field in the Fore-Sudetic Plat form in West ern Po -
land seems to be par ti tioned along the Zechstein salt layer.
How ever, this no tion is poorly con strained by lim ited avail able
data. The best qual ity break out pro files show that in the north -
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Fig. 5. Rep re sen ta tive ex am ples of break out data from the TTZ in di cat ing SHmax ro ta tions with depth
 within in di vid ual wells (af ter Jarosiñski, 2005a, mod i fied)

In the well Kostki Ma³e 2, points out side the rose di a gram in di cate bi modal break out dis tri bu tion; there is no sys tem atic
trend of SHmax di rec tion changes with in creas ing depth; see Fig ure 4 for ex pla na tion of the di a grams; for lo ca tion of bore -
holes see Jarosiñski (2005a) 



ern part of the Fore-Sudetic Plat form, the Me so zoic com plex is
com pressed in NNE–SSW or N–S di rec tion. A sig nif i cantly
dif fer ent, the NW–SE di rec tion of SHmax was in ferred from low
qual ity data for the Variscan accretionary wedge com plex lo -
cated in the cen tre of this plat form. In this case, stress di rec tions 
are close to the main struc tural trend that may pro duce me chan -
i cal ani so tropy in heavily tectonized com plex. The scar city of
break outs in bore hole pro files sug gests mi nor dif fer en tial
stress, at least in the ex am ined top part of the Variscan struc -
tural com plex. One of the pos si ble ex pla na tion of the stress par -
ti tion ing along the Zechstein duc tile salt layer is the pres ence of 
grav i ta tional slid ing of the Me so zoic com plex down wards of
the homocline, which lay ers are in clined by ca. 2° to wards
NNE. The NW–SE com pres sion in the base ment can be pro -
duced by the At lan tic ridge push. 

In gen eral, the break out data from Po land (Ta ble 1) shows
com mon de vi a tion of stress di rec tions from the NW–SE trend
typ i cal for West ern Eu rope. The rea son for that is sus pected
Alcapa push, which causes com pres sive re ac ti va tion of the
Carpathians and in flu ences the SHmax di rec tion in the fore land
plate at a dis tance of at least 700 km from the Carpathian su -
ture. Due to this ef fect, the Fore-Carpathian stress do main can
be dis crim i nated within the North Eu ro pean stress prov ince
(Jarosiñski, 2005a). This do main com prises the Ma³opolska
Mas sif and at least the Pol ish part of the EEC. In this ar range -
ment the TTZ and the Up per Silesian Mas sif, with spe cific
stress ro ta tions, com prise a tran si tion zone be tween the
Fore-Carpathian and West Eu ro pean stress do mains.  

STRESS REGIMES FROM HYDRAULIC
 FRACTURING TESTS AND SEISMICITY 

Mag ni tudes of the re cent tec tonic stresses in Po land were
es ti mated based on data from hy drau lic frac tur ing tests
(Jarosiñski, 2005b). These tests were de signed in or der to pre -
pare the in dus trial in jec tions for en hance ment of hy dro car bon 
pro duc tion, there fore they do not ful fill re quire ments of high
qual ity tests per formed for geodynamic pur poses. The vol -
ume of flu ids used and the frac ture in ter val lengths are typ i cal
for the larg est mini-frac tur ing tests (Engelder, 1993). In spite
of the draw backs of these data, reg u lar shapes of the pres sure
curves en able rec og ni tion of crit i cal pres sures for stress in ter -
pre ta tion (Fig. 6A). Mag ni tudes of frac ture open ing pres sure
and in stan ta neous shut-in pres sure (ISIP) from the tests where 
sup ple mented by frac ture re open ing pres sures from com mer -
cial in jec tions. Given set of data al lows iden ti fi ca tion of min i -
mum hor i zon tal stresses (Shmin) from ISIP with ac cu racy ca.
±1 MPa and cal cu la tion of the SHmax (Hickman and Zoback,
1983) with ac cu racy of ca. ±5 MPa. This res o lu tion per mits
in fer ences about stress re gime in the vi cin ity of ex am ined
bore holes.  

Most of in ves ti gated wells are lo cated in south east ern Po -
land (Fig. 7). For three hy drau lic frac tur ing tests per formed in
the Carpathian Nappe com plex strike-slip stress re gime with a
sin gu lar de vi a tion to wards the thrust fault re gime were de ter -
mined (Figs. 6B and 7). Tests per formed in four wells lo cated
in front of the Carpathians within the foredeep com plex, and

ex cep tion ally in its base ment, re veal strike-slip stress re gime
with lo cal de vi a tion to wards nor mal fault re gime. Sta ble,
strike-slip stress re gime is de ter mined for four wells lo cated in
the Lublin Ba sin. It was also ob served that in each of these re -
gions the high est val ues of the SHmax/SV ra tio was at tained in the
hang ing walls of re verse faults (SV — ver ti cal stress com po -
nent). This sug gests that het er o ge ne ity of the stress field is con -
trolled by in her ited, Variscan and Al pine tec tonic struc tures. In
SE Po land lin ear in crease of stress mag ni tude with depth can be 
es ti mated at 29 MPa for SHmax, and 19 MPa for Shmin per 1 km of
depth (Fig. 6). From this, the hor i zon tal dif fer en tial stress in -
crease can be es ti mated at 10 MPa per 1 km depth and a ra tio of
SHmax/Shmin at 1.47. While the strike-slip stress re gime dom i -
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Fig. 6. Stress re gime de ter mi na tion by means of hy drau lic frac tur ing
tests (af ter Jarosiñski 2005b); A — typ i cal curves of down-hole pres -
sure DHP (red line) and pump ing rate Q (blue line) in func tion of time;
B — min i mum (Sh) and max i mum (SH) hor i zon tal stress mag ni tudes
es ti mated from hy drau lic frac tur ing tests

Dot ted lines in di cate trends of Sh and SH in crease with depth (with out data
from the Fore-Sudetic Plat form), solid line shows lin ear trend of over bur -
den pres sure (Sv). In the most cases Sh < Sv < SH, which is in dic a tive of
strike-slip stress re gime



nates in the up per most crust in SE Po land, one test per formed
in the Fore-Sudetic Plat form in di cates nor mal fault stress re -
gime in the Rotliegend com plex.

