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The study uses quan ti ta tive meth ods to ana lyse the lat est Bartonian to Early Rupelian sed i men tary suc ces sion at the SE out -
skirts of the Pol ish Low land Paleogene Ba sin, in the back-bulge zone of the Carpathian orogenorebulge. The ver ti cal
lithotype pro por tion di a grams from a large num ber of well logs are com piled to re veal the area’s se quence stra tig ra phy. Six
se quences are rec og nized and cor re lated with 3rd-or der eustatic sea level cy cles. The basal se quence of type 1 is over lain
by three se quences of type 2 and fol lowed by a fifth se quence of type 1, whose depositional forced-re gres sive and lowstand
sys tems tracts brought the main vol ume of quartz-glauconite sand to the study area. The study fo cuses fur ther on the de pos -
its of this fifth se quence, ex posed and sur veyed with GPR in the Nowodwór-Piaski sand pit. Their sed i men tary fa cies anal y -
sis re veals the lo cal spa tial pat tern of a wave-dom i nated and tid ally-in flu enced sed i men ta tion, sup port ing the ear lier no tions
of a south ern palaeoshoreline and a tec toni cally-con trolled sed i men ta tion. The anal y sis, aided by mul ti di men sional GPR
sur vey, in di cates syndepositional de vel op ment of a tec tonic graben filled lat er ally by fault scarp-at tached large sand bars
and an ax ial ac tion of tidal ebb cur rents. The bars were formed of shore-de rived sand swept by lit to ral waves from the graben
footwall ar eas. As the graben’s tec tonic ac tiv ity ceased, it be came bur ied by the lowstand re gres sive sands over lain by grav -
elly fore shore de pos its, most of which were later re moved by the Pleis to cene gla cial ero sion. A 3D model of the de pos its in
the Nowodwór-Piaski area is con structed on the ba sis of out crop and GPR data with the use of mul ti ple-point sta tis ti cal meth -
od ol ogy to de pict the in ter nal ar chi tec ture, het er o ge ne ity and spa tial re la tion ships of main sed i men tary fa cies. The model
can serve as a guide for the fu ture ex plo ra tion and ex ploi ta tion of the quartz-glauconite sands in the area and as in struc tive
ex am ple of how a pe tro leum res er voir model of a com plex sed i men tary suc ces sion can be con structed with the use of mod -
ern sta tis ti cal meth ods.

Key words: lit to ral fa cies, syndepositional tec ton ics, extensional graben, se quence stra tig ra phy, ground-pen e trat ing ra dar,
3D mod el ling.

INTRODUCTION

The pres ent pa per re ports on the pre lim i nary re sults of a re -
search pro ject aimed to de ter mine the or i gin and min eral re -
source po ten tial of the Paleogene am ber-bear ing de pos its in
the north ern part of the Lublin dis trict, east ern Po land. These
quartz-glauconite sands oc cur in an area of 46 km2 near
Lubartów (Fig. 1) and have long been sub ject to open-pit min ing 
be fore at tract ing de tailed geo log i cal stud ies.

On the ba sis of drill ing cores, the quartz-glauconite sands
were orig i nally con sid ered to be a sin gle mas sive lithosome.

Morawski (1960) con ducted a com par a tive sta tis ti cal study of
sed i men tary and min er al og i cal data from the up per grav elly
sands in out crops in the Lublin re gion. He as cribed an Oligo -
cene age to the sands and at trib uted their or i gin to an Early
Oligocene ma rine trans gres sion that en tered the area from the
north. Sub se quent stud ies of these de pos its were re lated to the
programme of a de tailed geo log i cal map ping of Po land in the
mid-1980s, which al lowed de ter min ing of the ar eal ex tent and
full min eral com po si tion of the sands (Łozińska-Stępień et al.,
1985). A pros pect ing drill ing pro ject con ducted in the north ern
part of the Lublin re gion gave a com plete strati graphic pro file of
the de pos its near Lubartów (Kasiński et al., 1997; Kasiński and
Tołkanowicz, 1999). Nu mer ous oc cur rences of am ber were
doc u mented in glauconitic sandy silts un der ly ing the quartz-
 glauconite sands (Woźny, 1966a, b; Kosmowska-Ceranowicz
et al., 1990) and sev eral de tailed min er al og i cal stud ies have re -
cently been con ducted (Franus et al., 2004; Franus and
Latosińska, 2009; Franus, 2010). Re gional lithostratigraphic
cor re la tions (Morawski, 1960) com bined with biostratigraphic
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Fig. 1. Lo ca tion of the study area

A – sim pli fied sub-Qua ter nary geo log i cal map of Po land show ing the pres ent-day ex tent of Paleogene and Neo gene de pos its (mod i fied
from Asch, 2005) and the dis cussed area (blue frame); B – dis cussed area shown as a por tion of the Geo log i cal map of Po land in
1:200,000 scale, with the lo cal river drain age sys tem, main towns and lo ca tion of the study area (red frame); C – top o graphic and de -
tailed geo log i cal map of the study area in 1:50,000 scale (Łozińska-Stępień et al., 1985), show ing the Nowodwór-Piaski open pit and the 
area of de tailed sedimentological and GPR sur veys (red frame)



dates (Kasiński and Tołkano wicz, 1999; Olszewska-Nejbert
and Barski, 2007) from our study area have in di cated an
Eocene-Oligocene time span of the de pos its. Newer ex ca va -
tions have also al lowed sedimento logical stud ies and spa tial
anal y sis of sed i men tary fa cies, as pre lim i nar ily re ported in this
pa per.

The aim of the pres ent study was to re con struct the spa tial
fa cies ar chi tec ture of quartz-glauconite sands ex posed in the
Nowodwór-Piaski pit near Lubartów (Fig. 1B, C) and to in ter pret 
their depositional en vi ron ment. The open pit is now at the last
stage of ex ploi ta tion, but field work was con ducted in
2009–2012 dur ing the ac tive min ing. It was thus pos si ble to pro -
duce a com pre hen sive car to graphic doc u men ta tion of the ex -
ca vated de pos its, to rec og nize sed i men tary struc tures, main fa -
cies and bound ing sur faces, to col lect palaeocurrent mea sure -
ments and to con duct GPR sur veys. The meth od ol ogy em -
ployed has com bined con ven tional sedimentology, GPR sur -
vey and 3D geo log i cal map ping tech niques. Mod ern geosta -
tistical tools, such as ver ti cal lithotype pro por tion di a grams
(Buchem et al., 2000; Ravenne, 2002a, b) and mul ti ple-point
sta tis tics (Strebelle and Zhang, 2005), have been used to quan -
tify the spa tial dis tri bu tion of sed i men tary fa cies, to rec og nize
transgressive-re gres sive se quences and to ver ify strati graphic
cor re la tions (Ravenne et al., 2002). The data al low re con struc -
tion of the depositional ar chi tec ture of sed i men tary fa cies and
shed new light on the or i gin of the Paleogene quartz-glauconite
sands in this part of the Pol ish Low land Ba sin, in di cat ing a lit to -
ral nearshore en vi ron ment af fected by syndepositional fault
tec ton ics.

