Geological Quarterly, 2025, 69, 56
DOI: https://doi.org/10.7306/gq.1829

Can present-day stress orientations be determined in salt?
Borehole geometry analysis from the Fore-Sudetic Homocline, Poland

Marek JAROSINSKI', Kinga BOBEK" *, Marta ADAMUSZEK" and Rafat NASILOWSKI'

1 Polish Geological Institute — National Research Institute, Rakowiecka 4, 00-975 Warszawa, Poland; ORCID:
0000-0003-3084-0644 [M.J.], 0000-0002-6137-9945 [K.B.], 0000-0001-7977-9528 [M.A.]

Jarosinski, M., Bobek, K., Adamuszek, M., Nasitowski, R., 2025. Can present-day stress orientations be determined in salt?
Borehole geometry analysis from the Fore-Sudetic Homocline, Poland. Geological Quarterly, 69, 56;

https://doi.org/10.7306/gq.1829

Associate Editor: tukasz Gagata

=

We analyse the regional-scale orientation of present-day horizontal stresses within the Zechstein salt deposits of the
Fore-Sudetic Homocline, based on an analysis of the geometry of 23 boreholes. Using six-arm dipmeter logs (SADs), we
identified systematic elongation of borehole cross-sections within salt intervals. We refer to these as breakout-like struc-
tures. These elongations demonstrate remarkable consistency within local groups of boreholes and are interpreted as result-
ing from natural horizontal stress anisotropy, with orientations that serve as indicators of the maximum horizontal stress
(Shmax)- Natural differential stresses in salt of <1 MPa can result in borehole wall stress differences of up to 4 MPa. We hy-
pothesize that the maximum shear stress acting on the borehole wall immediately after drilling (up to 32.5 MPa) is sufficient
to initiate cataclastic deformation at the grain scale and to generate microcracks. These microcracks may enhance borehole
convergence and pressure-solution processes at a rate proportional to the shear stress and to the density of microcracks,
which leads to observable ellipticity of boreholes in salt. Natural stress anisotropy is likely driven by differential lithostatic
loading due to salt’s depth variations, generating horizontal pressure gradients of ~1 MPa/km instead. Another factor could
be the gravitational gliding of competent layers down the slopes of salt-basement highs. These inferences are hypothetical
but represent the first attempt to identify a proxy for estimating Symax Orientation in weak salt deposits at a regional scale.

Key words: Present-day stress, salt rock, deep boreholes, dipmeter tool, Fore-Sudetic Homocline.

INTRODUCTION

In recent years, research on present-day tectonic stresses
has accelerated due to the development of unconventional hy-
drocarbon reservoirs and increasingly sophisticated methods
for managing deep subsurface spaces. Salt deposits play a key
role in these analyses, as they serve as preferred host rocks for
underground storage caverns, both for liquid fuels and, pro-
spectively, for hydrogen (e.g., Tackie-Otoo and Haq, 2024).
Salt also constitutes an excellent sealing and isolating barrier
for hydrocarbon accumulations and potential CO, stores
(Beauheim and Roberts, 2002). However, salt layers may also
pose significant engineering challenges due to their high mobil-
ity at depth (Lux, 2009).

In this study, we examined the geometry of 23 boreholes
penetrating salt units within the Fore-Sudetic Homocline (FSH;
Fig. 1A). It is widely acknowledged that boreholes, akin to salt
caverns, are susceptible to dissolution and viscous closure,
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both of which can lead to substantial operational challenges.
Because of their high practical relevance, borehole closure pro-
cesses in salt have been the subject of numerous studies and
modeling efforts (e.g., Preece, 1987; Kim, 1988; Carcione et
al., 2006; Cornet et al., 2018), though these analyses have fo-
cused more extensively on caverns (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 borehole closure in salt under anisotropic re-
gional stress fields was modeled analytically by Cornet et al.
(2018). However, to our knowledge, no regional-scale analyses
of borehole deformation in salt have been previously published.

We examined borehole ellipticity within the Zechstein salt
interval in the context of a large structural unit, the FSH. This
constitutes the first attempt to evaluate this phenomenon at a
regional scale. Based on six-arm dipmeter measurements, we
identified depth intervals in which directional elongation of bore-
hole diameters in salt is significant. Subsequently, the degree of
borehole cross-sectional elongation was quantified, and the
dominant orientation of borehole ellipticity was statistically de-
termined. In the discussion, we explore potential causes of this
phenomenon, including theoretical estimates of the relative
contribution of directional creep versus dissolution effects in-
duced by horizontal stress anisotropy. A hypothesis was formu-
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lated that the natural stress anisotropy present in salt is attribut-
able to the substantial pressure gradient within the salt at vary-
ing depths across the FSH.

GEOLOGICAL SETTING

The study area encompasses the FSH, a structure that
formed during the Late Cretaceous (Fig. 1). During the deposi-
tion of Zechstein evaporites, this region was located at the
southern margin of the Southern Permian Basin. In this basin,
evaporites of four cyclothems containing salt were deposited.
The Zechstein transgression advanced over an area previously
covered by Rotliegend volcanic rocks and sand dunes (Kiers-
nowski et al., 2010; Peryt et al., 2010; Czapowski et al., 2018).
On the uplifted blocks of the Wolsztyn Ridge and in the mar-
ginal parts of the basin, reef structures of the Zechstein Lime-
stone (Ca1), and sulphate platforms (A1), developed. These
structures formed several hundred-metre-high palaeotopo-
graphic highs on the evaporitic basin floor (Fig. 2). In these ele-
vated areas, the Oldest Rock Salt (Na1) of the oldest, PZ1
cyclothem, was not deposited, although elsewhere it reaches a
thickness of up to 200 m (Figs. 3 and 4). In the three subse-
quent cyclothems (PZ2—-PZ4), the extent of the basin fluctuated

near the southern boundary of the FSH, where marginal facies
dominated and contained only limited amounts of salt. In the ba-
sin interior, at the locations of the boreholes studied, salt was
predominantly deposited in three cyclothems, with a total cumu-
lative thickness reaching up to 500 m. One salt layer (Na3)
demonstrates its greatest thickness at the point of highest sea
level within the third cyclothem, PZ3 (Fig. 3). The lowest ratio of
halite facies is observed in the fourth cyclothem, PZ4, which
had the smallest areal extent. The total thickness of Zechstein
deposits in the area with the boreholes studied varies between
400 and 1000 m, with salt layers constituting approximately half
of this thickness. However, geophysical logs from the boreholes
studied often cover only a part of the complete salt profile.

