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The ir reg u lar dis tri bu tion of sand in jec tions, tra di tion ally termed “dykes� in the Pol ish geo log i cal lit er a ture, within in di vid ual
Carpathian units and within in di vid ual lithofacies were ob served dur ing long-last ing field works. Injectites have been ob -
served in the Magura Beds and in the Inoceramian Beds of the Pol ish and Ro ma nian Carpathians, and in the Cen tral
Carpathian Paleogene de pos its. How ever, they are most com mon in the Oligocene-Mio cene Menilite Beds, where they are
typ i cal and abun dant, par tic u larly in the Skole Unit. Two clastic injectite types were dis tin guished: sed i men tary (S-type) and
tectonized (T-type). Based on the oc cur rence and in ter pre ta tion of these injectites a new two-stage con cep tual model is pro -
posed for the Pol ish seg ment of the pro gres sive Oligocene-Mio cene Carpathian orogenic belt evo lu tion. Type S clastic
injectites are in ter preted as hav ing formed in the compressional stage, dur ing foredeep ba sin mi gra tion while depositional
slope changes were tak ing place in the Late Oligocene to Early Mio cene. Type T injectites are in ter preted as hav ing formed
by re ac ti va tion of S-type injectites in the last, mainly strike-slip, phases of Carpathian orogenic belt for ma tion. 
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INTRODUCTION

Veins un con form ably cut ting suc ces sions of sed i men tary
strata and com posed of ma te rial lithologically dif fer ent than that 
of the host rocks have been ob served in many re gions of Po -
land (e.g., the Carpathians, the vi cin ity of Kraków, the Sudety
Moun tains or Kleszczów Graben) and de scribed by Pol ish
(e.g., Dżułyński and Radomski, 1957; Dżułyński, 1965a, b;
Dżułyński and Walton, 1965; Teisseyre, 1967; Łuczyński, 2001; 
Wieczorek and Olszewska, 2001; Barski and Ostrowski, 2006;
Goździk and Van Loon, 2007; Haluszczak, 2007; Krobicki et al., 
2008; Wojewoda, 2008; Wojewoda and Burliga, 2008; Koło -
dziej et al., 2010; Barski, 2012; Barmuta et al., 2014, Matyszkie -
wicz et al., 2016) and for eign au thors (e.g., Aubrecht and Túnyi, 
2001; Udič and Jacko, 2008; Tămaş et al., 2016).

 These forms are tra di tion ally re ferred to s dykes. This gen -
eral term is widely used in the  lit er a ture and re fers to the un con -
form able geo met ric re la tion ship of the dyke struc ture to the
bed ding. Dykes may oc cur on var i ous scales, rang ing in width
from sev eral milli metres to sev eral metres, and have vari able

lengths. Early re ports on dykes date back to the be gin ning of
the 19th cen tury (Strangeways, 1821; Couvier and Brongniart,
1822; Murchi son, 1827; Dar win, 1833–1834; Strackland, 1838,
1840; Leyell, 1839; Dana, 1849; Prestwich, 1855; Kirkby, 1860
– for ref er ences see Cooley, 2011). With ad vanc ing re search,
var i ous terms de scrib ing the com po si tion and ge om e try of
dykes, their re la tion ship with the host strata and the sur round ing 
rocks, and for ma tion mech a nisms have been pro posed. As a
re sult, a great va ri ety of terms de scrib ing the ge om e try and for -
ma tion mech a nism of dykes can be found in the geo log i cal lit er -
a ture (see Cooley, 2011), in clud ing: clastic in tru sion, sand stone 
dyke, fis sure fill, injectite, nep tu nian dyke, pseudo ice-wedge
cast, sed i men tary in ser tion, sheeted clastic dyke, syn-sed i men -
tary fill ing, ten sion frac ture, or hy drau lic in jec tion dyke. More -
over, there are many pub li ca tions re port ing oc cur rences and
dis cuss ing these forms, es pe cially in re la tion to their for ma tion
mech a nisms, role of tec tonic re gime or po ten tial as path ways
for hy dro car bon mi gra tion (e.g., Collinson, 1994; Niell et al.,
1997; Jolly and Lonergan, 2002; Surlyk and Noe-Nygard, 2003;
Jonk et al., 2007; Hurst et al., 2011; Alsop et al., 2017). There -
fore, to avoid any mis un der stand ings, we de cided to use the
term injectites for the ac tively filled struc tures. While, for the
pas sively filled struc tures, we pro pose to use the term dykes.

Our in-house data, as well as data avail able in pub li ca tions,
in di cate that in the Carpathians the oc cur rence of injectites is
lim ited only to cer tain sed i men tary units. They have been re -
ported from the mudstones of the Magura Beds (Žlin Beds of
Eocene age in Slovakia; Udič and Jacko, 2008) where their for -
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ma tion is linked to ac tive slope ar eas within sed i men tary bas ins
and to the open ing of fault frac tures. This con clu sion is based
on the pres ence of synsedimentary de for ma tion struc tures,
such as slumps, in the host strata (Udič and Jacko, 2008). 

Our de tailed geo log i cal field work (map ping at the scale of
1:50 000) re vealed an ir reg u lar dis tri bu tion of injectites within
Carpathian units. Apart from the Magura Beds, injectites have
also been ob served in sev eral other units, in clud ing the
Inoceramian Beds of the Pol ish and Ro ma nian Carpathians,
but are the most com mon in the Oligocene-Mio cene Menilite
Unit. In fact, their oc cur rence within the Menilite Beds is a pe cu -
liar fea ture, par tic u larly in the Skole Unit. It is there fore in trigu ing 
that stud ies of clastic injectites in the Carpathian units are only
rarely re ported in the Pol ish geo log i cal lit er a ture. There are only 
a few re ports dis cuss ing their oc cur rence and or i gin (Dżułyński
and Radomski, 1957; Dżułyński, 1965a, b; Dżułyński and
Walton, 1965; Haczewski and Tokarski, 1986; Krobicki et al.,
2008; Barmuta et al., 2014). The most com pre hen sive de scrip -
tion was pro vided by Dżułyński and Radomski (1957), with an
over view of injectites (termed dykes in the pa per) in Oligocene
rocks, mainly in the Menilite Beds and their strati graphic equiv -
a lents such as the Zakopane Beds. How ever, when dis cuss ing
the spa tial re la tion ships and or i gin of these forms, these au -
thors did not com ment on the sig nif i cance of the abun dance of
them in the Oligocene strata and the im por tance of palaeo ge -
ogra phy; fur ther more they did not rec og nize their ge netic re la -
tion ship with Early Oligocene tec tonic pro cesses and did not
dis cuss the im por tance of geodynamic fac tors dur ing the de vel -
op ment of the injectites. Me chan i cal fac tors were sug gested as
trig ger ing mech a nisms but Dżułuński and Radomski (1957) did
not fully ex plain the pro cesses lead ing to injectite for ma tion.

The oc cur rence of injectites in the Menilite Beds was also
noted by Haczewski and Tokarski (1986) (in the pa per called
dykes). They de scribed the Kliwa Sand stones as in trud ing the
cherts of the Menilite Beds. The au thors in di cated that the
injectites were not folded and that there were no slip sur faces
along the con tact with the cherts. Ac cord ing to them, the em -
place ment of injectites pos i tively cor re lates with the di rec tion of
the re gional stress field. Injectites were formed when the cherts
were lithified and folded. Fur ther more, the ev i dence of brit tle
de for ma tion struc tures within the injectites im ply that fold ing
pro cesses were still ac tive when the injectites were lithified,
which may sug gest that the in tru sions formed when their source 
was un der a 1–2 km over bur den and that this pro cess took
place about 20 my af ter sed i men tary de po si tion (Haczewski
and Tokarski, 1986).

Grasu (1996) re ported the pres ence of sand stone injectites
in the Late Eocene (Bisericani For ma tion) to Early Oligocene
(Bi tu mi nous Marl For ma tion) de pos its of the Vrancea Nappe,
ex posed in the Bistri a Halfwindow. He rec og nized two types of
injectite: an undeformed one with sharp walls and a de formed
type show ing boudinage from be ing folded.  

Con sid er ing the low num ber of re ports of injectites oc cur -
ring within the Menilite Beds, a lack of com pre hen sive injectite
clas si fi ca tion and of in ter pre ta tion of mech a nisms of their for -
ma tion, par tic u larly with re spect to the evo lu tion of the Outer
Carpathians dur ing the Oligocene, de tailed field work was un -
der taken to doc u ment injectite oc cur rences, to de scribe their
types and spa tial re la tion ship with the host strata and the sur -
round ing rocks, as well as to dis cuss the pos si ble mech a nisms
of their for ma tion and in fill ing. Most of this field work was per -
formed in the Outer Carpathians (Outer Flysch Carpathians)
and within the Cen tral Carpathian Paleogene in the In ner
Carpathians (Cen tral or West ern Carpathians in the Slo vak lit -
er a ture; Fig. 1) in Po land (within the out crops of the Cen tral
Carpathian Paleogene, Silesian and Skole units; Figs. 2 and 3), 

Ukraine (Boryslav-Pokuttya Unit; Figs. 1 and 3) and Ro ma nia
(Vrancea Unit, so-called Mar ginal Folds; Figs. 1 and 3). As
injectites were doc u mented in a to tal of 21 out crops (Figs. 2 and 
3) over a rel a tively broad area, the amount of data col lected is
large enough for a re gional-scale anal y sis and to pro pose a
model that cor re lates the or i gin of injectites with the stages of
the evo lu tion of the Carpathian orogenic belt.

