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We ana lyse the re gional-scale ori en ta tion of pres ent-day hor i zon tal stresses within the Zechstein salt de pos its of the
Fore-Sudetic Homocline, based on an anal y sis of the ge om e try of 23 bore holes. Us ing six-arm dipmeter logs (SADs), we
iden ti fied sys tem atic elon ga tion of bore hole cross-sec tions within salt in ter vals. We re fer to these as break out-like struc -
tures. These elon ga tions dem on strate re mark able con sis tency within lo cal groups of bore holes and are in ter preted as re sult -
ing from nat u ral hor i zon tal stress ani so tropy, with ori en ta tions that serve as in di ca tors of the max i mum hor i zon tal stress
(SHmax). Nat u ral dif fer en tial stresses in salt of <1 MPa can re sult in bore hole wall stress dif fer ences of up to 4 MPa. We hy -
poth e size that the max i mum shear stress act ing on the bore hole wall im me di ately af ter drill ing (up to 32.5 MPa) is suf fi cient
to ini ti ate cataclastic de for ma tion at the grain scale and to gen er ate microcracks. These microcracks may en hance bore hole
con ver gence and pres sure-so lu tion pro cesses at a rate pro por tional to the shear stress and to the den sity of microcracks,
which leads to ob serv able el lip tici ty of bore holes in salt. Nat u ral stress ani so tropy is likely driven by dif fer en tial lithostatic
load ing due to salt’s depth vari a tions, gen er at ing hor i zon tal pres sure gra di ents of ~1 MPa/km in stead. An other fac tor could
be the grav i ta tional glid ing of com pe tent lay ers down the slopes of salt-base ment highs. These in fer ences are hy po thet i cal
but rep re sent the first at tempt to iden tify a proxy for es ti mat ing SHmax ori en ta tion in weak salt de pos its at a re gional scale.
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INTRODUCTION

In re cent years, re search on pres ent-day tec tonic stresses
has ac cel er ated due to the de vel op ment of un con ven tional hy -
dro car bon res er voirs and in creas ingly so phis ti cated meth ods
for man ag ing deep subsurface spaces. Salt de pos its play a key
role in these anal y ses, as they serve as pre ferred host rocks for
un der ground stor age cav erns, both for liq uid fu els and, pro -
spec tively, for hy dro gen (e.g., Tackie-Otoo and Haq, 2024).
Salt also con sti tutes an ex cel lent seal ing and iso lat ing bar rier
for hy dro car bon ac cu mu la tions and po ten tial CO2 stores
(Beauheim and Rob erts, 2002). How ever, salt lay ers may also
pose sig nif i cant en gi neer ing chal lenges due to their high mo bil -
ity at depth (Lux, 2009).

In this study, we ex am ined the ge om e try of 23 bore holes
pen e trat ing salt units within the Fore-Sudetic Homocline (FSH;
Fig. 1A). It is widely ac knowl edged that bore holes, akin to salt
cav erns, are sus cep ti ble to dis so lu tion and vis cous clo sure,

both of which can lead to sub stan tial op er a tional chal lenges.
Be cause of their high prac ti cal rel e vance, bore hole clo sure pro -
cesses in salt have been the sub ject of nu mer ous stud ies and
mod el ing ef forts (e.g., Preece, 1987; Kim, 1988; Carcione et
al., 2006; Cor net et al., 2018), though these anal y ses have fo -
cused more ex ten sively on cav erns (e.g., Berest et al., 2001;
Breunese et al., 2021; Cyran and Kowalski, 2021; Ramesh
Kumar et al., 2021; Buijze et al., 2022; Fokker and Breunese,
2022). The rate of bore hole clo sure in salt un der anisotropic re -
gional stress fields was mod eled an a lyt i cally by Cor net et al.
(2018). How ever, to our knowl edge, no re gional-scale anal y ses 
of bore hole de for ma tion in salt have been pre vi ously pub lished.

We ex am ined bore hole el lip tici ty within the Zechstein salt
in ter val in the con text of a large struc tural unit, the FSH. This
con sti tutes the first at tempt to eval u ate this phe nom e non at a
re gional scale. Based on six-arm dipmeter mea sure ments, we
iden ti fied depth in ter vals in which di rec tional elon ga tion of bore -
hole di am e ters in salt is sig nif i cant. Sub se quently, the de gree of 
bore hole cross-sec tional elon ga tion was quan ti fied, and the
dom i nant ori en ta tion of bore hole el lip tici ty was sta tis ti cally de -
ter mined. In the dis cus sion, we ex plore po ten tial causes of this
phe nom e non, in clud ing the o ret i cal es ti mates of the rel a tive
con tri bu tion of di rec tional creep ver sus dis so lu tion ef fects in -
duced by hor i zon tal stress ani so tropy. A hy poth e sis was for mu -
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lated that the nat u ral stress ani so tropy pres ent in salt is at trib ut -
able to the sub stan tial pres sure gra di ent within the salt at vary -
ing depths across the FSH.

GEOLOGICAL SETTING

The study area en com passes the FSH, a struc ture that
formed dur ing the Late Cre ta ceous (Fig. 1). Dur ing the de po si -
tion of Zechstein evaporites, this re gion was lo cated at the
south ern mar gin of the South ern Perm ian Ba sin. In this ba sin,
evaporites of four cyclothems con tain ing salt were de pos ited.
The Zechstein trans gres sion ad vanced over an area pre vi ously 
cov ered by Rotliegend vol ca nic rocks and sand dunes (Kiers -
nowski et al., 2010; Peryt et al., 2010; Czapowski et al., 2018).
On the up lifted blocks of the Wolsztyn Ridge and in the mar -
ginal parts of the ba sin, reef struc tures of the Zechstein Lime -
stone (Ca1), and sul phate plat forms (A1), de vel oped. These
struc tures formed sev eral hun dred-metre-high palaeotopo -
graphic highs on the evaporitic ba sin floor (Fig. 2). In these el e -
vated ar eas, the Old est Rock Salt (Na1) of the old est, PZ1
cyclothem, was not de pos ited, al though else where it reaches a
thick ness of up to 200 m (Figs. 3 and 4). In the three sub se -
quent cyclothems (PZ2–PZ4), the ex tent of the ba sin fluc tu ated 

near the south ern bound ary of the FSH, where mar ginal fa cies
dom i nated and con tained only lim ited amounts of salt. In the ba -
sin in te rior, at the lo ca tions of the bore holes stud ied, salt was
pre dom i nantly de pos ited in three cyclothems, with a to tal cu mu -
la tive thick ness reach ing up to 500 m. One salt layer (Na3)
dem on strates its great est thick ness at the point of high est sea
level within the third cyclothem, PZ3 (Fig. 3). The low est ra tio of
ha lite fa cies is ob served in the fourth cyclothem, PZ4, which
had the small est ar eal ex tent. The to tal thick ness of Zechstein
de pos its in the area with the bore holes stud ied var ies be tween
400 and 1000 m, with salt lay ers con sti tut ing ap prox i mately half
of this thick ness. How ever, geo phys i cal logs from the bore holes 
stud ied of ten cover only a part of the com plete salt pro file.