Above the evaporites, a sedimentary succession with a cu-
mulative thickness over 3 km was deposited during the Triassic,
Jurassic and Cretaceous periods. The entire study area under-
went a tilting event during the Late Cretaceous inversion of the
Polish Basin. This event produced the homoclinal structure ob-
served today, in which Zechstein strata generally dip towards
the NNE at ~3°. Although the Zechstein deposits within the FSH
region did not undergo substantial internal tectonic or
halokinetic deformation, local accommodation of faults in the
overburden and gentle folding of the rigid dolomite—anhydrite
plate are occasionally observed.
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In contrast, in the adjacent Szczecin and t6dz troughs (to
the north and north-east; Fig. 1A), salt forms pillows and diapirs,
and the basal dip of the Zechstein reaches 4 and 5°, respec-
tively. The boundaries of the FSH are defined by fault zones
with post-Zechstein strike-slip displacements. In the northeast,
these zones do not interrupt the continuity of salt layers be-
tween the FSH and adjacent troughs. However, in the south-
west, the Middle Odra Fault Zone separates the FSH area with
Zechstein deposits from the Fore-Sudetic Block, which lacks
them.

Interpretations of present-day tectonic stress (Symax) Orien-
tation based on borehole data (Jarosinski, 2005, 2006), as well
as numerical stress modeling for Central Europe (Jarosinski et
al., 2006), show that the regional tectonic stress is oriented

NNW-SSE in this area. This configuration results from the su-
perposition of a SE-directed ridge push originating from the At-
lantic Ocean and N-directed compression from the Eastern
Alps (Levi et al., 2019).

Temperature is a critical factor influencing the viscosity of
salt. In the FSH region, significantly elevated heat flow values
have been recorded, reaching up to 80 mW/m? (Szewczyk and
Gientka, 2009), which correspond to temperatures at the base
of the Zechstein sequence ranging from 80 to 140°C (Gorecki
etal., 2006). Due to the low viscosity of the salt layers and their
lateral pinch-out along the southwestern margin of the FSH, the
Zechstein succession appears unable to effectively transmit
tectonic stresses. This interpretation is consistent with stress
measurements in the substratum and overburden of the Zech-
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stein, which show significant differences, suggesting mechani-
cal detachment of stress transmission across the Zechstein
evaporites.

DATA AND METHODS

The analysis of borehole geometry in salt deposits was car-
ried out based on navigational data recorded by a Six-Arm
Dipmeter Tool (SAD). This included measurements of: the
lengths of the six caliper arms, the angle of the first arm relative
to the borehole deviation plane, the azimuth of borehole inclina-
tion, the azimuth of the first arm, and the borehole deviation an-
gle from the vertical (Fig. 5). In salt intervals, we analysed the
orientation and degree of borehole elongation using a method
previously applied to identify borehole wall enlargements known
as breakouts (BB), based on algorithms from the SPIDER-6
code introduced by Jarosinski (1994, 1998, 1999). Since the or-
igin of borehole elongation in salt is not straightforward due to
the difficulty in producing brittle macro-fractures in salt (see Dis-
cussion), we refer to these directional elongation structures of
borehole cross-sections as “breakout-like structures”, using
the acronym BBL (Fig. 5).

The SPIDER software procedure for identifying BBL struc-
tures is based on filtering the data using two shape indicators:

— the Asymmetry Coefficient (AC), which assumes the
bisector of all chords of the circle will cross at its central
point. If the borehole cross-section is not symmetrical,
those lines will intersect at different points, creating a tri-
angle. The size of this triangle represents the level of
asymmetry, providing a quantitative measure of the
asymmetry of the elongation appearing on opposite
sides of the borehole walls (Fig. 5C),

— and the Shape Coefficient (SC), which represents the
relative difference in lengths between calipers located
next to each other, quantifying the degree of cross-sec-
tional elongation (Fig. 5D).

The definitions of these coefficients and the principles of
SAD interpretation are described in Jarosinski (1998), and their
effectiveness has been validated in hundreds of boreholes
worldwide (performed by e.g., Baker Hughes, Geomechanics
International) and numerous analyses from Poland (Jarosinski,
2005, 2006; Jarosinski et al., 2024, 2021).

To reduce noise from mechanical damage or borehole con-
tamination, the following standard assumption is applied: BBL
structures elongate the borehole diameter directionally by more
than 3% (i.e., absolute SC >3%), with at least half of the elonga-
tion being symmetrical (AC >0.5). We used these threshold val-
ues to filter the data for BBL identification, but we adjusted them
to more conservative values (typically SC >3.5% and AC <0.4)
depending on borehole quality. This adjustment aims to achieve
the clearest possible identification of elongation direction.

To account for potential artificial elongation due to side-cut-
ting by the drill bit, which is typically associated with deviated
boreholes, we also excluded data where the borehole deviation
(DEVI) exceeded 3°, and the elongation direction fell within a
+20° window around the borehole inclination azimuth (HAZI).
Such cases were rare because the average deviation of the
boreholes analysed rarely exceeded 3°. Overall, the entire BBL
structure analysis was conducted automatically, with minimal
interactive adjustments to the filtering parameters.

We interpreted BBL structures in 23 boreholes, most of
which are located in the northwestern part of the FSH (Fig. 1A).
In these wells, the salt layers occur at depths between 2 and
3.5 km (Fig. 2), depending on their position along the monocline
slope and their relationship to the above-mentioned basement
highs beneath the Zechstein succession.

RESULTS

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

Upon analysing the geometry of 23 boreholes drilled
through salt within the FSH, we observed that salt intervals typi-
cally show an enlarged borehole cross-section in all directions.
This is due to the use of undersaturated salt solutions in the
drilling mud, which are intended to prevent borehole closure in
salt deposits. To quantify the degree of enlargement, we exam-
ined the difference between the minimum borehole diameter in
BBL intervals and the nominal bit size (Table 1). Our analyses
show that, on average, the minimum diameter is 2 cm smaller
than the bit size in only one borehole, and in one case, it re-
mains unchanged (Table 1). In the remaining wells, the mini-
mum diameter within salt intervals exceeds the nominal bit size
by an average of 10 cm, with some intervals showing differ-
ences of up to 32 cm.