GEOLOGICAL SETTING

The study area is lo cated mainly within the Outer Flysch
Carpathians (Fig. 1). This part of the Carpathian belt is sep a -
rated (in the west ern re gion of the folded belt) from the In ner
Carpathians (oc ca sion ally re ferred to as the Cen tral Carpa -
thians in the Slo vak seg ment) by a nar row bound ary zone, the
Pieniny Klippen Belt. The Pieniny Klippen Belt was closely as -
so ci ated with one of the subduction zones that re sulted in the
de vel op ment of the su ture zone be tween the Outer and In ner
Carpathians (e.g., Birkenmajer, 1976, 1977). The Outer Carpa -
thian orog eny is typ i cally in ter preted as a thin -skinned accretio -
nary wedge, formed in a piggy-back mode, with sub se quent
tec tonic el e ments accreted to the orogenic wedge (e.g., Mahel
and Buday, 1968; Książkiewicz, 1972; Koszarski and Ślączka,
1976). The pres ent study, how ever, pro poses an al ter na tive in -
ter pre ta tion of the tec tonic evo lu tion of the Carpathians Moun -
tains.

Both the In ner and Outer Carpathians form parts of an
orogenic belt made up of sed i ments de pos ited in the ac com mo -
da tion spaces cre ated at the mar gins of the Eu ro pean plat forms 
af ter the breakup of the Pangea supercontinent (Wieczorek,
1990, 1993); this par ti tion pro cess is well-re corded in the Tri as -
sic to Cre ta ceous sed i men tary suc ces sions. Anal y sis of dis tri -
bu tions of sed i men tary fa cies, par tic u larly of Me so zoic age, in -
di cates the ex is tence of a half-graben sys tem ge om e try that
formed in an extensional re gime. The ma rine trans gres sion
over the half-graben ar eas was grad ual, ini tially within the In ner
Carpathians area (Jankowski et al., 2012c; Jankowski, 2015a).
The ex is tence of the half-graben ge om e try has also been doc u -
mented in some re gions of the Carpathian fore land area, for ex -
am ple in the north ern most (in the Pol ish seg ment) Lublin half -
-graben that re mained un al tered even in a compressional re -
gime (Malinowski and Mojski, 1981). The pres ence of such a
ge om e try dur ing the de vel op ment of the Carpathian bas ins is
fur ther sup ported by the most re cent geo phys i cal data (Malino -
wski et al., 2013, 2015; Probulski and Maksym, 2015). The
Lublin half-graben was not in cor po rated into the struc ture of the
Carpathian orogenic belt and as such rep re sents an el e ment of
the undeformed fore land of the Carpathians, infilled with Me so -
zoic de pos its un con form ably over lain by Mio cene de pos its. 

The pat tern and ge om e try of the half-grabens were con -
trolled by tec tonic struc tures in her ited from the �pre-Al pine�
orogenic stages, such as fault zones de vel oped dur ing the
Variscan or older orogenies (Jankowski and Probulski, 2011).
Some of the pre-Al pine fault zones were also re ac ti vated dur ing 
the orogenic col lapse of the Carpathians and, jointly with the
overthrusted Carpathian orogenic belt, sub jected to extensional 
de for ma tion (Jankowski, 2015a). The pro cess of half-graben in -
fill ing by sed i ments likely con tin ued from the Tri as sic un til the
for ma tion of the fore land ba sin and the be gin ning of the clo sure
of the Carpathian bas ins (Jankowski, 2015a) cou pled with the
pro cess of in ver sion of extensional struc tures. In the Pol ish seg -
ment of the Carpathians, the old est de pos its in fill ing the half -
-grabens oc cur in the In ner Carpathian re gion (Jankowski,
2015a).
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The fi nal stage of the orogenic belt for ma tion was re lated to
the clo sure of the basinal zone of Paratethys (a part of Tethys)
and its sub di vi sion dur ing the last stage of its de vel op ment into
a se ries of iso lated bas ins (Popow et al., 2002).

Short en ing and clo sure of the Carpathian bas ins are pro -
cesses tra di tion ally linked with the con cept of the col li sion of
Eu ro pean plat form with a se ries of ap proach ing more or less
hy po thet i cal microplates, mov ing in vari able di rec tions. Ac cord -
ing to this con cept, the Outer Carpathians are an orogenic belt
re lated to the col li sion of the East Eu ro pean Plat form with the
ALCAPA (Alps-Carpathians-Pannonian) and Tisza-Dacia
blocks (ter ranes, microplates) (e.g., Ratschbacher et al., 1991;
Kováč et al., 1997, 2007; Grad et al., 2006). 

The last stage of the orogenic belt for ma tion and ba sin
short en ing has been re lated to subduction (e.g., Birkenmajer,
1976, 1977; Kováč et al., 2017). The con cept of subduction in
the Carpathians has long been crit i cized (Książkiewicz, 1977),
due to the lack of vol ca nism and of the ge om e try typ i cal of a
subduction zone. Data col lected dur ing re cent seis mic sur veys
in the Pol ish seg ment of the Carpathians also con tra dict the
subduction hy poth e sis (Malinowski et al., 2013; Probulski and
Maksym, 2015). 

It has been pos tu lated based on palaeomagnetic sur veys
that the ar cu ate, oroclinal shape of the Carpathians re sulted
from dif fer ences in the di rec tions of ro ta tions of in di vid ual struc -
tural blocks in the west ern and the Ro ma nian sec tors (Márton
and Márton, 1996); field map ping, how ever, does not pro vide
con vinc ing ev i dence for such pro cesses. In stead, some con -
cepts (Burtman, 1986; Jankowski, 2015a) as so ci ate the for ma -
tion of the Carpathian orocline with the pro cess of bend ing of
the orogenic belt and ba sin space due to the pres sure of the
Moesian Plate, which caused east ward (so-called) ex tru sion
and tec tonic es cape of the wes tern most seg ment of the
Carpathians. This pro cess of tec tonic es cape co in cided with the 
for ma tion of pull-apart bas ins and de vel op ment of fault zones
par al lel and per pen dic u lar to the ori en ta tion of the main tec tonic 
struc tures (Jankowski, 2015a). 

In the Pol ish seg ment, the pre-Cre ta ceous phase of ac cre -
tion of the south ern most frag ments of the orogenic belt led to
the for ma tion of the In ner Carpathians, with its north ern bound -
ary run ning along the mar gin of the Lara mide front and over lap -
ping with the tec tonic bound aries of the Manín and Haligovice
units (Jankowski, 2015a). The Pieniny Klippen Belt de vel oped
as a cha otic com plex in the foredeep of these units. More re cent 
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Fig. 1. Sketch map of the Al pine-Carpathian-Pannonian-Dinaride do main (af ter Kováč et al., 2007, adapted)

Study ar eas marked by red rect an gles
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con cepts (Plašenka and Mikus, 2010; Casteluccio et al., 2015)
de fine the Pieniny Klippen Belt as a "wildflysch" com plex. How -
ever, the Pol ish seg ment of the Pieniny Klippen Belt was in ter -
preted by Jankowski (2015a) as a slump com plex that was in -
cor po rated into the Late Cre ta ceous-Paleocene ba sin from the
Lara mide front of the mar gin of the In ner Carpathians. Ac cord -
ingly, the for ma tion of the Inoceramian fa cies marks the be gin -
ning of the for ma tion of a sed i men tary ba sin in the pe riph eral
fore land ba sin sys tem (De Celles and Giles, 1996) of the In ner
Carpathians, tra di tion ally known as the Outer Carpathians
flysch ba sin.

Dur ing the Late Cre ta ceous the depocentre of the fore land
ba sin be gan mi grat ing to wards the Eu ro pean plat forms. This
event is well-re flected in the dis tri bu tion of the Paleocene,
Eocene, and youn ger Up per Oligocene and Mio cene de pos its
(Książkiewicz, 1974). The mi gra tion of the depocentre was ter -
mi nated dur ing the Early Oligocene ex ten sion stage. As a re -
sult, new sed i men tary bas ins such as the Cen tral Carpathian
De pres sion and the Cen tral Carpathian Paleogene Ba sin were
formed (Jankowski, 2015a). In the Pol ish and the Ro ma nian

seg ments, shift ing of the foredeep ba sin depocentre, forebulge
and backbulge zones per sisted un til the Late Mio cene and the
Plio cene, re spec tively (Săndulescu, 1988, 1994). As a re sult of
fore land ba sin shift ing, the half-grabens of the rift ing stage be -
came tectonized and grad u ally in cor po rated into the orogenic
belt struc ture. This pro cess was as so ci ated with the for ma tion
of cha otic com plexes such as olistostromes, slides and slumps
in the fore land of the ac tive thrusts (Jankowski, 1995, 2004).

