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In the type-area of the Eggenburgian re gional stage (Lower Burdigalian) sands with large-scale clinoforms were stud ied
north-west of Eggenburg (Lower Aus tria). Strati graphic and fa cies ar chi tec ture, palaeocurrent pat tern and in ferred
palaeogeographic set ting show that these sands are de pos its of W–E trending and SW to SSE prograding coastal spit sys -
tems, at tached to crys tal line shoals or is lets in the shal low ma rine Eggenburg Bay. The spits were dom i nantly formed by
shoal par al lel ac cre tion above fair-weather wave base due to long shore trans port. The 4–5 m thick clinoforms with
bottomset, foreset and topset struc tures con tain up to 3.6 m thick, steeply in clined foresets, dom i nated by sed i ment grav -
ity-flow de po si tion. Rel a tively sta ble depositional con di tions, characterized by strong uni di rec tional cur rents, high sand sup -
ply and suf fi cient ac com mo da tion space are as sumed for their for ma tion. How ever, in ter nal re ac ti va tion sur faces in di cate
vari a tions in cur rent ac tiv ity, ori en ta tion and ve loc ity. The de pos its of spit sys tems are in ter preted as part of a transgressive
sys tems tract. The prov e nance anal y sis re veals the lo cal Moravian and Moldanubian crys tal line rocks as prin ci pal source.
The spit sands of the Burgschleinitz For ma tion show the high est min er al og i cal ma tu rity within the stud ied Lower Mio cene
suc ces sion. In tense re work ing and redeposition of ma te rial from older de pos its is ev i dent. Due to the on go ing trans gres sion
de pos its of the fol low ing Gauderndorf For ma tion and Zogelsdorf For ma tion ex hibit a larger catch ment area with in put of high
amounts of fresh weath ered ma te rial.
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INTRODUCTION

Prograding clastic clinoforms as a fun da men tal el e ment of
the ba sin infill have at tracted an em i nent at ten tion in the
sedimentological lit er a ture es pe cially for their im por tance in pe -
tro leum in dus try and as an ex cel lent palaeoenvironmental ar -
chive. They can pro vide valu able in for ma tion about the
tectono-strati graphic evo lu tion of the depositional sys tem, in -
clud ing rates of progradation, aggradation and sed i ment flux
(Patruno et al., 2015; Pellegrini et al., 2020). Al though three ma -
jor scales of clinoforms can be dif fer en ti ated on the ba sis of ver -
ti cal re lief of the foresets (Pellegrini et al., 2020), their
depositional en vi ron ment is mostly con nected with del tas (com -
monly Gilbert-type ones), lin ear shore lines or larger-scale shelf
mar gins (e.g., Colella et al., 1987; Massari and Parea, 1990;
Nemec, 1990; Hampson and Storms, 2003; Breda et al., 2007;
Longhitano, 2008; Zecchin et al., 2010; Patruno et al., 2015).
Gen er ally smaller, both in ar eal ex tent and vol u met ri cally, are
coastal spits i.e. prograding shore line ac cu mu la tions, that fre -
quently form in places of sud den change in main land ori en ta tion 

where coastal de pos its are re worked by waves and trans ported 
downdrift from lo cal points of sed i ment dis charge. Spits are
also sig nif i cantly less stud ied in the geo log i cal lit er a ture than
other prograding sand bod ies and are doc u mented mostly from
the Qua ter nary depositional re cord (Niel sen et al., 1988; Hiroki
and Masuda, 2000; Mäkinen and Räsänen, 2003; Lindhorst et
al., 2008; Niel sen and Johannessen, 2009; Zecchin et al.,
2010; Dietrich et al., 2017; Fruergaard et al., 2018). Only few
ex am ples are known from older de pos its (Ras mus sen and
Dybkj³r, 2005; Leszczyñski and Nemec, 2015).

Ev i dence of the coastal spit pro vide im por tant and de tailed
in sight into coastal mor phol ogy, nearshore pro cesses and sed i -
ment sup ply. Coastal spits have in gen eral var i ous or i gins.
They are com monly as so ci ated with re treat ing del tas or river
mouths (Penland et al., 1988; Dietrich et al., 2017), the mouth
of an es tu ary (Monge-Ganuzas et al., 2015), bed rock ridges or
fault es carp ments (Leszczyñski and Nemec, 2015), prograding
strandplains (Otvos, 2000; Tamura, 2012), re lated to top o -
graphic steps or abrupt change in ori en ta tion of shore line
(Zecchin et al., 2010). The evo lu tion of a spit is the re sult of
com plex in ter ac tions be tween wave and tide dy nam ics
(Hine,1979; Allard et al., 2008; Lindhorst et al., 2008; Niel sen
and Johannessen, 2009; Dal rym ple et al., 2012), fluc tu a tions in
sea level (Van Heteren and Van De Plassche, 1997;
Fruergaard et al., 2015a), the im pact of storms (Mor ton and
Sallenger, 2003; Dougherty et al., 2004; Fruergaard et al.,
2013), sed i ment sup ply (Fruergaard et al., 2015b, 2020; Ol i ver
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et al., 2017) and geo log i cal and mor pho log i cal in her i tance
(Belknap and Kraft, 1985; Riggs et al., 1995). Be cause spits are 
very sen si tive to all these fac tors and are formed quite rap idly
(Niel sen and Johannessen, 2009), they serve as an in stant and
per cep tive in di ca tor of nearshore pro cesses and palaeo ge -
ogra phy. More over, un der stand ing spit for ma tion and evo lu tion
is in creas ingly im por tant in or der to as sess how these soft-sed i -
ment coastal sys tems will re spond and adapt to ex pected fu ture 
changes in storm in ten sity and sea level (Fruergaard et al.,
2020).

The pre sented pa per de scribes a unique oc cur rence of
Eggenburgian (Lower Burdigalian, Lower Mio cene) de pos its in
the Al pine-Carpathian Foredeep, where sev eral metre high
clinoforms at tached to the crys tal line base ment of the Bo he -
mian Mas sif were stud ied in the broader sur round ings of the vil -
lage Maigen north-west of Eggenburg (Lower Aus tria). The
sed i men tary struc tures and depositional pro cesses were in te -
grated into a depositional model of these de pos its and a
well-un der stood palaeo ge ogra phy based on de tailed geo log i -
cal map ping en abled an in sight into coastal pro cesses. Prov e -
nance anal y sis of the out cropped Lower Mio cene suc ces sion
pro vides fur ther data about the Eggenburgian trans gres sion
onto the south east ern mar gin of the Bo he mian Mas sif.

GEOLOGICAL SETTING

The in ves ti gated area is lo cated at the south east ern mar gin
of the Bo he mian Mas sif in north east ern Aus tria. It is made up
from Pre cam brian crys tal line base ment rocks, which are cov -
ered by Lower Mio cene (Lower Burdigalian/Eggenburgian to
Ottnangian) sed i ments. Both are cov ered in parts by Pleis to -
cene loess, loam and solifluction de pos its (Figs. 1 and 2).

The crys tal line base ment in this area is mainly part of the
Moravian Superunit. The crys tal line rocks are Pre cam brian
(Neoproterozoic) meta mor phic rocks, like paragneiss,
mica-schist, quartz ite, mar ble and calc-sil i cate gneiss. They
were in truded in the Late Neoproterozoic by dif fer ent gran ites
and granodiorites. In a late tec tonic phase dur ing the Variscan
orog eny, they were trans formed with in creas ing in ten sity to -
wards the west to gneiss (Bittesch gneiss, Buttendorf gneiss,
Therasburg gneiss, Eggenburg gran ite). In the study area, the
dif fer ent rock units are strik ing mainly N–S to NNE–SSW and
dip ping west to north-west.

In the sur round ings of Eggenburg crys tal line ridges and
inselberg-like hills pro trude from Lower Mio cene ma rine clastic
de pos its. It is a tec toni cally in duced horst-and-graben to pog ra -
phy, where ma rine sed i ments sur round crys tal line el e va tions
and fill de pres sions be tween (Roštínský and Roetzel, 2005;
Fig. 2). Due to strong ex hu ma tion in the Late Mio cene and Plio -
cene, to day´s land scape roughly mir rors the palaeo ge ogra phy
of the Early Mio cene Eggenburg Bay. De tailed geo log i cal map -
ping and fa cies anal y ses re con structed a shal low ma rine bay
with nu mer ous crys tal line is lands, which was shel tered to wards
the open sea in the east by roughly N–S trending crys tal line el e -
va tions.

In the Lower Mio cene sed i ment cover of the Eggenburg Bay 
two dis tinct transgressive suc ces sions with sev eral lithostrati -
graphic units can be dis tin guished (Roetzel et al., 1999; Mandic 
and Steininger, 2003; Piller et al., 2007). The first ma rine trans -
gres sion, start ing in the early Eggenburgian, is reach ing the
Eggenburg Bay in the late Eggenburgian and fol lows di rectly
above the crys tal line base ment.

Gen er ally, the suc ces sion starts with the sed i men ta tion of
the shal low ma rine Burgschleinitz For ma tion, which con sists
of im ma ture, mod er ately to poorly sorted, coarse- to fine-

 grain ed sands with grav elly in ter ca la tions. In most cases the
sands are sev eral metres thick, but do not ex ceed 10 m. Lo -
cally, poorly sorted highly im ma ture an gu lar to subangular and 
partly grav elly silty and clayey sands, sandy silts and clays of
the brack ish Kühnring Mem ber form the base above the crys -
tal line base ment and are lat er ally interfingering with the
Burgschleinitz For ma tion. De pos its of the Kühnring Mem ber
mainly oc cur in basal po si tions in palaeovalleys and de pres -
sions, like west of Kühnring and Eggenburg as well as in the
study area be tween Klein-Meiseldorf, Sigmundsherberg,
Maigen and Engelsdorf. The Kühnring Mem ber is char ac ter -
ized by oys ter reefs of Crassostrea gryphoides to gether with
Perna haidingeri beds and dense ac cu mu la tions of
Granulolabium, in di cat ing fluc tu at ing sa lin ity in estuarine shal -
low subtidal to intertidal ar eas with fresh wa ter in flow (Mandic
and Steininger, 2003). Around Klein-Meiseldorf, the brack ish
sed i ments are west ward pass ing over into grav elly and sandy
de pos its of the Rodingersdorf For ma tion from a flu -
vial-estuarine in put from the north-west (Fig. 2).

In the Burgschleinitz For ma tion grain size, sort ing as well as 
sed i men tary struc tures, such as even lam i na tion, low to high
an gle cross-strat i fi ca tion and cur rent rip ple cross lam i na tion in -
di cate a shal low ma rine, wave and storm dom i nated up per to
lower shoreface en vi ron ment (Roetzel, 1990; Pervesler et al.,
2011). Shell lay ers and coarse-grained graded ho ri zons, partly
with re mains of sea cows and other ver te brates, are in ter preted
as tempestites (Pervesler et al., 1995). At wave-dom i nated ex -
posed po si tions at the out side of the Eggenburg Bay basal con -
glom er ates with gra nitic boul ders and cob bles fre quently oc cur.
Due to var ie gated en vi ron men tal con di tions in side the bay, like
chang ing palaeorelief, wa ter depth and palaeocurrents,
lithofacies and biofacies of the Burgschleinitz For ma tion are
both lat er ally and ver ti cally gen er ally very vari able.

A fully ma rine, warm and shal low-wa ter depositional en vi -
ron ment is also sup ported by palaeoenvironmentally in dic a tive
bi valves, gas tro pods and trace fos sils. The thick-shelled and
large-sized mol lusc-fauna is dom i nated by ma rine, lit to ral to
shal low sublittoral spe cies like Glycymeris fichteli, Isognomon
rollei, Gigantopecten holgeri, Pecten pseudobeudanti, Ostrea
lamellosa, Cordiopsis incrassata, C. schafferi, Paphia benoisti,
Lutraria sanna and Allmonia paucicincta (Schaffer, 1910, 1912,
1914; Steininger, 1971; Mandic and Steininger, 2003). Fur ther -
more, in some out crops, like in the type lo cal ity of the
Burgschleinitz For ma tion, a highly di verse nearshore trace fos -
sil com mu nity oc curs (Ehrenberg, 1938, 1944; Pervesler et al.,
2011). Among these Ophiomorpha nodosa Lundgren is the
most com mon type (Hohenegger and Pervesler, 1985). Ad di -
tion ally, rem nants of ver te brates, like fish teeth (sharks, rays,
breams) and bones of dol phins (Schizodelphis sulcatus),
whales, croc o diles (Gavialosuchus eggenburgensis), tur tles,
sea cows (Metaxytherium krahuletzi) and the anthracothere
Brachyodus onoideus are ev i dence for the di verse fauna in and
around the Eggenburg Bay (Toula and Kail, 1885; Neumayr,
1888; Depéret, 1895; Abel, 1904; Schaffer, 1925; Brzobohatý
and Schultz, 1971; Daxner-Höck, 1971; Steininger, 1971: 134
ff., 146 ff., 154 ff.; Pervesler et al., 1995; Domning and
Pervesler, 2001).

The sed i ments of the Burgschleinitz For ma tion and the
Kühnring Mem ber are biostratigraphically dated by their small
mam mal fauna to the Eu ro pean land mam mal Zone MN3
(basal Orleanian; Mein, 1989), which en ables a di rect cor re la -
tion with the basal Burdigalian (Steininger et al., 1996;
Steininger, 1999). Fur ther more, Burdigalian, Med i ter ra -
nean-type pectinid spe cies such as Gigantopecten holgeri
(Geinitz) and Flexopecten palmatus (Lamarck) place the
Burgschleinitz For ma tion into the late Eggenburgian.
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Fig. 1A – lo ca tion of the in ves ti gated out crops in the sur round ings of Maigen vil lage; B – out crop sit u a tion in the area 
of the Wagerer sandpit (Maigen 1), with po si tion of in ves ti gated sec tions



In the cen tral Eggenburg Bay, the superposing Gau dern -
dorf For ma tion com pletes the first transgressive cy cle, whereas 
in the north ern and south ern parts of the bay the Gauderndorf
For ma tion is not de vel oped. It con sists of fine silty sands and
silts, which of ten are fol low ing con cor dantly above the
Burgschleinitz For ma tion or lo cally are lat er ally interfingering
with them. How ever, in some ar eas a disconformity, marked by
basal grav elly lay ers, is re flect ing the deep en ing due to trans -
gres sion. The di verse, thin-shelled, endobenthic and deep bur -
row ing mol lusc-fauna is to tally con trast ing the Burgschleinitz
For ma tion. Infralittoral bi valves like Pharus le gume, Solen
marginatus and Angulus zonarius (Mandic and Steininger,

2003) dom i nate. Even to slightly un du lat ing strat i fi ca tion of
these fine silty sands is, in most cases, com pletely oblit er ated
by the bur row ing ac tion of these molluscs. In con trast to the
mol lusc-fauna of the Burgschleinitz For ma tion this fauna is typ i -
cal for sandy mud-bot toms be low wave-base in slightly deeper,
calmer and shel tered ar eas of the Eggenburg Bay (Roetzel et
al., 1999; Mandic and Steininger, 2003).