GEOLOGICAL SETTING

The study area is lo cated in the tec tonic prov ince of the East 
Eu ro pean Plat form, at the south east ern ex trem ity of the  Pol ish
Low land Ce no zoic Ba sin (Fig. 1A). The study fo cuses on an
area west of the town of Lubartów (Fig. 1B), where ex ca va tions
of the Nowodwór-Piaski open pit af ford large out crops of the
Paleogene quartz-glauconite sands (Fig. 1C).

The Paleogene sands over lie di rectly Me so zoic marls and
lime stones, with a basal transgressive silty ho ri zon bear ing
phos phate con cre tions (Łozińska-Stępień et al., 1985; Kasiński 
et al., 1997; Kasiński and Tołkanowicz, 1999), and are patchily
cov ered by Pleis to cene gla cial de pos its (Fig. 1C). The sub-
 Paleogene bed rock sur face shows an over all low er ing to wards
the north (Fig. 2), with a re gional-scale palaeotopographic re lief
of up to ~76 m and south ward onlap by Eocene to Oligocene
de pos its (Fig. 3). The bulk stra tig ra phy can be re vealed only by
re gional com pi la tions (such as the syn thetic pro file in Fig. 3,
left), as no drill ing core shows the en tire suc ces sion in a sin gle
con tin u ous ver ti cal pro file (Kasiński et al., 1997).

The basal sur face shows also sig nif i cant lo cal-scale re lief,
par tic u larly in the Siemień area to the north  (Fig. 1B), where
iso lated oc cur rences of rel a tively thick Up per Eocene are pre -
served in palaeotopographic de pres sions (Kosmowska-
 Ceranowicz et al., 1990; Piwocki, 2002). A sim i lar lo cal anom aly 
is in di cated by the belt of rel a tively thick up per most Eocene
-Lower Oligocene sands in the pres ent study area (pro file I in
Fig. 3). At least some of these palaeotopographic de pres sions
could be re lated to syndepositional nor mal fault ing (Łozińska-
 Stępień et al., 1985; Kasiński et al., 1997), as the Variscan
compressional de for ma tion in this part of the East Eu ro pean
Plat form (Henkiel, 1983) was fol lowed by an extensional re ac ti -

va tion of base ment faults and brit tle de for ma tion of the Cre ta -
ceous bed rock (Krzywiec, 2007).

An ex plo ra tion well drilled near the study area in the
Nowodwór-Piaski pit showed the lo cal thick ness of Paleogene
de pos its to be ~18 m. Only the sand-rich up per most part of this
suc ces sion, ~9-m-thick, has been ex posed by the pit ex ca va -
tions (Fig. 3B). The low est ex posed de pos its, 4-m-thick, are
glauconitic sandy silts (Fig. 3A, C) in ter ca lated with phospho -
rite-bear ing black silts. Their con tent of foraminifers, cal car e ous 
nannoplankton and dinocysts in di cates an Eocene age of these 
de pos its and al lows them to be as cribed to the Siemień For ma -
tion (Kasiński et al., 1997; Piwocki, 2002). The over ly ing de pos -
its, 14-m-thick, are me dium- to coarse-grained quartz-glau -
conite sands, grav elly near the top (Kasiński et al., 1997). Fol -
low ing Morawski (1960), the sands are con sid ered to be of an
Oligocene age.

The or i gin of the ma rine quartz-glauconite sands near
Lubartów has re mained un clear and con tro ver sial. The area lo -
ca tion sug gests sand de po si tion in a south east ern mar ginal
zone of the Pol ish Low land Ba sin (Fig. 1A), al though no lat eral
tran si tion to ei ther coastal de pos its to the SE or open-ma rine
shelf de pos its to the NW has been rec og nized. Morawski
(1960) had fo cused on the up per grav elly de pos its and in ter -
preted them as a transgressive lag emplaced erosionally over a
sandy lower shoreface. How ever, it re mained un clear as to how
a ma rine trans gres sion could cover the lower shoreface zone
with thick sandy gravel in stead of drown ing it and cov er ing with
silty off shore-tran si tion de pos its. Kasiński and Tołkanowicz
(1999) paid more at ten tion to the un der ly ing sands and at trib -
uted them to a bar rier-is land sys tem. How ever, there are no as -
so ci ated la goonal de pos its and also the spa tial ar chi tec ture of
large foresets in these sands (dis cussed in the pres ent pa per) is 
in com pat i ble with a coastal bar rier model.

METHODOLOGY

A multi-scale 3D ap proach com bin ing var i ous types of geo -
log i cal data (Caumon et al., 2009) has been em ployed in the
pres ent study to re con struct spa tial strati graphic ar chi tec ture of
the sed i men tary suc ces sion. The rec og ni tion of fa cies and their
re la tion ships on a lo cal out crop scale gives highly frag men tary
in sights, and it is only the in te gra tion of a wider range of data
that can pro vide an ob jec tive re gional re con struc tion. For this
pur pose, the con ven tional sedimentological meth od ol ogy of
out crop stud ies (Collinson and Thomp son, 1982; Tucker, 2003) 
has been com bined with a se lected range of other meth ods,
which are de scribed briefly be low. Se quence strati graphic no -
men cla ture is af ter Catuneanu (2006) and Helland-Hansen
(2009).

