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The coarse-grained Brno sands are an im por tant ground wa ter aqui fer and rep re sent a vol u met ri cally sig nif i cant com po nent
of the Lower Badenian/Mid dle Mio cene sed i men tary infill of the West ern Carpathian Foredeep, a fore land ba sin formed on
the east ern mar gin of the Bo he mian Mas sif in front of the West ern Carpathians. The in te gra tion of core and out crop fa cies
anal y sis, sum mary of fa cies fea tures, depositional pro cesses and ar chi tec tures, and in te gra tion of prov e nance anal y sis
have led to a new depositional model for the Brno sands as the prod uct of Gilbert-type delta sys tems prograding into an in -
cised palaeovalley de vel oped on the outer fore land ba sin mar gin. The po si tion, shape and mor phol ogy of the palaeovalley
were in flu enced by pre-Neo gene base ment faults trending NW–SE. The Gilbert-type del tas rec og nized can be clas si fied as
foreset-dom i nated with other el e ments sub or di nate. The foreset beds mainly re flect low-den sity turbidites, with var ied but im -
por tant ev i dence of de pos its of high-den sity tur bid ity cur rents, cohesionless de bris flows and de bris falls. The thick foreset
de pos its show, in de tail, re pet i tive suc ces sive prograding-ret ro grad ing ep i sodes. These are in ter preted as rapid high - fre -
quency pulses of rel a tive sea level change i.e. as high-fre quency depositional se quences. The deltaic de po si tion of the Brno
sands was ter mi nated by de pos its of a shoal-wa ter delta and the sands were fi nally drowned by a thick pile of off shore pe -
lagic clays. The prov e nance of Brno sands is lo cated into the nearby geo log i cal units. Redeposition from the older ba sin infill
also played an im por tant role. 

Key words: West ern Carpathian Foredeep, in cised val ley, Gilbert-type del tas, strati graphic ar chi tec ture, prov e nance anal y sis. 

INTRODUCTION

Palaeovalleys which dis sected the fore land plate of fore land 
ba sin pro vide unique in for ma tion about flexurally in duced sea
level changes, the fore land palaeodrainage net work and the
role of ex ter nal fac tors (cli mate, tec ton ics, sed i ment sup ply and
palaeomorphology) in in flu enc ing the ar chi tec ture of the ba sin
infill. They usu ally have good po ten tial to in di cate allogenic and
autogenic fac tors and con sti tute ba sic data for in ter pret ing the
strati graphic or gani sa tion of sed i men tary bas ins (Gupta, 1999;
Dal rym ple, 2004). An enor mous di ver sity of palaeovalley sizes,
shapes, set tings, infills, and po ten tial for hy dro car bon res er -
voirs and ground wa ter aqui fers pre dis pose them as a “pop u lar”
tar get of study (Zaitlin et al., 1994; Gupta, 1999; Dal rym ple,
2004; Breda et al., 2007; Wang et al., 2019; etc.). Al though

palaeovalleys are com monly oc cu pied by coarse-grained sed i -
ments, which are sup posed to be less prom is ing for the de tec -
tion of con trol ling fac tors of fore land ba sin evo lu tion due to poor
biostratigraphic ev i dence, sev eral stud ies have shown that they 
can serve as an im por tant source of data for re con struct ing the
infill his tory of a ba sin (Longhitano, 2008; Leszczyñski and
Nemec, 2015; Gobo et al., 2015).

This pa per fo cuses on a Mio cene in cised-val ley fill near the
town of Brno at the dis tal/cratonward mar gin of the West ern
Carpathian Fore land Ba sin (Moravia, Czech Re pub lic; Fig. 1).
Al though the val ley is still partly de tect able in the pres ent land -
scape, its infill is known mostly from subsurface data. The vol u -
met ri cally im por tant unit of the val ley infill rep re sents coarse
clastic de pos its known as the Brno sands. These sands con sti -
tute an im por tant aqui fer of the area and were ex ploited in the
past for a va ri ety of other pur poses. This pa per pro vides: 

– at a re gional level, a sedimentological, ar chi tec tural and
prov e nance anal y sis of the Brno sands; 

– ex am i na tion of the fac tors that de ter mined the lo ca tion and
ge om e try of the Brno sands within the palaeovalley; 

– as sess ment of the for ma tive con di tions of the val ley de vel -
op ment based on se quence strati graphic con cepts (sed i -
ment sup ply, ac com mo da tion space, role of tec ton ics and
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eustasy) within the evo lu tion of the fore land ba sin depo -
sitional sys tem and ba sin palaeogeography;

– a con tri bu tion to knowl edge of the spec trum of fore land en -
trenched val leys and their infills. 

GEOLOGICAL SETTING

A sim pli fied geo log i cal map of the broader sur round ings of
the area un der study is shown in Fig ure 2. The West ern
Carpathian Foredeep (WCF) con sti tutes a pe riph eral fore land
ba sin formed due to the tec tonic em place ment and crustal load -
ing of the Al pine-Carpathian Thrust Wedge onto the mar gin of
the Bo he mian Mas sif (Nehyba and Šikula, 2007; Fig. 1A). The
strati graphic range of the sed i men tary infill of the WCF is
Oligocene/Lower Mio cene (Egerian) to Mid dle Mio cene (Up per
Badenian) (Brzobohatý and Cicha, 1993; see Fig. 3). The ba sin 
con tin ues north into the Pol ish Carpathian Foredeep Ba sin
(Oszczypko et al., 2006) and south into the North Al pine Fore -
land Ba sin (Nehyba and Roetzel, 2000). The lithological and
strati graphi cal con tent and ba sin ar chi tec ture var ies in var i ous
parts of the WCF. Lo cal and re gional un con formi ties are de vel -
oped due to the vary ing in ten sity and ori en ta tion of flex ural
load ing and spa tially dif fer ent geo log i cal and tec tonic his to ries
of the base ment, along with the polyphase na ture of the ac tive
ba sin mar gin and grad ual change of its po si tion (Brzobohatý
and Cicha, 1993; Eliáš and Pálenský, 1998; Krzywiec, 2001;
Kováè et al., 2003, 2004; Oszczypko et al., 2006; Francírek and 
Nehyba, 2016; Nehyba, 2018). 

The pre-Neo gene base ment of the seg ment of the WCF
stud ied is formed by the Pre cam brian crys tal line rocks of the
Brno Mas sif, partly cov ered by the De vo nian to Lower Car bon if -
er ous car bon ates, Ju ras sic car bon ates and Paleogene de pos -
its of the Nesvaèilka trough (Pícha et al., 2006; Kalvoda et al.,
2008 – see Fig. 2). The Neo gene de po si tion in the seg ment of
the WCF stud ied ini ti ated in the Ottnangian/Mid dle Burdigalian,
when the flu vial, lac us trine and brack ish Rzehakia Beds ac cu -
mu lated. Ma rine trans gres sion took place here dur ing the
Karpa tian/Late Burdigalian. These de pos its are pre served only
as rel ics, be ing eroded dur ing the next depositional cy cle of the
ba sin (Brzobohatý and Cicha 1993; Bubík et al., 2005, 2019).
Re newed thrust ing as so ci ated with the Styrian tec tonic phase
(Early to Mid dle Mio cene) led to a shift of the fore land ba sin´s

depozones gen er ally to the north-west, to ba sin and fore land
re con struc tion to gether with palaeodrain age changes in the
back bulge and forebulge zones, and to the start of a new depo -
sitional cy cle. These de pos its are Early Badenian/Lan ghian and 
Early Sarravalian in age and are rep re sented by two strongly
dom i nant lithofacies both areally and vol u met ri cally. 

The first of these lithofacies com prise ”basal or mar ginal
coarse clastics“, which are known in the seg ment of the ba sin

stud ied as the Brno sands (BS). The BS over lie the
Bruno vistulian Pre cam brian crys tal line/Brno Mas sif,
autochthonous Paleogene de pos its of the Nesvaèilka
trough or older Lower Mio cene de pos its of the WCF
along a highly ir reg u lar base. The thick ness of BS
reaches sev eral doz ens of metres in bore holes. The
BS are rep re sented by poorly sorted coarse- grai ned
sands, grav elly sands and sandy grav els. The di am e -
ter of the coarse clasts gen er ally var ies from 1.5 to
10 cm. The larg est clasts reach ~50 cm in di am e ter
and the BS are typ i cally de scribed as poly mict. Tran si -
tions from monomict (only an gu lar grani toid clasts of
the Brno Mas sif) to polymict BS have been rec og nized 
at some lo cal i ties (Krystek, 1974). How ever, mono -
mict de vel op ment is miss ing in most ex po sures and
cores. Krystek (1974) in ferred two va ri et ies of BS
based on the peb ble pe trog ra phy of var i ous out crops.
The first va ri ety (lo cated gen er ally more to the W or
SW) was char ac ter ized by a pre dom i nance of crys tal -
line rocks + quartz and ab sence or very low con tent of
car bon ates. The sec ond va ri ety (lo cated more to the E 
or NE) typ i cally had a higher con tent of car bon ates
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(Ju ras sic and De vo nian lime stones) and lower con tent of crys -
tal line rocks. The oc cur rence of sev eral va ri et ies of mudstone
(silty clay) intraclasts is typ i cal; these are typ i cally larger than
the as so ci ated extraclasts. Micropala eon to logical stud ies of the 
BS (intraclasts and sandy ma trix) iden ti fied macro- and
microfaunal spec tra of Early Badenian, Karpatian, Ottnangian
and Cre ta ceous age. Their source is in ter preted as a re sult of
redeposition mostly from ad ja cent sed i men tary units and also
from the older infill of the WCF it self (Krystek, 1974; Brzobohatý 
and Cicha, 1993; Bubík and Petrová, 2004; Petrová, 2004;
Bubík et al., 2019). The BS were in ter preted as beach de pos its, 
shoreface dunes or spits con nected with ma rine trans gres sion
(Krystek, 1974). The BS are typ i cally over lain by Lower
Badenian grey-green mud stones (“Tegel”) or by Qua ter nary
(mostly) flu vial de pos its. 

The mo not o nous basinal mudstones (“Tegel”) rep re sent
the sec ond dom i nant Lower Badenian lithofacies. Their thick -
ness grad u ally in creases to wards the cen tral parts of the ba sin,
where it can reach up to ~600 m. These clays re flect a fully ma -
rine depositional en vi ron ment of the mid dle to outer shelf with
abun dant fos sils (Tomanová-Petrová and Švábebnická, 2007).
A change able palaeoenvironment, es pe cially as re gards sea
level fluc tu a tion, and un sta ble con di tions have been doc u -
mented (Nehyba et al., 2008). Rare and thin interlayers of acidic 
volcaniclastic de pos its are in ter preted as dis tal tephra fall out
(Nehyba et al., 1999). These Lower Badenian de pos its rep re -
sent the fi nal stage of de po si tion within the seg ment of the WCF 
stud ied. 

The term BS was used as a lo cal lithostratigraphic unit, be ing 
areally dis trib uted along the south west ern mar gin of the Bosko -
vice Ba sin and on the Brno Mas sif (Krystek and Tejkal, 1968;
Krystek, 1974). How ever, the con sid er able vari abil ity in the peb -
ble pe trog ra phy (see Krystek, 1974), and in sed i men tary struc -
tures and tex tures, point to a more com plex sce nario of depo -
sitional pro cesses and palaeo ge ogra phy within the orig i nally pro -
posed re gional ex tent of the BS. Nehyba et al. (2016) doc u -
mented that the BS are not de vel oped in the Oslavany sand pit,
i.e. a lo cal ity which was pre vi ously sup posed to be their holo -
stratotype (Papp et al., 1978). The term BS is there fore used in
this pa per in a palaeogeographic sense as a dis tinct sed i men tary 
unit with a char ac ter is tic depositional en vi ron ment and a re gional 
dis tri bu tion close to Brno (see Figs. 1 and 3). 

METHODS

The study area is lo cated in south east ern Moravia in the
close sur round ings of the city of Brno. In di vid ual ex po sures are
rare and mostly small. The re sults are based on the study of 9
ex po sures (over an al ti tude range of 225–305 m a.s.l.) and of
98 bore holes. The bore holes have been drilled dur ing the last
six de cades and mostly only gen eral de scrip tions of li thol ogy
and stra tig ra phy are avail able. Pre served cores are rare, dis -
con tin u ous and mostly small. How ever, the 22-41B Èerná Pole
bore hole, which was drilled in 2015, pro vided a com pletely
cored 69 m thick pro file of the BS. Lo ca tions of both ex po sures
and bore holes are shown in Fig ure 1B. The al ti tude of the BS
base in bore holes var ies be tween 54 and 281.5 m a.s.l. and the
top of BS var ies be tween 86 and 282.5 m a.s.l. A map of the
thick ness was cre ated in Surfer 11 soft ware (gridding method)
based on bore hole data.

Con ven tional field meth ods of sedimentological anal y sis
were used, such as de tailed log ging, eval u a tion of bed ding at ti -
tude and palaeocurrent di rec tions, and line draw ings of bed ding 
ar chi tec ture on ex po sure photomosaics (Collinson and Thomp -

son, 1982; Walker and James, 1992; Tucker, 1995). Lithofacies 
anal y sis is based on pri mary sed i men tary struc tures and tex -
tures. Lithofacies were grouped into fa cies as so ci a tions, i.e. as -
sem blages of spa tially and ge net i cally re lated fa cies, which are
also the ex pres sions of dif fer ent sed i men tary en vi ron ments. 

Peb ble and cob ble pe trog ra phy, shape and round ness were 
de ter mined both in ex po sures (clasts >1.6 cm) and in bore hole
cores (clasts >8 mm). Shape and round ness were es ti mated
mostly vi su ally us ing the meth ods of Zingg (1935) and Pow ers
(1982). The max i mum peb ble/cob ble size rep re sents an av er -
age of the lon gest axis (A axis) of the 10 larg est extraclasts
found in a lo cal ity. 