The sec ond transgressive cy cle starts in the Eggenburg
Bay with the Zogelsdorf For ma tion, which rep re sents a re -
newed ma rine ingression into the bay (Nebelsick, 1989a, b). A
dis tinct hi a tus and a pro nounced ero sional re lief, due to a sea
level fall and re gres sion around the Eggenburgian–Ottnangian
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Fig. 2. Geo log i cal map of the sur round ings of Maigen (mapped by R. Roetzel in 2005, 2006 and 2009)



bound ary, mark the base of this for ma tion. At the be gin of the
sec ond trans gres sion, parts of the Gauderndorf and
Burgschleinitz For ma tion and their mol lusc-fauna were lo cally
re worked and re de pos ited in the basal parts of the Zogelsdorf
For ma tion (des ig nated by Suess, 1866 as “Molassesandstein”
and Abel, 1898 as “Brunnstubensandstein”). The Zogelsdorf
For ma tion, which is re stricted to the Eggenburg Bay and their
ad ja cent outer east erly mar gin, fol lows above the
Burgschleinitz und Gauderndorf For ma tion as well as the crys -
tal line base ment. It is a fin ing and deep en ing up ward suc ces -
sion, which con sists of basal con glom er ates, poorly sorted and
silty coarse to me dium-grained sands, sand stones, as well as
coralline al gae and bryo zoan de tri tal lime stones (Nebelsick,
1989a, b). In the west ern part of the Eggenburg Bay, close to
higher base ment el e va tions, grav elly sands and lime stones
mark the nearshore-fa cies of the Zogelsdorf For ma tion. Mol -
lusc shells are al ways en tirely diagenetically leached ex cept for
calcitic spe cies (such as pectinids).

East of the Eggenburg Bay and the N–S trending string of
crys tal line el e va tions, the Zogelsdorf For ma tion passes
upsection into open ma rine clays and marls of the Ottnangian
Zellerndorf For ma tion. In side the bay, the Zellerndorf For ma tion 
is pri mary re stricted to deeper de pres sions, show ing lat er ally
interfingering with the Zogelsdorf For ma tion. Gen er ally, the
Zogelsdorf For ma tion passes over into the Zellerndorf For ma -
tion by a metre-thick, poorly sorted and grav elly to coarse sandy 
silt to clay. Due to the rap idly pro gress ing early Ottnangian
trans gres sion, also a di rect onlap of the Zellerndorf For ma tion
on crys tal line el e va tions fre quently oc curs. The ma jor ity of the
Zellerndorf For ma tion con sist of fine lam i nated and thin-bed -
ded, light and dark brown or blu ish-grey, mostly non-cal car e ous 
and smectitic, very fine-grained silty clay. At the outer east ern
rim of the Eggenburg Bay fine lam i nated, 5 to 7.5-m-thick di at o -
mite of the Limberg Mem ber is in ter ca lated and interfingering
within the up per part of the Zellerndorf For ma tion. It is lat er ally
thin ning out to wards the east and show upwelling-con di tions
along the crys tal line scarp of the Bo he mian Mas sif (Roetzel et
al., 2006; Grunert et al., 2010).

METHODS

The main geo log i cal and sedimentological field works were
done in the 1970th to 1990th, many of them dur ing field
courses, ex ca va tions and trench ing of the In sti tute of Palae on -
tol ogy of the Vi enna Uni ver sity (Fritz F. Steininger, Pe ter
Pervesler, Reinhard Roetzel). In prep a ra tion for this pa per both
au thors re cently did ad di tional field work, al though the out crops
are mean while in poor con di tion and partly heavily over grown.

Field works were based on de tailed log ging, draw ing of bed -
ding ar chi tec ture in out crops and photomosaics and mea sur ing
of palaeocurrent in di ca tors (see Collinson et al., 2006). Pri mary
sed i men tary struc tures and tex tures were used for dis tin guish -
ing the lithofacies (Walker and James, 1992). Lithofacies were
grouped into fa cies as so ci a tions (FA), i.e. as sem blages of spa -
tially and ge net i cally re lated fa cies, that are the ex pres sions of
dif fer ent sed i men tary en vi ron ments.

Grain size anal y ses were car ried out from 75 sam ples by a
com bi na tion of wet siev ing in 1

2F in ter vals for frac tions
>0.063 mm. The finer frac tions down to 2 µm were ana lysed by
a Micromeritics SediGraph 5000 ET. The grain size pa ram e ters 
were cal cu lated as stand ard ised mo ments with the pro gram
SedPakWin (Reitner et al., 2005). The av er age (avg) grain size
is ex pressed by the first stand ard ised mo ment (Mz), the uni for -
mity of the grain size dis tri bu tion/sort ing by the sec ond stand -

ard ised mo ment (graphic stan dard de vi a tion sI) and the de gree
of the sym me try by the mo ment co ef fi cient of skew ness.

Eval u a tion of both light and heavy min er als were used for
prov e nance anal y ses. Light min er als of the frac tion
0.063–0.425 mm from 40 sam ples were im bed ded in syn thetic
resin and af ter cur ing and prep a ra tion of thin sec tions eval u ated 
un der the po lar iz ing mi cro scope. Heavy min er als from 42 sam -
ples were sep a rated with tetrabromethan and af ter prep a ra tion
in strew slides also quan ti fied in the grain size frac tion
0.063–0.425 mm un der the po lar iz ing mi cro scope by the count -
ing method. The opaque and trans lu cent min er als were con sid -
ered sep a rately in the cal cu la tions.

OUTCROP DESCRIPTIONS

The sed i men tary suc ces sion of the Lower Mio cene de pos -
its was open in sev eral sandpits in the sur round ings of the vil -
lage Maigen (Fig. 1A).

The big gest was the Stranzl sandpit (Maigen 2), ~800 m SE
of Maigen, on the road to Eggenburg (N48°40’25’’,
E15°46’52’’). Li thol ogy and lithostratigraphy of this sandpit were 
al ready de picted by Steininger (1977, 1983) and Steininger et
al. (1991a, b). On the op po site side of a creek (Maigner Bach),
~500 m south of the Stranzl sandpit, five sandpits were open
next to each other (Fig. 1A, B). The big gest was the Wagerer
sandpit (Maigen 1, N48°40’11’’, E15°46’40’’). West of them four 
smaller sandpits (Kainrath sandpit: N48°40’11’’, E15°46’36’’,
Rhiel sandpit: N48°40’10,6’’, E15°46’35,1’’, Wag ner sandpit:
N48°40’10,7’’, E15°46’33,9’’, mu nic i pal sandpit, now land fill
site; N48°40’11,1’’, E15°46’31,8’’) were ac tive (Fig. 1B). A fur -
ther small sandpit (Metzger sandpit, Maigen 3) was open at the
fields ~450 m south-west of Maigen (N48°40’30,0’’,
E15°46’00,1’’, Fig. 1A).

CRYSTALLINE BASEMENT

In the Wagerer and Stranzl sandpits the crys tal line base -
ment con sist ing of strongly weath ered mica-schist was opened
by trench ing 4 m, re spec tively 5 m be low the min ing level. In the 
Metzger sandpit mica-schists tem po rarily crop ped out at the
base. In the Stranzl sandpit the crys tal line base ment was ex -
posed in the trench in the cen tral part at ~366 m a.s.l., ris ing and 
crop ping out to wards west (378 m a.s.l.) and east (368 m a.s.l.). 
In the de pres sion in the cen tral part of the sandpit a NNE-strik -
ing re verse fault (300/62) caused a ver ti cal slip amount of sev -
eral metres of the hang ing wall in the west (Fig. 2). Due to the
presedimentary base ment re lief and fur ther syn- and
postsedimentary fault ing, the for ma tion-thick ness is here quite
vari able, vary ing be tween ~5 m in the west and 18 m in the
east ern part (Fig. 3).

KÜHNRING MEMBER

Above the ero sive crys tal line sur face in a first stage very
coarse de bris of an gu lar mica-schist and rounded quartz in im -
ma ture, very poorly sorted silty to sandy and grav elly ma trix was 
de pos ited. These sed i ments of the Kühnring Mem ber are
fossiliferous, con tain ing mainly de bris of molluscs like Ostrea,
Perna, Glycymeris, Turritella, Granulolabium, Paroxystele,
Cordiopsis and Cerastoderma, be sides re worked sol i tary cor -
als and in some cases in de ter min able bone-frag ments of ver te -
brates (Fig. 4H). In the Stranzl sandpit chronostratigraphically
sig nif i cant small mam mals (Mein, 1989) and a spe cies-rich
otolith fauna (Brzobohatý, 1989) were found in these lay ers.
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Fig. 3. Sche matic lithostratigraphic logs of the Stranzl sandpit (Maigen 2; cf. Figs. 1 and 2) with dis tri bu tion of fa cies
as so ci a tions (FA) and sam ples
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Fig. 4. Pho tos of lithofacies and fa cies as so ci a tions (FA) within the logged sec tions

A – high an gle cross-strat i fied sands of lithofacies Sll in FA 3, Metzger sandpit (Maigen 3); B – coarse-grained sands with bur row ing of
Ophiomorpha nodosa (lithofacies Slb, FA 5) above subhorizontal beds of cross-strat i fied sands of FA 4, im age height ~2.5 m, Stranzl sandpit 
(Maigen 2); C – top of high an gle cross-strat i fied sands (lithofacies Sll, FA 3) cov ered by bioturbated sands of FA 4, Stranzl sandpit (Maigen
2), im age height ~4 m; D – bioturbated high an gle cross-strat i fied sands of lithofacies Sll in FA 3, Metzger sandpit (Maigen 3); E – hor i zon tal
beds of lithofacies Sl, Sw and Slb in FA 5, Stranzl sandpit (Maigen 2); F – bioturbated silty sands of lithofacies Fs in the Gauderndorf For ma -
tion (FA 6), Stranzl sandpit (Maigen 2); G – coarse low an gle cross-strat i fied sands with drapes of shell-hash on foreset-beds (FA 3), at the
top fine silty sands of the Gauderndorf For ma tion (FA 6), mu nic i pal sandpit Maigen; H – poorly sorted grav elly silty and clayey sands of
lithofacies Sgm in the Kühnring Mem ber (FA 1) with re worked sol i taire cor als and bone-frag ments, Stranzl sandpit (Maigen 2, trenched sec -
tion, sam ple 14); I – well-de vel oped pla nar cross-strat i fi ca tion with al ter na tion of slightly finer and coarser grained in ter vals (lithofacies Sll,
FA 3, foreset), Ophiomorpha top left, Stranzl sandpit (Maigen 2); J – cal car e ous sands of lithofacies Ls in FA 7 of the Zogelsdorf For ma tion,
Wagerer sandpit (Maigen 1); K – about 7 cm thick pel let-walled bur row of Ophiomorpha nodosa in FA 4, Metzger sandpit (Maigen 3); L – 
shell-hash on low an gle cross-strat i fied foresets in FA 3, note partly de vel oped re verse ori ented cross-strat i fi ca tion marked by shell-hash
above the ar row, municipal sandpit Maigen, length of the ar row 10 cm



The Kühnring Mem ber is fill ing ero sive de pres sions, shown by a 
strongly vary ing thick ness be tween sev eral decimetre and up to 
3.5 m (Fig. 5: sec tion B, sam ples 11–14, Fig. 3: trenched sec -
tion, sam ples 13–19; sec tion Stranzl east, sam ple 1, Fig. 6: sec -
tion Metzger west, sam ples 1–3).

BURGSCHLEINITZ FORMATION

The fin ing up ward of the basal Kühnring Mem ber con tin ues
in the Burgschleinitz For ma tion above. In the trench of the
Wagerer sandpit the basal 2.5 m thick se quence con sists of

siltsands and silty fine- to me dium-grained sands (Fig. 5: sec -
tion B, sam ples 15–19) which have decimetre-thick
fossiliferous lay ers, mainly from Granulolabium, in al ter na tion
with up to 30 cm thick ho ri zons of Ostrea and Perna. The
fossiliferous lower part is com pleted by ~0.5 m clayey and silty
fine- to me dium-grained sands (Fig. 5: sec tion B, sam ple 20, 21 
and sec tion A, sam ple 10) which are al ready char ac ter ized by a
more di verse and fully ma rine mol lusc-fauna (pre dom i nantly
Acanthocardia moeschanum, Anadara fichteli grandis, Bucar -
dium grande, Perna haidingeri, Cordiopsis gauderndorfensis,
C. gigas, Macrocallista lilacinoides, Peronaea planata, Eu thrio -
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Fig. 5. Sche matic lithostratigraphic logs of the Wagerer sandpit (Maigen 1; sec tion A Wagerer east and B Wagerer west) 
and ad ja cent out crops (sec tion C Kainrath sandpit, sec tion D mu nic i pal sandpit; cf. Figs. 1 and 2) with dis tri bu tion of fa cies

as so ci a tions (FA) and sam ples



fusus burdigalensis, “Natica” tigrina, Tudicla rusticula, Turritella
inaequicingulata; Schauer and Schat t leitner, 1982).

The trenched sec tion in the Stranzl sandpit showed in the
lower part 3.4 m coarser sed i ments from fine grav elly and silty
fine- to coarse-grained sands with lay ers and lenses of
well-rounded coarse sand and fine gravel (Fig. 3: trenched sec -
tion, sam ples 20–27). In the abun dant ma rine mol lusc-fauna
Peronaea and Turritella dom i nate, be sides Granulolabium,
Cerastoderma, Natica, Cordiopsis and Paroxystele. Ad di tion ally, 
in a layer with Perna and Ostrea a sea tur tle-shell was found.
Like in the Kühnring Mem ber also small mam mals (Mein, 1989)
and oto liths (Brzobohatý, 1989) oc curred in these sed i ments.