Fa cies dis tri bu tion in the Carpathian Ba sin was also highly
in flu enced by in ter vals of rel a tively high sea level, re sult ing in
pe ri odic lat eral ex ten sions of wedge-top sed i men ta tion, of ten
over the en tire area of the al ready-formed Carpathians. In the
hin ter land, the wedge-top sed i ments un con form ably over lie the
al ready formed orogenic belt; sed i men tary gaps and un con -
formi ties are quite com mon here (Jankowski, 2015a).

Pro cesses of short en ing and tectonization led to the for ma -
tion of sev eral tec tonic units that can be cor re lated based on
litho- and biostratigraphy (Fig. 3). Sed i men tary se quences
within each of these units con sis tently be come youn ger to wards 
the fore land area (Fig. 3). Tra di tion ally, these units have been

Fig. 3. Cor re la tion of re gional litostratigraphic units (based on Jankowski et al., 2012b) 
in which out crops with sand injectites were doc u mented

Cen tral Carpathian Paleogene: 1 – Ostrysz Beds, 2 – Chochołów Beds, 3 – Zakopane Beds, 4 – Szaflary Beds,
5 – Num mu lite Beds; Silesian Unit: 1 – Up per Krosno Beds, shale mem ber, 2 – Up per Krosno Beds, sand -
stone-shale mem ber, Niebylec Shales, 3 – Ostre Sand stones, 4 – Gorlice Beds, 5 – Lower Krosno Beds, sand -
stone mem ber (Lesko Sand stones), 6 – Lower Krosno Beds, sand stone-shale mem ber, 7 – Jasło Lime stone, 8 –
Lower Krosno Beds, Otryt Sand stones, 9 – Zatwarnica Beds, 10 – Tran si tion Beds, 11 – Menilite Beds, 12 –
Globigerina Marls, 13 – Green Shales, 14 – Hi ero glyphic Beds; Skole Unit: 1 – Leszczawka Diatomites, 2 – Up -
per Krosno Beds, sand stone-shale mem ber, 3 – Up per Krosno Beds, sand stone-shale mem ber, 4 – Niebylec
Shales, 5 – Lower Krosno Beds, 6 – Tran si tion Beds, 7 – Łopianiec Beds, 8 – Menilite Beds, Kliwa Sand stones, 9
– Jasło Lime stone, 10 – Dynów Marls and Cherts, 11 – Siedliska Con glom er ates, 12 – Boryslav Sand stones, 13 –
Subcherts Beds, 14 – Globigerina Marls, 15 – Popeli Beds, 16 – Pasichna Beds, 17 – Hi ero glyphic Beds;
Vrancea Unit: 1 – Doftana Beds, 2 – Brebu Con glom er ates, 3 – Salt Beds, 4 – Slon Beds, 5 – Gyp sum Beds
(Gura Soimului Beds, Gura Misina Beds), 6 – Up per Dysodilic Shales, 7 – Kliwa Sand stones, 8 – Lower Dysodilic
Shales, Bi tu mi nous Marls, Menilite Beds, 9 – Globigerina Marls, Lucăceşti Sand stones, 10 – Bisericani Beds;
Boryslav-Pokuttya Unit: 1 – Balychi Beds, 2 – Stebnik Beds, 3 – Dobrotiv Beds, 4 – Sloboda Con glom er ates, 5 – 
Vorotyscha Beds, 6 – Polanitsia Beds, 7 – Rusiv Con glom er ates, 8 – Menilite Beds, Boryslav Sand stone, 9 –

Popeli Beds, 10 – Bystrytsia Beds, 11 – Vytkivtsi Beds



con sid ered as tectono-fa cies units and their sed i men tary se -
quences were thought to have orig i nated within sep a rate bas -
ins/sub-bas ins (Książkiewicz, 1972; Oszczypko et al., 2006).
How ever, some stud ies in di cate these tra di tion ally dis tin -
guished units are only tec tonic in na ture (Săndulescu, 1988;
Jankowski et al., 2012b) and should not be cross-cor re lated
with sed i men tary bas ins, and con se quently that the de vel op -
ment of the Carpathian sed i men tary ba sin and the tec tonic de -
for ma tion oc curred with no re la tion ship to each other.

The most re cent in ves ti ga tions have also rec og nized the
great im por tance of grav i ta tional pro cesses in in cor po rat ing
many frag ments of Carpathian tec tonic units into the orogenic
belt struc ture, es pe cially within the most in ter nal Magura Unit
(Jankowski, 2007). Based on data col lected dur ing field stud ies
and thermochronological in ves ti ga tions, sev eral ad di tional sta -
ges of tec tonic de for ma tion have been rec og nized, hence re fin -
ing the evo lu tion of the Carpathian orogenic belt (Mazzoli et al.,
2010; Jankowski and Probulski, 2011; Andreucci et al., 2013;
Castelluccio et al., 2015). It has been shown that reactivations
of thrust zones as strike-slip zones were amongst the most im -
por tant fac tors shap ing the Carpathians (Jankowski and Pro -
bulski, 2011) and are re spon si ble for the for ma tion of flower or
horse-splay struc tures. Tec tonic de vel op ment ter mi nated with
the stage of the orogenic col lapse, a pro cess well-doc u mented
by field ob ser va tions and thermochronology, and re corded on
geo log i cal maps (Mazzoli et al., 2010; Jankowski and Pro -
bulski, 2011; Andreuccci et al., 2013; Jankowski and Margiele -
wski, 2014). The ev i dence of this orogenic col lapse can also be
ob served in the north ern fore land of the Carpathians (Janko -
wski and Margielewski, 2014). The tec tonic his tory of the
Carpa thians, in the Pol ish seg ment, ends with a phase of large
block move ment and tec tonic de nu da tion, a stage still on go ing
at the pres ent time (Jankowski et al., 2012c).

VARIATIONS IN SAND INJECTITIES

Stud ies of sand injectites were per formed in sev eral tec -
tonic units of the Outer Flysch Carpathians (Figs. 1–3). Most of
the injectites in ves ti gated oc cur within the Oligocene to Mio -
cene sed i men tary suc ces sions. These fea tures were gen er ally
noted in the most ex ter nal tec tonic el e ments of the orogenic
belt, and are par tic u larly abun dant within the Menilite Beds of
the Skole Unit and its Ro ma nian equiv a lent, the Vrancea Unit,
and in the Silesian Unit (Figs. 2 and 3). They were also found
within the Borislav-Pokuttya Unit (its equiv a lent in Ro ma nia is
re ferred to as the Vrancea Unit, the so-called Mar ginal Folds).
De spite be ing pre vi ously noted by Udič and Jacko (2008), dur -
ing this study injectites were rarely ob served in the sed i men tary
suc ces sion of the Magura Unit. 

Burial un der youn ger sed i ments caused most of the strata
to un dergo some de for ma tion di rectly af ter de po si tion and be -
fore the fi nal stages of diagenesis. The main pro cess, com pac -
tion, causes the ex pul sion of pore flu ids and tighter grain pack -
ing. Apart from overpressure, var i ous soft-sed i ment de for ma -
tion may de velop as a re sult of liq ue fac tion and fluidization of
the clastic beds. These pro cesses in tro duce in tru sions of remo -
bilized clastic sed i ment into the sur round ing strata, form ing
sheets con cor dant (sills) or dis cor dant (dykes) to bed ding (Fig.
4) (e.g., Jolly and Lonergan, 2002; Collinson, 2003; Jonk et al.,
2007). There fore it is quite likely that most dykes formed via in -
jec tion of fluidized sand from source beds (par ent bod ies) into
the host rock (Figs. 4 and 5). In that case they should be called
injectites.

In gen eral, sand injectites may be formed dur ing the course
of ac tive hy drau lic frac tur ing as a re sult of in jec tion of pres sur -
ized flu ids into the host rock, both into the over ly ing beds (Fig.
4A, C; Jolly and Lonergan, 2002; Jonk et al., 2007; Hurst et al.,
2011), lat er ally, and even into the un der ly ing beds (Fig. 4B;
Dreimanis, 1992; Niell et al., 1997; Surlyk and Noe-Nygard,
2003; Hurst et al., 2011). Un der wa ter nep tu nian dykes and
clastic dykes formed in ter res trial set tings are other types of
struc tures pas sively infilled with sed i ment that is lithologically
dif fer ent from the host rocks, that formed due to pas sive, grav i -
ta tional in fill ing of frac tures that opened to wards the top (e.g.,
Am¯rk, 1986; Collinson et al., 1989; Obermeier, 1996; Aubrecht 
and Túnyi, 2001; Łuczyński, 2001; Jasionowski et al., 2012;
Matyszkiewicz et al., 2016). In cer tain types of sed i ments,
dykes can also form as a re sult of early diagenetic pro cesses
when diagenetic tran si tion of opal A into opal T causes sig nif i -
cant de crease in po ros ity and sed i ment vol ume (Rich ard et al.,
2006). 