Heavy min er als were stud ied in 10 sam ples from 4 ex po -
sures and bore hole 22-41B in the grain size frac tion
0.063–0.125 mm, and the trans lu cent heavy min eral as sem -
blages iden ti fied were com pared with pub lished data (see Kry -
stek, 1984; Bubík et al., 2019). The chem is try of gar net was
ana lysed on 125 grains; the chem is try of rutile was based on
data from 29 grains. All grains were ran domly cho sen. Elec tron
microprobe anal y sis was done on a CAMECA SX elec tron
microprobe analyser (Fac ulty of Sci ence, Masaryk Uni ver sity,
Brno). Mea sure ments were car ried out un der the fol low ing con -
di tions: wave prop a ga tion mode, ac cel er at ing volt age 15 keV,
beam cur rent 20nA, beam size 2 µm. Gar nets were checked for 
in ter nal zon ing. Be cause the grains ex am ined do not show
chem i cal zon ing, the chem i cal com po si tion was ex am ined at
sin gle spots lo cated in grain cen tres.

RESULTS

FACIES ANALYSIS

Lithofacies of the suc ces sion stud ied are sum ma rized in
Ta ble 1, and or gan ized into six fa cies as so ci a tions (FA). Fa cies
as so ci a tions are for sim plic ity la belled with in ter pre tive ge netic
names, but their de scrip tions are sep a rated from in ter pre ta tions 
in the text. These FA are: 

  1) topset de pos its of the Gilbert-type del tas; 
  2) foreset de pos its of the Gilbert-type del tas; 
  3) toeset de pos its of the Gilbert-type del tas; 
  4) bottomset de pos its of the Gilbert-type del tas; 
  5) shoal-wa ter delta de pos its; 
  6) off shore ma rine de pos its. 

Ex am ples of lithofacies, logs and line draw ings, il lus trat ing
the dis tri bu tion of fa cies as so ci a tions in ex po sures and bore -
hole 22-41B, are shown in Fig ures 4–12. 

FA 1 – TOPSET DEPOSITS 
OF THE GILBERT-TYPE DELTAS

This fa cies as so ci a tion con sti tutes a mi nor pro por tion of the
BS, pres ent only in one ex po sure. How ever, some his tor i cal
pho to graphs (see Fig. 4A–C) of sev eral for mer ex po sures pro -
vide some ad di tional ev i dence of FA 1. All oc cur rences of FA 1
are areally re stricted to the NW mar gins of the area of oc cur -
rence of the BS. FA 1 is com posed ex clu sively of me dium- to
thick-bed ded trough-cross strat i fied sands of fa cies St. The set
thick ness reaches sev eral decimetres (Fig. 4D). The to tal thick -
ness of these sheet-like beds ranges from 0.5 to 3 m. FA 1 is
char ac ter ized by its strati graphic po si tion typ i cally over ly ing
foresets (FA 2) and be ing over lain by open ma rine de pos its (FA
6). The con tact be tween FA 1 and FA 2 is sharp and al most flat
with an undulose ero sional re lief or is broadly con cave up wards. 
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T a  b l e  1

De scrip tive sum mary list of lithofacies of the de pos its stud ied de pos its dis tin guished at the ex po sures stud ied

Sym bol De scrip tion In ter pre ta tion

Gm

Mas sive/structureless, clast- to ma trix- sup ported fine to coarse peb ble gravel, lo cally lithified. Ma -
trix of coarse to very coarse sand. Peb ble clast size usu ally 1–3 cm, intraclasts are usu ally larger,
up to 6 cm across. Max i mum size 15 cm. Non-pre ferred ori en ta tion of peb bles. Polymict gravel,
round ing of peb bles greatly var ies – subangular and subrounded peb bles dom i nate. Tab u lar to
len tic u lar beds with sharp con cave bases and sharp in clined flat slightly ir reg u lar tops. Bed thick -
ness var ies from 0.2 to 1.5 m.

De pos its of cohesionless de bris flows
(Nemec, 1990; Gobo et al., 2015)

Go

Lay ers of gravel formed ei ther by iso lated clasts or clasts are in con tact with one an other form ing
ir reg u lar gravel clus ters/lenses usu ally a few clasts thick (lo cally reach ing up to 20 or 50 cm in
thick ness), clast-sup ported or openwork or form ing ir reg u lar a few to sin gle clast-thick clast clus -
ters/peb ble string ers with var ied lat eral con ti nu ity. Lo cally ter mi nat ing abruptly within a few me -
ters, some times lat er ally per sis tent over an en tire ex po sure. The clasts are mostly peb ble-sized,
cob bles are pres ent only in sub or di nate amounts and boul ders are ex cep tional (1.2 m across).
Intraclasts are typ i cally larger than extraclasts. Clasts are an gu lar to rounded. In ter stices be -
tween the gravel clasts are filled with sand ma trix. Clasts can be vari ably ori ented, how ever,
A-axis of out sized clasts is ori ented of ten par al lel to strat i fi ca tion, less com monly per pen dic u lar
and imbricated. Typ i cally form interbeds within beds of Gsa.  Sharp slightly undulose base, ir reg -
u lar tops of beds.

De bris fall de pos its (Nemec, 1990;
Sohn et al., 1995) or out run ning clasts
from cohesionless de bris flows (Sohn
et al., 1997)

Gsa

Thin- to me dium-thick beds of coarse to very coarse sand to fine or me dium peb ble gravel al ter -
nate with thin beds of fine to me dium coarse sand. Fre quent grain size fluc tu a tions on a thick -
ness scale of 1 to 3 cm. Pla nar par al lel strat i fi ca tion well to faintly de vel oped. In cli na tion of
strat i fi ca tion strongly var ies (be tween 5 and 30o). Scat tered iso lated peb bles with A axis of elon -
gated peb bles mostly ori ented par al lel to strat i fi ca tion. Rare and scat tered shell de bris
(molluscs). Mostly tab u lar beds with lat eral con ti nu ity over an en tire ex po sure or pinch ing out
within sev eral metres. Sharp pla nar or broadly con cave tops and bases of beds.  

Trac tion de po si tion from high-den sity
tur bid ity cur rents (Lowe, 1982) or de po -
si tion from di luted cohensionless de bris 
flows (Sohn et al., 1997), sus tained and
fluc tu at ing flows (Plink- Björklund and
Ronnert, 1999).

Gsx

Thick- to me dium-thick beds of clast- to ma trix-sup ported fine to coarse peb ble gravel (ma trix of
coarse to very coarse sand) al ter nate with thin beds of me dium to coarse sand. Pla nar
cross-strat i fi ca tion, tan gen tial or sigmoidal in shape. Scat tered iso lated peb bles and cob bles
(ex cep tional boul ders of intraclasts up to 40 cm across) with A axis of elon gated clasts mostly
ori ented par al lel to strat i fi ca tion. Roughly tab u lar to wedge shape of beds. Bed thick ness ~2 m.
Sharp slightly undulose, in clined bases (10–20o), sharp in clined tops. 

Trac tional de pos its fill ing small-scale
chan nels cut within deltaic foresets 

Gg

Ma trix (me dium to coarse sand) sup ported fine to me dium peb ble gravel, mas sive, nor mally
graded at the base pass ing up wards into faintly pla nar par al lel-strat i fied. Tab u lar shape of beds.
Bed thick ness 10 to 60 cm. Sharp ero sive pla nar or broadly con vex down bases, rarely with scat -
tered small peb bles up to 6 mm across (long axis par al lel with the base). Sharp flat tops. 

De po si tion from high-den sity tur bid ity
cur rents (sensu Lowe, 1982); rapid de -

po si tion

St

Me dium grained sand, poorly sorted due to ad mix ture of grains of very coarse sand to gran ules up
to 0.3 cm in di am e ter. Lo cally rich ir reg u lar intraclasts of mudstone up to 1 cm in di am e ter. Trough
cross-strat i fi ca tion with fin ing up wards trend due to re duc tion in con tent of gran ules. Ir reg u lar
shape of beds. Sharp broadly partly con vex down bases in clined (in cli na tion gen er ally in the sim i -
lar di rec tion as the dip of un der ly ing foresets). Flat sharp tops.  Set thick ness 10–25 cm. Bed thick -
ness up to 2 m. Bioturbation ab sent.

Mi gra tion of 3D bedforms – dunes
(Bridge, 2003)

Sxu

Sol i tary, dis con tin u ous trough-shaped scours filled with cross-strat i fied poorly sorted coarse to
me dium sands or grav elly sands show ing an upslope (rel a tive to the bed ding planes of foresets)
an gu lar cross-strat i fi ca tion (dip be tween 10 to 30o).  Scours re veal a con vex down base and gen -
er ally flat top. They are 10 to 40 cm deep and pinch out both up-dip and down-dip.  

Backsets formed due to hy drau lic jump
on a steep delta slope (Nemec, 1990,
Massari, 1996; Breda et al., 2007);
scour infill at the toeset

Sl

Fine, fine to me dium or coarse sand, rel a tively well-sorted, plane par al lel strat i fied, com monly in -
clined, rarely slightly undulose. Al ter na tion of laminae of slightly finer and coarser grains. 
Micaceous. Rare out sized clasts (intraclasts up to 7 mm across). Bed thick ness 10 to 50 cm,
amal gam ated beds up to 4 m. Tab u lar shape of beds, sharp pla nar bases and tops of beds. 

Trac tional de po si tion by hyperpycnal
flow (low-den sity tur bid ity cur rents sen -
su Lowe, 1982)

Sm

Fine, me dium, coarse to very coarse-grained sand, structureless/mas sive. Rare oc cur rence of
shell frag ments. Rel a tively poorly sorted, micaceous. Bed thick ness 10 to 40 cm. Sharp, rel a tive
flat in clined bases and tops of the beds. Com monly al ter nat ing with fa cies Sl, interbeds within fa -
cies Gsa. 

Coarse-grained va ri ety – cohesio nless
de bris flow de pos its. Fine-grain ed va ri -
ety – rapid de po si tion from sus pen sion
(Postma et al., 1988; Mulder and Al ex -
an der, 2001)

Sg

Coarse to very coarse sand with rare scat tered intraclasts, mas sive, nor mal grad ing, grad u ally
pass ing up wards into well-sorted fine, fine to me dium sand with pla nar par al lel-strat i fi ca tion. Bed 
thick ness 10–65 cm. Very rare tran si tion of in verse to nor mal grad ing along the basal por tion.
Rare oc cur rence of shell de bris. Tab u lar beds with sharp ero sive pla nar or slightly ir reg u lar
bases and sharp flat tops.   

De pos its of high- to low-den sity tur bid -
ity cur rents (sensu Lowe, 1982). Surge -
-type tur bid ity cur rents (Eiler tsen et al.,
2011)

Sc
Fine to very fine sand, well-sorted, pla nar par al lel lam i na tion.  Com mon intraclasts (up to 1 cm in
di am e ter) of coal or thin coal interlaminae. Bed thick ness 5 to 37 cm. Rel a tively sharp flat bases
and tops of the beds.  

Plane bed macroforms de po si tion from
sus pen sion and trac tion in shal low wa -
ter (Smith, 1974; Cheel and Middle ton,
1986; Bridge, 1993) 

Mm

Mas sive mudstone (clayey silt/silty clay), form ing ei ther thick beds or ir reg u lar interbeds (mostly
within thick beds of fa cies Sl) max. 5 cm thick. Rel a tively well-sorted. Rare plas tic de for ma tion or
con tent of ma rine shells or shell de bris (molluscs). Sharp flat tops and bases of beds.
Bioturbation slight or ab sent. 

De pos its of fall out from open ma rine
sus pen sion and river-de rived hypo -
pycnal sus pen sion plumes (Nemec,
1995)

Mh
Light grey mudstone (clayey silt). Rhyth mic al ter na tion of laminae to very thin beds (up to 2 cm in
thick ness) of silty clay and clayey silt. Vari a tions in col our, con tent of fos sil plant de tri tus, fos sil
pel lets, shell de bris.  Bioturbation slight or ab sent. Thick to very thick tab u lar beds. 

De po si tion by fall out from sus pen sion be -
low wave base, fluc tu a tions in sed i ment
sup ply, de po si tion rate, ox y gen con tent
(sea sonal or cli ma tic con trol ?) 

C
Dark grey to black grey silty mudstone very rich in coalified or ganic mat ter – coaly mudstone.
Pla nar par al lel lam i na tion. Lamina to very thin bed thick 1.5 cm. Both tops and bases of the beds
are sharp, flat to only slightly undulose.  

Sus pen sion set tling in a low-en ergy,
poorly - ox y gen ated, en vi ron ment. Abun -
dant or ganic sup ply



This base of FA 1 is also typ i cally gently in clined “seawards”
(i.e. gen er ally in the foreset dip di rec tion). The top of FA 1 is
also sharp, gen er ally flat or broadly undulose. 

In ter pre ta tion: the strati graphic po si tion al lows in ter pre ta -
tion of the FA 1 de pos its as the topset, i.e. bedload de pos its
form ing 3D dunes on the distributary plain of a Gilbert-type delta 
or del tas. Channelized beds (Fig. 4C) are gen er ally char ac ter is -
tic of a flu vial-dom i nated topset and rep re sent the pro lon ga tion
of flu vial chan nels within the delta plain that sup plies the deltaic
sys tems. De po si tion of the river bedload causes ver ti cal ac cre -
tion (Bridge, 2003). Trough cross-strat i fi ca tion, a fin ing-up -
wards trend and mudstone chips sug gest broad channelized
flow trans port in a highly dy namic river sys tem, which was char -
ac ter ized by shal low, un sta ble and low-sin u os ity chan nels and
a high sed i ment dis charge, typ i cal of braided river sys tems
(Miall, 1996). The mudstone chips may sig nal ero sion of flood -
plain fines. The gen eral fin ing and thin ning up ward trend of the
FA 1 suc ces sion in di cates wan ing flow and fill ing of the avail -
able space con nected with the fi nal stages of flu vial de po si tion,

pro gres sive low er ing of the stream gra di ent and de creased flow 
depth. Such a sit u a tion might re flect ma rine flood ing of the flu -
vial plain.

