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Magnetostratigraphy of the Keuper suc ces sion in the south ern Me so zoic mar gin of the Holy Cross Moun tains is pre sented
based on in ves ti ga tions of two sec tions of Brzeziny and Wolica. They cut an ~60 m thick suc ces sion of var ie gated siltstones
and claystones, which over lies the Reed Sand stone (Stuttgart For ma tion). The suc ces sion has been cor re lated with the
Patoka Mem ber of the Grabowa For ma tion, de fined in the Up per Silesia re gion as an equiv a lent of the Steinmergelkeuper
(Arnstadt For ma tion). The pri mary Late Tri as sic mag ne ti za tion was ob tained from com po nent B car ried by fine-grained
haematite. Twelve mag netic po lar ity zones, six of nor mal and six of re versed po lar ity, have been de fined. The ob tained po -
lar ity pat tern cor re sponds to the Norian (E13–E16 New ark zones) ac cord ing to the Long-Rhaetian op tion of the Late Tri as sic
Mag netic Po lar ity Time Scale. The mean nor mal po lar ity char ac ter is tic di rec tion (N = 24, D/I = 31/62, k = 28.24, a95 = 6.04)
dif fers sig nif i cantly from the re versed one (N = 18, D/I = 223/-25, k = 16.38, a95 = 8.65): the pri mary mag netic sig nal is partly
over lapped by com po nent A car ried by mag ne tite of re cent viscuous remanent mag ne ti za tion. Some sam ples do con tain
also coarse-grained haematite that, how ever, does not form any clus tered mag ne ti za tion. The palaeopole po si tion cal cu -
lated from the trans posed re versed and nor mal po lar ity di rec tions of com po nent B cor re sponds to the Late Tri as sic (Norian)
seg ment of the ref er ence Baltica/Eu rope Ap par ent Po lar Wan der Path.  
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INTRODUCTION

The Keuper suc ces sion in the Ger man Ba sin (Fig. 1) is di -
vided into sev eral lithostratigraphic units: the Lettenkeuper
(Erfurt For ma tion), Lower Gipskeuper (Grabfeld For ma tion),
Schlifsandstein (Stuttgart For ma tion), Up per Gipskeuper (Weser 
For ma tion), Steinmergelkeuper (Arnstadt For ma tion) and
Rhätkeuper (Exter For ma tion) (Stratigraphische Tabelle von
Deutsch land 2012; Fig. 2). The eustatic and cli mate con trol on
sed i men ta tion en ables the cor re la tion of the con ti nen tal and
shal low-ma rine Ger manic suc ces sions with the ma rine Al pine
re cord in terms of se quence stra tig ra phy (Szulc, 2000). As a re -
sult, the gen eral chronostratigraphic po si tion of the Ger man
lithostratigraphic units was es tab lished (Szulc, 2000, 2007;
Bachmann and Kozur, 2004; Feist-Burkhardt et al., 2008;
Stratigraphische Tabelle von Deutsch land 2012; Fig. 2). The
units are sep a rated by dif fer ent-rang ing strati graphic gaps. Its
range, strati graphic po si tion or even pres ence is still un der dis -
cus sion (see sum mary in Szulc et al., 2015a: p. 581, 582). On

the one hand, the du ra tion of the Late Tri as sic depositional ac tiv -
ity cal cu lated in the Ger man suc ces sions sum up only to sev eral
My in re la tion to ~35.5 My of the Late Tri as sic timespan, and the
pres ence of dis con ti nu ities are as sumed to oc cur in these suc -
ces sions (Nitsch et al., 2005). On the con trary, Szulc et al.
(2015a: p. 582) con cluded that “In stead of spec tac u lar
depositional breaks, last ing for mil lions of years,… the cu mu la -
tive tem po ral ef fect of nu mer ous, su per im posed mi nor and ir reg -
u lar ero sion and star va tion ep i sodes is pro posed as the main
cause of the to tal time gap ev i dent in the… Keuper suc ces sion”. 

In the Pol ish part of the Ger man Ba sin, the Keuper suc ces -
sion is di vided into the Bor der Do lo mite, Lower Gyp sum Beds,
Reed Sand stone, Up per Gyp sum Beds, Jarkowo Beds,
Zb¹szynek Beds and Wielichowo Beds (Szulc, 2007; Fig. 2).
This suc ces sion in cludes the “hu mid” in ter val, in which the
Reed Sand stone flu vial clastics were de pos ited, and the arid
Lower Gyp sum Beds and Up per Gyp sum Beds (Szulc, 2007). A 
grad ual de cline of evaporites and dom i nance of the ephem eral
and pe ren nial flu vial sed i ments oc cur higher in the suc ces sion,
in the Jarkowo and Zb¹szynek beds. These seem to be the re -
sult of grad ual pluvialization (Szulc, 2007), which fa voured the
de vel op ment of vas cu lar plants, and, as a con se quence, ap -
pear ance of the first di no saurs (Dzik et al., 2000). De tailed
chronostratigraphic re search of the Pol ish Keuper was pro vided 
by Or³owska-Zwoliñska (1983, 1985), Marcinkiewicz et al.
(2014) and Fija³kowska-Mader (2015) on the ba sis of palyno -
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stratigraphy. Ac cord ing to these data, the Lower Gyp sum Beds
and Reed Sand stone be long to the Up per Longobar -
dian–Cordevolian longdonensis (as sem blage) Zone and Julian
astigmosus (as sem blage) Zone, re spec tively, while the up per
part of the Up per Gyp sum Beds be longs to the Tuvalian
meyeriana a (in ter val) Subzone, up per part of the Jarkowo
Beds be longs to the Alaunian–Sevatian meyeriana b (as sem -
blage) Subzone, and the Zb¹szynek Beds be long to the Up per
Norian–Lower Rhaetian in ter val from the meyeriana b Subzone 
to the meyeriana c (as sem blage) Subzone (Fig. 2). Nawrocki et
al. (2015) used magnetostratigraphy as a tool for the com po si -
tion of the mag netic po lar ity time scale for the Pol ish Keuper
suc ces sion, which was cor re lated with the stan dard Com pos ite
Late Tri as sic Mag netic Po lar ity Time Scale (Kent and Olsen,
1999; Hounslow and Muttoni, 2010; Hüsing et al., 2011; Ogg,
2012). This was the only pub lished work ded i cated to Keuper
magnetostratigraphy in Po land, so far. 

Due to lack of the age-di ag nos tic fos sils and scar city of the
magnetostratigraphic data, lithostratigraphy re mains the prin ci -

pal method for the Keuper strati graphic cor re la tion in the Ger -
man Ba sin. The Keuper lithostratigraphic sub di vi sion is broadly
uni form through out the ba sin only in the lower part of the suc -
ces sion. The Lower Keuper, Lower and Up per Gyp sum beds
and Reed Sand stone of Po land cor re spond well to their Ger -
man equiv a lents in terms of lithostratigraphy (Fig. 2). In con -
trast, the up per part of the suc ces sion is dif fi cult for even lo cal
cor re la tion. This is an ef fect of cli mate changes and tec tonic
move ments that re sulted in strong lat eral lithological va ri ety
(Szulc, 2007; Szulc and Racki, 2015 and dis cus sion therein).
This is es pe cially well-vis i ble along the SE mar gin of the Ger -
man Ba sin, in which the stan dard Ger man Keuper units can not
be clearly dis tin guished. Such a prob lem oc curs in the Up per
Silesia sec tions, in which the Grabowa For ma tion (di vided into
the Ozimek, Patoka and WoŸniki mem bers) was de fined in -
stead of the Up per Gyp sum, Jarkowo and Zb¹szynek beds
(Bilan, 1976; Gajewska et al., 1997; Deczkowski et al., 1997;
Szulc and Racki, 2015; Szulc et al., 2015a). Sim i lar dif fi cul ties
oc cur also in the south ern Me so zoic mar gin of the Holy Cross