THE VLPD PLOTS

The ver ti cal lithotype pro por tion di a gram (VLPD), known
also as ver ti cal pro por tion curve, is a ro bust quan ti ta tive tool
that was orig i nally de signed to ac count for nonstationarity in
sto chas tic mod els and to ana lyse 1D dis tri bu tion and se quen -
tial or ga ni za tion of fa cies at the scale of a strati graphic for ma -
tion or sed i men tary ba sin, thereby re veal ing spa tial-ge netic
re la tion ships of fa cies in the depositional sys tem. The VLPD
plots de pict up ward changes in the pro por tion of lithotypes
com puted for pre de fined thick ness in ter vals of in di vid ual pro -
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files (Buchem et al., 2000; Ravenne et al., 2002; Ravenne,
2002a). The ver ti cal changes in lithotype pro por tion re veal
sed i men tary cy cles and thus al low dis tinc tion of sys tems
tracts and strati graphic se quences (Fig. 3), which are then
com pared with the global re cord (Fig. 4) to rec og nize eustatic
and lo cal tec tonic in flu ences. The VLPDs al low also to as sess
the rel a tive role of par tic u lar sed i men tary en vi ron ments and
depositional pro cesses in proba bil is tic (per cent age) terms
and to rec og nize changes in the ba sin ac com mo da tion space
(Ravenne et al., 2002; Purkis et al., 2012). The use ful ness of
this tool was dem on strated for the rec og ni tion of chrono -
stratigraphic mark ers (Volpi et al., 1997) and vi su al iza tion of
spa tial fa cies changes within depositional se quences (Ra -
venne, 2002b; Armstrong et al., 2011).

To cre ate such di a grams for the study area, the nu mer ous
lithological pro files of bore holes (Fig. 5) from var i ous da ta bases 
of the Na tional Geo log i cal Ar chive were used, in clud ing the
Cen tral Geo log i cal Da ta base (CBDG) and Cen tral Hydro -
geological Data (HYDRO) Bank, along with pub lished data
(Kosmowska-Ceranowicz et al., 1990) and un pub lished field
documentations (Parecki and Bujakowska, 2004). Lithotypes
were dis tin guished on the ba sis of sed i ment grain size and

lithological well-log de scrip tions. The avail able biostratigraphic
data from Eocene de pos its (Woźny, 1966a, b; Mojski et al.,
1966; Uberna and Odrzywolska-Bieńkowa, 1977; Kosmo -
wska-Ceranowicz et al., 1990; Kasiński et al., 1997; Kosmo -
wska-Ceranowicz and Leciejewicz, 1995; Piwocki, 2002) were
also in cor po rated in the di a grams. The pri mary task was to cre -
ate a spa tial geo log i cal model of the post-Cre ta ceous sed i men -
tary suc ces sion (Fig. 5) and to rec og nize strati graphic ho ri zons
that might serve as ref er ence sur faces in ar chi tec tural and ex -
plo ra tion stud ies.

The choice of an ap pro pri ate ref er ence level for the ge om e -
try of sed i men tary unit is cru cial for the cal cu lated re sult of the
ver ti cal suc ces sion of lithotype pro por tions (Armstrong et al.,
2011) and for the rec og ni tion and in ter pre ta tion of sys tems
tracts (transgressive vs. nor mal- or forced-re gres sive). These
lim i ta tions of ver ti cal pro por tion curve have been taken into ac -
count in the pres ent study us ing a sin gle ref er ence level. For ex -
am ple, the in ter pre ta tion of silt-rich peaks has been ver i fied on
the ba sis of the avail able core fa cies and out crop ob ser va tions,
which si mul ta neously al lowed ver i fy ing whether the cho sen ref -
er ence level is ap pro pri ate for the stud ied depositional sys tem
(Armstrong et al., 2011).
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Fig. 2. Map show ing the lo ca tion of bore holes from which data have been used to cre ate
a ver ti cal lithotype pro por tion di a gram (VLPD) for the whole area, cov er ing the sheets 

Note the gen eral low er ing of the base-Paleogene sur face to wards the north; 
the three ar bi trary re gions in the map cor re spond to the VLPDs shown in Fig ure 3

https://gq.pgi.gov.pl/article/view/9282/7825
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FIELDWORK AND GPR SURVEY

Field work in cluded col lec tion of sedimentological data for
palaeoenvironment re con struc tion, such as rec og ni tion of sed i -
men tary struc tures, palaeocurrent mea sure ments, sed i ment
sam pling for grain-size anal y sis and dis tinc tion of sed i men tary
fa cies (Fig. 6). Both 2D and pseudo-3D ground-pen e trat ing ra -
dar (GPR) sur vey with a 250 MHz shielded an tenna was con -
ducted along the open-pit edges (Fig. 6), so that the ac quired
radargrams could be cor re lated with sedimentological ob ser va -
tions from out crop walls. Flow pro cess ing was used to im prove
the sig nal-to-noise ra tio and cor re la tion of co her ent re flec tion.
For this pur pose, we ap plied a static cor rec tion of the first ar -
rival, re moval of back ground noise and all very low-fre quency
com po nents (dewow), au to matic and man ual sig nal gain,
bandpass fre quency fil ter and a xy-av er ag ing of some traces.
Fi nally, the time-to-depth con ver sion was per formed us ing ve -
loc ity de ter mi na tion by a hy per bolic func tion-fit ting for any sec -
tion con tain ing dif frac tion or re flec tion hy per bola.

Depth-con verted GPR sec tions spaced 0.5 m apart were
uti lized to con struct pseudo-3D im ages us ing a se quen tial
Gaussi an sim u la tion al go rithm. The best-fit variogram model
showed sig nif i cant am pli tude ani so tropy in the NE–SW di rec -
tion, ap par ently re lated to the strike of in clined sand strat i fi ca -
tion (Fig. 6). The fi nal pseudo-3D GPR cube was con structed
as an ar ith met i cal mean (E-type) of 15 equi-prob a ble sto chas tic 
re al iza tions of the SGSim al go rithm (Kelkar and Perez, 2002).
Ap pli ca tion of pseudo-3D GPR gives in com plete im ag ing and
lim ited abil ity in in ter pret ing sed i men tary and tec tonic struc -
tures, as the ac qui si tion of data is con ducted along lines (Chris -
tie et al., 2009). To en hance the con ti nu ity of strat i fi ca tion and
iden tify ma jor GPR re flec tors (e.g., fa cies con tacts), the thin
bed in di ca tor at trib ute was com puted as a dif fer ence be tween
the weighted mean fre quency and the in stan ta neous fre quency 
(Taner, 1992). In ter pre ta tion of synsedimentary faults zones
was con ducted trace-by-trace, look ing for ver ti cal dis con ti nu -

ities in sig nal am pli tude. Semi au to matic ex trac tion and en -
hance ment of faults was sup ported by com put ing ad di tional
geo met ri cal at trib utes such as dip vari a tions, sim i lar ity and
sem blance (Taner, 1992).

Palaeocurrent mea sure ments were based on the axes of
trough cross-strata sets and the dip di rec tion of pla nar cross-
 strat i fi ca tion, and were vi su al ized (Fig. 6) us ing EZ-ROSE soft -
ware (Baas, 2000). Field mea sure ments were com pared and
sup ple mented with the dip az i muths of gi ant foreset strat i fi ca -
tion (fa cies SFi) com puted from GPR in ter faces (Fig. 7).