Furthermore, we observed that in most salt intervals the
borehole cross-section is directionally elongated along a spe-
cific axis, forming so-called BBL structures. To assess the de-
gree of elongation (ellipticity), we used the absolute value of the
shape coefficient (SC), expressed as a percentage of nominal
diameter (Table 1). Elongation ranged from 6 to 15% across in-
dividual boreholes, with lower values being more frequent, re-
sulting in an average elongation of 8% across the dataset. Be-
cause the origin of BBL structures is still under discussion, and
since their geometry differs from typical breakouts, and the
borehole walls are often polished (possibly by the drill string),
we frequently downgraded the quality rating of the inferred
Shmax direction by one, or exceptionally two points of the
five-point WSMDB scale (Heidbach et al., 2025; Table 1).

All boreholes analysed boreholes are located above A1 sul-
phate platforms or Ca1 reef structures. Only a few boreholes
encountered thin Na1 salt beds. Thus, the BBL orientations re-
ported here mainly characterize the three thicker salt intervals.
The third cyclothem (Leine) is the most widespread and thickest
in the basin. In several boreholes, the BBL orientation changes
slightly with depth. However, these variations are not system-
atic between cyclothems; therefore, the results were averaged
per borehole.

Although the origin of BBL structures will be discussed later
in the paper, it can already be stated that they most likely indi-
cate the orientation of horizontal stresses in salt. As in the case
of breakouts, the BBL orientation in vertical boreholes is as-
sumed to be perpendicular to the direction of maximum hori-
zontal stress, Symax. We adopt this convention throughout the
results section to avoid confusion that could arise from describ-
ing BBL and Symax orientations separately. Short borehole de-
scriptions are provided in geographical order from NW to SE.
Lithostratigraphic units of the Zechstein (Pz) are labeled using
the acronyms shown in Figure 4. Statistical results and spatial
distribution of BBL orientations are provided in Table 1 and Fig-
ure 8.

BBL ORIENTATIONS IN BOREHOLES

Borehole Ba-1 is located near the largest structural high of
the A1 platform, which has a bifurcated shape and is penetrated
by nine boreholes intersecting salt from Na4 to Na1. In the SAD
log, BBL structures occur only within the uppermost part of Na2,
totaling 5.25 m in length, and suggesting a NE-SW orientation
of Symax- This direction differs slightly from the NNE—SSW Syyyax
orientation observed in the overlying Mesozoic profile.
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Table 1
Results of the BBL analysis in salt, organized according to WSM DB standards (Heidbach et al., 2025)
Borehole | DePth interval | BBL Length Mean BBL Stnas Azimuth SSZC?_" Qualty scr;z;;fe Cuin— BS
[m] [m] Depth [m] [°1 ] [%] [cm]

B-1 2767-3115 11.5 2962 48 25 E 6 6
Ba-1 2599-3045 53 2853 52 24 E 9 -2
Bo-1 2038-2412 49.7 2143 137 9 C=>D 7 31
Br-6 1864-2133 8.9 1931 9 15 E 6 5
Br-10 1890-2155 40.8 1955 a7 10 C=>E 9 9
Bu-11 2704-3120 72.6 2961 63 14 C=>D 13 0
Bu-13 2724-3120 48.7 2921 67 17 C=>D 7 1
Bu-16 2677-3126 47.4 2971 50 20 C=>D 7 5
G-1 2741-3131 51.3 2904 87 15 C=>D 8 2
G-2 2861-3115 9.8 2931 170 17 E 7 6
K-1 2920-3547 41.3 3148 62 15 C=>E 7 3
L-1 2696-3425 21.5 3079 172 21 D 8 18
-2 2700-3163 471 2800 168 13 C->D 13 9
M-1 2713-3233 25.2 2939 44 20 D 7 7
P-24 2221-2642 211 2321 17 18 D 6 32
P-3 2910-3736 31.9 3163 67 15 C=>D 6 9
R-1 1707-2338 38.1 1864 74 18 C=>E 7 6
Ru-3 2163-2544 28.1 2208 22 13 D 8 29
S-1 2748-3567 61 2878 20 15 C=>D 6 26
S-2 2776-3198 55.4 2961 64 13 C=>E 6 3
S-3 2756-3262 25.4 2981 59 26 D->E 7 10
T-1 2419-2910 51.7 2529 66 13 C=>D 15 13
W-7 2063-2424 12.5 2198 167 14 E 7 5

Shape Coefficient is a measure of borehole cross-section elongation. In many cases, the WSM DB quality ranking was subjectively down-
graded due to irregular borehole cross-section elongation, Cp, — caliper minimum, BS — bit size

The next three boreholes — Bu-11, -13, and -16 — are also
located above the same A1 platform. The platform here is
>200 m thick and its ENE-WSW-trending edge is bordered by
normal faults that indicate gravity-driven downslope sliding of
the Zechstein succession. In Bu-11, the SAD log covered al-
most the entire Zechstein profile, allowing comparison of BBL
orientation across salts of four cyclothems. In Na4, BBL struc-
tures show consistent orientation, indicating Spmax in the
ENE-WSW direction. In Na3, orientations range from NE-SW
(in intervals with strong borehole washouts) to E-W (in nar-
rower sections). In the 130 m-thick interval of Na2, BBLs sug-
gest Spmax trending ENE-WSW. A single BBL in Na1 also indi-
cates this orientation. In total, BBL structures spanning 77 m
point to an average Symax Orientation of ENE-WSW. Due to lim-
ited control over the exact geometry of borehole elongation, we
downgraded the data quality from C to D. This Symax direction
differs significantly from the NNE-SSW compression inferred in
Ca2 but aligns with the elongation axis of the A1 platform and
the nearby fault trend (Fig. 6).

Bu-13 is located on the same A1 platform as the previous
boreholes, but farther from its edge and away from fault zones.
The SAD log covers all salt-bearing cyclothems. In Na4 and the
upper part of Na3, long and regular BBL structures indicate a
stable Symax NE=SW orientation. Below, within Na3 and Na2,
BBLs also indicate a stable ENE-WSW orientation. These BBL
orientation ranges are similar to those from Bu-11, located
~1.5 km away, with an average Spmax of ENE-WSW. Due to
possible partial smoothing of BBLs by the drill string, the quality
rating of the stress orientation was downgraded from C to D.

