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The Mid dle Turonian sed i ments of the Nysa K³odzka Graben (Bystrzyca Sand stone in the Stara Bystrzyca out crop and the
D³ugopole Sand stone in D³ugopole Górne Quarry) con tain trace fos sils, which in clude Curvolithus sim plex, ?Macaronichnus
isp., Ophiomorpha nodosa, Ophiomorpha isp., Palaeophycus tubularis, Thalassinoides cf. paradoxicus, T. suevicus and
Thalassinoides isp. The as sem blage of trace fos sils points to the prox i mal Cruziana ichnofacies, that char ac ter izes the dis tal 
lower shoreface and the ar che typal Cruziana ichnofacies, typ i cal of up per off shore set tings. The trace fos sils ev i dence im -
plies that sed i men ta tion took place in a shal low ba sin with pe ri ods of a sud den sed i ment in put, good ox y gen a tion and nor mal
sa lin ity. The Bystrzyca and D³ugopole sand stones are de pos its of the shal low epicontinental sea that were de pos ited be -
tween the fair-weather and storm-wave base, in the dis tal lower shoreface–up per off shore set ting. The Bystrzyca Sand stone
is rec og nized as storm-orig i nated de pos its, whereas the D³ugopole Sand stone is prob a bly the part of prograding “ac cu mu la -
tion ter race”. The source of ma te rial for the sand stone was the East Sudetic Is land and prob a bly also the Orlica–Bystrzyca
Up lift. The stud ied sand stones are re lated to a re gres sion that started in the early/mid dle Mid dle Turonian and caused a rel a -
tive up lift of the sur round ing land. 
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INTRODUCTION

The study of trace fos sils is very use ful for palaeoen -
vironmental re con struc tions. Ichnological anal y sis is a well-
 known source of in for ma tion on the be hav iour of the
tracemaker as well as the sed i men tary con di tions (Seilacher,
1967, 2007; Bromley, 1996; Pem ber ton et al., 2001; McIlroy,
2004; Bromley et al., 2007; Miller, 2007; Buatois and Mángano,
2011; Knaust and Bromley, 2012). Trace fos sils are very good
tools in re con struc tion of en vi ron ment be cause they are pre -
served in situ and their dis tri bu tion in en vi ron ments is con trolled 
by dif fer ent en vi ron men tal fac tors.

This pa per pro vides the first de tailed ichnological study of
trace fos sil as sem blage found in the Mid dle Turonian sand -
stone (Stara Bystrzyca, D³ugopole Górne) in the Nysa K³odzka
Graben (¯elaŸniewicz and Aleksandrowski, 2008; Figs. 1–3).
Un til now, the only pub lished re cord was a short com mu ni ca tion 
by Don and Wojewoda (2004) and Chrz¹stek (2012), con cern -
ing the Up per Cre ta ceous trace fos sils from the Nysa K³odzka
Graben. Pres ence of trace fos sil as sem blage within Bystrzyca
and D³ugopole sand stones, which are de void of macrofossils,
en ables re con struc tion of the en vi ron ment and pro vides in for -
ma tion on sed i men tary con di tions of their de po si tion dur ing the

Mid dle Turonian. In the Stara Bystrzyca and D³ugopole Górne
out crops, only some bi valves (mostly in ter nal moulds of Lima
canalifera Goldfuss and Lima sp.) and one frag ment of an
ammonite were re corded.

The stud ied as sem blage of trace fos sils is very rich in spec i -
mens, well-pre served but low-mod er ately diverese. The most
abun dant trace fos sils are Ophiomorpha nodosa and
Ophiomorpha isp., Thalassinoides cf. paradoxicus, T. suevicus
and Thalassinoides isp. oc cur less fre quently. Less com mon are
Curvolithus sim plex, Palaeophycus tubularis and ?Macaro -
nichnus isp. (Ta ble 1). The ma jor ity of spec i mens were not col -
lected be cause they oc cur on the sur faces of large sand stone
blocks, es pe cially in the D³ugopole Górne Quarry. There fore,
they are doc u mented mainly by field pho to graphs.

Ichnological anal y sis of palaeoenvironment dur ing the de po -
si tion of the Bystrzyca and D³ugopole sand stones in the Nysa
K³odzka Graben was used to in ter pret the sed i men tary con di -
tions: sed i men ta tion rate, en vi ron ment en ergy, palaeobathy -
metry, wa ter sa lin ity, lev els of ox y gen a tion of pore wa ters and
con sis tency of the sub strate. Thus, the trace fos sils rep re sented
a ba sis for the re con struc tion of the depositional en vi ron ment
and the palaeogeographic in ter pre ta tion.

GEOLOGICAL SETTING

The Nysa K³odzka Graben is one of the youn gest tec tonic
units in the Sudetes (Don and Gotowa³a, 2008), that started to
de velop dur ing the Coniacian (Wojewoda, 1997; Don and
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Fig. 1. Tectonical sketch of the Nysa K³odzka Graben (af ter ¯elaŸniewicz and Aleksandrowski, 2008)

B.S.U. – Bardo Struc tural Unit; K.M. – K³odzko Meta mor phic Mas sif; K.Z. – K³odzko–Z³oty Stok Gran ite Pluton; 

N.M. – Nov¾ MÆsto Slate-Greenstone Belt
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Fig. 2A – lithostratigraphic sec tion of the Up per Cre ta ceous de pos its in the Nysa K³odzka Graben (af ter Wojewoda, 1997; 
Don and Gotowa³a, 2008, slightly changed by the au thor); B – chronostratigraphic ta ble show ing Turonian inoceramid 

and ammonite zonation (af ter Kêdzierski, 2008)

L.T. – Lower Turonian



Wojewoda, 2005; Kêdzierski, 2005). It is ap prox i mately 55 km
long and from 12 km (near K³odzko) to al most 2 km wide in its
south ern part, ly ing in the Czech Re pub lic (Fig. 1).

The Nysa K³odzka Graben is filled with de tri tal sed i ments of
the Cenomanian–?Santonian age, de pos ited on meta mor phic
rocks of the Orlica–Œnie¿nik Dome (Fig. 1). The Up per Cre ta -
ceous sed i ments of the Nysa K³odzka Graben passed into de -
pos its of the same age from the Intra-Sudetic Ba sin. The Cre ta -
ceous suc ces sion ranges in thick ness from 350 m in the
Sto³owe Moun tains (Intra-Sudetic Ba sin) to over 1200 m in the
Nysa K³odzka Graben (Wojewoda, 1997).

The Cre ta ceous suc ces sion of the Nysa K³odzka Graben
con sists of cal car e ous claystones, si li ceous-cal car e ous
mudstones, cal car e ous mudstones, sep a rated by beds of sand -
stone, sandy lime stone and spongiolite (Fig. 2A; Wojewoda,
1997; Don and Wojewoda, 2004, 2005; NiedŸwiedzki and
Salamon, 2005; Don and Gotowa³a, 2008). The Ger man ge ol o -
gists, who in ves ti gated the Up per Cre ta ceous de pos its of the
Sto³owe Moun tains in the 19th cen tury, termed the sand stones
Quadersandstein, and fine-grained rocks as Plänermergel (see
Geintiz, 1843; Rotnicka, 2005). These names are used in re -
gional stud ies, in the Sto³owe Moun tains and the Nysa K³odzka
Graben, up to date.

The Quadersandstein Megafacies (e.g., Bystrzyca and
D³ugopole sand stones) ap pears twice in the Turonian of  the
Nysa K³odzka Graben: in the Mid dle and Up per Turonian
(equiv a lents of the Radków Bluff Sand stone and the
Skalniak–Szczeliniec Sand stone from the Intra-Sudetic Ba sin).

The Quadersandstein Megafacies in the vi cin ity of Stara
Bystrzyca is 45–60 m thick (Don and Don, 1960; Komuda and
Don, 1964; Radwañski, 1965, 1975; Wroñski and Cwojdziñski,
1984). In the D³ugopole Górne, it is ca. 70 m thick (Wroñski,
1982). These sand stones pinch out to wards the south and the
south-east and their grain size de creases in these di rec tions. In
the north and north-west parts of the Nysa K³odzka Graben their 
thick ness reaches ca. 110 m (Grocholska and Grocholski,
1958; Fistek and Gierwielaniec, 1964) and de creases to a few
metres in the south ern part of the graben.