Above this fossiliferous basal part of the Burgschleinitz For -
ma tion starts a new sandy and coars en ing up ward cy cle which
is poor in fos sils and only in parts bioturbated. The thick ness of
this sec tion is great est in the Wagerer out crop and the ad ja cent
sandpits 0.7–3.4 m (Fig. 5: sec tion A, sam ples 1E–4E: 3.2 m;
sec tion B, sam ples 22–4W: 3.4 m; sec tion C: 0.7 m; sec tion D:
1.6 m). In the sec tions of the Stranzl and the Metzger sandpits
is the thick ness of these sed i ments sig nif i cantly smaller due to a 
higher po si tion of the crys tal line base ment. In these two out -
crops they are max i mally 1.3 m thick and con sist of silty fine- to
me dium-grained and partly thin lam i nated sands (Fig.3: sec tion
Stranzl east, sam ple 2; Fig. 6: FA 2; Fig. 7: FA 2; Fig. 8: FA 2).
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Fig. 6. Sche matic lithostratigraphic logs of the Metzger sandpit (Maigen 3; cf. Figs. 1 and 2) with dis tri bu tion of fa cies
as so ci a tions (FA) and sam ples
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Fig. 7. Line draw ing doc u ment ing the fa cies ar chi tec ture (FA) and body ge om e tries in the Stranzl sandpit (Maigen 2; sit u a tion 1985)

Fig. 8. Line draw ing doc u ment ing the fa cies ar chi tec ture (FA) and body ge om e tries in the out crop in the Metzger sandpit
(Maigen 3; sit u a tion 1985)



In con trast, these sed i ments are much more di verse in the
Wagerer out crop, where they form above a slightly con vex
lower bound ary an up to 4 m thick con vex sand-body in the
east ern out crop wall, lat er ally ex tend ing for at least 100 m and
de scend ing to the south-west (Fig. 9: FA 2). The silty fine- to
me dium-grained sands at the base (Fig. 5: sec tion B, sam ples
22, 1W, sec tion A, sam ple 1E) are up ward pass ing over into
me dium- to fine-grained sands (sam ples 2W, 2E) and coarse
me dium- to fine-grained sands (sam ples 3W, 3E) and are fi -
nally over lain at the top by me dium- to coarse-grained sands
(sam ples 4W, 4E). Be sides the coars en ing up ward the sin gle
lay ers show lat eral fin ing re spec tively coars en ing and also re -
veal lat eral change in thick ness (Fig. 9). Some lay ers are in the
mid dle part thin lam i nated and con tain pelitic intraclasts. They
are in the lower parts strongly bioturbated, caus ing in some lay -
ers fun nel-shaped struc tures in bed ding. Gen er ally, the dif fuse
bioturbation de creases here downslope to wards the west. In
the top parts the sed i ments are in tensely bioturbated by 4–5 cm 
thick clayey- and pel let-walled Ophiomorpha nodosa which are
filled with coarse sand from the top. At the top most part of this
con vex sand-body in the east rounded peb bles from quartz and
mica-schist oc cur in me dium- to coarse-grained sands (Fig. 5:
sec tion A, sam ple 4E; Fig. 9). Downslope in west ward di rec tion
the sands are fin ing and the layer is thick en ing (Fig. 5: sec tion
B, sam ple 4W; Fig. 9). Ex cept of few ver ti cal shafts from bur -
rows, the high est parts yield no fos sils while the downslope
sands con tain rare shell frag ments.

Upsection, the Burgschleinitz For ma tion in the Wagerer
sandpit is com pleted by a het er o ge neous and coarse-grained
sed i ment pack age which is in parts cross-strat i fied and sig nif i -
cantly thick en ing to wards west to south-west. It con sists of var i -
ous subhorizons which are imbricated and merg ing from east to 
west (Fig. 9: FA 3). The base of this sed i ment pack age above
the high est el e va tion of the un der ly ing con vex sand-body in the
east is made up of a 20 cm thick layer with peb bles and cob bles
from well-rounded quartz and subangular, strongly weath ered
mica-schist (Figs. 5 and 9). They are im bed ded in a coarse
sandy to fine grav elly ma trix with some shell-hash and rib-frag -
ments of seacows. This li thol ogy, to gether with ero sional pock -
ets, deep ened in the lower ho ri zon, point to storm de pos its.
Downslope to the west this coarse-grained layer turn into a
grav elly sin gle grain layer with few in ter nal moulds of bi valves.
This basal layer is topped by an gu lar to subangular grav elly
coarse sand which is west ward lat er ally thick en ing and coars -

en ing and better sort ing with an ap pre cia bly higher con tent of
fine gravel but fewer silt (Fig. 5: sec tion B, sam ple 5W; Fig. 9:
FA 3). This ho ri zon is in the west max i mally 2.2 m thick and is
thin ning and pinch ing out to wards the east (Fig. 9). It con tains a
re mark able high con tent of shell-de bris, which is in creas ing
downslope to wards the west, show ing there also dou ble-valve
in di vid u als close to the base. In up ward di rec tion, the shell-de -
bris is de creas ing in the wes tern most part. The thick-shelled
valves are partly con cen trated in lay ers and are ori ented par al -
lel to a flat SSW- to SW-ward cross-strat i fi ca tion. Be sides the
valves, this cross-bed ding is also ac cen tu ated by fine grav elly
lay ers as well as thin pelitic rib bons. In the west ern part of the
out crop wall, the lat ter de scribed cross-strat i fied shell-de bris
sand is pass ing over into max i mally 80 cm thick fine grav elly
coarse sand (Fig. 5: sec tion B; Fig. 9). It is fin ing up ward and
has again a higher silty por tion in the ma trix. In some parts the
sand is flat cross-strat i fied (06–20°, mainly 10–15°), marked by
thin pelitic rib bons dip ping in SSW-di rec tion. The fos sil con tent
is lim ited to few shell-de bris but in some parts, the sand is
strongly bioturbated from the top.

The fi nal, top most ho ri zon of the Burgschleinitz For ma tion
in the west ern part of the Wagerer sandpit wall con sists of max i -
mally 1.2 m coarse sand with small por tions of fine gravel and
rare mica-schist peb bles which is fin ing up ward (Fig. 9). The
lower bound ary of the ho ri zon is trac ing the dip of the
cross-bed ding lay ers be low and is marked by con cre tions, while 
the top is erosively cut by the fol low ing Gauderndorf For ma tion.
The sands con tain only few sin gle valves.

In the sed i men tary suc ces sions of the sandpits Stranzl and
Metzger large scale cross-strat i fied sands are de vel oped in
sim i lar po si tion (Fig. 3: sec tion Stranzl east, sam ple 3–6; Fig. 6:
sec tion Metzger west, sam ples 4–5). They fol low above thin
lam i nated me dium- to coarse-grained sands (Figs. 7 and 8,
FA 2) which form the bottomset of the above fol low ing, ~3.6 m
thick cross-strat i fied beds from coarse- to me dium-grained
sands (Figs. 7, 8 and 10, FA 3). The foresets are steeply in -
clined (9–40°, mainly 20–35°) and show a rhyth mic al ter na tion
of 1–3 dm thick lay ers. Above a sharp base each cross-strata
starts with up to 5 cm thick, slightly fine grav elly coarse-grained
sand with ex tremely low fine por tion. Above it is fin ing up ward to
10–25 cm thick me dium- to coarse-grained sand with higher
por tion of fine sand (Fig. 4A, C, D, I). Rarely small slipfolding on
foreset planes was ob served. Also rounded pelitic intraclasts
and chips are some times im bed ded in the cross-strat i fi ca tion.
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Fig. 9. Line draw ing doc u ment ing the fa cies ar chi tec ture (FA) and body ge om e tries of the out crop in the Wagerer sandpit
(Maigen 1) with po si tions of sec tion A Wagerer east and sec tion B Wagerer west (sit u a tion 1985)



Bioturbation is rare and mainly ob served in the top most parts,
reach ing down from the above fol low ing Ophiomorpha sands.

Above or in lat eral po si tion of the cross-strat i fied sands fol -
low coarse- to me dium-grained sands which are char ac ter ized
by strong bioturbation by Ophiomorpha nodosa (Figs. 7, 8 and
9, FA 4–FA 5). They can be con sid ered as topsets of the
cross-strat i fied sands of FA 3 be low.

In the Stranzl sandpit the 2.5–3 m thick bed from coarse- to
me dium-grained sand is di vided in 0.8–1.2 m thick lay ers
(Fig. 3: sec tion Stranzl east, sam ples 7–8; Figs. 7 and 10B).
The sed i ments are bioturbated by Ophiomorpha nodosa, show -
ing the high est den sity in the basal part (Fig. 4B).

In the Metzger sandpit the lower part is formed by at least
1.3 m coarse- to me dium-grained sand which is slightly coars -
en ing up ward (Fig. 6: sec tion Metzger west, sam ple 6) and fine
bed ded in the low er most east ern part (Fig. 6: sec tion Metzger
east, sam ple 12; Fig. 8: FA 4). Up ward, they are over lain by me -
dium- to coarse-grained sand and at least fine grav elly
coarse-grained sand (Fig. 6: sec tion Metzger west, sam ple 7W; 
sec tion Metzger east, sam ple 7E; Fig. 8: FA 5). These sed i -
ments are in all ~1 m thick and con tain subrounded quartz and
more poorly rounded mica-schist. The bur row ing den sity by
Ophiomorpha nodosa is here in ten si fy ing to wards the top, in
parts with a re mark able thick ness of the nodose and walled
Ophiomorpha tubes of up to 7 cm (Fig. 4K).

In the Wagerer sandpit cor re la tive sed i ments are
70–130 cm grav elly coarse-grained sands in silty to sandy ma -

trix in the east ern part of the out crop wall (Fig. 9: FA 4, 5) which
can be con sid ered as topset of the cross-strat i fied sands of
FA 3 ad join ing to the west. The sed i ments are poorly sorted and 
rounded and con tain in the east ern most part some shell-frag -
ments and bioturbation from the top (Fig. 5: sec tion A, sam -
ple 5E).

GAUDERNDORF FORMATION

Above the Burgschleinitz For ma tion fol low sed i ments of the
Gauderndorf For ma tion in all out crops with a sharp and wavy
un du lated ero sional dis cor dance. The 1–2 dm-thick basal part
con tains peb bles up to 5 cm in size from well-rounded to
subrounded quartz and mica-schist in a silty to sandy ma trix. In
some parts of the Stranzl sandpit also silty lay ers with re worked
mud chips were ob served here.

In the Stranzl and Metzger sandpits, well-rounded fine
gravel from quartz and mica-schist were also found in the
above fol low ing, ~40 cm thick me dium- to coarse-sandy silt
which is also fin ing up ward (Fig. 3: sec tion Stranzl east, sam ple
9; Fig. 6: sec tion Metzger west, sam ple 8W; sec tion Metzger
east, sam ple 8E). In some parts this layer is strongly
bioturbated, mainly by 1–2 cm thick hor i zon tal and unwalled
tun nels. Up ward, the sed i ments pass over into max. 1.6–2 m
fine sandy siltsand to silty fine sand which con tain in the Stranzl
sandpit scat tered lenses (scours), filled with coarse-grained
sand to fine gravel (Fig. 3: sec tion Stranzl east, sam ples 9A, 31; 
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Fig. 10. Pho tos of the Stranzl sandpit (Maigen 2)

A – over view of the sandpit to wards the east, note the ge om e try of the cross-strat i fied sands (FA 3) along the out crop wall; B – de tail
view of the cross-strat i fied sands (FA 3) on the east ern wall (cf. Fig. 7; sit u a tion around 1975, pho tos by F.F. Steininger)



Fig. 6: sec tion Metzger west, sam ple 9W; sec tion Metzger east, 
sam ple 9E). In the out crops around the Wagerer sandpit, these
parts gen er ally show high por tions of coarse-grained sand
(Fig. 5). For the Gauderndorf For ma tion are typ i cal some
decimetre big, spher i cal lime stone con cre tions. The silts and
fine-grained sands are strongly bioturbated (Fig. 4F) by a
thin-shelled, bur row ing and di verse fully ma rine mol lusc-fauna
com pris ing mainly Solen, Barymactra, Peronaea, Cordiopsis,
turritellids and naticids. From the mu nic i pal sandpit nearby the
Wagerer sandpit Mandic (in Mandic and Reisinger, 1992) is list -
ing Pharus legumen, Thracia convexa, Turritella inaequi -
cingulata, Ficus burdigal ensis, Solen marginatus, Diplodonta
cf. rotundata, Peronaea planata, Cordiposis gigas,
Pholadomya eggenburgensis, Terebralia lignitarum, Natica sp., 
Perna sp., Isognomon sp., Co nus sp., Ostrea sp., Cerasto -
derma edule, Barymactra bucklandi, Lutraria sanna,
Isognomon rollei and Balanus sp. In the Wagerer sandpit Solen
marginatus were fre quently found in life po si tion, es pe cially in
the west ern part of the pit. In the Metzger sandpit thin-shelled
bi valves were con cen trated es pe cially at the base of this layer
as well as in lenses (scours?).

ZOGELSDORF FORMATION

On top of the Gauderndorf For ma tion an other ero sional dis -
cor dance is sep a rat ing the up ward fol low ing Zogelsdorf For ma -
tion. In the Stranzl sandpit, in a first step, the re lief with up to
40 cm deep scours was filled with sandy gravel from
well-rounded quartz and an gu lar mica-schist peb bles. This
trans gres sion-layer con tains oys ters, pectinids, moulds of bi -
valves and balanids, to gether with re worked, com pacted sed i -
ments and aragonitic shells of gas tro pods and bi valves (e.g.,
Turritella, Cordiopsis) from the subjacent Gauderndorf For ma -
tion (Nebelsick, 1989a; cf. Nebelsick, 1989b). In the Wagerer
and Metzger sandpits car bon ate con cre tions are fre quent
mainly at the base, where they partly can form con tin u ous
sand stone ho ri zons. This basal, sev eral decimetre-thick re -
worked ho ri zon is fin ing up ward and pass ing over into poorly
sorted, sandy lime stone with biogenic com po nents (Fig. 4J).
The com plete thick ness of the Zogelsdorf For ma tion is in the
Stranzl sandpit up to 4.3 m, in the Wagerer sandpit max i mally
1.45 m and in the Metzger sandpit ~3 m.

In the Stranzl sandpit in the lower 1.2 m sandy lime stone
from silty, fine to me dium sand with few well-rounded
quartz-gravel some moulds of glycymerids oc cur (Fig. 3: sec -
tion Stranzl east). Coars en ing up ward sed i ments are pass ing
over in 1.8 m silty and grav elly, me dium to coarse sand with lay -
ers of pectinids in coarser parts and abun dant con cre tions
(Fig. 3: sec tion Stranzl east, sam ple 32). In the top most part of
the sec tion, the sed i ments again are finer and show in some
lay ers more fre quently coralline al gae. Such coars en ing up -
ward was also ob served in the Metzger sandpit (Fig. 6: sec tion
Metzger west, sam ple 10W; sec tion Metzger east, sam ples
10E, 11E).

In the Zogelsdorf For ma tion around Maigen mainly bryo -
zoans and molluscs pre vail, to gether with echinoderms and
subordinately coralline al gae (cf. Nebelsick, 1989b). Mandic (in
Mandic and Reisinger, 1992) is cit ing from the Zogelsdorf For -
ma tion in the mu nic i pal sandpit nearby the Wagerer sandpit
Discors discrepans, Gigantopecten holgeri, Cardita crassa,
Pecten hornensis, Peronaea planata, Anomia ephippium,
Helminthia aff. vermicularis, Cordiopsis sp., Glycymeris fichteli,
G. deshayesi, Paroxystele orientale, Natica sp., Ostrea sp.,
Celepora sp., Vermetus sp. and Balanus sp.

