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The Mid dle Buntsandstein Sub group of the Lower Tri as sic of north-east ern Po land has been in ves ti gated in the con text of
pos si ble ma rine in gres sions into the Cen tral Eu ro pean Ba sin. To better con strain these, palynofacies anal y sis and min er al -
og i cal anal y sis of mudstones were un der taken on sam ples taken from the Lidzbark and Malbork for ma tions pen e trated by
the Bartoszyce IG 1 bore hole, serv ing as stratotype sec tion of both lithostratigraphic units. Microfacies and geo chem i cal
anal y ses, in clud ing C and O iso tope anal y sis, were con ducted ad di tion ally on oolitic lime stones of the basal Lidzbark For ma -
tion (the low er most Mid dle Buntsandstein), and the bo ron con tent was mea sured on all mudstone sam ples. Seven
palynofacies types are dis tin guished: types 1 to 3 within the Malbork For ma tion and types 4 to 7 within the Lidzbark For ma -
tion. Types 1 and 2 orig i nated on a floodplain, type 3 prob a bly in a deltaic or bar rier set ting, and types 4 and 5 in a brack ish la -
goon or a more open ba sin, pos si bly of ma rine or i gin. Palynofacies type 6 re flects long trans port and re work ing, whereas
palynofacies type 7 is in ter preted as formed due to pedogenic pro cesses.  Clay min er als and quartz, ac com pa nied by feld -
spars, cal cite and do lo mite are the main com po nents of the mudstones in ves ti gated. The clay min eral as so ci a tion con sists of 
illite or a mix ture of illite and smectite, and chlorite. The Lidzbark For ma tion and the low er most part of the Malbork For ma tion
show less vari abil ity in min er al og i cal com po si tion than the up per part of the Malbork For ma tion. Smectite ad mix tures were
de tected only in the up per part of the Malbork For ma tion (the up per most Mid dle Buntsandstein). The bo ron con tent,
achieved af ter aqua regia di ges tion, ranges from 70 to 121 mg/kg (96 mg/kg at av er age), os cil lat ing gen er ally around
90 mg/kg. A higher bo ron con tent, bound in sil i cate struc ture, is as so ci ated with the up per part of the Malbork For ma tion. All
ma jor min er al og i cal and geo chem i cal changes co in cide more or less with the tran si tion from the sup posed ma rine to the ter -
res trial en vi ron men tal realm, in ter preted from lithological and sedimentological ob ser va tions within the low er most part of the
Malbork For ma tion. How ever, diagenetic al ter ation of the clay min er als, and of the bo ron con tent, could not be ruled out. The
oolitic lime stones, mainly grainstones, con tain ad mix tures of quartz grains and rare bioclasts, the ooids nu clei be ing peloids
or un rec og niz able. The car bon ates are al most ex clu sively com posed of low-Mg cal cite. A high con tent of Mg and the pres -
ence of small amounts of do lo mite sug gest that the ooids were pri mar ily com posed of high-Mg cal cite and are com pa ra ble
with sim i lar Early Tri as sic de pos its in Tethyan set tings. The d13C val ues range from –2 to +1‰ VPDB, fit ting well with the
known ranges of Lower Tri as sic ma rine car bon ates. An ob served d13C de ple tion to wards the top of the oolite-bear ing part of
the sec tion may re flect a lo cal shallowing trend that led to over all sa lin ity de crease. A pos si ble con nec tion with the one of the
global oce anic geo chem i cal ep i sodes has to be tested fur ther.  The re sults ob tained sug gest a ma rine or i gin of the lower Mid -
dle Buntsandstein de pos its stud ied and doc u ment a ter res trial or i gin for the up per Malbork For ma tion.
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INTRODUCTION

The sed i men tary en vi ron ments of the Lower Tri as sic de -
pos its of the epicontinental Cen tral Europen Ba sin are still
poorly un der stood. In ter pre ta tion of the de pos its of the Lower
and Mid dle Buntsandstein as ei ther ter res trial (e.g., a playa lake 

sensu Paul, 1982, 1999a and Briere, 2000) or ma rine (an
epicontinental la goon) re mains topic of sci en tific dis cus sion. On 
the one hand, a non-ma rine or i gin seems to be well-doc u -
mented. Ma rine macrofauna is al most lack ing, un like the fresh
to brack ish wa ter fauna (conchostracan), pres ent in large num -
bers. Sed i men tary struc tures, doc u ment ing emersion (e.g.,
des ic ca tion cracks), had been widely de scribed. On the other
hand, these de pos its con tain foraminifers and acritarchs as well 
as glaucony (sensu Odin and Mat ter, 1981) in oolitic lime -
stones, which tra di tion ally are re garded as char ac ter is tic of ma -
rine fa cies (see e.g., sum mary by Becker, 2005, 2007). The
stron gest ma rine in flu ences or even open ma rine con di tions
are pos tu lated es pe cially for the lower part of the Mid dle
Buntsandstein suc ces sion of west ern Po land (see e.g.,
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Fuglewicz, 1973; Peryt, 1975; Szyperko-Teller, 1997b; Becker,
2005, 2014; Feldman-Olszewska, 2014; Szulc, 2019), as has
also been de scribed from north ern Ger many (Heunisch and
Röhling, 2016). So far the re gion of north-east ern Po land has
been rel a tively poorly in ves ti gated in terms of the depositional
en vi ron ments and palaeo ge ogra phy of this in ter val. Fuglewicz
(1973) in ter preted the Buntsandstein in Po land, based on li thol -
ogy and megaspores, as de pos ited in an epeiric ba sin, which
was at first con nected to the north-west with the Bo real Sea and 
later to the south-west with the Tethys. A sim i lar in ter pre ta tion
based on fa cies anal y sis and oc cur rence of foraminifers was
pro posed by Szulc (in Beutler and Szulc, 1999, 2019) fol low ing
the re sults of Pieñkowski (1991) and of de tailed microfacies
anal y sis (Szulc, 2019). Szulc et al. (2015) and Szulc (2019)
dated the clo sure of the north ern gate ways and the si mul ta -
neous open ing of the south ern sea way (East Carpathian Gate)
to the later Induan (Dienerian). Palaeogeographic in ter pre ta -
tions, based on lithological and ba sic palaeontological ob ser va -
tions, were pro posed by Szyperko-Œliwczyñska (1979) and by
Szyperko-Teller (1997b). Szyperko-Œliwczyñska (1979) in -
ferred that the Lower and Mid dle Buntsandstein were de pos ited 
in a brack ish ba sin with brief ma rine in flu ences from an un de -
ter mined di rec tion. Szyperko-Teller (1997b) de duced  a ma rine
ingression from the Bo real Sea at the be gin ning of Lower
Buntsandstein de po si tion and from the “Al pine sea” at the be -
gin ning of Mid dle Buntsandstein de po si tion. Pieñkowski (1991)
linked the ma rine in gres sions to a global trans gres sion at the
be gin ning of the Tri as sic. Bachmann et al. (2010) de scribed the 
Lower and Mid dle Buntsandstein as a con ti nen tal suc ces sion
with sub or di nate ma rine in flu ence in the east ern and cen tral
parts of the Cen tral Eu ro pean Ba sin. In the Ger man and other
West Eu ro pean lit er a ture there pre vails an in ter pre ta tion of a

lac us trine or i gin of oolitic and stromatolitic lime stones of the
Buntsandstein (Paul, 1999b; Paul and Peryt, 2000; Voigt and
Gaupp, 2000; Korte and Kozur, 2005; Palermo et al., 2008;
Paul et al., 2011). Re cently, Szulc (2019) pro vided con vinc ing
ar gu ments for ma rine in cur sions of var ied mag ni tude, based on 
his finds of a rich as sem blage of ma rine in ver te brates (gas tro -
pods, microconchids and sponges) within the lower Mid dle
Buntsandstein of West ern Po land. Ma rine in gres sions were of -
ten pos tu lated bas ing on phytoplankton oc cur rence or even
dom i nance within the palynomorph spec tra of the
Buntsandstein of the Pol ish and Ger man bas ins (e.g., Schön,
1967; Or³owska-Zwoliñska, 1977, 1984, 1985; Reitz, 1985;
Fija³kowska-Mader, 1999; Heunisch and Röhling, 2016). De -
spite these dis cus sions in the lit er a ture, though, de tailed, in ter -
dis ci plin ary in ves ti ga tions on this topic are still rare or ab sent.
Most pub lished con tri bu tions dis cuss the over all de vel op ment
of the Cen tral Eu ro pean Ba sin or its com po nent Pol ish or Ger -
man bas ins with out go ing into de tail. Like wise, there are few in -
ter pre ta tions based on re search that in te grates a broad spec -
trum of meth ods. In this pa per we dem on strate an in te grated
ap proach com pris ing palynofacies anal y sis, clay min er al ogy,
bo ron con tent, and oolitic microfacies, in clud ing iso tope geo -
chem is try, to the in ter pre ta tion of the depositional en vi ron ment
of the Mid dle Buntsandstein de pos its of the Bartoszyce IG 1
bore hole in north-east ern Po land (Fig. 1), ini tially in ves ti gated
over forty years ago (Szyperko-Œliwczyñska, 1974, 1979;
Nowicka, 1974a, b). This pa per tests cur rent gen er al ized in ter -
pre ta tions of epicontinental Early Tri as sic de po si tion us ing de -
tailed meth od olog i cally di verse stud ies of a fully cored sec tion. 
Mac ro scopic ob ser va tion of li thol ogy and of main sed i men tary
struc tures pre ceded the lab o ra tory stud ies. Our re search was
con ducted within the scope of a com pre hen sive pro ject of the
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Fig. 1. Palaeo ge ogra phy of the Cen tral Eu ro pean Ba sin in the Early Tri as sic with its main tec tonic struc tures 
(af ter Ziegler, 1990, mod i fied), lo cal ity of area un der study, and of the bore hole in ves ti gated on the back ground 

of Mid dle Buntsandstein fa cies dis tri bu tion in NE Po land (af ter Szyperko-Teller, 1997b, mod i fied)



State Geo log i cal Sur vey of Po land, de signed to pro tect the
stratotype sec tions of bore hole cores and to pro vide com ple -
men tary in ves ti ga tions of them. Core in ter vals of Bartoszyce IG
1 bore hole serve as stratotypes for lithostratigraphic units of the
Lidzbark and Malbork for ma tions of the Mid dle Buntsandstein
of northeast ern Po land (Szyperko-Œliwczyñska, 1979).

GEOLOGICAL SETTING

REGIONAL AND STRATIGRAPHIC FRAMEWORK

Dur ing the Early Tri as sic, the area of north-east ern Po land
formed the east ern most mar gin of the epicratonic Cen tral Eu ro -
pean Ba sin (Fig. 1), in which flu vial, as well as playa lake (sensu
Paul, 1999a) to mar ginal ma rine de pos its were laid down (e.g.,
Bachmann et al., 2010). The sub trop i cal mon soon cli mate con -
di tions, char ac ter ized in gen eral by strong sea son al ity, were
pre dom i nantly dry to semi-dry (e.g., Kutzbach and Gallimore,
1989; Van der Zwan and Spaak, 1992; Parrish, 1993;
Fija³kowska-Mader, 1999, 2015). The re gion in ves ti gated was
lo cated north-east of the lo cal depocentre of the Pol ish part of
the ba sin, formed by the Mid-Pol ish Trough (Fig. 1), where sub -
si dence was no tice ably re duced, due to the stiff Pre cam brian
plat form sub strate. The source area of the clastic sed i ments
was the Fennoscandian High to the north and the Belorussian
High to the east (Szyperko-Teller and Moryc, 1988;
Szyperko-Teller, 1997b). In the re gion dis cussed, muddy and
sandy red-brown ish de pos its with grey oolitic in ter ca la tions are
typ i cal of the lower and mid dle part of the Buntsandstein suc -
ces sion, whereas red dish and grey sandy de pos its dom i nate its 
up per part (Figs. 1 and 2). The thick ness of the whole suc ces -
sion does not ex ceed 400 m (Szyperko-Teller and Moryc, 1988; 
Bachmann et al., 2010).