The sharp and ero sive con tact be tween topset/FA 1 and
foreset/FA 2 (see Fig. 4) re veals an oblique delta-brink ge om e -
try (Gobo et al., 2015). The con tact of the basinal clays (FA 6)
and topset (FA 1) is at tested as the topset break point path
(Backert et al., 2010). Such a topset break point path is a key
stra tal sur face, which re cords a sig nif i cant land ward fa cies shift
and a rapid in crease in ac com mo da tion/sed i ment sup ply ra tio. 

Miss ing ev i dence of topsets at the ma jor ity of ex po sures is
ex plained by the rapid drown ing of the delta by the next trans -
gres sion with a rapid upslope shift of the fa cies belt, and could
also point to a nar row deltaic plain typ i cal of high-re lief base -
ment set tings (Nemec, 1990). Topset ab sence is com monly ex -
plained by ero sion due to base-level-fall (Budai et al., 2021).
The pos si bil ity that all avail able logs were mea sured basin -
wards of the point of max i mum delta brink progradation is less
prob a ble. The strong re duc tion in FA 1 thick ness (with re spect

6 Slavomír Nehyba / Geological Quarterly, 2022, 66: 28

Quaternary Quaternary

Talus
Talus

FA 6

FA 1

FA 2

1
 m

FA 6

FA 1

FA 2

Quaternary

Talus

1
 m

Quaternary

FA 1

FA 2

FA 2

1
 m

FA 2

FA 2

FA 1

FA 1
FA 6

FA 6

A B

DC

Fig. 4. Field pho tos of topset de pos its (FA 1)

A – sandpit near Brno-Královo Pole with out closer lo ca tion (from Bøezina et al., 2019);  B – sandpit un der wa ter works near Sobìšice (from
Bøezina et al., 2019), de scribed thick ness of FA 2 of ~4 m, thick ness of FA 1 of ~3 m, thick ness of FA 6 of ~2 m and Qua ter nary de pos its
with thick ness of ~4 m; C – sandpit near Brno-Obøany (from Bøezina et al., 2019), to tal thick ness of Brno sands of ~12 m; D – field photo with 
topset (SF 1) over ly ing foreset bed (SF 2) and be ing over lain by off shore mudstones (FA 6); A–C – his tor i cal pho to graphs from the pres -
ently un ex posed sandpits show ing the ver ti cal suc ces sion of the Brno sands: foreset (FA 2 – bot tom of the pho to graphs) to the topset (FA 1
– mid dle of the pho to graph to off shore mudstones/Tegel  (FA 6) and Qua ter nary de pos its (top of the pho to graph), note the cross-strat i fi ca -
tion fa cies com pos ing the topset; au thors of pho tos un known; scale – 1 m 



to the un der ly ing FA 2 foreset) and its pres er va tion only in mar -
ginal/land ward ter mi nal parts of the gen er ally prograding
Gilbert - type delta depositional sys tem may be ev i dence of more 
com plex palaeo geo graphi cal and strati graphic fac tors re corded 
within the BS suc ces sion. 

FA 2 – FORESET DEPOSITS 
OF THE GILBERT-TYPE DELTAS 

This fa cies as so ci a tion con sists of in clined (10–30°) clino -
stratified sands, grav elly sands and grav els. They are lat er ally
(Fig. 5A) and ver ti cally (Fig. 5B) stacked up to form bod ies sev -
eral tens of metres thick, which are lat er ally per sis tent for hun -
dreds of metres. They stratigraphically over lie mostly the
pre-Neo gene base ment (Fig. 5C), less com monly toeset de -
pos its (FA 3), and are typ i cally over lain by open ma rine de pos -
its (FA 6) (Fig. 5D), rarely by topset (FA 1) (Fig. 4) or by
shoal-wa ter delta (FA 5) de pos its. The FA 2 de pos its con sist of
10 fa cies (Gsa, Go, Sl, Sg, Mm, Gm, Gg, Sm, Gsx and Sxu)
and con sti tute the main por tion of the BS suc ces sion. 

Thin to mod er ately thick beds of coarse to very coarse sand
to fine peb ble gravel al ter nat ing with very thin to thin beds of
me dium to fine sand of fa cies Gsa rep re sent the pre dom i nant
por tion of FA 2 in most ex po sures (Fig. 6A–D). The most com -
mon fea ture is dif fuse pla nar, crude to very reg u lar strat i fi ca tion, 
in most cases par al lel (or at low an gles) to the mas ter bed ding.
The strat i fi ca tion is from <1 cm (i.e. laminae) to 15 cm thick.

Amal gam ated beds of Gsa are sev eral metres thick. Shell de -
bris (molluscs) is rare and scat tered.  

Interbeds of out sized clasts (lithofacies Go) are rec og nized
in most ex po sures, typ i cally within thick Gsa beds. Clasts oc cur
in iso la tion, or form thick clus ters/pock ets a few clasts thick, or
they are aligned in more or less con tin u ous rows (Fig. 6D–H).
They can lo cally form len tic u lar beds of clast-sup ported to
openwork cob ble to peb ble grav els which are up 0.5 m thick.
The a-axis of out sized clasts is ori ented mostly par al lel to strat i -
fi ca tion, less com monly per pen dic u larly and imbricated. Clasts
are mostly an gu lar to subangular and of peb ble size (up to 5 cm
across) mudstone intraclasts are typ i cally larger. How ever,
some mudstone clasts can reach 0.5 m and extraclasts 15 cm
across. These cob bles and boul ders are pres ent only in sub or -
di nate amounts. 

The Gsa lithofacies typ i cally al ter nates with thin- to medium- 
thick tab u lar beds of fine- to me dium- or coarse-grained sand
with plane par al lel strat i fi ca tion of fa cies Sl. Al ter na tion of lami -
nae with grain size fluc tu a tions is char ac ter is tic for Sl lithofacies
(Fig. 7A, B). 

Sig nif i cantly less com mon is the oc cur rence of thin- to me -
dium-thick beds of coarse to me dium, me dium- to fine-grained
mas sive sand, with rare oc cur rence of shell frag ments of litho -
facies Sm (Fig. 7C). 

The interbeds of lithofacies Sg formed by mas sive sands with 
nor mal dis tri bu tional grad ing, grad u ally pass ing up ward into well
sorted fine, fine to me dium sand with pla nar par al lel-strat i fi ca tion
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Fig. 5. Pho tos of the ex posed sec tion stud ied

A – west ern part of the Èernovice ex po sure with lat er ally stacked foreset de pos its, white ar rows point to traf fic sign (height 3.2 m); B – ver ti -
cally stacked foreset beds on the ex posed sec tion of Staré Èernovice, white ar rows point to traf fic signs (height 2.3 m); C – basal con tact of
foreset beds with crys tal line base ment of the Brno Mas sif (white line), white ar row points to a lad der (height 2.5 m); D – foreset beds (FA 2)
sharply over lain by open ma rine de pos its (FA 6), white ar row points to 1 m scale; in set rose di a gram re veals trans port di rec tion to wards the
NW 
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Fig. 6. Se lected ex am ples of lithofacies of fa cies as so ci a tion 2/foreset

A – thick amal gam ated beds of fa cies Gsa, a per son marked by black ar row for scale; B – well-de vel oped in clined strat i fi ca tion of 
fa cies Gsa; C – interbeds of lithofacies Go within beds of lithofacies Gsa; D – scat tered out sized extraclasts (Go) within
lithofacies Gsa, kes trel for scale; E – clus ter of out sized clasts (both ex tra- and intraclasts) of lithofacies Go; F – large intraclasts
in the early stages of dis in te gra tion scat tered within beds of lithofacies Gsa; G – de tail of clast-sup ported grav els of lithofacies
Go; H – lithofacies Go aligned as an al most con tin u ous row of clast-sup ported extraclasts with imbrication
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A – lithofacies Sl, B – lithofacies Sl, C – lithofacies Sm, D – lithofacies Sg, E – in ter nal trun ca tion of foreset beds sep a rat ing
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are rare (Fig. 7D). Sim i larly rare are oc cur rences of very thin
beds of mas sive mudstone of lithofacies Mm. 

Very thick beds of un or ga nized mas sive, ma trix sup ported
peb ble to cob ble gravel of lithofacies Gm are ex cep tion ally ob -
served in out crops; how ever, they are more com mon in bore hole 
cores. Gravel is poorly sorted and con tains subrounded to sub -
angular extraclasts/peb bles (mostly ~2–3 cm), out sized mud -
stone intraclasts (up to 15 cm across), which are mostly dis -
persed in the lower por tion of the bed. The ma trix is formed by
coarse to very coarse grav elly sand. The out cropped bed of fa -
cies Gm re veals wedge shape ta per ing upslope due to an ero -
sive sharp, rel a tively steep (dip ping up to 55° downslope rel a tive
to foreset bed ding) con cave basal sur face and a sharp flat
slightly in clined up per bound ary. The thick ness of the bed
reaches 2 m; how ever, the de pos its are pinch ing out lat er ally at
an out crop scale (dis tance of sev eral metres). The Gm bed is
sandwiched within thicker pack ets of strat i fied Gsa and Sl de pos -
its. Dif fer ent dips and strikes of the large scale strat i fi ca tion are
ob served for the un der ly ing and over ly ing packet (Fig. 8A, B).

Clinostratified beds com monly re veal a reg u lar, sheet-like
ge om e try lat er ally per sis tent over an en tire ex po sure. De tailed
ob ser va tion of a bed with ap par ent lat eral con ti nu ity re veals that 
its in di vid ual foreset beds are in re al ity dis con tin u ous, wedge-
 shaped, and grad u ally pinch out in the down-slope di rec tion to -
wards the toes of the foresets. This sug gests a tongue-like ge -
om e try in gen eral. Foresets are lo cally trun cated by con cave-up 
or pla nar sur faces (Figs. 7E and 9A).

The foreset dip ori en ta tions vary sig nif i cantly be tween in di -
vid ual ex po sures, as foreset beds dip west wards, south-west -
wards, south wards, south-eastwards and north-eastwards.
How ever, the ori en ta tion is rel a tively sta ble within in di vid ual ex -

po sures. A flat ten ing tan gen tially downdip to 5 to 10° is rec og -
nized in some cases (see Fig. 9B). 

Along the foresets, rel a tively thin (up to 2.5 m thick) units oc -
cur, char ac ter ized by sigmoidal ge om e try and in ter nal cross-
 strat i fi ca tion in clined downslope (i.e. gen er ally in the sim i lar di -
rec tion to the foreset) de scribed as lithofacies Gsx (Figs. 9A, C
and 10A, B). These are rep re sented by al ter nat ing cm- to
dm-thick con vex-down sets of coarse to very coarse sand with
an in crease in the foreset dip an gle to wards the base (~30°).
These units can be fol lowed for sev eral tens of metres. They re -
veal sharp, ero sional, con cave-up lower bound aries blan keted
by sev eral cm-thick peb ble cob ble gravel beds (Go), mark edly
en riched in mudstone intraclasts (up to 0.4 m across), which are 
sig nif i cantly larger than the intraclasts scat tered within litho -
facies Gsa. The grav els are clast-sup ported to openwork,
structureless, with subangular to subrounded clasts, com monly
lat er ally aligned along the bed bases. The ma trix is formed of
very coarse sand to fine peb ble gravel (Fig. 10C). The con -
vex-up up per bound ary is dif fuse and the sigmoidal unit pinches 
out within sheet-like foresets of lithofacies Gsa (see Figs. 9A
and 10A, B).  

Iso lated scours filled by me dium- to coarse-grained sands
with scat tered peb bles, of fa cies Sxu, are rec og nized rarely.
Cross-strat i fi ca tion dip ping upslope (~20–30°) rel a tive to fore -
set bed ding (formed by Gsa lithofacies) is typ i cal. Spoon-
 shaped scours are ~0.5 m deep and can be fol lowed over a dis -
tance of a few metres (Fig. 11A).  

The dis tri bu tion of in di vid ual lithofacies of FA 2 vary be -
tween in di vid ual ex po sures. The rel a tively coarser-grained
litho facies Gsa strongly dom i nates (form ing 46 to 90%), ac com -
pa nied by lithofacies Go, Sl, Sm, Gsx, in most ex po sures. How -

10 Slavomír Nehyba / Geological Quarterly, 2022, 66: 28

N

N

[m]

0.0

1.0

1.5

2.0

3.0

4.5

4.0

2.5

3.5

5.0

0.5

S
ilt

C
la

y

V
F

S

F
S

M
S

C
S

V
C

S

G
R

A
N

P
E

B

Sl
Go Gm

Gsa

Sedimentary structures
Lithology

Lithofacies

FA 2

Gm

Gsa, Sl

Lithofacies Gsa, Sl

SLUMP

FORESET

A B

C

Fig. 8. Ex posed sec tion (lo cal ity Modøice) stud ied 
with ev i dence of slope fail ure

A – ro tated slide block over lain by delta foreset; the in set rose di a grams shows
trans port di rec tion of both the ro tated slide block (base of the pro file) and delta
foreset (top of the pro file); white cir cle shows out sized intraclast; white ar row
points to ruck sack for scale (45 cm); B – log of the Modøice sec tion (as in Fig. 8A)
show ing dis tri bu tion of lithofacies (let ter codes as in Ta ble 1); VFS – very fine
sand, FS – fine sand, MS – me dium sand, CS – coarse sand, VCS – very coarse
sand, GRAN – gran ules, PEB – peb bles; C – ex plan a tory model of the oc cur rence
of the ro tated slide block at the ex po sure 



ever, in a few a finer-grained fa cies such as Sl, Sg dom i nates, in 
places ac com pa nied by thin ner beds of lithofacies Gsa and Go. 