RESULTS

FACIES ANALYSIS

Lithofacies of the de pos its of the suc ces sion stud ied in three 
sep a rated out crops on the lo cal ity Maigen have been organized 
into seven fa cies as so ci a tions (FA). These FA are: (1) gravel
and muddy sands; (2) subhorizontal beds of fossiliferous
sands; (3) large scale cross-strat i fied sands; (4) subhorizontal
beds of cross-strat i fied sands; (5) Ophiomorpha sands; (6)
fining up ward grav els to silty sands; (7) sandy grav els and
bioclastic lime stones. These FA can be as signed to the Lower
Mio cene lithostratigraphic units of the Al pine-Carpathian
Foredeep in the re gion. De pos its of FA 1 rep re sent the
Kühnring Mem ber. De pos its of FA 2, 3, 4 and 5 rep re sent the
Burgschleinitz For ma tion, which are the prin ci pal tar get of this
ar ti cle and the vol u met ri cally pre dom i nant part of the stud ied
suc ces sion. Over ly ing de pos its of the Gauderndorf For ma tion
and Zogelsdorf For ma tion are rep re sented by the last two fa -
cies as so ci a tions, i.e. FA 6 and FA 7. Be cause these youn ger
de pos its are not tar get of this ar ti cle, they are not stud ied and
dis cussed in de tail.

De tailed de scrip tions (li thol ogy, strat i fi ca tion and sed i men -
tary struc tures) and in ter pre ta tion of each rec og nized fa cies are 
given in Ta ble 1. Logs and line draw ings, il lus trat ing the dis tri bu -
tion of fa cies as so ci a tions from out crops, are pre sented in Fig -
ures 3 and 5–10. Ex am ples of both lithofacies and fa cies as so -
ci a tions within the logged sec tions can be fol lowed in Fig ure 4.

FA 1 – GRAVEL AND MUDDY SANDS

FA 1 is com posed of silty coarse-grained sands of fa cies
Sgm and gravel of fa cies G (see Ta ble 1). Gravel of fa cies G are 
com posed of an gu lar to subangular clasts of mica-schist and
paragneiss as well as subrounded to rounded quartz peb bles,
which can reach up to 10 cm in di am e ter. The peb bles are fre -
quently ma trix sup ported in a ma trix of silty sand to
coarse-grained sand. Sands of fa cies Sgm are poorly sorted
due to the ad mix ture of silt and es pe cially the oc cur rence of
gran ules and small peb bles. Sev eral oys ter-ho ri zons within
beds of fa cies Sgm were ob served. These de pos its are
bioturbated and fossiliferous (see de scrip tion above).

FA 1 is de vel oped im me di ately above the crys tal line base -
ment and forms the low er most part of the stud ied Lower Mio -
cene suc ces sion. The to tal thick ness of FA 1 highly var ies and
is in flu enced by the ac tual shape of the base ment, but usu ally
reaches sev eral decimetres to one metre, in some cases also
more. The base of FA 1 is ir reg u lar, sharp and ero sive and the
top is gen er ally flat and/or con vex up. FA 1 is over lain by de pos -
its of FA 2.

In ter pre ta tion: The di rect po si tion above the crys tal line
base ment, a poor sort ing and ad mix ture of both mud and
coarse clasts as well as an gu lar base ment ma te rial to gether
with rounded quartzes point to re worked de pos its. Fur ther more, 
by the mixed (ma rine, brack ish and ter res trial) fos sil fauna for
FA 1 a de po si tion as a transgressive lag in an es tu ary or coastal 
la goon, re spec tively (Nalin and Massari, 2009; Zecchin et al.,
2009) can be as sumed.

Pres er va tion and de po si tion of the Kühnring Mem ber (i.e.
FA 1) were highly in flu enced by the bed rock sur face, which is
also sup ported by data from geo log i cal map ping (Fig. 2). For in -
stance, a strik ing presedimentary base ment re lief was well doc -
u mented in the Stranzl sandpit (Maigen 2) where al ti tude dif fer -
ences of up to 12 m were ver i fied in bed rock el e va tions.
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T a  b l e  1   

Brief de scrip tion and in ter pre ta tion of lithofacies in the stud ied out crops, 
FA re fers to the fa cies as so ci a tions char ac ter ized in this pa per



A con nec tion be tween the estuarine de pos its of the
Kühnring Mem ber and a palaeovalley run ning from the
north-west is proven by field data.

How ever, pro file and mor phol ogy of the palaeovalley was
sig nif i cantly af fected by the ac tual shape of the crys tal line sur -
face. The li thol ogy of the sed i men tary infill of this palaeovalley
with flu vial-estuarine de pos its of the Rodingersdorf For ma tion
is com pa ra ble with the up per Oligocene St.Marein-Freischling
For ma tion in the Horn Ba sin (Nehyba and Roetzel, 2010). The
base of FA 1 rep re sents a se quence bound ary.

FA 2 – SUBHORIZONTAL BEDS OF FOSSILIFEROUS SANDS

FA 2 is rep re sented by hor i zon tal to subhorizontal (dip <5°)
lat er ally con tin u ous beds, which con sist of two fa cies, i.e. Sgl
and Smf (see Ta ble 1 for de tailed de scrip tion). Silty fine-grained 
and partly pla nar par al lel lam i nated sands, which in some parts
also have ad mix ture of well-rounded me dium to coarse sand
and fine gravel, rep re sent the vol u met ri cally dom i nant fa cies
Sgl. Gen er ally, a fin ing up ward trend was rec og nized due to a
de crease of coarse sand and gran ules to ward the top of the
beds of Sgl. The thick ness is vary ing be tween ~1.3 and 3.4 m.
The sands are fossiliferous, mainly from Granulolabium and ho -
ri zons of Ostrea and Perna, which up ward pass over into a spe -
cies-rich and fully ma rine mol lusc-fauna.

The sub or di nate fa cies Smf is made up by silty fine- to me -
dium grained structureless/mas sive sands, which are coars en -
ing up ward into partly thin lam i nated me dium- to fine-grained
sands. On top are coarse me dium- to fine-grained sands de vel -
oped, which are strongly bioturbated. Grain size is also lat er ally
chang ing and in some cases, the in ten sity of the bioturbation
de creases lat er ally too.

The de pos its of FA 2 re veal a gen er ally tab u lar shape of
beds and con vex up per bound ary, which can be fol lowed in out -
crops for ~60 to 100 m, sub merg ing to wards the west and
south-west. The to tal thick ness of FA 2 is ~0.5 m to sev eral
metres. Sands of FA 2 are better sorted than de pos its of FA 1,
which they cover along a flat or slightly con vex base. Their top
and con tact with over ly ing de pos its of FA 3 is gen er ally sharp
and con cave up ward.

In ter pre ta tion: The prev a lent fine-grained na ture of sand
with autochthonous ma rine bi valves re veals a nearshore de po -
si tion above the fair-weather wave base. The pla nar lam i na tion

and the coarse-grained interbeds are in ter preted as de pos ited
mainly from heavily loaded sus pen sion clouds gen er ated by
storms (Clifton, 2006; Niel sen and Johannessen, 2009) or grav -
ity cur rents (see over ly ing FA 3) with out sig nif i cant in flu ence of
bot tom cur rents. The pri mary sed i men tary struc tures were
partly dis torted by bioturbation. The al ter na tion of lay ers with
pre served par al lel lam i nated sand and mas sive/bioturbated
sand, sim i larly as vari a tions in grain size and con tent of fos sils,
in di cate sud den hy dro dy namic changes in the con di tions of de -
po si tion. The oc cur ring molluscs sup port well-ox y gen ated fully
ma rine con di tions. The up ward coars en ing and in creas ing
amount of gran ules in the top most parts of FA 2 is in ter preted
as in di ca tion of shallowing and tran si tion to the de pos its of over -
lay ing FA 3. Sed i ments of FA 2 are in ter preted as de pos its of
mid dle to lower shoreface in flu enced by the prograding bars
and ac tion of storms (Clifton, 2006). The lim ited scour ing, tab u -
lar shape and, in parts, rel a tively large thick ness of FA 2 sug -
gest de po si tion un der rel a tively pro tected deeper con di tions
(Niel sen and Johannessen, 2009).

FA 3 – LARGE SCALE CROSS-STRATIFIED SANDS

This fa cies as so ci a tion rep re sents the most prom i nent fea -
ture of the stud ied suc ces sion. FA 3 con sists of steeply in clined
and lat er ally con tin u ous sandy beds, rel a tively con sis tently dip -
ping in SE, S to SW di rec tions (Maigen 1: 185–252°, Maigen 2;
160–258°, Maigen 3: 130–200°). FA 3 com prises two lithofacies 
(Sll and Sr) how ever, cross-strat i fied sands of lithofacies Sll
strongly pre dom i nate form ing >93% of the rel a tive thick ness of
FA 3 (Figs. 4A, C, I and 10).

Lithofacies Sll is made up of steeply in clined (09–40°,
mainly 20–35°) grav elly coarse, coarse- and me dium-grained
sands, which show a decimetre-thick rhyth mic al ter na tion. Each 
cross-strata has a sharp base and starts with up to 5 cm thick,
slightly fine grav elly coarse sand with ex tremely low fine por tion. 
Up ward it is fin ing to 10–25 cm thick me dium to coarse sand
with higher fine por tion (Fig. 4A, C, I). Rarely small slipfolds on
foreset planes and rounded pelitic intraclasts and chips were
ob served. The sub or di nate rip ple cross-lam i nated sands of
lithofacies Sr form only dis con tin u ous and max i mum sev eral cm 
thick interbeds within the prev a lent beds of lithofacies Sll. For
de tailed de scrip tion of both lithofacies see Ta ble 1.
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The ver ti cal thick ness of FA 3 in sec tions var ies be tween
125 and 360 cm in in di vid ual out crops. The con tact of FA 3 and
FA 2 is sharp and con cave-up ward. Sig nif i cant re duc tion of the
dip of beds of FA 3 to wards the base is rel a tively com mon, so
the basal con tact is mostly tan gen tial, less fre quent an gu lar.
The con tact with the over ly ing FA 4 is sharp and gen er ally un -
du lated. Re duc tion of the dip of the beds of FA 3 to wards the top 
was also rec og nized, how ever, it seems to be less com mon
than the re duc tion of the dip to wards the base. There fore, the
top con tact can be de scribed as ei ther an gu lar/oblique or
sigmoidal. Usu ally, shells have not been ob served fre quently,
al though, they oc cur in some parts of FA 3 in out crop 1 (Maigen
Wagerer, Kainrath and mu nic i pal sandpit), cov er ing the
lee-sides of cross-strat i fied foresets. Bioturbation is rather scat -
tered and un com mon (es pe cially in com par i son to FA 4 and
FA 5) and mainly ob served in the top most parts, reach ing down
from the above fol low ing FA 4 (Fig. 4D, I). Bioturbation in dex BI
(Droser and Bottjer, 1986) is 0 to max. 1.

In ter pre ta tion: The lithofacies as sem blage in di cates the
steep foresets strongly dom i nated by de po si tion of sed i ment
grav ity-flows (Nemec, 1990). Well-strat i fied beds of fa cies Sll
are in ter preted as prod uct of av a lanche pro cesses down the
steep sub aque ous slope (Niel sen et al., 1988), prob a bly in -
duced by strong nearshore cur rents. The al most reg u lar in ter -
nal al ter na tion be tween fine- and coarse-grained lay ers sug gest 
de po si tion from pul sat ing cur rents (Niel sen et al., 1988). The
spo radic intrasets of fa cies Sr are in ter preted as de pos ited by
oc ca sional both os cil lat ing and uni di rec tional cur rents trans -
port ing sed i ments along the steep sub aque ous slopes and
partly re worked the dune slip faces. Re ac ti va tion sur faces and
rare oc cur rences of mud clasts re veal vari a tions in the cur rent
ac tiv ity, ori en ta tion and ve loc ity. The scat tered bur rows in di cate 
rather quiet pe ri ods when or gan isms have set tled on the bot tom 
with out be ing dis turbed by avalanching. The de pos its of FA 3
are in ter preted as foresets of a coastal spit, more pre cisely as a
spit plat form front (e.g., Dott and Bour geois, 1982; Niel sen et
al., 1988; Dumas et al., 2005; Niel sen and Johannessen, 2009). 
Allen (1982) in ter preted the iso lated, rel a tively thick pla nar
cross-sets as small long shore bars mi grat ing oblique to the
shore line. Gen er ally, SW- to SSE-ward in cli na tion of the
foresets in di cates sed i ment trans port roughly from NE and N.
The rel a tively small vari a tions in trans port di rec tion in di cate pe -
ri ods of sta ble depositional con di tions char ac ter ized by strong
uni di rec tional cur rents, high sand sup ply and suf fi cient ac com -
mo da tion space to al low most of the dunes to be pre served.

Rel a tively flat base and the al ter na tion of an gu lar and tan -
gen tial basal con tact point to fluc tu a tion of the flow ve loc ity
along the slope and changes in the depth-ra tio (Jopling,1965).
Ev i dence of backflows was only oc ca sion ally rec og nized. Such
con di tions are prob a bly con nected with rel a tively higher
depth-ra tio (sensu Jopling, 1965), rel a tively low an gle lee-side
of mi grat ing bedforms with some trac tion cur rent ac tiv ity and
rel a tively flat foreset pro file. Al though, trun ca tion and re ac ti va -
tion sur faces were rel a tively com mon within foreset beds,
mostly they are only gently un du lated and of ten less in clined
than the un der ly ing strata. Ev i dence of both sigmoidal and
oblique brink and vari a tions in the brink tra jec tory re veals vari a -
tions in the ac com mo da tion avail able for bar front aggradation
and ex is tence of in di vid ual bar lobes or re curved spit. An over all 
up ward in crease in biogenous ac tiv ity re flects the de creas ing
depositional en ergy (into FA 5).

FA 4 – SUBHORIZONTAL BEDS OF CROSS-STRATIFIED SANDS

These sandy de pos its form ~1.5 m thick tab u lar to broadly
len tic u lar bod ies. Hor i zon tal beds of FA 4 are made up of three
lithofacies i.e. St, Sp and Sr (see Ta ble 1) how ever, lithofacies
St and Sp strongly pre dom i nates, com pris ing 99% of the rel a -

tive thick ness of FA 4. Fa cies Sr forms max. sev eral cm thick
interbeds cov er ing the un der ly ing sets of fa cies St and is
erosively cut by over ly ing sets of fa cies St. De pos its of FA 4 are
bioturbated mostly by bur rows of Ophiomorpha and BI is 1
(Fig. 4B, K). Scat tered well-rounded small peb bles (up to some
centi metre in di am e ter) can be en riched along the base of FA 4
and are rarer within the bed. The thick ness of sets of fa cies St
var ies from 10 to 15 cm, the coset thick ness is ~40 to 80 cm.
The thick ness of sets of fa cies Sp var ies from 10 to 30 cm, the
coset thick ness is ~120 cm. The base of FA 4 is ero sive, slightly 
un du lated and gen er ally broadly con vex down where it cov ers
the de pos its of FA 3 (Figs. 4C and 10). De pos its of FA 4 al ter -
nate with de pos its of FA 5 and are fi nally cov ered by them.