The Buntsandstein Group of north-east ern Po land is com -
posed of the Bal tic, Lidzbark, Malbork and Elbl¹g for ma tions
(Szyperko-Œliwczyñska, 1979; Szyperko-Teller and Moryc,
1988; Szyperko-Teller, 1997a; Fig. 2). The Bal tic For ma tion is
the only lithostratigraphic unit dis tin guished in the Lower
Buntsandstein. The Mid dle Buntsandstein con sists of the Lidz -
bark and Malbork for ma tions, whereas the Up per Buntsand -
stein in cludes mainly the Elbl¹g For ma tion. In parts of the re -
gion the Up per Buntsandstein Sub group en com passes ad di -
tion ally a car bon ate-clastic unit, ly ing above the Elbl¹g For ma -
tion or com pos ing its lat eral equiv a lent (Szyperko-Teller,
1997a). The Buntsandstein suc ces sion is dated as Lower Tri as -
sic to Mid dle Tri as sic in its up per most part (Or³owska-
 Zwoliñska, 1984; Marcinkiewicz, 1992; Senkowi czowa, 1997;
Marcinkiewicz et al., 2014). This pa per is fo cused on the Mid dle
Buntsandstein Sub group of the Bartoszyce IG 1 bore hole. The
re cent chronostratigraphic stud ies of Becker et al. (2020) have
shown that the sec tion in ves ti gated lies within the
Densoisporites nejburgii Subzone of Or³owska-Zwoliñska
(1984) and stretches over the Tbr5 re versed zone and un di -
vided Tbn6-Tbn7 nor mal zones de fined in the magneto -
stratigraphic scheme of Nawrocki (1997), which sug gests an
Olenekian age (see e.g., Hounslow and Muttoni, 2010; Nowak
et al., 2018). The Lidzbark and Malbork for ma tions cor re late
with the Pomerania and Po³czyn for ma tions of west ern Po land
and the Volpriehausen, Detfurth and Hardegsen for ma tions of
north-west ern Ger many (Szyperko-Teller, 1997a; Becker,
2005; Becker et al., 2008; Bachmann et al., 2010; Fig. 3).

LITHOLOGICAL AND SEDIMENTOLOGICAL BACKGROUND

LIDZBARK FORMATION

The Lidzbark For ma tion, rec og nized by Szyperko-Œliw -
czyñska (1979) in the Bartoszyce IG 1 bore hole in the depth in -
ter val of 987.9–1049.2 m can be sub di vided into three
lithological units (Fig. 4). The low er most unit (depth
1045.6–1049.2 m) con sists of hor i zon tally or cross-lam i nated
sandy mudstones, partly brecciated, weakly hor i zon tally lam i -
nated mudstones with sub or di nate oolitic lime stone lenses and
fine-grained muddy sand stones with flaser to wavy or hor i zon tal 
lam i na tion (Fig. 5A). Red to red-brown colours at the base turn
grad u ally into grey colours in the up per most part of the suc ces -
sion. The over ly ing unit (depth 1033.8–1045.6 m; Fig. 4) con -
sists of weakly hor i zon tally lam i nated or mas sive clay- and
mudstones, with in di vid ual lenses of ooids or cracks filled with
ooids, and char ac ter ized by red dish-brown to vi o let or grey
colours. There are in ter ca lated oolitic lime stones, partly sandy
or ar gil la ceous. The lime stones have a more or less strong
claystone con tent, show flaser lam i na tion or con tain clay
intraclasts lo cally ac com pa nied by an ero sional sur face.
Hummocky cross-lam i na tion oc curs rarely in the oolitic lay ers.
The lime stones have grey to red dish-brown colours (Fig. 5B).
The third lithological unit (depth 987.9–1033.8 m; Fig. 4), builds
the up per most part of the for ma tion, which is dom i nated by cal -
car e ous claystones. These are hor i zon tally or len tic u lar lam i -
nated (partly weakly) or mas sive, with very thin laminae or
lenses of ar gil la ceous lime stone or marl and thin in ter ca la tions
of oolitic lime stone (Fig. 5C–E). Small cracks filled with ooids or
mudstone oc cur at some lev els. The claystones vary in col our
from red dish-brown-vi o let at the base, through green ish-grey in
the mid dle part of the unit, to red dish-brown at the top. Some
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Fig. 2. Strati graphi cal and lithological scheme 
of the Lower Tri as sic in NE Po land 

(af ter Becker et al., 2008 and Marcinkiewicz et al., 2014)

M.T. – Mid dle Tri as sic; L. B., M., U. B. – Lower, Mid dle, Up per
Buntsandstein, re spec tively
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pos si ble bioturbation struc tures have been ob served in the
lower part of the unit. In the up per most part, mot tled laminae
and root traces have been de tected (Fig. 4F). Fish scales oc cur
spo rad i cally. Styk (1974) re ported on the oc cur rence of an
ostracod as sem blage and very rare oogonia of charophytes
within the de pos its of this third lithological unit and on the lack of 
microfaunal re mains in the lower part of the Lidzbark For ma -
tion.

The depositional en vi ron ment of the Lidzbark For ma tion
was gen er ally in ter preted by Nowicka (1974a, b) as a shal low
ba sin with in creased sa lin ity, with sed i men ta tion tak ing place
be low wave base, and the sand stones rep re sent ing a shal lower 
re gime than the fine-grained de pos its. Szyperko-Œliwczyñska
(1979), Fuglewicz (1980) and Szyperko-Teller (1997b) pro -
posed sim i lar in ter pre ta tions, but stressed the ma rine con di -
tions of de po si tion, which weak ened upsection. They pos tu -
lated that the sandy and oolitic de pos its rep re sented higher-en -
ergy con di tions than the finer grained de pos its. Szyperko-
 Œliwczyñska (1979) and Fuglewicz (1980) pos tu lated ad di tion -
ally in creased cli ma tic hu mid ity com pared with the time of the
Lower Buntsandstein de po si tion. Szyperko-Teller (1997b)
placed the re gion of the Bartoszyce IG 1 bore hole within the
tran si tion area be tween ooidal shoals and the cen tre of the
shal low epicontinental ma rine ba sin. Fur ther in ter pre ta tions
can be found on dif fer ent paleogeographic maps. Iwanow and
Kiersnowski (1998) that the lower part of the Mid dle Bunt -
sandstein in Po land rep re sented a brack ish ba sin (la goon).
Beutler and Szulc (1999) draw a bound ary be tween eroded
land and shal low sea in the re gion of NE Po land in the Induan,
but de scribed the Mid dle Buntsandstein as a flu vial suc ces sion. 
Paul (1982, 1999a) pro posed a model of a hydrologically closed 
epicontinental ba sin, which gath ered river wa ters from sur -
round ing ephem eral chan nels and which was sea son ally filled
with rain wa ter dur ing the time of Lower and Mid dle
Buntsandstein de po si tion in the Cen tral Eu ro pean Ba sin. The
re gion of NE Po land were placed by him in the cen tral part of
such a ba sin. Bachmann et al. (2010) in ferred a pre dom i nantly
al lu vial plain en vi ron ment in the area of NE Po land at the be gin -
ning of Mid dle Buntsandstein de po si tion, which passed later
into a playa mar gin, though also in di cated ma rine in gres sions
into the Cen tral Eu ro pean Ba sin dur ing the de po si tion of the
Mid dle Buntsandstein. Szulc (2019) in ter preted the NE Po land
area as a re gion reached by ma rine in gres sions from the Bo real 

Sea dur ing the early Induan, i.e. ear lier than the suc ces sion in
dis cus sion was laid down.

Based on the ob served mac ro scopic fea tures (sum ma rized
above and on Fig. 4), the de scrip tions of Szyperko-Œliwczyñska 
(1974), Styk (1974) and Nowicka (1974a, b) as well as on the
va ri ety of for mer more gen eral and re gional in ter pre ta tions, the
de vel op ment of the Lidzbark For ma tion suc ces sion of the
Bartoszyce IG 1 bore hole can be char ac ter ized as fol lows. The
ver ti cal vari abil ity of the for ma tion re flects the de vel op ment of a
very shal low ex ten sive wave-ag i tated wa ter body. The low er -
most unit was de pos ited in con di tions of rel a tively strong
terrigenous in put pro mot ing the for ma tion of sandbody to pog ra -
phy, pos si bly as partly ex posed bar rier is lands. Oolitic lime -
stones doc u ment a high en ergy en vi ron ment of oolitic bars, with 
ooids dis persed around the bars in form of ooidal shoals. Wave
ac tion is doc u mented by hummocky cross strat i fi ca tion. The up -
per most part of the for ma tion, cor re spond ing to the third
lithological unit, doc u ments de po si tion from sus pen sion in the
low en ergy en vi ron ment of a wa ter body. Cal cium car bon ate
pre cip i ta tion took place ep i sod i cally. The de cline of lam i na tion
and its re place ment by a mas sive struc ture, the ap pear ance of
root traces and the for ma tion of stains in the up per most part of
the suc ces sion in di cate a flat ten ing of the depositional con di -
tions. Re ported of find ings of ostracods and charophytes are in -
con clu sive as re gards a ma rine or non-ma rine set ting.

MALBORK FORMATION

The Malbork For ma tion was de fined in the Bartoszyce IG 1
bore hole by Szyperko-Œliwczyñska (1979) at the depth in ter val
of 898.0–987.9 m. The for ma tion can be sub di vided into four
lithologically de fined units (Fig. 4). The low er most unit (depth
972.4–987,9 m; Fig. 4) is built of fine-grained muddy sand -
stones and sandy mudstones, weakly ce mented, and light grey
or light brown in col our (Fig. 6A). Sed i men tary struc tures are
poorly pre served or lack ing. Hor i zon tal lam i na tion, cross-lam i -
na tion and rip ple lam i na tion oc cur lo cally. The sand stones
show a partly nod u lar struc ture, de pend ing on the ce men ta tion
grade. Very strongly dis in te grated plant de tri tus and root traces
oc cur spo rad i cally, as well as scat tered con glom er ate laminae,
com posed of sand stone intraclasts. Sand stones and sandy
mudstones are in ter ca lated with cal car e ous clay- to
mudstones. The in ter ca lat ing fine-grained de pos its are weakly
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Fig. 3. Cor re la tion chart of the Buntsandstein lithostratigraphic units be tween Ger many and Po land en com pass ing 
the mid dle and east ern parts of the Cen tral Eu ro pean Ba sin (af ter Bachmann et al., 2010; mod i fied af ter Senkowiczowa, 

1997; Szyperko-Teller, 1997a; Becker, 2005 and Becker et al., 2020)

https://gq.pgi.gov.pl/article/view/26358
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Fig. 4. Li thol ogy and sedimentology of the Mid dle Buntsandstein sec tion of the Bartoszyce IG 1 bore hole with lo ca tion 
of the sam ples in ves ti gated