Fig. 1A – dis tri bu tion of the Keuper sed i ments (Up per Gyp sum Beds) in Cen tral Eu rope (af ter Szulc, 2008) with lo ca tion of the
study area and sec tions pre vi ously in ves ti gated for magnetostratigraphy (Nawrocki et al., 2015); B – dis tri bu tion of the Keuper 
sed i ments in the south ern Me so zoic mar gin of the Holy Cross Moun tains and in the Up per Silesia re gion with lo ca tion of the
stud ied sec tions in com par i son to the pre vi ous in ves ti ga tions of Czapowski and Romanek (1986), Szulc et al. (2015a) and
Nawrocki et al. (2015); geo log i cal map af ter Dadlez et al. (2000) 
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Moun tains (HCM). Palynostratigraphic in ves ti ga tions con -
ducted in the nearby area in the Krauzów and Strojnów bore -
holes (Czapowski and Romanek, 1986) and in the Nida Ba sin
(Fija³kowska-Mader, 2013; Fija³kowska-Mader et al., 2015)
brou ght no in for ma tion about the age of the units youn ger than
the Reed Sand stone. For these rea sons we used the magneto -
stratigraphy as an op por tu nity for ef fec tive strati graphic cor re la -
tion in the SE part of the Ger man Ba sin.  

Due to lack of nat u ral out crops, the Keuper suc ces sion in
the south ern Me so zoic mar gin of the HCM (SE mar gin of the
Ger man Ba sin; Fig. 1) is still poorly rec og nized in terms of li thol -
ogy and stra tig ra phy. More over, poor biostratigraphic doc u -
men ta tion, strati graphic gaps, and in for mal lithostratigraphical
sub di vi sion, do not fa vour the HCM sec tions as prom is ing ones
for world wide magnetostratigraphic cor re la tion. How ever, the
suc ces sion con tains red beds usu ally pro vid ing a re li able pri -
mary palaeomagnetic sig nal, which en ables at least the cor re la -
tion with the Silesian suc ces sions de scribed in de tails by Szulc
and Racki (2015), Szulc et al. (2015a, b) and dated magneto -
stratigraphically by Nawrocki et al. (2015). This cor re la tion is
es pe cially im por tant since ver te brate re mains were dis cov ered
in the Opole re gion (Dzik et al., 2000; see also Dzik and Sulej,
2007) and sev eral other bone-bear ing sec tions were also found 
in Up per Silesia (Dzik et al., 2008; NiedŸwiedzki et al., 2014).

GEOLOGICAL SETTING

The area of the pres ent south ern Me so zoic mar gin of the
HCM con sti tuted the SE mar gin of the Keuper Ger man Ba sin
(Fig. 1). How ever, the suc ces sion re mained poorly rec og nized 

and only known fragmentarily from a few out crops (Senko -
wiczowa, 1957; Paw³owska, 1962; Filonowicz, 1968) un til
Cza powski and Romanek (1986) de scribed the Keuper de -
pos its in the Krauzów IG-1 and Strojnów IG-1 bore holes near
Chmielnik (Figs. 1 and 2). Due to dif fer ent lithological char ac -
ter is tics and merely gen eral palynostratigraphy, the cor re la -
tion of these sec tions with the stan dard Keuper lithostra -
tigraphic units still is dif fi cult. 

The Keuper suc ces sion in the Krauzów IG-1 and Strojnów
IG-1 bore holes reaches 377 m in thick ness, and was di vided
into seven in for mal lithological units (Fig. 2): lower siltstone -
-sand stone se ries (26 m thick), lower sand stone com plex
(28 m), up per siltstone-sand stone se ries (27 m), marly se ries
(36 m), lower var ie gated se ries (173 m) with the Flora beds
(44 m) in the mid dle part, up per sand stone com plex (28 m), and 
up per var ie gated se ries (57 m). The first three units cor re spond
lithologically to the Lower Keuper in cen tral Po land and to the
lower part of the Lettenkeuper (Erfurt Fm.) in Ger many, while
the over ly ing marly se ries can be cor re lated with the Bor der Do -
lo mite (Paw³owska, 1979; Czapowski and Romanek, 1986; Fig. 
2). The age of the Flora beds is also well-con strained. The
palynostratigraphic data in di cated this plant-rich in ter val as the
equiv a lent of the Reed Sand stone. The up per part of the suc -
ces sion, which over lies the Flora beds, be longs to the in ter val
from the Up per Gyp sum Beds to the Wielichowo Beds.
Gajewska et al. (1997) sug gested that this part of the Keuper
re sem bles the Grabowa For ma tion in the Up per Silesian re -
gion. The suc ces sion de scribed by Czapowski and Romanek
(1986) was traced in the north ern limb of the Ostrów Syncline
and the south ern limb of the Zbrza Anticline – in the Brzeziny
and Wolica sec tions (Fig. 1; Ap pen dix 1 and 2).

Fig. 2. Keuper lithostratigraphy in the Cen tral and SE parts of the Ger man Ba sin

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1381
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BRZEZINY SECTION

The Keuper de pos its in the Brzeziny sec tion were in ves ti -
gated in a 300 m long and 2–3 m deep cross-cut, in which an
~175 m thick suc ces sion have been rec og nized. Sixty metres of 
the up per part of the sec tion was ex am ined for magneto -
stratigraphy (Fig. 3). In this in ter val, the suc ces sion is di vided
into four lithological units that cor re spond well to the suc ces sion 
from the Krauzów IG-1 and Strojnów IG-1 bore holes de scribed
by Czapowski and Romanek (1986).

The Flora beds, at least 5 m thick, are com posed of thinly
lam i nated grey ish and green ish siltstones and claystones in ter -
ca lated with thin (up to 5 cm thick) lay ers of black claystones
(Fig. 3). Plant de tri tus oc curs in the whole unit, but is es pe cially
abun dant in the black lay ers. Lam i na tion is flat and con tin u ous.
The unit is a clear equiv a lent of the up per part of the Flora beds
of Czapowski and Romanek (1986; Fig. 2). Adopt ing the
palynostratigraphic data from the two bore holes, the Flora beds 
can be cor re lated with the Reed Sand stone (Schilfsandstein,
Stuttgart Fm.; see Szulc, 2007 and Fija³kowska-Mader, 2015).

The lower var ie gated se ries (43 m thick) is com posed of
nu mer ous sets of var ie gated (“mot tled”), mostly red to brown ish 
and green ish par al lel-lam i nated siltstones and mudstones in -
ter ca lated with lay ers of plane- and cross-bed ded fine-grained
yel low sand stones (Fig. 3). Nu mer ous light grey to light green
kaolinite-rich in ter ca la tions (up to 10 cm thick) oc cur in the mid -
dle part of the unit. Plant-root struc tures are also abun dant.
Plant re mains are dis persed in the fine-grained clastics. Sin gle
coal-rich lay ers of sand stones with plant-de tri tus also oc cur.  