The youn gest de pos its in the Nysa K³odzka Graben – sand -
stones and con glom er ates of the Up per Idzików Mem ber
(Fig. 2A) was ear lier in cluded in the Coniacian but cur rently is
con sid ered as be ing also Santonian in age (Don and
Wojewoda, 2004; Wojewoda, 2004).
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Fig. 3A – geo log i cal map of the D³ugopole Górne vi cin ity
 (af ter Walczak-Augustyniak and Wroñski, 1981); B – geo log i cal
map of the Stara Bystrzyca neigh bour hood (af ter Wroñski, 1981)

Ichnotaxa Bystrzyca
out crop

D³ugopole
Górne Quarry

Curvolithus sim plex – +

?Macaronichnus isp. – +

Ophiomorpha nodosa +++ +++

Ophiomorpha isp. +++ +++

Palaeophycus tubularis + +

Thalassinoides cf. paradoxicus – ++

Thalassinoides suevicus – ++

Thalassinoides isp. – ++

+++ – abun dant, ++ – com mon, + – rare, (–) – ab sent

T a  b l e  1

Ichnotaxonomical di ver sity in the Mid dle Turonian 
of the Bystrzyca and D³ugopole sand stones

https://gq.pgi.gov.pl/article/view/7363


Biostratigraphy of the Up per Cre ta ceous de pos its is usu ally
based on inoceramids and ammonites. The Mid dle Turonian is
sub di vided into the fol low ing inoceramid zones: Mytiloides ex.
gr. labiatus Zone, Inoceramus apicalis Zone, I. lamarcki Zone
and Collignoniceras woollgari ammonite Zone (Walaszczyk,
1988, 1992; Walaszczyk and Wood, 1998; Kêdzierski, 2008;
Fig. 2B). The Bystrzyca and D³ugopole sand stones rep re sents
the Inoceramus lamarcki Zone and are prob a bly of the mid dle
Mid dle Turonian age, be cause they are over lain by the
Bystrzyca lime stones, that are dated, on the ba sis of
inoceramids, as late Mid dle Turonian in age (Chrz¹stek, 2012;
Fig. 2B). Ad di tion ally, NiedŸwiedzki and Salamon (2005) found
the cri noid Bourgueticrinus sp., within sandy si li ceous
mudstone of the Inoceramus lamarcki Zone; this is late Mid dle
Turonian – ear li est Late Turonian in age.

THE BYSTRZYCA AND D£UGOPOLE
SANDSTONES

The Mid dle Turonian sand stones from the Nysa K³odzka
Graben crop out at Stara Bystrzyca and D³ugopole Górne
(Figs. 1, 3 and 4). The first out crop is sit u ated in Stara
Bystrzyca, near the be gin ning of the vil lage, on the right side of
the road from Bystrzyca K³odzka (Figs. 3B and 4B).

The Mid dle Turonian de pos its crop ping out in Stara
Bystrzyca are a fine- to me dium-grained, less fre quently
coarse-grained grey ish sand stone; its beds are  0.5–1.0 m
thick. Hummocky cross-strat i fi ca tion (HCS) was rec og nized in
these de pos its. The anal y sis of thin sec tions re vealed that the
Bystrzyca Sand stone con tains over 50% of an gu lar and
subangular quartz grains and 5–15% of feld spar (microcline,
plagioclases). This ce ment-ma trix is clay-rich (<50% of clay
min er als; 10–20% car bon ates), yel low in col our and
microcrystalline. Sparse grains of tour ma line were also ob -
served.

In D³ugopole Górne, the Mid dle Turonian de pos its are ex -
posed in a quarry sit u ated at the right side of the road from
Bystrzyca K³odzka to D³ugopole Górne (Figs. 3A and 4A).

The D³ugopole Sand stone beds lie al most hor i zon tally
(bed ding planes from 5 up to 23°, see Don and Wojewoda,
2004). The sand stones are fine- to coarse-grained, cross-bed -
ded, light grey-brown in col our. The D³ugopole Sand stone
shows re mark able gi ant-scale cross-bed ding (Don and
Wojewoda, 2004). Their beds are from 0.5 to 3.0 m thick and
con tain gravel in ter ca la tions. In ves ti ga tions of thin sec tions un -
der the mi cro scope, per formed by the au thor, con firmed ear lier
de scrip tions of the Bystrzyca Sand stone (Fistek and
Gierwielaniec, 1964). In thin sec tions of the D³ugopole Sand -
stone, a higher quan tity of quartz grains and a smaller amount
of feld spar grains (5–10%, lo cally <5%) was ob served. Mi nor
amounts of mica flakes are also pres ent. The ce ment of these
sand stones are clay rich, the clay min er als them selves con sti -
tut ing up to to 50% and car bon ate ranges from 10 to 15%.

In agree ment with the clas si fi ca tion of sed i men tary rocks
(Lorenc, 1978), the Mid dle Turonian rocks from Stara Bystrzyca 
and D³ugopole Górne may be clas si fied as a
quartzose-feldspathic sand stone (subarcosic arenite and
quartz arenite).

In the Stara Bystrzyca Quarry, a frag ment of an ammonite
was found (Fig. 5A), while in the D³ugopole Górne the bi valves
Lima canalifera Goldfuss and Lima sp. (Fig. 5B, C) and a lot of
moulds of bi valves were ob served (Fig. 5D). In the col lec tion of
the Geo log i cal Mu seum of Wroc³aw Uni ver sity (MGUWr), the
Turonian brachi o pod (Rhynchonella plicatilis Sowerby spec i -
men MGUWr-1883s) and the Mid dle Turonian bi valve (Lima

canalifera Goldfuss, MGUWr-1499s) from the D³ugopole Górne 
out crops are stored (Fig. 5E, F). 

DESCRIPTION OF TRACE FOSSILS

Mid dle Turonian sand stone out crop ping at Stara Bystrzyca
con tains abun dant Ophiomorpha nodosa and Ophiomorpha
isp., whereas Palaeophycus tubularis is rare.

In the D³ugopole Górne Quarry, the Mid dle Turonian de pos -
its con tain trace fos sils Ophiomorpha nodosa, Ophiomorpha
isp., Thalasinoides cf. paradoxicus, T. suevicus,
Thalassinoides isp., Palaeophycus tubularis, ?Macaronichnus
isp. and Curvolithus sim plex. The most com mon are
Ophiomorpha and Thalassinoides (Ta ble 1). 
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Fig. 4. D³ugopole Górne Quarry and Stara Bystrzyca out crop

A – D³ugopole Górne Quarry (Mid dle Turonian sand stone); C –
Curvolithus, ?M – Macaronichnus (ques tion able po si tion due to oc -
cur rence in a sand stone block), O – Ophiomorpha, Pa –
Palaeophycus, Th –  Thalassinoides; B – Stara Bystrzyca out crop
(Mid dle Turonian sand stone)
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Fig. 5. Ammonites, bi valves and brachi o pods from the Stara Bystrzyca and D³ugopole Górne out crops

A – Ammonite? (Stara Bystrzyca); B – Lima canalifera (D³ugopole Górne); C – Lima sp. (D³ugopole Górne); D – moulds of bi valves
(D³ugopole Górne); E – Rhynchonella plicatilia (MGUWr-1883s) from the col lec tion of the Geo log i cal Mu seum of Wroc³aw Uni ver sity (Mid dle
Turonian, D³ugopole Górne); F – Lima canalifera (MGUWr-1499s) from the col lec tion of the Geo log i cal Mu seum of Wroc³aw Uni ver sity
(Turonian, D³ugopole Górne)



Curvolithus sim plex Buatois et al., 1998 (Fig. 6A) is a hor i -
zon tal, epichnial straight to slightly wind ing, un branched struc -
ture, 2 cm wide, 8 cm long, which is char ac ter ized by three
rounded lobes. The cen tral lobe is smooth, flat tish, with out or -
na men ta tion and is wider (1 cm) than lat eral ones (0.5 cm). 

Curvolithus has been usu ally in ter preted as a lo co mo tion
trace (repichnion) of gas tro pods, worm like poly chaetes, oli go -
chaetes, ne mer teans, holo thu rians (Buatois et al., 1998 and
ref er ences therein). Ac cord ing to Lockley et al. (1987), the
tracemaker was prob a bly an an i mal with a flat tened cross-sec -
tion. Seilacher (2007) and Knaust (2010) sug gested that the
tracemakers of Curvolithus could be flatworms (Platyhel -
minthes). Ac cord ing to Heinberg and Birkelund (1984), the
Curvolithus-pro duc ing or gan ism is very tol er ant to grain-size
changes that con firms pro duc tion rather by a car ni vore rather
than a de posit-feeder. 

Curvolithus be longs to the Cruziana ichnofacies sensu
Seilacher (1967) or to the Curvolithus ichnofacies sensu
Lockley et al. (1987), which is pres ently con sid ered as a sub set
of the Cruziana ichnofacies (Bromley, 1996; McIlroy, 2008). 