The most typ i cal trig ger ing mech a nisms caus ing sed i ment
liq ue fac tion and mo bi li za tion are (1) di rect seis mic shocks
(Allen, 1975; Audemard and de Santis, 1991; Pe ter son, 1997;
Wojewoda and Burliga, 2008), in di rect seis mic shocks (tsu nami 
ef fects; Olson, 2007), and shocks caused by phys i cal im pacts
(Hunton and Shoe maker, 1995; Sturkell and Ormo, 1997; Ken -
kmann, 2003; Wittmann et al., 2004; Hudgins and Spray, 2006;
Levi et al., 2006); (2) in crease in pore pres sure re lated to over -
bur den thick ness and sed i men tary slides (Dżułyński and
Radomski, 1957; Holzer and Clark, 1993; Jolly and Lonergan,
2002) or liq ue fac tion caused by wave ac tion (Dal rym ple, 1979;
Martel and Gibling, 1993; Alfaro and Soria, 1998); and (3) in -
crease in fluid vol ume re sult ing from sed i men tary mech a nisms,
e.g., in flux of flu ids from deeper ho ri zons to shal lower sand bod -
ies caus ing overpressure in the bed ding (Truswell, 1972).

In the first case, the oc cur rence in sed i men tary suc ces sions 
of injectites trig gered by seis mic shocks may be con sid ered as
ev i dence of tec tonic ac tiv ity in the area, an in di ca tor for de ter -
min ing palaeostress (Obermeier, 1996; Beacom et al., 1999;
Boehm and Moore, 2002; Obermeier et al., 2005; Wojewoda,
2008; Wojewoda and Burliga, 2008), and a tool for de ter min ing
the ge om e try of faults dur ing stages of orogenic belt de vel op -
ment (Harms, 1965; Hurst et al., 2011; Alsop et al., 2017). 

In gen eral, the for ma tion of sand injectites is as so ci ated with 
sed i ments de pos ited in ma rine set tings char ac ter ized by high
sed i men ta tion rate, dom i nance of mud and mud-sand de pos its, 
and synsedimentary tec tonic ac tiv ity (Collinson, 1994; Jolly and
Lonergan, 2002; Hurst et al., 2011). Tec tonic ac tiv ity that is
clearly ev i dent in a di rec tional stress field may cause in crease in 
pres sure within sed i ments and, in ad di tion, rapid in crease in
pore fluid pres sure, re sult ing in liq ue fac tion and fluidization of
un con sol i dated sed i ments. Such events usu ally take place
within ac tive slope depositional set tings where fold-and-thrust
belts are be ing formed (Wins low, 1983; Jolly and Lonergan,
2002). Hence, these pro cesses oc cur most com monly in tec -
toni cally ac tive parts of sed i men tary bas ins, at their mar gins
(Boehm and Moore, 2002; Jonk et al., 2003), and par tic u larly in
foredeep bas ins char ac ter ized by a mi grat ing depocentre.

Deep ma rine set tings are not the only en vi ron ments where
sand injectites have been ob served. These struc tures have also
been noted in salt domes (Am¯rk, 1986; Marco et al., 2002), gla -
cial sed i ments (Kruger, 1938; Larsen and Mangerud, 1992;
Rijsdijk et al., 1999; Le Heron and Etienne, 2005; Van Der Merr
et al., 2009), fault frac tures within crys tal line rocks (Cross, 1894;
Birman, 1952), shal low ma rine, deltaic, flu vial and lake set tings
(Jolly and Lonergan, 2002), and in the vi cin ity of vol ca nic and im -
pact crat ers (Mashchak and Ezersky, 1980, 1982). 
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DESCRIPTION OF THE INJECTITES 
STUDIED 

Our re cent field work data have in di cated that, in the Outer
Carpathians and in the Cen tral Carpathian Paleogene rocks,
sand injectites oc cur most fre quently within the sand stone -
-mudstone and si li ceous-mudstone sed i men tary suc ces sions.
In the Outer Carpathians their oc cur rences have been most
com monly ob served within the out crops of the Menilite Beds in
the Silesian and Skole units in Po land (Figs. 2 and 3), the
Boryslav-Pokuttya Unit in the Ukraine, and the Vrancea Unit in
Ro ma nia (Figs. 1 and 3). 

Field data, in clud ing geo met ric re la tion ships with the host
strata, as well as re gard ing the tex ture and struc ture of the sand 
in jec tion infills, in di cate that these forms un con form ably cut the
host rocks. How ever, the tec tonic com po nent can vary con sid -
er ably from one injectite to the other. Based on the de gree of
tec tonic in flu ence two main cat e go ries of sand in jec tions are
dis tin guished: post-sed i men tary (type S sand injectites) and
strongly tectonized (type T sand injectites).

The type S post-sed i men tary sand injectites are char ac ter -
ized by vary ing ori en ta tion to bed ding (Figs. 5, 6A, C, D and
7C–G), un even pat tern of the in jec tion walls (Fig. 6C–D), vari -
able width (Fig. 5), vari able de gree of com pac tion-re lated short -
en ing (Fig. 6D) and mas sive sand in fill ing (Fig. 7B). In some in -
stances, a di rect con nec tion of the sand in jec tion with the par -
ent body was ev i dent (Fig. 5). 

Out crops with such types of sand injectites are char ac ter -
ized by a mod er ate ex tent of fault-re lated de for ma tion. In most
cases, the ob served synsedimentary, fold-re lated de for ma tion
struc tures (Fig. 5) and flow de for ma tion struc tures (Fig. 6C) ap -
peared to be ge net i cally as so ci ated with sub ma rine slides ac -
tive dur ing sed i men ta tion. We be lieve that these injectites were
formed as a re sult of fluidization and dis place ment of fluidized
sand within loos ened co he sive mudstone-sand stone and si li -
ceous de pos its that were likely slightly lithified. Ac cord ing to
Jonk et al. (2007), the stress field that caused in crease in the
pore pres sure and sed i ment fluidization oc curred un der the
over bur den of youn ger sed i ments due to sed i ment de for ma tion
re lated to the dis place ment of a sed i ment mass caused by sub -
ma rine slides oc cur ring on the slopes of depositional forms and
dur ing the for ma tion of the slopes of fold-and-thrust forms. The
con sid er able size of the in fill ings of the type S sand in jec tions
and their rel a tively small trans verse cross-sec tion, may in di cate 
that they were formed as a re sult of a high-den sity lam i nar flow,
with out hy drau lic con tact with the sed i men tary ba sin bot tom
(Cobain et al., 2015). As sess ment of the sed i ment thick ness
un der which fluidization and in jec tion pro cesses oc curred is ex -
tremely dif fi cult be cause it de pends on a num ber of fac tors,
such as the mag ni tude and ori en ta tion of the stress field, pro -
por tion of the sand to mud interbeds, ini tial po ros ity, pres ence of 
sil ica, and so on (Jolly and Lonergan, 2002; Rich ard et al.,
2006; Hurst et al., 2011).

The type T strongly tectonized sand injectites are char ac ter -
ized ei ther by per pen dic u lar or sharply an gu lar ori en ta tion to

Fig. 4. Vari a tions in sed i ment in jec tions (not to scale)

A – sche matic di a gram il lus trat ing the prin ci pal fea tures of clastic sills and dykes (based on Jolly and Lonergan, 2002); B
– fi nal stage of remobilization, fluidization, liq ue fac tion, in tru sion and diapirism of sand stone un der deep burial of the
base-of-slope sand bod ies loaded into the slope muds (based on Surlyk and Noe-Nygaard, 2003); C – com pac tion of
sed i ment un der ly ing a slump, caus ing, be cause of load ing, fluid ex pul sion and remobilization, in jec tion, and ex tru sion of

the sandy and/or silty frac tion (af ter Jonk et al., 2007, adapted)



bed ding (Figs. 6A, B and 7A), flat planes bound ing the in jec tion
(Fig. 6A, B), gen er ally con stant in jec tion widths (Figs. 6A, B and 
7A), mas sive, strongly frac tured sand infills (Figs. 6A, B and
7A), and the pres ence of slick en sides on the planes bound ing
the in jec tions and on in ter nal frac ture planes within the infills
(Fig. 7A). The slick en sides were cov ered by striae and min er al -
iza tion point ing to the hor i zon tal, strike-slip ori en ta tion of the
dis place ments. 

Al though the out crops in which such sand injectites were ob -
served, e.g., Futoma (Po land), Hłudno (Po land) (for lo ca tion see
Figs. 2 and 3) and Trochaniv (Ukraine) were char ac ter ized by
sig nif i cantly ex ten sive fault-re lated de for ma tion, syn sedi men -
tary, fold-type de for ma tion struc tures (Fig. 5) and slump -slide de -

for ma tion struc tures were still pres ent (Fig. 6C). Fur ther more,
these out crops also re vealed that some of the type T injectites
had fea tures typ i cal of the type S injectites, such as un even
bound ing planes of the in jec tion and vari able width (Fig. 7C).