Lithological units de scribed in the text are marked with num bers in the “in ter pre ta tion” log; lithostratigraphy af ter Szyperko-Œliwczyñska
(1974, 1979); sedimentological in ter pre ta tion based on the au thors’ mac ro scopic ob ser va tions and on pub lished lit er a ture (see text)
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Fig. 5. Ex am ples of Buntsandstein fa cies of the Bartoszyce IG 1 bore hole, Lidzbark For ma tion

A – wavy strat i fied muddy sand stone with mudcracks and dewatering struc tures, depth 1046.45–1046.75 m; B – grey oolitic lime stone, depth 
1037.40–1037.50 m; C – len tic u lar lam i nated grey to red-brown claystone with lime stone lenses, depth 1028.77–1028.82 m; D – len tic u lar
lam i nated grey mudstone, depth 1015.20–1015.27 m; E – soft sed i ment de for ma tion struc tures in len tic u lar lam i nated grey mudstone, depth
1014.75–1014.80 m; F – root traces on a bed ding plane of lam i nated claystone, depth 992.90 m; scale bar 5 cm
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Fig. 6. Ex am ples of Buntsandstein fa cies of the Bartoszyce IG 1 bore hole, Malbork For ma tion

A – grey cross-lam i nated muddy sand stone, depth 974.25–974.30 m; B – red-brown cross-lam i nated muddy sand stone, depth
945.78–945.85 m; C – hor i zon tally lam i nated mudstone, depth 972.00–972.10 m; D – mas sive to weakly lam i nated mudstone with car bon ate 
nod ules and col our mot tling, depth 930.55–930.70 m; E – mas sive red-brown mudstone with nu mer ous car bon ate nod ules, depth
936.00–932.15 m; F – weakly lam i nated red-brown mudstone with a few car bon ate nod ules and a thin sand stone in ter ca la tion at the top,
depth 900.65–900.80 m; A–C: scale bar 5 cm, D–F: scale bar 10 cm



hor i zon tally lam i nated to mas sive, light green-grey, brown to
red dish-brown or var ie gated. Rare plant de tri tus also oc curs.
The de pos its of the low er most lithological unit are ar ranged in
three coars en ing-up wards suc ces sions, which have a thick -
ness of up to 7 m (Fig. 4). The over ly ing unit (depth
960.4–972.4 m; Fig. 4) is built pre dom i nantly of cal car e ous
clayey mudstones with red dish-brown to green-grey colours,
weakly hor i zon tally lam i nated to mas sive with very thin streaks
and lenses of marly lime stone (Fig. 6C). A sin gle green ish-grey
marlstone in ter ca la tion oc curs in the up per part of the in ter val.
Fish scales oc cur. Within the third unit (depth 944.4–960.4 m;
Fig. 4) sandy clayey mudstones oc cur, which are poorly sorted
or show a dis turbed struc ture, red with green ish-grey cloudy
spots. They are interbedded with fine-grained muddy sand -
stones with mas sive or dis turbed struc ture (cha otic mix ture of
mud and sand), mot tled in some places. Cal car e ous nod ules
oc cur spo rad i cally within the mudstones, rarely con cen trated in
dis tinct ho ri zons. Hor i zon tal, cross- and rip ple-lam i na tion was
ob served within the sand stone lay ers in the up per most part of
the in ter val (Fig. 6B). At the base of the thick est sand stone
layer, cal car e ous mudstone clasts, re de pos ited car bon ate nod -
ules and bone frag ments form a con glom er atic basal lag. The
up per most lithological unit (depth 898.8–944.4 m; Fig. 4) is
dom i nated by red to green ish-grey, mas sive or weakly lam i -
nated muddy claystones (Fig. 6D–F). Small car bon ate nod ules
are scat tered within the de pos its, con cen trated in some dis tinct
lay ers. Lo cally the lay ers en riched in car bon ate nod ules show
green-grey colours. Lay ers with rip ple or hor i zon tal lam i na tion
oc cur very rarely. The de pos its are spo rad i cally in ter ca lated
with thin lay ers of mudstone, sandy mudstone or fine-grained
muddy sand stone (Fig. 6F). Their struc ture is mostly mas sive
or dis turbed and mot tled. Hor i zon tal and flaser lami na tions
were ob served in the sand stones. Claystone intraclasts oc cur
in a sin gle mas sive sandy mudstone layer en riched in iron ox -
ides. A pos si ble conchostracan im print and very rare plant de tri -
tus were ob served. Ostracods were found by Styk (1974) within
the first lithological unit, with in di vid ual spec i mens scat tered
across the re main ing part of the pro file. Characea, fish scales
and teeth were found within the low er most first unit and up per -
most part of the sec ond one (Styk, 1974).

Nowicka (1974a) pro vided a con cise in ter pre ta tion of the
depositional en vi ron ment of the Malbork For ma tion of the
Bartoszyce IG 1 sec tion. She pos tu lated a strong vari abil ity of
wa ter depth with pos si ble flu vial de po si tion of the sand stones in 
this part of the sec tion. Szyperko-Œliwczyñska (1979),
Fuglewicz (1980) and Szyperko-Teller and Moryc (1988)
stressed con trac tion of the ba sin in their re gional in ter pre ta -
tions. The ba sin be came a closed in land res er voir ac cord ing to
Fuglewicz (1980) dur ing the de po si tion of the Malbork For ma -
tion. Szyperko-Teller (1997b) pos tu lated ad di tion ally a cli mate
change to more arid one, and an early diagenetic or i gin of car -
bon ate nod ules found reg u larly within red dish structureless
mudstones. In the palaeogeographic in ter pre ta tion of Iwanow
and Kiersnowski (1998) an al lu vial plain dom i nated by
floodplain de pos its spread over NE Po land dur ing the de po si -
tion of the up per part of the Mid dle Buntsandstein. Beutler and
Szulc (1999) in ferred a dom i nance of flu vial en vi ron ments dur -
ing the Mid dle Buntsandstein de po si tion across the whole Cen -
tral Eu ro pean Ba sin and Bachmann et al. (2010) in ter preted the 
Malbork For ma tion as an al lu vial plain suc ces sion.

Based on own mac ro scopic ob ser va tions char ac ter ized
above and sum ma rized on Fig ure 4 as well as on the de scrip -
tions of Szyperko-Œliwczyñska (1974), Nowicka (1974a) and
Styk (1974) and on the for mer re gional in ter pre ta tions, the fol -
low ing more pre cise in ter pre ta tion of the Malbork For ma tion
suc ces sion of the Bartoszyce IG 1 bore hole can be pro posed.

The low er most, sandy part of the for ma tion, ar ranged in coars -
en ing-up wards suc ces sions, sug gests de po si tion within a
weakly de vel oped prograding delta or bar rier is lands. The over -
ly ing clayey-marly part orig i nated from de po si tion in the calm
en vi ron ment of a very shal low la goon or mud flat. The sub se -
quent shallowing of the en vi ron ment let to the de vel op ment of
an ephem eral, im ma ture flu vial sys tem of the up per most part of
the for ma tion, with rare shal low, un sta ble chan nels on an ex ten -
sive floodplain sim i lar to the gilgai floodplain of the Up per Tri as -
sic of south ern Po land (Jewu³a et al., 2019).

MATERIAL AND METHODS

PALYNOFACIES

Thirty-one sam ples from the core in ter val of
900.41–1045.75 m were ex am ined but only nine teen yielded
palynological ma te rial (Figs. 4 and 7). The rock ma te rial was
treated ac cord ing to the method de scribed in Or³owska-
 Zwoliñska (1983). All or ganic mat ter par ti cles were in ter preted
in terms of palynofacies anal y sis. For quan ti ta tive anal y sis 200
palynoclasts were counted per slide. Only in very sparse spec -
tra were all palynoclasts counted.

The def i ni tion of Powell et al. (1990) was ap plied for
palynofacies, where palynofacies means “a dis tinc tive as sem -
blage of palynoclasts whose com po si tion re flects a par tic u lar
sed i men tary en vi ron ment”.

Or ganic mat ter par ti cles (palynoclasts) that oc cur in the ma te -
rial in ves ti gated were clas si fied ac cord ing to the Am ster dam
Palynological Or ganic Mat ter Clas si fi ca tion ’93 (APOMC) into the
fol low ing groups: (1) palynomorphs – spores, pol len, fresh wa ter
al gae, com pris ing chlorococcalean and other green al gae; (2)
struc tured mat ter (STOM) – wood, cu ti cles, plant tis sues; (3) de -
graded struc tural mat ter (DOM) and 4) un struc tured/amor -
phous mat ter (AOM). The lat ter com prises the fol low ing par ti -
cles with out struc ture and/or shape re flect ing tis sue or ga ni za -
tion: het er o ge neous par ti cles (par ti cles >1–2 µm with well-de fined
out line), finely dis persed mat ter (par ti cles <1–2 µm) and so called
“fluffy” mat ter (trans lu cent, ag gre gate mat ter with out sharp out -
lines, prob a bly of plank tonic or/and bac te rial or i gin; Bat ten, 1996).
This is not Amor phous Mat ter sensu Boul ter and Riddick (1986),
which cor re sponds to the “fluffy” mat ter of the APOMC. The het -
er o ge neous par ti cles and partly finely dis persed mat ter come
gen er ally from dis in te gra tion of STOM, DOM and palyno -
morphs and in di cate a ter res trial or i gin, whereas the “fluffy” mat -
ter in di cates ma rine or i gin (Tyson, 1995).

The in ter pre ta tion of depositional en vi ron ments was made
based on Bergen and Kerp (1990), Fija³kowska (1994, 1995),
Fija³kowska-Mader et al. (2015a, b) and Tyson (1995).

MINERALOGY AND BORON CONTENT OF THE FINE GRAINED ROCKS

Twenty-two claystone and mudstone sam ples from the core 
in ter val of 899.11–1040.95 m of the Bartoszyce IG 1 bore hole
were ex am ined in terms of bulk rock min er al ogy, clay min er al -
ogy and bo ron con tent (Fig. 4). Fif teen sam ples were taken
from the Malbork For ma tion and seven from the Lidzbark For -
ma tion. Bulk rock com po si tions and clay min er als were iden ti -
fied by X-ray dif frac tion (XRD), us ing a Philips X´Pert PW 3020
diffractometer with CuKa ra di a tion. The stan dard pro ce dure of
qual i ta tive de ter mi na tion of min er als and semi-quan ti ta tive
phase anal y sis based on ICDD (In ter na tional Cen tre for Dif frac -
tion Data) da ta base and Ref er ence In ten sity Ra tio method was
ap plied (as de scribed e.g., by Brañski, 2014). The re sults of
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Fig. 7. Palynofacies anal y sis of the Mid dle Buntsandstein of the Bartoszyce IG 1 bore hole

Explanation of li thol ogy see Figure 4



phase com po si tion of in di vid ual spec i mens are pro vided in
wt.%, re cal cu lated to 100% for each sam ple. The clay frac tion
(<20 µm), ob tained with the method based on dif fer en tial set -
tling from sus pen sion, was iden ti fied from X-ray di a grams of ori -
ented spec i mens af ter air-dry ing, gly col sol va tion, and heat ing
at 550°C. Semi-quan ti ta tive es ti ma tions of clay min eral con tent
based on the peak ar eas of basal re flec tions char ac ter is tic for
each min eral are pro vided in wt.%.