Bu-16 is situated closer to the platform edge (~0.5 km). The
SAD log covers three salt cyclothems (excluding Na1). In Na4
and the upper part of Na3, BBLs show a relatively stable Symax
direction of ENE-WSW. In the lower A3 and Na2, BBLs on a
stable borehole wall indicate a NE-SW orientation, with the
best-developed BBLs in the basal salt suggesting Symax toward
NNE-SSW. The average Symax across the borehole is close to
NE-SW, similar to the previous boreholes.
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Fig. 6. Boreholes from the Ba and Bu fields shown on a map of the Z2 seismic horizon, corresponding to the top of the Ca2 unit
(after Gorski et al. 1999)

A clear discrepancy is visible between the consistent Symax direction in Na2 salt (blue arrows) and the Spmax direction in the Ca2 unit
(purple arrow) as well as in the Mesozoic succession (green arrow in westernmost borehole)

G-1, located on the same A1 platform as the Buszewo bore-
holes (with no Na1 salt), displays BBLs in Na4, Na3, and Na2
that consistently indicate an E-W Syax orientation. The total
BBL length is 51 m. This orientation aligns with the elongation
axis of the platform. Due to the drill string polishing most BBLs,
the measurement quality was downgraded from C to D.

M-1, also located on the same A1 platform (height ~65 m),
was logged in three salt cyclothems. A bimodal BBL orientation
pattern was interpreted from 25 m of structures, with average
Stmax trending NE-SW or NNE-SSW, consistent with the re-
gional monocline dip. The BBLs were not visibly polished.

S-2 sits atop the same A1 platform (height ~55 m). The
SAD log covers two salt cyclothems. Near the A3—Na2 bound-
ary, borehole elongation resembles typical breakouts—Iikely
due to the mixed salt-anhydrite lithology. In other intervals,
elongations are gentle and do not disturb tool rotation. Across
both cyclothems (PZ2 and PZ3), 55 m of BBLs with variable ori-
entation point to Symax in the range NE-SW to E-W, averaging
ENE-WSW. Due to heavy wall polishing, quality was down-
graded from C to E.

S-3, also on the same platform, was logged in three salt
cyclothems. All intervals are uniformly eroded. BBLs show bi-
modal orientations, changing within the same NE-SW to E-W
range as in the adjacent borehole, with a statistical average of
ENE-WSW Symax-

B-1, located on the same A1 platform, penetrates three salt
cyclothems (excluding Na1). The borehole diameter was en-
larged by 3—6 cm depending on direction. BBL orientation is un-
stable, with an average Spmax 0f NE-SW based on just 11.5 m
of BBL and a high standard deviation (25°), yielding the lowest
quality rating (E).

S-1, located in the eastern portion of the A1 platform (thick-
ness: 260 m), was logged across three salt cyclothems and the
upper Rotliegend interval. Shallow wall washouts in Na4, Na3,
and Na2 show regular elongation, suggesting Symax of NS in
Na4, NNE-SSW in Na3 and Na2, with deeper intervals rotating
further to NE-SW. The average Symax from 61 m of BBL is
NNE-SSW. Due to alignment with HAZI (though with low devia-
tion), quality was downgraded from C to D.

L-1, also in the eastern part of A1, was logged across four
salt cyclothems. In Na4, Na3, and Na2, tool rotation was
smooth, and BBLs show gradual Synax rotation with depth from
NNE-SSW to N-S. In Na1, a deeper BBL that disrupted tool ro-
tation suggests Spmax towards NNW-SSE. Overall, a bimodal
Shmax pattern is observed from top to bottom, averaging N-S
over 33 m of BBL.

T-1, located in the southern Gorzéw Block on the same A1
platform (height: 180 m), was logged across two salt cyclo-
thems. The borehole diameter was uniformly enlarged by
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~5 cm. The most regular BBLs (totaling 52 m) indicate Symax to-
wards the NE-SW. Due to uncertainty in defining the elongation
nature, the quality was downgraded from C to D.

P-24, on the southern edge of the Gorzéw Block atop an ap-
proximately 90 m thick A1 platform trending WNW-ESE (north
of the Ca1l reef), was logged between 2221-2642 m depth
across two salt cyclothems. Wide washouts in Na3 and Na2 in-
creased borehole diameter by 10—15 cm. BBLs in these inter-
vals suggest Symax towards NNE-SSW and, subordinately,
N-S. A bimodal distribution (total BBL length: 21 m) yields an
average Spmax of NNE-SSW, perpendicular to the local elonga-
tion of the A1 platform.

R-1, located above a ~250 m high A1 platform trending
NW-SE, away from its flanks, pierced units from Na3 to the up-
per Rotliegend. In Na3 and Na2, borehole walls are heavily
eroded. Well-developed BBLs indicate ENE-WSW Syjmax. In
the thin Ca1 interval, short BBLs suggest Symax of NNE-SSW,
while sparse breakouts in the Rotliegend suggest N-S orienta-
tion. Due to wall asymmetry suggesting drill-string polishing,
quality was downgraded from C to E.

Ru-3, located in the northeastern part of the FSH’s western
segment, lies above the Ca1 reef (thickness: ~80 m). The SAD
log covered two salt cyclothems. In Na3 and Na2, deep wash-
outs (~10 cm) occurred. Symmetrical and distinct BBLs (total-
ing 28 m) consistently indicate Symax towards the NNE-SSW.

W-7, on the eastern edge of the western FSH segment, lies
atop a 110 m thick A1 platform near the flank of a Ca1 reef. The
SAD log includes Na2 and Na3, with BBLs at A3—Na2 and less
frequently at the Na3-A3 and Na2-A2 boundaries. The total
BBL length of 12.5 m suggests Symax of NNW-SSE, similar to
N-S orientations indicated by sparse breakouts in the Carbonif-
erous.

Bo-1, at the eastern limit of the western FSH segment, lies
above a ~90 m high Ca1 reef. The SAD log includes two salt
cyclothems and Carboniferous strata. Regardless of whether
the borehole wall is polished or not, BBLs totaling 50 m consis-
tently indicate NW-SE Symax, in agreement with the Carbonifer-
ous stress data. Due to polishing, measurement quality was
downgraded from C to D.

Br-6, atop an extension of the Ca1 reef (~40 m high,
trending WNW-ESE) (Fig. 7), was logged in Na3 and Na2.
From 9 m of BBLs, Symax is interpreted as NNE-SSW. This ori-
entation aligns with the dip of the FSH and reef slope and is
oblique to the regional tectonic compression direction in the
Zechstein substratum.

Br-10 is located above the same Ca1 reef as the previous
borehole, with a height of ~48 m, situated at the crest of a struc-
tural high trending NW-SE (Fig. 7). BBL structures in Na3, total-
ing 48 m in length, suggest a Symax Orientation towards the
NE-SW, similar to the previous borehole and aligned with the
downslope direction of the reef body. Due to significant polish-
ing of the borehole wall by the drill string, the quality rating was
downgraded from C to E.