Two 4.5 m thick ho ri zons of brown nod u lar marls and marly
siltstones oc cur in the lower var ie gated se ries. The nod ules are
from sev eral mm up to 10 cm across and have micritic to
fine-grained (vadoid wackestones and packstones) micro -
structure. In gen eral, the larger nod ules are con cen trated in the
bot tom part of the unit, while the smaller-nod u lar tex ture pre dom -
i nates up per in the suc ces sion (Fig. 3). This is es pe cially vis i ble
in the lower ho ri zon. Both also con tain some ir reg u lar green ish
flasers. Sim i lar de pos its were de scribed as the “Lisów brec cias”
in Up per Silesia (Maliszewska, 1972; Bilan, 1976; Szulc, 2007;
Szulc and Racki, 2015; Szulc et al., 2015a). They are in ter preted
as ho ri zons of re worked pedogenic nod ules, fre quently as so ci -
ated with a de bris-flow fab ric (Szulc et al., 2015a). Un for tu nately,
ac cord ing to Szulc (2007) and Szulc et al. (2015a), the Lisów
brec cia ho ri zons are diachronous within the Keuper suc ces sion
and can not be used as cor re la tion mark ers.

The unit cor re sponds well to the up per part of the lower var -
ie gated se ries of Czapowski and Romanek (1986; Fig. 2).
Gajewska et al. (1997) sug gested its cor re la tion with the
Grabowa For ma tion in the sense of Bilan (1976).

The up per sand stone com plex (9 m thick) is com posed of
yel low par al lel- to cross-lam i nated fine-grained sand stones (Fig.
3). The sand stone beds are up to 0.5 m thick in the up per part of
the unit; thin ner sand stone beds, usu ally in ter ca lated with vi o let
and green siltstones, oc cur in the lower part. A 2 m thick pack age 
of var ie gated fine-grained clastics with abun dant plant de tri tus
also oc curs there. The unit cor re sponds to the up per sand stone
com plex of Czapowski and Romanek (1986; Fig. 2) and the
so-called up per “Rhaetian” sensu polo nico (= lithostratigraphic
unit of the Up per Norian) in Deczko wski et al. (1997).

The up per var ie gated se ries (6 m thick) is com posed of
var ie gated (red to vi o let) par al lel-lam i nated siltstones in ter ca -
lated with thin beds of fine-grained sand stones (Fig. 3). They
are erosively over lain by the Mid dle Ju ras sic sand stones. The
unit cor re sponds to the up per var ie gated se ries of Czapowski
and Romanek (1986; Fig. 2) and the so-called up per “Rhaetian” 
sensu polonico in Deczkowski et al. (1997).

Gajewska et al. (1997) in di cated that the Up per Gyp sum
Beds were not de pos ited in the in ves ti gated re gion. Fol low ing
this in ter pre ta tion, the suc ces sion rec og nized in the Brzeziny
sec tion above the Flora beds is an equiv a lent of the Up per
Silesian Patoka Mem ber of the Grabowa For ma tion (in its pres -
ent sense de fined by Szulc and Racki, 2015, and Szulc et al.,
2015a; see Fig. 2). Such a cor re la tion seems to be ev i dent if to
em pha size the lithological sim i lar i ties be tween the HCM and
Up per Silesia sec tions (cf. the Brzeziny sec tion to the in ter val
be tween 65 and 120 m in the Patoka 1 drill core; see Szulc et
al., 2015a: fig. 11), and lack of evaporites and lime stones in di -
cat ing the ab sence of the Ozimek and WoŸniki mem bers. The
Patoka Mem ber cor re sponds to the Jarkowo and Zb¹szynek
beds in the Pol ish part of the Ger man Ba sin (Gajewska et al.,
1997; Deczkowski et al., 1997; Szulc et al., 2015a) and to the
Arnstadt For ma tion (Steinmergelkeuper) in Ger many (Fig. 2).
Ad di tion ally, Fija³kowska-Mader et al. (2015) in di cated that the
Patoka Mem ber be longs to the Mid dle Norian meyeriana b
palynostratigraphic Subzone, which can be cor re lated with the
up per part of the Norian Granuloperculatipollis rudis Zone (see
Ogg, 2012; Lucas et al., 2012; Szulc et al., 2015a). 

WOLICA SECTION

The Wolica sec tion is lo cated 6 km SW from the Brzeziny
sec tion (Fig. 1). The up per most part of the Keuper suc ces sion
is ex posed in the quarry road-cut, in which var ie gated sand -
stones and siltstones are over lain by the Mid dle Ju ras sic suc -
ces sion. The Wolica sec tion, in clud ing the Keuper sed i ments,
was de scribed in de tail by Koz³owska et al. (2016). They as -
signed the whole Keuper suc ces sion to unit I, in which var ie -
gated, hor i zon tally bed ded mudstones are fol lowed by thick lay -
ers of hor i zon tally lam i nated sand stones in the mid dle part and
red-brown ish hor i zon tally lam i nated mudstones at the top (Fig.
4). Char ac ter is tic green in ter ca la tions with plant-root struc tures
also oc cur in the sec tion.  

The Keuper of the Wolica sec tion can be clearly cor re lated
with the up per most part of the Brzeziny sec tion (see Fig. 10).
The thick lay ers of sand stones cor re spond well to the up per
sand stones com plex, while the over ly ing suc ces sion cor re lates
with the up per var ie gated se ries. 

MATERIAL AND METHODS

A to tal of 99 cy lin dri cal drill core sam ples for palaeo -
magnetic stud ies were col lected from the Brzeziny sec tion (Fig.
3). An other 19 sam ples were col lected from the Wolica sec tion
(Fig. 4). Two or three spec i mens were cut from each sam ple.
The nat u ral remanent mag ne ti za tion (NRM) of the spec i mens
was mea sured us ing a JR-6A dual-speed spin ner mag ne tom e -
ter with a noise level of ~0.3 ́  10–5A/m. The sam ples were ther -
mally de mag ne tized in the fol low ing steps: 100, 150, 200, 250,
300, 350, 400, 450, 475, 500, 525, 550, 575, 600, 625, 650,
675, 700°C us ing an MMTD oven. Af ter each ther mal de mag -
ne ti za tion step, the mag netic sus cep ti bil ity (MS) was mon i tored
on a Kappabridge KLY-2. Least-square line fit meth ods of
Kirschvink (1980) were used to cal cu late the com po nents of the 
char ac ter is tic remanence and their un block ing tem per a ture
spec tra. Mag netic min er al ogy in se lected sam ples was de ter -
mined from iso ther mal mag netic remanence (IRM) ac qui si tion
and three-axes IRM ther mal de mag ne ti za tion ex per i ments
(Lowrie, 1990; Fig. 5). The lab o ra tory mea sure ments were per -
formed in the Palaeomagnetic Lab o ra tory of the Pol ish Geo log i -
cal In sti tute – Na tional Re search In sti tute. 

https://gq.pgi.gov.pl/article/view/24406/pdf_1253
https://gq.pgi.gov.pl/article/view/20767/pdf_1234
https://gq.pgi.gov.pl/article/view/20767/pdf_1234
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Fig. 3. Lithostratigraphy of the Keuper sed i ments in the Brzeziny sec tion and the re sults of mag netic sus cep ti bil ity 
mea sure ments and palaeomagnetic in ves ti ga tions

Char ac ter is tic in cli na tion and dec li na tion di rec tions iso lated from com po nent B (fine-grained haematite); Half bar/full bar – mag netic 
po lar ity ob tained from one/two spec i men/s cut from the sam ple; ch – cha otic de mag ne ti za tion with no com po nents ob tained 
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Be sides the palaeomagnetic study in the lab o ra tory, mag -
netic sus cep ti bil ity (MS) was mea sured in the field with 5 cm ver -
ti cal spac ing us ing a Bartington MS3 de vice. The MS curves
were used for a gen eral cor re la tion of the Brzeziny and Wolica
sec tions. 