Curvolithus com monly oc curs within shal low-ma rine de pos -
its, from intertidal to shal low subtidal zones (Buatois et al.,
1998; Mángano and Buatois, 2004). 

This ichnogenus ap pears from the late Pre cam brian to Mio -
cene (Buatois et al., 1998; Krobicki and Uchman, 2003;
Uchman and Tchoumatchenco, 2003; Hofmann et al., 2011)
but it is most com mon in Car bon if er ous (Eagar et al., 1985;
Greb and Chesnut, 1994; Brettle et al., 2002) and Ju ras sic de -
pos its (Wincierz, 1973; Fürsich and Heinberg, 1983; Bruhn and
Surlyk, 2004). 

?Macaronichnus isp. is more or less hor i zon tal, straight or 
slightly wind ing, lo cally ir reg u larly sin u ous, un branched bur row,
2.0–3.0 mm across, at least 15 mm long, ob served within
Thalassinoides fill ing in the D³ugopole Górne Quarry. The trace
fos sil fill ing is light-col oured in con trast with the darker host infill
of Thalassinoides. Con cen tra tion of dark grains along the bur -
row mar gins sug gests Macaronichnus (see Clifton and Thomp -
son, 1978; Bromley et al., 2009), but the poor pres er va tion pre -
vents sure de ter mi na tion. 

Macaronichnus can be pro duced by or gan isms that fed on
epigranular mi cro bial films (see Clifton and Thomp son, 1978;
MacEachern and Pem ber ton, 1992). It is in ter preted as
pascichnion (Savrda et al., 1998) or fodinichnion (Rindsberg,
2012). The tracemakers are de posit feed ing poly chaetes, most
likely opheliids; anal o gies in mod ern en vi ron ments: Ophelia
limacina (Clifton and Thomp son, 1978; D’Alessandro and
Uchman, 2007; Seike et al., 2011) and Euzonus mucronata or
Euzonus (Nara and Seike, 2004; Savrda and Uddin, 2005;
Kotake, 2007; Seike, 2007; Dafoe et al., 2008). 

Macaronichnus ap pears in the Skolithos ichnofacies
(MacEachern et al., 2007a; Pem ber ton et al., 2001; Buatois
and Mángano, 2011) and in the Cruziana ichnofacies (Ma ples
and Suttner, 1990; Pem ber ton et al., 2001). This ichnotaxon
has been re ported also from the mixed Skolithos-Cruziana
ichnofacies (Mar tini et al., 1995; Rossetti, 2000; Rossetti and
Santos Júnior, 2004). The most com mon oc cur rences of
Macaronichnus are in well-ox y gen ated fore shore and
shoreface sands de pos its (Clifton and Thomp son, 1978; Pem -
ber ton et al., 2001; Gordon et al., 2010).

Macaronichnus is known since Perm ian to Ho lo cene
(Bromley, 1996; Quiroz et al., 2010). 

Ophiomorpha nodosa Lundgren, 1891 (Figs. 6B–E, 7A,
B, E, F and 8B–F) ap pears as sin gle iso lated shafts or tun nels
or in some places as com plex bur row sys tem (com plex net -
work: mazes or boxwork; see Frey et al., 1978). Bur rows are
straight, usu ally ver ti cal or subvertical but also in clined and hor i -

zon tal. The traces have dis tinct knobby walls, which con sist of
ag glu ti nated pelletoidal sed i ments. The walls are a char ac ter is -
tic and di ag nos tic fea ture of Ophiomorpha (Frey et al., 1978;
Kamola, 1984). They are well-vis i ble in the Mid dle Turonian de -
pos its, in D³ugopole Górne Quarry (Fig. 6C, D) and Stara
Bystrzyca out crop (Fig. 7E). Pel lets are usu ally in ter preted as
sta bi liz ing the bur rows and sup port ing the struc ture to pre vent
col lapse of un con sol i dated sed i ment (Ekdale and Bromley,
1984; Bromley, 1996; Rodríguez-Tovar et al., 2008).

Ophiomorpha is mostly el lip ti cal, rarely cir cu lar in cross-sec -
tions, 0.5–2.5 cm across. Frag ments of the bur rows vis i ble on
the rock sur face are 5.0–17.0 cm long, filled usu ally with sed i -
ment sim i lar to the host rock. In some cases the fill is darker and 
coarser-grained (Fig. 6C, D). The bur row fill is rather
structureless or meniscate (Figs. 7F and 8B). Bur rows are
rarely branched and ex hibit mostly Y shaped branch ing. Swell -
ings oc cur in some bur row seg ments, which are in ter preted as
turn ing cham bers of the tracemaker (Figs. 6C, D and 7B; Frey
et al., 1978; Bromley, 1996; An der son and Droser, 1998; Mo -
naco and Garassino, 2001).

Bur row walls are in some cases in com plete or do not have
vis i ble peelleted walls. For these rea sons some spec i mens
were rec og nized at the ichnogenus level as Ophiomorpha isp.
(Figs. 6F, 7C, D and 8A).

The ethol ogy of Ophiomorpha is not fully un der stood (e.g.,
Uchman and GaŸdzicki, 2006). They are in ter preted as
domichnia or fodinichnia (Frey et al., 1978). Re cent work also
sug gested that deep ma rine Ophiomorpha may rep re sent
agrichnia (Cummings and Hodgson, 2011). The tracemakers of 
Ophiomorpha are de posit and/or sus pen sion-feed ers or farm -
ers (Bromley, 1996; Ekdale and Stinnesbeck, 1998; Fürsich et
al., 2006). Ac cord ing to Frey et al. (1978), older parts of the bur -
rows are used as do mi ciles whereas newer parts are feed ing
struc tures.

Ophiomorpha is pro duced by deca pod crus ta ceans, mainly
callianassid shrimps; cray fish and crabs are also con sid ered as
tracemakers (Frey et al., 1978; Gibert et al., 2006). Mod ern an -
a logues of the Ophiomorpha pro duc ers in clude Callichirus ma -
jor (for mer Callianassa ma jor), Protocallianassa, Axius and
Neotrypaea (Frey et al., 1978; Curran, 1984; Curan and White,
1991; Miller and Curran, 2001; Savrda et al., 2010).

Ophiomorpha is seen most com monly as a shal low-ma rine
and mar ginal-ma rine trace fos sil, typ i cal for the Skolithos
ichnofacies (Frey and Seilacher, 1980; Pem ber ton et al., 2001), 
but it oc curs also in an off shore – Cruziana ichnofacies (Frey,
1990; Frey and Howard, 1990). Ophiomorpha should be in ter -
preted on ichnospecific level be cause some ichnospecies (e.g., 
Ophiomorpha annulata, O. rudis) are known from deep-sea
(Uchman, 1991). Ophiomorpha has a global dis tri bu tion
(Becker and Cham ber lain, 2006) and is known from Perm ian to
Ho lo cene (Frey et al., 1978; Phillips et al., 2011). Ac cord ing to
An der son and Droser (1998) Ophiomorpha was found also in
Penn syl va nian de pos its.

Palaeophycus tubularis Hall, 1847 (Fig. 9A, B) from the
Bystrzyca and D³ugopole sand stones are hor i zon tal, straight to
slightly wind ing, un branched, cy lin dri cal bur rows, slightly el lip ti -
cal in cross-sec tions, which are 3.0–5.0 mm across. Frag ments
of the bur rows, vis i ble at the rock sur face, are 2.5–15 cm long.
They pos sess dis tinct, smooth and unornamented walls and
structureless fill, iden ti cal in li thol ogy as the host rock.