The set of stress re gime in di ca tors is sup ple mented with
earth quake fo cal mech a nism data (Fig. 7). How ever, due to the
low seis mic ity of Po land, good qual ity seis mo log i cal data are
very scarce. Fo cal mech a nism was re solved for only a few nat -
u ral earth quakes in Po land and ad ja cent ar eas. In the in te rior of
the EEC, the Kalinigrad earth quakes from Sep tem ber 2004,
points out clearly to the strike-slip stress re gime at the depth of
10–15 km (Wiejacz, 2004; Wiejacz and Dêbski, 2005). In the
Outer Carpathians fo cal mech a nism so lu tions for the Krynica
earth quakes (Wiejacz, 1994) in di cate tran si tional stress re gime
from strike-slip to thrust fault at the depth ca. 6 km, com pa ra ble 
to the bot tom of the Magura Nappe and nor mal fault stress re -
gime at the depth 18 km that may cor re spond to the base ment
be neath the accretionary wedge com plex (Golonka et al.,
2005). The fo cal mech a nism of the Podhale earth quake (No -
vem ber 30, 2004) with the epi cen ter lo cated to the south of the
Pieniny Klippen Belt su ture in di cates nor mal fault stress re -
gime (Swiss Seis mo log i cal Ser vice ETHZ) at a depth of 7 km
(Wiejacz and Guterch, pers. comm.). 

In the World Stress Map da ta base six re cords from Po -
land, de scribed as min ing in duced trem ors, have low qual ity
(Figs. 1 and 7) and there fore their sig nif i cance for tec tonic
stress de ter mi na tion is lim ited. How ever, an es ti ma tion of the
tec tonic com po nent, par tic u larly in the case of com pres sive
re gime in di cated by fo cal mech a nisms, is pos si ble. For the
Sudetic do main and ad ja cent part of the Fore-Sudetic Plat -
form (cop per min ing dis trict) two shal low trem ors in di cate

nor mal fault stress re gime (Gibowicz, 1984, 1986). From the
same lo ca tion at the plat form also strike-slip event was re -
ported (Gibowicz, 1989). The mo ment ten sor so lu tions for al -
most a hun dred trem ors from Lubin coo per mine dis trict
(Wiejacz and Gibowicz, 1997) shows that all sources are lo -
cated at a depth of min ing level or above. Al though no reg u -
lar ity was rec og nized in the pat tern of fo cal mech a nisms it can 
be in ferred that the stron gest events of strike-slip fo cal mech a -
nisms in di cate SHmax in the range be tween NNW–SSE and
NNE–SSW.  From one spot in the Up per Silesia Coal Ba sin
con trast ing stress re gimes, namely nor mal and thrust faults
are re ported. The strike-slip stress re gime re solved for the
Be³chatów open-cast mine (Fig. 7; Gibowicz et al., 1982) is
co her ent with ob ser va tions of neotectonic strike-slip mo tions
in this area (Gotowa³a and Ha³uszczak, 2002). Di rec tions and
re gimes of stresses in ferred from min ing in duced trem ors
should be treated with cau tion be cause they are of ten in co her -
ent when more than one events are reg is tered from one lo ca -
tion, which sug gests a sig nif i cant in flu ence of tech no log i cal
com po nent.

Full set of stress re gime data sug gests that in the east ern
por tion of Po land stress re gime is gen er ally strike-slip, with
pos si ble de vi a tion to wards thrust-fault or nor mal fault re gimes
(Fig. 7). In the west ern part of Po land a few in di ca tors sug gest
nor mal fault stress re gime with pos si ble de vi a tion to wards
strike-slip. 

TECTONIC STRESSES 
VS. INTRA-PLATE MOTIONS 

A deeper in sight into the re cent geodynamics of the litho -
sphere can be achieved by com par i son be tween the prin ci pal
stress ori en ta tions and de for ma tions. Al though within iso tro pic 
con tin uum di rec tions of max i mum stresses and de for ma tions
should be iden ti cal, due to me chan i cal het er o ge ne ity and dis -
con ti nu ities within litho sphere, dis crep ancy be tween axes of
stresses and de for ma tions is com mon. De tailed in for ma tion
about the strain de for ma tion field in Po land is not avail able due
to a short age of good qual ity space ge od esy mea sure ments, pre -
cise enough to de ter mine low-rate strains. In stead, in this chap -
ter the intraplate mo tions are con sid ered, that are ob tained from
site co or di nates changes af ter sub trac tion of the Eur asia drift
(Hefty, 1998). Ve loc ity vec tors were cal cu lated for the
CERGOP (Cen tral Eu rope Re gional Geodynamics Pro ject)
sta tions and re ferred to the CETRF96 (Cen tral Eu ro pean Ter -
res trial Ref er ence Frame).

For a com par i son be tween stresses and mo tions I con sider
only geo detic sites with ve loc ity vec tors ex ceed one sigma er -
ror el lipse (Fig. 8). For the cen tral Carpathians the intra-plate
ve loc ity vec tor of 7 mm/year points to wards NNE. This di rec -
tion is in agree ment with ex pected tec tonic push of the Alcapa
against the North Eu ro pean Plate that was in ferred from
break outs for the Carpathian Nappes. Three other sites lo -
cated in the east ern por tion of Po land re veal small but sys tem -
atic change in di rec tions of the intra-plate mo tions from NNE
in the Outer Carpathians to north ward in the on shore part of
the Peri-Bal tic Syneclise. Ve loc i ties of these mo tions are sta -
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Fig. 7. Dis tri bu tion of stress re gime data from hy dro-frac tur ing tests
(small cir cles) and from nat u ral earth quake fo cal mech a nism (great est 
cir cles) and min ing-in duced trem ors (in ter me di ate size of cir cles) 

Stress re gimes: TF — thrust fault ing, SS — strike-slip fault ing, NF — nor -
mal fault ing; ar rows in di cate mean di rec tions of SHmax for in di vid ual
geodynamic units, ac cord ing to the Ta ble 1; Be — Be³chatów Mine; see
Fig ure 1 for ex pla na tion of tec tonic units ab bre vi a tions



ble and close to 3 mm/year. A grad ual shift of the mo tion di -
rec tions re sem bles dis tor tion of SHmax tra jec to ries in the same
area (Fig. 8). The ve loc ity vec tors de vi ate sys tem at i cally from 
SHmax tra jec to ries by ca. 10° clock wise. For three sta tions in
the Fore-Sudetic Plat form and the Bo he mian Mas sif the ve -
loc ity vec tors point to wards NW and WNW mo tion at the rate 
2–4 mm/year. In this case, di rec tions of mo tions de vi ate from
SHmax tra jec to ries coun ter clock wise by 20–30°. The sin gle
mea sure ment from Ger many shows site mo tion to wards NNE 
that is com pa ra ble to the nearby SHmax di rec tion in the Me so -
zoic com plex of the Fore-Sudetic Plat form. How ever, this
sim i lar ity is not straight for ward as this geo detic sta tion is sit u -
ated within the Sudetic do main, and be cause of this, its mo -
tion should be closer to that of the Bo he mian Mas sif. 

From this com par i son it can be seen that di rec tions of
intra-plate hor i zon tal move ments mea sured on the earth sur -
face are in gen eral agree ment with SHmax di rec tions in the up -
per most crust. This sup ports a con cept that the re cent tec tonic
stress is gen er ated by plate-scale tec tonic fac tors re spon si ble
for hor i zon tal mo tions of tec tonic blocks within the plate in te -
rior. Sec ond-or der de vi a tions be tween stresses and mo tions,
char ac ter of which changes from West ern to East ern Po land,
may re sult from sim ple shear along the TTZ. Its right lat eral
strike-slip should pro duce ad di tional stretch ing com po nent in
W–E di rec tion (Fig. 8). Due to a mod est amount and large er -
ror bars of the space geo detic data these con clu sions should
be re garded as pre lim i nary. 