FA 2 is 64 m thick in bore hole 22-41B. The suc ces sion of
FA 2 can be here sub di vided into two sub-as so ci a tions which
al ter nate: mostly thin ner-bed ded sand-dom i nated FA 2.1 and
rel a tively thicker-bed ded grav elly FA 2.2. 

FA 2.1 is char ac ter ized by strong (>70%) dom i nance of me -
dium to very thick-bed ded (up to 6.8 m) fine- to me dium- or
coarse-grained sand with plane par al lel strat i fi ca tion of fa cies
Sl. Less fre quently (~17%), me dium- to thick-bed ded, fine-, me -
dium-, coarse- to very coarse-grained, mas sive sands of fa cies
Sm and pla nar par al lel-strat i fied, coarse to very coarse grav elly
sands of fa cies Gsa were rec og nized. Iso lated extraclasts up to
1 cm in di am e ter and rare intraclasts of grey mudstone up to
3 cm are fol lowed by fa cies Gsa, with com mon a(p) pro longed
clast fab ric. Thin- to me dium-bed ded mas sive, clast-sup ported
fine to coarse peb ble grav els of fa cies Gm or mas sive sands
with nor mal dis tri bu tional grad ing, grad u ally pass ing up wards
into well-sorted fine, fine to me dium sand with pla nar par al -
lel-strat i fi ca tion of fa cies Sg are sig nif i cantly less com mon
(2.3–4.8%). The oc cur rence of ir reg u lar, very thin interbeds of
fa cies Mm within thick beds of fa cies Sl is ex cep tional. The
thick ness of FA 2.1 is 8.7 and 22.1 m.

FA 2.2 con sists vol u met ri cally dom i nantly (52.5–68.8%) of
thick to very thick (up to 6.1 m thick) beds of coarse to very
coarse pla nar par al lel-strat i fied sand with scat tered gran ules to
small peb bles or sandy gravel of fa cies Gsa. The oc cur rence of

me dium- to very thick-bed ded mas sive clast-sup ported fine to
coarse gravel of fa cies Gm greatly var ies (0.7–29%), sim i larly to 
the oc cur rence of me dium- to very thick-bed ded nor mally
graded fine peb ble gravel of fa cies Gg (0–15.3%). Sim i larly (but 
in con trast to the oc cur rence of fa cies Gm and Gg) the oc cur -
rence of me dium- to very thick-bed ded fine, me dium- to coarse -
- grained pla nar par al lel-strat i fied sands of fa cies Sl (1.1–29.4%) 
is highly vari able. Less com mon and thin ner are thin to me dium
thick beds mas sive sands (fa cies Sm), nor mal graded, pla nar
par al lel-strat i fied sands (fa cies Sg), and mas sive mudstones
(fa cies Mm) form ing be tween 1.1 and 3.2% of the FA 2.2. suc -
ces sion. The thick ness of FA 2.2 was 13.2 and 16.6 m. 

In ter pre ta tion: high-an gle tan gen tial bed ding is con sis tent
with de scrip tions of Gilbert-type delta foresets with grav ity-
 driven sed i ment trans port and de po si tion (e.g., Postma and
Cruickshank, 1988; Nemec, 1990; Sohn et al., 1997; Longhita -
no, 2008; Mar tini et al., 2017). A va ri ety of depositional pro -
cesses oc curred along the foresets.  

Beds of fa cies Gsa and Sl are in ter preted as de pos its of
low-den sity tur bid ity flows. De pos its of fa cies Sg rep re sent high- 
to low-den sity tur bid ity cur rents (sensu Lowe, 1982). Fa cies Gg
is in ter preted as the de posit of high-den sity tur bid ity cur rents.
Nor mal grad ing and fin ing of in di vid ual beds re flect de po si tion
from wan ing surge-like cur rents (A and B-di vi sions of Bouma,
1962). Fine-grained va ri et ies of fa cies Sm are in ter preted as
de pos its of high-den sity tur bid ity cur rents by grad ual
aggradation (S3; cf. Lowe, 1982) or rapid de po si tion from sus -
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Fig. 9. Field pho tos and logs of the stud ied suc ces sion

A – lo cal ity Èernovice up per sec tion show ing the foreset or ga ni za tion with changes of the delta build ing; the in set rose di a gram show
palaeotransport di rec tion mea sured from foreset bed ding; lo ca tion of the logs I and II, out sized intraclast (1.2 m across) cir cled and marked
by black ar row; black rect an gle shows ap prox i mate po si tion of Fig ure 9B; B – flat ten ing of foreset bed ding tan gen tially downdip; C –
sedimentological log II; D – sedimentological log I (let ter codes as in Ta ble 1); COB – cob ble, for other ex pla na tions see Fig ure 8



pen sion. Coarse-grained va ri et ies of fa cies Sm are in ter preted
as cohesionless sandy de bris flows (Mulder and Al ex an der,
2001). Beds of Gm fa cies are in ter preted as non-trac tional de -
pos its of cohesionless de bris flows (Lowe, 1982; Nemec et al.,
1984; Gobo et al., 2015). Fa cies Go is in ter preted as de bris fall
de pos its (Nemec, 1990) and sug gests a steep slope upon
which sed i ments can gain high downslope mo bil ity, over com ing 
the fric tional re sis tance of the sub strate (Kim et al., 1995).
Some clast-sup ported open-work gravel may rep re sent trac -
tional bedforms (Rus sell, 2007). Mas sive mudstones of fa cies
Mm are in ter preted as ei ther large intraclasts (in bore hole
cores) or as ero sional rel ics of “back ground” di lute sus pen sion
plume de pos its ac com pa ny ing the tur bid ity cur rents (very thin
beds in ex po sures). Ex cep tional Sxu de pos its are in ter preted
as backsets fill ing slope chute-fills formed by low-den sity tur bid -
ity cur rents sub ject to hy drau lic jumps (Massari and Parea,
1990; Breda et al., 2009). 

Slope fail ure is doc u mented rarely in ex po sures (Fig. 8).
Grav ity col lapse of the steep foresets led to the for ma tion of
foreset trun ca tions sep a rat ing in di vid ual clinoforms/delta lobes. 
A sharp steep con cave-up basal sur face trun cat ing the foreset

is in ter preted as a scar (Kim et al., 1995) sep a rat ing a slump
bed, an in ter pre ta tion sup ported by the lack of in ter nal or ga ni -
za tion, poor sort ing, wedge shape and ero sive con tact with un -
der ly ing beds. These de pos its dif fer from foreset beds, which
are usu ally highly or ga nized and dis play well-de vel oped strat i fi -
ca tion and lack wedge-shaped ge om e try. Lithofacies Gm is a
prod uct of mass flow pro cesses typ i cally lo cated in up per fore -
sets and which are sup ported by a high rate of sed i ment de liv -
ery (Breda et al., 2007). The oc cur rence of de bris flows cor re -
sponds with the com bi na tion of high-bedload events of flu vial
dis charge to the delta front, or slope in sta bil ity events (Nemec,
1990).

Com mon de bris fall de pos its in di cate high-gra di ent delta
foreset slopes (e.g., Nemec, 1990; Sohn et al., 1997), which
cor re sponds to the rec og nized high-an gle bed dip (25–30°)
and the oc cur rence of in ter nal ero sion sur faces, in dic a tive of
in tense sed i ment slough ing by means of chutes and large-
 scale slope fail ures (e.g., Nemec et al., 1999). The foreset
slopes are lo cally dis sected by in cised small-scale downslope -
- run ning chute/chan nels pro duced due to the steep gra di ent of 
the delta slope to gether with the en ergy of grav ity cur rents.
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Fig. 10. Delta foreset fa cies as so ci a tion at the Èernovice lo cal ity with line draw ings

A – two ver ti cally stacked units/delta lobes with a small sigmoidal microdelta in the cen tre of the sec tion; white rect an gle shows 
ap prox i mate po si tion of Fig ure 10B; B – de tailed view of the sigmoidal cross-strat i fi ca tion of fa cies Gsx fill ing 

the main part of the microdelta; C – con tact of the microdelta basal fa cies Go and un der ly ing fa cies Gsa



Their typ i cal shape is con trolled by sharp broad con cave-up
basal scour sur faces and pla nar al most flat tops. They are
filled with sigmoidal beds of Gsx lithofacies over ly ing basal Go
lithofacies. The sigmoidal pat tern and rel a tively en riched con -
tent of peb bles in di cate a high rate of sed i ment sup ply and
rapid fill ing of chutes. The progradation of small “point-bar
type” sigmoids (Longhitano, 2008), “microdeltas” (Hwang and
Chough, 1990) or channelized and lobate gravelstones and
sand stones (Hwang et al., 1995) were in ter preted sim i larly.

Chutes/swales might merge downslope to form chan nels with
splays or lobes (Kim and Chough, 2000). 

The over all tongue ge om e try with the wedge shape of the
beds sug gests em place ment by a se ries of closely spaced,
small vol ume flows mov ing over short dis tances, or by surg ing
be hav iour (Sohn et al., 1997). This could be con nected with
flows with fluc tu at ing bedload dis charge. These dis charge fluc -
tu a tions may be in di rectly re flected also by vari a tions in the con -
tent and size of the intraclasts. Rel a tively sub tle stacked clino -
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Fig. 11. Typ i cal fea tures of the Gilbert-type delta de pos its stud ied

A – scat tered backsets (fa cies Sxu) within foreset beds. The scour-based backsets (dip 20–30°) are scat tered within the bed ding (dip

ranges from 5 to 10°). The in set rose di a grams show trans port di rec tion of both foreset bed ding and backset infill. The ex po sure lat er -
ally tran sits to toeset beds (see Fig. 10B); B – field de tail of delta toeset faces as so ci a tion. Toeset de pos its of lithofacies Sxu (fill ing
scoop-shaped scours) interbedded with lithofacies Gsa con tin u ing from ad ja cent foreset (tran si tion to foreset to the right – see Fig.
10A). No tice the re duced dip an gle of the foreset (com pare to Fig. 10A). The in set rose di a grams show trans port di rec tions of both
foreset and toeset (gen er ally con tra dic tory di rec tions of in cli na tion of Sxu and Gsa)  



forms sep a rated by ero sional sur faces rec og nized in some ex -
po sures may sig nal the prox i mal part of the delta (Colella, 1988; 
Breda et al., 2007). 

The foreset beds show vari a tions in thick ness, grain size
and lithofacies dis tri bu tion at in di vid ual ex po sures and/or the
bore hole suc ces sion i.e. both lat er ally down- and across-trans -
port di rec tions and in time. These vari a tions within the sed i men -
tary suc ces sion can be used for eval u a tion of the prox i mal to
dis tal evo lu tion of foresets. 

De pos its of FA 2.1 are in ter preted as sandy foresets of a
Gilbert-type delta with a strong dom i nance of low-den sity tur -
bid ity cur rents. De pos its of FA 2.2 are in ter preted as grav elly
foresets with an im por tant role of high-den sity tur bid ity cur rents
and cohesionless de bris flows. The fa cies subassociation FA
2.2 rep re sents the coars est part of the suc ces sion stud ied and
is in ter preted to be the prox i mal foresets i.e. close to the delta
brink, and FA 2.1 as more dis tal foresets i.e. more basinward
(Longhitano, 2008). The sandy foresets are prob a bly de rived
from grav elly foresets (Eilertsen et al., 2011; Talling et al.,
2012). Mul ti ple al ter na tions of foreset de pos its with a strong
dom i nance of low-den sity turbidites (i.e. FA 2.1) and foreset de -
pos its with a sig nif i cant role of de bris flow de pos its (i.e. FA 2.2)
within the suc ces sion points to al ter na tion of aggrading and
prograding phases of the delta front (see Gobo et al., 2015) i.e.
dif fer ent A/S ra tio (Kim and Chough, 2000) and also vari a tions
in the foreset an gle (Kostic et al., 2002). The tem po ral changes
in di cated in the con tent of de bris flow and/or high- and low-den -
sity tur bid ity cur rent de pos its could have been in duced by cli -
ma tic or tec tonic allogenic fac tors in flu enc ing sed i ment dis -
persal to the delta front, which var ied dur ing delta evo lu tion. 

The prev a lence of de pos its of low-den sity turbidites gen er -
ally sug gest that sed i ment was mostly car ried by hyperpycnal
ef flu ent by pass ing the delta front (Turmel et al., 2015; Ventra et
al., 2015; Dietrich et al., 2016).

FA 3 – TOESET DEPOSITS 
OF THE GILBERT-TYPE DELTAS 

These de pos its were re cog nized in only one ex po sure
(Píseèník) and con sist of the tan gen tial downdip ter mi na tions of 
foreset beds, interbedded with and over stepped by de pos its of
FA 2 (see Fig. 11B). Their base is not ex posed.

Mul ti ple scoop-shaped scours, 20 to 40 cm deep and a few
metres wide, cross-cut ting one an other or pinch ing out both
up-dip and down-dip, are filled by fa cies Sxu (see Fig. 11B).
The base is con cave and the top tab u lar to slightly con vex. The
scours are filled with cross-strat i fied to cross-lam i nated sand
and fine peb ble gravel with scat tered small peb bles (up to 2 cm
in di am e ter). Al ter na tion of a few mm-thick laminae or a few
cm-thick strata of fine, me dium or coarse sandy lay ers and a
few cm-thick lay ers of very coarse sand or fine peb ble gravel is
typ i cal. In di vid ual lay ers vary slightly in thick ness. Ad ja cent
scours fre quently dif fer slightly in grain size of fill. An gu lar
cross-strat i fi ca tion typ i cally shows an upflow (rel a tive to fore -
sets) di rec tion of in cli na tion. The an gle of the dip var ies be -
tween 10 to 30° and might re veal up wards flat ten ing. 