Palaeophycus is in ter preted as a dwell ing bur row
(domichnion) of sus pen sion-feed ers or pred a tors (Pem ber ton
and Frey, 1982). Virtasalo et al. (2006) and Lauridsen et al.
(2011) in ter preted Palaeophycus as feed ing trace, com bin ing
de posit feed ing and dwell ing (fodinichnion) and spec u lated that
Palaeophycus tracemaker is pos si bly a car ni vore, a sus pen -
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Fig. 6. Trace fos sils from the D³ugopole Górne Quarry

A – Curvolithus sim plex (D³ugopole Górne Quarry), hor i zon tal sur face; B–E – Ophiomorpha nodosa (D³ugopole Górne); well-vis i ble pel lets,
which have built Ophiomorpha walls and swell ings in ter preted as turn ing cham bers (C, D); F – Ophiomorpha isp. (D³ugopole Górne)
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Fig. 7. Ophiomorpha nodosa and Ophiomorpha isp. from the D³ugopole Górne Quarry and Stara Bystrzyca out crop

A, B – Ophiomorpha nodosa (D³ugopole Górne), well-vis i ble swell ings (B); C, D – lon gi tu di nal and cross-sec tion of Ophiomorpha bur rows
(D³ugopole Górne); E – branched bur rows of Ophiomorpha nodosa (Stara Bystrzyca), well-vis i ble traces (holes) af ter pel lets; F – meniscate
fill ing of Ophiomorpha nodosa (Stara Bystrzyca out crop)
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Fig. 8. Ophiomorpha nodosa and Ophiomorpha isp. from the Stara Bystrzyca out crop

A – Ophiomorpha isp. (Stara Bystrzyca); B – meniscate struc ture of Ophiomorpha nodosa  (Stara Bystrzyca); C, D – ver ti cal Ophiomorpha
nodosa (Stara Bystrzyca); E – Ophiomorpha nodosa, well-vis i ble meniscate struc tures (Stara Bystrzyca); F – branched, ver ti cal or in clined
Ophiomorpha nodosa (boxwork, Stara Bystrzyca)
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Fig. 9. Palaeophycus tubularis and Thalassinoides suevicus  from the Stara Bystrzyca and D³ugopole Górne out crops

A – Palaeophycus tubularis (Stara Bystrzyca out crop); B – Palaeophycus tubularis (D³ugopole Górne Quarry); 
C–F – Thalassinoides suevicus (D³ugopole Górne)



sion-feeder or a de tri tus-feeder. Schlirf (2003) also de scribed
Palaeophycus as domichnial/?fodinichnial bur row.

Palaeophycus is pro duced mostly by poly chaetes or other
“worms” (Pickerill et al., 1984; Keighley and Pickerill, 1995;
Gibert and Ekdale, 2002; Mikuláš, 2006; Mikuláš and Martínek,
2006; Virtasalo et al., 2011; Hofmann et al., 2012). Zonneveld
et al. (2010) sug gested also ar thro pods as the Palaeophycus
pro duc ers. Loughlin and Hill ier (2010) spec u lated, that si pun cu -
lids and enteropneusts are tracemakers of Palaeophycus.
Bradshaw (2010) sug gested also small crus ta ceans.

Palaeophycus is an eurybathic form and ap pears in dif fer -
ent ichnofacies (Seilacher, 1967; MacEachern et al., 2007a). It
oc curs both in shal low- and deep-sea en vi ron ments (McCann
and Pickerill, 1988; Uchman and Tchoumatchenco, 2003;
Carvalho et al., 2005; Kumpulainen et al., 2006). Palaeophycus
oc curs from the Neoproterozoic to Re cent (Häntzschel, 1975;
Pem ber ton and Frey, 1982; Gradziñski and Uchman, 1994;
Uchman et al., 2005; Fernandes and Carvalho, 2006; Avanzini
et al., 2011).

Thalassinoides cf. paradoxicus (Wood ward, 1830)
(Fig. 10A, B) – cy lin dri cal, un lined, wide, T-  rather than
Y-shaped (80–110°) bur rows. Col our of the lin ing is usu ally
darker (yel low-brown) than the host rock, while bur row fill is the
same or slightly lighter. Vlahoviæ et al. (2011) sug gested that
the darker col our of the lin ing is caused by bac te ria and al gae. It 
is 4.0–6.0 cm across and in di vid ual tun nels be tween branch ing
are 20–25 cm long. This bur row course is sim i lar to T.
paradoxicus.

Thalassinoides is in ter preted as domichnion and/or
fodinichnion and agrichnion of de posit-feed ers (Gibert and
Martinell, 1995, 1998; Myrow, 1995; Bromley, 1996; Ekdale
and Bromley, 2003; Singh et al., 2008; Jaglarz and Uchman,
2010). Thalassinid shrimps, ghost shrimps or shrimp-like or -
gan isms, lob sters, cray fish, crabs (Frey et al., 1984; Ekdale and 
Bromley, 2003; Goldring et al., 2004, 2007; Tshudy et al., 2005; 
Knaust, 2007) as well as cerianthid sea anem o nes,
enteropneusts and fish (Myrow, 1995; Bromley, 1996; Kim et
al., 2002; Pruss and Bottjer, 2004; Chen et al., 2011) are sug -
gested as pro duc ers of Thalassinoides.

In mod ern en vi ron ments, Callichirus (Callianassa),
Glyphea and Mecochirus rapax are con sid ered as pro duc ers of
Thalassinoides (Myrow, 1995; Bromley, 1996; Nesbitt and
Camp bell, 2006; Carvalho et al., 2007). Upogebia affinis was
sug gested as one of the pos si ble tracemaker of
Thalassinoides, how ever, re cently Pervesler and Uchman
(2009) re ported that this taxon pro duced Parmaichnus
stironensis. Similary, Nara and Kotake (1997), Nesbitt and
Camp bell (2002), Seike and Nara (2007) and Radwañski et al.
(2012) sug gest also some upogebiid crus ta ceans are re spon si -
ble for the Psilonichnus tracemakers.

Thalassinoides be longs mostly to the Psilonichnus,
Cruziana and Glossifungites ichnofacies but ap pears also in the 
Zoophycos and Nereites ichnofacies (Seilacher, 1967;
MacEacher et al., 2007a). The en vi ron men tal dis tri bu tion of
Thalassinoides ranges from tidal flat and shore line en vi ron ment 
to off shore outer shelf fa cies and deep-sea fans (Kim et al.,
2002) and it is formed in firmground and hardgrounds (Myrow,
1995).

Thalassinoides oc curs fre quently from the Or do vi cian
(Sheehan and Schiefelbein, 1984; Droser and Bottjer, 1989;
Ekdale and Bromley, 2003; Carvalho et al., 2010) and in rarely
cases also from the Cam brian (Miller and Byers, 1984; McCann 
and Pickerill, 1988; Mikuláš, 2000).

Thalassinoides suevicus (Rieth, 1932; Fig. 9C–F) ap -
pears as cy lin dri cal, flat tened tun nels, el lip ti cal in cross-sec tion, 
slightly curved, reg u larly branched, 2.0–4.5 cm wide. They usu -

ally ex hibit a Y-shape of branchings (at 60–130°). In some
places, they rep re sent hor i zon tal mazes or boxworks (see Frey
et al., 1978). Cyl in ders are 20–45 mm across. Mar gin of the bur -
row is smooth. Fill ing of the bur rows is lo cally darker and
coarser-grained than the host rock (Fig. 9C–F). In some cases,
the pres er va tion of trace fos sils did not al low to rec og nize their
at the ichnospecific level and they are de scribed as
Thalassinoides isp. (Fig. 10C–F).

Thalassinoides is in ter preted as a fodinichnial (Bromley,
1996), domichnial (Myrow, 1995) and oc ca sion ally agrichnial
bur row (Ekdale and Bromley, 2003). Re cently, Thalassinoides
is in ter preted mostly as a domichnial (dwell ing) and fodinichnial
(feed ing) struc ture (Häntzschel, 1975; Miller and Knox, 1985;
Rodríguez-Tovar and Uchman, 2006; Rodríguez-Tovar et al.,
2009a, b, 2010, 2011;  Mo naco et al., 2012). Most au thors sug -
gest that the tracemaker of Thalassinoides was a de posit-
 feeder (Gibert and Martinell, 1998; Kêdzierski and Uchman,
2001; Ekdale and Bromley, 2003). Kim et al. (2002) spec u lated
on ?sus pen sion-feed ers as Thalassinoides pro duc ers.

Mod ern an a logues of tracemakers are deca pod crus ta -
ceans, prob a bly thalassinid shrimps or shrimp-like or gan isms
(Sheehan and Schiefelbein, 1984; Ekdale and Bromley, 2003).
Lob sters and crabs are also pro posed (Frey et al., 1984; Myrow,
1995; Bromley, 1996; Gingras et al., 2002; De, 2005; Rossetti
and Netto, 2006). Cerianthid sea anem o nes, acorn worms and
fish are also spec u lated as the pos si ble tracemakers of
Thalassinoides (Myrow, 1995). Thalassinoides rep re sents a fa -
cies-cross ing ichnotaxon be ing re ported from deep ma rine en vi -
ron ments (Uchman 1995, 1998) and more com monly, shal -
low-ma rine set tings (Ekdale and Bromley, 2003; Rodríguez-To -
var and Uchman, 2004a, b; 2010; Malpas et al., 2005).