SOURCES OF RECENT TECTONIC
STRESS IN POLAND INFERRED

 FROM FEM MODELLING

2D elas tic fi nite el e ment model was de signed to ex plore the
re cent geodynamics of Cen tral Eu rope (Jarosiñski et al., 2006;
Jarosiñski, 2006). The mod elled area ex tends from the north -
west ern con ti nen tal pas sive mar gin to the south ern Med i ter ra -
nean collisional bound ary (Fig. 9). The south west ern bound ary
fol lows the su ture of Apennines and crosses France and Great
Brit ain in the same NW di rec tion. The model is fixed in the
EEC in te rior, in the Ural’s fore land. It is com prised of a rel a -
tively com plex en sem ble of 24 tec tonic blocks, 16 fault zones
and 12 bound ary seg ments. Such de tailed seg men ta tion pro -
vides a way to fine-tune the cal cu lated SHmax di rec tions and
stress re gimes in an at tempt to match the com plex pat tern of
intraplate stress re vealed by data (Reinecker et al., 2005). Cal i -
bra tion of the mag ni tude of tec tonic loads at the model’s
bound ary was pos si ble us ing a cor rec tion for the grav i ta tional
po ten tial en ergy load (Coblentz et al., 1994). This cor rec tion,
ap plied to el e vated or de pressed ar eas, is re lated to a ref er ence
litho sphere with out to pog ra phy and as sumes an iso stat i -
cally-bal anced litho sphere. In the high moun tain ridges this
so-called top o graphic stress is sub tracted from the stresses gen -
er ated by ex ter nal tec tonic forces (Bada et al., 2001). For in -
stance the Alps, which are ex posed to high-mag ni tude of tec -
tonic push, are re cently in slight ten sion due to top o graphic ex -
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Fig. 8. Com par i son of the SHmax

di rec tions with intraplate mo -
tion vec tors

The green tra jec to ries in di cate
gen eral stress di rec tions for the ar -
eas lack ing stress par ti tion ing or
for the deeper level in the case of
stress par ti tion ing. In the lat ter
case or ange tra jec to ries are added, 
show ing SHmax di rec tions for the
up per level. For com par i son the
World Stress Map data are shown
in the back ground (for ex pla na -
tion of sym bols see Fig. 1). Red
ar rows show di rec tions of the
intraplate mo tions (af ter Hefty,
1998); length of each ar row is
pro por tional to the ve loc ity;
one-sigma er ror el lipse is at tached 
to each ar row. Yel low ar rows
show hy po thet i cal strike-slip mo -
tions along the TTZ and the
Sudetic Bound ary Fault (SBF)
that might be re spon si ble for dis -
crep ancy be tween di rec tions of
SHmax and the intraplate mo tions.
See Fig ure 1 for ex pla na tion of
tec tonic units ab bre vi a tions



ten sion (Selverstone, 2005). The lithospheric thick ness and
Young’s modulus be tween tec tonic blocks were var ied to eval -
u ate the max i mum stiff ness con trast, for which one may ar rive
at a sat is fac tory model so lu tion. To ex am ine the sig nif i cance of
sin gle fac tor like ac tive faults, to pog ra phy or stiff ness con trast
on the pre dicted stress, the com plex ity of the model was suc -
ces sively in creased, from the sim plest with out any of these fac -
tors to the most com plex, com bin ing all of them. Af ter hun -
dreds of “trial and er ror” com pu ta tion rounds, sat is fac tory
model so lu tion was ob tained that is char ac ter ized by a unique
bal ance of ex ter nal tec tonic forces. For the pur poses of this
mod el ling study the ab so lute val ues of these forces are of sec -
ond ary im por tance to the dif fer ences be tween forces act ing on
the var i ous bound ary seg ments of the model.   

Re sults of mod el ling show that the ki ne mat ics of the Adria
in denter ex erts a fun da men tal in flu ence on the pre dicted stress
field in Cen tral Eu rope. An ob ser va tion is in agree ment with
the re sults ob tained by Bada et al. (1998). The ad vanc ing Af ri -
can Plate pushes Adria north ward with the force of
9x1012 Nm–1 (Fig. 9), re sult ing in dextral trans la tion along the
Dinaride su ture (Jarosiñski, 2004; Jarosiñski et al., 2006). The
ec cen tric ity be tween the Ionian Sea push rel a tive to the but tress 
of the Alps, re sults in coun ter clock wise ro ta tion of Adria. This
ro ta tion is re spon si ble for ad di tional com pres sion prop a gat ing
across the Pannonian Ba sin and the Carpathians to the dis tant
fore land of the North Eu ro pean Plate. The mod el ling re sults in -
di cate that the Apennine bound ary of the Adri atic Block pro -
vides only a mi nor con tri bu tion to this com pres sion, as much as 
the tec tonic loads as so ci ated with this seg ment are less than 0.5

x 1012 Nm–1. Sig nif i cant ten sion in the Greece-Aegean seg ment 
(2.5 x 1012 Nm–1) im plies that ac tive pull is pro duced within the
Hel lenic subduction zone. This Aegean ex ten sion opens ad di -
tional space ahead of the Adria in denter, en hanc ing tec tonic es -
cape of the Alcapa and Tisa blocks. Tec tonic pres sure ex erted
to the Black Sea seg ment is four times weaker than this ex erted
to the short Ionian Sea seg ment. The fast north ward ad vance of
Ara bia caus ing es cape of Anatolia has only a sec ond ary in flu -
ence on the stress field in Cen tral Eu rope, what can be ex -
plained by an ef fec tive com pen sa tion of this push within the
Cau ca sus and Pontides. 