Bo ron con tent was de ter mined by in duc tively cou pled
plasma – op ti cal emis sion spec trom e try (ICP-OES) tech nique
stepwise: first af ter hy dro chlo ric acid di ges tion, and af ter di ges -
tion in aqua regia. For the first step 1 g of each sam ple was
treated for 1 h in 95°C tem per a ture with 25% HCl. The so lu tion
was fil tered with a me dium drain and dis tilled wa ter was added
to make a 50 g so lu tion-spec i men. For the sec ond step 3 g of
each sam ple was treated for 16 h at room tem per a ture with
aqua regia and then dis solved for a fur ther 2 h un der a re flux
con denser. The sam ple was fil tered with a me dium drain and
dis tilled wa ter was added to make a 100 g so lu tion-spec i men.
The mea sure ments were con ducted with an ICP-OES iCAP
6500 Duo Thermo Sci en tific spec trom e ter. The ax ial view and
wave lengths of the 208.889 nm emis sion line was used for bo -
ron de ter mi na tion. Four point cal i bra tion in the lin ear range was
ap plied. The low limit of de tec tion was 5 mg/kg. Con trol sam -
ples con tain ing 100 mg/kg of bo ron, pre pared with cer ti fied
AccuStandard so lu tions, served as ref er ence ma te rial.

All sam ples were ex am ined at the Cen tral Chem i cal Lab o -
ra tory of the Pol ish Geo log i cal In sti tute – Na tional Re search In -
sti tute.

MICROFACIES, MINERALOGY AND GEOCHEMISTRY 
OF THE OOLITIC LIMESTONES

Four teen sam ples of oolitic lime stone were taken from the
depth in ter val 1033.9–1045.3 m for petrographic and geo chem -
i cal in ves ti ga tion (Fig. 4). The microfacies and petrographic
anal y ses were based on po lar iz ing mi cros copy, as well as
cathodoluminescence (CL) ob ser va tions and scan ning elec tron 
mi cro scope anal y ses, made on thin sec tions pre pared from
each sam ple.

The chem i cal com po si tion of the min eral phases was ex -
am ined in spots and mi cro-ar eas of se lected thin sec tions us ing 
the CAMECA SX 100 elec tron microprobe at the Mi cro-Area
Anal y sis Lab o ra tory of the Pol ish Geo log i cal In sti tute – Na tional 
Re search In sti tute. A to tal of 69 anal y ses were made. De tec tion 
lim its (in ppm units) of the method for Mg was 45, for Sr ~350,
and for both Mn and Fe – 240. Most of the val ues mea sured
were above the lim its, ex cept for a sig nif i cant num ber of Sr
anal y ses mainly of blocky cal cite ce ments.

Car bon and ox y gen sta ble iso topes anal y ses were per -
formed on each sam ple with the Kiel IV Car bon ate De vice, con -
nected to an IRMS Finnigan Delta Plus mass spec trom e ter, at
the Sta ble Iso tope Lab o ra tory of the In sti tute of Geo log i cal Sci -
ences of the Pol ish Acad emy of Sci ences. Three of the 14 sam -
ples were ana lysed twice, the av er age value of both re sults be -
ing used.

RESULTS

PALYNOFACIES OF THE LIDZBARK AND MALBORK FORMATIONS

Sev enty palynomorph taxa com pris ing spores, pol len
grains and al gae were iden ti fied and listed by Becker et al.
(2020). Based on the pro por tion (in %) of the par tic u lar
palynoclast groups, seven types of palynofacies have been dis -
tin guished (Ta ble 1; Figs. 7 and 8).

Palynofacies type 1 was rec og nized in the Malbork For ma -
tion at the depths of 928.60 m and 935.87 m (Fig. 7). It is dom i -
nated by finely dis persed par ti cles (Fig. 8A). Less fre quently oc -
cur wood, DOM and het er o ge neous par ti cles, with scarce pol -
len and in di vid ual spores and cu ti cles. Palynoclasts are pre -
dom i nantly yel low, light brown and black in col our (for de tails
see Ta ble 1).

Palynofacies type 2 was found in the Malbork For ma tion at
the depths of 974.68 m, 976.99 m and 977.78 m (Fig. 7 and Ta -
ble 1). It is char ac ter ized by a rel a tively high con tent of
palynomorphs, reach ing 50% (Fig. 8B) and the pres ence of
fresh wa ter al gae. Wood and het er o ge neous par ti cles are abun -
dant, whereas finely dis persed par ti cles and DOM oc cur less
fre quently. Cu ti cles and plant tis sues were seen very rarely.
Palynoclasts vary in col our.

Palynofacies type 3 was rec og nized in the Malbork For ma -
tion at the depth of 982.19 m (Fig. 7 and Ta ble 1). It is strongly
dom i nated by black, opaque het er o ge neous par ti cles, whereas
other palynoclasts, such as palynomorphs, wood and DOM are
scarce (Fig. 8C).

Palynofacies type 4 oc curs in the Lidzbark For ma tion at the
depths of 1014.91 m, 1015.88 m, 1017.74 m,1021.58 m and
1024.51 m (Fig. 7 and Ta ble 1). It is dis tin guished by a high con -
tent of palynomorphs, reach ing 45% (Fig. 8D), and the pres -
ence of fresh wa ter al gae. It dif fers from type 2 by the dom i -
nance of pol len over spores and the higher con tent of black het -
er o ge neous par ti cles.

Palynofacies type 5 was de tected in the Lidzbark For ma tion
at the depths of 1016.46 m, 1018.80 m,1019.72 m, 1023.82 m
and 1034.76 m (Fig. 7 and Ta ble 1). Its dis tinc tive fea ture is
pres ence of the “fluffy” mat ter (Fig. 8E). The palynofacies is
dom i nated by finely dis persed par ti cles, whereas het er o ge -
neous par ti cles and wood oc cur less fre quently. DOM and pol -
len are ob served in fre quently and other palynoclasts, such as
spores, cu ti cles and plant tis sues, spo rad i cally.

Palynofacies type 6 oc curs in the Lidzbark For ma tion at the
depth of 1034.92 m (Fig. 7 and Ta ble 1). It con sists mainly of
back, opaque het er o ge neous par ti cles and black wood. Finely
dis persed par ti cles, DOM and plant tis sue are rare.

Palynofacies type 7 was found in the Lidzbark For ma tion, at
the depth of 992.76 m (Fig. 7 and Ta ble 1). It is strongly dom i -
nated by black AOM (mainly finely dis persed par ti cles); black
and dark brown wood par ti cles oc cur less fre quently (Fig. 8F).

MINERALOGY AND BORON CONTENT OF THE FINE-GRAINED ROCKS
OF THE LIDZBARK AND MALBORK FORMATIONS

MINERALOGY

Clay min er als and quartz, reach ing 34–65 wt.% and
17–36 wt.% of the bulk rock re spec tively, are the main com po -
nents of the mudstones of the Lidzbark and Malbork for ma tions
in the Bartoszyce IG 1 bore hole (Fig. 9). They are ac com pa nied 
by feld spars, cal cite and do lo mite, which com pose up to
31 wt.% of the bulk rock. Do lo mite oc curs in all sam ples from
the Lidzbark For ma tion and only in a few sam ples of the low er -
most and up per most parts of the Malbork For ma tion. By con -
trast, feld spars oc cur in all sam ples, reach ing 7 to 11 wt.% of
the bulk rock. Traces of iron min er als have been found in most
sam ples of the Malbork For ma tion. In the sam ples from
904–918 m depth they were rep re sented by goethite. At
934–954 m depth he ma tite pre vailed. In the sam ple from
1017.7 m depth (Lidzbark Fm.) 3 wt.% gyp sum oc curs ac com -
pa nied by the high est do lo mite con tent (18 wt.%) of all the sam -
ples ex am ined.

Some dif fer ences can be ob served be tween the sam ples of
the Lidzbark For ma tion and the Malbork For ma tion with re spect 
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to the main rock com po nents. In the sam ples of the Lidzbark
For ma tion quartz con tent rarely ex ceeds 20 wt.%, while in the
Malbork For ma tion it is higher and var ies be tween 24 wt.% and
36 wt.% (Fig. 9). The clay min eral con tent is sta ble and reaches
~50 wt.% in the Lidzbark For ma tion and the low er most part of
the Malbork For ma tion, while it is vari able in the mid dle and up -
per parts of the Malbork For ma tion, rang ing from 33 wt.% to
65 wt.%, with an av er age of 48 wt.% (Fig. 9).

In all sam ples in ves ti gated, the clay min eral as so ci a tion is
com posed of chlorite, mak ing up 15–29 wt.% of the bulk rock,
and illite or a mix ture of illite and smectite (illite pre vails, ex cept
for one sam ple), reach ing 16 to 45 wt.%, most of ten ~30 wt.%
(Fig. 9). The high est amount of chlorite (>20 wt.%) was found in
the mid dle part of the Malbork For ma tion, at a depth of
918.32–954.60 m. Illite oc curs, as the sec ond com po nent of the 
clay min eral as so ci a tion, in the sam ples of the Lidzbark For ma -
tion and the low er most part of the Malbork For ma tion. The mix -
ture of illite and smectite com prises the sec ond com po nent in
the sam ples of the mid dle and up per parts of the Malbork For -
ma tion. The bound ary be tween the two as so ci a tions is rec og -
niz able and lies be tween the sam ples at 950.72 m and 954.6 m
depth (~952.66 m; Fig. 9).

Ac cord ing to Nowicka (1974a) quartz, feld spars and chlorite 
be long to the de tri tal com po nents of the rocks, whereas cal cite,
do lo mite, illite and iron hy drox ides form its ma trix.

A full dataset is pro vided in the sup ple men tary ma te rial at -
tached as an Ex cel file (Ap pen dix 1*).

BORON CONTENT

The bo ron con tent ob tained af ter the HCl di ges tion of sam -
ples var ies be tween 44 and 112 mg/kg across all sam ples in -
ves ti gated, and a poorly de fined over all drop in val ues to wards
the top of the suc ces sion can be ob served (Fig. 9). The av er age 
value be low the depth of 968.77 m reaches 81.8 mg/kg and
does not ex ceed 65 mg/kg higher in the sec tion. The high est
val ues oc cur in the depth in ter val of 977.29–1017.7 m.

The bo ron con tent ob tained af ter aqua regia dis so lu tion of
sam ples var ies be tween 70 and 121 mg/kg across all sam ples
ex am ined (Fig. 9). All but one re sult above the depth of
963.28 m shows val ues of >90 mg/kg (110.3 mg/kg in av er age), 
while be low this depth the val ues vary be tween 76 and
118 mg/kg (av er age 86.5 mg/kg). A vague but over all in creas -
ing trend can be ob served to wards the top of the suc ces sion.
De spite the gen eral trend, the suc ces sion can be di vided into
sub sec tions of higher and lower bo ron con tent. The lower bo ron 
con tent is char ac ter is tic of the in ter vals 1021.48–1040.95 m
and 954.6–968.77 m. The higher val ues oc cur in the in ter vals
977.29–1017.7 m and 899.11–950.72 m.