P-3 is situated within the Poznan—Kalisz fault zone, above
an A1 platform ~300 m thick. The SAD log covers two salt
cyclothems, but BBLs occur only in Na3. These BBLs, totaling
32 m, show unstable orientations and suggest a Symax direction
of ENE-WSW. Due to the lack of clear structural symmetry, the
quality rating was downgraded from C to D.

K-1, also located within the Poznan—Kalisz fault zone, lies
above a A1 platform ~230 m thick, trending NW-SE. In Na3,
BBLs show unstable orientations, indicating a NE-SW Syjax di-
rection. In Na2, more stable BBLs point to ENE-WSW Syjmax-
This matches the borehole average and closely aligns with the
local slope of the platform. Due to polished borehole walls, this
result was assigned the lowest quality rating, E.

L-2, located near the Poznan—Kalisz fault zone above a
65 m-thick A1 platform, shows relatively stable BBL orienta-
tions across all three salt cyclothems, with a total BBL length of
471 m. These structures suggest a Suymax Orientation of
NNW-SSE, similar to that observed in the Zechstein substra-
tum. Given the potential for drill-string polishing, the quality rat-
ing was downgraded from C to D.

G-2 is located on the eastern edge of the FSH, within the
Poznan—Kalisz fault zone, and above an A1d platform more
than 120 m thick. In the intervals of Na2 and Na1, both signifi-
cantly thinned, 10 m of BBLs suggest a Spmax Orientation of
NNW-SSE. This direction is consistent with that observed in
the underlying Rotliegend. The measurement was given the
lowest quality rating, E.

SYNTHESIS OF Syuax ORIENTATIONS IN SALT

In the statistical analysis of Symax Orientations from all bore-
holes drilled in salt (Fig. 9), the average Symax direction for each
borehole was weighted according to measurement quality:
class D was assigned 2 points, and class E received 1 point. By
deliberately omitting weighting by total BBL length, we avoided
overemphasizing results from individual wells with exception-
ally long cumulative BBL intervals. To interpret the orientations
of Symax, We compared them with the FSH dip reference direc-
tion, which we determined using a hypsometric map of the
Zechstein base (Fig. 8). This surface reflects the general dip
and tilt direction of the FSH after Zechstein deposition, as well
as the larger irregularities in the Zechstein substratum caused
by the uplift of this area or the large aeolian dunes in the
Rotliegend.

A particularly noteworthy observation is that clusters of
closely spaced boreholes tend to exhibit similar BBL orienta-
tions. This strongly suggests that borehole elongation is not a
technological artifact resulting from drill string wall abrasion.
Such artifacts are usually found in significantly deviated wells or
inclined layers, neither of which are present in the current
dataset. Additionally, sidewall erosion by the drill string was
ruled out through filtering based on hole azimuth. If homoclinal
layer dip were significantly affecting the data, we would expect
to see systematic borehole elongation in the NNE-SSW direc-
tion. However, this pattern is absent from all boreholes ana-
lysed.

The most striking example of systematic BBL orientation
comes from Symax @analysis in nine closely spaced boreholes lo-
cated within the Gorzéw Block (northern part of the FSH), all sit-
uated above a single A1 anhydrite platform (Fig. 8 and Table 1).
These wells display similar BBL orientations, indicating a con-
sistent ENE-WSW Syax direction. A comparable Symax Orien-
tation was also observed in two boreholes located south of this
platform and in three additional boreholes in the eastern part of
the FSH, including two near its northeastern margin. In con-
trast, six boreholes situated in the western FSH segment above
the Ca1 reefs — as well as L-1 and S-1 — show Synax directions
aligned with the dip of the FSH and the slopes of nearby plat-
form edges.

In total, 806 metres of BBL structures were identified across
23 boreholes, all potentially suitable for characterizing Symax Ori-
entation in the salt. Statistically, we observed a dominant Symax
azimuth at 60°, with a mean orientation ~47°. This offset results
from a consistent left-lateral deviation in most remaining mea-
surements relative to the dominant direction (Table 1). These
results do not clearly indicate a direct correlation between Symax
orientation and the dip of the FSH (Fig. 2). However, the mean
Shmax direction deviates by only ~25° from the general FSH dip.
In many boreholes, Symax Was observed to align with the slope
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Fig. 7. Maps: (A) top of the Ca1 unit (reef of the Zechstein Limestone), and (B) Z2 seismic horizon corresponding approximately
to the top of the Ca2 unit (Zdanowski and Solarski, 2018)

A clear difference is visible between the Symax Orientation in salt (blue arrows), which is perpendicular to the edge of the Ca1 high, and
the Sumax Orientation in the Carboniferous basement (grey arrows)

of underlying reef or platform structures. Only in one case did
we identify a Symax Orientation perpendicular to both the
monocline dip and local topographic gradient.

DISCUSSION

CAUSES OF BOREHOLE CROSS-SECTION ELONGATION IN SALT

In all salt intervals of the boreholes studied, we consistently
observed borehole diameter enlargement in all directions, clear
evidence of salt dissolution by undersaturated (with respect to
NaCl) drilling mud. However, our analysis focuses specifically
on the causes of directional elongation of borehole cross-sec-
tions within the salt.

This well-documented phenomenon in rocks other than
evaporites involves shear stress concentration around the
borehole wall. This results in compressive failure and the for-
mation of breakouts aligned with the direction of minimum hori-
zontal stress (Symin)- When the shear stress exceeds the uniax-
ial compressive strength of the rock around the entire perimeter
of the borehole, the cross-section enlarges while maintaining its
elongation in the Sy, direction. To determine if analogous
breakout-like structures can form in salt, we must examine the
mechanical and stress-related factors of Zechstein salts in the
FSH.

Stress and deformation conditions in salt within the FSH

Within the FSH, salt layers represent the weakest rheologi-
cal components, and may act as mechanical detachment levels
between the Paleozoic Zechstein substratum and its Mesozoic
overburden (Jarosinski, 2006; Jarosinski et al., 2021). The
greater the depth and temperature, and the lower the strain
rate, the less brittle and elastic salt or anhydrite becomes, with
creep becoming the dominant deformation mechanism (Jack-
son and Hudec, 2017).