RESULTS

MAGNETIC CARRIERS

Three-axis IRM ther mal de mag ne ti za tion curves (Lowrie,
1990) in di cate that there are at least three dif fer ent mag netic
min er als in the sam ples (Fig. 5). These min er als have un block -
ing tem per a tures of 500–550°C, ~600–650 and 700°C. They
are re lated most prob a bly to mag ne tite and fine- and coarse -
-grained haematite, re spec tively, since pigmentary haematite
usu ally has lower un block ing tem per a tures than spec u lar
haematite (Dunlop and Özdemir, 1997: p. 456). 

The IRM-ac qui si tion curves in di cate the dom i nance of the
high-coercivity min er als (pigmentary and spec u lar haematite)
in the in ves ti gated sam ples: the sat u ra tion of the IRM was not
achieved even in the ap plied field of 1.5 T (Fig. 5A–C). This is
typ i cal in sam ples dom i nated by haematite, like in the Tri as sic
Buntsandstein de pos its in the Ger man Ba sin (Nawrocki, 1997; 
Szurlies, 2004, 2007). The ex am ples il lus trated in Fig ure 5A

and C are sim i lar with a slow in crease of mag ne ti za tion be -
tween 0 and 0.2 T, unachieved sat u ra tion, sta ble de crease of
MS, and com plete re moval of IRM at ~600–650°C. These
sam ples are prob a bly dom i nated by pigmentary haematite.
On the con trary, the ex am ple il lus trated in Fig ure 5B char ac -
ter izes a rapid in crease of mag ne ti za tion be tween 0 and 0.2 T,
unachieved sat u ra tion, rapid de crease of MS be tween 450
and 500°C, in crease of MS be tween 650 and 700°C, and com -
plete re moval of IRM at ~700°C. The in crease of mag ne ti za -
tion can be in ter preted as a re sult of ad mix ture of mag ne tite in
the sam ple dom i nated by haematite, like in the Mid dle Tri as sic 
from the Ibe rian Ranges (Rey et al., 1996) and in the
Buntsandstein de pos its from the Ger man Ba sin (Szurlies,
2004, 2007; see also ex per i ments with mix ture of haematite
and mag ne tite pro vided by Frank and Nowaczyk, 2008). The
pres ence of low-coercivity min eral can be clearly in ter preted
from the three-axes ther mal de mag ne ti za tion curves (Fig. 5B
– right side). How ever, the pres ence of spec u lar haematite
should also be con sid ered due to high un block ing tem per a -
tures (700°C) of high-coercivity frac tion. Ac cord ing to Borra -
daile (1999; see also Dunlop, 1971, 1981) the IRM ac qui si tion
curve in the in ter val be tween 0 and 0.2 T is char ac ter is tic for
coarse-grained haematite rather than for mag ne tite (Fig. 5D).
The MS in crease >650°C is prob a bly an ef fect of high-tem per -
a ture mag ne tite for ma tion (e.g., Dunlop, 1972; Dunlop and
Özdemir, 1997).

Fig. 4. Lithostratigraphy of the Keuper sed i ments in the Wolica sec tion and the re sults of mag netic 
sus cep ti bil ity mea sure ments and palaeomagnetic in ves ti ga tions 

For ex pla na tions see Fig ure 3
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COMPONENTS OF NATURAL REMANENT 
MAGNETIZATION

Forty-two sam ples (42% of pop u la tion) de rived from the
Brzeziny sec tion and 10 sam ples (52% of pop u la tion) from the
Wolica sec tion show cha otic de mag ne ti za tion. These sam ples
were taken mostly from the sand stone lay ers and Lisów brec cia 
ho ri zons and show no sta ble com po nent even within low tem -
per a ture ranges (Figs. 6E and 7E). In the re main ing sam ples,
two mag ne ti za tion com po nents A and B were iso lated.  

Com po nent A was iso lated in 55 sam ples (47% of the to tal
sam ples), of which 46 were de rived from Brzeziny and 9 from
Wolica (Ta ble 1; Figs. 3 and 4). The com po nent is char ac ter -
ized by un block ing tem per a tures be tween 475 and 520°C, and

most prob a bly it is car ried by mag ne tite. Com po nent A has a
sta ble mag netic di rec tion of only nor mal mag netic po lar ity of 4°
dec li na tion and 61° in cli na tion (k = 13.42, a95 = 5.15) in geo -
graphic sys tem co or di nates (Ta ble 1; Figs. 6–8). This can be in -
ter preted as a post-fold ing (Brunhes?) mag netic di rec tion cor re -
spond ing to a pole po si tion of 357.9° lon gi tude and –80° lat i tude 
(Fig. 9) ac cord ing to the south ern hemi sphere pro jec tion
(Torsvik et al., 2012).

The sta ble mag netic di rec tion of com po nent B was ob -
served be tween 475/520°C and 600/650°C. This com po nent is
prob a bly car ried by fine-grained haematite. Com po nent B was
iso lated in 42 sam ples (36% of the to tal sam ples), of which 35
were de rived from Brzeziny and 7 from Wolica (Ta ble 1; Figs. 3
and 4). This col lec tion in cludes 24 sam ples with nor mal po lar ity

Fig. 5. Re sults of the IRM ac qui si tion and three-axes IRM ther mal 
de mag ne ti za tion (Lowrie, 1990) in three se lected sam ples

A – sam ple 20 with an in ter preted mix ture of mag ne tite and fine-grained haematite; B – sam ple 34 with an in ter preted mix ture of
mag ne tite and coarse-grained haematite; C – sam ple 58 with an in ter preted mix ture of fine- and coarse-grained haematite; D –
IRM ac qui si tion curves of the three se lected sam ples in re la tion to mag netic be hav iour of multi-do main, pseudo-sin gle-do main,
and sin gle-do main mag ne tite and fine- and coarse-grained haematite (af ter Borradaile, 1999; see also Dunlop 1971, 1981)
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Fig. 6. Typ i cal de mag ne ti za tion char ac ter is tics (or thogo nal plots, de mag ne ti za tion paths and in ten sity de cay curves) 
of the Keuper from the south ern Me so zoic mar gin of the Holy Cross Moun tains

Part I. A–D – nor mal po lar ity sam ples; E – cha otic de mag ne ti za tion sam ple. Open cir cles in the or thogo nal plots rep re sent ver ti cal pro jec -
tion, full cir cles rep re sent hor i zon tal pro jec tion. M – in ten sity of remanent mag ne ti za tion; Mmax – ini tial in ten sity of nat u ral remanent mag ne -
ti za tion; A, B – com po nents of mag ne ti za tion. Di a grams pre pared in Remasoft 3.0 (Chadima and Hrouda, 2006)
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Fig. 7. Typ i cal de mag ne ti za tion char ac ter is tics (or thogo nal plots, de mag ne ti za tion paths and in ten sity de cay curves)
of the Keuper from the south ern Me so zoic mar gin of the Holy Cross Moun tains

Part  II. A–D – re versed po lar ity sam ples; E – cha otic de mag ne ti za tion sam ple; for other ex pla na tions see Fig ure 6



of mean 31° dec li na tion and 62° in cli na tion (k = 28.24, a95 =
6.04) and 18 sam ples with re versed po lar ity of mean 223° dec li -
na tion and –25° in cli na tion (k = 16.38, a95 = 8.65) in tec tonic
sys tem co or di nates (Ta ble 1; Figs. 6–8). Al though the nor mal
and re versed magnetizations are not ex actly antiparallel, they
are in ter preted as the pri mary Late Tri as sic mag netic sig nal.
Shal lower re versed and steeper nor mal po lar i ties are prob a bly
re lated to the over lap ping by the youn ger sec ond ary mag ne ti -
za tion. About 25° of syndepositional in cli na tion shallowing is
also ob served in mod ern, flu vial, haematite-bear ing sed i ments
(Tan and Kodama, 2002 and ci ta tions therein).The palaeopole
po si tion cal cu lated from the trans posed re versed and nor mal
po lar ity sam ples is 311° lon gi tude and –52.8° lat i tude (Fig. 9)
ac cord ing to the south ern hemi sphere pro jec tion (Torsvik et al.,
2012). These val ues cor re spond well to the Late Tri as sic
(Norian) seg ment of the ref er ence Phanerozoic Ap par ent Po lar
Wan der Path for Baltica/Eu rope (Torsvik et al., 2012). Sim i lar
val ues of ~305–311° dec li na tion and ~–50° have been ob -
tained from the 215–226 Ma Eu ro pean Up per Tri as sic
(Walderhaug, 1993; Torsvik et al., 2008). 