The val ues achieved af ter the sec ond dis so lu tion step are
gen er ally higher than those mea sured af ter the first step. The
re sults be tween the two steps show op po site trends to the top
of the suc ces sion. As a re sult, the dif fer ence in bo ron con tent
ob tained af ter the sec ond and the first steps of sam ple di ges -
tion is sig nif i cantly higher in the up per part of the suc ces sion
than in the lower one. For the av er age val ues be low the depth
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Palynofacies

(Fig. 8)

type 1

(A)

type 2

(B)

type 3

(C)

type 4

(D)

type 5

(E)
type 6

type 7

(F)

Palynoclasts [%]

Palynomorphs

spores 0–0.5 15–30 0.2 3–10 0–1 0 0

pol len 0.5–3 10–20 0.8 13–36 0–3 0 0

fresh wa ter al gae 0 0–2 0 0.2–3 0 0 0

STOM

wood 5–10 20–35 4 7–32 8–12 40 11

cu ti cles 0.2–2 0.5–5 0 0.5–2 0–0.5 0 0

plant tis sues 0–0.1 0.2–0.5 0 0–2 0–0.2 4 0

DOM 5–10 5–10 5 2–5 2–6 5 0

AOM

het er o ge neous p. 5–10 10–30 90 20–40 10–20 43 19

finely disp. p. 60–85 10–15 0 5–10 40–67 8 70

“fluffy” mat ter 0 0 0 0 20–40 0 0

Col our [%]

yel low 20–30 10–20 0 10–20 30–40 0 0

or ange 0 0–10 0 5–10 0 0 0

light brown 20–30 20–30 0 10–20 20–30 0 0

brown 0–10 2–10 0 0–2 0–3 0 0

dark brown 5–10 10–20 5 10–20 10–20 2 5

black (opaque) 20–30 20–30 95 30–60 20–40 98 95

disp. – dis persed, p. – par ti cles

T a  b l e  1

Per cent ages of in di vid ual groups of palynoclasts and their colours for the dis tin guished
types of palynofacies

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1566

https://gq.pgi.gov.pl/article/downloadSuppFile/28295/3968
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Fig. 8. Palynofacies of the Mid dle Buntsandstein of the Bartoszyce IG 1 bore hole

A – type 1; floodplain, dis tal zone, depth 935.87 m, Malbork Fm.; B – type 2, floodplain, prox i mal zone, 974.68 m, Malbork Fm.; C – type 3,
prob a ble deltaic or bar rier set ting, 982.19 m, Malbork Fm.; D – type 4, brack ish la goon, depth 1024.51 m, Lidzbark Fm.; E – type 5, open ma -
rine ba sin, depth 1019.72 m, Lidzbark Fm.; F – type 7, open ma rine palynofacies, prob a bly pedogenically al tered, depth 992.76 m, Lidzbark
Fm.; palynoclasts: D – DOM, f – “fluffy” mat ter, fd – finely dis persed par ti cles, h – het er o ge neous par ti cles, p – pol len, s – spores, t – plant tis -
sues, w – wood; scale bar 60 µm
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Fig. 9. Re sults of min er al og i cal and geo chem i cal in ves ti ga tion of fine-grained de pos its of the Bartoszyce IG 1 bore hole

Ex pla na tions as on Figure 4



of 968.77 m, the dif fer ence is ~5 mg/kg, while above the depth
of 954.6 m it in creases to >40 mg/kg.

A full dataset is pro vided in the sup ple men tary ma te rial at -
tached as an Ex cel file (Ap pen dix 1).

MICROFACIES, MINERALOGY AND GEOCHEMISTRY 
OF THE OOLITIC LIMESTONES OF THE LIDZBARK FORMATION

The car bon ate de pos its within the Lidzbark For ma tion stud -
ied are ex clu sively oolitic lime stones–mainly grainstones and
rarely packstones (see Figs. 10 and 11). The grains in spe cific
oolitic beds may be well or poorly sorted (Fig. 10A–E). Some
lime stone beds con tain a greater or lesser ad mix ture of quartz
grains (see Fig. 10E).

The in di vid ual ooids are usu ally spher i cal and their di am e ter 
ranges from sev eral dozen to ~500 µm, of ten in the range of
300–400 µm. In some beds, how ever, ooids have a di am e ter of
up to 2 mm (e.g., sam ple 14 – Fig. 10B). There are var i ous
types of ooids: mostly ra dial and rarely con cen tric (tan gen tial),
or micritic (Fig. 10). Large ra dial ooids typ i cally show well-de vel -
oped ex tinc tion crosses in cross-po lar ized light (see Fig. 10C).
The ra tio of the thick ness of the cor tex to the nu cleus in the
ooids is very high. Ooid nu clei are ei ther peloids or other un -
iden ti fi able micritic grains (Fig. 11A); of ten the growth of ooids
took place on very small grains that are vir tu ally un rec og niz -
able. Com pound ooids (ooid ag gre gates) and re gen er ated
ooids are rare. No ooids with a core of a quartz grain or other
terrigenous ma te rial were de tected.

The oolitic de pos its stud ied are al most com pletely de void of 
fos sils or bioclasts. The only organogenic res i dues that were
vis i ble in the thin sec tions ana lysed were sev eral rounded skel -
e tal frag ments (just a cou ple of spec i mens in 14 thin sec tions)
of non-spec i fied or gan isms with ap a tite min er al ogy (see
Figs. 10F and 11D) and, even more rarely, car bon ate shells of
gas tro pods, ?bi valves, and ?ostracods.

The diagenetic pro cesses af fect ing the oolitic de pos its in -
ves ti gated com prise: ce men ta tion, dis so lu tion as well as me -
chan i cal and chem i cal com pac tion (dis so lu tion un der pres -
sure); in ad di tion, clear ev i dence of recrystallization can be ob -
served in some of the oolitic lime stone beds ex am ined.

Two types of cal cite ce ment were found in the oolitic lime -
stones. The first is an isopachous ce ment that forms thin rims
around the ooids made of acicular cal cite crys tals, non-lu mi -
nes cent in CL  (see Figs. 10C, D and 11A, B). The sec ond, later 
type of ce ment is of coarsely crys tal line blocky cal cite (crys tals
up to sev eral tens of micrometres in size – see Fig. 11A–C) that
shows in tense cathodoluminescence (see Fig. 10D). Dis so lu -
tion of un sta ble car bon ate min eral phases has been ob served
in rare cases (Fig. 10A). The ef fects of me chan i cal com pac tion
are bro ken or cracked ooids and bioclasts (see Fig. 10D).
Chem i cal ef fects of com pac tion by pres sure so lu tion is shown
by the pres ence of stylolite su tures and a concavo-con vex pat -
tern (in den ta tions) at the con tacts of neigh bour ing ooids (see
Figs. 10E and 11C).

Anal y ses by a CAMECA SX 100 elec tron microprobe
showed that the oolitic de pos its are al most ex clu sively com -
posed of low-mag ne sium cal cite. Lo cally do lo mite was found in
some of the sam ples in ves ti gated. It forms thin laminae or tiny
“splashes” in ooids and small peloids or micritic intraclasts
(Fig. 11). Ex cept for do lo mite, other authigenic min er als found
in the lime stones stud ied are ce lest ite (of ten as ce ment – large
crys tals in pores – see Fig. 11C), bar ite, sil ica, and py rite. De tri -
tal min er als in ad di tion to quartz in clude feld spars (po tas sium
feld spar and plagioclase), ap a tite, clay min er als, zir con and
gar net (Fig. 11).

No sig nif i cant dif fer ence in min er al og i cal or chem i cal com -
po si tion was found be tween the cal cite form ing ooids and
acicular rim ce ments (see Ta ble 2). Ooid cor ti ces con tain on av -
er age ~0.51 wt.% Mg (from 0.288 to 0.637 wt.%) and al most
0.05 wt.% Sr (max. up to 0.065 wt.%). Mean Mn con tent is
~0.06 wt.% (from 0.027 to 0.093 wt.%) and mean Fe con tent is
nearly 0.24 wt.% (from ~0.09 to 0.42 wt.%). The chem i cal com -
po si tion of the acicular rim ce ment is sim i lar. Its mean Mg con -
tent reaches 0.41 wt.% (max. up to 0.60 wt.%), mean Sr con tent 
is 0.05 wt.% (and var ies in a broad range with a max. value of
0.088 wt.%), mean Mn con tent is ~0.06 wt.% (from 0.027 to
0.093 wt.%) and mean Fe con tent is ~0.13 wt.% (from 0.078 to
0.177 wt.%). The blocky cal cite ce ment is clearly dif fer ent in
chem i cal com po si tion than both ooids and acicular rim ce ment.
It con tains less Mg (mean ~0.29 wt.%, rang ing from 0.040 to
0.481 wt.%), Sr (most re sults be low de tec tion limit of 0.0350
wt.%; only two anal y ses out of a to tal of 37 are above the limit
reach ing ~0.04 wt.%), Fe (mean al most 0.08 wt.% – from 0.014
to 0.167 wt.%) and more Mn (mean 0.144 wt.% – from 0.033 to
0.203 wt.%). Ad di tion ally, the blocky ce ment is very poor in Si,
Al and S com pared to the other com po nents (Ta ble 2).

Mean el e men tal con tents of Mg, Sr, Mn, and Fe mea sured
by elec tron microprobe in the in di vid ual cal cite min eral phases
and in the dis persed do lo mite are given in Ta ble 2. A full set of
anal y ses (in clud ing some ba sic sta tis ti cal data) is pro vided in
the sup ple men tary ma te rial at tached as an Ex cel file (Ap pen -
dix 2).

The mea sured val ues of d18O and d13C are plot ted in Fig -
ure 12. d18O val ues in the sam ples ex am ined are very ho mo ge -
neous and cover an ap prox i mate range from –5 to –4.5‰
VPDB (Fig. 12). Out of a to tal of 17 iso tope anal y ses, only two
sam ples taken from the low er most oolitic bed show a value of
d18O above –4‰ VPDB. The d13C val ues range from –2 to + 1‰ 
VPDB (Fig. 12). The most strik ing fea ture is a dis tinct de crease
in d13C (= in creas ing con tri bu tion of light biogenic 12C iso tope)
up the sec tion. A com plete list of anal y ses is pro vided in the
sup ple men tary ma te rial at tached as an Ex cel file (Ap pen dix 3).

DISCUSSION

PALYNOFACIES – PALAEOENVIRONMENTAL CONTEXT

The palynofacies may be ini tially in ter preted in terms of its
dif fer ent types as re gards the en vi ron men tal pro cesses which
may have led to the their de vel op ment.

Palynofacies type 1, which oc curs in the mid dle part of the
Malbork For ma tion, is strongly dom i nated by finely dis persed
par ti cles of AOM of ter res trial der i va tion (e.g., Bat ten, 1996)
and does not con tain ma rine palynoclasts. This points to a ter -
res trial en vi ron ment with low pres er va tion po ten tial for
palynomorphs. A sim i lar palynofacies was de scribed as type 5
by Fija³kowska (1994) from Lower Tri as sic dis tal al lu vial plain
de pos its in the Holy Cross Moun tains and as type 2 from Up per
Tri as sic floodplain de pos its in Up per Silesia (Fija³kowska-
 Mader et al., 2015a).