Vari abil ity in the tec tonic loads act ing along the NW pas sive
mar gin sys tem is also con strained by our mod el ling re sults. We
find com pres sion in the range of 1.4–1.2 x 1012 Nm–1 act ing
across the North Sea seg ment which is sig nif i cantly higher than
the load of 0.8 x 1012 Nm–1 act ing on the Nor we gian Sea seg -
ment. This rapid mod i fi ca tion of ridge push at the pas sive mar gin 
ap pears to be im por tant fac tor con trol ling gen tle bend of stress
tra jec to ries in the Pol ish part of the EEC. This north east ward de -
crease of ridge push, pre dicted by the mod el ling, is con sis tent
with the o ret i cal con sid er ations, which pos tu late that youn ger
oce anic plates pro duce a re duced ridge push force (Turcotte and
Schu bert, 1982; Andeweg, 2002). An op po site trend is pre dicted
for the Barents Sea seg ment, sug gest ing that the push of the Arc -
tic Ocean is greater than the north ern most At lan tic. The best re -
sults were achieved with the intracontinental French-Brit ish seg -
ment rep re sented as a free bound ary, im ply ing that only in sig nif -
i cant tec tonic stresses are trans mit ted from West ern Eu rope to
Po land in di rec tion of Shmin. 
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Fig. 9. Mesh of the FEM model (af ter
Jarosiñski et al., 2006) over ly ing the tec -
tonic sketch of Eu rope (af ter
Berthelsen, 1992, changed)

Ar rows are mod el ling re sults show ing the
con fig u ra tion of forces, for which the cal -
cu lated stress dis tri bu tion fits best to the
WSM data. These loads rep re sent set of ex -
ter nal forces gov ern ing the stress field in
Cen tral Eu rope. In ward and out ward di -
rected ar rows des ig nate com pres sion and
ten sion, re spec tively. Sizes of ar rows are
pro por tional to the loads; ar row color rep -
re sents the ab so lute load mag ni tude av er -
aged over 100 km thick litho sphere; BM — 
Bo he mian Mas sif, EEC — East Eu ro pean
Craton, FSP — Fore-Sudetic Plat form,
MM — Ma³opolska Mas sif, RG — Rhine
Graben, TTZ — Teisseyre- Tornquist
Zone, USM — Up per Silesian Mas sif,
TESZ — Trans-Eu ro pean Su ture Zone      



The ab so lute val ues of forces and stresses given be low
should be treated as the first-or der ap prox i ma tion. The cal cu -
lated tec tonic forces in di rec tion of the SHmax for Po land are rel -
a tively sta ble and close to 1.0 x 1012 Nm–1. Av er ag ing these
forces over the vari able lithospheric thick ness, used in this nu -
mer i cal model, gives the mean tec tonic com po nent of SHmax in
the range of 15–30 MPa. The gen eral rule is that the mag ni tude
of SHmax de creases eastwards from the Fore-Sudetic Plat form to
the EEC. The mod el ling re sults show that ex cept for the lim ited 
part of the Carpathians in the rest of Po land the Shmin is com -
pres sive (Fig. 10). It im plies that mag ni tudes of the hor i zon tal
dif fer en tial stresses are weaker than SHmax and range from
5 MPa to 20 MPa. Mod el ling re sults give also some pre dic -
tions, as to which tec tonic zones are prone to re ac ti va tion. For
Po land, weak ten dency for re ac ti va tion is ob tained for the
Sudetic Bound ary Fault, the Pieniny Klippen Belt su ture and
the south ern mar ginal fault of the TTZ. Mod er ate fric tion co ef -
fi cients in the range of 0.4–0.5 where as sumed for slightly ac -
tive faults. These co ef fi cients are higher than ob tained for the
Pannonian re gion where ac tive strike-slip faults should have
fric tion lower than 1.5–2.5 (Jarosiñski et al., 2006). 

MECHANICAL LAYERING OF THE LITHOSPHERE
AND LIMITS ON TECTONIC STRESSES OBTAINED

FROM RHEOLOGICAL MODELLING  

Rhe o log i cal mod el ling was per formed for the north ern and
west ern part of Po land in or der to pre dict the plau si ble strength
pro files, which can be used to place lim its on the max i mum mag -
ni tude of dif fer en tial stresses in the litho sphere (Jarosiñski and
D¹browski, in press). Forty 1D rhe o log i cal mod els were de vel -
oped along the POLONAISE and LT deep seis mic sec tions
(Guterch et al., 1994; Guterch et al., 1999), which pro vided con -
straints on the struc ture of the crust and up per man tle (Fig. 11A).
The in ves ti gated area is char ac ter ized by strong ther mal and
struc tural con trast across the TTZ. The first mod el ling step is the
re con struc tion of tem per a ture pro files, which are es sen tial for
strength en ve lopes cal cu la tion. Tem per a ture mod el ling was
based on a steady ther mal state as sump tion  and Fou rier’s equa -
tions sup ple mented by heat pro duc tion for mula. Sev eral other
as sump tions and bound ary con di tions for com put ing of rhe o log -
i cal pro files were pre sented by Jarosiñski et al. (2002a) and
Jarosiñski and D¹browski (in press). The main set of ther mal
data in clud ing sur face heat flow was taken af ter Hurtig et al.
(1992) and Karwasiecka and Bruszewska (1997). One of the
most im por tant find ings of ther mal mod el ling is that the ra dio -
genic heat pro duc tion in the up per crust of the EEC and TTZ is
sig nif i cantly smaller than in the Fore-Sudetic Plat form. This re -
sult al lows iden ti fi ca tion of the prob a ble bound ary be tween the
Baltica-de rived ter ranes and the Avalonian ter ranes, which is
hid den deeply be low the post-Si lu rian sed i men tary cover
(Jarosiñski and D¹browski, in press). The large hor i zon tal gra di -
ent of heat flow and struc tural con trast across this bound ary
should cause pro nounced weak en ing of the litho sphere.   

Strength en ve lopes were mod eled for con stant strain rate
across the litho sphere, as sum ing brit tle and vis cous de for ma -
tion, de pend ing on tem per a ture and pres sure (Ranalli, 1995).
The strength of the brit tle lay ers is ex pressed by fric tional Cou -
lomb-Navier cri te ria (Sibson, 1974; Byerlee, 1978) while re sis -
tance against duc tile de for ma tion is given by the power law
creep func tion (Kirby, 1977). Ma te rial pa ram e ters for this func -
tion were av er aged for each layer as a geo met ri cal or ar ith met i -
cal mean of lithological com po nents (Ji and Xia, 2002). The
pau city of mea sured strain rates in Po land ne ces si tates the use
of a range of plau si ble val ues. There fore strength en ve lopes
were cal cu lated for re li able op tions of the bulk strain rate:
10–17s –1 and 10–16 s–1 which may be des ig nated to the old craton
(EEC) and young Palaeozoic Plat form, re spec tively.The over -
all mod el ling re sults are re mark ably con sis tent within large-
 scale tec tonic units like the EEC, TTZ and the Fore-Sudetic
Plat form (some ex am ples in Ta ble 2). The EEC is char ac ter ized 
by a high in te grated strength of the litho sphere, which is char -
ac ter ized by a strong crust and weak man tle litho sphere. The
whole EEC pro file is cou pled. The TTZ has tran si tional
lithospheric thick ness and in ter me di ate heat flux from the man -
tle, slightly ex ceed ing heat pro duc tion in the crust. Mod er ate
strength of the litho sphere is shared more or less equally be -
tween the crust and the man tle. The me chan i cal de coup ling
sys tem at i cally oc curs in the base of each crustal layer, be gin -
ning from the up per crust. The Fore-Sudetic Plat form has the
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Fig. 10. Stress dis tri bu tion in Po land and ad ja cent ar eas com puted
by fi nite el e ment method (af ter Jarosiñski, 2006)