In 33 sam ples (28% of the to tal sam ples; Figs. 6 and 7), dis -
persed di rec tions with no clus tered mag ne ti za tion were ob -
served above 600/650°C up to com plete de mag ne ti za tion at
700°C. This mag ne ti za tion is car ried prob a bly by coarse -
-grained haematite.  

Sim i lar two-com po nent be hav iour of mag ne ti za tion, car ried
by mag ne tite and haematite, is typ i cal for the Tri as sic redbeds.
This is es pe cially vis i ble in the Buntsandstein de pos its in the
Ger man Ba sin (Nawrocki, 1997; Szurlies 2004, 2007) and in
the Mid dle Tri as sic from Spain (Rey et al., 1996). In the Keuper
de pos its from Po land, the pri mary Tri as sic mag ne ti za tion was
de scribed as car ried by haematite (Nawrocki et al., 2015). Only
in few cases, the mag ne tite or a mix ture of mag ne tite and
haematite bring the pri mary mag ne ti za tion.   

LOCAL MAGNETOSTRATIGRAPHY

The po lar i ties ob tained from com po nent B are used for
magnetostratigraphy in the in ves ti gated sec tions (Figs. 3, 4, 10
and 11). The nor mal and re versed po lar ity sam ples oc cur in
reg u lar sets – up to eight suc ceed ing sam ples of the same po -
lar ity, which also proves the pri mary char ac ter of the mag ne ti -
za tion.

Twelve mag netic po lar ity zones – six of nor mal and six of
re versed po lar ity are in ter preted in the Brzeziny sec tion (Figs. 3
and 10). How ever, thick in ter vals with no pre served Tri as sic

mag ne ti za tion oc cur in the lower (Lisów brec cia ho ri zons) and
up per (up per sand stone com plex) parts of the sec tion (Fig. 3).
Two mag netic po lar ity zones are dis tin guished in the Wolica
sec tion (Fig. 4). Like in the Brzeziny sec tion, a pri mary mag netic 
sig nal was not rec og nized in the sand stone com plex.

 The cor re la tion of both sec tions seems quite ob vi ous: the
up per nor mal po lar ity zone in the Brzeziny sec tion cor re sponds
to that rec og nized in the Wolica sec tion (Fig. 10). This cor re la -
tion broadly matches also the mag netic sus cep ti bil ity fluc tu a -
tions and lithological cor re la tion (Fig. 10).

DISCUSSION

The Late Tri as sic Mag netic Po lar ity Time Scale is well-es -
tab lished both in the ter res trial suc ces sion in the New ark Ba -
sin (Kent and Olsen, 1999; Hüsing et al., 2011; see also Kent
et al., 2017) and in the biostratigraphically well-dated ma rine
suc ces sions in the Tethyan do main (Gallet et al., 1993, 1996,
2000, 2003, 2007; Channell et al., 2003; Hounslow et al.,
2004; Krystyn et al., 2007; Muttoni et al., 2010; Hounslow and
Muttoni, 2010; Maron et al., 2017). Their global magneto -
stratigraphic cor re la tion can be found in Hüsing et al. (2011),
while the Com pos ite Late Tri as sic Mag netic Po lar ity Time
Scale is pre sented in Hounslow and Muttoni (2010) and Ogg
(2012). The Up per Carnian (Tuvalian) to Rhaetian mag netic
po lar ity time scale in the New ark Ba sin in cludes 24 po lar ity
zones (Kent and Olsen, 1999; Hounslow and Muttoni, 2010;
Hüsing et al., 2011; Ogg, 2012: long-Rhaetian op tion), in
which nine – from the top of the E7n Zone (~226.6 Ma) to the
top of the E16n Zone (~209.8 Ma) – cor re spond to the Norian
(Hüsing et al., 2011; see also Ogg, 2012). 

As sum ing the lack of long-last ing strati graphic gaps and
sim i lar sed i men ta tion rates along the en tire sec tion, the mag -
netic po lar ity zones dis tin guished in our study char ac ter ize rel a -
tively thick nor mal po lar ity in ter vals. Such be hav iour is char ac -
ter is tic of the Mid-Late Norian (lat est Lacian–Sevatian), op po -
site to the long-last ing re versed po lar ity zones in the Early
Norian (Lacian) in ter val (Ogg, 2012). We pro pose to cor re late
the twelve mag netic po lar ity zones dis tin guished in the Brzeziny 
and Wolica sec tions with the lat est Lacian–Sevatian in ter val of
the Com pos ite Late Tri as sic Time Scale, which cor re sponds to
the E13n–E16r New ark zones. In this in ter pre ta tion, the HCM
sec tions in clude the in ter val of ~8 My – from ~218 to ~210 Ma.
This is in agree ment with palynostratigraphic data of Fija³ko -
wska-Mader et al. (2015), who in di cated the Patoka Mem ber in
the Up per Silesia re gion be longs to the Mid dle to Up per Norian
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T a  b l e  1

Sum mary sta tis tics of char ac ter is tic palaeomagnetic di rec tions ob tained from the Keuper suc ces sions in the Brzeziny and
Wolica sec tions in the south ern Me so zoic mar gin of the Holy Cross Mts. 

Com po nents Num ber 
of sam ples

Geo graphic sys tem co or di nates Tilt sys tem co or di nates

Po lar ity Mean 
Dec.

Mean 
Inc. k a95

VGP
(Long./Lat.) Po lar ity Mean 

Dec.
Mean 
Inc. k a95

VGP 
(Long./Lat.)

A 55 nor mal 4 61 13.4 5.4 358/-80 – 288 70 10.3 6.4 –

B 42 – 359 79 1.6 30.5 –

nor mal
(24 sam ples) 31 62 28.2 6.4

311/-53
re versed

(18 sam ples) 223 –25 16.4 9.4

Long. – lon gi tude; Lat. – lat i tude; Decl. – dec li na tion; Incl. – in cli na tion; VGP – Vir tual Geo mag netic Pole Po si tion; k – pre ci sion pa ram e ter,

a95 – 95% con fi dence limit

https://gq.pgi.gov.pl/article/view/20767/pdf_1234
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Fig. 8. Group sta tis tics of char ac ter is tic mag netic di rec tions of com po nents A and B in the Keuper suc ces sions 
of the south ern Me so zoic mar gin of the Holy Cross Moun tains

The pro jec tions are pre pared in a geo graphic co or di nate sys tem (be fore tec tonic cor rec tion) and a tilt co or di nate sys tem
 (af ter tec tonic cor rec tion); di a grams pre pared in Remasoft 3.0 (Chadima and Hrouda, 2006)



meyeriana b palynostratigraphic Subzone. This Subzone cor re -
sponds to the up per part of the Granulo percu latipollis rudis Eu -
ro pean Zone, which ranges from the base to the top of the
Norian stage (Or³owska-Zwoliñska, 1983; Cirilli, 2010; Ogg,
2012; Marcinkiewicz et al., 2014; Szulc et al., 2015a: fig. 8). 