Palynofacies type 2 palynofacies, oc cur ring in the lower part 
of the Malbork For ma tion, is char ac ter ized by a high con tent of
palynomorphs and struc tural mat ter, which in di cates prox im ity
to land (Tyson, 1995) and a good pres er va tion po ten tial for or -
ganic mat ter. Hence palynofacies type 2 was de pos ited in a lo -
ca tion rel a tively close to plant com mu ni ties and pos si bly un der
less ox i diz ing con di tions than type 1. Such con di tions may be
ful filled on fre quently flooded parts of a floodplain or a delta
plain.
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Fig. 10. Ex am ples of microfacies and micro struc tures of oolitic limestones of the Lidzbark Fm. of the Bartoszyce IG 1 bore hole

A – fine-grained oolitic grainstone with large intraclast of coarse-grained oolitic packstone con tain ing now-dis solved gas tro pod and ?bi valve
shells (ar rows) that are oc cluded with late-diagenetic cal cite ce ments, the bi valve shell is rimmed with an oolitic coat ing (sam ple no. 8, depth
1038.8 m, plane-po lar ized light mi cro pho to graph); B – poorly sorted oolitic grainstone with intraclasts of wackestone (con tain ing tiny thin
shells of ?ostracods) and mudstone (ar rows) (sam ple no 14, depth 1033.9 m, plane-po lar ized light mi cro pho to graph); C, D – poorly sorted
oolitic grainstone com posed of ra dial ooids (see well-de vel oped ex tinc tion crosses in some ooids), it is ex ten sively ce mented by two ce ment
gen er a tions: the first is a synsedimentary fi brous rimmed cal cite ce ment syntaxially over grow ing the ooids, the sec ond is coarse-crys tal line
blocky cal cite ce ment of me te oric or burial or i gin, crushed or cracked ooids (ar rows) are in dic a tive of me chan i cal com pac tion (sam ple no 3,
depth 1041.6 m, crossed polars and cathodoluminescence (CL) mi cro pho to graphs, re spec tively; E – fine-grained oolitic packstone with nu -
mer ous usu ally an gu lar quartz grains; stylolite su tures and concavo-con vex in den ta tions at the ooid-to-ooid con tacts (ar rows) are in di ca tors
of com pac tion (sam ple no 1, depth 1045.30 m, crossed polars mi cro pho to graph); F – oolitic grainstone con tain ing a skel e tal el e ment (ar row)
of an un de fined or gan ism (pos si bly a fish scale) of ap a tite min er al ogy (sam ple no 3, depth 1041.6 m, plane-po lar ized light mi cro pho to graph)
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Fig. 11. Oolitic lime stones in BSE (back scat tered-elec tron) im ages

A, B – oolitic grainstone with acicular rim ce ment and blocky cal cite ce ment, thin dolomitic laminae within ooid cor ti ces high light the con cen -
tric ooid struc ture, do lo mite forms also ir reg u lar patches within the ooids (sam ple no. 3, depth 1041.6 and sam ple no. 7, depth 1039.0, re -
spec tively); C – oolitic grainstone with large dolomicritic intraclast (bot tom left), partly dolomitized peloids (white ar row) and in di vid ual grains
of de tri tal quartz, large ooid is heavily dis solved by stylolite (black ar row), inter gra nu lar po ros ity is filled with blocky cal cite and ce lest ite ce -
ments (sam ple no 14, depth 1033.9); D – oolitic grainstone with un de fined skel e tal el e ment of ap a tite min er al ogy (sam ple no 3, depth
1041.6); red dots mark points of CAMECA SX 100 anal y ses; dol – do lo mite, bc – blocky cal cite ce ment, ac – acicular rim ce ment, ap – ap a -
tite,  br – bar ite, cls – ce lest ite, cp – chal co py rite, chl – chlorite

Com po nent
No. of

ana l y ses
Mg

[wt.%]

Sr

[wt.%]

Mn

[wt.%]

Fe

[wt.%]

Al

[wt.%]

Si

[wt.%]

S

[wt.%]

ooid cor tex 17   0.508 0.046 0.066 0.238 0.139 0.373 0.069

acicular rim ce ment   4   0.415 0.050 0.064 0.127 0.002 0.080 0.033

blocky ce ment 37   0.289 0.018 0.144 0.077 0.002 0.031 0.019

do lo mite   9 11.613 0.026 0.107 1.025 0.253 0.554 0.043

de tec tion limit [wt.%] 0.0045 0.035 0.024 0.024 0.006 0.0065 0.0065

T a  b l e  2

Mean con tent of se lected el e ments in in di vid ual cal cite phases and in do lo mite



Palynofacies type 3, which oc curs within the sandy in ter val
of the basal Malbork For ma tion, in ter preted as deltaic or bar rier
in or i gin (see Fig. 4), con sists al most en tirely of amor phous or -
ganic mat ter in the form of black, opaque het er o ge neous par ti -
cles with a small amount of wood and very rare in di vid ual
palynomorphs. Such a com po si tion can in di cate long trans port
and/or redeposition of the or ganic mat ter (Tyson, 1995). Nu -
mer ous stud ies sum ma rized by Tyson (1993, 1995) show a
clear con nec tion be tween high ra tios of opaque phytoclasts and 
rel a tively coarse-grained, high en ergy, or gan i cally-poor fa cies,
es pe cially in deltaic sys tems.

The palynoclast com po si tion of palynofacies type 4, oc cur -
ring in the lower part of the Lidzbark For ma tion, with a rel a tively
high amount of palynomorphs and STOM, as well as the pres -
ence of fresh wa ter al gae and lack of ma rine plank ton and
“fluffy” mat ter, may in di cate de po si tion in a brack ish la goon
(e.g., Bergen and Kerp, 1990; Pieñkowski and Waksmundzka,
2009; Heunisch et al., 2010).

Palynofacies type 5 is the only one where “fluffy” amor phous 
or ganic mat ter oc curs. This, to gether with the lack of fresh wa ter 
al gae, may in di cate a ma rine or i gin for this type of palynofacies
(e.g., Tyson, 1995; Bat ten, 1996).

Palynofacies  type 6, oc cur ring in coarser grained,
sandy-oolitic layer in the lower part of the Lidzbark For ma tion,
con sists mainly of het er o ge neous par ti cles and wood and in di -
cates in put of terrigeneous ma te rial into the ba sin af ter rel a tively 
long trans port (e.g., Bat ten, 1996).

The or i gin of the type 7 palynofacies, rec og nized in a
pedogenically al tered mudstone in the top most Lidzbark For -
ma tion, is an un solved prob lem. It con sists al most en tirely of
amor phous or ganic mat ter in the form of black, opaque finely
dis persed or heterogenous par ti cles with a small amount of
wood. Such a com po si tion of the palynofacies could re sult from
post-depositional ox i da tion as so ci ated with lon ger emer gence
pe ri ods, which are doc u mented by ini tial pedogenic pro cesses
(stain ing, roots, mas sive struc tures; cf. Tyson, 1993, 1995).
Diagenetic, pos si bly ther mal, de com po si tion of pri mary or ganic
mat ter may also be con sid ered, but is less likely.

The ver ti cal suc ces sion of palynofacies re flects well the
gen er ally shallowing up wards trend in the depositional en vi ron -
ments. Palynofacies type 5 is grad u ally re placed by type 4

within the lower Lidzbark For ma tion, which is ac com pa nied by a 
de cline in ooidal shoals/bars sed i men ta tion in fa vour of calm
de po si tion in shal low wa ter. Pro gres sive  re gres sion lad to  the
ini tial de vel op ment of palaeosols at the end of sed i men ta tion of
the Lidzbark For ma tion ac com pa nied by type 7 palynofacies.
Then sed i men ta tion of the Malbork For ma tion be gan in a
deltaic and prox i mal floodplain set ting as so ci ated with
palynofacies types 3 and 2. Dur ing sed i men ta tion of the mid dle
part of the Malbork For ma tion, the al lu vial plain area in creased
and type 1 palynofacies ap peared.

Palynofacies anal y sis did not pro vide any clear ar gu ments
for ma rine depositional en vi ron ments. In con trast to the low er -
most Mid dle Buntsandstein de pos its of the cen tral part of the
CEB, no acritarchs or even prasinophyts were found in the sed i -
ments in ves ti gated (e.g., Or³owska-Zwoliñska, 1984; Heunisch
and Röhling, 2016). The pres ence of “fluffy” amor phous or ganic 
mat ter within the type 5 palynofacies found in the lower part of
the Lidzbark For ma tion is the only ar gu ment for a pos si ble ma -
rine or i gin (e.g., Tyson, 1995; Bat ten, 1996). Ter res trial, flu vial
en vi ron ment of the Malbork For ma tion, es pe cially of its up per
part, is well-doc u mented.

MINERALOGY AND BORON CONTENT OF THE FINE-GRAINED ROCKS –
VERTICAL AND REGIONAL DIFFERENTIATION, PALAEOGEOGRAPHICAL 

CONTEXT AND DIAGENESIS

MINERALOGY

The min er al ogy of the fine-grained de pos its of the Lidzbark
For ma tion and the low er most part of the Malbork For ma tion is
sig nif i cantly more uni form than that of the up per part of the
Malbork For ma tion. The hy dro log i cal and chem i cal con di tions
were there fore sta ble over a long pe riod of time dur ing de po si -
tion of the lower part of the suc ces sion un der dis cus sion, which
is to be ex pected for ma rine as op posed to con ti nen tal set tings
(Shel don and Ta bor, 2009). A typ i cal fea ture of a playa lake ba -
sin should be its re cur ring con trac tion as so ci ated with changes
in the chem i cal con di tions of de po si tion (e.g., Kend all, 1984 in
Tal bot and Allen, 1996; Briere, 2000). One may ex pect a more
var ied min er al og i cal sig nal from a suc ces sion de pos ited in a
sys tem of such per sis tent en vi ron men tal fluc tu a tions (Last,

Ma rine vs. ter res trial en vi ron ments dur ing Early Tri as sic de po si tion on the northeast ern mar gin of the Cen tral Eu ro pean Ba sin... 1039

Fig. 12. Re sults of ox y gen and car bon sta ble iso tope mea sure ments of the
Lidzbark For ma tion oolitic lime stones

Ex pla na tions as on Figure 4



1984; Schütt, 2004; Rahimpour-Bonab and Abdi, 2012). En -
rich ments in he ma tite and goethite ac com pa nied by cal cite, as
well as cal car e ous nod ules and stains (mot tles), typ i cal of im -
ma ture soils, e.g. vertisols (Shel don and Ta bor, 2009; Œrodoñ
et al., 2014) only oc cur in the up per most part of the Malbork
For ma tion and doc u ment pedogenic pro cesses in a con ti nen tal
realm.

The pat tern of do lo mite dis tri bu tion within the ver ti cal suc -
ces sion of the Mid dle Buntsandstein is also sig nif i cant. Do lo -
mite oc curs in all sam ples be low the depth of 963 m, i.e. in the
low er most part of the Malbork For ma tion and through the en tire
Lidzbark For ma tion. Above, within the up per part of the Malbork 
For ma tion, do lo mite only ac com pa nies goethite en rich ments.
Driese et al. (2000) listed the dolomitization of pedogenic cal -
cite as one of the typ i cal min er al og i cal changes as so ci ated with
the burial diagenesis of a palaeo-vertisol. There are in di ca tions
of pedogenic pro cesses within the up per part of the Malbork
For ma tion. En rich ment in cal cite and iron ox ides (hy drox ides) is 
typ i cal of im ma ture soil ho ri zons (e.g., Shel don and Ta bor,
2009; Œrodoñ et al., 2014). Thus the do lo mite in the up per part
of the Malbork For ma tion is prob a bly of diagenetic or i gin. The
or i gin of the do lo mite within the Lidzbark For ma tion was rather
dif fer ent than that of the Malbork For ma tion. There is no ev i -
dence of pedogenic pro cesses through out most of the Lidzbark
For ma tion. Œrodoñ et al. (2014) hy poth e sized ma rine in cur -
sions based on the pres ence of do lo mite and its iso to pic sig nal
in the mudstones of the Up per Tri as sic. Ac cord ing to cur rent
en vi ron men tal mod els (playa lake vs. epicontinental sea) the
Lidzbark For ma tion had to be de pos ited in brack ish to sa line
wa ter (e.g., Iwanow and Kiersnowski, 1998; Paul, 1999a; Szulc, 
2019). The do lo mite pat tern fits this in ter pre ta tion, as do lo mite
oc curs more of ten in ma rine de pos its or in de pos its of sa line
lakes (in clud ing playa lakes) than in fresh wa ter de pos its (Rid -
ing, 1996). In a playa lake en vi ron ment, stron ger sa lin ity fluc tu -
a tions would be ex pected than in a rel a tively sta ble ma rine en vi -
ron ment, which con tra dicts the ob served sta ble do lo mite con -
tent. Nev er the less, a diagenetic or i gin for the do lo mite can not
be ex cluded. Fur ther in ves ti ga tions, in clud ing do lo mite forms
and iso to pic com po si tion, are needed to de ter mine the source
and or i gin of do lo mite in the Lidzbark For ma tion.