3D GEOLOGICAL MODELLING

Sys tem atic doc u men ta tion and ex plo ra tion of de pos its dur -
ing the min ing op er a tions in Nowodwór-Piaski open pit re sulted
in a com pre hen sive dataset of pho to graphs, de tailed sketches
of out crop walls and ob ser va tions on sed i men tary struc tures.
The data were georeferenced us ing lo cal ref er ence grid and
then re stored to orig i nal po si tion dur ing GPS sur veys. This da -
ta base was sup ple mented and up dated with the GPR im ag ery.

Geomodelling tools were uti lized to cre ate a 3D struc tural
model of the nor mal fault sys tem in one of the study sub-ar eas
(Fig. 5). The Par a digm GOCAD/SKUA soft ware was used for
sur face-based mod el ling (Caumon et al., 2009) and
geostatistical anal y sis. The soft ware was ear lier suc cess fully
ap plied to re con struct geo met ri cally-com plex struc tural frame -
works (Mal let, 1997; Caumon et al., 2009) and depositional ar -
chi tec ture of sed i men tary ba sin (Mal let, 2004).

MULTIPLE-POINT STATISTICS

Mul ti ple-point sta tis tics (MPS) al go rithms (SNESIM,
FILTERSIM, IMPALA, Di rect Sam pling) are de signed to model
the spa tial re la tion ships and com plex ar chi tec tures of el e ments
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Fig. 5. Spa tial strati graphic model for the study area (Fig. 2) con structed 
with Par a digm GOCAD soft ware 

Qua ter nary cover not in cluded; based on bore hole pro files from var i ous da ta bases 
of the Pol ish Geo log i cal In sti tute-Na tional Re search In sti tute and other sources (for ref er ences, see text)



such as lithotypes, sed i men tary fa cies or min eral
ore struc tures (Liu et al., 2005; Boucher, 2011).
The al go rithms com bine de ter min is tic as pects of
a phys i cal model with its sta tis ti cal vari abil ity
(Strebelle and Zhang, 2005). De ploy ment of a
user-de fined train ing im age ren ders this ap -
proach unique in com par i son to the widely used
Monte Carlo variogram-based al go rithms. Clas si -
cal dis crete-vari able mod el ling al go rithms, such
as the Trun cated Gaussi an Sim u la tion or Se -
quen tial In di ca tor Sim u la tion, are based on vario -
gram, with the prob a bil ity den sity of in di vid ual
lithotype oc cur rence ob tained by the kriging
method (Kelkar and Perez, 2002). How ever,
vario gram as a two-point sta tis tic pro vides only
the gen eral max i mum and min i mum di rec tions of
autocorrelation (Gringarten and Deutsch, 2001),
while fail ing to cap ture lo cal ani so tropy of the in -
ves ti gated vari able. An MPS al go rithm at first
stage is scan ning the train ing im age and re cord -
ing for each vis ited cell its lithotype and the litho -
types pres ent in the neigh bour ing cells. This ap -
proach al lows de ter min ing of the prob a bil ity of
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Fig. 6. Fa cies map of the de tailed study area in Nowodwór-Piaski open-pit mine (see red frame in Fig. 1C),
show ing spa tial changes in the di rec tion of in clined strat i fi ca tion in fa cies SFi doc u mented by mea sure ments 

in the course of pro gres sive min ing

Note the lines of 2D and pseudo-3D GPR sec tions;
line A–B in di cates the geo log i cal cross-sec tion with GPR pro file shown in Fig ure 11 and in ter preted in Fig ure 12

Fig. 7. His to gram of the dip az i muths of gi ant foreset strat i fi ca tion 
(fa cies SFi) de rived from GPR data and out crop mea sure ments

 The his to gram back ground colours cor re spond to those of the map 
three sub-ar eas in Fig ure 6 



lithotype oc cur rence in a given cell rel a tive to the lithotype con -
tents of its neigh bours. MPS al go rithms are widely used in pe -
tro leum res er voir geo-mod el ling to ac count for lo cal-scale
anisotropies and give ground for de tailed fluid-flow sim u la tions
(Zappa et al., 2006; Howell et al., 2008).

RESULTS OF THE STUDY

REGIONAL SEQUENCE-STRATIGRAPHIC 
INTERPRETATION

Re gional se quence-strati graphic anal y sis was used to es -
tab lish the palaeogeographic con text of en vi ron men tal
changes for the de po si tion of quartz-glauconite sands in the
study area. As the first step of the spa tial strati graphic anal y sis,
a dig i tal 3D strati graphic model of the study area was con -
structed to ac count for the pres ent-day sur face to pog ra phy,
bed rock palaeotopography and the dis tri bu tion of main sed i -
men tary units on the ba sis of bore holes and de tailed geo log i cal
maps (Fig. 5). Lo cal-scale VLPDs were con structed to rec og -
nize the strati graphic pat tern of lithotype dis tri bu tion. Lat eral
nonstationarity of lithotype pro por tion was ex am ined by sep a -
rat ing the bore hole data into three zones par al lel to the ba sin’s
hy po thet i cal south ern palaeoshoreline (Kosmowska-Cerano -
wicz et al., 1990). The cor re la tion and se quence- strati graphic
syn the sis of VLPDs (Fig. 3) re vealed a south ward ex pan sion of
ma rine sed i men ta tion over a south wards-ris ing bed rock to pog -
ra phy, which jus ti fied the geo met ri cal no tion of a chrono -
stratigraphic onlap for the depositional ar chi tec ture S as is gen -
er ally typ i cal of transgressive shal low-ma rine clastic sys tems
(Posamentier and Allen, 1999; Catuneanu, 2006). It was not
ob vi ous which ref er ence level is the most ap pro pri ate for the
cor re la tion, be cause of the ef fects of sub si dence and pos si ble
synsedimen tary fault ing, a rel a tively low pre ci sion of strati -
graphic data and the lack of seis mic data for spa tial ge om e try of 
sys tems tracts. There fore, sev eral sce nar ios of ref er ence level
were tested in or der to ac count for un cer tainty. A base-lap lay -
er ing pat tern was re jected in fa vour of an onlap pat tern, as the
re sults of the for mer were fuzzy and not match ing the strati -
graphic de vel op ment rec og nized in the Nowodwór-Piaski pit.