The magnetostratigraphic scale com piled by Nawrocki et al. 
(2015) for the Keuper of Po land in cludes 22 mag netic po lar ity
zones, in which six were dis tin guished in the Patoka Mem ber of
the Grabowa For ma tion. Nawrocki et al. (2015: fig. 9) pro posed
two op tions of their cor re la tion with the Late Tri as sic Com pos -
ite. Ac cord ing to the first op tion, the six mag netic po lar ity zones
dis tin guished in the Patoka Mem ber cor re spond to the E6 to E8
New ark mag netic po lar ity zones (from the up per most Tuvalian
to the low er most Norian). The sec ond hy poth e sis as sumes the
E8 to E10 New ark zones (Lower Norian). Both cor re la tions
seem to be in con tra dic tion with the palynostratigraphic data of
Fija³kowska-Mader et al. (2015), who proved the Mid dle to Late
Norian age of the Patoka Mb. Also the thick nor mal-po lar ity in -
ter vals in ter preted in this part of the suc ces sion in di cate rather
the E12 to E13 New ark mag netic po lar ity zones, sim i lar as in
the HCM sec tions. The pres ent state of the Keuper
magnetostratigraphy at the south east ern mar gin of the Ger man 
Ba sin is pre sented in Fig ure 11.

CONCLUSIONS

1. An ~60 m thick suc ces sion of var ie gated siltstones and
claystones in ter ca lated with sand stones and brec cia ho ri zons
was rec og nized and in ves ti gated for magnetostratigraphy in
two sec tions at the south ern Me so zoic mar gin of the Holy Cross 
Moun tains.

2. The in ves ti gated in ter val over lies the Reed Sand stone
and cor re sponds to the Up per Silesian Patoka Mem ber of the
Grabowa For ma tion.

3. A pri mary Late Tri as sic mag netic mag ne ti za tion of nor -
mal and re versed po lar ity was iso lated in 42 sam ples out of 118
sam ples. This mag ne ti za tion is car ried by fine-grained
haematite. The pri mary Late Tri as sic mag netic sig nal is partly
over lapped by the low- and high-coercivity youn ger com po -
nents. Be cause of this the nor mal and re versed magnetizations
are not antiparallel.

4. Twelve mag netic po lar ity zones have been dis tin guished
and cor re lated with the Mid dle–Up per Norian (lat est
Lacian–Sevatian) in ter val of the Com pos ite Late Tri as sic Mag -
netic Po lar ity Time Scale. 

5. The mean palaeopole cal cu lated from the trans posed re -
versed and nor mal di rec tions cor re sponds well with the ex -
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Fig. 9. Palaeopole pro jec tions (VGP) of com po nents A and B on the ref er ence Phanerozoic 
Ap par ent Po lar Wan der Path for Baltica/Eu rope (Torsvik et al., 2012)

Poles cal cu lated from 55 sam ples of com po nent A and 32 sam ples (from all nor mal po lar ity sam ples and
se lected trans posed re versed po lar ity sam ples) of com po nent B. Dp – semi-axis of the con fi dence el lipse
along the great-cir cle path from site to pole, dm – semi-axis of the con fi dence el lipse per pen dic u lar to that

great-cir cle path, ASD – an gu lar stan dard de vi a tion, k – pre ci sion pa ram e ter, a95 – 95% con fi dence limit, N 
– num ber of sam ples used for cal cu la tion

https://gq.pgi.gov.pl/article/view/20767/pdf_1234
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Fig. 10. Cor re la tion of the two Keuper sec tions at the south ern Me so zoic mar gin of the Holy Cross Mts. in terms 
of lithostratigraphy, mag netic sus cep ti bil ity re cord, and mag netic po lar i ties. Keuper lithostratigraphy in the HCM 

and Ger many af ter Czapowski and Romanek (1986) and Feist-Burkhardt et al. (2008), re spec tively

For ex pla na tions see Fig ures 3 and 4
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pected (Norian, Late Tri as sic) seg ment of the Baltica/Eu rope
Phanerozoic Ref er ence Ap par ent Po lar Wander Path.

Ac knowl edge ments. This work was fi nanced by Stat u tory
Pro ject No. 61.2401.1502.00.0 of the Pol ish Geo log i cal In sti -
tute – Na tional Re search In sti tute, en ti tled “The Up per Tri as sic

magnetostratigraphy at the south ern Me so zoic bor der of the
Holy Cross Moun tains”. We are greatly in debted to two re view -
ers: M. Hounslow and J. Szulc for their in sight ful com ments and 
help in prep a ra tion of the fi nal ver sion of this manu script. The
re marks and sug ges tions of J. Grabowski and T. Peryt are also
greatly ap pre ci ated.

REFERENCES

Bachmann, G.H., Kozur, H.W., 2004. The Ger manic Tri as sic: cor -
re la tions with the in ter na tional chronostratigraphic scale, nu -
mer i cal ages and Milankovitch cyclicity. Hallesches Jahrbuch
für Geowissenschaften, 26: 17–62.

Bilan, W., 1976. The stra tig ra phy of the Up per Tri as sic de pos its of
the east ern mar gin of the Up per Silesian Coal Ba sin (in Pol ish
with Eng lish sum mary). Zeszyty Naukowe AGH, Geologia, 2:
4–73. 

Borradaile, G.J., 1999. Vis cous remanent mag ne ti za tion of high
ther mal sta bil ity in lime stone. Geo log i cal So ci ety Spe cial Pub li -
ca tions, 151: 27–42.

Chadima, M., Hrouda, F., 2006. Remasoft 3.0 a user-friendly paleo -
magnetic data browser and an a lyzer. Travaux Géophysiques,
27: 20–21.

Channell, J.E.T., Kozur, H.W., Sievers, T., Mock, R., Aubrecht, R., 
Sykora, M., 2003. Carnian–Norian biomagnetostratigraphy at
Silická Brezová (Slovakia): cor re la tion to other Tethyan sec tions 
and to the New ark Ba sin. Palaeo ge ogra phy, Palaeoclimatology, 
Palaeo ec ol ogy, 191: 65–109. 

Cirilli, S., 2010. Up per Tri as sic–low er most Ju ras sic palynology and
palynostratigraphy: a re view. Geo log i cal So ci ety Spe cial Pub li -
ca tions, 334: 221–262.

Czapowski, G., Romanek, A., 1986. Lithostratigraphy and sed i -
men tary en vi ron ment of the Up per Tri as sic de pos its near
Chmielnik (in Pol ish with Eng lish sum mary). Przegl¹d
Geologiczny, 34: 635–643.

Dadlez, R., Marek, S., Pokorski, S., 2000. Geo log i cal Map of Po -
land with out Caino zo ic De pos its 1:100 000. Pañstwowy Instytut
Geologiczny, Warszawa.

Deczkowski, Z., Marcinkiewicz, T., Maliszewska, A., 1997.
Norian and Rhaetian. Sed i men ta tion, paleogeography and
paleotectonics (in Pol ish with Eng lish sum mary). Prace
Pañstwo wego Instytutu Geologicznego, 153: 150–194. 

Dunlop, D.J., 1971. Mag netic prop er ties of fine par ti cle he ma tite.
Annales Geophysicale, 27: 269–293.

Dunlop, D.J., 1972. Mag netic min er al ogy of un heated and heated
red sed i ments by coercivity spec trum anal y sis. Geo phys i cal
Jour nal In ter na tional, 27: 37–55.

Dunlop, D.J., 1981. The rock mag ne tism of fine par ti cles. Phys ics
of the Earth and Plan e tary In te ri ors, 26: 1–26.

Dunlop, D.J., Özdemir, Ö., 1997. Rock Mag ne tism: Fun da men tals
and Fron tiers. Cam bridge Uni ver sity Press. 