In the boreholes analysed that penetrate the salt, the base
of the Zechstein lies at depths between 2 and 3.5 km (Fig. 2),
with most boreholes reaching close to 3 km. At these depths,
temperatures range between 80—-140°C, with the typical value
~100°C. The present-day tectonic horizontal strain rate for the
monocline has been estimated at 107 "%s™ (Araszkiewicz et al.,
2016). However, we argue that salt does not directly participate
in tectonic deformation; instead, its mechanical behaviour is
likely governed by gravitational effects resulting from differ-
ences in lithostatic pressure between areas of varying depth
within the FSH.

Stress measurements suggest that both the Mesozoic over-
burden and dolomite—anhydrite interbeds within the salt may
undergo gravitational creep either along or within the salt layers.
This movement is driven by the monocline dip and the density
contrast between anhydrites/dolomites and salt. It is therefore
plausible that gravity contributes to locally increased strain rates
at material boundaries within the salt. Under a strain rate of
107"s™, it can be inferred that dry rock salt under these condi-
tions would support differential stresses below 2 MPa at 80°C
and below 1 MPa at 120°C (Jackson and Hudec, 2017). Since
such high strain rates are likely unrealistic in natural settings, we
conclude that natural differential stresses in the FSH salt proba-
bly do not exceed 1 MPa.

MECHANISMS OF BOREHOLE CROSS-SECTION ELONGATION IN SALT

The development of oval shapes of boreholes in salt depos-
its results from local variations in the magnitude and orientation
of the stresses acting on the borehole wall. Inmediately after
drilling, before the viscoelastic stress relaxation mechanism in
salt becomes active, the vertical stress at the borehole wall
equals the lithostatic pressure, while the borehole wall is sup-
ported solely by the mud fluid pressure. For the depth range
considered in this study (2-3.5 km) and assuming an average
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315°

Fig. 8. Average Sumax directions for the salt intervals (Na1, Na2 and Na3, combined) in the boreholes analysed (blue arrows),
highlighted by the local Sy« trajectory trends (blue dashed lines)

In the background, a hypsometric map of the Zechstein base with 100 m contour intervals (thin grey lines) and indicated slope lines of
this surface (grey dotted lines). The rose diagram shows the Synax Orientation statistics for all boreholes shown, weighted by
measurement quality

overburden density of 2.4 g/cm3, the lithostatic pressure ranges
from 48 MPa to 84 MPa. Due to elevated pore pressure in the
Zechstein salt at greater depths (Bojarski, 1997), the mud
weight was adjusted and varied between 1.3 g/cm3 for shallow
wells and 1.5 g/cm? for deeper ones. This results in a borehole
pressure (Pp,) ranging from 26 MPa to 52.5 MPa, respectively.
Consequently, the maximum differential pressure between
lithostatic and borehole pressures ranges from 22 MPa to
31.5 MPa, depending on the borehole depth. This pressure dif-
ference leads to transient shear stress in the borehole wall.
However, due to the anisotropy of in-situ stress in salt, the cir-
cumferential stress around the borehole wall (Sy) varies with the

angle between the direction of Symax and the measurement
point on the borehole wall (6, measured from the borehole axis),
and can be described using the classical Kirsch equation
(Kirsch, 1898, Eq. 1):

Se SHmax + Shmln - 2(SHmax - Shmln) 00329 P [1]

Below, we focus on the maximum and minimum circumfer-
ential stresses in the directions Symin and Spmax, respectively.
For a depth of 2 km, this yields values of Sgmax = 72 MPa and
Semin = 68 MPa, which gives a maximum shear stress of: (Sgmax
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90°

180°

Fig. 9. Directions of Sy salt (blue) compared with tectonic stress in the
Carboniferous basement (grey), Sumax in the Main Dolomite (yellow)
and the FSH dip direction (green)

— Pm)/2 = 23 MPa. At a depth of 3.5 km, the values are Sgnax =
117.5 MPa and Sy, = 113.5 MPa, yielding a maximum shear
stress of: (Sgmax — Pm)/2 = 32.5 MPa. This stress state only ex-
ists temporarily, until it is relaxed by viscous salt creep. Under
elevated differential stress at the borehole wall, creep deforma-
tion accelerates significantly compared to natural long-term
strain rates.

Accounting for the compressive strength of salt allows for
the assessment of whether the transient peak stress conditions
in the borehole wall may cause the formation of breakout struc-
tures. Results of uniaxial compressive strength (UCS) tests on
salt samples from the FSH conducted at room temperature
show that UCS values range from 17 to 34 MPa (Flisiak, 2008;
Kteczek and Zelias, 2012; Cyran et al., 2016). These values are
comparable to the maximum shear stresses estimated for shal-
low and deep wells, respectively. However, in the borehole wall,
strength is significantly influenced by borehole fluid pressure.

Triaxial strength experiments on salt from the FSH con-
ducted under confining pressures of up to 30 MPa (Flisiak,
2007) indicate that salt strength increases significantly, reach-
ing up to 75 MPa at 2 km depth. Since no tests have been per-
formed for higher confining pressures, we extrapolate the ob-
served trend linearly. For a mud pressure corresponding to a

depth of 3.5 km, the estimated shear strength of salt exceeds
125 MPa. This suggests that the compressive strength of salt at
the depths studied may be up to three times higher than the
maximum shear stresses acting at the borehole wall. Hence,
macroscopic failure in the form of breakouts is unlikely to occur
in the salt. However, we argue that cataclastic deformation in
the crystalline salt cannot be excluded, potentially leading to the
formation of microcracks (e.g., Cristescu and Hunsche, 1998).
Such microcracking could influence both the rate of deforma-
tion (Ghanbarzadeh et al., 2015) and the rate of salt dissolution
along the borehole wall (Falcon-Suarez et al., 2024). Neverthe-
less, differences in the rates of these processes along different
directions are expected to be small. As we have shown, assum-
ing a natural stress anisotropy of (Symax — Shmin) = 1 MPa, the
maximum circumferential stress difference in the borehole wall
is no more than 4 MPa, regardless of borehole depth.

We can evaluate what percentage of the average circumfer-
ential stress is represented by this maximum differential stress
using the following equation (Eq. 2):

E:2(Semax _Semin) [2]
(Semax + Semin)
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This calculated circumferential stress “ellipticity” ranges
from 5.7 to 3.5% for borehole depths of 2 and 3.5 km, respec-
tively. These values are only slightly lower than the observed el-
lipticity of the borehole cross-sections (Table 1), which aver-
ages ~8%. However, we do not assign strict physical meaning
to this coincidence.

