
Geo log i cal Quar terly, 2021, 65: 63
DOI: http://dx.doi.org/10.7306/gq.1632

Com par i son of joint sets ori en ta tion in the Lower Pa leo zoic shales ex posed
 in Scania (SW Swe den) and con cealed in N Po land: 

a multi-meth od olog i cal ap proach

Marcin OLKOWICZ1, *, Kinga BOBEK1, Marek JAROSIÑSKI1 and Radomir PACHYTEL1

1 Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute, Rakowiecka 4, 00-975 Warszawa, Po land

Olkowicz, M., Bobek, K., Jarosiñski, M., Pachytel, R., 2021. Com par i son of joint sets ori en ta tion in the Lower Pa leo zoic
shales ex posed in Scania (SW Swe den) and con cealed in N Po land: a multi-meth od olog i cal ap proach. Geo log i cal Quar terly, 
65: 63, doi: 10.7306/gq.1632

As so ci ate Ed i tor: Piotr Krzywiec

The Lower Pa leo zoic shales of SW Swe den and East ern Pomerania (Po land) have a com mon his tory re lated to the
depositional and tec tonic evo lu tion of the Bal tic Ba sin. The ma jor tec tonic events are re corded, among oth ers, as joints,
which are ei ther ex posed in out crops in SW Swe den or re cog nised in deep bore holes lo cated in Pomerania. We pres ent a
com par i son of the re gional joint sys tems rec og nized by mul ti ple meth ods in the stud ied re gion. In ef fect of a sta tis ti cal com pi -
la tion of mea sure ments, five joint sets (named JS 1 to JS 5) were iden ti fied, trace able be tween East ern Pomerania and SW
Swe den. Our anal y sis showed a gen eral con sis tency of joint set ori en ta tions, in de pend ent of their dis tance to the Tornquist
tec tonic zone pass ing through the study re gion. Three of the joint sets, JS 1 strik ing NNE, JS 2 strik ing WNW, and JS 3 strik -
ing NNW, are found to be the most fre quent sets, oc cur ring in most sites. Hav ing more con stant ori en ta tion, the JS 1 and JS 3 
served as in di ca tors of pos si ble ro ta tion of the tec tonic block or stress field in the re gion. JS 1 and JS 2 are in ter preted as an
ef fect of late Car bon if er ous stress re lax ation af ter Variscan col li sion, while JS 3 and the E–W strik ing JS 4 might be re lated to 
the Early De vo nian Cal edo nian com pres sive stage.

Key words: joint sys tem, shale for ma tions, Bal tic Ba sin, photo gram metry, bore hole scan ner.

INTRODUCTION

The most com mon se rial frac tures in sed i men tary rocks
form as joints, rep re sent ing re gional de for ma tion, usu ally in
scale of ex po sure and some times in bore holes they can be dis -
tin guished from the lo cal frac ture sets re lated to fault ing (Gale et 
al., 2014). Joints oc cur in sets of rel a tively con stant ori en ta tion
over large ar eas, jus ti fy ing the ex trap o la tion of joint ob ser va -
tions from a par tic u lar site to a larger scale. Spot bore hole ob -
ser va tions, en hanced by in ves ti ga tions of sur face ex po sures,
can al low rec og ni tion of the di rec tions and fre quency of joints on 
the scale of a sed i men tary ba sin (Engelder et al., 2009, 2011).
In di vid ual joint sets be have more stably when the struc tural
con text is sim ple and the me chan i cal prop er ties of the jointed
for ma tions are lat er ally ho mo ge neous. These con di tions of ten
oc cur in low-de formed shale bas ins (e.g., the Bal tic Ba sin),
where claystone and mudstone fa cies are lat er ally uni form due
to the calm deep-wa ter sed i men ta tion. In such for ma tions joints

are gen er ally well-de vel oped and pre served. The com pres sive
and ten sional strength of most shales is rel a tively low, which fa -
cil i tates rock fail ure via joint ing (Zoback and Kohli, 2019). In
shale, pore overpressure oc curs very of ten due to low per me -
abil ity, high sus cep ti bil ity to com pac tion and a com mon in -
crease in or ganic mat ter con tent, which pro duce overpressure
by gas gen er a tion mech a nism (Osborne and Swarbrick, 1997;
Hill et al., 2004). Overpressure com bined with tec tonic stress
changes con trols de vel op ment of joint sets. If the overpressure
and tec tonic fac tors have a re gional scale, sys tem at i cally ori -
ented joints may de velop that span the vast parts of shale bas -
ins along a range of hun dreds of kilo metres (Engelder et al.,
2011). Sys tem atic or sud den change of joint ori en ta tion may re -
flect re gional changes in palaeostress.

Joint net work and its char ac ter is tics are also key fac tors in
shale gas ex plo ra tion. Ear lier stud ies of joint sys tem in the
Pom er a nian part of the Bal tic Ba sin were per formed mostly
within the frame work of shale-gas pro jects based on bore hole
data (Bobek et al., 2017; Bobek and Jarosiñski, 2018). How -
ever, bore hole ob ser va tions suf fer from dis ad van tages re lated
mostly to the lim ited vol ume of the in ves ti gated rock, un fa vour -
able bore hole ge om e try for anal y sis of sub-ver ti cal frac tures
and high costs. Be cause of this, any ad di tional data on joint net -
work, es pe cially based on ac ces si ble an a logues of the area in -
ves ti gated, is valu able.
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For this rea son, re con nais sance ob ser va tions were con -
ducted on ex po sures in Scania (Fig. 1). The Cam brian–Si lu rian
for ma tions of south ern Swe den (Scania and Öland) are
lithostratigraphically com pa ra ble to their equiv a lents in east ern
Pomerania (e.g., Beier et al., 2000). Yet, there is a lack of joint
sys tem char ac ter iza tion for the Lower Pa leo zoic rocks of the
Bal tic Ba sin. The com pi la tion of joint data from Scania and E
Pomerania de scribed in this study cre ates a start ing point for
more de tailed anal y sis of the or i gin of a joint sys tem at a more
lo cal scale. In this study we firstly de scribe joint sets ori en ta -
tions, us ing dif fer ent meth ods of frac ture de tec tion and sub se -
quently ana lyse joint sets in a dif fer ent part of the ba sin, ex plor -
ing rea sons for changes in their ori en ta tion. In this way only the
ma jor changes of stress di rec tion in the ba sin are con sid ered.
The de tailed or i gin of the joints them selves needs sep a rate
stud ies fo cused on lo cal con straints, such as burial his tory and
hy dro car bon gen er a tion con trolled by ther mal events. 