The clay min er al ogy of the Buntsandstein mudstones was
pre vi ously in ves ti gated by Szama³ek (1989) in south ern Po land
(the Holy Cross Mts. re gion) and by Czapowski et al. (1994) in
south west ern Po land. Brañski (2007) pro vided ad di tional re -
sults from an ex po sure in south ern Po land. Clay min eral as so -
ci a tions vary re gion ally (Fig. 13). Czapowski et al. (1994) re -
corded a dom i nance of kaolinite over illite, chlorite and sub or di -
nate smectite in south west ern Po land. In south ern Po land
Brañski (2007) re ported a clay min eral as sem blage of kaolinite
and illite dom i nant over smectite and chlorite. The re sults of
Szama³ek (1989) show a clay min eral as sem blage in which illite 
dom i nates over kaolinite and sub or di nate chlorite. He found no
smectite. Fi nally, re cent re sults show an as sem blage with a
dom i nance of illite over chlorite and sub or di nate smectite with -
out kaolinite. A no tice able sys tem atic de crease in the kaolinite
con tent can be ob served be tween south west ern and north east -
ern Po land. Kaolinite abun dance is typ i cally in ter preted as de -
pend ent on the cli ma tic con di tions of rock weath er ing and/or on
the prox im ity of ba sin mar gins and source rocks (see e.g.,
Brañski, 2012, 2014; Œrodoñ et al., 2014 with ref er ences
therein). Weath er ing prod ucts formed un der more hu mid con di -
tions are en riched in kaolinite (e.g., Chamley, 1989; Thamban
et al., 2002). How ever, the kaolinite par ti cles are larger than
those of illite and illite-smectite, so that en rich ments in kaolinite
are as so ci ated with the ba sin mar gins (see Œrodoñ et al., 2014

with ref er ences therein). The Buntsandstein mudstones ex am -
ined from dif fer ent parts of Po land are not pre cisely
isochronous. Nev er the less, they rep re sent the Lower (SW Po -
land) and Mid dle (south-cen tral and NE Po land) Buntsandstein, 
and are all dated as de pos ited in the Induan or early Olenekian
(Becker et al., 2008, 2020). Since the ob served kaolinite trend
is spa tial rather than tem po ral, NE Po land rep re sents the most
dis tal po si tion within the Early Tri as sic ba sin of Po land. This fits
well with the for mer in ter pre ta tion of fa cies dis tri bu tion (see
Fig. 13; Iwanow and Kiersnowski, 1998) and sup ports the in fer -
ence that kaolinite en rich ments may in di cate prox im ity to land.
The trend ob served is an ad di tional ar gu ment that the ba sin
was con trolled by con nec tion to the north with an open ma rine
realm rather than to the south, if any (Szulc in Beutler and
Szulc, 1999; Becker, 2005; Szulc, 2019). Nev er the less a sim i lar 
fa cies pat tern and kaolinite trend could be ex pected for a
hydrologically closed intracontinental playa-lake ba sin (Paul,
1982, 1999a; Rahimpour-Bonab and Abdi, 2012).

A sys tem atic de vel op ment of clay-min eral as sem blages
can be ob served within the Mid dle Buntsandstein suc ces sion
in ves ti gated. Smectite dis ap pears with depth and is re placed by 
illite, rarely with an ad di tional mixed-lay ered illite-smectite min -
eral. In ad di tion to the lack of kaolinite, this in di cates diagenetic
illitization (cf. e.g., Brañski, 2012; Œrodoñ et al., 2014). Ac cord -
ing to Chamley (1989), a sig nif i cant diagenetic over print, in clud -
ing the illitization of smectite, be gins when the burial depth ex -
ceeds ~2000 m. Dyrka (2014) in ter preted the max i mum burial
depth of the Lower Tri as sic in north-east ern Po land to only
1200 m. The colours of spores ex am ined also in di cate a rel a -
tively low de gree of ther mal al ter ation. The as sumed illitization
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Fig. 13. Re gional dif fer en ti a tion of clay min eral as sem blages
within the Buntsandstein mudstones of Po land. Over all fa cies
dis tri bu tion af ter Iwanow and Kiersnowski (1998), mod i fied;
clay min er al ogy of the Holy Cross Moun tains re gion af ter
Szama³ek (1989) and Brañski (2007) and of south west ern Po -
land af ter Czapowski et al. (1994)
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could be a prod uct of hy dro ther mal al ter ation caused by K-rich
flu ids and not burial diagenesis as is in ferred for the Keuper
mudstones in south ern Po land as well (Œrodoñ et al., 2014).
Zechstein de pos its lo cated to the west of the Bartoszyce area,
un der ly ing the Buntsandstein, may be the source of K-rich flu -
ids. Perm ian K-salt de pos its are doc u mented ~50 km to the
west (Szuflicki et al., 2019) of the site in ves ti gated, and
Stolarczyk (1972) sus pected K-salt oc cur rences not more than
20 km west of it. The area of north east ern Po land was af fected
by a hy dro ther mal event, which is doc u mented by the ura nium
de pos its in the Buntsandstein of the Krynica-Pas³êk re gion (see 
e.g., Miecznik et al., 2011; Solecki et al., 2011) and strongly
pos i tive gamma-ray anom a lies within Buntsandstein sand -
stones and car bon ates through out the area (e.g., Szewczyk,
1987; Becker, 2019). Diagenetic illitization of smectite and
kaolinite would de stroy the pri mary ra tios of clay min er als, but
not the min er al og i cal com po si tion of the bulk rock. There fore,
only the dis cus sion about the dis tri bu tion of illite, kaolinite and
smectite should be treated with cau tion. The hy po thet i cal
diagenetic in flu ence on the Bartoszyce suc ces sion may be less
than as sumed, since the illite con tent in kaolinite- and
smectite-bear ing Buntsandstein mudstones of south ern Po land 
is com pa ra ble to or even higher than that re ported here
(Szama³ek, 1989; Brañski, 2007).

BORON CONTENT

A bo ron con tent in the range of 70 to 120 mg/kg, as found in
sam ples in ves ti gated, in di cates con tact with sa line wa ters
(Pasieczna, 1983; Œrodoñ et al., 2014). This con tent fluc tu ates
around the limit of 90 ppm that dif fer en ti ates be tween ma rine
and non-ma rine sed i ments ac cord ing to Pasieczna (1983).
Œrodoñ et al. (2014) con cluded that in creased con cen tra tions of 
bo ron and other el e ments typ i cal of sa line wa ters can pro vide
ev i dence of sa line con di tions dur ing sed i men ta tion if they pos i -
tively cor re late with the most fine-grained rocks with low per me -
abil ity. No such cor re la tion was ob served in the sec tion in ves ti -
gated. There fore, diagenetic mod i fi ca tion of the bo ron con tent
can not be ex cluded.

The in ferred diagenetic illitization may also have in flu enced
the bo ron con tent. The crys tal li za tion of illite in volves first of all
in cor po ra tion of po tas sium and other cat ions sim i lar to po tas -
sium, in clud ing bo ron, sub sti tut ing for sil i con in the tet ra he dral
sheet (e.g., Perry, 1972; Œrodoñ, 2010; Œrodoñ et al., 2014). A
higher amount of bo ron in cor po rated into the struc ture of sil i -
cate min er als in com par i son to bo ron ad sorbed on the sur face
of clay min eral par ti cles can be ex pected within the up per part
of the Malbork For ma tion. This can be as sumed from the great -
est dif fer ence in bo ron con tent be tween the re sults of the two di -
ges tion steps for the up per part of the Malbork Fm. (Fig. 9). Only 
a small amount of bo ron is in cor po rated into the crys tal line
struc ture of min er als within the Lidzbark For ma tion and the
lower part of the Malbork For ma tion, with most bo ron be ing ad -
sorbed on clay min eral sur faces. Also, smectite was de tected in 
the up per part of the Malbork For ma tion, in con trast to the
Lidzbark For ma tion and the lower part of the Malbork For ma -
tion, which, as op posed to the bo ron sig nal, in di cates stron ger
illitization in the lower part of the suc ces sion. The bo ron con tent
may have been al tered by changes in de tri tal illite sup ply and
sources (Perry, 1972). Ac cord ing to Perry (1972) re cy cled illite
would re tain the bo ron con cen tra tion in her ited from its pre vi ous
his tory.

Al though bo ron con tent can be over printed dur ing
diagenesis, it can still serve as a gen eral ac ces sory in di ca tor of
the depositional en vi ron ment as sug gested by Perry (1972).
The re sults ob tained here, though, do not al low any in ter pre ta -
tion of depositional en vi ron ment. The con ti nen tal Keuper de -

pos its in south ern Po land yielded bo ron con tents of roughly the
same range as those de scribed here for the Mid dle
Buntsandstein (Œrodoñ et al., 2014). The dis tinc tion here be -
tween diagenetic and pri mary bo ron sig nals re quires fur ther re -
search.

MICROFACIES, MINERALOGY AND GEOCHEMISTRY OF THE OOLITIC
LIMESTONES – MARINE VS. TERRESTRIAL ORIGIN

Ooids build ing the oolitic lime stones stud ied are mainly ra -
dial and such microstructure is con sid ered to be pri mary in or i -
gin (see Flügel, 2004: 144). They are pres ently com posed of
low-Mg cal cite, but orig i nally they likely pos sessed high-Mg cal -
cite min er al ogy. The fol low ing ob ser va tions sup port this in fer -
ence: (1) well-pre served ra dial microstructure that was not de -
stroyed dur ing diagenesis, i.e. trans for ma tion of high-Mg cal cite 
to low-Mg cal cite, as would have been the case for aragonitic
min er al ogy, (2) rel a tively low con tent of Sr and high con tent of
Mg (which ex cludes an orig i nally aragonitic min er al ogy), (3) the
pres ence of small amounts of do lo mite that could be re lated to
re lease of Mg ex cess dur ing cal cite trans for ma tion (with sub se -
quent pre cip i ta tion of do lo mite in a closed diagenetic sys tem,
as in the case of microdolomites – see e.g., Lohman and
Meyers, 1977), 4) shells of gas tro pods and bi valves, that orig i -
nally most prob a bly were com posed of ar agon ite, are com -
pletely leached and vis i ble only due to synsedimentary ce ment
or oolitic coat ings.

The Early Tri as sic has been con sid ered as an “ar agon ite
sea” in ter val, when sea wa ter chem is try fa voured the pre cip i ta -
tion of nonskeletal car bon ates with ar agon ite and/or high-Mg
cal cite min er al ogy (see  Sandberg, 1983) which seems to stay
in line with the ob ser va tions on min er al ogy above. How ever,
the min er al ogy of ooids pre cip i tat ing in the seas of Per m -
ian– Trias sic tran si tional time was vari able. It changed from
clearly aragonitic in the lat est Perm ian to mixed (both aragonitic 
as well as high-Mg cal cite, and in some cases also low-Mg cal -
cite), which sug gests un usual wa ter chem is try dur ing Early Tri -
as sic times (see dis cus sion in Li et al., 2015).