The co-oc cur rence of sed i men tary and tec tonic fea tures in -
di cates the oc cur rence of at least two phases dur ing sand
injectite de vel op ment. Struc tures that ini tially de vel oped as type 
S sand in jec tions, and as such be came ideal zones com pen sat -
ing tec tonic stress dur ing the evo lu tion of the orogenic belt,
were sub se quently trans formed into type T sand injectites. This
re ac ti va tion pro cess of the type S injectites into the type T
injectites is in ter preted as as so ci ated with zones of strike-slip
faults. 
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Fig. 5. As sem blage of clastic injectites in the Menilite Beds at the Hłudno 2 out crop,
Skole Unit (for lo ca tion see Fig. 2) 

A – gen eral view of the out crop; B – in ter pre ta tive draw ing of the clastic injectite pat tern; 
note the sandy par ent body (PB), joints (dashed lines), bed ding (solid lines) 

and fold-like de for ma tion within the host rock (HR) 
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SIGNIFICANCE OF CLASTIC INJECTITES 
IN UNRAVELLING THE PALEOGENE AND
NEOGENE EVOLUTION OF THE POLISH

SEGMENT OF THE CARPATHIAN OROGENY

As al ready stated, most clastic dykes ob served dur ing this
study oc cur within the Oligocene-Mio cene Menilite Beds of the 
sed i men tary suc ces sions of the Skole Unit and its Ro ma nian
equiv a lent, the Vrancea Unit (Figs. 2 and 3). The Menilite
Beds, and its east ern and west ern strati graphic equiv a lents
re spec tively, con tain the most lithologically di verse suc ces -

sions, in clud ing for ex am ple black bi tu mi nous shales, the
Dysodilic Shale, Kliwa sand stones, etc. (Fig. 8A–D). The
Menilite Beds and their equiv a lents have the wid est lat eral ex -
tent and are pres ent not only in the area tra di tion ally re ferred
to as the Outer Carpathians but also within the East ern Carpa -
thians and in the Molasse Ba sin. Ac cord ing to Jankowski
(2007), the Menilite fa cies should also en com pass de pos its
which be gin the sed i men tary infill of the Cen tral Carpathian
Paleogene Ba sin, in clud ing the Podhale Ba sin of the Pol ish
sec tor (Jankowski, 2015a) and its equiv a lents in the Ro ma -
nian seg ment (Jankowski, 2007). The com mon oc cur rence of
the Menilite Beds in both the Outer and In ner Carpathians in di -

Fig. 6. Clastic injectite pat tern in the Menilite Beds, Hłudno 1 out crop, Skole Unit

 (for lo ca tion see Fig. 2)

A – gen eral view of the out crop; white ar rows point to clastic injectites, black ar rows point to sand
in jec tions bor dered by fault zones, cir cled let ters – lo ca tion of in sets B, C and D; B – two oblique
injectite sys tems, the older sys tem is sub-per pen dic u lar to bed ding (1), and is dis sected and dis -
placed by the youn ger injectite (2); C – de formed injectite be tween strongly de formed unit (D) and 
undeformed menilites (UD); D – two slightly de formed injectites per pen dic u lar to bed ding 
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cates that there must have been a very close re la tion ship be -
tween these two re gions dur ing Oligocene-Mio cene time. Fur -
ther more, the Menilite-like de pos its also oc cur out side the
Carpathian area (Jarmołowicz-Szulc and Jankowski, 2011)
and reach ar eas of the fore land that have not been sub jected
to the Carpathian de for ma tion, as far as the area of the Eu ro -

pean Plat form, e.g., Roztocze (Myśliwiec and Śmist, 2006;
Jankowski, 2015a; Jankowski and Margielewski, 2015). 

The de po si tion of the Menilite Beds be gan in the Early
Oligocene (Olszewska, 1985; Garecka, 2008, 2012). The ex -
tent of their dis tri bu tion was closely con trolled not only by the
mor phol ogy of the ba sin bot tom but also by rel a tive sea level

Fig. 7. Clastic injectites from dif fer ent lo cal i ties (for lo ca tion see Figs. 1 and 2)

A – part of a gi ant-scale, strongly tectonized clastic injectite at Futoma (PL); white ar row points to sur face
with slick en sides, en larged in white box; B – sand-glauconite clastic injectite in Futoma (PL); C – strongly
tectonized injectite in Trochaniv, Verkhnje Synovydne (UA); D – top view of the menilites suc ces sion cut
by clastic injectite in the Nechit River sec tion (RO); E – folded clastic injectite in the Nechit River sec tion
(RO); F – undeformed clastic injectite in Znamirowice (PL); G – coarse-grained clastic injectite at

Kobielnik (phot. Anna Filipek)



changes oc cur ring pe ri od i cally in the Carpathian Ba sin from the 
Early Oligocene to the Early Mio cene (e.g., Amadorii et al.,
2012; Kováč et al., 2017). In the sed i men tary suc ces sion, the
Menilite Beds oc cur above the Lower Oligocene Globigerina
Marls ho ri zon which marks the max i mum flood ing sur face of
the Early Oligocene Carpathian Ba sin (Watkinson et al., 2001).
In some ar eas and sec tions, the Menilite Beds are found above

the Hi ero glyphic Beds or the Mszanka Sand stones. In ter est -
ingly, the Menilite Beds ap pear si mul ta neously across the en tire 
area of their oc cur rence. The on set of black shale ap pear ance
within the Menilite Beds cor re lates to a pe riod of wa ter an oxia
and a lack of sea-wa ter cir cu la tion that was fol lowed by a sig nif i -
cant shallowing caused by an iso la tion of the most mar ginal
parts of the Tethys Ocean, i.e., the Paratethys (e.g., Popow et
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Fig. 8. Li thol ogy of the Menilite Beds

A – thin- and me dium-bed ded cherts, Leszczawa Górna out crop; B – black clayey shales,
Smilno out crop (Slovakia), ham mer for scale; C – thin-bed ded black muddy shales with sandy,
rip ple flaser- and wavy-cross-bed ded interlayers; note synsedimentary de for ma tion (sd), syn -
sedimentary faults (sf) and post-sed i men tary faults (pf), Aksmanice out crop, white bar is ~5 cm;
D – thin-bed ded black muddy shales with sandy, rip pled wavy and len tic u lar cross-bed ded
interlayers; note chev ron-like pat tern of wave rip ples (white ar row), white bar is ~3 cm; E – me -
dium-grained clasts at the base of muddy shales, Kalnica out crop; F – flute casts on the lower
sur face of a sand stone bed, Cergowa Beds, Barwałd out crop, black bar is ~10 cm high; G –
debrite-type con glom er ate, Skrzydlna out crop, white bar is ~10 cm; H – poorly sorted, debrite -

-type brec cia built of Me so zoic clasts, Zdiar ex po sure (Tatra Mts., Slovakia), pen cil is ~10 cm 



al., 2002). A sig nif i cant fea ture of the Menilite Beds sys tem is
the strongly diachronous ter mi na tion of their sed i men ta tion and
of the lat eral tran si tion into the Krosno Beds dur ing the fi nal
Mio cene stage of their de vel op ment (Olszewska, 1985;
Garecka, 2008, 2012; Jankowski et al., 2015).

The Menilite Beds have been tra di tion ally in ter preted as
“deep flysch” sed i ments (e.g., Uchman et al., 2006), some times 
even as deep-ma rine “oce anic” sed i ments (e.g., Oszczypko et
al., 2006; Golonka et al., 2006). More re cent stud ies, how ever,
sug gest that these views should be re vised. Ev i dence of wave
rip ple-marks and hummocky cross-strat i fi ca tion in the Menilite
Beds of the mar ginal tec tonic el e ments of the Carpathians, e.g.
the Boryslav-Pokuttya Unit (Jarmołowicz-Szulc and Jankowski, 
2011), im ply shal low-ma rine set tings. The pres ence of struc -
tures in di cat ing shelfal en vi ron ments was also doc u mented
within the Menilite Beds near Gorlice by Watkinson et al. (2001)
and con firmed re cently by Dziadzio (2015). Ev i dence of a gen -
er ally shal low sed i men tary set ting and rel a tively prox im ity to
land oc cur in the Menilite fa cies of the Cen tral Carpathian
Paleogene Ba sin, i.e. the Zakopane Beds (Filipek et al., 2017).
Ad di tion ally, geo chem i cal data col lected at a num ber of the
Menilite Beds lo cal i ties also in di cate that the de po si tion was oc -
cur ring in close prox im ity to land masses within shal low sed i -
men tary set tings (Matyasik et al., 2012). 

The re con struc tion of sed i men tary-tec tonic evo lu tion ary
stages, in clud ing the area of ini tial de po si tion that was sub se -
quently sub jected to partly synsedimentary stages of tec tonic
de for ma tion, is re quired to ex plain both for ma tion mech a nisms
of the sand in jec tions within the Menilite Beds and the ex tent of
these injectites. There fore, we pro pose a novel model of de vel -
op ment of the Carpathians and their fore land. The model is
based on our data col lected dur ing ex ten sive and de tailed field -
work, in clud ing sys tem atic map ping (e.g., Gucik et al., 1991;
Jankowski, 2004, 2007, 2013, 2015b; Jankowski and Ślączka,
2015) com bined with re sults of seis mic anal y ses of many sed i -
men tary sec tions (Jankowski and Probulski, 2011) and data
avail able in ear lier sci en tific re ports (e.g., Jankowski et al.,
2012b, 2015; Jankowski, 2015a). The pro posed model of the
evo lu tion of the Pol ish seg ment of the Carpathians ap plies to
the area of the ex tent of the Menilite fa cies and its syn chro nous
strati graphic unit – the Krosno Beds – dur ing the Oligocene and 
Mio cene.