The sol i tary beds of fa cies Sxu are interbedded with fa cies
Gsa con tin u ing from ad ja cent foreset (FA 2). Gsa within FA 3
dif fer in the bed ding shape, bed ding dip an gle (typ i cally 5–10°,
i.e. sig nif i cantly lower than in foreset beds) and partly/par tially
also in ori en ta tion of cross-strat i fi ca tion.  

In ter pre ta tion: the scours are in ter preted as pro duced by
hy drau lic jumps near the base of the slope (Massari and Parea,
1990; Nemec, 1990; Breda et al., 2007). Tan gen tial de creases in 
steep ness, ge netic re la tion and po si tion in the lower parts of the

foresets sug gest de po si tion in delta toeset set tings. Sets of
upflow/upslope (com pared to ad ja cent foresets) dip ping Sxu fa -
cies are in ter preted as backsets. The spoon-shaped backset
beds are in ter preted as chute-and pool de pos its or as de pos its of 
cy clic steps (Okazaki et al., 2020). The Gsa beds cov er ing the
backset strata re sulted from re-es tab lish ment of avalan ching on
foresets. A lower dip an gle and some dif fer ences in the ori en ta -
tion of cross-strat i fi ca tion re flect the downflow flat ten ing of strata.
The over step ping of FA 3 by sub-par al lel FA 2 beds re flects both
progradation and aggradation of the depositional sys tem. 

FA 4 – BOTTOMSET DEPOSITS 
OF THE GILBERT-TYPE DELTAS

The trans port of a large vol ume of sed i ment from the source 
area to the ba sin through a Gilbert-type delta depositional sys -
tem com monly led to the de vel op ment of a tri par tite ar chi tec ture 
(i.e. topset, foreset and bottomset; Gilbert, 1885). How ever, de -
pos its which might be in ter preted as bottomset are not de -
scribed in ei ther bore holes or ex po sures of the BS. A miss ing
bottomset in the prox im ity of Gilbert-type delta nu cle ation and
its ev i dence only in sec tions lo cated far ther basinwards are
men tioned by Budai et al. (2021). There fore, it is no tice able that
sev eral metre-thick heterolithic beds com posed of centi metre-
to decimetre-thick al ter na tions of fine- to me dium-grained sand
and mud with iso lated float ing peb bles and cob bles (of grani -
toid, lime stone, quartz, con glom er ate, and mudstone intra -
clasts, i.e. with iden ti cal peb ble com po si tion as in the BS) were
re cog nized in sev eral bore holes (HJ 1 Chrlice, HJ 103 Opato -
vice) lo cated in the southeasternmost part of the area un der
study (Hladilová et al., 2001), in the part of the WCF where typ i -
cal BS were pre vi ously not re cog nized. Here, these beds are
sandwiched be tween de pos its of FA 6 (above) and by the
Karpatian de pos its of the Laa Fm. (be low). The com po si tion of
peb bles from the Laa Fm. (bore hole HJ 103) re veals sig nif i cant
dif fer ences to the com po si tion the BS de pos ited above, with a
very high con tent of car bon ates, meta mor phic and mag matic
rocks and a lesser con tent of quartz, sand stones and cherts. 

In ter pre ta tion: the po si tion and sed i men tary fea tures of
these beds sug gest that they may rep re sent the “miss ing”
bottomset de pos its of the BS de pos ited closer to the basinward
delta pinchout. The strat i fied beds were de pos ited from low-
 den sity tur bid ity cur rents (Lowe, 1982) and the iso lated larger
clasts may re sult from co eval de bris fall pro cesses (Nemec et
al., 1999) or in di vid ual clasts from trans port in cohesionless de -
bris flows (Sohn et al., 1997). 

The lack of bottomset de pos its (“trap e zoidal delta” of
Poulimenos et al., 1993) might be ex plained by sed i ment stor -
age up stream from the bottomset area, es pe cially as delta evo -
lu tion was in its early stages (Mortimer et al., 2005), by sed i -
ment by pass and/or ero sion in the bottomset area (Rubi et al.,
2018), or by a ba sin with dis sected top o graphic highs (Zelilidis
and Kontopoulos, 1996).

FA 5 – SHOAL-WATER DELTA DEPOSITS

This fa cies as so ci a tion is mostly com posed of thin- to me -
dium-bed ded strata of pla nar par al lel-lam i nated sands of fa cies
Sl (43.9%) (Fig. 12A, E), very thin- to me dium-bed ded structu -
reless sands of fa cies Sm (25.4%) (Fig. 12B), and thin- to me -
dium/thick-bed ded sands of fine to very fine-grained sands of fa -
cies Sc (18.5%) (Fig. 12D, E), which are char ac ter ized by the
pres ence of plant and coal frag ments or coal laminae. Thin- to
me dium-thick in ter ca la tions of con glom er ates of fa cies Gsa (Fig.
12C) and of graded sands of fa cies Sg are rare, form ing 7.7 or
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Fig. 12. Se lected ex am ples of lithofacies and fa cies as so ci a tions of shoal-wa ter delta and off shore ma rine de pos its

A – lithofacies Sl (FA 5); B – lithofacies Sm (FA 5); C – lithofacies Gsa (FA 5); D – lithofacies Sc (FA 5) – intraclasts of coal or coal
interlaminae are marked by black ar rows; E – lithofacies Sl and Sc (FA 5) – intraclasts of coal or coal interlaminae are marked by
black ar rows; F – fa cies Mh (FA 6); G – fa cies Mm (FA 6); H – interbed of fa cies Sl within thick bed of lithofacies Mm (FA 6); I – en -
riched coalified plant frag ment – laminae of lithofacies C within thick bed of lithofacies Mm (FA 6)



4.6% of FA 5. Con tacts of the hor i zon tal to subhorizontal beds
are typ i cally sharp and flat, com monly ero sional. A sig nif i cant
grain size con trast be tween ad ja cent beds is typ i cal. The de pos -
its of FA 5 are ar ranged in fin ing- and then coars en ing-up ward
strata sets and are sig nif i cantly finer-grained and thin ner-bed ded 
than the un der ly ing de pos its of FA 2. They are over lain by
mudstones of FA 6. FA 5 is iden ti fied only in the subsurface
(22-41B bore hole) where its thick ness reaches ~7.1 m. 

In ter pre ta tion: the dom i nant well-strat i fied sand stones of
fa cies Sl, Sc and Gsa cor re spond to low-den sity tur bid ity cur -
rents, and in the case of fa cies Sc, with high sus pended loads.
These de pos its al ter nate with high-den sity turbidites of fa cies
Sm. Both high- and low-den sity tur bid ity cur rents are re spon si -
ble for de po si tion of Sg. Com mon al ter na tion of dom i nant
lithofacies Sm and Sl, and the tran si tion from mas sive to lam i -
nated di vi sion in fa cies Sg, re flect sim i lar flow ve loc i ties but a
de crease in the rate of sed i ment fall out, com mon in hyper -
pycnal flows (Zavala and Arcuri, 2006). The com mon oc cur -
rence of ter res trial plant rem nants in di cates a nearby ter res trial
source. The high rate of fall out of sand-sized ma te ri als re sulted
in the trap ping of trans ported plant de bris. Bed ge om e try and
bedset stack ing points to retro gra da tion and then basinwards
progradation of flat ero sive bod ies of den sity flows. From its
spa tial con text, this fa cies as so ci a tion is thought to rep re sent a
shoal-wa ter delta (Ras mus sen, 2000) dom i nated by the em -
place ment of tur bid ity cur rents prob a bly gen er ated by river
floods. The oc cur rence of coal and plant frag ments sug gests
con di tions suit able for peat for ma tion in the nearby source area
i.e. a poorly drained and gen er ally flat floodplain with or ganic
de po si tion in la goons and/or marshes. Pulses of ter res tri ally de -
rived or ganic de bris en tered the depositional sys tem as a re sult
of height ened river dis charge.

FA 6 – OFFSHORE MARINE DEPOSITS

In the strati graphic suc ces sion the mudstones of FA 6
sharply over lie the de pos its of Gilbert-type delta foreset FA 2
(Fig. 5D), or rarely topset FA 1 de pos its (Fig. 4A–C) or de pos its
of shoal-wa ter delta FA 5, and are over lain by Qua ter nary de -
pos its. The FA 6 fa cies as so ci a tion can be sub di vided into two
subassociations. The lower subassociation FA 6a is mostly
(70.3%) com posed of me dium to thick beds of silty muds of fa -
cies Mh (Fig. 12F). Less com mon (16.2%) are thinly bed ded
mas sive, mol lusc-bear ing mudstones of fa cies Mm (Fig. 12G).
Mudstones are rarely in ter spersed with thin to very thin (a few
cm-thick) tab u lar beds of fa cies Sm, Sl or laminae of coalified
plant frag ments of fa cies C (Fig. 12H, I). Heterolithic bed ding
due to al ter na tion of thin- to me dium-thick beds with sig nif i cant
tex tural con trast is char ac ter is tic of FA 6a. FA 6a is only
~1.85 m thick and grad u ally tran sits into the mo not o nous FA 6b
subassociation above. FA 6b com prises tens to hun dreds of
metre-thick (148 m thick in the bore hole 22-41B) uni form
mudstone suc ces sions of mostly mas sive Mm fa cies or sig nif i -
cantly less com monly lam i nated mudstones of Mh fa cies. The
mudstones are very thickly bed ded, cal car e ous, rich in ma rine
fos sils and the in dex of bioturbation is gen er ally low. Very thin to 
thin interbeds of fa cies Sl or Sb are ex tremely rare. The mo not -
o nous mudstones of FA 6b form the vol u met ri cally pre dom i nant 
infill of the Lower Badenian suc ces sion of the WCF in gen eral
and are known as “Tegel” in the lo cal lithostratigraphy.

In ter pre ta tion: the de pos its of FA 6 rep re sent an off shore
sed i men tary en vi ron ment (Harms et al., 1982; John son and
Baldwin, 1996) and a ma rine pe lagic en vi ron ment is in di cated
by its fos sil con tent (Bubík et al., 2005, 2019). 

The heterolithic bed ding of FA 6a is in ter preted re sult ing
from de po si tion un der vari able flow con di tions with mud de po si -
tion re lated to ei ther in creased sus pended sed i ment con cen tra -
tions or to mud floc cu la tion. Cy clic fluc tu a tions in both low to
high en ergy con di tions and sed i ment in put are sug gested by
oc cur rences of par al lel and len tic u lar silt laminae within the
dom i nant Mh fa cies and also by ep i sodic in cur sions of fa cies
Sm, Sl and C. Fa cies Sm and Sl are in ter preted as de pos its of
high- and low-den sity tur bid ity cur rents (Lowe, 1982) en ter ing
more dis tal parts of the ba sin. These were gen er ated by river
floods and/or by coastal slope-drain ing flash floods. The ex clu -
sively intrabasinal or i gin of coarse-grained par ti cles (clay chips,
shell frag ments) in FA 6 dif fers mark edly from the mix of
extrabasinal and intrabasinal gravel clasts in FA 2 and FA 3.
The bi modal grain-size dis tri bu tion re flects si mul ta neous de po -
si tion of small and large par ti cles and hyperpycnal flows ca pa -
ble of erod ing the muddy sub strate and trans fer ring intrabasinal 
and extrabasinal or ganic mat ter into the dis tal parts of the ba sin. 
Lo cally abun dant plant de tri tus sug gests di rect flu vial dis charge 
into the ba sin and hyperpycnal flows. Rapid burial con trib utes to 
pre serv ing the or ganic mat ter from ox i da tion (Zavala and
Arcuri, 2006). Vari able flow con di tions, re la tions to hyper pycnal
flows and pau city of tidal rhythmicity sug gests pos si ble sea -
sonal cyclicity and pre cip i ta tion that height ened river dis charge,
with hyperpycnal de po si tion in the dis tal parts of the ba sin
(Zavala and Arcuri, 2006). 

Mud con tent in crease dra mat i cally and rap idly up wards
through FA 6 in di cat ing an over all re duc tion of en ergy of
depositional en vi ron ment. The mo not o nous ap pear ance of FA
6b could be ev i dence of a rel a tively more dis tal po si tion to the
terrigenous clastic in put (com pared to FA 6a) and sus pen sion
fall out de po si tion. How ever, trans port of the mud into the ba sin
might have been con nected with river-de rived hypopycnal sus -
pen sion plumes (Nemec, 1995) and de po si tion via floc cu la tion,
sig nalled by the ir reg u lar laminae of dom i nant fa cies Mm in
low-en ergy sub aque ous set tings (Weleschuck and Dashtgard,
2019). The very rare in cur sion of Sl and Sm fa cies are in ter -
preted as de pos its of both high- and low-den sity tur bid ity cur -
rents (Lowe, 1982) con nected with hyperpycnal flows or with
tempestites. Con di tions were un fa vour able for fau nal col o ni za -
tion, as shown by the sparse trace fos sils. 

The sharp con tact of basinal mudstones of FA 6 and
Gilbert-type delta foresets of FA 2 (Fig. 5D), com monly with out
any pre served topset beds (FA 1) or shoal-wa ter delta de pos its
(FA 5), in di cate very rapid drown ing of the delta, its retro gra da -
tion, a sig nif i cant land ward fa cies shift and a rapid in crease in
ac com mo da tion/sed i ment sup ply ra tio.