To col lect the data from SW Swe den, the fol low ing meth ods 
were used: (1) clas sic, man ual geo log i cal com pass (GC) mea -
sure ments made at ex po sures; (2) fracture trace anal y sis (TA)
us ing sat el lite im ages pro vided by Google Earth; and (3)
photogrammetrically con structed 3D dig i tal out crop mod els
(DOM). This multimethod ap proach al lows com par i son of re -
sults, as sess ment of mea sure ment re peat abil ity and pos si ble
bias in data ac qui si tion. The re sults ob tained for the SW Swe -
den ex po sures were com pared with a fourth data source, bore -
hole ob ser va tions from the Pol ish part of the Bal tic Ba sin. The
ba sin-scale scheme of the joint net work is re con structed based
on the sim i lar ity of joint di rec tions and the fre quency of their oc -
cur rence at in di vid ual ob ser va tion sites. The use of re mote
sens ing and bore hole log ging ap proaches for frac ture de tec tion 

do not al low con straints to be placed on the pre cise mor phol ogy 
of a frac ture sur face to in fer its or i gin. There fore, the re sults
from re mote sens ing were com pared with di rect frac ture ob ser -
va tion at ex po sures or in bore hole core, al low ing, to some ex -
tent, con trol of char ac ter of frac tures clas si fied as joints.

We de scribe the frac ture de tec tion meth ods used, with de -
tailed de scrip tion of the photogrammetric ap proach. The re sults 
of joint ori en ta tions are shown sep a rately for the sites where
photogrammetric, sat el lite and com pass mea sure ments were
made. For the rest the ex po sures in Scania where only com -
pass mea sure ments were per formed, and for the bore holes
from Pomerania, where the geo phys i cal frac ture re cord was in -
ter preted, de tailed de scrip tions are placed in ap pen di ces. Fi -
nally, the ori en ta tion of joint sets for the Bal tic Ba sin was dis tin -
guished and com pared be tween Scania and Pomerania. We
also dis cuss the pos si ble or der of their gen e sis in the con text of
the Bal tic Ba sin’s evo lu tion.

GEOLOGICAL SETTING

The Lower Pa leo zoic strata of the area in ves ti gated, along
with Born holm, lithostratigraphically con sti tutes a part of the
Cal edo nian fore land ba sin and its base ment (Cocks and
Torsvik, 2005). The en tire study re gion (Scania, Öland and E
Pomerania), start ing from the early Cam brian to Mid-Or do vi -
cian, ex pe ri enced slow ma rine sed i men ta tion on the SW pas -
sive mar gin of the Baltica palaeocontinent (Calner et al., 2013).
Mid-Or do vi cian to Up per Si lu rian/Lower De vo nian de pos its
con sti tute the infill of the fore land ba sin de vel oped in front of the
North Ger man–Pol ish Caledonides (Cocks and Torsvik, 2005),
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Fig. 1. Lo cal iza tion of bore holes in Pomerania (Po land) and ex po sures in Scania (Swe den)

Scania Geo log i cal map based on data pro vided by the Geo log i cal Sur vey of Swe den via https://www.sgu.se; A – over all
view; B – Scania re gion in de tail. STZ stands for the Sorgenfrei-Tornquist Zone, and TTZ for the Teisseyre-Tornquist Zone



which stretches from Jutland in the west through Scania, Born -
holm, N Po land, and far ther east to Lith u a nia (Poprawa et al.,
1999; Beier et al., 2000; Cocks and Torsvik, 2005). The re gions
in ves ti gated lie in two Confacies belts (Niel sen, 1995 af ter
Jaanusson, 1976, 1982). Scania, Born holm, and N Po land be -
long to the Scania Confacies Belt, and Öland to the Cen tral
Baltoscandian Confacies Belt. There fore, these prov inces
show some dif fer ences in lithological de vel op ment.

Com par ing data from the Scania and Born holm out crops,
the G14 well (lo cated be tween Rügen and Born holm), and
bore holes drilled in E Pomerania, Beier et al. (2000) found that
the sed i men ta tion con di tions were very sim i lar across the en tire 
area, and so most of the strata can be cor re lated
lithostratigraphically (Fig. 2). Chro no log i cally, the ba sin de vel -
oped slightly ear lier in the Scan di na vian–Ger man part than in N
Po land due to the oblique, sinistral col li sion of East ern Avalonia
with Baltica (Poprawa et al., 1999; Poprawa, 2019). Beier et al.
(2000) dis tin guished four ma jor stages of the evo lu tion of SW
Baltica in the Pa leo zoic:

1. A pre-fore land ba sin phase, Lower Cam brian to lower
Or do vi cian, re lated to de po si tion on the Baltica pas sive
mar gin (Alum and TÝyen Shale in Swe den and their
equiv a lents Piaœnica and S³uchowo For ma tions in E
Pomerania).

2. An ini tial phase of fore land ba sin de vel op ment, early to
late Lanvirnian (late Dapingian–early Darriwilian), re fers 
to the strong sub si dence of the Baltica pas sive mar gin
as so ci ated with thrust ing of an accretionary wedge onto
Baltica dur ing the Cal edo nian Orog eny.

3. A deep wa ter phase, late Lanvirnian (Darriwilian) to
mid-Llandovery, starts with the Dicellograptus Shale
and its equiv a lents (the up per Almelund Shale to Lower
Lindeg¯rd Mudstone in Scania (Calner et al., 2013), the
Sasino and Prabuty for ma tions in E Pomerania) and
con tinue to the Rastrites Shale (Kallholn For ma tion in
Scania; Graptolite Shale and Pas³êk for ma tions in N Po -
land; Fig. 2). Dur ing this ba sin star va tion phase, sub si -
dence was faster than de po si tion, and the fore land ba -
sin filled with deep wa ter sed i ments con tain ing bi tu mi -
nous shale.

4. A shal low wa ter phase, late Telychian to Pridoli, re flects
the ef fect of a dis tant accretionary wedge. Dur ing this
phase, along with sub se quent fill ing of the ba sin, the
sed i men ta tion rate ex ceeded sub si dence, which re -
sulted in a change of sed i men ta tion re gime from deep to 
shal low wa ter. The ba sin depocenter mi grated north -
wards from Born holm to Scania. In N Po land, the shal -
low wa ter phase started later than in the Scania–Ger -
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Fig. 2. Strati graphic chart of the Lower Pa leo zoic for Scania, G14 off shore bore hole NE of Rògen Is land, 
Born holm and N Po land

Based on Beier et al. (2000), Modliñski and Podhalañska (2010), Calner et al. (2013). Yel low cir cles mark strati graphic po si tions of out crops
in Scania: 1 – Brantevik; 2 – Andrarum; 3 – Degerhamn; 4 – Gislövhammar; 5 – F¯gels¯ng; 6 – Järrestad, Rövarekulan, Vollsjö, Harlösa; 7 –
Snogeröd, R¯röd. The right-hand end shows the strati graphic po si tion of parts of N Po land (E Pomerania) in clud ing bore holes with XRMI or
FMI geo phys ics. Un named for ma tions were un named in the source works. ORG – Öved Rams¯sa Group; OS – Öved Sand stone; KF – Klinta 
For ma tion; PPE – Pre-Perm ian ero sion; BF – Bia³ogóra For ma tion

https://gq.pgi.gov.pl/article/view/7561


many part of the ba sin. The phase starts with the
Cyrtograptus Shale in Scania, fol lowed by the Colonus
Shale, and ends in the Öved Rams¯sa Group and their
equiv a lents in E Pomerania: the Pelplin, Kociewie, and
Puck for ma tions (Modliñski and Podhalañska, 2010).
Re cently, the youn gest part of the Öved Sand stone was 
paly no logi cal ly dated as of Lochkovian age (Mehlqvist
et al., 2015).