Early Oligocene ex ten sion stage (Fig. 9B). The model
as sumes the ex is tence of zones that pe ri od i cally sep a rated
Carpathian sed i men tary sub-bas ins, com monly re ferred to as
the Carpathian cor dil leras. Their de vel op ment is closely as so ci -
ated with the Early Oligocene ex ten sion phase (Jankowski and
Probulski, 2011; Jankowski, 2015a), as a re sult of which the
sed i men ta tion of the Menilite Beds ex panded over a broad area 
that in cluded intra-montane bas ins, the Cen tral Carpathian De -
pres sion and the Cen tral Carpathian Paleogene Ba sin (Fig.
9B). Within this lat ter ba sin, the Menilite Beds are re ferred to as
the Zakopane Beds or the Huty For ma tion. 

The oc cur rence of the sub-bas ins was re lated to the area of
half-graben bound aries formed af ter the breakup of the plat -
form mar gin (Fig. 9A), as well as to their up lift dur ing the
forebulge mi gra tion that was al ready tak ing place dur ing the
Oligocene and later in the Mio cene. The ex is tence of the tec -
tonic half-grabens dur ing the Early Oligocene (Fig. 9B) is doc u -
mented by bore hole data (Zawoja 1, Sucha Beskidzka 1,
Potrójna 1, Ropa 1). The pro cess of the Early Oligocene
breakup of a seg ment of the al ready formed orogenic belt was
fol lowed by the for ma tion of the Menilite Beds cover on the
orogenic wedge (e.g., Stronie struc ture). 

The pres ence of the Menilite Beds on var i ous com po nents
of the pre-Oligocene base ment in the en tire area of the Carpa -

thians stud ied has been doc u mented by many ex am ples of di -
rect con tacts of the Menilite Beds with older strata, in clud ing the 
Oligocene/Cre ta ceous con tacts (Latoś, 1960–1980) where
Paleo cene and Eocene sed i men tary suc ces sions are miss ing.
The Menilite Beds cover rep re sents thus a sed i men tary suc -
ces sion that was not as so ci ated with the older base ment, that
not only partly de vel oped within tec tonic grabens in sed i men -
tary and strati graphic con ti nu ity with the Paleogene strata, but
also cov ered horsts that were sub jected to Oligocene ero sion,
such as the Fredropol and Gorlice horsts (Fig. 9B, C). The pro -
cesses of horst and graben ex ten sion and for ma tion could also
in flu ence rel a tive sea level fall. It has been con cluded, based on 
sedimentological ob ser va tions (e.g., Watkinson et al., 2001;
Dziadzio, 2015; Filipek et al., 2017), that the sed i men tary ba sin
in which the de po si tion of the Menilite Beds oc curred dur ing the
Early Oligocene, was an ex ten sive and rel a tively shal low sed i -
men tary ba sin char ac ter ized by re stricted wa ter cir cu la tion and
re stricted ox y gen a tion where fine clastic sed i men ta tion pre -
vailed.

Late Oligocene – Early Mio cene com pres sion and in -
ver sion stage (Fig. 9C). The change of tec tonic re gime from
ex ten sion to com pres sion dur ing the sed i men ta tion of the
Menilite Beds and the shift ing of the orogenic belt-fore land ba -
sin sys tem caused suc ces sive synsedimentary trans for ma tion
of the sed i men tary ba sin. At this time, the sed i men tary fa cies
were be com ing more di verse, with the Menilite Beds trans -
itioning lat er ally into the Krosno Beds. The depositional sys tem
of these units is re ferred to herein as the Menilite-Krosno sys -
tem. There is an ap par ent diachroneity in the re la tion ships of
the Menilite-Krosno sys tem. In south ern re gions, the Menilite
fa cies were re placed by the Krosno fa cies dur ing the Late
Oligocene. The oc cur rence of the isochronous Menilite and
Krosno fa cies is doc u mented by the Jasło Lime stone Chrono -
zone (NP 24) (Jucha and Kotlarczyk, 1961; Garecka, 2012).

The pro cess of ba sin short en ing and clos ing caused par tial 
de struc tion and zonal sep a ra tion, and a trans for ma tion of the
half-graben ge om e try of the base ment. As a re sult, these
zones in her ited a par tic u larly com plex ge om e try, fur ther com -
pli cated by their re ac ti va tion dur ing the sec ond ary tec tonic de -
for ma tion (Jankowski and Probulski, 2011; Jankowski,
2015a). More over, the orig i nal half-graben ge om e try likely in -
flu enced the in ver sion pro cess dur ing ba sin short en ing and
the place ment of over thrusts of the main tec tonic el e ments,
whereas zones of tec tonic bound aries of the half-grabens
could have in flu enced the for ma tion of out-of-se quence and
in-se quence overthrusts (Fig. 9C). 

Ac cord ing to the model pre sented (Fig. 9C), sev eral depo -
sitional zones may be dis tin guished within the Menilite-Krosno
sys tem. These zones were de vel op ing dur ing the fi nal stage of
the Carpathian Ba sin evo lu tion and the orogenic belt for ma tion
de pend ing on the prog ress of the shift ing of the orogenic
belt-fore land ba sin sys tem, of synsedimentary fold ing pro cesses
and of on go ing sed i men tary infill of the in her ited half- grabens.
De pos its of the Menilite-Krosno sys tem also oc cur as wedge-top
fa cies, in De Celles and Giles’ ter mi nol ogy (DeCelles and Giles,
1996), on the al ready-formed Carpathian orogenic belt, over ly ing 
se quences of the Magura Unit and the Pienniny Klippen Belt.

Dur ing the Late Oligocene to Early Mio cene evo lu tion ary
stage of the Carpathian Ba sin de vel op ment, the Menilite-
 Krosno Beds were pref er en tially de pos ited within the ac com -
mo da tion space of the mi grat ing Oligocene-Mio cene en tire
fore land ba sin. They spread over the re gion of the syn chro nous
backbulge, where they ex tend as far as the Roztocze re gion
(Jankowski and Margielewski, 2014). As a re sult, the Lower
Mio cene sed i men tary cover (e.g., Przemyśl Beds, Krakowiec
Clays) is lithologically sim i lar to the Krosno Beds and re tains a
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west ward di rec tion of trans por ta tion, par al lel to the orogenic
belt (Jankowski et al., 2015). There fore, the most north ern ex -
ter nal depositional zone of the Menilite-Krosno fa cies, that sub -
se quently be came the Mio cene Fore-Carpathian Ba sin, is the
area of pres ent-day Roztocze. 

RELATIONSHIP OF THE CLASTIC INJECTITES TO
THE EVOLUTIONARY STAGES OF THE POLISH

SEGMENT OF THE CARPATHIAN OROGENIC BELT

The clastic injectites in ves ti gated dur ing the pres ent study
oc cur typ i cally in the Skole Unit (Figs. 2 and 3) within de pos its
as signed to the Menilite and Menilite-Krosno sys tems. These
strata con tain much ev i dence of shal low ma rine sed i men ta tion
(Jarmołowicz-Szulc and Jankowski, 2011; Matyasik et al.,
2012). Well-sorted sand stones, with shal low ma rine sed i men -
tary struc tures such as wave cross-bed ded interlayers and
hummocky cross-strat i fi ca tion (Fig. 8  C, D; Jarmołowicz-Szulc
and Jankowski, 2011), as well as am ber blocks (Teisseyre,
1922) have been ob served within the shelfal Kliwa Sand stones
that oc cur in the Skole Unit.

The depositional zone of the Menilite Beds (in the area of
the pres ent-day Skole Unit) was tec toni cally un sta ble dur ing the 
de po si tion of the Menilite-Krosno sys tem (Fig. 9C). At the end
of the Oligocene, it func tioned as a forebulge dur ing the north -
ward mi gra tion of the ba sin depocentre. At that time, ex ten sion

was quite likely to oc cur on the forebulge slope, as sug gested
by the com mon oc cur rences of injectites and slope fa cies (Fig.
10A–F).

The compressional stage of the ba sin de vel op ment de -
scribed above (Fig. 9C) im plies a very high fa cies vari abil ity
and, more over, the ex is tence of zones of vari able tec tonic re -
gimes. This, how ever, does not in di cate great sed i men ta tion
depths. In fact, de pos its of the Menilite-Krosno fa cies con sist of
pe lagic and hemipelagic sed i ments, slope fa cies in di cat ing
well-de vel oped pro cesses of grav i ta tional mass move ments
(Fig. 8G), and chan nels dis trib ut ing sed i men tary ma te rial from
depositional slopes of the accretionary prism into the ba sin. As
a re sult, the compressional stage pro vides good con di tions for
pro cesses of sand fluidization and dis place ment within frac -
tures formed in co he sive mudstone-sand stone and si li ceous
de pos its. The stress field caus ing in crease in pore pres sure and 
the sed i ment fluidization de vel oped un der an in creas ing over -
bur den of the ac cu mu lat ing de pos its, lead ing to sed i men tary
de for ma tions re lated to dis place ment of sed i ment masses
within sub ma rine slides on the slopes of depositional forms and
dur ing the for ma tion of slopes of fold-and-thrust forms. 