Thalassinoides is a dom i nant ar thro pod bur row in the geo -
logic re cord and oc curs from the Or do vi cian to Re cent
(Sheehan and Schiefelbein, 1984; McCann and Pickerill, 1988;
Myrow, 1995; Ekdale and Bromley, 2003). Thalassinoides
shows a high abun dance in the Or do vi cian (Hembree et al.
2011; Jin et al., 2012), how ever, nu mer ous au thors of ten re -
ported its oc cur rence since the Cam brian (Miller and Byers,
1984; Mikuláš, 2000).

RECONSTRUCTION OF THE MIDDLE TURONIAN
ENVIRONMENT ON THE BASIS

 OF TRACE FOSSILS

DISTRIBUTION OF TRACE FOSSILS 
AND COMPARISON TO THE SHOREFACE MODEL

The dom i nant pres ence of the trace fos sils typ i cal of
nearshore de pos its in the Mid dle Turonian trace fos sil as sem -
blage at Bystrzyca and D³ugopole (Curvolithus sim plex,
?Macaronichnus isp., Palaeophycus tubularis, Ophiomorpha
nodosa, Ophiomorpha isp., Thalassinoides cf. paradoxicus, T.
suevicus, Thalassinoides isp.) con firms the in ter pre ta tion that
the ex am ined de pos its have been de pos ited in a shal low en vi -
ron ment (Clifton and Thomp son, 1978; Frey et al., 1978;
Curran, 1985; Pol lard et al., 1993; Myrow, 1995; Buatois et al.,
1998). In shal low-ma rine siliciclastic fa cies only Skolithos and
Cruziana Seilacherian ichnofacies (cf. Bromley, 1996) are dis -
tin guished (Frey and Seilacher, 1980; Frey et al., 1990). The
Skolithos ichnofacies points to de po si tion above the fair
weather wave base (i.e. fore shore, up per shoreface–prox i mal
lower shoreface en vi ron ment), while the Cruziana ichnofacies – 
be low fair-weather wave base but above the storm wave base
(dis tal lower shoreface–off shore set tings; MacEachern and
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Fig. 10. Trace fos sils from the D³ugopole Górne Quarry

A, B – Thalassinoides cf. paradoxicus (D³ugopole Górne); C – Thalassinoides isp. (a) and ?Macaronichnus isp. (b) (D³ugopole Górne);
D–F – Thalassinoides isp. (D³ugopole Górne)



Bann, 2008; Pem ber ton et al., 2012) in soft sub strates (Pem -
ber ton et al., 2004; MacEachern et al., 2007b). In the older
shoreface model (MacEachern et al., 1999; Pem ber ton et al.,
2001) the prox i mal Cruziana that char ac ter izes the lower
shoreface was ly ing above the fair-weather wave base.

In the Mid dle Turonian Bystrzyca and D³ugopole sand -
stones, trace fos sils are abun dant though the tax o nom i cal di -
ver sity is mod er ate/low. In the stud ied trace fos sil as sem blage,
hor i zon tal to in clined bur rows pre vail that im ply mod er ately-low
en ergy con di tions. Ver ti cal bur rows are sub or di nate, abun dant
es pe cially in the Bystrzyca Sand stone. The trace fos sil as so ci a -
tion con tains a wide va ri ety of etho log i cal cat e go ries: repichnia
(Curvolithus sim plex), domichnia (Ophiomorpha nodosa,
Ophiomorpha isp., Palaeophycus tubularis), domichnia/fo -
dinichnia (Thalassinoides cf. paradoxicus, T. suevicus), and
pascichnia (?Macaronichnus isp.). The trace fos sil as sem blage 
most closely re sem bles the Cruziana ichnofacies (MacEachern 
et al., 2007a, 2012; Buatois and Mangano, 2011).

Tak ing into ac count the great va ri ety of as well-depositional
subenvironments as the trace fos sils as sem blages oc cur ring in
shal low-ma rine siliciclastic, the clas sic model of ichnofacies
(Seilacher, 1967; Frey and Seilacher, 1980) is of ten in suf fi cient
for the de scrip tion of trace fos sil dis tri bu tion (see Uchman and
Krenmayr, 2004). Ver ti cal trace fos sils that are abun dant in the
Skolithos ichnofacies, oc cur also in the prox i mal and the ar che -
typal Cruziana ichnofacies, es pe cially in the storm beds.
MacEachern et al. (1999) and Pem ber ton et al. (2001), on the
ba sis of the Cre ta ceous de pos its of the West ern In te rior Sea -
way of North Amer ica, for an open shelf de pos its, sug gested a
more re fined model of ichnofacies (“shoreface model show ing
the dis tri bu tion of ichnological as sem blages”), based on in -
creas ing en vi ron men tal en ergy level. These au thors dis tin -
guished the Macaronichnus as sem blage, the Skolithos
ichnofacies and the prox i mal, the ar che typal and the dis tal
Cruziana ichnofacies. The prox i mal Cruziana ichnofacies is typ -
i cal of lower shoreface set tings above the fair-weather wave
base, while the ar che typal Cruziana ichnofacies char ac ter izes
off shore tran si tion–up per off shore set tings, be low the
fair-weather but above the storm-wave base. The dis tal
Cruziana ichnofacies points to the lower off shore set tings. The
Macaronichnus as sem blage in di cates fore shore–up per
shoreface and re placed the ar che typal Skolithos ichnofacies
un der con di tions of very high en ergy (Pem ber ton et al., 2001).

In this “shoreface model” for the wave-dom i nated seas, the
fore shore–mid dle shoreface that is char ac ter ized by the
Skolithos ichnofacies and the lower shoreface that is typ i fied by
the prox i mal Cruziana ichnofacies, oc curs above the
fair-weather wave base (MacEachern et al., 1999; Pem ber ton
et al., 2001; Buatois and Mángano, 2011). On the other hand,
some oth ers au thors (Bann and Field ing, 2004; MacEachern
and Gingras, 2007; MacEachern and Bann, 2008), di vide the
lower shoreface into the prox i mal lower shoreface that oc curs
above the fair-weather wave base and the dis tal lower
shoreface, ly ing be low the fair-weather wave base.

Re cently, Pem ber ton et al. (2012) sug gested an “...in te -
grated ichnological/sedimentological model for shoreface set -
tings, with po si tions of the subenvironments...” (re de fined af ter
MacEachern et al., 1999; MacEachern and Bann, 2008). In this
model, the dis tal lower shoreface is ly ing be low the fair-weather
wave base and rep re sents the prox i mal Cruziana ichnofacies,
whereas the prox i mal lower shoreface that char ac ter izes the
dis tal Skolithos ichnofacies, oc curs above the fair-weather
wave base. Fore shore–mid dle shoreface set tings are typ i cal of
the ar che typal Skolithos ichnofacies. Ac cord ing to these au -
thors, be cause the ”off shore tran si tion” zone does not re flect a
depositional subenvironment, is not sub di vided and the bound -

aries be tween the up per, the mid dle, the lower and the off shore
zones are not clearly de fined, due to a low ered the ef fec tive
wave base dur ing storm events.

Gen er ally, all col lected trace fos sils in di cate the prox i mal
and the ar che typal Cruziana ichnofacies that char ac ter ize dis tal 
lower shoreface–up per off shore, be low the fair-weather wave
base but above the storm-wave base (see Pem ber ton et al.,
2001, 2012; Buatois and Mángano, 2011).

Ophiomorpha ap pears in fore shore–off shore de pos its, es -
pe cially in shoreface, whereas Thalassinoides char ac ter izes
lower shoreface–off shore en vi ron ments (Pem ber ton et al.,
2001; Uchman and Krenmayr, 2004; Buatois and Mángano,
2011; Higgs et al., 2012). Both Curvolithus (Fürsich and
Heinberg, 1983; Ma ples and Suttner, 1990; Buatois and
Mángano, 2011) and Palaeophycus (Pem ber ton et al., 2001;
Bressan and Palma, 2009) are most typ i cal of shoreface–off -
shore set tings.

Al though Macaronichnus may be re garded as most typ i cal
of fore shore to shoreface (es pe cially up per shoreface) en vi ron -
ments (Clifton and Thomp son, 1978), but it can oc cur also in
lower shoreface (Curran, 1985; D’Alessandro and Uchman,
2007; Rygel et al., 2008; Vakarelov et al., 2012), off shore set -
tings (Ma ples and Suttner, 1990; Pol lard et al., 1993) and even
deep-sea (Greene et al., 2012). Uchman and Kenmayr (2004)
and Bromley et al. (2009) no ticed prob lems with en vi ron men tal
in ter pre ta tion of Macaronichnus. Pem ber ton et al. (2001) dis tin -
guished the Macaronichnus as sem blage in fore shore (mod er -
ately en ergy) and fore shore–mid dle shoreface set tings (high
en ergy level). These autors stated that Macaronichnus can ap -
pear in the dis tal and the prox i mal lower shoreface af ter storm
de po si tion, when high “ox y gen win dow” oc curred (see also
Uchman and Krenmayr, 2004).