Lo ca tion of this de tailed view within the whole model is shown in the lower 
right cor ner of this fig ure. In the case of stress par ti tion ing within the litho -
sphere av er age di rec tion are in di cated. Ar rows show hor i zon tal tec tonic
stress com po nents SHmax and Shmin, av er aged over the lithospheric thick ness. 
Ar row lengths re flect rel a tive stress mag ni tudes. Blue solid lines rep re sent
fault zones, blue dashed lines in di cate bound aries with out dis lo ca tions of
tec tonic blocks, de fined us ing me chan i cal and ther mal criteria. Red lines
rep re sents SHmax tra jec to ries based on the World Stress Map data; red
dashed — hy po thet i cal tra jec to ries 
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Fig. 11. A — lo ca tion of the POLONAISE deep seis mic sound ing pro files and the 1D rhe o log i cal mod els cal cu lated by Jarosiñski and
D¹browski (in press), us ing the RHEOL com puter pro gram; B — rhe o log i cal and ther mal mod els along the P2 pro file 

shown against mod elled dis tri bu tion of P-wave ve loc ity in km x s–1  (for lo ca tion see Fig. 11A)

Lithospheric strength pro files are shown for three al ter na tive strain rates. The di a gram above the pro file shows in te grated strength of the litho -
sphere and the man tle. Be low the pro file ther mal re gime of the litho sphere is char ac ter ized; TL — ther mal litho sphere, MHF — man tle heat flow,
SHF — sur face heat flow. See Fig ure 1 for ex pla na tion of tec tonic units ab bre vi a tions



thin nest litho sphere in the range of 85–110 km. The high est
man tle heat flux is in the range of heat pro duc tion within the
crust. Very low lithospheric strength is main tained by rel a tively 
stron ger man tle litho sphere. The en tire mid dle and lower crust
seems to be me chan i cally weak. 

Pre sented mod els are not the only pos si ble so lu tions for the
litho sphere in Po land. For ex am ple, tak ing into ac count cli ma -
tic changes af ter last gla ci ation (Majorowicz et al., 2003) es ti -
ma tion of the sur face heat flow may raise by 10–30%. It can be
cru cial for the EEC where in crease of heat flow by 20% may
de crease the in te grated strength by ca. 50%. It clearly shows
that ar eas of pos i tive sur face heat flow anom a lies within the
craton are es pe cially prone to de for ma tions. An other al ter na -
tive that should also be con sid ered is dry rhe ol ogy of the man tle 
in stead of the mixed dry/wet used in the mod els. Ap ply ing dry
rhe ol ogy for the weak est litho sphere of the Fore-Sudetic Plat -
form can raise the in te grated strength by ca. 60% and make it
strong enough to sus tain ex pected tec tonic loads. This so lu tion
seems to be more re li able for this part of the litho sphere, which
bears no sign of deeply rooted de for ma tions due to the Lara -
mide in ver sion of the Mid-Pol ish Trough (Jarosiñski et al.,
2002b). It should be stressed that pres ent mod els show only po -
ten tial me chan i cal prop erty of the litho sphere un der a num ber
of as sump tions, which, at the time be ing, are not con strained by 
good qual ity data.

CONSISTENCY BETWEEN DIFFERENT TYPES
OF DATA AND MODELS 

Broad range of stress ana lys ing meth ods pre sented here can 
be used to eval u ate the con sis tency be tween re sults of dif fer ent
mea sure ments and mod els. It ap pears that col lected sets of re -
sults are rather com ple men tary than over lap ping. For ex am ple,
stress di rec tions were pro vided by bore hole break out data
while the hy drau lic frac tur ing tests (with out reg is tra tion of
frac ture ori en ta tion) aimed solely at as sess ment of stress re -
gimes. In turn, the 2D plane mod ell ing gives the av er age stress
dis tri bu tion over elas tic part of the litho sphere (as sum ing its
ver ti cal ho mo ge ne ity), which is in de pend ent on time and tem -
per a ture, while 1D rheological mod els ex am ine vis cous and
plas tic rock be hav iour in ver ti cal lithospheric pro files in clud -
ing tem per a ture, pres sure and strain rates. FEM model was de -
signed to re pro duce the stress mea sured around the bore holes,

how ever, one should emphasise the scale gap be tween the
model’s el e ment (sev eral tens of kilo metres) and the bore hole
di am e ter (sev eral inches). Fo cal mech a nism and intraplate mo -
tion data pro vide ad di tional el e ment to this geodynamic puz zle, 
however, their use ful ness is lim ited by pau city of re cords or
fre quent in co her ence be tween data. For in stance, mul ti ple
earth quakes from one lo ca tion re veal dif fer ent stress di rec tions
or stress re gimes. Be cause of these dif fer ences between
datasets consistency of measurements should be judged first of
all by comparison with the wider geodynamic context.

CONSISTENCY BETWEEN RESULTS
OF MEASUREMENTS 

The SHmax di rec tions ac quired from break out anal y ses in Po -
land bridge the gap be tween the Scan di na vian and Pannonian
stress do mains (Stephansson et al., 1991; Gerner et al., 1999),
al though stress data in the Cen tral Carpathians are still not
avail able. Stress di rec tions for East ern Po land fol low the
arc-shaped dis tor tion of the SHmax tra jec to ries from the North
Sea to the south ern part of the Pannonian Ba sin (Figs. 1 and 6).
A sim i larly con sis tent trend of the SHmax di rec tions can be ob -
served in the West ern Carpathians across the Czech-Pol ish bor -
der (Peška, 1992). More am big u ous is the stress tran si tion from 
the Fore-Sudetic Plat form in Po land to the North Ger man Ba -
sin. Al though in both ar eas stress par ti tion ing across the
Zechstein salt layer is pos tu lated (Roth and Fleckenstein, 2001;
Jarosiñski, 2005a), SHmax di rec tions vary sub stan tially be tween
struc tural lev els. The NNE–SSW SHmax di rec tion in the Me so -
zoic cover in Po land is very much like those in the Palaeozoic
base ment in Ger many. Like wise, the NW–SE SHmax di rec tion in 
Palaeozoic base ment in Po land is sim i lar to this de ter mined for
the Me so zoic cover in Ger many. This re verse jux ta po si tion of
stress di rec tions be tween struc tural lev els needs to be ex plained 
in the fu ture, how ever mod est stress dataset from be neath the
salt layer in Po land should be ex panded first. 