The syn thetic VLPD (Fig. 3) shows a se quen tial de vel op -
ment of transgressive and highstand sys tems tracts span ning
six 3rd-or der global sea level cy cles (Fig. 4; Haq et al., 1987).
The sed i men tary suc ces sion in the study area is in ter preted to
have com menced with a lowstand sys tems tract (LST) fol lowed
by a ma rine flood ing and a set of three TST-HST se quences of
type 2 (Jervey, 1988) mas quer ad ing as parasequences. The
ma rine flood ing events can be cor re lated with the transgressive 
lags (Fig. 3E) crop ping out in Siemień near Parczew
(Kosmowska-Ceranowicz et al., 1990). The most con spic u ous
fea ture in the VLPD is the abrupt in crease of sand pro por tion di -
rectly above the fourth se quence (Fig. 3), which in di cates a
forced re gres sion cor re spond ing to the Eocene-Oligocene
bound ary and cor re lates with the ear li est Rupelian eustatic sea
level fall (Fig. 4; Haq et al., 1987). This forced re gres sion, with
an abrupt tran si tion from lower-shoreface silts to nearshore
sands, is at trib uted by the au thors to a re gional tec tonic up lift
(see also Dobrowolski, 1995) that ap par ently co in cided with the
eustatic fall. Our ev i dence of syndepositional fault ing in the
study area, dis cussed far ther in the text, sup ports the no tion of
tec tonic ac tiv ity along this north ern mar gin of the Lublin High -
land S prob a bly in re sponse to the north ward mi gra tion of the
Carpathian fore land pe riph eral bulge (Golonka et al., 2006).

The study area with its north-tilted bed rock (Fig. 2) was a
back-bulge depositional zone (sensu DeCelles and Giles,
1996) on the north ern flank of the subaerial forebulge formed by 
the struc tural ridge of Holy Cross Moun tains (Golonka et al.,
2006) and hence was prone to a flex ural extensional de for ma -
tions (Dobrowolski, 1995).

The depositional forced re gres sion with its lowstand sys -
tems tract (FRST and LST in Fig. 4) brought in the main vol ume
of quartz-glauconite sand to the study area within a rel a tively
short pe riod of time. The sand fa cies are de scribed and in ter -
preted in de tail in the next sec tion. This fifth se quence was of
the clas si cal type 1 (Jervey, 1988) and its depositional
forced-re gres sive and lowstand sys tems tracts are doc u -
mented here in de tail from the Nowodwór-Piaski sand pit near
Lubartów. The sixth se quence (Figs. 3 and 4), con sid ered to be
of type 2 (Jervey, 1988), is rec og niz able in bore holes to the
south, but is lack ing in the study area, where the sed i men tary
suc ces sion was erosionally trun cated the Pleis to cene ice-sheet 
be fore be ing cov ered with glacio-flu vial de pos its (Fig. 3F).

SEDIMENTARY FACIES

Five main sed i men tary fa cies have been dis tin guished in
the out crop sec tions of the Nowodwór-Piaski sand pit on the ba -
sis of grain size, strat i fi ca tion type and other mac ro scopic char -
ac ter is tics. The fa cies are la belled with the let ter code of Miall
(1977, 1985), mod i fied by Zieliński (1995) and Zieliński and
Piekarska-Jamroży (2012), and are sum ma rized in Ta ble 1.
They are de scribed and in ter preted in more de tails be low.

Fa cies Sm: structureless coarse-grained sand. This fa -
cies is only lo cally ex posed at the bot tom of the Nowodwór-
 Piaski pit (Fig. 8, bot tom), but has a thick ness of 7–10 m in ad -
ja cent bore holes (Kasiński et al., 1997). It con sists of quartz-
 glauconite sand with an in tense green col our and mainly mas -
sive in ter nal struc ture, but with lo cally rec og niz able in dis tinct
traces of pla nar par al lel strat i fi ca tion and asym met ri cal wave-
 rip ple cross-lam i na tion ac cen tu ated by sec ond ary iron-hy -
drox ide pre cip i tates (Fig. 8, lower left). This fa cies ap pears to
un der lie the graben-fill fa cies SFi/SFm and lo cally St in the
hang ing wall and fa cies St in the footwall. The sand is mark -
edly coarser-grained than the un der ly ing glauconitic sandy silt
and ap par ently pre dates shortly the for ma tion of the intra-lit to -
ral graben. The lack of mud interlayers and bur rows and the
oc cur rence of dif fuse rel ics of wave-formed sed i men tary struc -
tures sup port the no tion of de po si tion above the fair-weather
wave base (Clifton, 1976; Walker and Plint, 1992). This fa cies
is thought to have been de pos ited by waves as the forced-re -
gres sive sys tems tract of the fifth strati graphic se quence
(FRST in Figs. 3 and 4), when an up per shoreface zone
abruptly shifted north wards into the study area. The ho mog e -
nized struc ture of sand can be at trib uted to seafloor liq ue fac -
tion caused by the shear ing ac tion of seis mic ground-roll
waves trig gered by bed rock fault ing (Al-Eqabi and Herrmann,
1993; Al-Shukri et al., 2006).

Fa cies SFi: sand with gi ant foreset strat i fi ca tion. This fa -
cies (Fig. 8) con sists of me dium-grained quartz-glauconitic sand
with silty sand interlayers and is vol u met ri cally most im por tant in
the Nowodwór-Piaski pit area (Fig. 6). The amount of glauconite
grains is rel a tively low, lim ited mainly to sed i ment frac tion finer
than 0.063 mm. Fa cies SFi forms two gi ant (³7-m-thick) foresets
with a high-an gle (>25°) in cli na tion of strata and dip di rec tions
op pos ing each other. One set is dip ping to wards the WNW and
the other to wards the ESE, with a north ward dip in their cen tral
merger zone (Figs. 6 and 7). The strat i fi ca tion is marked by
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changes in grain size and oc cur rence of silty mud drapes, with
cross-strata thick ness rang ing from 0.5 to 10 cm. The foreset lay -
ers are mainly mas sive, but some show hetero lithic flaser bed -
ding. The bottomset ter mi na tions of cross- strata are of ten rich in
fine gravel and range from an gu lar to tan gen tial, as ex pected for
sed i ment av a lanches (Collinson and Thomp son, 1982). GPR
sec tions (shown and dis cussed far ther in the text) in di cate that
the two large foresets pro graded to wards each other from syn -
sedimentary fault es carp ments of a tec tonic graben struc ture
~200 m wide (Fig. 6). They are in ter preted to be scarp-at tached
lit to ral sand bars whose avalan ching slip faces were sup plied
with sed i ment mainly by storm waves and mod i fied by fair-
 weather tidal pro cesses. Com pa ra ble fea tures, re ferred to as
intra-shelf ac cu mu la tion ter races, were de scribed by Jerzy -
kiewicz and Woje woda (1986), Wojewoda (1986, 1997, 2003)
and Łaptaś (1992).