In the “shoreface model” for an open shelf de pos its, Pem -
ber ton et al. (2001) re lated Thalassinoides to the lower
shoreface–off shore set tings (see also Buatois and Mángano,
2011; Pem ber ton et al., 2012). Thus, the pres ence of
Thalassinoides in di cates the prox i mal Cruziana ichnofacies
(Uchman and Kenmayr, 2004; Pervesler et al., 2011a, b) and
the ar che typal Cruziana ichnofacies (MacEachern et al., 2007a; 
MacEachern and Bann, 2008). Ophiomorpha can oc cur in the
lower shoreface and the up per off shore (Frey, 1990; Frey and
Howard, 1990; Pol lard et al., 1993; Li et al., 2011). Bann et al.
(2004, 2008), Bann and Field ing (2004) and MacEachern and
Bann (2008) re ported Macaronichnus from the prox i mal
Cruziana ichnofacies and the ar che typal Cruziana ichnofacies
(lower shoreface–up per off shore).

D£UGOPOLE SANDSTONE PALAEOENVIRONMENT

In the D³ugopole Sand stone, Thalassinoides and Palaeo -
phycus ap pear in fine-grained sand stone, whereas
Ophiomorpha ap pears in coarser-grained sand stones.
Thalassinoides is of ten filled by the coarser sand from the over -
ly ing beds.

Thalassinoides suevicus, Thalassinoides isp., Palaeo -
phycus tubularis and Curvolithus isp. pre vail in the lower part of
the D³ugopole Górne sec tion (Fig. 4A), whereas Ophiomorpha
nodosa, Ophiomorpha isp., Thalassinoides cf. paradoxicus and 
T. suevicus in the up per part. ?Macaronichnus has been found
within a fill ing of Thalassinoides (Fig. 10C) that ap pears on the
sur face of a large sand stone block; there fore, its po si tion in the
sec tion is ques tion able (?up per part).

In the lower part of the D³ugopole Górne sec tion, the large
Thalasinoides are com mon, form ing mazes and boxworks
(Fig. 9C), which sug gests lower en ergy level (see Frey et al.,
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1978). Thalassinoides isp. is also abun dant (Fig. 10D–F). The
in tense bur row ing prob a bly took place dur ing a lon ger time in -
ter val of sta bi li za tion of the sea-floor, caused by the drop of ac -
cu mu la tion rate, enough to pro duce the Thalassinoides gal ler -
ies. Curvolithus, how ever, also oc curs in en vi ron ments with
quiet wa ter con di tions (Heinberg and Birkelund, 1984; Baucon
and Carvalho, 2008), but it also was re ported in high en ergy, re -
gres sive set tings (Lockley et al., 1987). The large Tha -
lassinoides boxwork is typ i cal of the ar che typal Cruziana
ichnofacies – up per off shore set ting (MacEachern et al., 2007a; 
Buatois and Mángano, 2011; Pervesler et al., 2011b; Pem ber -
ton et al., 2001, 2012). Curvolithus and Palaeophycus are also
com mon in this ichnofacies (Buatois and Mángano, 2011).

The trace fos sils as sem blage oc cur ring in the lower part of
the D³ugopole Górne sec tion con tains mod er ately di verse trace 
fos sil as sem blage, typ i cal of open-ma rine en vi ron ments, ly ing
be low the fair-weather wave base (Thalassinoides suevicus,
Thalassinoides isp., Curvolithus sim plex, Palaeophycus
tubularis, Ophiomorpha nodosa, Ophiomorpha isp.) that char -
ac ter izes the ar che typal Cruziana ichnofacies, which is usu ally
po si tioned in the up per off shore (Pem ber ton et al., 2012).

On the other hand, Thalassinoides suevicus (Fig. 9D–F),
Thalassinoides cf. paradoxicus (Fig. 10A, B) and Thala sino ides 
isp. (Fig. 10C) oc cur also in the up per part, but Ophiomorpha
nodosa and Ophiomorpha isp. dom i nate (Figs. 6B–F and
7A–D).

The more abun dant ver ti cal or in clined shafts of
Ophiomorpha nodosa and Ophiomorpha isp. that are the most
com mon in the up per part of the D³ugopole Górne sec tion, in di -
cates higher en ergy con di tions (Frey et al., 1978; Martino and
Curran, 1990; Pol lard et al., 1993; MacEachern et al., 2007a).
Thalassinoides suevicus, in some places form ing boxworks,
and Thalassinoides cf. paradoxicus are also pres ent.
?Macaronichnus, oc cur ring in the sand stone block, may rep re -
sent the lower as well as the up per part of the sec tion
(Fig. 10C). The po si tion of the block, how ever, sug gests it is
likely to have been the rather up per part of the sec tion (Fig. 4A).
Macaronichnus is usu ally com mon in high en ergy, wave or tidal
dom i nated set tings (Encinas et al., 2008; Pem ber ton et al.,
2008; Aguirre et al., 2010; Quiroz et al., 2010; Buatois and
Encinas, 2011).

The trace fos sils as sem blage oc cur ring in the up per part of
the D³ugopole Górne sec tion (Ophiomorpha nodosa,
Ophiomorpha isp., ?Macaronichnus isp., Thalassinoides
suevicus, Thalassinoides cf. paradoxicus) cor re sponds to the
fully ma rine and points to the prox i mal Cruziana ichnofacies,
typ i cal of the dis tal lower shoreface (fol low MacEachern and
Bann, 2008; Pem ber ton et al., 2012). For this ichnofacies
Ophiomorpha nodosa and Macaronichnus are com mon (Pem -
ber ton et al., 2001, 2012). Ac cord ing to these au thors, the
Thalassinoides boxwork, also in di cates the prox i mal Cruziana
ichnofacies.

Based on the “food par a digm” (Pem ber ton et al., 2001) and
the “ichnological-sedimentological model for shoreface” (Pem -
ber ton et al., 2012) in the dis tal lower shoreface sus pen -
sion-feed ers be hav iour is sub or di nate, whereas in the up per
off shore rare. MacEachern and Bann (2008) re ported that con -
di tions in the ar che typal Cruziana ichnofacies typ i cally range
from mod er ate en ergy lev els to lower en ergy and the
tracemakers con struct their bur rows hor i zon tally rather than
ver ti cally. In the prox i mal Cruziana ichnofacies the en ergy con -
di tions are higher and ver ti cal or in clined bur rows oc cur more
com monly.

The D³ugopole Sand stone shows gi ant-scale cross-bed -
ding, which im plies bedforms mi gra tion by cur rents (Don and
Wojewoda, 2004). Jerzykiewicz and Wojewoda (1986) and

Wojewoda (1997, 2011) in ter preted the Mid dle Turonian sand -
stones of the Intra-Sudetic Synclinorium and the Nysa K³odzka
Graben as de pos its of the “ac cu mu la tion ter races”, that were
de pos ited on the fault-con trolled scarps. Ac cord ing to these au -
thors, sand was en trained in the shoreface by storm events and
off shore-di rected cur rent trans ported it across the shelf. The
prograding “ter race” might have been prob a bly re worked by
storms.

Ac cord ing to the in te grated ichnological/sedimentological
model for shoreface set tings (Pem ber ton et al., 2012), the lower 
part of the D³ugopole sec tion was de pos ited in the up per off -
shore, whereas the up per part, prob a bly in the dis tal lower
shoreface, be tween the fair-weather and storm-wave base. The 
com mon crus ta ceans net work, oc cur ring es pe cially in the lower 
part of the sec tion, sug gests low to mod er ately en ergy con di -
tions (Buatois and Mángano, 2011).

Thus, the ichnologic data of the D³ugopole Sand stone show
ex pres sions of the ar che typal and the prox i mal Cruziana
ichnofacies and prob a bly in di cate shallowing trend from the up -
per off shore to the dis tal lower shoreface (cf. Pem ber ton et al.,
2012).