It should be emphasised that fo cal mech a nism data for the
nat u ral earth quakes con firm the re sults of hy drau lic frac tur ing
anal y sis from ad ja cent bore holes. Both sets of data from Cen -
tral and East ern Po land (and ad ja cent Kaliningrad area) re veal
strike-slip stress re gime tran si tional to a thrust fault re gime in
the Outer Carpathians. For Outer Carpathians SHmax di rec tions
from fo cal mech a nisms of shal low earth quakes match well
with stress di rec tions in ferred from break out data for the Up per
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T a  b l e  2

Me chan i cal prop er ties of the litho sphere de rived from ther mal, rhe o log i cal and FEM mod ell ing
 af ter Jarosiñski et al. (2006) and Jarosiñski and D¹browski (in press)  

Units TTL* 
[km]

Sf**
109[mMPa]

ISL***
1012[Nm–1] ISC vs. ISM **** Com ments 

EEC 140–170 9   8–20 0.8–1.3 (>) 1.0–3.2 cou pling of the litho sphere, gen tle changes of SHmax di rec tions 

TTZ 105–120 3.6 2.2–6.5 1.8–2.6 (») 1.3–3.9 pos si ble de coup ling of up per crust, com mon SHmax ro ta tions

FSP 85–110 1.5 1.5–4.0 5.6–8.4 (<) 3.2–6.7 ef fec tive de coup ling of the up per crust from the man tle, tec tonic
stress re lax ation

* — thick ness of ther mal litho sphere (bot tom tem per a ture 1300°C); ** — stiff ness as sumed for elas tic FEM model; *** — in te grated strength of the litho -
sphere from rhe o log i cal mod ell ing; **** — re la tion be tween the crustal and man tle strength from rhe o log i cal mod el ling



Silesian and Ma³opolska seg ments. How ever, two extensional
fo cal mech a nisms from the deeper base ment show in con sis -
tent, al most per pen dic u lar SHmax di rec tions. This ap par ent con -
tra dic tion can be ex plained by two co ex ist ing mech a nisms of
de for ma tion in the base ment, namely bend ing-re lated ex ten -
sion, which might come along with ex ten sion transversal to
com pres sion. These re sults sug gest that in the cen tral part of the 
orogen Alcapa ex erts com pres sion di rectly to the nappes, while 
the base ment un der goes ex ten sion. It evokes me chan i cal de -
coup ling be tween the nappes and the base ment and sig nif i cant
com po nent of bend ing-re lated ex ten sion in the base ment. Also
in the case of min ing-in duced trem ors in the Fore-Sudetic Plat -
form two-fold SHmax di rec tions re sem ble these de ter mined from 
break outs for the cen tral part of this plat form. 

Co in ci dence be tween stress di rec tions and intra-plate mo -
tions is re mark able, when tak ing into ac count sig nif i cant er ror
bars of geo detic mea sure ments (Fig. 8). The an gu lar dis crep -
ancy be tween SHmax di rec tions and ve loc ity vec tors in the range
of 10° for east ern and 30° for West ern Po land (and ad ja cent ar -
eas) fit well to the con cept of dextral strike-slip along the TTZ.
Such con clu sion is also sup ported by break out ro ta tion and
clus ter ing of his tor i cal earth quakes along the TTZ (Guterch
and Lewandowska-Marciniak, 2002).

It is of ten claimed that fric tion on pre ex ist ing faults con trols 
the state of tec tonic stress in the up per crust (Zoback and Healy, 
1992; Scholz, 2004). Tak ing into ac count stress pro files from
hy drau lic frac tur ing tests (Fig. 6B) and fol low ing ap proach by
Sibson (1974) and Ranalli (1995) it is pos si ble to es ti mate the
fric tion co ef fi cient m on pre ex ist ing faults that can be re ac ti -
vated in a re cent stress field: 

s1 – s3 = argz(1–l); 

where: l = 0 for hy dro static pore pres sure; a = (R–1)/[1+b(R–1)] for

strike-slip stress re gime; R = [(1+m2)1/2–m]–2  and b = (SV – Shmin)/(SHmax –

Shmin);  s1, s3 — max i mum and min i mum prin ci pal stress, re spec tively

Us ing these for mu las for SE Po land, where stress ra tios in
the up per 4 km are es ti mated at SHmax /Shmin = 1.48 and SV/Shmin = 
1.21 and pore pres sure is nearly hy dro static, gives fol low ing
val ues of co ef fi cients: a = 0.39, b = 0.42, R = 1.46 and the fric -
tion co ef fi cient m = 0.16. It is ex tremely low value of m in com -
par i son with e.g. 0.6–0.75 pos tu lated by Byerlee (1978) from
lab o ra tory tests and 0.65 cal cu lated for the KTB sci en tific
bore hole (Brudy et al., 1997). But on the other hand, this value
seems rea son able in com par i son with e.g. m < 0.1 es ti mated for
the San Andreas Fault (Lachenbruch and Sass, 1992). If the
stress field in SE Po land and the slip on fa vour ably ori ented
faults are mu tu ally de pend ent, than fault fric tion needs to be
low or the pore pres sure in fault zones high. How ever, due to
lack of seis mic ity in dis cussed area the stress may be con trolled 
by faults re ac ti va tion else where (e.g. in the Pannonian Ba sin)
or by aseismic creep.   

MODELLING RESULTS VERSUS
 MEASUREMENTS 

The stress pre dicted by the fi nite el e ment anal y sis is in good 
agree ment with the mea sured SHmax ori en ta tion in Cen tral Eu -

rope (Jarosiñski et al., 2006). This agree ment is also pres ent at
the re gional scale of Po land par tic u larly when the mean di rec -
tions for geodynamic units are taken into ac count (Ta ble 1; Fig.
10). In the Carpathians, model prop erly pre dicts changes of the
SHmax trends from NE–SW in the Cen tral Carpathians to
NNE–SSW in the Ma³opolska seg ment of the Outer
Carpathians. For the Up per Silesian seg ment of the Outer
Carpathians, where break out data in di cates split ting of stress
di rec tions be tween the base ment and nappes, re sults of 2D
mod el ling show the mean trend of SHmax for these two struc tural 
lev els (Fig. 10). Like wise, in the Fore-Sudetic Plat form the pre -
dicted SHmax ori en ta tion ranges be tween two di rec tions in di -
cated by both break out and seis mo log i cal data (Fig. 10). Stress
di rec tions in the Sudetic do main have not yet been con firmed
by bore hole data, and there fore it is not clear whether NW–SE
SHmax di rec tion from West ern Eu rope is trans mit ted through the
Sudetes to the autochthonous base ment of the West ern
Carpathians (Jarosiñski, 1998). This pos si bil ity is at odds with
the nu mer i cal mod el ling pre dic tions, which in di cate N–S ori -
ented com pres sion in this re gion and also in the Bo he mian
Mas sif. NNW–SSE stress di rec tions in the base ment of the
West ern Carpathians can be ex plained al ter na tively by ac com -
mo da tion of the sinistral strike-slip be tween Alcapa and the
East ern Alps (Jarosiñski et al., 2006) (Fig. 3). Res o lu tion of this 
am bi gu ity will be pos si ble with the col lec tion of a sig nif i cant
set of break out data from the Sudetic do main and the ad ja cent
Bo he mian Mas sif. It is worth em pha siz ing that SHmax di rec tions
pre dicted by the model in the cen tral Carpathians are in ex cel -
lent agree ment with these from fo cal mech a nism so lu tion of the 
Kaliningrad and Podhale earth quakes (Wiejacz and Guterch,
pers. comm.), which took place af ter the mod el ling study was
com pleted. Tak ing into ac count this pre dic tion, and con sid er -
ing also the com pres sive (strike-slip) stress re gime, it is ar gued
that Kaliningrad earth quake was trig gered by far-field tec tonic
forces (Jarosiñski, 2006). In gen eral, low seis mic ity of Po land
is in agree ment with low intraplate stress mag ni tudes ob tained
in nu mer i cal mod el ling.