Above the evaporites, a sed i men tary suc ces sion with a cu -
mu la tive thick ness over 3 km was de pos ited dur ing the Tri as sic, 
Ju ras sic and Cre ta ceous pe ri ods. The en tire study area un der -
went a tilt ing event dur ing the Late Cre ta ceous in ver sion of the
Pol ish Ba sin. This event pro duced the homoclinal struc ture ob -
served to day, in which Zechstein strata gen er ally dip to wards
the NNE at ~3°. Al though the Zechstein de pos its within the FSH 
re gion did not un dergo sub stan tial in ter nal tec tonic or
halokinetic de for ma tion, lo cal ac com mo da tion of faults in the
over bur den and gen tle fold ing of the rigid do lo mite–anhydrite
plate are oc ca sion ally ob served.
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Fig. 1A – lo ca tion of the bore holes ana lysed on the geo log i cal map of Po land ex clud ing the Ce no zoic (Dadlez et al., 2000). The black 
line marks the trace of the geo log i cal cross-sec tion (Y-Y’); the grey thick dashed and dot ted line out lines the ex tent of the FSH. A
thin ner, grey dashed line in di cates the bound aries of the Gorzów Block. B – the area in ves ti gated, marked on the back ground of a
map of Po land. The col oured frames with num bers re fer to the ar eas in cluded in par tic u lar fig ures in this pa per. C – geo log i cal
cross-sec tion along the line marked in Fig ure 1A

https://doi.org/10.1002/gj.1189
https://doi.org/10.1002/gj.1189


Marek Jarosiñski et al. / Geo log i cal Quar terly, 2025, 69, 56 3

Fig. 2. Depth to the top Rotliegend sur face (af ter Górecki et al., 2006, changed)

The white marks in di cate the ab sence of Rotliegend strata due to the el e va tion of the Wolsztyn High (Fig. 3). The ex tent of the FSH is
out lined by the grey dot ted/dashed frame, and the lo ca tions of the bore holes ana lysed are shown as red dots

Fig. 3. The Zechstein thick ness (in metres) and the ex tent of the four cyclothems (PZ1-PZ4; af ter Wag ner, 1998, mod i fied)

The FSH range is out lined by a navy blue dot ted/dashed frame



In con trast, in the ad ja cent Szczecin and £ódŸ troughs (to
the north and north-east; Fig. 1A), salt forms pil lows and diapirs, 
and the basal dip of the Zechstein reaches 4 and 5°, re spec -
tively. The bound aries of the FSH are de fined by fault zones
with post-Zechstein strike-slip dis place ments. In the north east,
these zones do not in ter rupt the con ti nu ity of salt lay ers be -
tween the FSH and ad ja cent troughs. How ever, in the south -
west, the Mid dle Odra Fault Zone sep a rates the FSH area with
Zechstein de pos its from the Fore-Sudetic Block, which lacks
them.

In ter pre ta tions of pres ent-day tec tonic stress (SHmax) ori en -
ta tion based on bore hole data (Jarosiñski, 2005, 2006), as well
as nu mer i cal stress mod el ing for Cen tral Eu rope (Jarosiñski et
al., 2006), show that the re gional tec tonic stress is ori ented

NNW–SSE in this area. This con fig u ra tion re sults from the su -
per po si tion of a SE-di rected ridge push orig i nat ing from the At -
lan tic Ocean and N-di rected com pres sion from the East ern
Alps (Levi et al., 2019).

Tem per a ture is a crit i cal fac tor in flu enc ing the vis cos ity of
salt. In the FSH re gion, sig nif i cantly el e vated heat flow val ues
have been re corded, reach ing up to 80 mW/m2 (Szewczyk and
Gientka, 2009), which cor re spond to tem per a tures at the base
of the Zechstein se quence rang ing from 80 to 140°C (Górecki
et al., 2006). Due to the low vis cos ity of the salt lay ers and their
lat eral pinch-out along the south west ern mar gin of the FSH, the
Zechstein suc ces sion ap pears un able to ef fec tively trans mit
tec tonic stresses. This in ter pre ta tion is con sis tent with stress
mea sure ments in the sub stra tum and over bur den of the Zech -
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Fig. 4. Zechstein lithostratigraphic col umn with ac ro nyms of units used in this pa per (af ter Karnkowski, 1999, mod i fied)

https://doi.org/10.1016/j.tecto.2004.12.040
https://gq.pgi.gov.pl/article/view/7415
https://doi.org/10.1111/j.1365-246X.2006.02979.x
https://doi.org/10.1016/j.tecto.2019.228175
https://gq.pgi.gov.pl/article/view/7507


stein, which show sig nif i cant dif fer ences, sug gest ing me chan i -
cal de tach ment of stress trans mis sion across the Zechstein
evaporites.

DATA AND METHODS

The anal y sis of bore hole ge om e try in salt de pos its was car -
ried out based on nav i ga tional data re corded by a Six-Arm
Dipmeter Tool (SAD). This in cluded mea sure ments of: the
lengths of the six cal i per arms, the an gle of the first arm rel a tive
to the bore hole de vi a tion plane, the az i muth of bore hole in cli na -
tion, the az i muth of the first arm, and the bore hole de vi a tion an -
gle from the ver ti cal (Fig. 5). In salt in ter vals, we ana lysed the
ori en ta tion and de gree of bore hole elon ga tion us ing a method
pre vi ously ap plied to iden tify bore hole wall en large ments known 
as break outs (BB), based on al go rithms from the SPIDER-6
code in tro duced by Jarosiñski (1994, 1998, 1999). Since the or -
i gin of bore hole elon ga tion in salt is not straight for ward due to
the dif fi culty in pro duc ing brit tle macro-frac tures in salt (see Dis -
cus sion), we re fer to these di rec tional elon ga tion struc tures of
bore hole cross-sec tions as “break out-like struc tures”, us ing
the ac ro nym BBL (Fig. 5).

The SPIDER soft ware pro ce dure for iden ti fy ing BBL struc -
tures is based on fil ter ing the data us ing two shape in di ca tors:

– the Asym me try Co ef fi cient (AC), which as sumes the
bi sec tor of all chords of the cir cle will cross at its cen tral
point. If the bore hole cross-sec tion is not sym met ri cal,
those lines will in ter sect at dif fer ent points, cre at ing a tri -
an gle. The size of this tri an gle rep re sents the level of
asym me try, pro vid ing a quan ti ta tive mea sure of the
asym me try of the elon ga tion ap pear ing on op po site
sides of the bore hole walls (Fig. 5C),

– and the Shape Co ef fi cient (SC), which rep re sents the
rel a tive dif fer ence in lengths be tween cal i pers lo cated
next to each other, quan ti fy ing the de gree of cross-sec -
tional elon ga tion (Fig. 5D).

The def i ni tions of these co ef fi cients and the prin ci ples of
SAD in ter pre ta tion are de scribed in Jarosiñski (1998), and their
ef fec tive ness has been val i dated in hun dreds of bore holes
world wide (per formed by e.g., Baker Hughes, Geomechanics
In ter na tional) and nu mer ous anal y ses from Po land (Jarosiñski,
2005, 2006; Jarosiñski et al., 2024, 2021).

To re duce noise from me chan i cal dam age or bore hole con -
tam i na tion, the fol low ing stan dard as sump tion is ap plied: BBL
struc tures elon gate the bore hole di am e ter di rec tion ally by more
than 3% (i.e., ab so lute SC >3%), with at least half of the elon ga -
tion be ing sym met ri cal (AC >0.5). We used these thresh old val -
ues to fil ter the data for BBL iden ti fi ca tion, but we ad justed them
to more con ser va tive val ues (typ i cally SC >3.5% and AC <0.4)
de pend ing on bore hole qual ity. This ad just ment aims to achieve
the clear est pos si ble iden ti fi ca tion of elon ga tion di rec tion.

To ac count for po ten tial ar ti fi cial elon ga tion due to side-cut -
ting by the drill bit, which is typ i cally as so ci ated with de vi ated
bore holes, we also ex cluded data where the bore hole de vi a tion
(DEVI) ex ceeded 3°, and the elon ga tion di rec tion fell within a
±20° win dow around the bore hole in cli na tion az i muth (HAZI).
Such cases were rare be cause the av er age de vi a tion of the
bore holes ana lysed rarely ex ceeded 3°. Over all, the en tire BBL
struc ture anal y sis was con ducted au to mat i cally, with min i mal
in ter ac tive ad just ments to the fil ter ing pa ram e ters.

We in ter preted BBL struc tures in 23 bore holes, most of
which are lo cated in the north west ern part of the FSH (Fig. 1A).
In these wells, the salt lay ers oc cur at depths be tween 2 and
3.5 km (Fig. 2), de pend ing on their po si tion along the monocline 
slope and their re la tion ship to the above-men tioned base ment
highs be neath the Zechstein suc ces sion.