The sim i lar as sem blages of trace fos sils (Ophiomorpha,
Macaronichnus, Palaeophycus, Thalassinoides) from the low to 
mod er ate en ergy nearshore fa cies, were de scribed by Curran
(1985), Buatois et al. (2002, 2012), Uchman and Krenmayr
(2004) and Mor ris et al. (2006). Pem ber ton et al. (2001), who
re ferred on a sim i lar as sem blage of trace fos sils, placed the
suc ces sion con tain ing Thalassinoides, Palaeophycus and
Ophiomorpha in the up per off shore, whereas de pos its rich in
Ophiomorpha, Macaronichnus in the mid dle-lower shoreface.
In com par i son to other nearshore trace fos sils as sem blages
(lower shoreface-up per off shore set tings) in clud ing
Macaronichnus, Ophiomorpha, Palaeophycus, Thalassinoides, 
the ma jor ity of them were re corded from the storm-orig i nated
de pos its (Frey and Pem ber ton, 1991; MacEachern et al., 1999;
Bann and Fieding, 2004; Bann et al., 2004; Gani et al., 2008;
Rygel et al., 2008; Schwarz, 2012) or bar set tings (Curran,
1985; Pol lard et al., 1993; Olariu et al., 2012; Sullivan and
Sullivan, 2012).

BYSTRZYCA SANDSTONE PALAEOENVIRONMENT

Bystrzyca Sand stone con tains trace fos sil as sem blage that
in cludes only Ophiomorpha nodosa, Ophiomorpha isp. and
Palaeophycus tubularis (Ta ble 1). Ophiomorpha nodosa is the
most ob vi ous trace fos sil in the Stara Bystrzyca out crop
(Figs. 7E, F and 8B–F). Be sides hor i zon tal and in clined bur -
rows, also ver ti cal shafts of Ophiomorpha ap pear, es pe cially in
the bot tom and the up per part of the sec tion (Fig. 8B, F). The
trace fos sil asemblage shows low ichnodiversity, but high in di -
vid ual den si ties. It is dom i nated by dwell ing burows gen er ated
by sus pen sion-feed ers and car ni vores.

The pre dom i nance of boxwork and ver ti cal shafts or in -
clined bur rows of Ophiomorpha re flect the rapid sed i men ta tion
that is char ac ter is tic of storm events (Frey, 1990; Frey and
Howard, 1990; Pol lard et al., 1993; An der son and Droser,
1998). The Bystrzyca Sand stone prob a bly rep re sent a main
storm de po si tion (see Pem ber ton et al., 2001). These sandy
lay ers (tempestites) are low to mod er ately bioturbated that
point ing to a mod er ate-high en ergy level. The sup plies of sands 
were abun dant and the frequence of storm was prob a bly mod -
er ate to high. Short-term col o ni za tion win dows al lowed us to es -
tab lish the storm-re lated trace fos sils suite that in di cates col o ni -
za tion af ter the storm events, by an opportunistcic (r-se lected)
com mu nity, in this case, by Ophiomorpha nodosa and
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Palaeophycus tubularis. In the ide al ized ichnological-sed -
imentological tempestite model (Pem ber ton et al., 2001),
Ophiomorpha and Palaeophycus are typ i cal of post-storm col o -
ni za tion, though Palaeophycus may also rep re sent the
fair-weather suite, es pe cially in the lower shoreface and off -
shore tran si tion (Pem ber ton et al., 2001; Buatois and Mángano, 
2011). Some tracemakers (e.g., callianassid crus ta ceans)
could be trans ported, from shal lower set tings, with the sed i -
ment, dur ing storms or other events, and de pos ited within the
sand beds that they sub se quently col o nized (Föllmi and
Grimm, 1990; Bromley, 1996; Fürsich, 1998; Savrda and
Nanson, 2003; Zonneveld et al., 2010).

Sedimentologic in ves ti ga tion in the the Bystrzyca Sand -
stone shows pres ence of the hummocky cross-strat i fi ca tion,
that clearly points to a storm-or i gin for these de pos its and sed i -
men ta tion be tween fair-weather and storm wave base
(shoreface-shelf; Dott and Burgeois, 1982; Myrow and
Southard, 1996). On the other hand, the HCS-like struc tures
oc ca sion ally have been re corded from deep-wa ter turbidite
sand stone beds (Mulder et al., 2009) and even flu vial de pos its
(Camp bell and Oakes, 1973; Cot ter and Gra ham, 1991; Quin,
2011). In the shoreface mod els, hummocky cross-strat i fi ca tion
is de scribed from shoreface and off shore set tings (Pem ber ton
et al., 2001, 2012; MacEachern and Bann, 2008; Buatois and
Mángano, 2011). On the ba sis of sedimentologic data, the most 
prob a bly set ting for the Bystrzyca Sand stone is off shore tran si -
tion, where can oc cur thin to thick fine-grained sand stones with
hummocky cross-strat i fi ca tion can oc cur. On the other hand,
the mod er ately or even high en ergy con di tions, abun dant sand
sup plies and low/mod er ately bioturbation of the sand stone
beds, may im ply shal lower en vi ron ment. Ac cord ing to Mángano 
et al. (2005) high en ergy con di tions pre vail in the lower and mid -
dle shoreface en vi ron ments, where ver ti cal bur rows dom i -
nated, re cord ing col o ni za tion af ter storm events.

The trace fos sil as sem blage (Ophiomorpha nodosa,
Ophiomorpha isp., Palaeophycus tubularis) char ac ter izes as
well shoreface set tings as well as up per off shore (off shore tran -
si tion zone), but pre vails in the mid dle-lower shoreface set tings
(Pem ber ton et al., 2001, 2012). Ac cord ing to Buatois and
Mángano (2011), in the mid dle and lower shoreface the bulk of
the suite con sists mainly of ichnogenera such as Ophiomorpha
(com monly ver ti cal com po nents) and Palaeophycus. In the
shoreface model (Pem ber ton et al., 2001), Ophiomorpha is
com mon in storm-dom i nated prox i mal and dis tal lower
shoreface. Ad di tion ally, in the dis tal lower shoreface, sus pen -
sion feed ing or gan isms are com mon (sub or di nate be hav iour),
whereas in the up per off shore they are rare (mi nor be hav ior;
Pem ber ton et al., 2012). The dom i nance of dwell ing bur rows of
sus pen sion-feed ers clearly in di cates mod er ate to rel a tively
high-en ergy en vi ron ment. In the Bystrzyca Sand stone,
Ophiomorpa (dom i nant) and Palaeophycus (rare) rep re sent
op por tu nis tic col o ni za tion of the storm beds (storm-re lated
suite), whereas the fair-weather suites are not ob served. In the
lower shoreface, storms tend to de stroy res i dent fair-weather
ben thic com mu ni ties more com monly than in the deeper
subenvironments (Pem ber ton et al., 2012) and in the con trast
to the off shore, the pre served depositional re cord of the
lower-mid dle shoreface suc ces sions is char ac ter ized by pre -
dom i nance of tempestite beds (Kumar and Sanders, 1976). On
the other hand the ab sence of fair-weather suite can be also at -
trib uted to short tran sit time be tween storm events.

Ac cord ing to the in te grated ichnological-sedimentological
shoreface model by Pem ber ton et al. (2012), the trace fos sil as -
sem blage, oc cur ring in the Bystrzyca Sand stone, in di cates the
prox i mal Cruziana ichnofacies, which is po si tioned in the dis tal
lower shoreface. Tak ing into ac count the sub di vi sion of the

wave-dom i nated shorefaces, based upon the de gree of
storm-wave in flu ence (storm-af fected, storm-in flu enced,
storm-dom i nated; MacEachern and Pem ber ton, 1992;
Dashtgard et al., 2012) the Bystrzyca Sand stone, prob a bly was
de pos ited in the storm-in flu enced or even storm-dom i nated
shoreface (mod er ately-high en ergy con di tions). In the di vi sion
of Pem ber ton et al. (2001) it can be de fined as mod er ately
storm-af fected or strongly-storm dom i nated shoreface.

PALAEOECOLOGY

The Bystrzyca and D³ugopole sand stones con tain the as -
sem blage of fos sils in di cat ing a fully ma rine, well-ox y gen ated
en vi ron ment (Lockley et al., 1987; Ekdale and Ma son, 1988;
Miller, 2001; Gillette et al., 2003; Giannetti and McCann, 2010).
In par tic u lar, both Macaronichnus, typ i cal of well-ox y gen ated
sand (Clifton and Thomp son, 1978; Pem ber ton et al., 2001)
and Thalassinoides (Savrda and Bottjer, 1986; Savrda, 2007)
have been rec og nized as im por tant in di ca tors of fully oxic con -
di tions. The large Thalassinoides gal ler ies are com mon in the
D³ugopole Sand stone, mark ing the well-ox y gen a tion en vi ron -
ment (e.g., Doyle et al., 2005; Gingras et al., 2011). The pro duc -
ers of trace fos sils pre fer nor mal sa lin ity but can tol er ate sa lin ity
fluc tu a tion (stenohaline-polyhaline). Ophelia, one of the mod -
ern tracemakers of Macaronichnus, tol er ates sa lini ties lower
than those of the open ma rine en vi ron ments (Clifton and
Thomp son, 1978). The pres ent-day Callianassa biformis, which 
is one of tracemakers of Ophiomorpha and Thalassinoides,
pen e trates es tu ar ies and tol er ates sa lini ties from 12 to 30‰,
even so low as 10‰ (Frey et al., 1978; Goldring and Pol lard,
1995; Pervesler and Uchman, 2009). Some of tracemakers of
Ophiomorpha, Macaronichnus and Palaeophycus, are strongly
as so ci ated with high sed i men ta tion rate set tings (Gingras et al., 
2011).