Hy drau lic frac tur ing tests and the fo cal mech a nism data in -
di cate pre dom i nance of the strike-slip stress re gime in Po land;
a stress field also pre dicted by the nu mer i cal anal y sis. The ex is -
tence of an extensional stress re gime de ter mined by fo cal
mech a nism so lu tion in the cen tral Carpathians has been shown
by the mod el ling re sults to be due to top o graphic forces. As it
was pointed out in the pre vi ous chap ter, stress pro file in SE Po -
land (Fig. 6) may be con trolled by pref er en tially ori ented
strike-slip faults of low fric tion (m = 0.16). This is con sis tent
with the re sults of the nu mer i cal mod el ling, which in di cate low
fric tion (m in the range 0.15–0.25) at the ma jor strike-slip faults
in the Pannonian-Carpathian re gion (Jarosiñski et al., 2006).
Be cause the stress field in SE Po land is dom i nated by com pres -
sion ex erted from the south, it can be hy poth es ised that low
fric tion at faults in the Pannonian-Carpathian re gion may sub -
due tec tonic stresses also in the con sid ered part of Po land.

The most sig nif i cant re sult of 1D rhe o log i cal mod el ling in di -
cates places of me chan i cal de coup ling in the crust. Parts of the
litho sphere which are strongly cou pled are char ac ter ized by a
more ho mo ge neous stress dis tri bu tion than in the case of un cou -
pled litho sphere, where var i ous fac tors may af fect the stress field
within the de tached lay ers. In deed, a strong and cou pled litho -
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sphere of the EEC is char ac ter ized by gen tle vari a tions in SHmax

di rec tion and sta ble strike-slip stress re gime. Dom i nant stress di -
rec tions are eas ily seen in the TTZ, where the whole crust is de -
coup led from the man tle. How ever, in the TTZ stresses are prob -
a bly dis turbed due to slight strike-slip ac ti va tion of this mega
shear zone. An ex tremely weak litho sphere with clear de coup -
ling be tween lay ers in the Fore-Sudetic Plat form has poor qual -
ity stress in di ca tors and highly vari able SHmax ori en ta tions. Scarce 
data sug gests extensional stress re gime in this re gion. Such re -
sults sug gest that weak and me chan i cally un cou pled litho sphere
is not ef fec tive in prop a gat ing tec tonic stresses. This no tion con -
tra dicts the com mon ex pec ta tion that within thin ner litho sphere
tec tonic stresses should be am pli fied, which is ap par ently not the 
case in the nearly re laxed sed i men tary cover of the Fore-Sudetic
Plat form. For this re gion ad di tional fac tors might ex ert a dom i -
nant in flu ence on the char ac ter of the pres ent-day stress field.
Given the avail able data and in for ma tion, a plau si ble hy poth e sis
is that dry and strong up per man tle of this plat form sus tains tec -
tonic forces and mit i gates the crustal stress field. Also the equi -
lib rium be tween the Al pine push, ridge push and at ten u ated
Alcapa push may re sult in mi nor dif fer en tial stress. The rea son
for extensional stress re gime in this area is still an open ques tion. 

COMPARISON BETWEEN LITHOSPHERE RHEOLOGY
AND STRESS MODELLING

Com par i son of lithospheric strength cal cu lated us ing rhe o -
log i cal mod el ling with the pre dicted tec tonic forces from nu -
mer i cal study, pro vide a way to eval u ate the con sis tency be -
tween the two mod els. How ever, it should be noted that forces
in cor po rated into fi nite el e ment anal y sis are re spon si ble for the
elas tic strain alone. By com par i son of lithospheric strength pre -
dic tions with the level of load ing one should know the real
strain rates and stress re gimes. Be cause strain rates are still un -
known in Po land, only typ i cal val ues for seis mi cally calm ar -
eas, in the range of 10–16s–1 to 10–17s–1 can be taken for pres ent
con sid er ations (Ranalli, 1995). When the strike-slip stress re -
gime is as sumed for the EEC, in te grated strength is in the range
of 1–2 x 1013 Nm–1, what is an or der of mag ni tude grater than
the pre dicted hor i zon tal tec tonic forces ob tained from FEM
mod el ling. This ob ser va tion agrees with the fact that the EEC
has re cently been a sta ble unit. Re sults of rhe o log i cal mod el -
ling in di cate that tec tonic de for ma tion of the craton may oc cur
only when sig nif i cant ther mal weak en ing and de coup ling of
the litho sphere is pres ent (Jarosiñski and D¹browski, in press).
In my opin ion this is the case of the Kaliningrad earth quake,
which was lo cated within the cen tre of a pos i tive ther mal
anom aly (Hurtig et al., 1992). 

Sim i larly, in te grated strength of the litho sphere within the
TTZ seems to be sev eral times greater than the pre dicted tec -
tonic forces. Some pres ent-day in sta bil ity of this zone can re -
sult from stress am pli fi ca tion within un cou pled crustal lay ers.
Only in the weak est part of the Fore-Sudetic Plat form the
lithospheric strengths (for re li able strain rates) are close to pre -
dicted tec tonic forces. In such a state, the litho sphere is sen si -
tive to any het er o ge ne ity in me chan i cal strength and stress am -
pli fi ca tion due to e.g. par ti tion ing of de for ma tion. Con sid er ing
tec tonic weak en ing and lithological com po si tion of the litho -
sphere, the bound ary be tween Avalonia and the TTZ seems to

be pre des tined place of fail ure (Jarosiñski and D¹browski, in
press). In deed, along this zone neotectonic fault re ac ti va tion
and mo bi li za tion of salt struc tures are clus tered (Jarosiñski and
Krzywiec, 2001; Kurzawa 2003; Ha³uszczak, 2004). It is also
worth men tion ing that pre ferred con trast of lithospheric stiff -
ness be tween the Fore-Sudetic Plat form and the EEC pre dicted
by FEM model is com pa ra ble to the con trast in in te grated
lithospheric strength be tween these units ob tained from rhe o -
log i cal mod el ling (see Ta ble 1).   