RESULTS

ELONGATION OF BOREHOLE CROSS-SECTIONS IN ZECHSTEIN SALT
(BBL)

Upon ana lys ing the ge om e try of 23 bore holes drilled
through salt within the FSH, we ob served that salt in ter vals typ i -
cally show an en larged bore hole cross-sec tion in all di rec tions.
This is due to the use of undersaturated salt so lu tions in the
drill ing mud, which are in tended to pre vent bore hole clo sure in
salt de pos its. To quan tify the de gree of en large ment, we ex am -
ined the dif fer ence be tween the min i mum bore hole di am e ter in
BBL in ter vals and the nom i nal bit size (Ta ble 1). Our anal y ses
show that, on av er age, the min i mum di am e ter is 2 cm smaller
than the bit size in only one bore hole, and in one case, it re -
mains un changed (Ta ble 1). In the re main ing wells, the min i -
mum di am e ter within salt in ter vals ex ceeds the nom i nal bit size
by an av er age of 10 cm, with some in ter vals show ing dif fer -
ences of up to 32 cm.

Fur ther more, we ob served that in most salt in ter vals the
bore hole cross-sec tion is di rec tion ally elon gated along a spe -
cific axis, form ing so-called BBL struc tures. To as sess the de -
gree of elon ga tion (el lip tici ty), we used the ab so lute value of the
shape co ef fi cient (SC), ex pressed as a per cent age of nom i nal
di am e ter (Ta ble 1). Elon ga tion ranged from 6 to 15% across in -
di vid ual bore holes, with lower val ues be ing more fre quent, re -
sult ing in an av er age elon ga tion of 8% across the dataset. Be -
cause the or i gin of BBL struc tures is still un der dis cus sion, and
since their ge om e try dif fers from typ i cal break outs, and the
bore hole walls are of ten pol ished (pos si bly by the drill string),
we fre quently down graded the qual ity rat ing of the in ferred
SHmax di rec tion by one, or ex cep tion ally two points of the
five-point WSMDB scale (Heidbach et al., 2025; Ta ble 1).

All bore holes ana lysed bore holes are lo cated above A1 sul -
phate plat forms or Ca1 reef struc tures. Only a few bore holes
en coun tered thin Na1 salt beds. Thus, the BBL ori en ta tions re -
ported here mainly char ac ter ize the three thicker salt in ter vals.
The third cyclothem (Leine) is the most wide spread and thick est 
in the ba sin. In sev eral bore holes, the BBL ori en ta tion changes
slightly with depth. How ever, these vari a tions are not sys tem -
atic be tween cyclothems; there fore, the re sults were av er aged
per bore hole.

Al though the or i gin of BBL struc tures will be dis cussed later
in the pa per, it can al ready be stated that they most likely in di -
cate the ori en ta tion of hor i zon tal stresses in salt. As in the case
of break outs, the BBL ori en ta tion in ver ti cal bore holes is as -
sumed to be per pen dic u lar to the di rec tion of max i mum hor i -
zon tal stress, SHmax. We adopt this con ven tion through out the
re sults sec tion to avoid con fu sion that could arise from de scrib -
ing BBL and SHmax ori en ta tions sep a rately. Short bore hole de -
scrip tions are pro vided in geo graph ical or der from NW to SE.
Lithostratigraphic units of the Zechstein (Pz) are la beled us ing
the ac ro nyms shown in Fig ure 4. Sta tis ti cal re sults and spa tial
dis tri bu tion of BBL ori en ta tions are pro vided in Ta ble 1 and Fig -
ure 8.

BBL ORIENTATIONS IN BOREHOLES

Bore hole Ba-1 is lo cated near the larg est struc tural high of
the A1 plat form, which has a bi fur cated shape and is pen e trated 
by nine bore holes in ter sect ing salt from Na4 to Na1. In the SAD
log, BBL struc tures oc cur only within the up per most part of Na2, 
to tal ing 5.25 m in length, and sug gest ing a NE–SW ori en ta tion
of SHmax. This di rec tion dif fers slightly from the NNE–SSW SHmax

ori en ta tion ob served in the over ly ing Me so zoic pro file.
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The next three bore holes — Bu-11, -13, and -16 — are also 
lo cated above the same A1 plat form. The plat form here is
>200 m thick and its ENE–WSW-trending edge is bor dered by
nor mal faults that in di cate grav ity-driven downslope slid ing of
the Zechstein suc ces sion. In Bu-11, the SAD log cov ered al -
most the en tire Zechstein pro file, al low ing com par i son of BBL
ori en ta tion across salts of four cyclothems. In Na4, BBL struc -
tures show con sis tent ori en ta tion, in di cat ing SHmax in the
ENE–WSW di rec tion. In Na3, ori en ta tions range from NE–SW
(in in ter vals with strong bore hole wash outs) to E–W (in nar -
rower sec tions). In the 130 m-thick in ter val of Na2, BBLs sug -
gest SHmax trending ENE–WSW. A sin gle BBL in Na1 also in di -
cates this ori en ta tion. In to tal, BBL struc tures span ning 77 m
point to an av er age SHmax ori en ta tion of ENE–WSW. Due to lim -
ited con trol over the ex act ge om e try of bore hole elon ga tion, we
down graded the data qual ity from C to D. This SHmax di rec tion
dif fers sig nif i cantly from the NNE–SSW com pres sion in ferred in 
Ca2 but aligns with the elon ga tion axis of the A1 plat form and
the nearby fault trend (Fig. 6).

Bu-13 is lo cated on the same A1 plat form as the pre vi ous
bore holes, but far ther from its edge and away from fault zones.
The SAD log cov ers all salt-bear ing cyclothems. In Na4 and the
up per part of Na3, long and reg u lar BBL struc tures in di cate a
sta ble SHmax NE–SW ori en ta tion. Be low, within Na3 and Na2,
BBLs also in di cate a sta ble ENE–WSW ori en ta tion. These BBL 
ori en ta tion ranges are sim i lar to those from Bu-11, lo cated
~1.5 km away, with an av er age SHmax of ENE–WSW. Due to
pos si ble par tial smooth ing of BBLs by the drill string, the qual ity
rat ing of the stress ori en ta tion was down graded from C to D.

Bu-16 is sit u ated closer to the plat form edge (~0.5 km). The 
SAD log cov ers three salt cyclothems (ex clud ing Na1). In Na4
and the up per part of Na3, BBLs show a rel a tively sta ble SHmax

di rec tion of ENE–WSW. In the lower A3 and Na2, BBLs on a
sta ble bore hole wall in di cate a NE–SW ori en ta tion, with the
best-de vel oped BBLs in the basal salt sug gest ing SHmax to ward
NNE–SSW. The av er age SHmax across the bore hole is close to
NE–SW, sim i lar to the pre vi ous bore holes.
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T a  b l e  1

Re sults of the BBL anal y sis in salt, or ga nized ac cord ing to WSM DB stan dards (Heidbach et al., 2025)

Shape Co ef fi cient is a mea sure of bore hole cross-sec tion elon ga tion. In many cases, the WSM DB qual ity rank ing was sub jec tively down -
graded due to ir reg u lar bore hole cross-sec tion elon ga tion, Cmin – cal i per min i mum, BS – bit size

https://doi.org/10.5880/WSM.2025.001


G-1, lo cated on the same A1 plat form as the Buszewo bore -
holes (with no Na1 salt), dis plays BBLs in Na4, Na3, and Na2
that con sis tently in di cate an E–W SHmax ori en ta tion. The to tal
BBL length is 51 m. This ori en ta tion aligns with the elon ga tion
axis of the plat form. Due to the drill string pol ish ing most BBLs,
the mea sure ment qual ity was down graded from C to D.