In ter pre ta tion: The range of strat i fi ca tion types and the
lack of ar gil la ceous interlayers in di cate a de po si tion in a
wave-worked up per shoreface en vi ron ment (Clifton, 1981;
Hampson, 2000). Tab u lar beds of trough cross-strat i fied and/or 
pla nar cross-strat i fied me dium- to coarse-grained sand are in -
ter preted as formed by strong uni di rec tional lit to ral cur rents
lead ing to for ma tion of 3D (linguoid or lunate) dunes and/or 2D
dunes (Clifton and Dingler, 1984). The de vel op ment of dunes is 
com monly linked to nearshore cir cu la tion cells of long shore cur -
rents (Clifton, 1981; Massari and Parea, 1988; Hart and Plint,
1995; Clifton, 2006). The thin interbeds of fa cies Sr rep re sent
de pos its of rip ples cov er ing the dunes. The al ter na tion of trough 
cross-strat i fied beds with sub or di nate rip ple cross-lam i na tion
in di cates fair-weather wave ac tion with gen er ally high but fluc -
tu at ing or bital ve loc i ties (Clifton et al., 1971; Komar and Miller,
1975). The poor pres er va tion of Sr in di cates high sed i ment in -
put, rel a tively rapid de po si tion and mi gra tion of larger
bedforms, i.e. dunes. The long shore mi gra tion of 2D or 3D
dunes was prob a bly con trolled by the palaeoshoreline trend.
When they reached a top o graphic step on the base ment, the
for ests (i.e. FA 3) start to de velop due to trans for ma tion of the
long shore cur rents to grav ity-flow pro cesses (Zecchin et al.,
2010). The de pos its of FA 4 there fore are in ter preted as the
topset de pos its of a spit.

Ero sional slightly con vex down base of FA 4 and
palaeocurrent di rec tions mostly to ward south-west (i.e.
obliquely in re gard to the large-scale clinoform foreset of FA 3)
might sig nal ize an oblique bar-trough sys tem de vel oped within
the topset de pos its (Niel sen et al., 1988).

The sharp con cave down base of FA 4 in a larger scale
could pro mote the ex is tence of a rel a tively pro tected en vi ron -
ment, which was suc ces sively ben e fi cial for biogenous ac tiv ity
(sus pen sion feed ing, dwell ing) re corded by Ophiomorpha bur -
rows. The trace fos sil as sem blage with Ophiomorpha re flects a
well-ox y gen ated and nu tri ent-rich shoreface en vi ron ment.

Dou ble mud drapes and other tidal sig na tures were not no -
ticed. Only in the mu nic i pal sandpit west of the Wagerer sandpit 
few in di ca tions for backflow could be ob served by re verse ori -
ented shell-hash on low an gle cross-strat i fied foresets (Fig. 4G, 
L). Such a poor ev i dence of re ver sal flow sug gests that tidal
cur rents have not played a sig nif i cant role in the gen er a tion of
the ob served sed i men tary struc tures and/or their role was lo -
cally re stricted.

The de pos its of FA 4 are in ter preted as up per shoreface de -
pos its (Clifton, 1981; Massari and Parea, 1988; Hart and Plint,
1995; Clifton, 2006) and its ero sional base may be re lated to the 
sea ward mi gra tion of long shore troughs dur ing progradation of
the lit to ral bars (Hunter et al., 1979).

FA 5 – OPHIOMORPHA SANDS

Hor i zon tal beds of FA 5 are com posed by lithofacies Slb, Sl, 
Sw, Su and M (Fig. 4B, E). These sandy de pos its form ~1 to
3.3 m thick tab u lar to broadly len tic u lar bod ies. Dom i nant fa cies
Slb com prises 77% of rel a tive thick ness of FA 5.
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It is rep re sented by 0.8–1.2 m thick sets of coarse- to me -
dium-grained sands and grav elly sands bioturbated by
Ophiomorpha nodosa. In di vid ual sets vary in in ten sity of
bioturbation and grain size. Some sets re veal coars en ing or fin -
ing up ward trends. Cosets of Slb are 2.5–3 m thick.
Subrounded quartz and sub-an gu lar mica-schist form gran ules
and small peb bles. Par al lel or slightly un du lat ing lam i na tion is
still vis i ble in less in tensely bioturbated sands. The walled
bioturbation tubes are some times quite thick (6–7 cm) and
mainly ver ti cal. In three-di men sional re con struc tions of these
Ophiomorpha bur row ing-sys tems pre ferred ori en ta tion with two 
or thogo nal ax ial dis tri bu tions was iden ti fied (Hohenegger and
Pervesler, 1985). The approx. N–S di rected ori en ta tion roughly
cor re sponds with the cur rent di rec tion form ing foresets of the
cross-strat i fied FA 3 sed i ments be low.

Fa cies Sw and Sl form only sev eral cm thick lay ers of mainly 
fine- to me dium-grained sand (Fig. 4E). The oc cur rences of
mudstones of lithofacies M are only a few cm thick dis con tin u -
ous ero sional rel ics. The shapes of de pos its of fa cies Su are
very un even be ing strongly in flu enced by sub se quent ero sion
and de vel op ment of FA 6. Sig nif i cant vari a tions were rec og -
nized in both sort ing and in ten sity of bioturbation. Whereas fa -
cies Sl, Sw and M are rel a tively well sorted, fa cies Su and es pe -
cially Slb re veal poor sort ing. BI var ies be tween 0 or 1 (fa cies M, 
Sl, Sw and Su) to 3 (fa cies Slb).

The de pos its of FA 5 al ter nate with de pos its of FA 4. The
bases of de pos its of FA 5 are gen er ally flat and sharp. In the
Wagerer sandpit the base is trac ing the dip of the cross-bed -
ding lay ers be low and is marked by con cre tions. The top of FA 5 
is flat and sharp if de pos its of FA 4 are in their su per po si tion.
How ever, an ero sive and un du lated top was re cog nized when
FA 5 is over lain by de pos its of FA 6 (Gauderndorf For ma tion).

In ter pre ta tion: The dom i nant fa cies Slb re veals a com bi -
na tion of strong wave ac tion or strong cur rents and low-en ergy
set tings, suit able for colo nis ation of the sub strate re corded by
bioturbation. Such con di tions can be lo cated in a lower
shoreface depositional en vi ron ment (Read ing and Collinson,
1996; Clifton, 2006). Ac tion of waves is pro moted by oc cur -
rences of lithofacies Sw and well sorted fine-grained lithofacies
Sl. The pla nar par al lel lam i na tion al ter nat ing with wave-rip ple
cross-lam i na tion in di cates gen er ally high but fluc tu at ing or bital
ve loc i ties (Clifton et al., 1971; Komar and Miller, 1975).
Fine-grained sands of lithofacies Su with un du lated lam i na tion
re sem bles swaley strat i fi ca tions and is in ter preted as re sult of
storm-gen er ated com bined flow ac tion (John son and Baldwin,
1996; Dumas and Ar nott, 2006). Sim i larly, the muddy
interlayers could in di cate the de po si tion above the mean
fair-weather wave base in a lower shoreface en vi ron ment
(Clifton, 1981; Hampson, 2000).

The de pos its of FA 5 are in ti mately as so ci ated with the up -
per-shoreface de pos its of FA 4, which they un der lie in the re -
gres sive set tings and over lie in the transgressive set tings. Such 
an as so ci a tion re flects small vari a tions in the rel a tive sea level
on the sur face of the lit to ral bar. The lack of beach de pos its
within the beds of FA 4 and FA 5 is prob a bly a re sult of the
palaeogeographic po si tion in the Eggenburg Bay and trun ca -
tion by shoreface ero sion (Hiroki and Masuda, 2000). The trace
fos sil as sem blage re flects a well-ox y gen ated and nu tri ent-rich
shoreface en vi ron ment.

FA 6 – FINING UPWARD GRAVELS TO SILTY SANDS

The tab u lar to broadly len tic u lar de pos its of FA 6 are com -
posed by fin ing up ward suc ces sion of lithofacies G, Slb and Fs
and are ~1–2 m thick. The thin bed of the basal fa cies G drapes
a wavy ero sional sur face with an un du lated re lief and has an

only slightly ir reg u lar sharp top. Well-rounded to subrounded
quartz and mica-schist peb bles (up to 5 cm across), em bed ded
in a silty to sandy ma trix make up fa cies G. The over ly ing me -
dium- to coarse-grained sands of fa cies Slb are rel a tively poorly 
sorted due to ad mix ture of scat tered gran ules of crys tal line
rocks and form thin beds. In some parts, also silty lay ers with re -
worked mud chips were doc u mented. Fa cies Slb passes up -
wards into thick beds of fine-grained fossiliferous sands of fa -
cies Fs (Fig. 4F) some times pass ing up wards into silty sands
with scat tered lenses (scours), filled with coarse-grained sand
and fine gravel. Fa cies Fs forms the pre dom i nant part of the FA
6. BI of fa cies Slb and Fs is ~3 to 4. Typ i cal for FA 6 is a di verse
thin-shelled bi valve-fauna, which fre quently is con cen trated es -
pe cially at the base of lay ers of Fs.

In ter pre ta tion: The sed i ments of FA 6 be long to the
Gauderndorf For ma tion. The basal gravel layer above the lower 
shoreface de pos its of FA 5 is in ter preted as a transgressive or
storm lag (Clifton, 2006). Poorly sorted sands of fa cies Slb rep -
re sent the lower shoreface. The above fol low ing fine silty sands
with a di verse and thin-shelled mol lusc-infauna of fa cies Fs can
be char ac ter ized as lower shoreface de pos its un der calm
fair-weather con di tions in pro tected ar eas of the Eggenburg
Bay.

FA 7 – SANDY GRAVELS AND BIOCLASTIC LIMESTONES

These tab u lar shaped and in dis tinct bed ded sed i ments are
up to 4.3 m thick. The low er most part of FA 7 con sists of sandy
gravel of lithofacies G, which drapes an ero sional sur face with
sev eral decimetre re lief cut into de pos its of FA 6. Peb bles are
from well-rounded quartz, an gu lar mica-schist and am phi bo lite.
The coarse-grained layer con tains mainly calcitic shells from
mol lusc, moulds of bi valves, balanids and re worked ma te rial
from the un der ly ing FA 6.

Fa cies G passes over into sev eral metre thick de pos its of
fa cies Ls which form the main part of FA 7. The fa cies Ls con sist 
of poorly sorted silty and grav elly me dium- to coarse-grained
bioclastic lime stones, sandy lime stones and cal car e ous sands
with bryo zoans, bi valves, echinoderms and subordinately
coralline al gae (Fig. 4J). Clastic com po nents vary from silty fine- 
to me dium-grained sand with few well-rounded quartz gravel.
Beds of fa cies Ls are var i ously con sol i dated.

In ter pre ta tion: The basal ero sional gravel layer above the
lower shoreface de pos its of FA 6 is in ter preted as a
transgressive lag. It is linked with re work ing of older de pos its
and also fresh eroded crys tal line base ment ma te rial and their
in cor po ra tion (Demarest and Kraft, 1987; Nummedal and Swift,
1987; Hwang and Heller, 2002; Cattaneo and Steel, 2003; Nalin 
and Massari, 2009; Zecchin et al., 2009). Fa cies Ls pre sum ably 
char ac ter ize dy namic depositional con di tions, where wave ac -
tion is typ i fy ing a shoreface (Clifton, 2006). Nu mer ous bioclasts
tes tify the col o ni za tion of the sub strate. The de pos its of FA 7
be long to the Zogelsdorf For ma tion and are sep a rated by a
sharp and dis tinct un con formity with re worked ma te rial from the 
un der ly ing Gauderndorf For ma tion (FA 6) in their basal part
(Nebelsick, 1989a, b; Piller et al., 2007). They rep re sent a new
transgressive sed i men tary cy cle (as was fur ther con firmed by
re sults of prov e nance anal y sis; see chap ter “Grain size and
prov e nance study”). The con tact be tween FA 6 and FA 7 is a
se quence bound ary (Late Eggenburgian/Ottnangian;
Ottnangian trans gres sion phase).

SPIT SYSTEM

De pos its of FA 3 show the most dis tinct and unique fea ture
of the Burgschleinitz For ma tion in the sandpits of the Maigen
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area. Steeply in clined and al most 4 m high foreset beds of FA 3
su per im pose FA 2 and are cov ered by subhorizontal beds of
FA 4 and FA 5. This sit u a tion im plies a topset, foreset and
bottomset struc ture com monly in ter preted as de pos its of a
Gilbert-type delta. How ever, beds in the topset po si tions (FA 4
and FA 5) lack any ev i dence of flu vial ac tiv ity and are in ter -
preted as shoreface de pos its. Sim i larly, beds in bottomset po si -
tion (FA 2) are in ter preted as shoreface de pos its, which over lie
low-en ergy de pos its of a re stricted estuarine en vi ron ment
(FA 1). The foresets dip par al lel with or only slightly oblique to a
NESW trending string of crys tal line el e va tions, in di cat ing gen -
er ally “along shore” ac cre tion of sand (i.e. not off shore ac cre -
tion). Such palaeocurrent ori en ta tions sug gest de po si tion of
bars and dunes driven by dif fracted long shore cur rents
(Zecchin et al., 2010; Dietrich et al., 2017). There fore, the stud -
ied suc ces sion of FA 2–5 is in ter preted as frag ments of a spit
sys tem or sys tems, which prograded gen er ally into the
Eggenburg Bay. The cross-beds with bottomsets and thickly
pre served topsets in di cate that large amounts of sed i ment were 
trans ported in sus pen sion and that no, or only mi nor, ero sion of
the tops oc curred.

A spit is a ridge or em bank ment of sed i ments at tached to
land at one end, with the other end ing in open wa ters and is
youn ger than the land to which it is at tached. Spits are among
the most dy namic fea tures in coastal zones and are driven by
com plex for ma tion and evo lu tion pro cesses. Their sta bil ity is
the re sult of a frag ile equi lib rium be tween the avail abil ity of sed i -
ments and the forc ing hy dro dy nam ics (Petersen et al., 2008).
The palaeo ge ogra phy, es pe cially lo cal coastal mor phol ogy, rel -
a tive sea level changes, wave and cur rent, cli mate, sed i ment
in put and depositional rates are the prin ci pal fac tors con trol ling
the spit thick ness and ge om e try (Niel sen and Johannessen,
2009; Fruegard et al., 2020).