The Lower Pa leo zoic of Öland (not in cluded in Fig. 2) is rep -
re sented by the Alum Shale over lain by the mid dle to up per
Tremadocian Djupvik For ma tion and up per most Tremadocian
to Darriwilian lime stones. Re gard ing the dif fer ent de vel op ment
of Pa leo zoic for ma tions in Öland, only the Alum Shale is
lithostratigraphically di rectly cor re lated with the Piaœnica For -
ma tion.

A ma jor tec tonic struc ture in Scania and Born holm com -
prises part of the Sorgenfrei-Tornquist Zone (STZ), which con -
tin ues to the SE, where its Pol ish part is re ferred to as the
Teisseyre-Tornquist Zone (TTZ). The East ern Pomerania re -
gion, where the bore holes used in this study were drilled, cov -
ers an area NE of the TTZ, sim i larly to Öland lo cated NE of the
STZ. Out crops of Lower Pa leo zoic strata in Scania are re lated
to the Colonus Shale Trough (Erlstrom et al., 1997) bounded by 
ma jor NW–SE strik ing faults (Fig. 1). The in te rior of the trough
is cut by a sys tem of mi nor NW–SE and NE–SW trending faults. 
The tec tonic evo lu tion of the STZ and TTZ, in ter preted as an
intracratonic fault zone (Franke, 1993; Mazur et al., 2015,
2020), is a sen si tive marker of stress re gime changes in the
study area. Sev eral tec tonic stages were dis tin guished in the
STZ by Erlstrom et al. (1997):

1. Cambro-Si lu rian: gen eral sub si dence of the re gion and
fine-grained clastic and lime stone sed i men ta tion (thick -
ness of sed i ments be tween 1–3 km) firstly on the pas -
sive mar gin of Baltica and sec ondly in the fore land of the 
Cal edo nian orogen; de vel op ment of STZ and deep
fault ing. Mazur et al. (2015) sug gested a Pre cam brian
or i gin of the TTZ and only its over print ing by Cal edo nian 
tec ton ics.

2. Early De vo nian: gen eral up lift of the re gion and prob a -
ble de vel op ment of faults bor der ing the main tec tonic el -
e ments.

3. Car bon if er ous: Variscan tec tonic event dom i nated by
dextral strike-slip NE–SW move ments, which cre ated
downfaulted and tilted blocks by crustal transtension;
Late Car bon if er ous and early Perm ian transtension
(Thybo, 1997) as so ci ated with the in tru sion of dolerite
dyke swarms and vol ca nism in SW Swe den.

4. Me so zoic: re ac ti va tion of Pa leo zoic faults re sulted in
Late Tri as sic strike-slip move ments with lo cally sub sid -
ing pull-apart bas ins; fol lowed by late Ju ras sic mi nor
nor mal fault ing (Hansen et al., 2000; Bergerat et al.,
2007); end ing in a Late Cre ta ceous (Campanian–
Maastrichtian) ma jor in ver sion event (Erlström, 2020;
Voigt et al., 2021) driven by Al pine col li sion, which re -
sulted in transpressional up lift and ero sion.

5. Ce no zoic: a rep e ti tion of transpressional move ments
con cur rently with phases of Al pine col li sion re sulted in
up lift and ero sion in the Neo gene. This, to gether with
post-gla cial iso static re bound, re sulted in the pres -
ent-day sur face ar range ment of Lower Pa leo zoic strata.

DATA AND METHODS

Due to lim ited ac cess to the ex po sures, the ba sic mea sure -
ments of frac ture ori en ta tion across the out crops made with a
geo log i cal com pass were sup ple mented by photogrammetric

mea sure ments and anal y sis of sat el lite im ages. Frac ture ori en -
ta tions were ac quired from: 3D dig i tal out crop mod els (DOM)
and geo log i cal com pass (GC) mea sure ments of SW Swe den
shale ex po sures; sat el lite im age of the is land of Öland for trace
anal y sis (TA) based on Google Earth Pro (GoogleEarth, 2020);
and bore hole log ging data from E Pomerania pro vided by the
Pol ish Oil and Gas Co. 

PHOTOGRAMMETRIC RECONSTRUCTIONS

Dig i tal out crop mod els (DOMs) con sti tute a well-es tab lished 
way to rep re sent geo log i cal out crops in 3D space (Bellian et al.,
2005; Enge et al., 2007; Buckley et al., 2008). One of the most
pop u lar re mote sens ing meth ods for cre at ing DOMs is photo -
gram metry (Sturzenegger and Stead, 2009; Assali et al., 2014;
Bemis et al., 2014; Corradetti et al., 2017). In this study, the
Struc ture from Mo tion (SfM) method (Jebara et al., 1999;
Westoby et al., 2012) was used to build DOMs. This method al -
lows re con struc tion of the shapes and rel a tive po si tions of mod -
elled ob jects us ing a se ries of (at least 2) im ages taken from dif -
fer ent cam era po si tions.

Dur ing field work, data for photogrammetric re con struc tions
were ac quired with a Nikon D90 cam era equipped with a Sigma
18–200mm f/3.5–6.3 lens. Photogrammetric re con struc tion
was per formed us ing free soft ware whose ma jor com po nents
are SiftGPU (Wu, 2007), PBA (Wu et al., 2011), MVSC
(Furukawa and Ponce, 2010), and VisualSfM (Wu, 2007). The
re con struc tion pro cess re sults in the cre ation of a point cloud
(PC), which dis cretely de scribes out crops by points with x, y
and z co or di nates, along with an RGB trip let for each re con -
structed point. 

Pro cess ing of the SfM point cloud was per formed in or der to 
add ap pro pri ate ref er ence (ori en ta tion in re la tion to the car di nal
di rec tions and proper scale) and en hance data qual ity. To do
this, the fol low ing cus tom ized pro ce dure was per formed us ing
Meshlab (Cignoni et al., 2008) and CloudCompare
(CloudCompare, 2020) soft ware:

1. Rescaling and re ori en ta tion – based on ref er ence points 
mea sured in the field, a re con structed model was
rescaled to a 1:1 ra tio and ro tated ac cord ing to the car di -
nal di rec tions.

2. Ini tial fil ter ing and seg men ta tion – all back ground ob -
jects, veg e ta tion, in fra struc ture and other rel a tively large 
un wanted re gions were man u ally re moved from the PC.
Next, the PC was seg mented into semi-equal area parts 
to im prove the per for mance of fur ther pro cess ing.