M-1, also lo cated on the same A1 plat form (height ~65 m),
was logged in three salt cyclothems. A bi modal BBL ori en ta tion
pat tern was in ter preted from 25 m of struc tures, with av er age
SHmax trending NE–SW or NNE–SSW, con sis tent with the re -
gional monocline dip. The BBLs were not vis i bly pol ished.

S-2 sits atop the same A1 plat form (height ~55 m). The
SAD log cov ers two salt cyclothems. Near the A3–Na2 bound -
ary, bore hole elon ga tion re sem bles typ i cal break outs—likely
due to the mixed salt–anhydrite li thol ogy. In other in ter vals,
elon ga tions are gen tle and do not dis turb tool ro ta tion. Across
both cyclothems (PZ2 and PZ3), 55 m of BBLs with vari able ori -
en ta tion point to SHmax in the range NE–SW to E–W, av er ag ing
ENE–WSW. Due to heavy wall pol ish ing, qual ity was down -
graded from C to E.

S-3, also on the same plat form, was logged in three salt
cyclothems. All in ter vals are uni formly eroded. BBLs show bi -
modal ori en ta tions, chang ing within the same NE–SW to E–W
range as in the ad ja cent bore hole, with a sta tis ti cal av er age of
ENE–WSW SHmax.

B-1, lo cated on the same A1 plat form, pen e trates three salt
cyclothems (ex clud ing Na1). The bore hole di am e ter was en -
larged by 3–6 cm de pend ing on di rec tion. BBL ori en ta tion is un -
sta ble, with an av er age SHmax of NE–SW based on just 11.5 m
of BBL and a high stan dard de vi a tion (25°), yield ing the low est
qual ity rat ing (E).

S-1, lo cated in the east ern por tion of the A1 plat form (thick -
ness: 260 m), was logged across three salt cyclothems and the
up per Rotliegend in ter val. Shal low wall wash outs in Na4, Na3,
and Na2 show reg u lar elon ga tion, sug gest ing SHmax of N–S in
Na4, NNE–SSW in Na3 and Na2, with deeper in ter vals ro tat ing
fur ther to NE–SW. The av er age SHmax from 61 m of BBL is
NNE–SSW. Due to align ment with HAZI (though with low de vi a -
tion), qual ity was down graded from C to D.

L-1, also in the east ern part of A1, was logged across four
salt cyclothems. In Na4, Na3, and Na2, tool ro ta tion was
smooth, and BBLs show grad ual SHmax ro ta tion with depth from
NNE–SSW to N–S. In Na1, a deeper BBL that dis rupted tool ro -
ta tion sug gests SHmax to wards NNW–SSE. Over all, a bi modal
SHmax pat tern is ob served from top to bot tom, av er ag ing N–S
over 33 m of BBL.

T-1, lo cated in the south ern Gorzów Block on the same A1
plat form (height: 180 m), was logged across two salt cyclo -
thems. The bore hole di am e ter was uni formly en larged by
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Fig. 6. Bore holes from the Ba and Bu fields shown on a map of the Z2 seis mic ho ri zon, cor re spond ing to the top of the Ca2 unit
(af ter Górski et al., 1999)

A clear dis crep ancy is vis i ble be tween the con sis tent SHmax di rec tion in Na2 salt (blue ar rows) and the SHmax di rec tion in the Ca2 unit
(pur ple ar row) as well as in the Me so zoic suc ces sion (green ar row in wes tern most bore hole)

https://doi.org/10.1144/petgeo.5.1.5


~5 cm. The most reg u lar BBLs (to tal ing 52 m) in di cate SHmax to -
wards the NE–SW. Due to un cer tainty in de fin ing the elon ga tion 
na ture, the qual ity was down graded from C to D.

P-24, on the south ern edge of the Gorzów Block atop an ap -
prox i mately 90 m thick A1 plat form trending WNW–ESE (north
of the Ca1 reef), was logged be tween 2221–2642 m depth
across two salt cyclothems. Wide wash outs in Na3 and Na2 in -
creased bore hole di am e ter by 10–15 cm. BBLs in these in ter -
vals sug gest SHmax to wards NNE–SSW and, subordinately,
N–S. A bi modal dis tri bu tion (to tal BBL length: 21 m) yields an
av er age SHmax of NNE–SSW, per pen dic u lar to the lo cal elon ga -
tion of the A1 plat form.

R-1, lo cated above a ~250 m high A1 plat form trending
NW–SE, away from its flanks, pierced units from Na3 to the up -
per Rotliegend. In Na3 and Na2, bore hole walls are heavily
eroded. Well-de vel oped BBLs in di cate ENE–WSW SHmax. In
the thin Ca1 in ter val, short BBLs sug gest SHmax of NNE–SSW,
while sparse break outs in the Rotliegend sug gest N–S ori en ta -
tion. Due to wall asym me try sug gest ing drill-string pol ish ing,
qual ity was down graded from C to E.

Ru-3, lo cated in the north east ern part of the FSH’s west ern
seg ment, lies above the Ca1 reef (thick ness: ~80 m). The SAD
log cov ered two salt cyclothems. In Na3 and Na2, deep wash -
outs (~10 cm) oc curred. Sym met ri cal and dis tinct BBLs (to tal -
ing 28 m) con sis tently in di cate SHmax to wards the NNE–SSW.

W-7, on the east ern edge of the west ern FSH seg ment, lies
atop a 110 m thick A1 plat form near the flank of a Ca1 reef. The
SAD log in cludes Na2 and Na3, with BBLs at A3–Na2 and less
fre quently at the Na3–A3 and Na2–A2 bound aries. The to tal
BBL length of 12.5 m sug gests SHmax of NNW–SSE, sim i lar to
N–S ori en ta tions in di cated by sparse break outs in the Car bon if -
er ous.

Bo-1, at the east ern limit of the west ern FSH seg ment, lies
above a ~90 m high Ca1 reef. The SAD log in cludes two salt
cyclothems and Car bon if er ous strata. Re gard less of whether
the bore hole wall is pol ished or not, BBLs to tal ing 50 m con sis -
tently in di cate NW–SE SHmax, in agree ment with the Car bon if er -
ous stress data. Due to pol ish ing, mea sure ment qual ity was
down graded from C to D.

Br-6, atop an ex ten sion of the Ca1 reef (~40 m high,
trending WNW–ESE) (Fig. 7), was logged in Na3 and Na2.
From 9 m of BBLs, SHmax is in ter preted as NNE–SSW. This ori -
en ta tion aligns with the dip of the FSH and reef slope and is
oblique to the re gional tec tonic com pres sion di rec tion in the
Zechstein sub stra tum.

Br-10 is lo cated above the same Ca1 reef as the pre vi ous
bore hole, with a height of ~48 m, sit u ated at the crest of a struc -
tural high trending NW–SE (Fig. 7). BBL struc tures in Na3, to tal -
ing 48 m in length, sug gest a SHmax ori en ta tion to wards the
NE–SW, sim i lar to the pre vi ous bore hole and aligned with the
downslope di rec tion of the reef body. Due to sig nif i cant pol ish -
ing of the bore hole wall by the drill string, the qual ity rat ing was
down graded from C to E.

P-3 is sit u ated within the Poznañ–Kalisz fault zone, above
an A1 plat form ~300 m thick. The SAD log cov ers two salt
cyclothems, but BBLs oc cur only in Na3. These BBLs, to tal ing
32 m, show un sta ble ori en ta tions and sug gest a SHmax di rec tion
of ENE–WSW. Due to the lack of clear struc tural sym me try, the
qual ity rat ing was down graded from C to D.

K-1, also lo cated within the Poznañ–Kalisz fault zone, lies
above a A1 plat form ~230 m thick, trending NW–SE. In Na3,
BBLs show un sta ble ori en ta tions, in di cat ing a NE–SW SHmax di -
rec tion. In Na2, more sta ble BBLs point to ENE–WSW SHmax.
This matches the bore hole av er age and closely aligns with the
lo cal slope of the plat form. Due to pol ished bore hole walls, this
re sult was as signed the low est qual ity rat ing, E.