A spit sys tem is mostly rec og nized as con sist ing of a spit
plat form and a spit. Bottomset, foreset and topset beds are typ i -
cally within the sys tem (Meistrell, 1972; Niel sen et al., 1988;
Niel sen and Johannessen, 2009). The plat form is a large-scale
pri mary sed i men tary body formed by sed i ment trans port along
the coast and rises above the sea floor but lies be low mean low
tide (Niel sen et al., 1988; Niel sen and Johannessen, 2009).
Prograding clinoforms rep re sent the most ob vi ous part of the
spit sys tem. How ever, wave-built ar chi tec tural el e ments of a
spit sys tem might also in clude swash and nearshore bars,
berms, fore shores and backshores, beach ridges, washover
chan nels and fans (Hine, 1979; Niel sen et al., 1988; Lindhorst
et al., 2008; Fruergaard et al., 2020).

The de pos its of FA 2 and FA 3 are in ter preted as sub aque -
ous spit plat form (Niel sen et al., 1988). FA 2 rep re sents in de tail
the spit bottomset. The bottomset con sists of shoreface de pos -
its, which are gen er ally char ac ter is tic of spit sys tems (Niel sen et 
al., 1988; Niel sen and Johannessen, 2009). The stud ied FA 3
con sti tute foresets, i.e. the slipface of a spit plat form, which are
prone to ero sion by storm waves and grav i ta tional col lapses
(Niel sen et al., 1988). The rec og nized re ac ti va tion sur faces and 
un du lated top within FA 3 can be ex plained by ac tion of storms
and avalanching, be cause storms tend to flat ten the plat form
pro file, whereas col lapses steepen it by leav ing head scarps
(Niel sen et al.,1988; Zecchin et al., 2010). Spits with a steep
slipface de velop where the sed i ment is coarse-grained and the
sur round ing wa ter is sev eral metres deep, whereas the in cli na -
tion of plat form strata is lower in shal lower wa ter (Niel sen et al.,
1988; Niel sen and Johannessen, 2009; Zecchin et al., 2010;
Dietrich et al., 2017). The pres er va tion of sigmoidal foresets in
FA 3 in di cates a rel a tively high sed i men ta tion rate and avail able 
ac com mo da tion (e.g., Niel sen and Johannessen, 2008). The
scale of the stud ied spits, based on the ar eal dis tance of stud ied 

out crops points to ~1 km width of the spit area (~500 m width of
the sin gle spit), which is well com pa ra ble with the data known
from the Up per Pleis to cene spits of the North Sea (Niel sen et
al., 1988; Niel sen and Johannessen, 2009).

Sec tions ori ented in gen er ally in N–S di rec tion were stud ied 
in out crops Maigen 2 and 3. These sec tions are ori ented par al -
lel to oblique to foreset dip di rec tion and re veal sig moid foresets 
prograding in SW to SE di rec tion. Both, the top and base of
FA 3 (foreset) are broadly un du lated and FA 3 re veals gen er ally 
tab u lar shape on the dis tance of ~75 m (out crop Maigen 2).

Sec tions gen er ally ori ented in W-E di rec tion were stud ied in 
the out crops Maigen 1 and 3 and show bed ding ar chi tec ture
trans verse to the foreset dip di rec tion. FA 3 re veals gen er ally a
tab u lar shape in these sec tions (fol lowed on the dis tance of
~80 m in out crop Maigen 1; Fig. 9) and broadly un du lated base
and top. More over, a crude in ter nal broadly con vex-up con cen -
tric strat i fi ca tion (dome-like) was here fol lowed. This dome is
~5 m high and >90 m wide. This strat i fi ca tion is in ter preted as a
re cord of spit sys tem aggradation and is ori ented gen er ally per -
pen dic u lar to its progradation. The gen er ally len tic u lar sand
bod ies, sep a rated by these aggrading sur faces, show a crude
climb ing trend gen er ally to wards the west. The thick ness of the
in di vid ual len tic u lar bod ies/sets vary from sev eral decimetres to 
al most 2 metres and their width was larger than the out crop ex -
tent (i.e. >90 m). This depositional ar chi tec ture re veals the ori -
en ta tion of the de pres sion into which the foreset prograded
(oblique toplap) gen er ally from N or NE to wards S or SW. The
ev i dence of climb ing of in ter nal strat i fi ca tion could be a sig nal of 
a switch ing of the spit tra jec tory.

Very ex cep tional in di ca tions for backflow along the foresets
are not ex plained as backsets fill ing slope chutes and con -
nected with hy drau lic jumps (Nemec, 1990) or ev i dence of cy -
clic steps (Lang and Winsemann, 2013), which typ i cally oc cur
on steep foresets of Gilbert-type del tas, but have been also rec -
og nized within spits (Zecchin et al., 2010). Re verse ori ented
shell-hash was in the stud ied case as so ci ated with low an gle
cross-strat i fied foresets only at the wes tern most rec og nized
edge of one spit in Maigen 1 (Fig. 4L). This par tic u lar out crop is
in the south ern most po si tion of the spit sys tem, in the catch -
ment area of an as sumed in let into an es tu ary. In such cir cum -
stance, an en hanced ef fect of tidal cur rents is not ex cluded.

The spit is a sed i ment ridge on the spit plat form and the
plat form is es tab lished in ad vance of the spit for ma tion. The de -
pos its of FA 4 are in ter preted as a spit topset. The mech a nisms
re spon si ble for the gen er a tion of the ob served cross-strat i fi ca -
tion may be linked to both shore-par al lel and shore-nor mal pro -
cesses in a shal low-ma rine en vi ron ment. In cases, when de -
pos its of FA 4 di rectly cov er ing the un der ly ing foresets (FA 3),
they are in ter preted as an ev i dence of an oblique mi gra tion of
sand dunes to wards the front of the lit to ral bar, which fa voured
the avalanching of larger-scale in clined bed ding/foreset. Sim i -
larly, ac cord ing to Niel sen et al. (1988), the tran si tion from the
spit plat form foresets to the topset is dom i nated by trough
cross-bed ded peb bly sand. The ma jor ity of the bur rows of FA 4
ex tend down wards from the top sur face of the dunes, in di cat ing 
that the dunes were col o nized by bur row ing an i mals when they
were rel a tively sta tion ary dur ing pe ri ods of calm con di tions.

The pres ence of ero sion sur face with scat tered gran ules along 
the con tact of FA 3 and FA 4 in di cates that the spit plat form front
was un der ero sion. Es pe cially the edge of the plat form is prone to
ero sion how ever, the ero sional base might also be as so ci ated with 
the sea ward mi gra tion of long shore troughs dur ing progradation of 
the sys tem (Hunter et al., 1979). Miss ing beach/fore shore de pos -
its in the suc ces sion is ex plained by the palaeogeographic po si tion 
in side the Eggenburg Bay (Fig. 17A, B).
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The un du lated re lief of the sur face be tween topset and
foreset with a re lief of up to one metre (clearly seen in sec tions
par al lel to foreset dip di rec tion; Fig. 7) is in case of the spit sys -
tem in ter preted to rep re sent changes be tween progradational
and aggradational phases of plat form con struc tion (Niel sen et
al., 1988).

The up ward al ter na tion of lower shoreface sand stones
(FA 5) and up per shoreface sand stones (FA 4) within the spit
topset in di cates re gres sive or transgressive set tings due to rel -
a tive sea level changes. These vari a tions are sup posed to be a
con se quence of spit sys tem progradation or retro gra da tion.

GRAIN SIZE AND PROVENANCE STUDY

Grain size data are mainly char ac ter iz ing the en ergy of the
de po si tion me dium (Reineck and Singh, 1980), chang ing dur -
ing sed i men ta tion of the dif fer ent for ma tions and pro vide com -
pa ra ble math e mat i cal data of mean grain size, sort ing and
skew ness.

Re sults of the prov e nance anal y ses are based on com bi na -
tion of eval u a tion of light and heavy min eral stud ies. Prov e -
nance study pro vides data about the source area, which might
be es pe cially im por tant in case of the prograding clinoforms
and eval u a tion of long shore drift typ i cal for coastal spits. Prov e -

nance re sults fur ther sup port the palaeocurrrent pat terns,
palaeo ge ogra phy or even the se quence strati graphic in ter pre -
ta tions (Dinis et al., 2016; Nehyba, 2018). Such a com par i son
might at test the ori en ta tion of the prograding clinoform in re la -
tion to the coast (i.e. par al lel or per pen dic u lar to the shore).

GRAIN SIZE DISTRIBUTION

Grain size data from the Kühnring Mem ber (FA 1; Ap pen -
dix 1*) are ap par ent by their high pro por tion of gravel (17–60%;
avg 32.7%) and high amount of sand (30–66%; avg 48.6%) with 
sim i lar pro por tions in the coarse, me dium and fine sand frac -
tions. They show a con sid er ably smaller con tent of silt (5–31%;
avg 15.4%) and low clay (0.7–4.4%, in ex cep tion 14.3%; avg
3.3%). This re sults in an avg grain size (mean) of –1.0 to 2.9 F
and a quite high stan dard de vi a tion (sort ing) of 2.6–4.6, re flect -
ing very poor to ex tremely poor sort ing (Fig. 11A; Fried man,
1962). Due to these high por tions of coarse ma te rial, the skew -
ness is be tween 0.2–1.6 and the sed i ments are pos i tive to
strongly pos i tive coarse skewed (Fig. 12A). Ac cord ingly, the
sed i ments are widely dis persed in the ter nary di a gram, mainly
clas si fied as silty gravel sands, gravel sands, or silty-grav elly
sands (Fig. 13A).
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1619

Fig. 11. Cross-plots of mean (av er age grain size) ver sus

sort ing (stan dard de vi a tion) in F-val ues for the stud ied
sam ples

A – sam ples from Kühnring Mem ber (FA 1), Gauderndorf For ma tion
(FA 6) and Zogelsdorf For ma tion (FA 7); B – sam ples from
fine-grained FA 2 and coarse-grained FA 3 and FA 4–Fa 5 of the
Burgschleinitz For ma tion

Fig. 12. Cross-plots of skew ness (sym me try) ver sus sort ing

(stan dard de vi a tion) of the grain size in F-val ues for the
stud ied sam ples

A – sam ples from Kühnring Mem ber (FA 1), Gauderndorf For ma tion
(FA 6) and Zogelsdorf For ma tion (FA 7); B – sam ples from
fine-grained FA 2 and coarse-grained FA 3 and FA 4–Fa 5 of the
Burgschleinitz For ma tion

https://gq.pgi.gov.pl/article/downloadSuppFile/33021/4215


Sam ples of the Burgschleinitz For ma tion are grouped in
FA 2, FA 3 and FA 4–FA 5 (Ap pen dix 1). FA 2 forms the lower
part in the Wagerer (Maigen 1) and Stranzl (Maigen 2) sandpits
(Figs. 3 and 5; Ap pen dix 1). The sam ples from the Wagerer
sandpit have quite low por tions of gravel (0.05–8.2%; avg 1.5%)
whereas in the Stranzl sandpit the por tion of gravel is fre quently
con sid er ably higher (9.8–20.1%, rarely 0.3–2.1%; avg 8.4%).
The per cent ages of sand and clay are in both out crops quite sim -
i lar (sand: 63–94%; avg 77.5%, clay: 0.8–11.5%; avg 2.5%). In
con trast, the pro por tions of silt in these sed i ments are in the
Wagerer sandpit some what higher (4.2–32%; avg 16.6%) as in
the Stranzl sandpit (7–22%; avg 14.4%). This means, that in the
Wagerer sandpit in the lower part silty fine-grained sands and
siltsands pre vail, coars en ing up ward to me dium-fine-grained
sands re spec tively me dium-coarse-grained sands. In con trast, in 
the Stranzl sandpit silty-grav elly sands dom i nate be side silty
sands (Fig. 13B). There fore, the avg grain size (mean) of the
sed i ments of FA 2 in the Burgschleinitz For ma tion is 1.4–4.2 F.
Val ues of 1.6–3.3 of the stan dard de vi a tion (sort ing) mir ror poor
to very poor sort ing of the sed i ments too (Fig. 11B). The pos i tive
to strongly pos i tive skew ness (sym me try) be tween 0.4–3.9
shows the dom i nance of the coarse part in grain sizes (Fig. 12B).

Coarse sed i ments form the up per part of the Burgschleinitz
For ma tion in all out crops (FA 3, FA 4–FA 5; Figs. 3, 5 and 6).
They usu ally show low por tions of gravel (0.2–15%, rarely
higher up to 25%) and are dom i nated by the sand frac tion
(61–96%; avg 85%). This re sults in quite low pro por tions of silt
and clay (silt: 2.1–9.3%, rarely up to 22.5%; avg 6.0%; clay:
0.5–3.4%; avg 1.2%). Sed i ments are there fore mainly coarse-
or me dium- to fine-grained sands as well as grav elly
coarse-grained sands (Fig. 13B). Com pared to the lower sed i -
ments of the Burgschleinitz For ma tion is the avg grain size
(mean) of the coarse sed i ments ob vi ously in the coarser frac -

tion, mak ing up 0.5–2.5 F. Sort ing is again poor to very poor,
re sult ing in stan dard de vi a tion val ues from 1.4 to 3.2, sim i lar to
the lower sed i ments (Fig. 11B). The skew ness is with val ues of
1.3–3.7 again strongly pos i tive (Fig. 12B).

In the above fol low ing Gauderndorf For ma tion (FA 6) the
basal part is strik ing coarser than the rest of the sed i ments (Ap -
pen dix 1). They show higher por tions of sand (73–83%) and
gravel (9–12%), whereas pro por tions of silt (8–10%) and clay
(1–4.6%) are low. Coarse, me dium and fine sand are roughly
evenly dis trib uted. There fore, the avg grain size (mean) is 1.5 to 
2.0 F (Fig. 11A). In con trast, the ma jor ity of the Gauderndorf
For ma tion upsection is sig nif i cantly finer grained. These sed i -
ments are char ac ter ized by a low gravel por tion (0.3–4.1%; avg
1.4%) and a mod er ate sandy por tion (51–75%; avg 62.8%),
mainly dom i nated by the fine sand frac tion. On the other hand,
is the con tent of silt quite high (19–43%; avg 31.3%) but the clay 
con tent low (1–7%; avg 4.4%). The sed i ments are mainly
siltsands or silty sands (Fig. 13A). The avg grain size (mean) is
3.1–4.1 F and the stan dard de vi a tion, ac cord ing to the poor to
very poor sort ing, is 1.7–3.1 (Fig. 11A). The pre dom i nance of
the coarser part in grain sizes re flect a pos i tive to strongly pos i -
tive skew ness be tween 0.7–1.5 (Fig. 12A).