3. The main fil ter ing (1) ab nor mally low point den sity re -
gions were re moved as out li ers; (2) Pois son Sur face
Re con struc tion was per formed with low octree depth
(7–8) to ob tain the mean sur face of the out crop (M1).
Next, a point cloud to mesh (PC to M1) dis tance was
com puted and all points with a dis tance greater than 2
times the stan dard de vi a tion PC to M1 dis tances were
re moved. This al lowed clear ing of the PC from er rors in
the form of small point groups usu ally re lated to re con -
struc tion er rors or re main ing patchy veg e ta tion; (3)
Pois son Sur face Re con struc tion was per formed again
with higher octree depth (10–11) to ob tain a de tailed
sur face of the ex po sure (M2). Fi nally, ran dom points
with known den sity (points/m2) were pro jected onto M2.
This led to semi-equal spac ing of points over the en tire
model, and hole fill ing with the in ter po lated sur face
(Fig. 3B, C).

Ori en ta tion mea sure ments on a PC were taken us ing two
meth ods. The first method was based on man ual mea sure -
ments, us ing the CloudCompare Com pass plugin (Thiele et al.,
2017); it can be de scribed as a “point and click” pro ce dure in
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which an op er a tor de cides where the mea sure ment is taken
(Fig. 3D). This re lies on ar bi trary de ci sions and thus can in herit
hu man-re lated bias. The sec ond method was to use the
CloudCompare Fac ets plugin (Dewez et al., 2016) with a fast
march ing al go rithm to au to mat i cally de tect coplanar point cloud
frag ments (frac ture sur faces). To im prove frac ture de tec tion
per for mance, pre vi ously fil tered point clouds were used. Ac -
cord ing to field ob ser va tions, mostly ver ti cal or sub-ver ti cal frac -
tures were in the scope of in ter est. Thus, lo cal sur face ori en ta -
tion was com puted and parts of the ex po sure char ac ter ized by
a slope lower than 40° were re moved from fur ther anal y sis.

SATELITE IMAGE ANALYSIS

The sec ond data set on joint ori en ta tions co mes from rec og -
ni tion of frac ture traces on rec ti fied ae rial pho to graphs. This
method is of ten used to de ter mine the spa tial ar range ment of
frac tures in 2D (Le Garzic et al., 2011; Bertrand et al., 2015;
Samsu et al., 2020). Trace ori en ta tion anal y sis was per formed
in the area where the char ac ter of frac tures could be largely ob -
served. To re cord the strike of frac tures, part of a well-ex posed
flat sur face with vis i ble frac ture traces in the area of in ter est was 

cho sen us ing Google Earth Pro. Then, based on the ex ported
im age, frac ture traces were man u ally dig i tized and re cal cu lated 
to frac ture strike. Since the sat el lite im age has a lim ited res o lu -
tion at the level of a few tens of centi metres, to avoid bias, only
clearly iden ti fi able struc tures, at least 10 metres long, were dig i -
tized as frac ture traces. The re sults of frac ture anal y sis were
cal i brated by field ob ser va tions made in the nearby Degerhamn 
Quarry.

BOREHOLE LOG ANALYSIS

Joint ori en ta tions in the Lower Pa leo zoic shale of E Pome -
rania were in ter preted from microresistivity im age logs
(Fig. 4A), while their char ac ter was as sessed in bore hole core
(Fig. 4B). In this study, a com bined length of 2123 m of Fullbore
For ma tion MicroImager (FMI) and X-tended Range
MicroImager (XRMI) scan ner pro files were used. This anal y sis
al lowed the iden ti fi ca tion of 2675 joints with a min i mum ver ti cal
ex tent vary ing from 2 cm to 9 m (Bobek and Jarosiñski, 2021).
The pro cess ing of raw logs was per formed us ing Schlum -
berger’s TechLog soft ware. Ac cord ing to Brudy and Zoback
(1999); Barton and Zoback (2002); Barton and Moos (2010);
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Fig. 3. Degerhamn Quarry, Öland, field im age and DOM pro cess ing

 A – ex am ple of an im age used for photogrammetric re con struc tion; B – raw 3D point cloud; C – point cloud af ter fil ter ing (note filled
holes and noise re duc tion); D – ex am ple of us age of the CloudCompare com pass tool; green patches show sur face mea sure ments

https://gq.pgi.gov.pl/article/view/28619


Nie et al. (2013), pla nar nat u ral frac tures in the microresistivity
im age should ap pear as si nu soi dal traces (Fig. 4A) – brighter
than the ad ja cent area if filled with cal cite, and darker if open
and filled with mud. How ever, within the bore holes in ves ti gated, 
the great ma jor ity of nat u ral frac tures are sub-ver ti cal joints,
which ter mi nate at bed ding planes and do not cre ate the full si -
nu soi dal in ter sec tion, but a pair of sep a rate traces (Fig. 4A).
The main dif fer ence be tween drill-in duced frac tures (DIF) and
nat u ral frac tures, in this case, is the pos si bil ity of fit ting a flex i ble 
si nu soid within the frac ture trace in the im age. DIFs are formed
only within the nar row ten sile re gion, form straight, ver ti cal
traces, and fit ting a si nu soid within them is not pos si ble (Barton
and Zoback, 2002). Drill-en hanced nat u ral frac tures (DENF),
the ef fect of re open ing nat u ral frac tures par al lel to the small est
hor i zon tal stress (Nie et al., 2013), were ob served as ver ti cal
rag ged traces (Fig. 4C). To dif fer en ti ate them from DIFs, cor re -
spond ing frac tures in drill core were in spected (Bobek and
Jarosiñski, 2018). To check the rep re sen ta tive ness of the ori -
en ta tion of frac tures ac quired by the microresistivity im ag ing,
the re sults were com pared to core data from an ori ented part of
the bore hole core (Bobek and Jarosiñski, 2021). The re sults

ob tained in di cated only small dis crep an cies in frac ture in ten sity
cal cu lated for core and microresistivity im ages caused by high
TOC con tent, cal cite infill of veins and “crit i cal an gle” (Bobek
and Jarosiñski, 2018).

DATA PROCESSING

Anal y sis of frac ture ori en ta tion was done us ing Matlab soft -
ware. The build-in clusterization al go rithm based on an gu lar
dis tance be tween mea sured frac tures was used to dis tin guish
joint sets (JSs). The max i mum al lowed an gu lar dis tance be -
tween joints in a sin gle clus ter was spec i fied to 50°. For data
sets where the ef fect of clusterization was un cer tain (e.g., a
clus ter with 2 strong max ima), the max i mum al lowed an gu lar
dis tance was changed in a range of 40–60°. The cri te rion of
min i mum sam ple size for the clus ter to be dis tin guished as a JS
was spec i fied to 10% of all ob ser va tions at the site ana lysed.
This cri te rion was omit ted in spe cific con di tions when: (a) the
over all num ber of ob ser va tions in the data set was low; (b) one
of the clus ters con tains the ma jor ity of ob ser va tions and si mul -
ta neously clus ters smaller than 10% form clear max ima on the
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Fig. 4. Frac tures in bore hole data

A – frag ment of Fullbore For ma tion MicroImager (FMI) log, si nu soi dal lines in di cate nat u ral frac ture 
traces; B – frac tures ob served in a bore hole core; C – drill-en hanced nat u ral frac tures (DENF) in

X-tended Range MicroImager (XRMI) log and bore hole core

https://gq.pgi.gov.pl/article/view/28619


con tour plot. Yet, in cases where one or both of these cri te ria
were not met, a JS was con sid ered un cer tain. JS ori en ta tion
was ob tained by find ing the max i mum den sity of plane poles in
the area that be longed to a clus ter. The term “frac ture clus ter”
or “clus ter”, above and here af ter, is used to de scribe a group of
sim i larly oriented fractures on a stereo plot, and not to refer to
the spatial arrangement of fractures.