£-2, lo cated near the Poznañ–Kalisz fault zone above a
65 m-thick A1 plat form, shows rel a tively sta ble BBL ori en ta -
tions across all three salt cyclothems, with a to tal BBL length of
47.1 m. These struc tures sug gest a SHmax ori en ta tion of
NNW–SSE, sim i lar to that ob served in the Zechstein sub stra -
tum. Given the po ten tial for drill-string pol ish ing, the qual ity rat -
ing was down graded from C to D.

G-2 is lo cated on the east ern edge of the FSH, within the
Poznañ–Kalisz fault zone, and above an A1d plat form more
than 120 m thick. In the in ter vals of Na2 and Na1, both sig nif i -
cantly thinned, 10 m of BBLs sug gest a SHmax ori en ta tion of
NNW–SSE. This di rec tion is con sis tent with that ob served in
the un der ly ing Rotliegend. The mea sure ment was given the
low est qual ity rat ing, E.

SYNTHESIS OF SHMAX ORIENTATIONS IN SALT

In the sta tis ti cal anal y sis of SHmax ori en ta tions from all bore -
holes drilled in salt (Fig. 9), the av er age SHmax di rec tion for each
bore hole was weighted ac cord ing to mea sure ment qual ity:
class D was as signed 2 points, and class E re ceived 1 point. By
de lib er ately omit ting weight ing by to tal BBL length, we avoided
over em pha siz ing re sults from in di vid ual wells with ex cep tion -
ally long cu mu la tive BBL in ter vals. To in ter pret the ori en ta tions
of SHmax, we com pared them with the FSH dip ref er ence di rec -
tion, which we de ter mined us ing a hypsometric map of the
Zechstein base (Fig. 8). This sur face re flects the gen eral dip
and tilt di rec tion of the FSH af ter Zechstein de po si tion, as well
as the larger ir reg u lar i ties in the Zechstein sub stra tum caused
by the up lift of this area or the large ae olian dunes in the
Rotliegend.

A par tic u larly note wor thy ob ser va tion is that clus ters of
closely spaced bore holes tend to ex hibit sim i lar BBL ori en ta -
tions. This strongly sug gests that bore hole elon ga tion is not a
tech no log i cal ar ti fact re sult ing from drill string wall abra sion.
Such ar ti facts are usu ally found in sig nif i cantly de vi ated wells or 
in clined lay ers, nei ther of which are pres ent in the cur rent
dataset. Ad di tion ally, side wall ero sion by the drill string was
ruled out through fil ter ing based on hole az i muth. If homoclinal
layer dip were sig nif i cantly af fect ing the data, we would ex pect
to see sys tem atic bore hole elon ga tion in the NNE–SSW di rec -
tion. How ever, this pat tern is ab sent from all bore holes ana -
lysed.

The most strik ing ex am ple of sys tem atic BBL ori en ta tion
co mes from SHmax anal y sis in nine closely spaced bore holes lo -
cated within the Gorzów Block (north ern part of the FSH), all sit -
u ated above a sin gle A1 anhydrite plat form (Fig. 8 and Ta ble 1). 
These wells dis play sim i lar BBL ori en ta tions, in di cat ing a con -
sis tent ENE–WSW SHmax di rec tion. A com pa ra ble SHmax ori en -
ta tion was also ob served in two bore holes lo cated south of this
plat form and in three ad di tional bore holes in the east ern part of
the FSH, in clud ing two near its north east ern mar gin. In con -
trast, six bore holes sit u ated in the west ern FSH seg ment above 
the Ca1 reefs – as well as L-1 and S-1 – show SHmax di rec tions
aligned with the dip of the FSH and the slopes of nearby plat -
form edges.

In to tal, 806 metres of BBL struc tures were iden ti fied across 
23 bore holes, all po ten tially suit able for char ac ter iz ing SHmax ori -
en ta tion in the salt. Sta tis ti cally, we ob served a dom i nant SHmax

az i muth at 60°, with a mean ori en ta tion ~47°. This off set re sults
from a con sis tent left-lat eral de vi a tion in most re main ing mea -
sure ments rel a tive to the dom i nant di rec tion (Ta ble 1). These
re sults do not clearly in di cate a di rect cor re la tion be tween SHmax

ori en ta tion and the dip of the FSH (Fig. 2). How ever, the mean
SHmax di rec tion de vi ates by only ~25° from the gen eral FSH dip.
In many bore holes, SHmax was ob served to align with the slope
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of un der ly ing reef or plat form struc tures. Only in one case did
we iden tify a SHmax ori en ta tion per pen dic u lar to both the
monocline dip and lo cal top o graphic gra di ent.

DISCUSSION

CAUSES OF BOREHOLE CROSS-SECTION ELONGATION IN SALT

In all salt in ter vals of the bore holes stud ied, we con sis tently
ob served bore hole di am e ter en large ment in all di rec tions, clear
ev i dence of salt dis so lu tion by undersaturated (with re spect to
NaCl) drill ing mud. How ever, our anal y sis fo cuses spe cif i cally
on the causes of di rec tional elon ga tion of bore hole cross-sec -
tions within the salt.

This well-doc u mented phe nom e non in rocks other than
evaporites in volves shear stress con cen tra tion around the
bore hole wall. This re sults in com pres sive fail ure and the for -
ma tion of break outs aligned with the di rec tion of min i mum hor i -
zon tal stress (Shmin). When the shear stress ex ceeds the uni ax -
ial com pres sive strength of the rock around the en tire per im e ter 
of the bore hole, the cross-sec tion en larges while main tain ing its 
elon ga tion in the Shmin di rec tion. To de ter mine if anal o gous
break out-like struc tures can form in salt, we must ex am ine the
me chan i cal and stress-re lated fac tors of Zechstein salts in the
FSH.

Stress and de for ma tion con di tions in salt within the FSH
Within the FSH, salt lay ers rep re sent the weak est rhe o log i -

cal com po nents, and may act as me chan i cal de tach ment lev els 
be tween the Pa leo zoic Zechstein sub stra tum and its Me so zoic
over bur den (Jarosiñski, 2006; Jarosiñski et al., 2021). The
greater the depth and tem per a ture, and the lower the strain
rate, the less brit tle and elas tic salt or anhydrite be comes, with
creep be com ing the dom i nant de for ma tion mech a nism (Jack -
son and Hudec, 2017).

In the bore holes ana lysed that pen e trate the salt, the base
of the Zechstein lies at depths be tween 2 and 3.5 km (Fig. 2),
with most bore holes reach ing close to 3 km. At these depths,
tem per a tures range be tween 80–140°C, with the typ i cal value
~100°C. The pres ent-day tec tonic hor i zon tal strain rate for the
monocline has been es ti mated at 10–16s–1 (Araszkiewicz et al.,
2016). How ever, we ar gue that salt does not di rectly par tic i pate
in tec tonic de for ma tion; in stead, its me chan i cal be hav iour is
likely gov erned by grav i ta tional ef fects re sult ing from dif fer -
ences in lithostatic pres sure be tween ar eas of vary ing depth
within the FSH.

Stress mea sure ments sug gest that both the Me so zoic over -
bur den and do lo mite–anhydrite interbeds within the salt may
un dergo grav i ta tional creep ei ther along or within the salt lay ers. 
This move ment is driven by the monocline dip and the den sity
con trast be tween an hyd rites/dolomites and salt. It is there fore
plau si ble that grav ity con trib utes to lo cally in creased strain rates 
at ma te rial bound aries within the salt. Un der a strain rate of
10–14s–1, it can be in ferred that dry rock salt un der these con di -
tions would sup port dif fer en tial stresses be low 2 MPa at 80°C
and be low 1 MPa at 120°C (Jack son and Hudec, 2017). Since
such high strain rates are likely un re al is tic in nat u ral set tings, we 
con clude that nat u ral dif fer en tial stresses in the FSH salt prob a -
bly do not ex ceed 1 MPa.