We hypothesize that the elliptical shape results from varia-
tions in the direction of microcrack density, which are likely pro-
portional to the magnitude of shear stress at the borehole wall.
This could proportionally increase the rate of pressure solution
and localized borehole wall enlargement. Pressure solution
would promote faster enlargement of the borehole diameter in
the Spmin direction. The presence of secondary phase impurities
in the halite, such as anhydrite and clay, enhances dilatancy
and thus permeability (Beauheim and Roberts, 2002), further
facilitating fluid penetration along microcracks. Meanwhile,
anisotropic compressive stress would lead to convergence of
the borehole wall in the Symax direction. Ultimately, both mecha-
nisms contribute to borehole elongation in a direction typical of
breakouts. Therefore, we refer to such elongations in salt de-
posits as BBLs (breakout-like structures). Since the minimum
borehole diameter is only below the nominal value in one case,
we infer that dissolution dominates closure rate. Finally, high
circumferential stresses in the borehole wall preclude tensile
microfracturing, despite the low tensile strength of salt.

DIRECTIONAL BOREHOLE CLOSURE

The closure rate of boreholes in rock salt is a highly non-lin-
ear process influenced by numerous interacting factors (IVio-
rales Salazar, 2024). A key role is played by the dominant creep
mechanism: under low regional stress and fine-grained salt
structure, diffusion creep prevails, whereas under high stress
conditions and coarse-grained textures, dislocation creep be-
comes dominant (Li and Urai, 2016). In the depth range typical
for the boreholes studied (>2 km; Table 1), diffusion creep is
generally the prevailing mechanism, indicating strong
strain-rate sensitivity to grain size. Elevated temperature and
the presence of shear stresses significantly accelerate the
borehole closure rate, by several orders of magnitude. The an-
alytical model developed by Carcione et al. (2006) demon-
strated that differential horizontal stresses lead to elliptical de-
formation of boreholes, with deformation governed by stress
anisotropy, temperature, and the viscoelastic rheological prop-
erties of salt. These dependencies are also well captured in the
model proposed by Cornet et al. (2018), which integrates pres-
sure solution and dislocation creep under anisotropic regional
stress conditions, allowing rapid estimation of deformation rates
as a function of geothermal and geomechanical parameters.

Using the model of Cornet et al. (2018), we estimated that
for a borehole with radius R = 0.105 m, and a lithostatic-to-hy-
drostatic pressure difference of 20-30 MPa, under elevated
temperatures of up to 140°C (in the deepest boreholes) and
fine-grained salt texture (grain size d = 0.5-1 mm), the closure
rates may reach several centimetres per month, implying that
observable deformation can occur within just a week. The re-
sults align with field observations from salt drilling operations,
where radial closure has been shown to become critical within
hours or days under similar conditions of high differential stress,
elevated temperature, and fine-grained salt microstructure
(e.g., Munson and Dawson, 1980; Dusseault et al., 2004;
Carcione et al., 2006). Conversely, at lower temperatures and
with coarser grain size, the strain rate clearly decreases. How-
ever, when microcracking occurs in the borehole wall, the defor-

mation rate may increase further. The case we consider,
namely borehole wall deformation under significantly elevated
shear stresses and in the presence of undersaturated borehole
fluids penetrating microcracks, differs from the creep-driven
salt deformation scenarios previously studied. Therefore, for
the purpose of this analysis, we refrain from modeling of bore-
hole ellipticity controlled by the creep mechanism.

PRESSURE DISSOLUTION

Another potential cause of directional elongation of the
borehole cross-section is pressure solution, which accelerates
the dissolution rate under increased shear stress in the bore-
hole wall. Under such stress, Na* and CI” ions are mobilized
from more heavily loaded grain contacts and transported along
water films toward zones of lower pressure (Spiers et al., 1990).
The highest shear stress in the borehole wall occurs in the di-
rection of Spmin, Which may also correspond to the highest inten-
sity of microcracking. These structures provide preferred sites
for salt precipitation. In this way, the process of creep in salt can
be initiated and directionally enhanced.

In the presence of direct contact with the borehole wall, the
process may become more complex. An undersaturated mud
filtrate can enhance salt dissolution and prevent its precipita-
tion, thereby accelerating the solution rate. As such, this mech-
anism may be more effective than the classical creep mecha-
nism driven by pressure-solution—precipitation processes in
salt (Urai et al., 1986). However, pressure solution in the pres-
ence of an undersaturated fluid has not yet been quantified. Re-
lated mechanisms involving permeability enhancement in salt
through microcrack propagation and dissolution have been
studied. This process has been shown to correlate linearly with
the elastic properties of salt for pressure differences of up to
20 MPa (Falcon-Suarez et al., 2024). Since pressure solution
can elongate the borehole cross-section in the same direction
as borehole closure, these mechanisms may act synergisti-
cally, mutually reinforcing one another. A key conclusion is that
regardless of which mechanism dominates, the direction of
borehole elongation should remain the same analogous to clas-
sic breakouts (BB). Therefore, we conclude that the orientation
of BBL-type structures can be used to infer the direction of pres-
ent-day stress acting within the salt deposits.

SALT DISSOLUTION

Another potential cause of directional borehole elongation
is differential dissolution of the borehole wall. Undersaturated
drilling fluids enhance salt dissolution, and this effect can inten-
sify in zones where microcracks develop particularly in the di-
rection of Symin, Where shear stresses at the borehole wall are
highest. Mechanisms involving permeability enhancement in
salt through microcrack propagation and stress-assisted disso-
lution have been documented, with dissolution rates correlating
linearly with the elastic properties of salt for pressure differ-
ences up to 20 MPa (Falcon-Suarez et al., 2024). As a conse-
qguence, this process may elongate the borehole cross-section
in the same direction as BB.

CAUSES OF ANISOTROPY IN NATURAL HORIZONTAL STRESSES
IN SALT FORMATIONS

For the purpose of our analysis, we consider three main fac-
tors that may induce anisotropy in horizontal stresses within the
salt units:
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— Tectonic stresses, which in the substratum of the FSH
have a NNW-SSE orientation and may locally rotate to-
wards N-S in its eastern segment, east of the Solec-
Jarocin fault.

— Differences in lithostatic pressure in the salt layers lo-
cated at various depths within the FSH and in adjacent
basins. Stresses generated in this manner should result
in Spymax Orientations roughly aligned with the dip of the
homocline, NNE-SSW, or rotating towards the NE-SW,
in the direction of the deepest part of the £6dz Trough
(Figs. 2 and 8).