COMPARISON OF MEASUREMENT METHODS

The rock ex po sure data was val i dated by com par ing re sults
ob tained from dif fer ent meth ods. Three tests based on com par -
i son of DOM data, geo log i cal com pass mea sure ments (GC),
and data from frac ture trace anal y sis (TA) were per formed. The
tests were named T1 Andrarum, T2 Andrarum, and T3
Degerhamn ac cord ing to their lo ca tions. De spite the use ful ness 
of DOM-de liv ered data in struc tural anal y sis as dem on strated in 
many stud ies  (Assali et al., 2014; Bemis et al., 2014; Corradetti
et al., 2017; Jordá Bordehore et al., 2017; Klawitter et al., 2017;
Menegoni et al., 2018), our tests do not yield com pre hen sive in -
for ma tion about method val i da tion. In stead, the tests were de -
signed to as sess the ex pected re li abil ity of the DOM-based
mea sure ment and con sis tency with other meth ods in field con -
di tions, spe cific to this work. 

The first test (T1 Andrarum) aimed at di rect frac ture com -
par i son be tween geo log i cal com pass (GC) and DOM mea sure -
ments per formed on the Cam brian Alum Shale. At this lo ca tion,
frac tures of dif fer ent sizes, ori en ta tions, and states of pres er va -
tion are pres ent (some of them par tially weath ered), cre at ing a
wide spec trum of po ten tial dif fi cul ties in ap ply ing the meth od ol -
ogy de scribed. The next two tests (T2 Andrarum and T3

Degerhamn) were per formed to check the dif fer ence be tween
mea sure ments ob tained from DOM by the Vir tual Com pass
plugin, named “MANUAL DOM”, and the Facet plugin, named
“AUTO DOM”. At the Andrarum site, mea sure ments were col -
lected on the same ex po sure walls for di rect com par i son of the
meth ods tested. By con trast with T1 Andrarum, the T2
Andrarum test was per formed at ex po sure scale, show ing ad di -
tion ally the im pact of a dif fer ent ap proach to frac ture plane iden -
ti fi ca tion. In the T3 Degerhamn test, GC mea sure ments were
taken on a dif fer ent quarry wall (trending 340°) than those used
for the DOM (wall trending 15°), in or der to in clude larger-scale
ob ser va tions. Ad di tion ally, data from trace anal y sis (TA) was
col lected from a se lected bed ding sur face of ~24 000 m2

(Fig. 5) and com pared to DOM and GC mea sure ments. As the
TA mea sure ments do not give frac ture dips, the dips of TA-de -
tected JSs were as sumed to be sub-ver ti cal, as with anal o gous
JSs in the nearby Degerhamn Quarry (Fig. 7). Since in T3
Degerhamn test each of used data sets cover slightly dif fer ent
lo ca tion their com par i son may be treated as in di rect which
mean it in cludes the im pact of spa tial changes in the frac ture
net work and the ex po sure wall ori en ta tion.

In the text be low, a sim pli fied no ta tion, with only strike az i -
muth, is used to de scribe joint sets ori en ta tions or clus ter po si -
tions. The strike is con verted to a 270–090° range, ex cept for
di rec tions sim i lar to E–W, for eas ier joint sets com par i son.
Mea sure ments from the test are pre sented on (Ta ble 1 and
Fig. 6); for de tails of the tests re sults, see Ap pen dix 1*.

Sum ma riz ing the tests re sults, T1 Andrarum shows good
re peat abil ity of mea sure ments with a mean ab so lute er ror of 3°. 
For Andrarum T2 and Degerhamn T2, the auto DOM mea sure -
ment al ways gives the high est num ber of re cords, which may
af fect the im por tance of in di vid ual sets. In the case of

Marcin Olkowicz et al. / Geo log i cal Quar terly, 2021, 65: 63 7

Fig. 5. Area near Degerhamn Quarry used for sat el lite im age-based trace anal y sis

Frac ture traces dig i tized as red lines

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1632

https://gq.pgi.gov.pl/article/downloadSuppFile/32244/4280
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Fig. 6. Con tour plots and rose di a grams of strikes from Andrarum and Degerhamn

COMPASS – mea sured with a geo log i cal com pass in the field; MANUAL DOM – mea sure ments taken on a DOM with Com pass plugin;
AUTO DOM – mea sure ments taken on a DOM with Fac ets plugin; TA – Trace Anal y sis; JS – Joint Set; clus ters with more than 10% of

data marked with a pentagram, clus ters with less than 10% of data marked with a square



Degerhamn, auto DOM gave al most 3 times more mea sure -
ments than man ual DOM. In auto DOM, due to the way the de -
tec tion al go rithm works, a sin gle frac ture may be mea sured
mul ti ple times on its dif fer ent parts. For this rea son, auto DOM
mea sure ments can be con sid ered as weighted by area and
coplanarity of ex posed sur faces (for de tails see Dewez et al.,
2016) and CloudCompare doc u men ta tion (CloudCompare,
2020). Nev er the less, com par ing mea sure ment num bers from
the DOM and GC shows how few frac tures can be mea sured
with a com pass. It is also clear that in auto DOM in ter pre ta tion
one joint set may show a pre dis posed ex po si tion and eas ily
dom i nate over the rest of sets, blur ring them. Be cause of this,
for the auto DOM in ter pre ta tion, it is cru cial, in fur ther anal y sis,
to con sider al go rithm be hav iour over the in put point cloud. Test
re sults show that the per cent age of in di vid ual JSs in the to tal
data var ies de pend ing on the method of frac ture count ing and
de tec tion used. This in volves prob lems with wall ex po si tion,
frac ture pres er va tion, hu man bias, DOM qual ity, frac ture size,
and the var i ous num bers of frac tures counted. The dif fer ences
found be tween the ori en ta tion of JSs de tected from both DOM,
TA and GC data are small com pared to the ob served JS width
(span of mea sure ments in a sin gle JS), es pe cially for “low frac -
ture count” sets or sets with no clear max i mum. Most ob ser va -
tions be tween data sets are con ver gent. How ever, ex plor ing the 
re la tion of the JS de tec tion method to joint ori en ta tion, it does
not mat ter which pro ce dure of com par i son, di rect or in di rect,
was used, the vari a tion of a sin gle JS ori en ta tion can dif fer by up 
to 10° for clearly dis tin guish able frac ture sets.