MECHANISMS OF BOREHOLE CROSS-SECTION ELONGATION IN SALT

The de vel op ment of oval shapes of bore holes in salt de pos -
its re sults from lo cal vari a tions in the mag ni tude and ori en ta tion
of the stresses act ing on the bore hole wall. Im me di ately af ter
drill ing, be fore the viscoelastic stress re lax ation mech a nism in
salt be comes ac tive, the ver ti cal stress at the bore hole wall
equals the lithostatic pres sure, while the bore hole wall is sup -
ported solely by the mud fluid pres sure. For the depth range
con sid ered in this study (2–3.5 km) and as sum ing an av er age
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Fig. 7. Maps: (A) top of the Ca1 unit (reef of the Zechstein Lime stone), and (B) Z2 seis mic ho ri zon cor re spond ing ap prox i mately
to the top of the Ca2 unit (Zdanowski and Solarski, 2018)

A clear dif fer ence is vis i ble be tween the SHmax ori en ta tion in salt (blue ar rows), which is per pen dic u lar to the edge of the Ca1 high, and
the SHmax ori en ta tion in the Car bon if er ous base ment (grey ar rows)

https://doi.org/10.1515/acgeo-2016-0057
https://gq.pgi.gov.pl/article/view/7415
https://doi.org/10.1007/s00531-021-02073-1


over bur den den sity of 2.4 g/cm3, the lithostatic pres sure ranges 
from 48 MPa to 84 MPa. Due to el e vated pore pres sure in the
Zechstein salt at greater depths (Bojarski, 1997), the mud
weight was ad justed and var ied be tween 1.3 g/cm3 for shal low
wells and 1.5 g/cm3 for deeper ones. This re sults in a bore hole
pres sure (Pm) rang ing from 26 MPa to 52.5 MPa, re spec tively.
Con se quently, the max i mum dif fer en tial pres sure be tween
lithostatic and bore hole pres sures ranges from 22 MPa to
31.5 MPa, de pend ing on the bore hole depth. This pres sure dif -
fer ence leads to tran sient shear stress in the bore hole wall.
How ever, due to the ani so tropy of in-situ stress in salt, the cir -
cumfer ential stress around the bore hole wall (Sq) var ies with the 

an gle be tween the di rec tion of SHmax and the mea sure ment
point on the bore hole wall (q, mea sured from the bore hole axis), 
and can be de scribed us ing the clas si cal Kirsch equa tion
(Kirsch, 1898, Eq. 1):

Sq = SHmax + Shmin – 2(SHmax – Shmin) cos2q – Pm [1]

Be low, we fo cus on the max i mum and min i mum cir cumfer -
ential stresses in the di rec tions SHmin and SHmax, re spec tively.
For a depth of 2 km, this yields val ues of Sqmax = 72 MPa and
Sqmin = 68 MPa, which gives a max i mum shear stress of: (Sqmax
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Fig. 8. Av er age SHmax di rec tions for the salt in ter vals (Na1, Na2 and Na3, com bined) in the bore holes ana lysed (blue ar rows),
high lighted by the lo cal SHmax tra jec tory trends (blue dashed lines)

In the back ground, a hypsometric map of the Zechstein base with 100 m con tour in ter vals (thin grey lines) and in di cated slope lines of
this sur face (grey dot ted lines). The rose di a gram shows the SHmax ori en ta tion sta tis tics for all bore holes shown, weighted by

mea sure ment qual ity



– Pm)/2 = 23 MPa. At a depth of 3.5 km, the val ues are Sqmax =
117.5 MPa and Sqmin = 113.5 MPa, yield ing a max i mum shear
stress of: (Sqmax – Pm)/2 = 32.5 MPa. This stress state only ex -
ists tem po rarily, un til it is re laxed by vis cous salt creep. Un der
el e vated dif fer en tial stress at the bore hole wall, creep de for ma -
tion ac cel er ates sig nif i cantly com pared to nat u ral long-term
strain rates.

Ac count ing for the com pres sive strength of salt al lows for
the as sess ment of whether the tran sient peak stress con di tions
in the bore hole wall may cause the for ma tion of break out struc -
tures. Re sults of uni ax ial com pres sive strength (UCS) tests on
salt sam ples from the FSH con ducted at room tem per a ture
show that UCS val ues range from 17 to 34 MPa (Flisiak, 2008;
K³eczek and Zelias, 2012; Cyran et al., 2016). These val ues are 
com pa ra ble to the max i mum shear stresses es ti mated for shal -
low and deep wells, re spec tively. How ever, in the bore hole wall, 
strength is sig nif i cantly in flu enced by bore hole fluid pres sure.

Triaxial strength ex per i ments on salt from the FSH con -
ducted un der con fin ing pres sures of up to 30 MPa (Flisiak,
2007) in di cate that salt strength in creases sig nif i cantly, reach -
ing up to 75 MPa at 2 km depth. Since no tests have been per -
formed for higher con fin ing pres sures, we ex trap o late the ob -
served trend lin early. For a mud pres sure cor re spond ing to a

depth of 3.5 km, the es ti mated shear strength of salt ex ceeds
125 MPa. This sug gests that the com pres sive strength of salt at 
the depths stud ied may be up to three times higher than the
max i mum shear stresses act ing at the bore hole wall. Hence,
mac ro scopic fail ure in the form of break outs is un likely to oc cur
in the salt. How ever, we ar gue that cataclastic de for ma tion in
the crys tal line salt can not be ex cluded, po ten tially lead ing to the 
for ma tion of microcracks (e.g., Cristescu and Hunsche, 1998).
Such microcracking could in flu ence both the rate of de for ma -
tion (Ghanbarzadeh et al., 2015) and the rate of salt dis so lu tion
along the bore hole wall (Fal con-Suarez et al., 2024). Nev er the -
less, dif fer ences in the rates of these pro cesses along dif fer ent
di rec tions are ex pected to be small. As we have shown, as sum -
ing a nat u ral stress ani so tropy of (SHmax – Shmin) = 1 MPa, the
max i mum cir cumfer ential stress dif fer ence in the bore hole wall
is no more than 4 MPa, re gard less of bore hole depth.

We can eval u ate what per cent age of the av er age cir cumfer -
ential stress is rep re sented by this max i mum dif fer en tial stress
us ing the fol low ing equa tion (Eq. 2):

( )
( )

E
2 S S

S S

max min

max min

=
-

+

q q

q q

[2]
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Fig. 9. Di rec tions of SHmax salt (blue) com pared with tec tonic stress in the
Car bon if er ous base ment (grey), SHmax in the Main Do lo mite (yel low) 

and the FSH dip di rec tion (green)
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This cal cu lated cir cumfer ential stress “el lip tici ty” ranges
from 5.7 to 3.5% for bore hole depths of 2 and 3.5 km, re spec -
tively. These val ues are only slightly lower than the ob served el -
lip tici ty of the bore hole cross-sec tions (Ta ble 1), which av er -
ages ~8%. How ever, we do not as sign strict phys i cal mean ing
to this co in ci dence.

We hy poth e size that the el lip ti cal shape re sults from vari a -
tions in the di rec tion of microcrack den sity, which are likely pro -
por tional to the mag ni tude of shear stress at the bore hole wall.
This could pro por tion ally in crease the rate of pres sure so lu tion
and lo cal ized bore hole wall en large ment. Pres sure so lu tion
would pro mote faster en large ment of the bore hole di am e ter in
the Shmin di rec tion. The pres ence of sec ond ary phase im pu ri ties 
in the ha lite, such as anhydrite and clay, en hances dilatancy
and thus per me abil ity (Beauheim and Rob erts, 2002), fur ther
fa cil i tat ing fluid pen e tra tion along microcracks. Mean while,
anisotropic com pres sive stress would lead to con ver gence of
the bore hole wall in the SHmax di rec tion. Ul ti mately, both mech a -
nisms con trib ute to bore hole elon ga tion in a di rec tion typ i cal of
break outs. There fore, we re fer to such elon ga tions in salt de -
pos its as BBLs (break out-like struc tures). Since the min i mum
bore hole di am e ter is only be low the nom i nal value in one case,
we in fer that dis so lu tion dom i nates clo sure rate. Fi nally, high
cir cumfer ential stresses in the bore hole wall pre clude ten sile
microfracturing, de spite the low ten sile strength of salt.