SUMMARY

Dur ing the last ten years ap pli ca tion of new meth od ol ogy to 
in ves ti gate the pres ent-day geodynamics of Po land has re sulted 
in sig nif i cant prog ress to wards un der stand ing the char ac ter of
tec tonic stress field. The anal y sis of bore hole break out and hy -
drau lic frac tur ing data sup ple mented by mod ell ing re sults, al -
low for dis crim i na tion of sev eral ar eas of dif fer ent but com pre -
hen sive stress field char ac ter is tics. 

Stress pat tern in the Ma³opolska seg ment of the Outer
Carpathians and their base ment points to co-ax ial NNE-di rected
tec tonic push from the cen tral Carpathians. This push is trans mit -
ted to wards the sed i men tary cover and to the top of the crys tal -
line base ment of the craton, caus ing con stant stress di rec tion in
the Lublin Ba sin. Due to me chan i cal cou pling of the EEC’s
litho sphere the SHmax di rec tions change grad u ally to wards in te -
rior of craton. Re cent tec tonic stresses can ex ceed the strength of
the litho sphere only where the EEC is over heated, as shown by
the Kaliningrad earth quake trig gered by far-field forces within
the cen tre of pos i tive heat flow anom aly. North east ward in crease 
of the Mid-At lan tic ridge push com po nent of stress field is re -
spon si ble for smooth dis tor tion of the SHmax in NNW–SSE di rec -
tion in the Bal tic part of the EEC. For the en tire East ern Po land,
be ing un der in flu ence of the Alcapa push, strike-slip stress re -
gime is in ferred with pos si ble sec ond ary de vi a tion to wards
trust-fault within the Outer Carpathian Nappes. 

The TTZ is char ac ter ized by fre quent SHmax ro ta tions in the
range be tween N–S and NW–SE. This stress pat tern to gether
with the clus ter ing of his tor i cal earth quakes along the TTZ bor -
ders is in ter preted as the re sult of strike-slip ac com mo da tion of
the Carpathian push at the edge of craton. Stress per tur ba tion and 
seis mic ac tiv ity are pos si bly en hanced by me chan i cal un cou -
pling be tween the up per and the mid dle crust. Stress di rec tion is
rel a tively sta ble only in the off shore part of the TTZ im ply ing
that strike-slip com pen sa tion of tec tonic push is taken over by
an other fault zone. Vec tors of the intraplate mo tions sup port the
idea of dextral strike-slip along the TTZ. In the Up per Silesian
seg ment of the Outer Carpathians tec tonic push is ac com mo -
dated in thin-skinned style, what is ex pressed by stress par ti tion -
ing be tween the nappes and their base ment. Autochthonous
base ment re veals the SHmax di rec tions char ac ter is tic for the West
Eu ro pean stress do main. The area in flu enced by the Alcapa
push, in clud ing the EEC and the Ma³opolska Mas sif, is in cor po -
rated into the Fore-Carpathian stress do main (Jarosiñski, 2005a).

Within the Fore-Sudetic Plat form scarce data re veals an
inhomogeneous stress field. Best qual ity data points to
NNE–SSW di rected com pres sion above Zechstein salts while
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poor qual ity data sug gests NW–SE SHmax di rec tion be low the
salts. An extensional stress re gime with de vi a tion to wards
strike-slip is sug gested for West ern Po land from sin gle hy drau -
lic frac tur ing test and ma jor ity of min ing-in duced trem ors. Het -
er o ge ne ity of the stress field and prob a bly low hor i zon tal dif -
fer en tial stress may re sult from the in ter play be tween three fac -
tors, namely Al pine push, at ten u ated Carpathian push and the
At lan tic ridge push. Due to me chan i cal de coup ling within hot
litho sphere in the Fore-Sudetic Plat form dif fer ent fac tors may
dom i nate stresses in dif fer ent crustal lay ers. 

Based on cu mu la tive stress pro file from hy drau lic frac tur -
ing tests in SE Po land, it was as sessed that the state of stress is
in equi lib rium with pref er en tially ori ented faults of low fric tion 
co ef fi cient m = 1.6. 

Al though pre lim i nary re sults of mea sure ments of the
intraplate hor i zon tal mo tions suf fer from sub stan tial er rors, the
di rec tions of ve loc ity vec tors gen er ally fol low SHmax tra jec to -
ries, re veal ing sys tem atic de vi a tions at lo cal scale. This sug -
gests that stresses are con trolled by the first or der tec tonic
forces, which con trol also tectonic block movements.  

De vel op ment of mod el ling tech niques al lows nu mer i cal
test ing of hy poth e sis and quan ti fi ca tion of tec tonic forces and
stresses. The use of a fi nite el e ment stress anal y sis for Cen tral
Eu rope pro vided the means to eval u ate the in flu ence of
far-field tec tonic forces on the stress field of Po land. Tec tonic
push of Af rica trans mit ted through the nar row cor ri dor of the
Ionian Sea and the Adria in denter to wards Cen tral Eu rope is
iden ti fied as the most im por tant stress-con trol ling fac tor in
East ern and Cen tral Po land. In North ern Po land, in flu ence of
the At lan tic ridge push trans mit ted across the Eu ro pean pas sive 
mar gin is more sig nif i cant. Also vari a tions of tec tonic forces
be tween sep a rate seg ments of col li sion zone and pas sive mar -
gin in flu ence stress pat tern in Po land. Rhe o log i cal mod el ling
across the TTZ dem on strates po ten tial me chan i cal con trasts
be tween lithospheric lay ers. Lithospheric strength from rhe o -

log i cal pro files com pared to cal cu lated lev els of tec tonic forces
in nu mer i cal mod el ling in di cates that the Fore-Sudetic Plat -
form and its bor der with the TTZ is re cently the most un sta ble
part of Po land. 

Al though re sults of pre sented anal y ses can be in te grated
into a co her ent the ory of pres ent-day geodynamics of Po land,
they also raise ques tions, which will be come the topic of fu ture
re search ef forts. The most prob lem atic is the Sudetic do main,
where lack of bore hole data and in co her ent re sults of re peated
GPS mea sure ments (Cacoñ et al., 2004) pre clude de ter mi na -
tion of both the stress di rec tions and stress re gimes. The sit u a -
tion is not much better in the Fore-Sudetic Plat form. How ever,
break out ana lyse per spec tives look prom is ing as a good deal of
new 6-armed cal i per data is ac quired by oil in dus try ev ery year. 
Com bi na tion of break out data with anal y ses of rock strength
should en able con strain ing stress re gimes in many bore holes.
This point is vi tal be cause new hy drau lic frac tur ing tests have
not been per formed for sev eral years. Stress prop a ga tion within 
rheologicaly lay ered litho sphere should be re pro duced sat is fac -
to rily in 3D thermo-me chan i cal model, how ever, its con struc -
tion in the fu ture re quires more ex pe ri ence in 1D and 2D mod -
ell ing and more com plete con straints on struc ture, lithological
com po si tion and ther mal state of the litho sphere.
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