Fa cies SFm: structureless fine-grained sand. This fa -
cies con sists of silty quartz-glauconite sand form ing len tic u lar
to wedge-shaped beds with an av er age thick ness of 20 cm,
mas sive in ter nal struc ture and com mon ev i dence of in verse
grad ing (Fig. 8, lower left). The de pos its form a subhorizontal
bottomset to the foreset fa cies SFi and are best de vel oped in
the cen tral zone of the foreset merger and north ward pro -
gradation (Fig. 6). At the foreset toe, they form mounded beds
or bed pack ages a few decimetres thick. The or i gin of this fa -
cies is at trib uted to grav i ta tional, rel a tively low-fric tion cohe -
sionless sand flows (grain flows sensu Bagnold, 1956; Lowe,
1982) that de scended the steep foreset slope and ei ther
“froze” at its toe or spread fur ther up to a few tens of metres –
form ing the subhorizontal bottomset within the graben. The
flows were prob a bly trig gered by grav i ta tional col lapses of the
foreset up per slope, as the for ma tion of grain flows re quires
slope in cli na tion of >25° (Lowe, 1976).

Fa cies St: sand with trough cross-strat i fi ca tion. This fa -
cies (Fig. 8) con sists of me dium- to coarse-grained quartz-
 glauconite sand with trough cross-strat i fi ca tion and is thick est
(sev eral metres) in the ax ial part of the graben-fill, while ex tend -
ing lat er ally be yond the graben mar gins (see GPR sec tions in
Fig ure 8 and far ther in the text). It over lies erosionally both the

basal fa cies Sm and the graben-fill fa cies SFi/SFm to wards the
north (see the three lower out crop pho to graphs in Fig ure 8).
The trough cross-strata sets are 0.1–1.5-m-thick and thick en ing 
up wards, show ing north ward trans port di rec tion within the
graben, but a wider dis persal out side the graben. Some of the
trough cross-sets in clude mud interlayers or mud mixed with
fine gravel. Fa cies St had clearly bur ied the graben by fill ing in
its ax ial part and over step ping its mar gins. This fa cies rep re -
sents mi gra tion of sub aque ous 3D dunes, which are thought to
have been driven by prev a lent tidal cur rents within the graben
con fine ment and by wave-gen er ated lit to ral cur rents af ter the
graben’s burial (see Clifton et al., 1971; Clifton, 1976; Clifton
and Dingler, 1984).

Fa cies GSp: grav elly sand. This fa cies con sists of pla nar
cross-strat i fied, me dium- to very coarse-grained sand rich in
rounded peb bles of quartz and chert up to 2 cm in size (see
GSp in Fig. 8). It over lies fa cies St and lo cally SFi (see be low)
with an un even ero sional con tact and oc curs at the top of the
stud ied suc ces sion, where it is sparsely pre served be neath the
Pleis to cene ero sional cover (Fig. 3F). The cross-strat i fi ca tion
tends to be dis turbed by gla cial de for ma tion and ob scured by
surficial weath er ing, but seems to be gen er ally dip ping to wards
the north or north-east, away from the south ern hin ter land. This
ob ser va tion con tra dicts the pre vi ous in ter pre ta tion of this up -
per most fa cies unit by Morawski (1960) as a transgressive lag
(cf. Hwang and Heller, 2002; Cattaneo and Steel, 2003). In -
stead, this relic unit is thought to rep re sent nor mal-re gres sive
progradation of fore shore zone that cul mi nated the lowstand
sys tems tract of the last, fifth depositional se quence in the ba sin 
(Fig. 4). The un even ero sional base prob a bly re flects shore line
build-out un der a vary ing im pact of fair-weather waves and
storm break ers.

PALAEOCURRENT ANALYSIS

Palaeocurrent mea sure ments are a cru cial part of the pres -
ent study, as no such anal y sis was pre vi ously con ducted in this
part of the Pol ish Low land Ce no zoic Ba sin. Spe cial at ten tion
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T a  b l e  1

Main de scrip tive char ac ter is tics and brief in ter pre ta tion of the sed i men tary fa cies dis tin guished 
in the Nowodwór-Piaski sand pit (for de tails, see text)

Fa cies
code Tex tural char ac ter is tics Sed i men tary struc ture Depositional pro cess Re la tion ship 

to rift ing

Sm

coarse- to 
me dium-grained

glauconite-rich sand; 
un der lain by silty de pos its

mas sive, with dif fuse rel ics 
of asym met ri cal wave-rip ple

cross-lam i na tion; 
thick ness 7–10 m

up per shoreface de pos its formed dur ing a
forced re gres sion, prob a bly ho mog e nized
by ground-roll trig gered by seis mic fault ing

pre-rift de pos its

SFi
me dium- to

coarse-grained sand
in ter ca lated with silty sand

gi ant-scale high-an gle 
foreset strat i fi ca tion 
(set thickness ≥7 m)

fault scarp-at tached bar formed by the
avalanching of lit to ral sand sup plied by
waves, per haps mainly dur ing storms;

some ev i dence of tidal re work ing

syn-rift de pos its

SFm silty sand
mas sive; mul ti ple subhorizontal

beds 10–30-cm-thick, of ten
in versely graded

toeset/bottomset grain-flow de pos its 
re lated to the foreset fa cies SFi 

and at trib uted to grav i ta tional col lapses
of up per foreset slope

syn-rift de pos its

St me dium-grained sand
trough cross-strat i fi ca tion

(set thick nesses 0.10–1.5 m)

mi gra tion of sub aque ous 3D dunes driven
by tidal and wave-gen er ated lit to ral 

cur rents 

late syn-rift to
post-rift de pos its

GSp grav elly sand 
and sandy gravel

pla nar cross-strat i fi ca tion 
(com monly dis turbed by 
Pleis to cene glacitectonic 
de for ma tion); ~1-m-thick

fore shore de pos its formed dur ing a nor mal
ma rine re gres sion and cap ping the

sed i men tary suc ces sion; erosionally 
cov ered by Pleis to cene gla cial de pos its

post-rift de pos its



has been given to the dip di rec tion of the high-an gle gi ant
foreset strat i fi ca tion of fa cies SFi, us ing both out crop mea sure -
ments and GPR im ages (Fig. 9A). The oc cur rence of this un -
usual fa cies in lit to ral zone and the var ied di rec tions of foreset
progration (Figs. 6 and 7) re veal its de po si tion as the infill of a
tec tonic graben trending SW–NE, obliquely to the in ferred
south ern palaeoshoreline. GPR im ages (dis cussed in the next
sec tion) sup port this in ter pre ta tion, show ing the fore sets abut -
ting against fault es carp ments (Fig. 9B). The graben- fill ing
foresets ap par ently prograded to wards each other and even tu -
ally merged in the south ern part of the graben, where the lit to ral
sand sup ply from shore line was higher, which re sulted in a
north-prograding foreset along the graben axis (Fig. 6). This
spa tial pat tern of sed i men ta tion was im posed by the for ma tion
of the graben and, apart from the foreset merger in the south
and sub se quent north ward progradation, re lates poorly the ba -
sin’s gen eral palaeo ge ogra phy.