DIRECTIONAL BOREHOLE CLOSURE

The clo sure rate of bore holes in rock salt is a highly non-lin -
ear pro cess in flu enced by nu mer ous in ter act ing fac tors (Mo -
rales Salazar, 2024). A key role is played by the dom i nant creep 
mech a nism: un der low re gional stress and fine-grained salt
struc ture, dif fu sion creep pre vails, whereas un der high stress
con di tions and coarse-grained tex tures, dis lo ca tion creep be -
comes dom i nant (Li and Urai, 2016). In the depth range typ i cal
for the bore holes stud ied (>2 km; Ta ble 1), dif fu sion creep is
gen er ally the pre vail ing mech a nism, in di cat ing strong
strain-rate sen si tiv ity to grain size. El e vated tem per a ture and
the pres ence of shear stresses sig nif i cantly ac cel er ate the
bore hole clo sure rate, by sev eral or ders of mag ni tude.  The an -
a lyt i cal model de vel oped by Carcione et al. (2006) dem on -
strated that dif fer en tial hor i zon tal stresses lead to el lip ti cal de -
for ma tion of bore holes, with de for ma tion gov erned by stress
ani so tropy, tem per a ture, and the viscoelastic rhe o log i cal prop -
er ties of salt. These de pend en cies are also well cap tured in the
model pro posed by Cor net et al. (2018), which in te grates pres -
sure so lu tion and dis lo ca tion creep un der anisotropic re gional
stress con di tions, al low ing rapid es ti ma tion of de for ma tion rates 
as a func tion of geo ther mal and geomechanical pa ram e ters.

Us ing the model of Cor net et al. (2018), we es ti mated that
for a bore hole with ra dius R = 0.105 m, and a lithostatic-to-hy -
dro static pres sure dif fer ence of 20–30 MPa, un der el e vated
tem per a tures of up to 140°C (in the deep est bore holes) and
fine-grained salt tex ture (grain size d = 0.5–1 mm), the clo sure
rates may reach sev eral centi metres per month, im ply ing that
ob serv able de for ma tion can oc cur within just a week. The re -
sults align with field ob ser va tions from salt drill ing op er a tions,
where ra dial clo sure has been shown to be come crit i cal within
hours or days un der sim i lar con di tions of high dif fer en tial stress, 
el e vated tem per a ture, and fine-grained salt microstructure
(e.g., Munson and Dawson, 1980; Dusseault et al., 2004;
Carcione et al., 2006). Con versely, at lower tem per a tures and
with coarser grain size, the strain rate clearly de creases. How -
ever, when microcracking oc curs in the bore hole wall, the de for -

ma tion rate may in crease fur ther. The case we con sider,
namely bore hole wall de for ma tion un der sig nif i cantly el e vated
shear stresses and in the pres ence of undersaturated bore hole
flu ids pen e trat ing microcracks, dif fers from the creep-driven
salt de for ma tion sce nar ios pre vi ously stud ied. There fore, for
the pur pose of this anal y sis, we re frain from mod el ing of bore -
hole el lip tici ty con trolled by the creep mech a nism.

PRESSURE DISSOLUTION

An other po ten tial cause of di rec tional elon ga tion of the
bore hole cross-sec tion is pres sure so lu tion, which ac cel er ates
the dis so lu tion rate un der in creased shear stress in the bore -
hole wall. Un der such stress, Na+ and Cl– ions are mo bi lized
from more heavily loaded grain con tacts and trans ported along
wa ter films to ward zones of lower pres sure (Spi ers et al., 1990). 
The high est shear stress in the bore hole wall oc curs in the di -
rec tion of Shmin, which may also cor re spond to the high est in ten -
sity of microcracking. These struc tures pro vide pre ferred sites
for salt pre cip i ta tion. In this way, the pro cess of creep in salt can 
be ini ti ated and di rec tion ally en hanced.

In the pres ence of di rect con tact with the bore hole wall, the
pro cess may be come more com plex. An undersaturated mud
fil trate can en hance salt dis so lu tion and pre vent its pre cip i ta -
tion, thereby ac cel er at ing the so lu tion rate. As such, this mech -
a nism may be more ef fec tive than the clas si cal creep mech a -
nism driven by pres sure-so lu tion–pre cip i ta tion pro cesses in
salt (Urai et al., 1986). How ever, pres sure so lu tion in the pres -
ence of an undersaturated fluid has not yet been quan ti fied. Re -
lated mech a nisms in volv ing per me abil ity en hance ment in salt
through microcrack prop a ga tion and dis so lu tion have been
stud ied. This pro cess has been shown to cor re late lin early with
the elas tic prop er ties of salt for pres sure dif fer ences of up to
20 MPa (Fal con-Suarez et al., 2024). Since pres sure so lu tion
can elon gate the bore hole cross-sec tion in the same di rec tion
as bore hole clo sure, these mech a nisms may act syn er gis ti -
cally, mu tu ally re in forc ing one an other. A key con clu sion is that
re gard less of which mech a nism dom i nates, the di rec tion of
bore hole elon ga tion should re main the same anal o gous to clas -
sic break outs (BB). There fore, we con clude that the ori en ta tion
of BBL-type struc tures can be used to in fer the di rec tion of pres -
ent-day stress act ing within the salt de pos its.

SALT DISSOLUTION

An other po ten tial cause of di rec tional bore hole elon ga tion
is dif fer en tial dis so lu tion of the bore hole wall. Undersaturated
drill ing flu ids en hance salt dis so lu tion, and this ef fect can in ten -
sify in zones where microcracks de velop par tic u larly in the di -
rec tion of Shmin, where shear stresses at the bore hole wall are
high est. Mech a nisms in volv ing per me abil ity en hance ment in
salt through microcrack prop a ga tion and stress-as sisted dis so -
lu tion have been doc u mented, with dis so lu tion rates cor re lat ing
lin early with the elas tic prop er ties of salt for pres sure dif fer -
ences up to 20 MPa (Fal con-Suarez et al., 2024). As a con se -
quence, this pro cess may elon gate the bore hole cross-sec tion
in the same di rec tion as BB.

CAUSES OF ANISOTROPY IN NATURAL HORIZONTAL STRESSES
 IN SALT FORMATIONS

For the pur pose of our anal y sis, we con sider three main fac -
tors that may in duce ani so tropy in hor i zon tal stresses within the
salt units:
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– Tec tonic stresses, which in the sub stra tum of the FSH
have a NNW–SSE ori en ta tion and may lo cally ro tate to -
wards N–S in its east ern seg ment, east of the Solec-
 Jarocin fault.

– Dif fer ences in lithostatic pres sure in the salt lay ers lo -
cated at var i ous depths within the FSH and in ad ja cent
bas ins. Stresses gen er ated in this man ner should re sult
in SHmax ori en ta tions roughly aligned with the dip of the
homocline, NNE–SSW, or ro tat ing to wards the NE–SW, 
in the di rec tion of the deep est part of the £ódŸ Trough
(Figs. 2 and 8).

– The grav i ta tion ally driven mo bil ity of com pe tent lay ers
within the salt or over ly ing the salt. Our pre vi ous anal y -
ses dem on strated that, in Ca2, ex ten sion is gen er ated in 
the di rec tion of the FSH dip, re sult ing in SHmax be ing re -
ori ented to an ap prox i mately lat i tu di nal (E–W) po si tion.