— The gravitationally driven mobility of competent layers
within the salt or overlying the salt. Our previous analy-
ses demonstrated that, in Ca2, extension is generated in
the direction of the FSH dip, resulting in Symax being re-
oriented to an approximately latitudinal (E-W) position.

Additionally, the influence of the local morphology of the salt
base should be taken into account, as it may enhance pressure
gradients in the salt and disturb the regional pressure variation
trend in the FSH. The impact of this factor may be limited due to
the pinching out of the oldest Na1 salt layers above the largest
Ca1 reefs and A1 platforms, which reduces relief in the younger
salt cyclothems (PZ2—PZ4). Since the three primary factors can
generate horizontal stresses in three distinct directions
— namely, NNW-SSE, NNE-SSW, and W-E — the observed
orientation of BBL structures may provide insight into which fac-
tor dominates in a given location.

In boreholes where salt occurs at a depth of ~2 km, litho-
static pressure may reach ~48 MPa, increasing to ~84 MPa at
3.5 km, and exceeding 120 MPa in the £6dz Trough at depths
>5 km. Such contrasts in lithostatic load may result in lateral
pressure differences within each salt layer of up to 80 MPa. This
can be approximated by an average horizontal pressure gradi-
ent of ~1 MPa/km. A gradient of this magnitude may promote
strain decoupling within the salt relative to the deformation of
the competent layers. However, due to the rheological proper-
ties of salt, even such a large pressure difference is not ex-
pected to generate significant shear stresses, which as shown
in the previous section should not exceed 1 MPa within the FSH
salt units.

The compilation of Symax oOrientations based on BBL struc-
tures in the salt shows a statistically dominant ENE-WSW
trend, identified in 14 boreholes. The average Symax Orientation
in salt for all boreholes is closer to a NE-SW direction. This dif-
ference results from a systematic deviation of individual orienta-
tions from the dominant trend, shifting in the direction of the re-
gional dip of the FSH. Since the dominant Sy.x Orientation is
perpendicular to the regional tectonic Symax direction, we can
immediately rule out tectonic stress as a potential factor control-
ling the stress field in the salt. The average Symax Orientation
also deviates by ~25° from the general dip of the FSH (Fig. 9).
Notably, the dominant Symax trend lies close to the bisector of
the angle between the FSH dip direction and the Sy« direction
within the Main Dolomite (Ca2), which constitutes a competent
interlayer above salt basements such as Ca1 reefs and A1 plat-
forms. The boreholes that show the ENE-WSW Syax Orienta-
tion are situated directly above these structural highs.

This observation suggests that the Syyax direction in the salt
may result from the combined effect of the regional lithostatic
pressure gradient (slightly deflected towards the deepest part of

the £6dz Trough) and the kinematics of gravitational sliding of
the dense Ca2 plate within the salt layers, possibly accompa-
nied by sliding of the overlying Mesozoic cover down the in-
clined surface of the FSH. In this scenario, wells located closest
to the deep £.6dz Trough should show a NE-SW orientation of
Shmax- However, only two out of four such boreholes show this
trend. Therefore, our explanation of the mechanisms controlling
Shmax Orientation in the salt remains hypothetical.

CONCLUSIONS

To date, the orientation of borehole cross-section elonga-
tion in salt deposits has not been investigated on a regional
scale. Our study, which was based on six-arm caliper logs from
23 boreholes located across the FSH showed that the borehole
cross-section in Zechstein salt is systematically enlarged rela-
tive to the nominal diameter in all directions and is often dis-
tinctly elongated. The borehole enlargement, expressed as the
difference between the minimum and nominal diameters,
reaches up to 30 cm, with an average of ~10 cm. This phenom-
enon is attributed to the dissolution of salt by an undersaturated
drilling mud filtrate.

In all the boreholes investigated, we also identified intervals
in which directional borehole elongation (ovality) ranged from 6
to 15%, with an average of 8%. We hypothesize that this ovality
results from both dissolution and closure of the borehole under
anisotropic horizontal stress, and refer to these features as
BBL. BBL orientations show considerable consistency in spe-
cific areas. For example, in nine boreholes located above a
branching A1 platform in the western FSH, a stable ENE-WSW
Shmax orientation was identified. This trend also dominates in
five additional boreholes across the entire FSH. Additionally,
most of identified Symax Orientations align with the FSH dip di-
rection, but in four boreholes, it matches the regional tectonic
Shmax direction. Dissolution appears to dominate over possible
borehole closure since no minimum diameter in any borehole
fell below the nominal diameter.

We attribute the BBL orientations to the anisotropy of hori-
zontal stresses in the salt. Due to the relatively high heat flow in
the FSH and the significant depth of the salt intervals
(2-3.5 km), we estimate that the stress relaxation mechanism in
the salt results in a stress drop of <1 MPa. This differential
stress can produce a circumferential stress variation of 4 MPa
around the borehole wall.

Considering the difference between the lithostatic pressure
of the salt deposit and the hydrostatic pressure of the borehole,
we estimated the maximum shear stress to be 23 MPa in shal-
low boreholes and 32.5 MPa in deep boreholes. These values
are comparable to the uniaxial compressive strength of salt in
the FSH, but are over three times lower than the confined com-
pressive strength under borehole pressure conditions. This
suggests that macroscopic breakouts or tensile fractures in-
duced by drilling cannot form in FSH salts. However, we argue
that cataclastic deformation in at the grain scale could result in
microcracking. Directional differences in microcrack density
within the borehole wall could lead to differential rates of pres-
sure solution and creep. This would ultimately produce direc-
tional BBL. The fastest dissolution direction and the compres-
sion direction both favour the same BBL trend, analogous to
breakouts, supporting the use of BBL to infer Symax orientation.
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The dominant ENE-WSW Sy« direction in the salt is per-
pendicular to the tectonic Symax direction (NNW-SSE), there-
fore tectonics can be neglected as a factor controlling the stress
field in the salt. The primary factor generating anisotropic stress
in the salt is most likely the variation in lithostatic pressure due
to changes in salt layer depth across the FSH, which lead to an
average lateral pressure gradient of ~1 MPa/km, oriented paral-
lel to the FSH dip or deflected towards the NE-SW, in the direc-
tion of the deepest part of the £6dZ Trough. The observed devi-
ation of the dominant Symax direction in salt from these expected
trends by 25° may reflect the influence of local factors, such as

an increased pressure gradient on the slopes of the Ca1 reefs
and A1 platforms or/and sliding of the Main Dolomite over base-
ment highs.
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