The re gional palaeo ge ogra phy is re flected better by the
trough cross-strata sets of fa cies St (Fig. 10), which in di cate a
gen eral north ward trans port di rec tion of sand (Fig. 6). This spa -
tial pat tern can be at trib uted to storm-gen er ated lit to ral cur rents
(Walker and Plint, 1992), prob a bly com bined with tidal ebb cur -
rents within the top o graphic con fine ment of the graben. Over all, 
the palaeocurrent anal y sis sup ports the ear lier hy po thet i cal in -
fer ences of a south ern palaeoshoreline in this part of the
Paleogene ba sin (Kosmowska-Ceranowicz et al., 1990; Kasiń -
ski and Tołkanowicz, 1999).

RECONSTRUCTION OF 3D SEDIMENTARY 
ARCHITECTURE

The workflow of mul ti ple-point sta tis ti cal mod el ling (Liu et
al., 2005) be gins with a re con struc tion of the struc tural char ac -
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Fig. 8. Main sed i men tary fa cies dis tin guished in the Nowodwór-Piaski sand pit and their GPR im ages



ter is tics of fa cies and their ver ti cal and lat eral or ga ni za tion to
cre ate ba sic train ing im ages. These ref er ence 3D mod els of
sed i men tary struc tures serve to rep re sent the el e men tary ar -
chi tec ture of sed i ment strata, marked by tex tural grain-size
changes and re flect ing par tic u lar depositional bed forms. The
struc tural mod els are based on data gath ered dur ing field work,
such as di men sional draw ings of sed i men tary struc tures, sket -
ches of fa cies ar chi tec ture ob served in out crop walls and
palaeocurrent di rec tion mea sure ments. The pro gres sive min -
ing in the Nowodwór-Piaski pit al lowed also rec og ni tion of
synsedimentary faults and frac tures and mea sur ing their spa tial 
ori en ta tion (Fig. 9). All these data were used to de velop a bulk
MPS model of the stud ied sed i men tary suc ces sion and to con -
strain its sto chas tic re al iza tions.

The 3D mod el ling at macro-scale per tained to the ar chi tec -
ture of strata in the ob served range of ba sic strat i fi ca tion types
(Fig. 8), with the con struc tion of train ing im ages of par tic u lar
strata sets or cosets (Figs. 9A and 10). Pseudo-3D GPR im -
ages were used to con strain the im ages. The train ing im ages
were con structed for the vol u met ri cally dom i nant fa cies SFi and 
St, whereas fa cies Sm was as sumed for sim plic ity to be ho mo -
ge neous. The sub se quent 3D mod el ling at meso-scale per -
tained to the spa tial or ga ni za tion of fa cies (strat i fi ca tion types)
and the oc cur rence of tec tonic de for ma tion struc tures in the
sed i men tary suc ces sion (Figs. 9 and 11). For each area of the
oc cur rence of fa cies SFi (Fig. 6), the mea sured mean di rec tion
of strata dip was used to ro tate ap pro pri ately the fa cies train ing
im age of foreset strat i fi ca tion (Fig. 9A) in the MPS bulk 3D

model (Fig. 11, top right). The sim i lar di rec tional pro ce dure was
used to cre ate the train ing im age of the trough cross-strat i fi ca -
tion of fa cies St (Fig. 10). The spa tial re la tion ships of sed i men -
tary fa cies were con strained by out crop ob ser va tions and GPR
im ag ery (Fig. 12).

GPR IMAGING

GPR sur vey was con ducted along the edges of sand pit
walls (Fig. 13A), which al lowed the im ages to be di rectly ver i fied 
and cor re lated with out crop sec tions (Fig. 13D). Two dif fer ent
sites, with dif fer ent gen eral di rec tion of foreset dip, were se -
lected for im ag ing the spa tial ar chi tec ture of fa cies SFi (Fig. 6).
Two par al lel 2D GPR sec tions 0.5 m apart (Fig. 13A) were ac -
quired in or der to con struct a pseudo-3D GPR cube.

The res o lu tion of GPR im ages is low (Figs. 12A and 13D),
be cause the sands lack sig nif i cant gravel interlayers, show
grad ual and non-sys tem atic tex tural vari a tion, and also have a
re duced and un even con tent of cap il lary wa ter in the neigh bour -
hood of out crop walls. The con trasts of sed i ment di elec tric
prop er ties are thus low, and so is also the depth range of GPR
im ag ing, as the sand transmissibility (prop a ga tion ve loc ity) of
elec tro mag netic waves is rel a tively low (Żuk, 2011). The best
con trast is shown by low-po ros ity ho ri zons ce mented with iron
ox ides and hy drox ides (Fig. 13B), which are par al lel to foreset
strat i fi ca tion of fa cies SFi (Fig. 13D). They are a prod uct of the
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Fig. 9A. 3D model of the foreset of fa cies SFi with synsedimentary nor mal faults and frac tures; 
based on GPR im ag ery com bined with mul ti ple-point sta tis tics (nu mer i cal im pala al go rithm);

B – GPR im age of fault es carp ment at the west ern graben mar gin

Ver ti cal ex ag ger a tion 10x



weath er ing of glauconite and intra-stra tal sec ond ary iron pre -
cip i ta tion, re lated to the ground wa ter per co la tion paths along
the in clined sand strata (Dam, 2001). Ex per i men tal stud ies by
Dam (2001) have shown that al though iron ox ides as such do
not af fect di rectly di elec tric prop er ties of sed i ment, it is the re -
sult ing re duc tion of sed i ment po ros ity and per me abil ity and
greater con tent of cap il lary wa ter that in crease the am pli tude of
re fracted elec tro mag netic wave. Some iron min er als, such as
goethite, have also a higher wa ter-re ten tion ca pac ity rel a tive to
quartz grains (Dam, 2001).