Nu mer ous sand injectites that oc cur within the Menilite
Beds of the Silesian Unit (Figs. 2 and 3) have also been in ves ti -
gated dur ing this study. These injectites are of the type S, in di -
cat ing that their or i gin is closely re lated to sed i men tary pro -
cesses (Fig. 7F, G). The geotectonic po si tion of the Silesian
Unit sug gests that, dur ing both the Early Oligocene extensional
stage and the sub se quent compressional stage, sed i men tary
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Fig. 9. Con cep tual model of the last stages of the Pol ish part of Carpathian orogenic belt build ing

A – Cre ta ceous ex ten sion; B – Early Oligocene ex ten sion; C – Late Oligocene–Early Mio cene com pres sion and in ver sion
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Fig. 10. Synsedimentary fold de for ma tions of the Menilite Beds (A–D pho tos) and char ac ter is tic of the Menilite

Beds in the In ner Carpathians (E–H pho tos)

A – large-scale slump de for ma tion within me dium-bed ded menilites with sandy interlayers and diatomites, Hermanowa
out crop; B – large-scale slump de for ma tion over lain by undeformed silty and sandy menilites, Futoma out crop, white bar
is ~1 m; C – me dium-scale slump de for ma tion within thin- to me dium-bed ded menilites, Serednica out crop; D – me -
dium-scale slump de for ma tion in side undeformed chert suc ces sion of the Menilite Beds; slump ing di rec tion points to se -
quence over turn ing, Krościenko out crop, white bar is ~1 m; E – gen eral view of strongly de formed menilites of the Cen tral
Carpathian De pres sion area, Wrota Podpolozia (UA); F – slump de for ma tion struc tures within thin-bed ded menilites of
the Carpathian De pres sion area, Nizne Vorota (UA); G – small ex po sure with con glom er ates and brec cias with a prev a -
lence of Me so zoic clasts, Zdiar out crop (Tatra Mts., Slovakia), hand for scale; H – the Menilite-type (Zakopane Beds)

shales with chert ho ri zons,  Zdiar out crop (Tatra Mts., Slovakia), white ar row points to chert layer, white bar is ~20 cm



ma te rial was ac cu mu lat ing over the ar eas of un sta ble and tec -
toni cally ac tive slopes (Fig. 9B, C). Dur ing the sed i men tary in fill -
ing of the Cen tral Carpathian De pres sion, which in the east ern
seg ments of the Pol ish Carpathians may be cor re lated with the
Silesian Unit, slump pro cesses dom i nated in the ba sin (Fig.
10E, F). The for ma tion of the type S sand injectites is in ter -
preted herein as one of the in di ca tors of the pres ence of un sta -
ble slopes; it was also ac com pa nied by extensional pro cesses
oc cur ring on the slope. Shift ing of the sed i men tary zone depo -
centre of the Skole Unit also caused tec tonic in sta bil ity of this
unit. As a re sult, injectites are mod er ately abun dant within the
Skole Unit. Field ob ser va tions also in di cate that syn sedimen -
tary ex ten sion and slump ing pro cesses oc curred fre quently in
this zone (Figs. 10A–D). These pro cesses were ac com pa nied
by the for ma tion of injectites. Dur ing the Late Oligocene, the
sed i men ta tion area of the Skole Unit was lo cated in the vi cin ity
of a rap idly up lift ing forebulge, hence cre at ing fa vour able con di -
tions for the oc cur rence of tec toni cally un sta ble slopes and pro -
cesses of synsedimentary de for ma tion, slump ing and slides.
The anal y sis of injectite ge om e try within the Skole Unit shows
con stant trends re lated to zones of nor mal faults point ing to
N–S ex ten sion. Most ob served injectites are re lated to ar eas of
south-dip ping nor mal faults, a fea ture that is par tic u larly clearly
vis i ble in the out crops such as Hłudno. This, how ever, may also
be linked with the in sta bil ity of E–W-ori ented slopes point ing to
a typ i cally north wards shift ing of the depocentre and fore land
ba sin sys tem.

An other pro cess that re quires ex pla na tion is the tec tonic re -
ac ti va tion of the type S clastic injectites oc cur ring within the
Skole Unit and their trans for ma tion into the type T injectites. Ev -
i dence of this re ac ti va tion pro cess has been seen in many ex -
po sures. The struc tures ob served in di cate that the re ac ti va tion
of ini tially nor mal fault zones infilled by injectites oc curred dur -
ing the chang ing con di tions of the strike-slip re gime. The anal y -
sis of re ac ti va tion sur faces re veals sinistral strike-slip faults as
the most com mon fea tures (Fig. 7A). Thus, zones where
injectites ini tially formed re sulted from extensional con di tions
on un sta ble slopes, al though the re ac ti va tion pro cess oc curred
as a con se quence of changes in tec tonic re gime and re ac ti va -
tion of dis con ti nu ity zones such as strike-slip zones. 

The de gree of con sol i da tion of the injectite infills and their
spa tial ori en ta tion rel a tive to bed ding in di cate that the tim ing of
the for ma tion of the type S injectites co in cides with the mi gra -
tion of ba sin depozones. In con trast, the re ac ti va tion of these
injectites took place dur ing the sec ond ary, strike-slip stage of
the Carpathian de for ma tion (Jankowski and Probulski, 2011). It 
post-dates the compressional stage, which caused clos ing of
the ba sin and move ment of the depozone, as well as the shift of
the foredeep-forebulge-backbulge sys tem of the Fore- Carpa -
thian Ba sin. 

DISCUSSION

The pro posed con cep tual model of the ba sin evo lu tion (Fig.
9) ap plies only to the Pol ish seg ment of the Carpathians near
the Przemyśl me rid ian. The model ex plains the zonal pat tern,
the ba sin ge om e try changes and the shift of sed i men tary fa cies
oc cur ring on the shelf and slope dur ing the fi nal Oligocene-Mio -
cene stage of the Carpathian Ba sin de vel op ment. Ac cord ing to
this model, stages of de vel op ment of the type S clastic injectites 
can be cor re lated to stages of ba sin in fill ing by a thick sed i men -
tary suc ces sion and to synsedimentary for ma tion of depositio -

nal slopes dur ing the Late Oligocene to Early Mio cene (Fig.
9C), while tec tonic re ac ti va tion of the type S injectites into the
type T clastic injectites are re lated to tec tonic re ar range ment of
the orogenic belt dur ing the ter mi nal stages of its evo lu tion, re -
lax ation and de vel op ment of strike-slip faults. 

The mi gra tion of the Menilite and Menilite-Krosno sys tems,
with sub se quent northeastwards shift ing of the forebulge and
backbulge zones, led to the re ar range ment of the half-graben
sys tem in her ited af ter the breakup of the plat form mar gin (Fig.
9A) and the for ma tion of ac com mo da tion space of the Carpa -
thian Ba sin Oligocene-Mio cene depositional sys tem (Fig. 9B,
C). As men tioned above, the half-graben sys tem ge om e try was
de rived from older pre-Al pine tec tonic struc tures pres ent along
the mar gin of the Eu ro pean plat forms. 

Our model dis agrees with some older the o ries of the evo lu -
tion of the Carpathians and ques tions some the pre vi ous in ter -
pre ta tions, for ex am ple those di rectly link ing tec tonic units to
basinal units (e.g., Oszczypko, 2004). This com monly ac cepted 
con cept, fre quently dis cussed in the Carpathian lit er a ture, of re -
strict ing the as so ci a tion of se quences of sin gle tec tonic units to
ar eas of sep a rate bas ins is no where re flected in the dis tri bu tion
of sed i men tary fa cies (Jankowski et al., 2012a; Jankowski,
2015a). Thus, rock se quences of so-called tectono-fa cial units
com pletely do not re flect the pat tern of basinal zones within the
Oligocene and Early Mio cene strata. In stead, thrust ing, shear -
ing and clos ing di rec tions were more cru cially im por tant for the
com po si tion of the se quences in these tec tonic units. There -
fore, the pre-Mio cene ba sin pat tern and the pres ent-day bound -
aries of tec tonic units show no re la tion ship, as clearly vis i ble in
the dis tri bu tion style of some sed i men tary fa cies, such as the
Cergowa Sand stone and the Mszanka Sand stone (Cieszko -
wski et al., 1990). The fa cies dis tri bu tion of the Oligocene
Cergowa Sand stone, oc cur rence of which is tra di tion ally re -
stricted to the Dukla Unit (Wag ner, 2008), is not ap par ent; the
dis tri bu tion of this sand stone was likely orig i nally re lated to an
intrabasinal high that was obliquely sheared dur ing the Mio cene 
evo lu tion of the orogenic belt, and the ori en ta tion of this high
cor re sponds to the ba sin ge om e try and not to the ori en ta tion of
tec tonic units (Jankowski, 2015a).