Dzik, J., Sulej, T., 2007. A re view of the early Late Tri as sic
Krasiejów biota from Silesia, Po land. Palaeontologia Polonica,
64: 3–27.

Dzik, J., Sulej, T., Kaim, A., NiedŸwiedzki, R., 2000. A late Tri as sic
tetrapod grave yard in the Opole Silesia (SW Po land) (in Pol ish
with Eng lish sum mary). Przegl¹d Geologiczny, 48: 226–235. 

Dzik, J., Sulej, T., NiedŸwiedzki, G., 2008. A dicynodont-theropod
as so ci a tion in the lat est Tri as sic of Po land. Acta Palaeonto -
logica Polonica, 53: 733–738.

Feist-Burkhardt, S., Götz, A.E., Szulc, J., Borkhataria, R., Geluk, 
M., Hass, J., Hornung, J., Jor dan, P., Kempf, O., Michalik, J.,
Nawrocki, J., Reinhardt, L., Ricken, W., Röhling, H.G.,
Rüffer, T., Török, Á., Zühlke, R., 2008. Tri as sic. In: The Ge ol -
ogy of Cen tral Eu rope (ed. T. McCann), 2 (Me so zoic and Ce no -
zoic): 749–822,  Geo log i cal So ci ety, Lon don.

Fija³kowska-Mader, A., 2013. Palynostratigraphy, palaeo ec ol ogy
and palaeoclimate of the Late Perm ian and Tri as sic of the Nida
Ba sin (in Pol ish with Eng lish sum mary). Biuletyn Pañstwowego
Instytutu Geologicznego, 454: 15–70. 

Fija³kowska-Mader, A., 2015. A re cord of cli ma tic changes in the
Tri as sic palynological spec tra from Po land. Geo log i cal Quar -
terly, 59 (4): 615–653. 

Fija³kowska-Mader, A., Heunisch, C., Szulc, J., 2015. Palyno -
stratigraphy and palynofacies of the Up per Silesian Keuper
(South ern Po land). Annales Societatis Geologorum Poloniae,
85: 637–661.

Filonowicz, P., 1968. Objaœnienia do Szczegó³owej Mapy
Geologicznej Polski 1:50 000, arkusz Morawica (in Pol ish).
Wyd. Geol., Warszawa. 

Frank, U., Nowaczyk, N., 2008. Min eral mag netic prop er ties of ar ti -
fi cial sam ples sys tem at i cally mixed from haematite and mag ne -
tite. Geo phys i cal Jour nal In ter na tional, 175: 449–461.

Gajewska, I., Marcinkiewicz, T., Maliszewska, A., Deczkowski,
Z., 1997. Norian and Rhaetian. Sed i men ta tion, paleogeography
and paleotectonics (in Pol ish with Eng lish sum mary). Prace
Pañstwowego Instytutu Geologicznego, 153: 150–194. 

Gallet, Y., Besse, J., Krystyn, L., Théveniaut, H., Marcoux, J.,
1993. Magnetostratigraphy of the Kavur Tepe sec tion (south -
west ern Tur key): a mag netic po lar ity time scale for the Norian.
Earth and Plan e tary Sci ence Let ters, 117: 443–456.

Gallet, Y., Besse, J., Krystyn, L., Marcoux, J., 1996. Norian
magnetostratigraphy from the Scheiblkogel sec tion, Aus tria:
con straint on the or i gin of the Antalya Nappes, Tur key. Earth and 
Plan e tary Sci ence Let ters, 140: 113–122.

Gallet, Y., Besse, J., Krystyn, L., Marcoux, J., Guex, J.,
Théveniaut, H., 2000. Magnetostratigraphy of the Kavaalani
sec tion (south west ern Tur key): con se quence for the or i gin of
the Antalya Cal car e ous Nappes (Tur key) and for the Norian
(Late Tri as sic) mag netic po lar ity timescale. Geo phys i cal Re -
search Let ters, 27: 2033–2036.

Gallet, Y., Krystyn, L., Besse, J., Marcoux, J., 2003. Im prov ing the
Up per Tri as sic nu mer i cal time scale from cross-cor re la tion be -
tween Tethyan ma rine sec tions and the con ti nen tal New ark ba -
sin se quence. Earth and Plan e tary Sci ence Let ters, 212:
255–261.

Gallet, Y., Krystyn, L., Marcoux, J., Besse, J., 2007. New con -
straints on the end-Tri as sic (Up per Norian–Rhaetian)
magnetostratigraphy. Earth and Plan e tary Sci ence Let ters, 255:
458–470.

Hounslow, M., Muttoni, G., 2010. The geo mag netic po lar ity
timescale for the Tri as sic: link age to stage bound ary def i ni tions.
Geo log i cal So ci ety Spe cial Pub li ca tions, 334: 61–102.

Hounslow, M.W., Posen, P.E., Warrington, G., 2004. Magneto -
stratigraphy and biostratigraphy of the Up per Tri as sic and low er -
most Ju ras sic suc ces sion, St. Audrie’s Bay, UK. Palaeo ge ogra -
phy, Palaeoclimatology, Palaeo ec ol ogy, 213: 331–358. 

Hüsing, S.K., Deenen, M.H.L., Koopmans, J.G., Krijgsman, W.,
2011. Magnetostratigraphic dat ing of the pro posed Rhaetian
GSSP at Steinbergkogel (Up per Tri as sic, Aus tria): im pli ca tions
for the Late Tri as sic time scale. Earth and Plan e tary Sci ence
Let ters, 302: 203–216.



Kent, D.V., Olsen, P.E., 1999. As tro nom i cally tuned geo mag netic
po lar ity timescale for the Late Tri as sic. Jour nal of Geo phys i cal
Re search, 104: 12831–12841.

Kent, D.V., Olsen, P.E., Muttoni, G., 2017. Astrochrono strati gra -
phic po lar ity time scale (APTS) for the Late Tri as sic and Early
Ju ras sic from con ti nen tal sed i ments and cor re la tion with stan -
dard ma rine stages. Earth-Sci ence Re views, 166: 153–180.

Kirschvink, J.L., 1980. The least square line and plane and the
anal y sis of paleomagnetic data. Geo phys i cal Jour nal of the
Royal As tro nom i cal So ci ety, 62: 699–718.

Koz³owska, M., Barski, M., Mieszkowski, R., Antoszewska, K.,
2016. A new Tri as sic-Ju ras sic sec tion in the south ern part of the
Holy Cross Mts. (Po land) – im pli ca tions for palaeo ge ogra phy.
Geo log i cal Quar terly, 60 (2): 365–484.

Krystyn, L., Richoz, S., Gallet, Y., Bouquerel, H., Kürschner,
W.M., Spötl, C., 2007. Up dated bio-and magnetostratigraphy
from Steinbergkogel (Aus tria), can di date GSSP for the base of
the Rhaetian stage. Albertiana, 36: 164–173 

Lowrie, W., 1990. Iden ti fi ca tion of fer ro mag netic min er als in a rock
by coercivity and un block ing tem per a ture prop er ties. Geo phys i -
cal Re search Let ters, 17: 159–162.

Lucas, S.G., Tan ner, L.H., Kozur, H.W., Weems, R.E., Heckert,
A.B., 2012. The Late Tri as sic timescale: age and cor re la tion of
the Carnian–Norian bound ary. Earth-Sci ence Re views, 114:
1–18.

Maliszewska, A., 1972. The or i gin of Lisów Brec cia on the ba sis of
petrographic stud ies (in Pol ish with Eng lish sum mary). Biuletyn
Instytutu Geologicznego, 261: 33–54. 