FIELD DATA FROM SCANIA AND ÖLAND

Most field ob ser va tions were taken on nat u ral or ar ti fi cial ex -
po sures that were not used for a long time, ex cept for the rel a -
tively fresh walls in the Degerhamn Quarry. Due to mostly shale 
and mudstone lithologies in the ex po sures, qual ity of ob ser va -
tion var ies with both ex po sure pres er va tion state (de gree of
shale weath er ing) and their size, which is re flected by the num -
ber of ob ser va tions at in di vid ual ex po sures. For de tailed de -
scrip tions of the Scania ex po sures see Ap pen dix 2. The over all
sum mary of ex po sure data is shown in Fig ure 7 and Ta ble 2; for 
the Andrarum and Degerhamn con tour plots, see Fig ure 6. In
all data from SW Swe den, two joint sets are dom i nant, JS 1
(NNE) and JS 2 (WNW), be ing dis tin guished in 10 ex po sures.
The third im por tant joint set, JS 3 trending NW, was de tected in
8 ex po sures. JS 4 trending E–W and JS 5 trending ENE were
de tected at five lo ca tions. 

BOREHOLE DATA FROM EASTERN POMERANIA

The length of a bore hole in ter val cov ered by XRMI or FMI
im ages var ies from about 112 to 680 m (Ta ble 3).
Stratigraphically these in ter vals be long to the Lower Pa leo zoic,
up per Cam brian to up per Si lu rian (Fig. 2). The lo ca tion of the 7
bore holes ana lysed is shown in Fig ure 1. Due to their ver ti cal
ori en ta tion, the chance of de tect ing ver ti cal frac tures is low;
how ever, sev eral tens to hun dreds of metres pro vide a sta tis ti -
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T a  b l e  1

Ma jor joint sets (de tected frac ture clus ters) for the Andrarum and Degerhamn sites

 Un con ven tional no ta tion of joint set ori en ta tion is used: Strike/Dip Di rec tion/Dip. GC – joints mea sured
with a geo log i cal com pass in the field; Man ual DOM – mea sure ments taken on a DOM with Com pass
plugin; auto DOM – mea sure ments taken on DOM with Fac ets plugin; TA – measurements from sat el lite
trace anal y sis. # clus ter group ing 1–10 % of plane poles; 1 – wide clus ter with no clear max ima on a con -
tour plot; * – strikes con verted to the range of 270–090, ex cept for di rec tions sim i lar to E–W

https://gq.pgi.gov.pl/article/downloadSuppFile/32244/4281
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Fig. 7. Frac ture con tour plots from Scania rock ex po sures based on GC mea sure ments

Rose di a grams of strikes for ex po sures with more than 100 frac tures; clus ters with more than 10% of data marked with a pentagram,
clus ters with less than 10% of data marked with a square; for Andrarum and Degerhamn see Figure 6



cally sig nif i cant num ber of ob ser va tions. As the scope of this
work in cluded only the sub-ver ti cal frac tures, there was no par -
tic u lar need to con sider the in flu ence of bore hole ori en ta tion in
JS de tec tion. The de tailed re sults of joint anal y sis of these bore -
holes are given in Ap pen dix 3.

The over all joint pat tern is sim i lar in all bore holes stud ied,
show ing three ma jor sub-ver ti cal JSs strik ing ~020°, 298° (in 7
bore holes) and 334° (in 5 bore holes) de scribed as JS 1, JS 2,
and JS 3, re spec tively (Ta ble 3 and Fig. 8). Be sides the main
JSs, less de vel oped JSs 4 and JS 5 were also ob served in

some of the bore holes. No sig nif i cant change of JS ori en ta tion
was no ticed with in crease in depth or change in lithostrati -
graphic units. Two dom i nant joint sets oc cur in all bore holes: (1) 
JS 1, NNE-trending, clearly dom i nates in two bore holes, is well
rep re sented in an other four bore holes, and poorly vis i ble in
one; (2) JS 2, WNW-trending, pre vails in two bore holes, has a
sig nif i cant share in an other three, and is sub or di nate in two,
bore holes. In ad di tion to these two sets, there is a sub or di nate
JS 3, NNW-trending, which is well-de vel oped in three bore -
holes, and poorly in an other two. Other joint sets – JS 4 (E–W
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T a  b l e  2

Ma jor joint sets (de tected frac ture clus ters) for the Scania ex po sures

An un con ven tional no ta tion of JS ori en ta tion is used: Strike/Dip Di rec tion/Dip; * – strikes con verted to
the range of 270–090, ex cept for di rec tions sim i lar to E–W; # – un cer tain ob ser va tion (see Appendicies 1 
and 2); ? – ob ser va tions with high de vi a tion from the mean in JS

T a  b l e  3

Ma jor joint sets (de tected frac ture clus ters) for E Pomerania bore holes

An un con ven tional no ta tion of JS ori en ta tion is used: Strike/Dip Di rec tion/Dip; * – strikes con verted to
the range of 270-090, ex cept for di rec tions sim i lar to E–W

https://gq.pgi.gov.pl/article/downloadSuppFile/32244/4280
https://gq.pgi.gov.pl/article/downloadSuppFile/32244/4281
https://gq.pgi.gov.pl/article/downloadSuppFile/32244/4282
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Fig. 8. Frac ture con tour plots and rose di a grams of strikes from bore hole XRMI and FMI data

Clusters with more than 10% of data marked with a pentagram, clus ters with less than 10% of data marked with a square



trending) and JS 5 (ENE-tend ing) – are clearly de tect able in
one bore hole. JS 4 is also barely dis cern ible in an other four
bore holes, and JS5 in three bore holes.

JOINT SYSTEM OF THE BALTIC BASIN 

A sum mary of mea sure ment re sults re veals five joint sets
(JS) of re gional ex tent (Figs. 9 and 10), seen in both Scania and 
Öland ex po sures, as well as in E Pom er a nian bore holes.
Among these, JS 1 is the most fre quently rep re sented. It was
iden ti fied at 17 sites (ex po sures and bore holes), and dom i nates 
at 8. JS 1 in cludes NNE-trending joints, which are char ac ter ized 
by a nar row range of ori en ta tion with an an gu lar span of 20° and 
stan dard de vi a tion of 6°. The mean joint di rec tions of JS 1 in
Scania and E Pomerania are the same with a mean strike of
020°. A sec ond set of joints, trending WNW, JS 2, is also dis -
cern ible at 17 sites. It dom i nates at 8 sites, char ac ter ized by a
large an gu lar spread of joint strike di rec tions, which is 36° with a 
stan dard de vi a tion of 11.5°. The mean trend of JS 2 in Scania is 

slightly ro tated clock wise, by 7° in re la tion to E Pomerania, but
in Scania its an gu lar span is no tice able big ger. JS 3, trending
NNW, can be re cog nised at 13 sites. It dom i nates at only 2
sites, de spite be ing rel a tively well-de vel oped at 5. JS 3 has a
mod er ate an gu lar spread in a range of 19° and stan dard de vi a -
tion of 4.8°. At ex po sure its an gu lar span is the low est of all the
sets, within the range of 6°. Its mean di rec tion in Scania is ro -
tated by 5–7° clock wise with re spect to E Pomerania. JS 4,
trending E–W, was found at 9 sites, al ways sub or di nate, but
well-de vel oped at 7 sites. It has a large an gu lar spread of joint
ori en ta tion, reach ing 35° with a stan dard de vi a tion of 10°. For E
Pomerania its span is more con cen trated and ranges within 9°.
Again, the mean joint trend in Scania is ro tated clock wise in re -
la tion to E Pomerania. The last of the sets dis tin guished, JS 5,
with NE-trending joints, was ob served at 8 sites, among which it 
is well-de vel oped at 4. It has a large scat ter of joint di rec tions, in 
the range of 29° with a stan dard de vi a tion of 10°, while the ro ta -
tion of these joints from E Pomerania to Scania is coun ter-
clock wise.
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Fig. 9. Graph i cal com par i son of all joint sets de tected