The grain size dis tri bu tion of the top most Zogelsdorf For -
ma tion (FA 7; Ap pen dix 1) is widely sim i lar to the Gauderndorf
For ma tion. In de tail the sed i ments dif fer in a slightly higher con -
tent in the gravel size (2.5–13%; avg 7.5%), which are biogenic
com po nents as well as fine gravel. They are also slightly
coarser in the coarse and me dium grain size of the sandy frac -
tion (51–76%; avg 65.5%). In con trary, com pared to the
Gauderndorf For ma tion, the silty frac tion in the Zogelsdorf For -
ma tion is sig nif i cantly lower (12–32%; avg 20.1%), whereas the 
clay con tent is quite sim i lar (4–15%; avg 6.9%). The sed i ments
are silty sands, silty-grav elly sands or siltsands (Fig. 13A). The
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Fig. 13. Re sults of grain size anal y sis in the ter nary di a gram gravel-sand-silt (+clay)

A – sam ples from Kühnring Mem ber, Gauderndorf For ma tion and Zogelsdorf For ma tion; B – sam ples from fine-grained FA 2 
and coarse-grained FA 3 and FA 4–Fa 5 of the Burgschleinitz For ma tion; nomenclature in the ter nary di a gram af ter 

Füchtbauer (1959) and Müller (1961); G – gravel, S – sand, Si – silt, g – grav elly, s – sandy, si – silty

https://gq.pgi.gov.pl/article/downloadSuppFile/33021/4215
https://gq.pgi.gov.pl/article/downloadSuppFile/33021/4215
https://gq.pgi.gov.pl/article/downloadSuppFile/33021/4215


avg grain size (mean) is 2.1–4.9 F the sort ing is very poor
(stan dard de vi a tion 2.6–3.6) and the skew ness is pos i tive to
strongly pos i tive (0.8–1.1; Figs. 11A and 12A).

Thus, the de pos its of the Burgschleinitz For ma tion are in
gen eral better sorted and re veal more stron ger pos i tive skew -
ness than the de pos its of the Kühnring Mem ber, Gauderndorf
and Zogelsdorf For ma tions. The foreset beds (FA 3) pro vide
quite uni form re sults of sort ing and skew ness. Re sults for the
bottomset (FA 2) on the other hand, dis close the high est vari a -
tion in the mean grain size, skew ness and also in the sort ing
within the spit de pos its. Foreset (FA 3) and topset de pos its
(FA 4, 5) re veal a sim i lar mean grain size.

PETROGRAPHY OF LIGHT MINERALS

The stud ied sam ples can be mostly clas si fied as lithic
arenites (72.5%), sig nif i cantly less com mon as arkosic arenites
(20%) and ex cep tion ally sublithic arenites (5.0%) or
subarkoses (2.5%) (sensu Pettijohn et al., 1987). The clas si fi -
ca tion di a gram of Folk (1968) and Okada (1971) for stud ied

sam ples is pre sented in Fig ure 14A. The sam ples from the
Burgschleinitz For ma tion are min er al og i cally the most ma ture.
They have gen er ally a higher con tent of quartz (avg 61.2%) and 
also of feld spar (avg 11.9%) com pared to those from the
Kühnring Mem ber (con tent of quartz avg 41.8%, con tent of feld -
spar avg 5.2%). A lower con tent of quartz and sig nif i cantly
higher con tent of feld spar is ob served also in sam ples from the
Gauderndorf For ma tion (quartz avg 48.4%, feld spar avg
18.8%) and Zogelsdorf For ma tion (quartz avg 59.7%, feld spar
avg 24%). Al kali feld spar al ways dom i nate over plagioclase.
The high est con tent of plagioclase was rec og nized in sam ples
from the Gauderndorf For ma tion (avg 6.9%) and the Zogelsdorf 
For ma tion (avg 4.7%). An in creas ing ma tu rity for the
Burgschleinitz For ma tion, es pe cially if com pared to over ly ing
de pos its of the Gauderndorf For ma tion and Zogelsdorf For ma -
tion, is also vis i ble from QPK di a gram (Fig. 14B; Girty et al.,
2003) and is as so ci ated with in creased feld spar weath er ing.

On the Q-F-L (Fig. 14C) dis crim i na tion di a gram the ma jor ity
of sam ples of the sed i men tary suc ces sion oc cupy the re cy cled
orogenic field with a re la tion to con ti nen tal/craton source. Such
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Fig. 14. Dis crim i na tion ter nary di a grams of pe trog ra phy of light min er als for the stud ied sam ples

A – Q-F-L clas si fi ca tion di a gram af ter Folk (1968) and Okada (1971) for the stud ied sam ples; B – QPK di a gram (Girty et al., 2003) 
for the stud ied sam ples; C – QFL dis crim i na tion di a gram for the stud ied sam ples (Dickinson, 1985); Q – to tal quartz, F – to tal feld spar

(plagioclase + al kali feld spar), P – plagioclase, K – al kali feld spar, L – to tal lithic com po nents



a dis tri bu tion re flects com plex sources of the most cratonward
part of the dis tal Al pine-Carpathian Foredeep Ba sin, when the
source from crys tal line meta mor phic rocks is com bined with the 
source from gran ites. All these rocks oc cur along the east ern
mar gin of the Bo he mian Mas sif. Al though all the sam ples re veal 
gen er ally the com mon source, it is clear, that re sults from the
stud ied sed i men tary suc ces sion show some trends (sim i larly in
Fig. 14A–C). Sam ples of the Kühnring Mem ber and Burg -
schleinitz For ma tion are ori ented al most par al lel to the Q-L
axes and rep re sent the first close re lated group (i.e. the first
sed i men tary cy cle). An in creased pro por tion of ma ture ma te rial
is ev i dent for the Burgschleinitz For ma tion. We can as sume
that a large part of the sed i ments of the Burgschleinitz For ma -
tion, as well as that of the Kühnring Mem ber, con sists of re de -
pos ited ma te rial.

The sam ples from the Gauderndorf For ma tion and Zogels -
dorf For ma tion form the sec ond com mon group and show the
in put of rel a tively fresh ma te rial from the ba sin mar gin sources
into the ba sin re spec tively the next sed i men tary cy cle (in case
of the Zogelsdorf For ma tion).

HEAVY MINERALS

Heavy min er als are sen si tive in di ca tors of prov e nance,
weath er ing, trans port, de po si tion and diagenesis (Mor ton and
Hallsworth, 1994). Heavy min eral as sem blages, the ra tios ATi
(100 ´ ap a tite count/to tal ap a tite plus tour ma line), GZi (100 ´
gar net count/to tal gar net plus zir con), RuZi (100 ´ rutile
count/to tal rutile plus zir con), GTi (100 ´ gar net count/to tal gar -
net plus tour ma line) (see Mor ton and Hallsworth, 1999) and the
ZTR in dex (to tal zir con plus tour ma line plus rutile) have been
eval u ated. The GTi, GZi, ATi and RuZi min eral ra tios (ac cord -
ing to Mor ton and Hallsworth, 1994) were used to re flect the
source rocks char ac ter is tics (be cause they are com par a tively
im mune to al ter ation dur ing the sed i men tary cy cle), to in di cate
suc ces sive stages in prov e nance evo lu tion, the tec tonic his tory
and as in di ca tors for sed i ment trans port paths. The ZTR in dex
is widely ac cepted as a cri te rion for the min er al og i cal “ma tu rity“
of heavy min eral as sem blages (Hubert, 1962; Mor ton and
Hallsworth, 1994) in case of der i va tion from a sim i lar source.
The pro por tion of opaque ver sus trans lu cent min er als (OP/TR)
was counted to get fur ther in for ma tion con cern ing weath er ing
and re work ing con di tions (Ta ble 2B).

Heavy min eral as sem blages partly dif fer within the sed i -
men tary suc ces sion (see Ta ble 2A), how ever, both the dom i -
nance of staurolite in the heavy min eral spec tra and prev a lence 
of tour ma line within the very sta ble heavy min er als are typ i cal
for the whole suc ces sion. A rel a tive sig nif i cant in crease in the
con tent of gar net and also staurolite is ev i dent for the
Gauderndorf For ma tion and Zogelsdorf For ma tion.

Cross-plots com par ing GTi vs. RuZi and ATi vs. RuZi are
pre sented in Fig ure 15 and show some group ing of sam ples of
the stud ied for ma tions. The val ues of these ra tios are pre -
sented in Ta ble 2B.

The re sults show vari able amounts of opaque, ultrastable
(zir con, tour ma line and rutile), sta ble (staurolite, gar net, ap a tite, 
ti tan ite) and mod er ately sta ble (epidote, sillimanite, kyan ite and
an da lu site) min er als. Oc cur rences of un sta ble min er als
(hornblende, pyroxene, sphene, spinel) were ex tremely rare.
Ta ble 2A and Fig ure 16B show, that sta ble min er als are the
most dom i nant in de pos its of the Zogelsdorf For ma tion. A more
com plex sit u a tion can be fol lowed for the de pos its of the other
three re main ing for ma tions (Fig. 16A). How ever, an in crease in
the con tent of sta ble heavy min er als is ev i dent for the
Gauderndorf For ma tion and Zogelsdorf For ma tion.

In ter pre ta tion: The heavy min eral spec tra point in gen eral
to a prin ci pal in put of meta mor phic rocks (both mid dle-
grade/es pe cially metapelites and high-grade/granu lites,
gneiss es) from the source area with an in flu ence of gran ites in
prov e nance. Redeposition of ma te rial from older de pos its must
be also taken into ac count es pe cially for the Burgschleinitz For -
ma tion. Sim i lar OP/TR ra tio within the whole suc ces sion points
to rel a tively sta ble weath er ing and re work ing con di tions (Ta -
ble 2B). There fore, the vari a tions in the heavy min eral spec tra
re flect the vari a tion in the con fig u ra tion of the source area. Al -
most sim i lar val ues of RuZi for all four for ma tions (Ta ble 2B)
con firm both the pres ence of re cy cled and the sup ply of fresh
ma te rial. The pri mary source can be lo cated in the nearby crys -
tal line geo log i cal units of i.e. Moravian and Moldanubian
Superunits and Thaya Batholith. How ever, the im pact of these
pri mary sources and redeposition vary within the sed i men tary
suc ces sion and so two groups of sam ples can be rec og nized.
The first one is rep re sented by de pos its of the Kühnring Mem -
ber and the Burgschleinitz For ma tion, the sec ond one by the
over ly ing de pos its of the Gauderndorf For ma tion and Zogels -
dorf For ma tion.
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Fig. 15. Heavy min er als cross-plots

A – in dex GTi vs. RuZi; B – in dex ATi vs. RuZi (in dexes af ter Mor ton
and Hallsworth, 1999); ATi (100 x ap a tite count/to tal ap a tite plus
tour ma line), GTi (100 x gar net count/to tal gar net plus tour ma line),
RuZi (100 x rutile count/to tal rutile plus zir con)
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For ma tion/
heavy min eral

Kühnring Mb.                 
me dian [%] (min.–max.)

Burgschleinitz Fm.          
me dian [%] (min.–max.)

Gauderndorf Fm.            
me dian [%] (min.–max.)

Zogelsdorf Fm.               
me dian [%] (min.–max.)

Zir con 2.1 (0–6)       6.6 (0–17) 3.6   (0–8) 2.3 (0–4)

Rutile 4.1 (0–14)   10.6 (0–17) 4.4 (01–9) 3.3 (2–5)

Ti tan ite 0.8 (0–5)       0.4 (0–2)  – 0.2    (0–0.5)

Tour ma line 27.3 (2–89.6) 23.5 (7–38) 12.3  (0.5–31) 5.3 (3–7)

Gar net 7.7 (0–19)     4.2 (0–18) 12.3  (0.5–31) 22.5  (17–33)

Staurolite 43.6  (4–78)   26.7 (6–70) 41     (10–60) 57.5  (46–67)

Kyan ite 12.8  (0.5–65)     16.0 (2–29) 16.4   (10–32) 6.8   (4–11)

Sillimanite 1.7 (0–7)      8.5 (0–22) 5.0   (2–10) 1.1 (0.5–2)   

An da lu site 0.2 (0–0.5)    1.9 (0–7)  0.3 (0–1) 0.1 (0–5)

Ap a tite 0.1 (0–0.5)    0.1 (0–1)  0.2   (0–0.5) 0.9 (0–2)

Epidote+Zoisite 0.2 (0–1)    – 0.8 (0–2) 0.3   (0–0.5)

T a  b l e  2 A

Heavy min eral data (me dian) of the Kühnring Mem ber, Burgschleinitz For ma tion, Gauderndorf For ma tion and Zogelsdorf For ma tion

For ma tion/                 
heavy min eral ra tio

Kühnring Mb. Burgschleinitz Fm. Gauderndorf Fm. Zogelsdorf Fm.

me dian [%] (min.– max.) me dian [%]  (min.– max.) me dian [%] (min.– max.) me dian [%] (min.– max.)