The other rep re sen ta tives of fauna, i.e. bi valves Lima
canalifera Goldfuss (Fig. 5B) and Lima sp. (Fig. 5C) could also
point to the shal low ba sin and a low en ergy, nor mal ma rine con -
di tions (Wilmsen et al., 2007; Chrz¹stek, 2012; Mel’nikov et al.,
2012). Brachi o pods, i.e. Rhynchonella plicatilis (Fig. 5E) are
also in di ca tors of ma rine, usu ally well-ox y gen ated set tings
(Rich ard son, 1997; Curry and Brunton, 2007). The pres ence of
ammonites (Fig. 5A) in the Bystrzyca Sand stone, which were
prob a bly stenotypic or gan isms, very sen si tive to ox y gen a tion
and sa lin ity changes (Landman et al., 2012; Olivero, 2012),
sug gests fully ma rine con di tions. Al though ammonites in hab -
ited nearshore, in ter me di ate and dis tal-shelf to up per-slope en -
vi ron ments (Matsukawa et al., 2012) they are com mon in Me so -
zoic epicontinental seas (Zakharow et al., 2012). 

COMPARISON TO OTHER SEDIMENTOLOGICAL INTERPRETATIONS

The D³ugopole Sand stone is in ter preted (af ter Jerzykiewicz
and Wojewoda, 1986) as a part of the “ac cu mu la tion ter race”
(hy po thet i cal palaeobedform of the Cre ta ceous sea-floor),
which was de pos ited, par al lel to the shore, on the fault-con -
trolled scarps. Ear lier, the Mid dle Turonian sand stones from the 
Pol ish part of the Sto³owe Moun tains were rec og nized as sub -
aque ous dunes (Skoèek and Valeèka, 1983), whereas those
from the Bo he mian Cre ta ceous Ba sin as de pos its of prob a bly
coarse-grained, “Glibert-type”- del tas (Ulièný, 2001). Laurin and 
Ulièný (2004) sug gested that the Mid dle Turonian, cross-strat i -
fied sand stones of the nearshore Jizera For ma tion (Bo he mian
Cre ta ceous Ba sin) are shoreface to shoal-wa ter delta-front de -
pos its, af fected by both tidal and storm pro cesses. 
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The Bystrzyca and D³ugopole sand stones of the Nysa
K³odzka Graben were formed dur ing the re gres sive phase,
which started in the early/mid dle Mid dle Turonian (Rotnicka,
2005) and caused rel a tive up lift of the sed i ment source ar eas:
East-Sudetic Is land and Orlica Is land (Orlica-Up lift ac cord ing to
Chrz¹stek and Wojewoda, 2011) (Don and Don, 1960;
Radwañski, 1964, 1968; Jerzykiewicz, 1975; Wojewoda et al.,
2011). The trace fos sil as sem blage of the Bystrzyca and
D³ugopole sand stones can be used to de fine in greater de tail the
depositional en vi ron ment of these de pos its. It might be gen er ally
in agree ment with the palaeogeographic in ter pre ta tion pre -
sented by Jerzykiewicz and Wojewoda (1986) and Wojewoda
(1997, 2003, 2011) who sug gested off shore  en vi ron ment for the
Mid dle Turonian sand stones, but ichnological anal y sis showed
slightly shal lower en vi ron ment (dis tal lower shoreface–up per off -
shore). Rotnicka (2005), who in ves ti gated trace fos sils of the Up -
per Cre ta ceous equiv a lent de pos its of the Sto³owe Moun tains
(Intra-Sudetic Synclinorium), e.g. Radków Bluff Sand stone, sug -
gested ?up per off shore set ting (prox i mal Cruziana ichnofacies)
as an en vi ron ment for the Mid dle Turonian sand stones and con -
nected these de pos its with dis tal tongues of prograding “ter -
races” rather than with storm de pos its. 

The Bystrzyca and D³ugopole sand stones are over lain by
mudstones, marlstones and lime stones, con tain ing macro- and 
trace-fos sils (e.g., Planolites and Chondrites), de pos ited in the
deeper, off shore en vi ron ment (Chrz¹stek, 2012). Laurin and
Ulièný (2004), who in ves ti gated the Mid dle Turonian de pos its
(mudstones, marlstones) of the Bo he mian Cre ta ceous Ba sin
(off shore Izera For ma tion), re ported the sim i lar trace fos sils as -
sem blage: Thalassinoides, Planolites and Chondrites, typ i cal of 
off shore shelf; they found Ophiomorpha and Thalassinoides in
the nearshore Mid dle Turonian Izera For ma tion (sand stones of
the shoreface–off shore tran si tion).

Al most the same as sem blage of trace fos sils, in clud ing
Ophiomorpha, Thalassinoides and Planolites, ap pears in the
Cenomanian–Up per Turonian sed i ments of the Intra-Sudetic
Ba sin (Rotnicka, 2005) and in the Mid dle and Up per Turonian
de pos its of the Bo he mian Cre ta ceous Ba sin (Ulièný, 2001;
Mikuláš, 2006).

CONCLUSIONS

The mod er ately-low di verse, open-ma rine trace fos sils as -
sem blage found in the Mid dle Turonian sand stones of Stara
Bystrzyca and D³ugopole Górne in cludes Curvolithus sim plex,
?Macaronichnus isp., Ophiomorpha nodosa, Ophiomorpha
isp., Palaeophycus tubularis, Thalassinoides cf. paradoxicus,
T. suevicus and Thalassinoides isp. (Ta ble 1). The trace fos sils
ev i dence in di cates that the stud ied se quence must have been

de pos ited in a shal low-ma rine en vi ron ment. Ad di tion ally a frag -
ment of ammonite and bi valve shells (Lima canalifera Goldfuss, 
Lima sp.) were ob served that also points to a shal low ba sin with
nor mal ma rine con di tions.

Trace fos sils as sem blage, which ap pears in the Bystrzyca
Sand stone (Ophiomorpha and Palaeophycus), rep re sents a
close ap prox i ma tion to the prox i mal Cruziana ichnofacies,
which is po si tioned in the dis tal lower shoreface. In the bot tom
part of the D³ugopole Górne sec tion, Thalassinoides,
Ophiomorpha, Curvolithus and Palaeophycus ap pear, whereas 
in the up per part Ophiomorpha, Thalassinoides and
?Macaronichnus pre vail. The as sem blage of trace fos sils
shows an up ward pro gres sion from the ar che typal to the prox i -
mal Cruziana ichnofacies. This prob a bly in di cates a shallowing
trend from the up per off shore to the dis tal lower shoreface.

On the ba sis of ichnological stud ies, the Bystrzyca and
D³ugopole sand stones are rec og nized as fully ma rine, shal low
de pos its, which were de pos ited from the dis tal lower shoreface
to up per off shore, in wa ter depths that were gen er ally be tween
fair-weather and storm-wave base. Ichnological study showed
that the Bystrzyca Sand stone was de pos ited in the mod er -
ately-high en ergy con di tions (storm-in flu enced or even
storm-dom i nated shoreface; cf. MacEachern and Pem ber ton,
1992; Dashtgard et al., 2012).

Ichnological anal y sis of the D³ugopole Sand stone, is gen er -
ally in agree ment with the palaeogeographic scheme pro posed
by Jerzykiewicz and Wojewoda (1986), who rec og nized the
Mid dle Turonian sand stones of the Nysa K³odzka Graben as
the “ac cu mu la tion ter races” that were de pos ited on the
fault-con trolled scarps. The storm events might have re worked
the prograding “ter race”. The D³ugopole Sand stone was de pos -
ited un der low-mod er ately en ergy con di tions.

Ichnological data pro vides sig nif i cant new in sights into the
depositional en vi ron ment of the Bystrzyca and D³ugopole sand -
stones, de pos ited in shal lower dis tal lower shoreface–up per off -
shore en vi ron ment. This en vi ron ment was fully ox y gen ated, of
nor mal sa lin ity (stenohaline).
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