Oolitic lime stones from the Bartoszyce IG 1 bore hole are
sim i lar to the Buntsandstein oolitic de pos its known in other
parts of the Tri as sic Cen tral Eu ro pean Ba sin (see Kalkowsky,
1908; Usdowski, 1962; Weidlich, 2007; Paul et al., 2011). The
equiv a lent oo lites from Ger many and west ern Po land were re -
cently rec og nized as a prod uct of short-lived ma rine trans gres -
sions from the Bo real realm or from the Tethys into the Cen tral
Eu ro pean Ba sin (see dis cus sion in Weidlich, 2007 and in Szulc, 
2019). As re gards the com mon oc cur rence of un typ i cally large
ooids, the Buntsandstein oolitic lime stones are com pa ra ble to
more or less co eval Early Tri as sic oo lites of the Tethys Ocean,
wide spread from Eu rope to China (see e.g., Tian et al., 2015; Li
et al., 2019), that formed in the af ter math of the Perm ian-Tri as -
sic bi otic cri sis, when cal ci fy ing meta zo ans were lack ing in the
oceans. The Early Tri as sic oceans gen er ally were char ac ter -
ized by a prev a lence of un usual (so-called anach ro nis tic) car -
bon ate fa cies (such as oo lites and microbialites) and the com -
plete ab sence of skel e tal de pos its (see e.g., Woods, 2014).
The Early Tri as sic Buntsandstein Ba sin with its un typ i cal car -
bon ates fits very well with this sce nario.

The val ues of d13C ob tained from the oolitic lime stones fit
well with the ranges known for Lower Tri as sic ma rine car bon -
ates (e.g., Veizer et al., 1999; Tan ner, 2010; Algeo et al., 2011;
Fig. 14), ex clud ing the val ues of short-term pos i tive ex cur sions
of this iso to pic ra tio (Horacek et al., 2007a). Al most all re ported
val ues of d13C from Buntsandstein oo lites from the Cen tral Eu -
ro pean Ba sin show very nar row ranges be tween +1 and -4‰
(Korte and Kozur, 2005; Becker, 2007; Weidlich, 2007; Scholze 
et al., 2017; Fig. 14). Again, nar row ranges of d13C of ~5‰ in di -
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cate a ma rine rather than fresh wa ter or i gin of the de pos its
(Hud son, 1977; Hoefs, 1987). The range of d13C val ues in
fresh wa ter car bon ates can reach ~20‰ ac cord ing to Hoefs
(1987). How ever, in a lac us trine con ti nen tal ba sin al most com -
pletely de void of or ganic life (which means mi nor in puts of or -
ganic car bon di ox ide) and with small amounts of car bon sup -
plied from soil and bed rock dis so lu tion (due to an ex tremely arid 
cli mate), one can ex pect equi lib rium with at mo spheric CO2. So,
in such a sce nario the d13C of pre cip i tated cal cium car bon ates
should mir ror shifts in car bon iso to pic com po si tion of the at mo -
sphere and so be iso to pi cally sim i lar to ma rine car bon ates. We
note that the en vi ron ment was heavily de pleted in biogenic CO2

due to the ex tinc tion at the Perm ian-Tri as sic bound ary and the
low level of re cov ery dur ing the Early Tri as sic (e.g., Wignall and
Hal lam, 1992; Algeo et al., 2007; Wignall, 2007; Song et al,
2018). Nev er the less, greater  fluc tu a tions can be ex pected in
con ti nen tal en vi ron ments.

Nu mer ous stud ies have shown that very stress ful en vi ron -
men tal con di tions lead ing to re peated bi otic cri ses per sisted
through all of the Early Tri as sic (e.g., Algeo et al., 2007, 2011).
Rare bioclasts found within the oolitic lime stones ex am ined in -
di cate a fau nal as sem blage of rel a tively low num bers and di ver -
sity, which could be ex pected dur ing the Early Tri as sic ei ther in
the sea or in a con ti nen tal playa lake (e.g., Weidlich, 2007). A
con ti nen tal playa lake en vi ron ment, though, is stress ful with out
any ad di tional ex ter nal in flu ence (e.g., De Deckker, 1983;
Haukos and Smith, 1992).

The very vari able microfabrics and di am e ters of in di vid ual
ooids sug gest rapid changes in wave/cur rent en ergy and wa ter
chem is try over short pe ri ods of time, as Weidlich (2007) con -
cluded. Such un sta ble con di tions can be ex pected in ooidal
shoals or bars that formed in a very shal low en vi ron ment and
that ap peared ep i sod i cally. High depositional en ergy and re -
peated re work ing is dem on strated by ero sional sur faces and
intraclasts.

An other ques tion here is the cause of the clear de ple tion
trend of d13C to the top of the oolite-bear ing part of the sec tion.
Quasi-cy clic fluc tu a tions of car bon ate d13C dur ing the Early Tri -
as sic are re ported from suc ces sions from all over the world
(Algeo et al., 2007, 2011; Horacek et al., 2007a, b; Tan ner,
2010; Fig. 15). Algeo et al. (2007) at trib uted this to re peated ep -
i sodes of upwelling of deep wa ters with 13C-de fi ciency, while
Horacek et al. (2007a) re lated it to cir cu la tion pe ri ods of oce anic 
wa ters, which cause a mix ture of rel a tively bio-pro duc tive sur -

face wa ters with anoxic deep wa ters. The ob served de cline of
d13C may re flect a chang ing chem is try of the sea wa ter caused
by one of these ep i sodes, and may also in di cate a per ma nent
con nec tion to the open ocean.

An other ex pla na tion could be the changes in fa cies up -
wards in the sec tion ex am ined. The oolitic lime stones in ves ti -
gated are in ter preted as hav ing formed in shoals or bars sep a -
rat ing a very shal low la goon. The lime stones are over lain by the 
la goonal de pos its. The en tire sec tion rep re sents a sus tained
en vi ron men tal shallowing-up wards trend as char ac ter ized ear -
lier and sup ported by palynofacies anal y sis. The shallowing
may have been ac com pa nied by in creas ing fresh wa ter sup ply
from the main land and a de crease in sa lin ity. As de scribed by
Shao et al. (2000) for ma rine de pos its or by Œrodoñ et al. (2014) 
for con ti nen tal de pos its, a re duc tion in sa lin ity co in cides with
de crease in car bon iso tope val ues. The ob served de crease in
d13C val ues could there fore re flect a lo cal en vi ron men tal
change and not nec es sar ily a global oce anic geo chem i cal ep i -
sode.

CONCLUSIONS

The Mid dle Buntsandstein suc ces sion ex am ined was de -
pos ited in two main en vi ron men tal do mains: (1) a per ma nent or
al most per ma nent, very shal low aque ous ba sin with ooidal
shoals/bars and mar gins, formed by weakly de vel oped bar ri ers
and la goons or del tas, and (2) an al lu vial plain. The bound ary
be tween the two do mains lies within the Malbork For ma tion, di -
vid ing it into a lower and an up per part. Re mark ably, all the im -
por tant min er al og i cal and geo chem i cal changes re ported co in -
cide more or less with this bound ary, al though it is not very pro -
nounced lithologically (Fig. 16). This brings two con clu sions: (1)
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Fig. 14. d13C re sults of this study, and other re sults from the
Buntsandstein of the Cen tral Eu ro pean Ba sin (CEB, Korte and
Kozur, 2005; Becker, 2007; Scholze et al., 2017; this study), Tri -
as sic ma rine car bon ates (Veizer et al., 1980) and Tri as sic ma -
rine fos sils (Veizer et al., 1999) on the back ground of Hoefs
(1987) in ter pre ta tive model

T – Tri as sic, Tb – Tri as sic, Buntsandstein

Fig. 15. Large C-cy cle per tur ba tions and bi otic pat terns
 in Perm ian-Tri as sic oceans, from Algeo et al. (2007, 2011,

with ref er ences therein, mod i fied)

Gr – Griesbachian, D – Dienerian, Sm – Smithian
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Fig. 16. Main geo log i cal and geo chem i cal pat terns of the Mid dle Buntsandstein of the Bartoszyce IG 1 bore hole

Bar – bo ron con tent mea sured af ter aqua regia treat ment, BHCl – bo ron con tent mea sured af ter HCl treat ment; ex pla na tions as on Figure 4



the change in the depositional en vi ron ment had to be more sig -
nif i cant than a change be tween two con ti nen tal sys tems fed by
wa ters with more or less the same geo chem is try, (2) the hy -
poth e sized diagenetic over print did not com pletely de stroy the
pri mary en vi ron men tal sig nal.

The re gional dif fer en ti a tion of the clay min eral as sem blage
in the Pol ish part of the Buntsandstein ba sin, which shows
kaolinite de ple tion to wards the north, sug gests that the ba sin
was con trolled by a con nec tion with an open ma rine realm (if
any) to the north, rather than to the south. The ma rine con di tion
of de po si tion in ferred could not be dem on strated un equiv o cally. 
The clay min er al ogy as well as bo ron con tent may have been
af fected by diagenetic illitization caused by a hy dro ther mal
event.

The palynofacies anal y sis sug gests that the lower part of
the Lidzbark For ma tion was de pos ited in a ma rine ba sin, doc u -
mented by the pres ence of “fluffy” AOM, while its up per part
was de pos ited in a brack ish la goon. The up per part of the
Malbork For ma tion orig i nated on a floodplain. The uni for mity of
the min er al og i cal com po si tion of the fine-grained sed i ments of
the Lidzbark For ma tion and low er most part of the Malbork For -
ma tion strength ens this in ter pre ta tion as well as the val ues and
nar row d13C ranges of the oolitic lime stones. Nev er the less, nei -
ther acritarchs nor prasinophytes were found in the
palynofacies in ves ti gated, which are the most sig nif i cant ma -
rine palynofacies in di ca tors.

The ooids in ves ti gated were prob a bly pri mar ily com posed
of high-Mg cal cite and are closely com pa ra ble with those of
Early Tri as sic de pos its of the Tethys Ocean.

The ob served d13C de ple tion in the oolite-bear ing part of the 
sec tion may re flect a lo cal en vi ron men tal change as so ci ated
with sa lin ity re duc tion and not nec es sar ily one of a global oce -
anic geo chem i cal ep i sode, though the lat ter can not be ex -
cluded. It would also in di cate a per ma nent link with the open
ocean.

We can not re solve un equiv o cally the ques tion of ma rine or i -
gin of the Mid dle Buntsandstein de pos its in north-east ern Po -
land. But, we out line the com plex ity of the prob lem, ap pli ca ble
across the whole Cen tral Eu ro pean Ba sin, and pro vide con -
straints on pre vi ous in ter pre ta tions. The lack of typ i cal ma rine
fea tures of de pos its of this ba sin need to be dis cussed in a
broad global con text of the spe cif i cally ex traor di nary times of
the af ter math of the larg est en vi ron men tal cri sis in Earth his tory. 
The Early Tri as sic oceans gen er ally were char ac ter ized by
anach ro nis tic car bon ate fa cies and the ab sence of skel e tal de -
pos its. The lack of un equiv o cal ar gu ments for a purely con ti -
nen tal or i gin of the Buntsandstein de pos its of the Cen tral Eu ro -
pean Ba sin raises doubts on pre dom i nantly cli ma tic and or bital
con trol on its de po si tion. There is a need for fur ther
multidisciplinary re search on the Buntsandstein in the dif fer ent
parts of the Cen tral Eu ro pean Ba sin to achieve a re li able re con -
struc tion of its com plex depositional sys tem, that avoids over -
sim pli fied con clu sions.
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