ZTR 33.4 3.5–93.0 40.8 8–56 20.3  4–45 10.75 8–16

ATi     0.06    0–0.56   0.5  0–6.7 10.32 0–50 13.96     0–22.2

GZi 70.7   0–100   39.29   0–100 74.7 38.5–100   90.9  82.6–100   

RuZi 62.9   0–100 62.7 33.3–100   65.8 42.9–100   61.4  40–100

OP/TR   1.6 0.5–4.3    1.1 0.3–4.9    1.2 0 .1–4.9   1.1 0.1 –4.9   

T a  b l e  2 B

Val ues of heavy min eral data of ZTR (to tal zir con plus tour ma line plus rutile), ATi (100 ´ ap a tite count/to tal ap a tite plus 
tour ma line), GZi (100 ´ gar net count/to tal gar net plus zir con), RuZi (100 ´ rutile count/to tal rutile plus zir con) 

and OP/TR (pro por tion of opaque ver sus trans lu cent min er als)

Fig. 16. Heavy min eral ter nary di a grams

A – ter nary di a gram of the ultrastable heavy min er als zir con, tour ma line and rutile; B – ter nary di a gram of sta ble (staurolite, gar net,
ap a tite, ti tan ite) – mod er ately sta ble (epidote, sillimanite, kyan ite, an da lu site) – ultrastable (zir con, tour ma line, rutile) heavy min er als



The GZi and GTi in dexes clearly show an in crease of gar net 
in the Gauderndorf For ma tion and Zogelsdorf For ma tion com -
pared to the Kühnring Mem ber and Burgschleinitz For ma tion.
This is also con nected with the in crease of staurolite and re duc -
tion of tour ma line (partly also of other superstable min er als).
These ob ser va tions are in ter preted as a sig nal of higher in put of 
fresh de rived ma te rial from mica-schist and an en large ment of
the source area (a new depositional cy cle). Whereas the ATi in -
dex re veals an in crease in the Gauderndorf For ma tion and
Zogelsdorf For ma tion com pared to the Kühnring Mem ber and
Burgschleinitz For ma tion, the re sults for ZTR are di rectly op po -
site. The high est amounts of re cy cled ma te rial (i.e. a higher
ZTR in dex) are there fore ex pected for the de pos its of the
Burgschleinitz For ma tion at the Maigen site, which are in ter -
preted as a re sult of re cy cling and the in flu ence of long shore
cur rents. Sig nif i cant vari a tions in the in dexes within de pos its of
the same for ma tion might be con nected with vari a tions in the
trans port dis tances or en ergy of the en vi ron ment (com monly
high in fore shore and shoreface ar eas). Be cause trans port dis -
tances were rel a tively short, sed i ment stor age and re cy cling
might have played also an im por tant role. Fluc tu at ing heavy

min eral as sem blages/in dexes are sup posed to have been de -
rived di rectly from al lu vial/flu vial in put trans port ing the weath -
ered ma te rial into the nearshore en vi ron ment. In dexes with
more ho mo ge neous/av er age re sults are in ferred to be fed by
sed i ments that orig i nally ac cu mu lated on nearshore en vi ron -
ments or were re cy cled. One can spec u late about a prin ci pal
role of nearby lo cal sources for the Kühnring Mem ber and
Burgschleinitz For ma tion, com bined with a high im por tance of
later re work ing and re cy cling for the Burgschleinitz For ma tion
(with redeposition also from the Kühnring Mem ber). The older
de pos its were re de pos ited and mixed with fresh ma te rial
eroded from the pri mary sources. We sup pose avail abil ity of
large vol umes of sand de rived from deeply weath ered crys tal -
line base ment sub jected to ero sion (and up lift?) in the up drift
source area. The pri mary ma te rial was prob a bly in tensely
weath ered (source area, al lu vial stor age, subaerial un con formi -
ties; see Mor ton and Hallsworth, 1994). New depositional cy -
cles, rep re sented by the Gauderndorf For ma tion and
Zogelsdorf For ma tion, re veal a broader source area with a high
amount of fresh weath ered in put.
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Fig. 17A – palaeogeographic sketch of the Eggenburg Bay in the Early Mio cene (Eggenburgian) with dis tri bu tion of base ment el e -
va tions of is lands, pen in su las and shoals, re con structed from geo log i cal map ping. Be tween Pulkau and Limberg a N–S trending
string of crys tal line is lands is sep a rat ing the Eggenburg Bay to the open sea in the east. North-west of Maigen an es tu ary is de vel -
oped; B – de tail sketch of the Maigen area with re con structed po si tion of spits be tween base ment el e va tions and the es tu ary in the
north-west; C – de tail sketch of the Wagerer sandpit (Maigen 1) and ad ja cent out crops with dis tri bu tion of fa cies as so ci a tions FA 3
(cross-strat i fied sand) and FA 4, 5 (Ophiomorpha sand),  for leg end to num bers and let ters re fer to Fig ure 1B



DISCUSSION

A palaeogeographic sketch of the Eggenburg Bay in the
Early Mio cene (Eggenburgian) and the spit evo lu tion in the area 
un der study is pre sented in Fig ure 17A and B. At first, mor pho -
log i cal de pres sions on the deeply weath ered crys tal line base -
ment were partly filled with mainly im ma ture sed i ments de rived
from the pri mary sources. These de pres sions were firstly
flooded by the trans gress ing Paratethys Sea, which is re corded 
by the de pos its of the Kühnring Mem ber (FA 1). Due to a con tin -
u ing rel a tive sea level rise and the ingressing of the sea in a
mor pho log i cally highly struc tured crys tal line area of the Bo he -
mian Mas sif, nu mer ous small is lands, pen in su las and bays oc -
curred (Pervesler et al., 2011). Crys tal line el e va tions formed
tec toni cally in duced strings and groups of small shoals and is -
lets. The de scribed spit sys tem de vel oped close to one of such
groups of el e va tions nearby the mouth of an es tu ary. From the
stud ied out crops a large, gen er ally W–E trending spit sys tem or 
sys tems can be de duced, which was an chored at roughly
NE–SW trending bed rock ridges (Fig. 17B).

The de vel op ment of the clinoforms started at a top o graphic
base ment step (Zecchin et al., 2010). The spit sys tem in cep tion 
started when the depositional depth, as func tion from base ment 
mor phol ogy, in creased dra mat i cally and the trans ported ma te -
rial prograded into a rel a tively deeper (i.e. sev eral metres deep
– still within the shoreface) set ting. Al though the stud ied spit
sys tem/sys tems prograded into deeper wa ter on an in clined
sea floor, the amount of sand sup plied to the spit plat form was
avail able to main tain bal ance with in creas ing ac com mo da tion
space, which is con fined by the de po si tion and pres er va tion of
rel a tively thick and large suc ces sions. Ma te rial was de liv ered
mostly by long shore drift and par tially also from the is lets. At
foresets avalanching oc curred due to sed i ment ac cu mu la tion
by grav ity-flow pro cesses, while on topsets me dium- to
large-scale dunes mi grated. The growth of the spit sys tems was 
fa cil i tated by dom i nat ing SW to SSE di rected cur rents fa voured
by strong cur rents from the in let of an es tu ary in the north-west
(Fig. 17A, B). This was caus ing sig nif i cant ero sion and a more
or less con tin u ous long shore i.e. gen er ally SW-ward di rected
lit to ral drift along the stud ied seg ment in the Eggenburg Bay.
Quite con stant foreset dip di rec tions and very rare in di ca tions of 
cur rent re ver sals or sed i men ta tion pauses in di cate a rel a tive
sta bil ity in trans port di rec tion and pe ri ods of sta ble depositional
con di tions char ac ter ized by strong uni di rec tional cur rents, high
sand sup ply and suf fi cient ac com mo da tion space (Niel sen and
Johannessen, 2009). Sim i larly, pre served topsets in di cate high
sed i ment sup ply and a suf fi cient ac com mo da tion space. Small
vari a tions in foreset dip di rec tion prob a bly re flect changes in the 
cur va ture of the spit.

Spit sed i men ta tion is mainly con trolled by wave-in duced
cur rents re sult ing in long shore and cross-shore sed i ment trans -
port. These pro cesses in duce downdrift and sea ward spit
progradation. Wave-in duced long shore cur rents are sup posed
to have been the dom i nant and pri mary re spon si ble agent for
the for ma tion of the stud ied spits. How ever, some lo cally ar eal
vari a tions in the or i gin of these cur rents can not be ex cluded as
re vealed by the sit u a tion at the wes tern most rec og nized spit
(out crop Maigen 3). Low-an gle, tan gen tial, S- and SE-ward in -
clined foresets, re corded here at the dis tal part of the spit, in di -
cate sed i ment trans port roughly from N to NW, whereas in the
other out crops trans port from N to NE is in ferred from the
foreset in cli na tion. This vari a tion in the di rec tion of spit
progradation might be partly in flu enced by the cur va tures of the
spits or com pli cated flow pat terns at the in let of an es tu ary com -
bined with com plex coastal mor phol ogy. How ever, the out crop
Maigen 3 is close to the mar gins of the Eggenburg Bay, where
an in let to an es tu ary is in ferred (Fig. 17A, B). Strong cur rents

in duced within the en try to the es tu ary might be re spon si ble for
the shift in the cur rent di rec tion and these cur rents might be
driven by tidal or me te o ro log i cal changes. Sim i larly, the only ev -
i dence of backflow along the foresets was noted in the wes tern -
most out crop west of the Maigen 1 sandpit (Figs. 4L and 17C).
An en hanced role of tidal cur rent is not ex cluded in the es tu ary
in let as a small tidal range gen er ally fa vours the for ma tion of
spit sys tems (Niel sen and Johannessen, 2009). Sev eral stud ies 
in ves ti gated the sed i men tary evo lu tion of microtidal, mesotidal,
macrotidal and hypertidal bar rier spits (Hine, 1979; Fitz ger ald et 
al., 1984; Niel sen et al., 1988; Allard et al., 2008; Lindhorst et
al., 2008, 2010; Niel sen and Johannessen, 2009; Fruergaard et 
al., 2015a, 2020). Maybe due to dif fer ent cur rent re gimes in the
in let of the es tu ary spit formed in case of Maigen 1 and 2 on the
cratonward mar gin of the is lets, while in Maigen 3 it de vel oped
on the basinward side (Fig. 17B).

The oc cur rence of rel a tively coarse-grained topsets (FA 4)
di rectly above foreset beds (FA 3) with gen er ally sim i lar grain
size is con nected with high sed i ment sup ply at con di tions when
wave-in duced long shore cur rents could rap idly ex pand ver ti -
cally and lat er ally. Be hind base ment el e va tions and swells wa -
ter depth rap idly in creased and the strong sed i ment-laden cur -
rents rap idly lost their ca pac ity to main tain large quan ti ties of
sed i ment in sus pen sion, which re sulted in high rates of sed i -
men ta tion (see Niel sen and Johannessen, 2009).

Coastal spits may form at all stages of a eustatic sea level
cy cle (Niel sen and Johannesson, 2008). Niel sen and
Johannessen (2009), Leszczyñski and Nemec (2015) and
Dietrich et al. (2017) in ter preted the spit plat form as forced re -
gres sive shoreface sand wedge. Boyd et al. (1992), Hiroki and
Masuda (2000) and Catuneanu (2006) re garded spits as a
morphodynamic el e ment of transgressive sys tems tracts.

The for ma tion of spits as so ci ated with bed rock ridges an -
chored to gen er ally cratonward sides of the small is let/is lets –
as in most pres ent cases – is fa voured by a trans gres sion,
which flooded the is lets and turned such sea floor el e va tions
into sed i ment-stor ing lit to ral shoals. Wave ero sion dur ing trans -
gres sion re moved their subaerial part (Dreyer et al., 2005; Niel -
sen and Johannessen, 2008; Leszczyñski and Nemec, 2015).
Ac cord ing to the in ter pre ta tion pro posed here, the de pos its of
FA 1 to gether with de pos its of FA 2–6 rep re sent one
depositional se quence marked by ero sional un con formi ties.
The de pos its of FA 1 (Kühnring Mem ber) might be as signed as
“early transgressive sys tems tract” (Koss et al., 1994; Shanley
and McCabe, 1994), es pe cially due to spa tially re stricted pres -
er va tion, prev a lent ver ti cal ac cre tion and po si tion be low “the
main” transgressive sur face. The up ward palaeoenvironmental
changes from brack ish to up per and lower shoreface de pos its
in di cate a trans gres sion dur ing rel a tive sea level rise. The max i -
mum flood ing sur face is pos si bly rep re sented by in tensely bur -
rowed beds of FA 5 or even by FA 6, in di cat ing a rel a tively lower 
sed i ment in put dur ing the high rel a tive sea level. Al though the
sed i men tary fa cies of the Burgschleinitz For ma tion on the lo cal -
ity Maigen partly dif fers from the “typ i cal” syn chro nous de pos -
ited lithofacies of the for ma tion, a max i mum flood ing sur face is
also ap par ent in some other out crops of the Burgschleinitz For -
ma tion, like in the type lo cal ity in Burgschleinitz Kirchenbruch
(e.g., Pervesler et al., 2011).

CONCLUSIONS

The stud ied Eggenburgian (Lower Burdigalian) de pos its
from out crops next to the vil lage of Maigen, north-west of
Eggenburg, ex hibit unique sed i ments with sev eral metres high
clinoforms.
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The lithofacies of the stud ied suc ces sion were sub di vided
into seven fa cies as so ci a tions, which cor re spond to dif fer ent
depositional en vi ron ments and are as signed to the Lower Mio -
cene lithostratigraphical units in the re gion. The first fa cies as -
so ci a tion is in ter preted as brack ish sandy muds rep re sent ing
the Kühnring Mem ber. The Burgschleinitz For ma tion is com -
posed of four fa cies as so ci a tions and con sti tutes a tri par tite
clinoform zone con sist ing of bottomset (de pos its of lower
shoreface), foreset (av a lanche de pos its) and topset (de pos its
of up per and lower shoreface). The sixth fa cies as so ci a tion is
formed by the above fol low ing Gauderndorf For ma tion, rep re -
sent ing de pos its of the lower shoreface in pro tected ar eas. The
fi nal fa cies as so ci a tion of the Zogelsdorf For ma tion is com -
posed of transgressive lag and shoreface de pos its, cor re -
spond ing to a new early Ottnangian transgressive cy cle.

Litostratigraphy and fa cies ar chi tec ture, palaeocurrent pat -
tern and in ferred palaeogeographic set ting dur ing de po si tion
sug gest that the sands of the Burgschleinitz For ma tion in the
sur round ings of Maigen rep re sent coastal spit sys tems. The
approx. W–E trending and SW to SSE prograding spit sys tems
were at tached to shoals or is lets of the crys tal line base ment in
the shal low ma rine Eggenburg Bay.

The de pos its are com posed of 4–5 m thick clinoforms with
bottomset, foreset and topset struc tures, dom i nantly formed by
shoal par al lel ac cre tion above fair-weather wave base due to
long shore trans port. The most im pres sive parts are up to 3.6 m
thick steeply in clined foresets with cross strat i fi ca tion which are
in ter preted pre dom i nantly as prod uct of av a lanche pro cesses.
The ev i dence of sigmoidal as well as oblique brinks and vari a -
tions in the brink tra jec tory re veals some mod i fi ca tions in the
ac com mo da tion space and the ex is tence of in di vid ual bar
lobes. Re ac ti va tion sur faces and mud clasts on foresets in di -
cate vari a tions in cur rent ac tiv ity, ori en ta tion and ve loc ity.

For the for ma tion of the spit de pos its rel a tively sta ble
depositional con di tions are as sumed, which are char ac ter ized
by strong uni di rec tional cur rents, high sand sup ply and suf fi -
cient ac com mo da tion space. Wave-in duced long shore cur rents 

are sup posed to be the dom i nant and pri mar ily re spon si ble
agent for the for ma tion of the stud ied spit sys tems. The de pos -
its of the spit sys tems are in ter preted as part of a transgressive
sys tems tract.

The prov e nance anal y sis re veals the lo cal crys tal line rocks
of the Moravian and Moldanubian Superunits (both mid -
dle-grade/es pe cially metapelites and high-grade/granu lites,
gneiss es) as prin ci pal source of the stud ied Lower Mio cene de -
pos its. More over, an in put from gran ites (Thaya Batholith) was
also re cog nized. The pri mary ma te rial was in tensely weath -
ered. Es pe cially for the Burgschleinitz For ma tion redeposition
of ma te rial from older de pos its must also be taken into ac count.
Due to the on go ing trans gres sion, de pos its of the Gauderndorf
For ma tion and Zogelsdorf For ma tion re veal a larger catch ment
area with in put of higher amounts of fresh weath ered ma te rial
from the first cy cle of weath er ing.
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