Ad di tion ally, the in flu ence of the lo cal mor phol ogy of the salt 
base should be taken into ac count, as it may en hance pres sure
gra di ents in the salt and dis turb the re gional pres sure vari a tion
trend in the FSH. The im pact of this fac tor may be lim ited due to
the pinch ing out of the old est Na1 salt lay ers above the larg est
Ca1 reefs and A1 plat forms, which re duces re lief in the youn ger 
salt cyclothems (PZ2–PZ4). Since the three pri mary fac tors can 
gen er ate hor i zon tal stresses in three dis tinct di rec tions
– namely, NNW–SSE, NNE–SSW, and W–E – the ob served
ori en ta tion of BBL struc tures may pro vide in sight into which fac -
tor dom i nates in a given lo ca tion.

In bore holes where salt oc curs at a depth of ~2 km, litho -
static pres sure may reach ~48 MPa, in creas ing to ~84 MPa at
3.5 km, and ex ceed ing 120 MPa in the £ódŸ Trough at depths
>5 km. Such con trasts in lithostatic load may re sult in lat eral
pres sure dif fer ences within each salt layer of up to 80 MPa. This 
can be ap prox i mated by an av er age hor i zon tal pres sure gra di -
ent of ~1 MPa/km. A gra di ent of this mag ni tude may pro mote
strain de coup ling within the salt rel a tive to the de for ma tion of
the com pe tent lay ers. How ever, due to the rhe o log i cal prop er -
ties of salt, even such a large pres sure dif fer ence is not ex -
pected to gen er ate sig nif i cant shear stresses, which as shown
in the pre vi ous sec tion should not ex ceed 1 MPa within the FSH 
salt units.

The com pi la tion of SHmax ori en ta tions based on BBL struc -
tures in the salt shows a sta tis ti cally dom i nant ENE–WSW
trend, iden ti fied in 14 bore holes. The av er age SHmax ori en ta tion
in salt for all bore holes is closer to a NE–SW di rec tion. This dif -
fer ence re sults from a sys tem atic de vi a tion of in di vid ual ori en ta -
tions from the dom i nant trend, shift ing in the di rec tion of the re -
gional dip of the FSH. Since the dom i nant SHmax ori en ta tion is
per pen dic u lar to the re gional tec tonic SHmax di rec tion, we can
im me di ately rule out tec tonic stress as a po ten tial fac tor con trol -
ling the stress field in the salt. The av er age SHmax ori en ta tion
also de vi ates by ~25° from the gen eral dip of the FSH (Fig. 9).
No ta bly, the dom i nant SHmax trend lies close to the bi sec tor of
the an gle be tween the FSH dip di rec tion and the SHmax di rec tion
within the Main Do lo mite (Ca2), which con sti tutes a com pe tent
interlayer above salt base ments such as Ca1 reefs and A1 plat -
forms. The bore holes that show the ENE–WSW SHmax ori en ta -
tion are sit u ated di rectly above these struc tural highs.

This ob ser va tion sug gests that the SHmax di rec tion in the salt 
may re sult from the com bined ef fect of the re gional lithostatic
pres sure gra di ent (slightly de flected to wards the deep est part of 

the £ódŸ Trough) and the ki ne mat ics of grav i ta tional slid ing of
the dense Ca2 plate within the salt lay ers, pos si bly ac com pa -
nied by slid ing of the over ly ing Me so zoic cover down the in -
clined sur face of the FSH. In this sce nario, wells lo cated clos est
to the deep £ódŸ Trough should show a NE–SW ori en ta tion of
SHmax. How ever, only two out of four such bore holes show this
trend. There fore, our ex pla na tion of the mech a nisms con trol ling 
SHmax ori en ta tion in the salt re mains hy po thet i cal.

CONCLUSIONS

To date, the ori en ta tion of bore hole cross-sec tion elon ga -
tion in salt de pos its has not been in ves ti gated on a re gional
scale. Our study, which was based on six-arm cal i per logs from
23 bore holes lo cated across the FSH showed that the bore hole
cross-sec tion in Zechstein salt is sys tem at i cally en larged rel a -
tive to the nom i nal di am e ter in all di rec tions and is of ten dis -
tinctly elon gated. The bore hole en large ment, ex pressed as the
dif fer ence be tween the min i mum and nom i nal di am e ters,
reaches up to 30 cm, with an av er age of ~10 cm. This phe nom -
e non is at trib uted to the dis so lu tion of salt by an undersaturated
drill ing mud fil trate.

In all the bore holes in ves ti gated, we also iden ti fied in ter vals
in which di rec tional bore hole elon ga tion (ovality) ranged from 6
to 15%, with an av er age of 8%. We hy poth e size that this ovality
re sults from both dis so lu tion and clo sure of the bore hole un der
anisotropic hor i zon tal stress, and re fer to these fea tures as
BBL. BBL ori en ta tions show con sid er able con sis tency in spe -
cific ar eas. For ex am ple, in nine bore holes lo cated above a
branch ing A1 plat form in the west ern FSH, a sta ble ENE–WSW 
SHmax ori en ta tion was iden ti fied. This trend also dom i nates in
five ad di tional bore holes across the en tire FSH. Ad di tion ally,
most of iden ti fied SHmax ori en ta tions align with the FSH dip di -
rec tion, but in four bore holes, it matches the re gional tec tonic
SHmax di rec tion. Dis so lu tion ap pears to dom i nate over pos si ble
bore hole clo sure since no min i mum di am e ter in any bore hole
fell be low the nom i nal di am e ter.

We at trib ute the BBL ori en ta tions to the ani so tropy of hor i -
zon tal stresses in the salt. Due to the rel a tively high heat flow in
the FSH and the sig nif i cant depth of the salt in ter vals
(2–3.5 km), we es ti mate that the stress re lax ation mech a nism in 
the salt re sults in a stress drop of <1 MPa. This dif fer en tial
stress can pro duce a cir cumfer ential stress vari a tion of 4 MPa
around the bore hole wall.

Con sid er ing the dif fer ence be tween the lithostatic pres sure
of the salt de posit and the hy dro static pres sure of the bore hole,
we es ti mated the max i mum shear stress to be 23 MPa in shal -
low bore holes and 32.5 MPa in deep bore holes. These val ues
are com pa ra ble to the uni ax ial com pres sive strength of salt in
the FSH, but are over three times lower than the con fined com -
pres sive strength un der bore hole pres sure con di tions. This
sug gests that mac ro scopic break outs or ten sile frac tures in -
duced by drill ing can not form in FSH salts. How ever, we ar gue
that cataclastic de for ma tion in at the grain scale could re sult in
microcracking. Di rec tional dif fer ences in microcrack den sity
within the bore hole wall could lead to dif fer en tial rates of pres -
sure so lu tion and creep. This would ul ti mately pro duce di rec -
tional BBL. The fast est dis so lu tion di rec tion and the com pres -
sion di rec tion both fa vour the same BBL trend, anal o gous to
break outs, sup port ing the use of BBL to in fer SHmax ori en ta tion.
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The dom i nant ENE–WSW SHmax di rec tion in the salt is per -
pen dic u lar to the tec tonic SHmax di rec tion (NNW–SSE), there -
fore tec ton ics can be ne glected as a fac tor con trol ling the stress 
field in the salt. The pri mary fac tor gen er at ing anisotropic stress
in the salt is most likely the vari a tion in lithostatic pres sure due
to changes in salt layer depth across the FSH, which lead to an
av er age lat eral pres sure gra di ent of ~1 MPa/km, ori ented par al -
lel to the FSH dip or de flected to wards the NE–SW, in the di rec -
tion of the deep est part of the £ódŸ Trough. The ob served de vi -
a tion of the dom i nant SHmax di rec tion in salt from these ex pected 
trends by 25° may re flect the in flu ence of lo cal fac tors, such as

an in creased pres sure gra di ent on the slopes of the Ca1 reefs
and A1 plat forms or/and slid ing of the Main Do lo mite over base -
ment highs.
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