AREAL DISTRIBUTION AND STRATIGRAPHIC 
ARCHITECTURE OF THE BRNO SANDS

The to tal thick ness of the BS ranges from zero to >85 m
(Fig. 13A) in the area un der study, with the great est thick ness
around bore hole HV 102. The depositional re cord of the BS is
pre dom i nantly formed by foreset beds. How ever, the iden ti fi ca -
tion of some other FA (es pe cially FA 1, 3 or 5) is not pos si ble
from the ar chived bore hole de scrip tion. 

The BS form an elon gated sed i men tary body mark edly
elon gated NW–SE (~35 km) and nar rower NE–SW di rec tion
(6–14 km), ori ented al most per pen dic u lar to the WCF Ba sin
main axis. The shape of the BS sed i men tary body re sem bles
the infill of an in cised val ley. The thick ness of the BS in creases
al most sym met ri cally from the mar gins into the cen tre of
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palaeovalley, where ~3 depocentres can be re cog nized ori -
ented par al lel to its NW–SE axis. Rapid in crease of BS thick -
ness can be fol lowed from both NE and SW mar gins es pe cially
into the depocentres. A sig nif i cant trend of BS thin ning to wards
the WCF Ba sin i.e. to wards the SE, where the bottomset de -
pos its of FA 4 are in ter preted, is also no ta ble. 

Such a sit u a tion points to a sig nif i cant role of tec ton ics in the 
for ma tion of the ac com mo da tion space for the BS. Both the ori -
en ta tion of the BS-filled palaeovalley and the po si tion of in di vid -
ual depocentres co in cides well with the dis tri bu tion of faults
doc u mented by geo log i cal map ping (Hanžl et al., 1999; Krejèí
et al., 2018) as shown on Fig ure 13B. 

The ar eal dis tri bu tion and thick ness of the BS can be com -
pared with palaeocurrent di rec tions which are de ter mined
mostly from the foreset dips (see Fig. 13C). Al though the in ter -
pre ta tion of palaeocurrent data might be partly af fected by the
dis tri bu tion of the avail able ex po sures, they pro vide over all uni -
form re sults. Lo cal i ties along the NE mar gin of the val ley point
to dom i nant trans port to wards the palaeovalley i.e. to the W,
SW, S or SE. Sim i larly, lo cal i ties along the SW mar gins show
trans port di rec tion to wards the NE or E i.e. into the cen tral parts
of the palaeovalley. Trans port di rec tion along the palaeovalley
axis plays a mi nor role. 
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In ter pre ta tion: the ge om e try of the palaeovalley and its
infill are strongly con trolled by tec ton ics. The ac com mo da tion
space for the BS is tec toni cally in flu enced by mostly NE–SW
trending base ment faults. The palaeovalley is lo cated in the
most prox i mal parts (NW) of the NW–SE ori ented Nesvaèilka
trough/palaeovalley known from the subsurface of the WCF
and filled with Paleogene de pos its (Fig. 13D). The Nesvaèilka
palaeovalley is in ter preted as a mor pho log i cal de pres sion of
ero sional or i gin, with tec tonic con trol (Pícha, 1979; Jiøíèek,
1987; Pícha et al., 2006). The spe cific struc tural set ting of the
BS-filled palaeovalley, with mar gins com monly bor dered by
faults, af fects the mor phol ogy and the depositional set tings of
the BS. Gilbert-type del tas are gen er ated mainly along NW–SE
trending ma jor faults, while NE–SW trending mi nor faults con -
trib uted to the lat eral de vel op ment of the depocentres and to
the ba sin-fill con fig u ra tion.

The thick ness of Gilbert-type del tas is a di rect mea sure of
the sum of: 

– ini tial depth of the wa ter body into which the delta was built; 
– changes in ba sin depth through de po si tion, which may be

due to rel a tive base-level rise or delta progradation into
deeper ba sin ar eas. 
The ar chi tec tural ex pres sion of this is man i fested in basin -

wards delta-foreset growth (Budai et al., 2021). 
Gilbert-type delta slopes ar chive an in crease in thick ness

through delta progradation of sev eral kilo metres basinward.
Trans port of sed i ment was of ten per pen dic u lar to the palaeo -
valley axis, i.e. mostly from the NE mar gin to wards the SW, S
and SE and also from the SW mar gin to wards the N and NE. An 
ax ial di rec tion of progradation, i.e. from NW to wards SE, was
also partly re cog nized but seems to be less pro nounced. Al -
though palaeocurrent di rec tions could vary sub stan tially from
one deltaic se quence to the next, the di rec tion of in put into
depocentres even tu ally pre vailed. The dis tri bu tion of clinoforms 
along palaeovalley mar gins re sem bles the delta-fed aprons of
Gal lo way (1998) i.e. lat er ally ex ten sive de pos its fed by line
source sys tems. One sys tem of Gilbert-type del tas was de vel -
oped along the NE mar gin of the palaeovalley and a sec ond
one along its SW mar gin. The role of these sys tems prob a bly
changed in time as did the po si tion of the in di vid ual deltaic bod -
ies’ nu cle ation. 

Abrupt changes in base ment ge om e try re sult ing in sig nif i -
cant changes in the foreset thick ness are typ i cal: 

– close to the point of the land ward delta nu cle ation i.e. along
the palaeo valley NE and SW mar gins; 

– dur ing progradation over faulted base ment or in her ited
depo sitional or ero sional to pog ra phy i.e. into depocentres.
Rapid in crease in the BS thick ness (dou bling or tri pling over 

a hor i zon tal dis tance of sev eral hun dred metres) can be fol -
lowed es pe cially in con nec tion with the SE-most depocentre.
The mor phol ogy and rel a tive vari a tions in for ma tion of ac com -
mo da tion space are sup posed to pre dis pose the ex is tence of
depocentres ori ented al most lin early along the val ley axis. In -
her ited to pog ra phy could have played a role by cre at ing dif fer -
en tial ac com mo da tion space. The con trasts be tween the tra -
jec to ries along dif fer ent parts/lo cal i ties of the palaeovalley
could have re sulted from lo cal sed i ment sup ply vari abil ity or
from in her ited ba sin phys i og ra phy. 

PROVENANCE ANALYSIS

Gilbert-type del tas form im por tant bun dles in sed i ment-de -
liv ery path ways link ing con ti nen tal hin ter lands to ba sin depo -
centres. Catch ment-area bed rock and phys i og ra phy rep re -

sents one of the allogenic fac tors that in flu ence delta evo lu tion.
Prov e nance anal y sis is based on peb ble pe trog ra phy, anal y ses 
of heavy min er als, and gar net and rutile com po si tion.  

PETROGRAPHY OF PEBBLES AND COBBLES, 
SHAPE AND ROUNDNESS OF PEBBLES

The grav els can be clas si fied as polymict. Sig nif i cant dif fer -
ences in the con tent of in di vid ual lithologies in the peb ble spec -
tra were ini tially re cog nized by Krystek (1974). Quartz peb bles
rep re sent a sta ble com po nent, form ing 4.0–41.0% of the peb -
ble spec tra. Meta mor phic rocks are mostly rep re sented by
gneiss es, quartzites, mica-schists, metabasites or phyllites
form ing 10 to 49%. Peb bles of mag matic rocks (granitoids,
aplites) form 0–32%. The con tent of peb bles of sed i men tary
rock types var ies be tween 14 and 56%. The pro por tion of in di -
vid ual sed i men tary rocks (i.e. sand stones, ar kos es, lime -
stones/both Pa leo zoic and Ju ras sic ones, greywackes, shales,
cherts, spongolites) in in di vid ual lo cal i ties var ies sim i larly. The
oc cur rence of lime stones is es pe cially un sta ble. The pro por tion
of mudstone (silty clays) intraclasts can ex ceed 10% of the peb -
ble spec tra. The intraclasts are typ i cally sig nif i cantly larger than
the as so ci ated extraclasts, some ap proach ing 1.2 m in size
(see Fig. 9A). 

Ver ti cal vari a tions in the peb ble spec tra were stud ied within
the 64 m thick suc ces sion of the 22-41B bore hole. Quartz peb -
bles rep re sent a sta ble com po nent form ing 5.3–51.5% of the
peb ble spec tra. Var i ous va ri et ies of quartz are pres ent (whit ish,
milky, light or dark grey, pink ish and yel low). Quartz clasts are
mostly spheres (25–57.7%) and/or blades (25–60.6%). The
con tent of discs (1.5–12.2%) and rods (0–12.1%) is sig nif i cantly 
lower. Clasts are mostly subangular (29.3–68.2%) and sub -
rounded (14.8–48.2%). The con tent of an gu lar or rounded
quartzes is lower. Clasts of mag matic rocks (mostly granitoids,
rarely aplites) form 19.4–52.6%. Peb bles of granitoids are
mostly spher i cal (30.2–70.8%) and/or bladed (15–66.6%) in
shape, typ i cally an gu lar (30–73.3%) or subangular (23.1–70%). 
Rounded peb bles of granitoids were miss ing. The pro por tion of
meta mor phic rocks (mica-schists, metabasites, gneiss es, quar -
tzi tes, phyllites, schists) var ies widely (0.6 to 39.5%) in the peb -
ble spec tra. Peb bles of mica-schists are mostly discs or blades
and they are typ i cally subangular to subrounded. Sed i men tary
rocks (sand stones, lime stones, shales, cherts) represent 0 to
33.9% of the pebble spectra. 

Some dif fer ences in the con tent of in di vid ual rocks by com -
par i son with data from ex po sures are in flu enced by var ied grain
size (with bore hole sam ples be ing gen er ally smaller than ones
from ex po sure). The mudstone intraclasts are of ten es pe cially
dif fi cult to quan tify in bore hole cores of loose grav elly sand. 

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) es pe cially if com bined with the chem is try of
se lected heavy min er als (Mor ton, 1984). The ZTR (zir con +
tour ma line + rutile) 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 the case of der i va tion
from a sim i lar source. 

The BS pos sess rel a tively sta ble heavy min eral as sem -
blages where gar net al ways dom i nates in the heavy min eral
spec tra, its con tent vary ing be tween 62.5 and 88%. Epidote,
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am phi bole, staurolite and ap a tite are sub sid iary heavy min er -
als. All other heavy min er als re cog nized (disthene, rutile, zir -
con, tour ma line, ti tan ite, ana tase, glaucophane, monazite, an -
da lu site, and sillimanite) are ac ces sory. The value of the ZTR
in dex is low, rang ing be tween 1.9 and 7.

Gar net and rutile rep re sent com mon heavy min er als in the
de pos its stud ied, be ing rel a tively sta ble in diagenesis and hav -
ing a wide compositional range, thus en abling fur ther eval u a -
tion in de tail.

COMPOSITION OF GARNET

The chem is try of de tri tal gar net is widely used for the more
de tailed de ter mi na tion of source rocks (Mor ton, 1984). A rel a -
tively broad spec trum of eleven gar net types was rec og nized
for the BS (see Ta ble 2). How ever, only four types are more
com mon and a strong dom i nance of almandines is ev i dent.
Almandine gen er ally re veals a pri mary source from meta mor -
phic rocks such as gneiss es or granu lites. Al though grossular
or spessartine gar nets form only a few per cent of the gar net
spec tra, they give in for ma tion about the oc cur rence of skarns,
crys tal line lime stones, pegmatites or gra nitic rocks in the
source area. 

Multivariate anal y sis of gar net chem is try ac cord ing to
Tolosana-Delgado et al. (2018) rec og nize four sources of gar -
net (see Fig. 14A, B). The pre dom i nant source was from am phi -
bo lite fa cies meta mor phic rocks (66.4–74.6%). Sources de -
rived from granulite fa cies metamorphics (16.7–31.2%) or eclo -
gite fa cies metamorphics (21.5%) were less im por tant. Gar nets 
from ig ne ous rocks (2.4%) were only ac ces sory and an ultra -
mafic source was not rec og nized.  

Sev eral ter nary dis crim i na tion di a grams are uti lized for
more de tailed iden ti fi ca tion of the pri mary source of gar net (Fig.
14C–E). The PRP–ALM+SPS–GRS di a gram (Mange and Mor -
ton, 2007) in Fig ure 14C re flects the dom i nant source of gar -
nets from am phi bo lite fa cies metasedimentary rocks (67.4%)
and in ter me di ate to fel sic ig ne ous rocks (25.9%). Sig nif i cantly
less com mon are gar nets from high-grade mafic rocks (4.4%)
or high-grade granulite fa cies metasedimentary rocks (2.2%).

The PRP–ALM–GRS di a gram (Aubrecht et al., 2009) in
Fig ure 14D in di cates the over whelm ingly dom i nant pri mary
source of gar nets to be from am phi bo lite fa cies rocks (es pe -
cially gneiss es and am phi bo lites). Sig nif i cantly less com mon
are gar nets from fel sic and in ter me di ate granu lites. Other pos -

si ble sources (ig ne ous rocks, skarns, serpentinites) are also
less com mon. 

Di a gram GRS–SPS–PRP (Fig. 14E) en ables a com par i son
with the po ten tial source rocks of the east ern mar gin of the Bo -
he mian Mas sif (cf. Otava et al., 2000; Èopjaková et al., 2002).
Althought the re sults are com plex, the pre dom i nant part of the
gar nets could have orig i nated from the Moravian Unit. The
Moldanubian Unit and granitoids of the Brno Mas sif could also
rep re sent a source of a mi nor part of the gar nets stud ied, sim i -
larly to the Moravian-Silesian Pa leo zoic/Culmian rocks and the
Svratka Crys tal line Com plex.

COMPOSITION OF RUTILE

Rutile as an ultrastable min eral is com monly used for prov e -
nance stud ies (Force, 1980; Zack et al., 2004a, b; Triebold et
al., 2007).