Solid lines – mean ori en ta tion from all GC data; dashed lines – mean ori en ta tion from GC data with 50 and more mea sure ments
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Fig. 10. Lo ca tion maps with strike of the main joint sets

Line length in the strike di a grams is pro por tional to the per cent age share of joint sets at a given lo ca tion. Up per map – Scania re -
gion, back ground faults pro vided by the Geo log i cal Sur vey of Swe den via https://www.sgu.se. Lower map – Pomerania re gion,
back ground faults pro vided by CBDG via (http://geoportal.pgi.gov.pl/uslugi_gis), based on “Mapa geologiczna na poziomie
œciêcia 3000 m p.p.m. na podstawie Atlasu Geologicznego Polski 1:750 000”



DISCUSSION OF RESULTS

There are only 4 sites, spread over Scania, Öland, and E
Pomerania, in which all five joint sets were ob served. A large
scat ter in the di rec tion of JS 2 and JS 4 sug gests that they may
be ge net i cally het er o ge neous and con sist of smaller sub-sets.
The best in di ca tors of pre sumed block ro ta tion are JS 1 and
JS 3 due to their prev a lence and di rec tional sta bil ity across the
Bal tic Ba sin (Fig. 9). For in stance, in the data from E
Pomerania, a sys tem atic ro ta tion of joint sets from the mean is
ob served, e.g. in the Mi³owo 1 bore hole, where three ma jor JSs
(1, 2, 3) are no tice ably ro tated clock wise. A sim i lar sit u a tion oc -
curs in Opalino 3, but with the coun ter-clock wise ro ta tion of all
JSs (Fig. 9). Be cause both bore holes are lo cated in an area
where seis mic-scale faults oc cur in the 3D seis mic im age
(Bobek and Jarosiñski, 2018), lo cal palaeostress ro ta tion in the
vi cin ity of the faults is prob a bly the rea son for ro ta tion of these
joints.

The strike of JS 2, JS 4, and JS 3 in Scania seems to be ro -
tated ~5–10° clock wise in re la tion to E Pomerania (Fig. 9). The
ori en ta tions of JS 3 and JS 4 in data from Scania show much
higher vari ance than in E Pom er a nian data. A sim i lar dif fer ence
be tween dif fer ent meth ods of joint de tec tion (GC, TA and DOM) 
was ob served in the ex po sures them selves. This sug gests that
the ro ta tion of JS 4 is ar ti fi cial or at least un cer tain. In JS 3, apart 
from un cer tain DOM mea sure ments, the dis per sion of data is
much lower, but still 2–3 times larger than the dif fer ence be -
tween the mean ori en ta tion in Scania and E Pomerania, again
sug gest ing an ar ti fi cial or i gin of the ob served change in its di -
rec tion. JS 2 de tected by dif fer ent meth ods (DOM, GC and TA)
in Degerhamn is con sis tent, but with highly spread di rec tions
be tween ex po sures across Scania, in con trast to E Pomerania
where JS 2 has no strikes of 310° and higher. Joints ori ented
310°+ are pres ent in the Opalino 3, Opalino 2, Wysin 1, and
Lubocino 1 bore holes, but in these cases, they were all treated
as sub or di nates of JS 2, which may lead to an un der es ti ma tion
(ap par ent, coun ter-clock wise ro ta tion) of strikes in the E Pom -
er a nian data. The co her ence of JS ori en ta tions in E Pomerania
and SW Swe den is high, which sug gests that the same ba -
sin-scale events were re spon si ble for joint for ma tion. This also
sug gests a lack of sig nif i cant changes in stress di rec tions
across the re gion ana lysed.

East Pomerania and Öland are lo cated at the bound ary of
the East Eu ro pean Craton, and so the oc cur rence of an iden ti -
cal joint pat tern in both re gions is un der stand able. Scania is lo -
cated in a heavily faulted old shear zone, the
Sorgenfrei-Tornquist Zone (STZ), thus here the pres ence of the 
same joint sys tems is less ex pected. De spite that in some
cases the joint sets seem slightly ro tated in the STZ rel a tive to
the more in ter nal part of the craton, there are no ma jor dif fer -
ences. The same JSs can be dis tin guished in both ar eas. Fur -
ther more, when com par ing the mean ori en ta tions of the joint
sets in N Po land and Scania, which should min i mize the in flu -
ence of data bias, the ob served ro ta tion or changes in STZ are
rel a tively small com pared to the spread of ori en ta tions mea -
sured with dif fer ent ap proaches for a sin gle ex po sure, the same 
as for ori en ta tion spread within a sin gle JS. Con sid er ing this,
the JS ro ta tion ob served in the STZ should be treated with cau -
tion, and most of dif fer ences be tween E Pomerania and SW
Swe den can not be in ter preted in terms of bend ing stress tra jec -
tory. There are no dis tin guish able, ad di tional joint sets that
could be gen er ated by the sep a rate STZ dy nam ics or pres ent
up lift of Scania. Since the pres ence of a dense fault net work in
STZ did not in ter fere with the de vel op ment of joints, this sug -
gests that the de vel op ment of the en tire joint sys tem pre ceded
the ma jor phases of STZ tec tonic ac tiv ity which took place from
the Perm ian to the Cre ta ceous, when sev eral phases of sub si -

dence and ero sion, ac com pa nied by wrench ing tec ton ics, have
been dis tin guished (Erlstrom et al., 1997).

Due to ob ser va tion spot (bore holes, unoriented core,
weath ered ex po sures) char ac ter is tics, no re li able ob ser va tions
of rel a tive joint age were taken. The dat ing of the main joint ing
events sug gested be low is based on pub lished palaeostress
con straints. The first pre req ui site for es tab lish ing a con sis tent
joint set is burial at a depth where sta ble tec tonic stresses may
prop a gate ef fi ciently in com pe tent, com pacted shale rock (Eng -
lish, 2012). The rapid sub si dence of the re search area be gan
dur ing and af ter the de po si tion of the Lower Si lu rian se quence,
caused by plate bend ing in the foredeep ba sin of the Pom er a -
nian Caledonides (Poprawa et al., 1999; Poprawa, 2019). Af ter
a short ep i sode of mi nor ero sion, sub si dence most prob a bly
per sisted in the De vo nian (Matyja, 2006; Japsen et al., 2016;
Botor et al., 2019). Con sid er ing that plate bend ing was the main 
tec tonic sub si dence mech a nism for the en tire Cal edo nian fore -
land, the better re cog nised trends in Po land can be ex trap o -
lated north wards. Due to the slightly more dis tal po si tion of
Scania than E Pomerania, with re spect to the col li sion zone with 
East ern Avalonia, rel a tively mi nor Si lu rian bend ing sub si dence
is ex pected for Scania. 