The gravimetric data and anal y sis of fa cies dis tri bu tions in
both Cre ta ceous and youn ger de pos its fur ther in di cate that
transformational fault zones sep a rat ing the half-grabens were
equally sig nif i cant for the geo met ri cal pat tern and num ber of
half-grabens in in di vid ual seg ments of the de vel op ing Carpa -
thian Ba sin. For ex am ple, the Gorlice me rid ian fault zone, that
is re flected in gravimetric im ages, rep re sents a transfor mational 
fault re spon si ble for the west ward trun ca tion of the Cen tral
Carpathian De pres sion (CCD) (Fig. 2). The anal y sis of geo log i -
cal evo lu tion of the CCD shows how the changes in tec tonic re -
gime, from extensional to compressional, in flu enced the de vel -
op ment of the sub-ba sin and the types of in fill ing sed i men tary
fa cies. This re gion rep re sents a tec tonic graben formed dur ing
the Early Oligocene (Fig. 9B). Through out the Early Oligocene,
the graben was filled by de pos its of the Menilite Beds and af ter -
wards, dur ing the Late Oligocene, by syntectonic de pos its of
the Krosno Beds, mostly through grav i ta tional slumps (Fig.
10E, F) and apron-like clastic de pos its, e.g., the Otryt Sand -
stones. Dur ing the Early Oligocene, the CCD func tioned as the
depocentre of the Carpathian Ba sin. In ter est ingly, due to the re -
ju ve na tion of the Lower Oligocene struc tures dur ing the Late
Mio cene col lapse stage (Fig. 2), the graben struc ture of the
CCD has been pre served up to the pres ent day, and man i fests
it self per fectly in the mor phol ogy of the area. De pend ing on the
dis tance to the CCD, there are some dif fer ences in the de vel op -
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ment of the Menilite Beds, as well of as the Eocene and Cre ta -
ceous strata oc cur ring in the area south of the CCD (Fig. 9C),
sug gest ing the pres ence of two half- grabens. These sed i men -
tary se quences were sub se quently in cor po rated within the
Dukla and Magura units (Fig. 9). Dur ing the Oligocene, sed i -
men ta tion be came ho mog e neous over the en tire area (Fig. 9B,
C). The Menilite Beds of the Dukla Unit dis play char ac ter is tics
of a slope cover, e.g., the Grybów Beds, else where re ferred to
as the Dusin Beds (Jankowski et al., 2012a), with debrite-type
sed i men ta tion (Fig. 8E) in cised by chan nels infilled with the
Cergowa Sand stone (Fig. 8F). The sed i men tary char ac ter of
the Cergowa Sand stone in di cates that dur ing its de po si tion a
lo cally el e vated zone must have ex isted. The oc cur rence of the
Cergowa Sand stone west of the Gorlice zone sug gest that this
el e vated zone ex tended to the mar gins of the Carpathians. To
the south, de pos its of the Menilite Beds, which at some lo cal i -
ties over lie de pos its of older age, e.g., sim i lar to the Magura
Beds (known as the Su pra-Magura Beds here), oc cur in a po si -
tion in di cat ing that they de vel oped as part of wedge-top sed i -
men ta tion. 

Ad di tion ally, the oc cur rence of the Węglówka zone sep a rat -
ing the Skole Unit from the south ern part of the CCD and its role 
dur ing the de vel op ment of the Przemyśl me rid ian area is note -
wor thy. Through out the sed i men ta tion of the Menilite sys tem
dur ing the Early Oligocene, this zone was a tec tonic horst, most 
likely el e vated above sea level (Fig. 9B). How ever, dur ing the
Late Oligocene to Early Mio cene mi gra tion of the depocentre of
the Menilite-Krosno sys tem (Fig. 9C) this area sub sided tem po -
rarily and was cov ered with sed i ment. 

The ab sence of the Menilite Beds near Przemyśl, within the
Fredropol Horst (Fig. 9B), may be re lated to the up lift of the
Oligocene forebulge zone and the bound ary of the older half -
-graben struc tures. This zone is also as so ci ated with the
bound a ries be tween the Skole Unit and the Stebnik and
Boryslav-Pokuttya units, and dis tin guished as a nar row bound -
ary belt (Kotlarczyk, 1988; Jankowski et al., 2004). Far ther to
the south, this area, that was sub se quently in cor po rated within
the Skole Unit, de notes a shal low sea zone re lated to a rem nant 
sed i men tary ba sin, which can be re ferred to as the Late Oligo -
cene fore land ba sin as so ci ated with a grad ual shift ing of the
depozone to wards the Mio cene fore land area. 

This the ory of the north ward ex ten sion of the Menilite -
-Krosno sed i men tary sys tem has been in tro duced into the sci -
en tific de bate only rel a tively re cently (Jankowski and Margie -
lewski, 2014, 2015; Wysocka et al., 2016) and rep re sents a
novel con cept that is not yet com monly ac cepted in the Pol ish
geo log i cal lit er a ture. As al ready in tro duced in the dis cus sion of
in the Late Oligocene-Early Mio cene stage of the Carpathian
orogenic belt evo lu tion (Fig. 9C), the de po si tion of the Menilite -
-Krosno fa cies extented to the Roztocze area, a re gion lo cated
far north into the plat form (Myśliwiec and Śmist, 2006; Janko -
wski and Margielewski, 2015; Wysocka et al., 2016). The
Menilite Beds de pos ited dur ing the Early Oligocene depo -
sitional stage (Fig. 9B) were eroded from the area of the pres -
ent-day Carpathian fore land due to sub se quent mi gra tion of the 
up lifted forebulge zone, as were the older sed i men tary se -
quences over ly ing the Pre cam brian and Me so zoic rocks in the
base ment of the Carpathian Foredeep. Rem nants of the
Menilite Beds and the older Eocene base ment have been ob -
served in the in ner zone of the Carpathian Foredeep. Here,
these de pos its formed the base ment for the Mio cene strata
within the fore land ba sin suc ces sion dur ing the Middle and Late 
Mio cene stage of its de vel op ment (Fig. 9C). They were de -
formed and, to gether with the base ment of the Menilite Beds
and the Eocene strata, in cor po rated as the Stebnik Unit, as
doc u mented in the Jaksmanice bore hole. 

Fur ther more, the pro posed model des ig nates the Zako -
pane Beds of the Cen tral Carpathian Paleogene Ba sin as part
of the Menilite sys tem. It is hy poth e sized that the evo lu tion of
the sed i men tary infill of the Cen tral Carpathian Paleogene Ba -
sin, which formed on the older accreted frag ments of the Me so -
zoic base ment, rep re sents the best fit and started at the be gin -
ning of the extensional stage dur ing the Early Oligocene. This
pro cess is doc u mented by coarse-grained sed i men tary sys -
tems, i.e., the Tokaren con glom er ates (Janočko and Soták,
2001), char ac ter ized by a pre dom i nance of clastic ma te ri als of
Me so zoic age (Figs. 8H and 10G), that are over lain by Menilite -
-type de pos its (Zakopane Beds) in which chert ho ri zons have
been re cently dis cov ered (Fig. 10H), and fi nally by Kro sno -type
de pos its (Chochołów Beds). The Menilite-Krosno sed i men tary
cover, com mon for the en tire Carpathian Ba sin, and also over -
ly ing the Tatra and the Magura el e ments (Fig. 9B), was shat -
tered dur ing the Oligocene ex ten sion, the col lapse of the oro -
genic belt (Jankowski, 2015a) and dur ing the for ma tion of the
strike-slip faults (Pieniny flower struc ture) (Żytko, 1998; Fig.
9C). The rem nants of the Eocene and Oligocene sed i men tary
suc ces sion once cov er ing the Cre ta ceous cha otic com plex of
the Pieniny Klippen Belt oc cur in Zaskale in close prox im ity to
the klippen belt (Szydło et al., 2015) as well as in the Udol out -
crops (Książkiewicz, 1972). The strata of the Podhale re gion
were partly folded fol low ing the Early Oligocene compressional
phase (Fig. 9B, C). The pres ent-day Podhale Ba sin, with its
clearly no tice able sep a ra tion of the sed i men tary cover of the
Cen tral Carpathian Paleogene Ba sin due to the el e vated mor -
phol ogy of the Tatra Moun tains, has re sulted from the rapid ex -
hu ma tion of the Tatra Mas sif over the last sev eral mil lion years
(Jankowski, 2015a; Śmigielski et al., 2016). 

CONCLUSIONS

The re sults of de tailed geo log i cal field in ves ti ga tions, data
in ter pre ta tions and mod el ling of the Paleogene and Neo gene
evo lu tion of the Pol ish seg ment of Carpathians sug gest the fol -
low ing con clu sions:

– in the Outer Carpathians, clastic injectites oc cur com monly

within the Menilite Beds of the Silesian and Skole units in

Po land, the Vrancea Unit in Ro ma nia and the Bory slav -

-Pokuttya Unit in Ukraine; 

– the clastic injectites oc cur also in the sed i men tary suc ces -

sion of the Cen tral Carpathian Paleogene Ba sin within the

In ner Carpathians, al though less fre quently;

– these injectites typ i cally formed dur ing post-sed i men tary

pro cesses (type S injectites) with some be ing sub se quently

re ac ti vated (type T injectites);

– a two-stage model of the evo lu tion of the Carpathian Ba sin

is pro posed; it in cludes the Early Oligocene extensional

stage fol lowed by the Late Oligocene-Mio cene compressio -

nal and in ver sion stage;

– the for ma tion of the clastic injectites is in ter preted herein as

re lated to the compressional stage, the move ment of the

foredeep ba sin and as so ci ated mi gra tion of slopes of depo -

sitional forms (the type S injectites) oc cur ring dur ing the

Late Oligocene to Early Mio cene in ter val;

– the for ma tion of the type T injecties is in ter preted as a re sult

of tec tonic re ac ti va tion of the type S injectites that oc curred

dur ing the fi nal pre dom i nantly strike-slip phases of Carpa -

thian orogenic belt for ma tion. 
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