The con cen tra tions of the main di ag nos tic el e ments (Fe,
Nb, Cr and Zr) vary sig nif i cantly for the sam ples stud ied. The
con tent of Fe shows that all ana lysed rutiles come from meta -
mor phic rocks. The con cen tra tion of Nb ranges be tween 172
and 13800 (av er age 3348 ppm), the con cen tra tion of Cr var ies
be tween 55 and 3540 ppm (av er age 513 ppm), the con cen tra -
tion of Zr ranges be tween 28 and 237 ppm (av er age 57 ppm)
and most (86.2%) of the logCr/Nb val ues are neg a tive. A great
ma jor ity (89.7%) of meta mor phic rutiles from the BS orig i nate
from metapelites (mica-schists, paragneisses, felsitic granu -
lites) and only a few (10.3%) orig i nate from metamafic rocks
(eclogites, ba sic granu lites), ac cord ing to the group ing by Zack
et al. (2004a, b) or Triebold et al. (2007). Ac cord ing to the di ag -
nos tic cri te ria of Triebold et al. (2012), 86.2% of the rutiles orig i -
nate from metapelites and 13.8% from metamafics. A dis crim i -
na tion plot of Cr ver sus Nb is shown in Fig ure 15.

The re sults of Zr-in-rutile ther mom e try (ap plied to meta -
pelitic rutiles only – see Zack et al., 2004 a, b; Wat son et al.,
2006; Meinhold et al., 2008) in di cate that rutiles from the BS
orig i nate mostly from me dium-tem per a ture meta mor phic rocks
(am phi bo lite metamorfic fa cies), less com monly from low-tem -
per a ture metamorphics (green schists). 

INTERPRETATION 
OF THE PROVENANCE DATA

A com bi na tion of tech niques used in eval u a tion of the
source area en ables the eval u a tion of both a “pri mary” source
from crys tal line units and a “sec ond ary“ source re de pos ited (of -
ten mul ti ple) from sed i men tary units. 

Polymict grav els with some vari a tions (both ar eal and ver ti -
cal) in the peb ble spec tra to gether with vari a tions in peb ble
shape and round ness point to the var ied role of lo cal fac -
tors/sources and mul ti ple redeposition of the ma te rial both from
pri mary and sec ond ary sources. The re sults of heavy min eral
anal y ses to gether with the com po si tions of gar net and rutile
dem on strate the im por tance of meta mor phic rocks in the
source area. Prov e nance can be lo cated in the nearby Brno
Mas sif and its sed i men tary cover i.e. es pe cially siliciclastic
rocks (“Culmian fa cies”) of the Moravian-Silesian Paleozoic, but 
also from the De vo nian siliciclastics (Old Red fa cies) and in
Cre ta ceous de pos its. Sim i larly, a source from crys tal line units
of i.e. Moravian, Moldanubian Units and Svratka Com plex
which are lo cated slightly more to the W was in di cated.

Ma te rial re de pos ited from the Lower (Ottnangian, Karpa -
tian) and Mid dle Mio cene (Lower Badenian) infill of the WCF
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T a  b l e  2

Gar net types re cog nized in the Brno sands

Gar net type [%]

ALM53–84PRP11–45GRS0–9SPS1–7AND0–3 13.3

ALM57–85GRS11–31PRP2–9SPS1–9AND0–2 36.7

ALM76–85GRS2–9PRP4–9SPS0–9AND0–2 11.1

ALM55–74GRS13–24PRP11–18SPS0–8AND0–2 15.6

ALM42–67SPS12–40PRP11–16GRS1–9AND0–2 1.1

ALM47–71GRS13–27SPS11–19PRP4–8AND0–4 3.3

ALM57–76SPS11–26Prp0–10AND2GRS3–9 5.5

ALM57–75PRP12–28GRS11–22SPS0–9AND0–2 8.8

ALM51–75SPS21–23GRS10–19 PRP2–9AND0–2 2.2

GRS57AND27 PRP15 1.3

SPS45–64ALM22–41PRP0–6AND0–4GRS3–9 1.1
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the chem is try of de tri tal gar nets in com par i son with pos si ble source ar eas; ALM – almandine, GRS – grossular, PRP – pyrope, SPS –
spessartine; data from source rocks ac cord ing to Otava et al. (2000), Èopjaková et al. (2002, 2005), Èopjaková (2007) and Buriánek

et al. (2012)



also played an im por tant role. This source is re corded both as
mudstone intraclasts, and also by palaeontological data (Bubík
and Petrová, 2004; Buriánek et al., 2012). Abun dant intraclasts
sug gest en hanced ero sion of subaerially ex posed dis tal off -
shore de pos its as so ci ated with sig nif i cant rel a tive sea level fall.
Redeposition from the Lower Badenian basinal mudstones
(“Tegel”) points to an “older” Lower Badenian cy cle of rel a tive
sea level change in the area un der study. The de pos its of this
cy cle have mostly been eroded. Gen er ally, a low ZTR in dex
does not deny the role of redeposition but more prob a bly re -
flects a lit tle re work ing of ma te rial be fore ero sion by the BS
depositional sys tem. 

The prov e nance data ob tained can be sum ma rized as in di -
cat ing that the source area of the BS clearly points to the nearby 

geo log i cal units. Some vari a tions in prov e nance are ex plained
by lo cal/re gional dif fer ences in bed rock ge ol ogy. There was no
sys tem atic trend within the source area of the depositional sys -
tem of the BS. 

DISCUSSION

The Brno sands are in ter preted ab so lutely pre dom i nantly as 
de pos its of Gilbert-type del tas. Al though clas si cal depo sitional
el e ments (topset, foreset, toeset and bottomset) were re cog -
nized within the Gilbert-type del tas stud ied, they can be clas si -
fied as foreset-dom i nated be cause their ar chi tec ture is gov -
erned by a thick delta foreset with much less rep re sen ta tion of
other el e ments (Edmonds et al., 2011; Viparelli et al., 2012).
The del tas forced for ward-step ping (basinwards) into a con -
fined palaeovalley (i.e. to wards the SW, S, SE, E, N and NE). A
com bi na tion of lon gi tu di nal and trans verse in puts is in ferred;
how ever, their role prob a bly var ied in time and space. The
clinoforms are lat er ally ex ten sive in plan view, form ing progra -
dational wedges. The im por tant role of ba sin mar gin mor phol -
ogy with local ized sed i ment sup ply through sev eral drain age
sys tems is re flected by the com plex prov e nance of the BS from
geo log i cal units near the palaeovalley and its older sed i men tary 
infill, and in the spa tial vari a tions in the peb ble com po si tion (see
Krystek, 1974). How ever, vari ables of in di vid ual feed ers were
di min ished within the in cised val ley depo sitional sys tem. Sche -
matic re con struc tion of the palaeo geo graphi cal sit u a tion as so -
ci ated with the fill ing of the stud ied palaeovalley by the Brno
sands and a cor re la tion panel show ing the spa tial re la tion ship
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palaeovalley stud ied by Gilbert-type delta sys tem of the Brno sands; B – sche matic cor re la tion panel
show ing the spa tial re la tion ship be tween the Brno sands and the non-deltaic Neo gene suc ces sion within 
the palaeovalley



be tween the Brno sands and non- deltaic Neo gene suc ces sion
within the palaeovalley are shown in Fig ure 16.

The strati graphic ar range ment of the gen er ally fin ing-up
and deep en ing-up Mid dle Mio cene sed i men tary suc ces sion
within the con fined palaeovalley pro vides a re cord of the in ter -
play be tween avail able ac com mo da tion space (A), and sed i -
ment sup ply (S), ex pressed as the “A/S ra tio” (Postma, 1984;
Jervey, 1988; Muto and Steel, 1997; López-Blanco et al., 2000;
Breda et al., 2009; Backert et al., 2010; Gobo et al., 2014). Four
rec og niz able stages of val ley evo lu tion, con nected with sig nif i -
cant changes in the A/S ra tio, can be iden ti fied, to gether with a
few sub sid iary ep i sodes. 

Stage A: the lo ca tion of the palaeovalley on the forebulge
basinward flank sug gests that the val ley ac com mo da tion space 
was con trolled by both tec ton ics and eustatic sea level changes 
(Gawthorpe and Collela, 1990; Catuneanu et al., 1998; Catu -
neanu and Sweet, 1999; Blum and Tornqvist, 2000; Bruhn and
Steel, 2003; Leszczyñski and Nemec, 2015) with the ad di tional
roles of palaeotopography, ge ol ogy of the drain age ba sin and
cli mate (Shanley and McCabe, 1994; Gupta, 1999; Viseras et
al., 2003; Andreucci et al., 2014). The role of the prin ci pal in di -
vid ual fac tors re corded in the sed i men tary his tory of the
palaeovalley var ied. 

The for ma tion and evo lu tion of the WCF are gen er ated by
in creased crustal load ing as so ci ated with a thick ened orogenic
wedge prop a gat ing gen er ally to wards the NW. As thrust load -
ing in creased, the me chan i cal strength of the base ment was
ex ceeded and fault ac tiv ity en hanced along zones of base ment
weak ness (Waschbusch and Royden, 1992). The rheologic
ani so tropy along the east ern mar gin of the Bo he mian Mas sif
formed by sev eral NW–SE trending faults sig nif i cantly in flu -
ences the WCF ba sin ex tent and fa cies dis tri bu tion (Nehyba et
al., 2019; Blaško and Nehyba, 2020). Here, the con fined
palaeovalley de vel oped within the forebulge zone along
NW–SE trending base ment faults, hosted in crys tal line bed rock 
and its sed i men tary cover, al most per pen dic u lar to the WCF
ba sin main axis. How ever, the accommodational ac tiv ity of
these faults is al ready doc u mented in the area un der study by
Paleogene de pos its of the Nesvaèilka palaeovalley, or more
pre cisely its NW ter mi na tion. Older Neo gene de pos its of the
WCF re cog nized in the palaeovalley (Ottnangian, Karpatian in
age), which underly the BS, show that the area was flooded be -
fore the de po si tion of BS. How ever, their relic pres er va tion
points to an ero sion phase/phases and sig nal re-en trench ment
of the val ley. The in ci sion of the palaeovalley prior to the de po -
si tion of BS was con nected with Early/Mid dle Mio cene sea level 
fall (e.g., Hoheneger et al., 2014). The on set of val ley in ci sion
tends to com mence when a con vex-up to pog ra phy is ex posed
dur ing rel a tive sea level fall (Wang et al., 2019). The re-en -
trench ment of the con fined palaeovalley was ac com pa nied by
the for ma tion of a steep base level pro file and base level fall
(neg a tive ac com mo da tion). A high rate and mag ni tude of rel a -
tive sea level fall is in ferred in form ing the in cised val ley, with in -
tense ero sion. 

The ero sional base of BS is con sid ered as a se quence
bound ary/basal un con formity of the Mid dle Mio cene val ley suc -
ces sion. This poly gen etic sur face orig i nated from both sub -
aerial and ma rine ero sion. The palaeovalley was bor dered by
tec toni cally ac tive and steep mar gins. Base ment struc tural ani -
so tropy as so ci ated with sev eral sys tems of NW–SE and
NE–SW faults led to for ma tion of par al lel aligned base ment
blocks with dif fer ent sub si dence rates. The role of these faults
for the WCF ba sin shape and mor phol ogy has been doc u -
mented (Cogan et al., 1993; Eliáš and Pálenský, 1998; Fran -
círek and Nehyba, 2016; Nehyba et al., 2019). Com plex base -
ment mor phol ogy af fected the trans por ta tion and drain age pat -

tern, and the po si tion, type and size of both feed ers and
depocentres of BS (es pe cially ad ja cent to the junc tion of fault
sys tems). 

Stage B:  this stage re flects the switch from in ci sion and
ero sion to sed i ment ac cu mu la tion. The first ma rine in va sion
drowned the palaeovalley floor re lief pro duced by the pre ced ing 
phases of val ley evac u a tion. The ab sence of transgressive de -
pos its might in di cate very rapid rel a tive sea level rise (“non -
-accretionary” trans gres sion sensu Helland-Hansen and
Gjelberg, 1994). 

Mar ginal slopes de scended to wards the cen tral deeper
parts of the palaeovalley over a dis tance of sev eral kilometres.
These slopes were in cised by gul lies and can yons, some of
which were oc cu pied by del tas and pos si bly also by al lu vial
fans. A high rate of sed i ment sup ply and steep palaeovalley
mar gins un der tec tonic con trol re sulted in for ma tion of sys tem
of large- scale Gilbert-type del tas and their progradation.  

The sed i ment sup ply was high and rapid enough to keep a
steep front and slope of the delta, to form a thick sed i men tary
suc ces sion and to elim i nate sig nals of re work ing by waves or
tides. This im plies that rel a tive sea level rise was su per im posed
on the synsedimentary ac tiv ity of palaeovalley bor der faults
(Massari and Colella, 1988). This would have pro duced a dis -
tinc tive strati graphic ar range ment of depositional sys tems with
thicker de pos its in the in ter nal parts of the palaeovalley and
thin ner ones along its mar gins. Tec tonic sub si dence cre ates
ac com mo da tion space at high rates dur ing the early stage of
sub si dence, and then ac com mo da tion space slowly in creases
with de creas ing rate of sub si dence. Tec tonic sub si dence also
in creases sed i ment sup ply by re ju ve nat ing the drain age ba sin,
but with a lag time. These changes in ac com mo da tion space
and sed i ment sup ply in re sponse to tec tonic sub si dence gen er -
ally re sult in the de po si tion of fine-grained sed i ment dur ing the
early stage with a sub se quent coars en ing-up ward trend with
de creas ing A/S ra tio.