Ac cord ing to ap a tite fis sion-track dat ing re sults (Japsen et
al., 2016), the be gin ning of Scania’s up lift and ero sion af ter
Variscan sub si dence is dated to the lat est Car bon if er ous
(314–307 Ma), which is con sis tent with the mod els con structed
for E Pomerania (Botor et al., 2019). In Scania, Variscan up lift
might have been sig nif i cant due to the strong mag matic event
which most prob a bly trig gered the up lift of the Bal tic Ba sin
(Poprawa, 2019). There fore, in the Perm ian, the Lower Pa leo -
zoic se quence is ex pected to be near the sur face, con di tions
which were un fa vour able for sys tem atic joint de vel op ment.
More over, in late Variscan times, the Sorgenfrei-Tornquist
Zone was ac tive with dextral move ments (Ziegler, 1992;
McCann et al., 2006). At this time, the Lower Pa leo zoic se -
quence of Scania was heavily faulted by nor mal and strike-slip
faults and sub se quently in volved in the pull-apart mech a nism of 
lo cal tec tonic block sub si dence. Early Perm ian wrench ing was
ac com pa nied by a sec ond ep i sode of magmatism (Mogensen
and Jensen, 1994) af ter the Car bon if er ous mag matic stage
(Poprawa, 2019). From the above, it is in ferred that af ter the
tec tonic dis in te gra tion of the Bal tic Ba sin de pos its in the Perm -
ian, there were no con di tions fa vour able for the de vel op ment of
ho mo ge neous joint sets. There fore, the best time to de velop a
ho mo ge neous joint sys tem at the ba sin scale in the Lower Pa -
leo zoic shale se quence is the pe riod from the late Si lu rian un til
the end of the Car bon if er ous. In this time in ter val the ana lysed
com plexes were bur ied un der a thick cover of Si lu rian foredeep
de pos its, which be came yet thicker in the De vo nian.

Other nec es sary con di tions for de vel op ing a re gional joint
set in clude a fa vour able stress re gime and di rec tion. The pref -
er en tial stress and pres sure con di tions for the de vel op ment of
JS 1 and JS 2 in E Pomerania ap peared prob a bly in the late
Car bon if er ous (McCann et al., 2006). Al though the dataset
ana lysed is not suf fi cient to con strain the de tails of joint de vel -
op ment, an Early De vo nian compressional stage in the Scan di -
na vian Caledonides is pro posed as a good can di date to trig ger
the or i gin of JS 3 and JS 4. This event was re spon si ble for
transpressive fault re ac ti va tion in the re gion stud ied (Poprawa
et al., 1999), and the NNW trend of JS 3 well cor re sponds to the 
pos tu lated di rec tion of com pres sion from this branch of the Cal -
edo nian orogen. The or thogo nal JS 4 might have been cre ated
in the re lax ation phase af ter this com pres sive event, which had
to be ac com pa nied by a sig nif i cant change of stress re gime and 
di rec tion. Such an event has not yet been de scribed. At the
pres ent stage of in ves ti ga tion of the Bal tic Ba sin’s tec tonic evo -
lu tion, there is no clear can di date for the or i gin of JS 5. Its poor
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de vel op ment and un sta ble ori en ta tion sug gest a mi nor tec tonic
event re spon si ble for trig ger ing this joint set. A later, post-Pa -
leo zoic or i gin of JS 5 is also pos si ble. Our con cept of joint for -
ma tion across the Bal tic Ba sin is hy po thet i cal and can serve as
a back ground for more de tailed anal y sis in the fu ture.

CONCLUSIONS

We in te grate var i ous meth ods of frac ture ori en ta tion mea -
sure ment, us ing di rect ob ser va tions on rock ex po sures, 3D im -
ag ing, trace anal y sis based on sat el lite im ag ery, and bore hole
log ging in ter pre ta tion us ing microresistivity imager data. The
cor re la tion be tween shale for ma tions shows ho mo ge neous fa -
cies and good lithostratigraphic con ti nu ity across the Bal tic Ba -
sin, which was a foredeep ba sin of the North Ger man-Pol ish
Caledonides. These prop er ties of ba sin infill may have fa -
voured the ef fec tive stress prop a ga tion through shale for ma -
tions nec es sary to de velop wide-rang ing joint sets. The Scania
ex po sures are lo cated in the Sorgenfrei-Tornquist Zone, while
the Öland Is land out crops and the E Pom er a nian bore holes are 
lo cated in the in te rior of the East Eu ro pean Craton, less af -
fected by Perm ian-Me so zoic tec tonic events. The study shows
that:

– the con sis tency of re sults ob tained us ing dif fer ent meth -
ods dem on strates that a multi-meth od olog i cal ap proach
can be suc cess fully ap plied to joint pat tern rec og ni tion; 

– the re sul tant joint sets ob tained from deep bore holes
and out crops of the Bal tic Ba sin are sim i lar, in terms of
their ori en ta tion as well as show ing their quan ti ta tive va -
lid ity;

– in both E Pomerania and SW Swe den (Scania and
Öland), five re gional joint sets (JS 1 to JS 5) were dis tin -
guished: the most fre quent is JS 1 with well-clus tered

NNE ori en ta tion; a fre quent but more scat tered JS 2
trends WNW; the mod er ately de vel oped and scat tered
JS 3 trends NNW; the sub or di nate JS 4 trends E–W with
the larg est an gu lar spread of joint ori en ta tion seen in ex -
po sures; a sub or di nate JS 5 trends NE with mod er ate
scat ter ing;

– ex cept for lo cal, mi nor dif fer ences of mean joint di rec -
tions for Scania and E Pomerania in the range of 10°, the 
con sis tency of joint set ori en ta tions ob served is in de -
pend ent of the site lo ca tion ver sus the Sorgenfrei-
Tornquist Zone or craton in te rior. 

– for con sid er ation of hy po thet i cal block ro ta tions, or
bend ing of the stress tra jec tory, the fre quent and well-fo -
cused JS 1 and JS 3 may serve as a ref er ence di rec tion.

The ori en ta tions of JS 1 and JS 2 cor re spond to stress di -
rec tions that oc curred in the late Car bon if er ous, dur ing the deep 
burial of the en tire Lower Pa leo zoic se quence. It is hy poth es -
ised that the for ma tion of JS 3 and JS 4 oc curred in the early
De vo nian com pres sive stage and its re lax ation. At the pres ent
stage of re search, the or i gin of the less sta ble and poorly de vel -
oped JS 5 is un cer tain. From the point of view of frac ture net -
work anal y sis, the Lower Pa leo zoic strata in SW Swe den seem
to be good an a logues of bur ied E Pom er a nian shale for ma -
tions. The dif fer ence in up lift and ero sion range be tween these
two regions has limited impact on joint pattern.
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