Marcinkiewicz, T., Fija³kowska-Mader, A., Pieñkowski, G., 2014.
Megaspore zones of the epicontinental Tri as sic and Ju ras sic
de pos its in Po land – over view (in Pol ish with Eng lish sum mary).
Biuletyn Pañstwowego Instytutu Geologicznego, 457: 15–42. 

Maron, M., Muttoni, G., Dekkers, M.J., Mazza, M., Roghi, G.,
Breda, A., Krijgsman, W., Rigo, M., 2017. Con tri bu tion to the
magnetostratigraphy of the Carnian: new mag neto- biostratigra -
phic con straints from Pignola-2 and Dibona ma rine sec tions, It -
aly. News let ters on Stra tig ra phy, 50: 187–203.

Muttoni, G., Kent, D.V., Jadoul, F., Olsen, P.E., Rigo, M., Galli,
M.T., Nicora, A., 2010. Rhaetian mag neto-biostratigraphy from
the South ern Alps (It aly): con straints on Tri as sic chro nol ogy.
Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 285:
1–16. 

Nawrocki, J., 1997. Perm ian to Early Tri as sic magnetostratigraphy
from the Cen tral Eu ro pean Ba sin in Po land: im pli ca tions on re -
gional and world wide cor re la tions. Earth and Plan e tary Sci ence
Let ters, 152: 37–58.

Nawrocki, J., Jewu³a, K., Stachowska, A., Szulc, J., 2015. Mag -
netic po lar ity of the Up per Tri as sic sed i ments of the Ger man Ba -
sin in Po land. Annales Societatis Geologorum Poloniae, 85:
663–674.

NiedŸwiedzki, G., Brusatte, S.L., Sulej, T., But ler, R.J., 2014.
Basal dinosauriform and theropod di no saurs from the mid-late
Norian (Late Tri as sic) of Po land: im pli ca tions for Tri as sic di no -
saur evo lu tion and dis tri bu tion. Palae on tol ogy, 57: 1–22.

Nitsch, E., Seegis, D., Vath, U., Hauschke, N., 2005. Sedimente
und Sedimentationspausen im deutschen Keuper: Wie
vollständig ist die Überlieferung der späten Triaszeit? News let -
ters on Stra tig ra phy, 41: 225–251.

Ogg, G., 2012. The Tri as sic Pe riod. In: The Geo logic Time Scale
2012 (eds. F.M. Gradstein, J.G. Ogg, M. Schmitz and G. Ogg),
2: 681–730. Elsevier, Am ster dam.

Or³owska-Zwoliñska, T., 1983. Palynostratigraphy of the Up per
part of Tri as sic epicontinental sed i ments in Po land (in Pol ish

with Eng lish sum mary). Prace Instytutu Geologicznego, 104:
1–89.

Or³owska-Zwoliñska, T., 1985. Palynological zones of the Pol ish
epicontinental Tri as sic. Bul le tin Pol ish Acad emy of Sci ences,
Earth Sci ences, 33: 107–119.

Paw³owska, K., 1962. The Rhaetian and the Lias of the south ern
pe riph ery of the Œwiêty Krzy¿ Moun tains (in Pol ish with Eng lish
sum mary). Kwartalnik Geologiczny, 6 (3): 436–446. 

Paw³owska, K., 1979. Tri as sic rocks of south-east ern Góry
Œwiêtokrzyskie Mts. (in Pol ish with Eng lish sum mary). Kwar -
talnik Geologiczny, 23 (2): 337–361. 

Rey, D., Turner, P., Ramos, A., 1996. Palaeomagnetism and
magnetostratigraphy of the Mid dle Tri as sic in the Ibe rian
Ranges (Cen tral Spain). Geo log i cal So ci ety Spe cial Pub li ca -
tions, 105: 59–82.

Senkowiczowa, H., 1957. The Muschelkalk on the south ern slope
of the Œwiêty Krzy¿ Mts. be tween Czarna Nida and Chmielnik (in 
Pol ish with Eng lish sum mary). Biuletyn Instytutu Geolo -
gicznego, 122: 5–81.

Szulc, J., 2000. Mid dle Tri as sic evo lu tion of the north ern
Peri-Tethys area as in flu enced by early open ing of the Tethys
Ocean. Annales Societatis Geologorum Poloniae, 70: 1–48.

Szulc, J., 2007. Keuper. In: In ter na tional Work shop on the Tri as sic
of south ern Po land, Fieldtrip guide, Sep tem ber 3–8, 2007 (eds.
J. Szulc and A. Becker): 33–41.

Szulc, J., 2008. Cli mate evo lu tion in the Tehys area and its con trols.
In: The Ge ol ogy of Cen tral Eu rope (ed. T. McCann), 2 (Me so zoic 
and Ce no zoic): 751–752. Geo log i cal So ci ety, Lon don. 

Szulc, J., Racki, G., 2015. Grabowa For ma tion – the ba sic litho -
stratigraphic unit of the Up per Silesian Keuper (in Pol ish with
Eng lish sum mary). Przegl¹d Geologiczny, 63: 103–113.

Szulc, J., Racki, G., Jewu³a, K., 2015a. Key as pects of the stra tig -
ra phy of the Up per Silesian mid dle Keuper, south ern Po land.
Annales Societatis Geologorum Poloniae, 85: 557–586. 

Szulc, J., Racki, G., Jewu³a, K., Œrodoñ, J., 2015b. How many Up -
per Tri as sic bone-bear ing lev els are there in Up per Silesia
(south ern Po land)? A crit i cal over view of stra tig ra phy and fa -
cies. Annales Societatis Geologorum Poloniae, 85: 587–626.

Szurlies, M., 2004. Lat est Perm ian to Mid dle Tri as sic cyclo -
-magnetostratigraphy from the Cen tral Eu ro pean Ba sin, Ger -
many: Im pli ca tions for the geo mag netic po lar ity timescale. Earth 
and Plan e tary Sci ence Let ters, 261: 602–619.

Szurlies, M., 2007. Magnetostratigraphy: the key to a global cor re la -
tion of the clas sic Ger manic Trias – case study Volpriehausen
For ma tion (Mid dle Buntsandstein), Cen tral Ger many. Earth and
Plan e tary Sci ence Let ters, 227: 395–410.

Tan, X., Kodama, K.P., 2002. Mag netic ani so tropy and paleo -
magnetic in cli na tion shallowing in red beds: ev i dence from the
Mis sis sip pian Mauch Chunk For ma tion, Penn syl va nia. Jour nal
of Geo phys i cal Re search, 107: EPM 9-1–EPM 9-17.

Torsvik, T.H., Müller, R.D., van der Voo, R., Steinberger, B.,
Gaina, C., 2008. Global plate mo tion frames: to ward a uni fied
model. Re views of Geo phys ics, 46, RG3004: 1–44. 

Torsvik, T.H., van der Voo, R., Preeden, U., Mac Niocaill, C.,
Steinberger, B., Doubrovine, P.V., van Hinsbergen, D.J.J.,
Domeier, M., Gaina, C., Tovher, E., Meert, J.G., McCausland,
P.J., Cocks, L.R.M., 2012. Phanerozoic po lar wan der, paleo -
geography and dy nam ics. Earth-Sci ence Re views, 114:
325–368.

Walderhaug, H., 1993. Rock mag netic and mag netic fab ric vari a -
tions across three thin al ka line dykes from Sunnhordland, west -
ern Nor way; in flu ence of ini tial min er al ogy and sec ond ary chem -
i cal al ter ations. Geo phys i cal Jour nal In ter na tional, 115: 97–108.

 Keuper magnetostratigraphy in the southern Mesozoic margin of the Holy Cross Mts.... 961