A/S changes are con nected both with fault ac tiv ity (re spon -
si ble for “con tin u ous” high sed i ment sup ply) and with rel a tive
sea level rise (re spon si ble for a “con tin u ous” rise of ac com mo -
da tion space) en abling a deltaic sys tem to keep pace with ris ing 
rel a tive sea level. The high sed i ment sup ply is fur ther sig nalled
by the prev a lence of turbidite-dom i nated de pos its within FA 2,
which sig nal that the delta-front ac com mo da tion is at a min i -
mum and sed i ment tends to be flushed downslope by ero sional
hyperpycnal flows (Gobo et al., 2015). 

Al though Gilbert-type del tas gen er ally rep re sent highly con -
struc tive, dom i nantly progradational sys tems (Nemec, 1990;
Longhitano, 2008), their set tings in de tail pri mar ily de pend on
the A/S ra tio (Helland-Hansen and Martinsen, 1996; Steel and
Olsen, 2002). The thick foreset de pos its of BS re veal, in de tail,
re pet i tive vari a tions in this ra tio (e.g., suc ces sive prograding-
 ret ro grad ing ep i sodes). These are in ter preted as rapid high-fre -
quency pulses of rel a tive sea level change, ex pressed as ver ti -
cally stacked deltaic wedges, and can be used for the eval u a -
tion of fa cies ar chi tec ture and stack ing pat tern of the Gilbert-
 type del tas stud ied. 

De pos its of the first ep i sode of deltaic suc ces sion di rectly
over lie the pre-Mid dle Mio cene base ment and are char ac ter -
ized by FA 2.1 over lain by FA 2.2. An in crease in de bris-flows in
prox i mal parts of the delta slopes and turbiditic de pos its in the
dis tal parts has been re cog nized for Gilbert-type del tas in gen -
eral, as was a coars en ing-up ward suc ces sion (Budai et al.,
2001). There fore, the ar range ment of dis tal foreset de pos its
(FA 2.1) over lain by prox i mal foreset ones (FA 2.2) sig nal a for -
ward-step ping progradational and aggradational stack ing pat -
tern, which is gen er ally con sis tent with sed i ment over load -
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ing/low rates of A/S ra tio. These de pos its are in ter preted as
rep re sent ing a highstand sys tems tract (HST). 

The su per im posed part of the deltaic de pos its is again char -
ac ter ized by a re peated FA 2.1–FA 2.2 suc ces sion and lies di -
rectly on the de pos its of the first ep i sode (i.e. on lower FA 2.2).
The su per po si tion of the dis tal parts of deltaic foresets over
prox i mal ones in di cates a retrogradational stack ing pat tern and
is in ter preted as ev i dence of TST. Retro gra da tion is con sis tent
with sed i ment rel a tive undersupply, i.e. higher rates of the A/S
ra tio. Al though transgressive de pos its were not re cog nized
within the depositional suc ces sion, they might be sig nalled by
the oc cur rence of mudstone intraclasts within the foreset beds.

The on set of Lower Badenian/Langhian de po si tion on the
dis tal/cratonward mar gin of the WCF is typ i cally re corded in two 
areally/lat er ally re stricted suc ces sions over ly ing the Pre-Bade -
nian base ment: 

– basal coarse clastic de pos its (such as the BS) over lain by
off shore ma rine muds; 

– base ment di rectly cov ered by off shore ma rine muds. 
Be cause the coarse clastic de pos its are partly co eval with

the off shore muds (Bubík et al., 2019), this sit u a tion along the
coast line is at trib uted to vari a tions in coastal mor phol ogy and
sed i ment sup ply. The deltaic shore line, as within the palaeo -
valley, was char ac ter ized by high and lo cal ized sed i ment sup -
ply, which re sulted in a more pro noun ced rel a tive sea level rise
and de layed flood ing. In non-deltaic shore line set tings, the prin -
ci pal role is con nected with the re lief. The low-gra di ent re lief
was rap idly drowned with pro nounced flood ing of the back -
shore, whereas a high coastal re lief could have pre vented sig -
nif i cant land wards shift of the shore line and en able the rec og ni -
tion of transgressive con di tions in the fa cies re cord (Ghinassi,
2007), pro mot ing accretionary and non- accretionary trans gres -
sions (Helland-Hansen and Gjelberg, 1994). There fore, dia -
chroneity in the on set of Early Bade nian/Langhian ma rine
trans gres sion is de vel oped in deltaic and non-deltaic parts of
the palaeovalley.  

The sed i men tary suc ces sion of the sec ond ep i sode it self
(i.e. FA 2.1–FA 2.2) is in ter preted as a progradational and
aggradational stack ing pat tern, re flect ing sed i ment over load -
ing/low rates of the A/S ra tio and con sid er ation as (HST) de pos -
its. The iden ti cal depositional ar chi tec ture of the two su per im -
posed deltaic ep i sodes is in ter preted as rep e ti tion of high-fre -
quency cy cles of rel a tive sea level changes i.e. as high-fre -
quency depositional se quences. De pos its of the lower se -
quence are sig nif i cantly thicker (38.7 m) than de pos its of the
up per se quence (17.0 m).

How ever, spa tial/ tem po ral vari a tions in the stra tal stack ing
pat terns can be also driven by such fac tors as delta-lobe
switch ing or cli mat i cally driven vari a tions in sed i ment in put
(Colella, 1988; Elliott, 1989; Breda et al., 2007; Longhitano,
2008).  The di men sions of the deltaic de pos its stud ied, sim i lar i -
ties in fa cies con tent, grain-size and gamma ray spec tra
(Dostalíková et al., 2018) ex clude cli mate vari a tions as the re -
spon si ble agent. Lobe switch ing might be sig nalled by sig nif i -
cant vari a tions in palaeocurrent di rec tions of deltaic se quences
due to the lat eral shift of lobes to dif fer ent depocentres through
time (Postma, 2001). Miss ing palaeocurrent data from the
bore hole did not al low the test ing of this fac tor. The hy poth e sis
of high-fre quency sea level changes that in flu enced the BS
stack ing pat tern is thus pre ferred. 

The high sed i ment dis charge and top o graph i cally re stricted
con fine ment min i mize sed i ment dis persal and boost sed i ment
aggradation and progradation through the palaeovalley and de -
ter mine a Gilbert-type delta ar chi tec tural el e ment de vel op ment
and dis tri bu tion. Dif fer ent delta frame works with var i ous pro por -

tions of in di vid ual ar chi tec tural el e ments might have been de vel -
oped within var i ous parts of the palaeovalley and the oc cur rence
of topsets and bottomsets can be partly used for palaeo geo -
graphi cal pur poses. The pres er va tion of the topset is con nected
with the fi nal ep i sode of Gilbert-type delta de po si tion and si mul ta -
neously with its most land ward oc cur rence. Ev i dence of bottom -
sets points to the most basinward reach of del tas. 

Stage C: the tran si tion from Gilbert-type to shoal-wa ter type 
rep re sents the fi nal stage of deltaic de po si tion. The grad ual sea 
level rise, high sed i ment sup ply and aggradation of prox i mal
Gilbert-type delta de pos its (i.e. the up per FA 2.2 pack age)
within the con fined palaeovalley led to the flat ten ing of the
feeder pro file and par tial re duc tion of sed i ment de liv ery. The in -
di cated de crease in ac com mo da tion cou pled with lower rates of 
sed i ment sup ply is in ter preted as a re sponse to a de cline in tec -
tonic ac tiv ity along the palaeovalley mar gins (García - García et
al., 2006; Eilertsen et al., 2011), re flected by de po si tion of a
shoal-wa ter delta. Re duc tion in the grain size and thick ness of
FA 5 (com pared to FA 2) points to retro gra da tion of the feed ers
pro gres sively up stream con tem po ra ne ously with con tin u ing
ma rine flood ing of the forebulge and a craton wards shift of the
fa cies belts to wards the source ar eas. An in crease in the A/S
ra tio is in ferred when com pared with stage B. How ever, the
shoal-wa ter delta was rec og nized only in one bore hole. There -
fore, lo cal fac tors might be im por tant for its de vel op ment or
pres er va tion. 

Stage D: the BS de pos its were over lain and over stepped by 
the transgressive suc ces sion rep re sented by a thick pile of off -
shore ma rine muds, which in di cate fur ther in un da tion of the
palaeovalley. Stage D rep re sents a con tin u a tion (see stage C)
of ma rine trans gres sion (base-level rise) onto the WCF dis tal
mar gin. In a coastal set ting of low top o graphic gra di ent, such as 
the delta plain of a shoal-wa ter delta, the rel a tive rise in sea
level will re sult in a ma jor land wards shift of the shore line
(coastal onlap onto the fore land plate), ac com pa nied by a
marked de cline in sed i ment sup ply (Ghinassi, 2007). The com -
mon sharp up per con tact of BS and over ly ing off shore clays
(marked by a sig nif i cant de crease in sed i ment grain size)
clearly re veal a rapid re duc tion of coarser-grained sed i ment
sup ply, rapid in crease of ac com mo da tion space, rapid flood ing
and ul ti mate drown ing of the deltaic sys tem. Ma rine in va sion
with a shift of the coast line fur ther land wards led to a sig nif i cant
en large ment of the ba sin (far be yond the palaeovalley).

The Early Badenian evo lu tion of the WCF is in gen eral char -
ac ter ized by NW-di rected, stepwise trans gres sions onto the ba -
sin mar gin, fol lowed by sta tion ary or even re gres sive phases
(Nehyba et al., 2016; Holcová et al., 2018). The data pre sented
sup port an over all trend of trans gres sion of neritic fa cies onto
the dis tal fore land mar gin, which oc curred as rapid steps (prob -
a bly of tens of kilo metres).

Sev eral ep i sodes of flood ing re cog nized within the suc ces -
sion point to a com pli cated depositional his tory of the WCF dur -
ing the Early/Mid dle Mio cene tran si tion where eustatic sea level 
fluc tu a tions su per im posed on the dom i nant flex ural back -
ground sub si dence were lo cally ac cel er ated by nor mal fault ing
(Haq et al., 1988; Miller et al., 1998; Allen et al., 2001). 

CONCLUSIONS

The Mid dle Mio cene (Lower Badenian) Brno sands in the
south ern part of the West ern Carpathian Foredeep are in ter -
preted pre dom i nantly as Gilbert-type delta de pos its fill ing an in -
cised val ley de fined by NW–SE trending faults, hosted in the
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crys tal line base ment that formed the south ern mar gin of the
Bo he mian Mas sif. Re peated accommodational ac tiv ity of these 
faults/re-en trench ment of the palaeovalley is doc u mented in
the area stud ied since the Paleogene. The lo ca tion of the
palaeo valley on the forebulge basinward flank (al most per pen -
dic u lar to the ba sin main axis) sug gests that the ac com mo da -
tion space was con trolled by both tec ton ics and eustatic sea
level changes with the ad di tional role of palaeotopography and
cli mate. 

The Gilbert-type del tas rec og nized can be clas si fied as
foreset-dom i nated, be cause their ar chi tec ture is gov erned by
thick delta foresets with much lesser rep re sen ta tion of other el -
e ments (i.e. topsets, toesets and bottomsets). The del tas
forced for ward-step ping (basinwards) into a con fined palaeo -
valley (ie. to wards the SW, S, SE, E, N and NE). One sys tem of
del tas de vel oped along the NE mar gin of the palaeovalley and
the sec ond one along its SW mar gin. The foreset beds re flect a
prev a lence of low-den sity turbidites, with var ied but im por tant
ev i dence of high-den sity turbidites, de pos its of cohesionless
de bris flows and de bris falls. The thick ness of the Brno sands
in creases al most sym met ri cally from the mar gins into the cen -
tre of palaeovalley, which in di cates progradation of del tas sev -
eral kilo metres basinwards.

The ero sional base of the Brno sands is con sid ered as a se -
quence bound ary/basal un con formity of the Mid dle Mio cene
val ley suc ces sion. This poly gen etic sur face orig i nated from
both subaerial and ma rine ero sion. The nu cle ation of Gilbert -
-type del tas was con nected with a lowstand. The thick foreset
de pos its re veal, in de tail, re pet i tive suc ces sive prograding-ret -
ro grad ing ep i sodes. These are in ter preted as rapid high-fre -
quency pulses of rel a tive sea level change i.e. as high-fre -
quency depositional se quences. 

The deltaic de po si tion of the Brno sands was ter mi nated by
de pos its of a shoal-wa ter delta and the sands were fi nally
drowned by off shore pe lagic muds. The strati graphic ar range -
ment of the gen er ally fin ing-up and deep en ing-up Mid dle Mio -
cene sed i men tary suc ces sion within the con fined palaeovalley
re veals a rapid re duc tion in the coarser-grained sed i ment sup -
ply, a rapid in crease of ac com mo da tion space, rapid flood ing
and ul ti mately the flood ing of the ba sin fore land mar gin. 

Prov e nance anal y sis based on the peb ble pe trog ra phy,
anal y ses of heavy min er als, gar net and rutile com po si tion re -
cog nise some vari a tions in the polymict Brno sands both areally 
and within their suc ces sion. These vari a tions are ex plained by
the var ied role of lo cal sources, vari a tions in lo cal bed rock ge ol -
ogy, and mul ti ple redeposition. The prov e nance of the Brno
sands is lo cated in nearby geo log i cal units such as the Brno
Mas sif and its sed i men tary cover (es pe cially Pa leo zoic and
Cre ta ceous de pos its), to gether with sources from crys tal line
geo log i cal units of the Moravian, Svratka Crys tal line and
Moldanubian Units, which are lo cated slightly more to the W. An 
im por tant role was played by ma te rial re de pos ited form the
Lower (Ottnangian, Karpatian) and Mid dle (Lower Badenian)
Mio cene infill of the West ern Carpathian Foredeep. 
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