The oc cur rence of these iron-ce mented mark ers al lowed
the foreset strat i fi ca tion of fa cies SFi to be re li ably rec og nized
(Fig. 13D) and its spa tial pat tern to be mod elled (Fig. 13C). The

3D sed i men tary ar chi tec ture of graben-fill de pos its was rec og -
nized and mod elled on this ba sis, us ing sem blance, en tropy
and co her ency-based tech niques. Ap pli ca tion of thin-bed in di -
ca tor has sig nif i cantly im proved ver ti cal res o lu tion and depth
ex tent of radargrams, al low ing the graben’s bound ary faults and 
re lated frac tures to be rec og nized (Fig. 12). Nev er the less, the
rec og ni tion of these synsedimentary faults was dif fi cult, be -
cause of the lack of lithological con trast be tween the footwall
and hang ing wall and the pres ence of as so ci ated frac tures
caus ing scat ter ing of elec tro mag netic wave. Synsedimentary
tec tonic de for ma tion is char ac ter ized by de vel op ment of
feather- like shear and frac ture zones (Wojewoda and Burliga,
2003). The GPR im ages of fault zones are thus gen er ally fuzzy,
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Fig. 10. Con struc tion of a 3D model of sand fa cies St

A – trough cross-strat i fied fa cies St at an out crop in the Nowodwór-Piaski sand pit; B – trough-shaped
sur faces are used as a ba sic struc tural frame work of train ing im age; C – 3D im age of a spa tial grid with
strat i fi ca tion par al lel to the basal sur faces; D – a sin gle mod el ling re al iza tion of the struc tural het er o ge ne -
ity of trough cross-strat i fi ca tion; E – a cube vol ume model of fa cies St as a train ing im age



as these zones also tend to be wa ter-sat u rated, which at tenu -
ates elec tro mag netic sig nal by de creas ing wave am pli tude
(Prasad et al., 2013).

DISCUSSION OF DEPOSITIONAL SETTING

The study area rep re sents sed i men ta tion at the south east -
ern out skirts of the Pol ish Low land Ce no zoic Ba sin, in the
back-bulge zone of the Carpathian fore land pe riph eral bulge
(Fig. 1A). Our se quence-strati graphic in ter pre ta tion of the Late
Eocene to Early Oligocene sed i men tary suc ces sion in the
study area (Fig. 5) sug gests that the end-Priabonian forced re -
gres sion that brought the main sed i men ta tion phase of quartz-
 glauconite sand to the study area was due to a global sea level
fall (eustatic cy cle TA4.3 of Haq et al., 1987). The re gres sion
was prob a bly en hanced by a re gional tec tonic up lift
(Dobrowolski, 1995), as the Carpathian forebulge ac tively mi -
grated north wards (Wysocka, 1999; Golonka et al., 2006;
Oszczypko et al., 2006). The no tion of tec tonic ac tiv ity is sup -
ported by the syndepositional de vel op ment of an extensional
graben struc ture in the study area (Fig. 12) and con curs with the 
ear lier sug ges tion by Kasiński et al. (1997) that the quartz-
 glauconite sands in the Lublin re gion were de pos ited and pre -
served un der the in flu ence of tec ton ics.

The tec tonic graben doc u mented here had formed across
the ba sin’s lit to ral zone and ex erted an im por tant con trol on the

range of sand fa cies and their depositional ar chi tec ture in the
study area (Fig. 14). The graben pro vided intra-lit to ral ac com -
mo da tion space for the lo cal ized ac cu mu la tion of sand that was
de rived by storms from the south ern shore line and swept by
waves from the graben footwalls. Gi ant bars at tached to the
fault es carp ments had formed in the graben and even tu ally
merged in its nearshore south ern part (di a grams 2 and 3 in Fig.
14). Ge net i cally com pa ra ble fault scarp-at tached shal low-ma -
rine gi ant bars are known, for ex am ple, from the Mio cene on the 
south ern flank of the Carpathian forebulge (Łaptaś, 1992;
Roniewicz and Wysocka, 2001) and from the Intra-Sudetic Cre -
ta ceous (Jerzykiewicz and Wojewoda, 1986; Wojewoda, 1986,
1997; Wojewoda et al., 2011). They are dis tinctly sandy and
lack flu vial topsets, and should not be con fused with graben-
 mar gin Gilbert-type del tas (Colella, 1988; Uličny, 2001; Woje -
woda, 2003; Uličny et al., 2009). Im por tantly, they are in ti mately
re lated to fault es carp ments and hence dif fer ge net i cally from
such fea tures as gi ant tidal sand-waves (Allen and Home wood,
1984; Green and Smith, 2012), shelf clinoformal de pos its
(Cattaneo et al., 2007) or prograding coastal spits (Niel sen and
Johannessen, 2009; Zecchin et al., 2010). This dif fer ence is
high lighted by the pres ent case, where the scarp-at tached large 
bars had prograded to wards each other within the graben (Figs. 
6 and 12), with no ob vi ous ad just ment of their ge om e try to the
shore line. It is only their merger in the south ern part of the
graben (di a gram 3 in Fig. 14) that re flects a greater sand sup ply
and hence prox im ity to shore line.
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Fig. 11. Re con struc tion of the spa tial fa cies re la tion ships and strat i fi ca tion ar chi tec ture in the study area de rived 
from sur face-based mod el ling and mul ti ple-point sta tis tics

The lo ca tion of cross-sec tion line ASB is in di cated in Fig ure 6 and the fa cies code is as used in the text (Ta ble 1); the up per most part of fa cies 
St and the over ly ing fa cies GSp are lack ing in this cross-sec tion due to Pleis to cene ero sion; note the ref er ence bore hole L-10BIS, lo cated
380 m north wards from the cross-sec tion; the in set im ages to the left show the strat i fi ca tion anat omy of fa cies St, whereas the top-right im -
age shows the gi ant foreset strat i fi ca tion of fa cies SFi and its tran si tion to fa cies St at the graben axis

https://gq.pgi.gov.pl/article/view/8038/pdf_171


The top o graphic con fine ment of the intra-lit to ral graben had 
ap par ently en hanced the lo cal ac tiv ity of tidal cur rents in the
depositional forced-re gres sive sys tems tract (FRST in Figs. 3
and 4), with the de po si tion of fa cies St in the graben driven ini -
tially by north ward tidal-ebb flow (di a gram 3 in Fig. 14). As the
sub se quent nor mal re gres sion com menced, the im pact of
storm-gen er ated sea ward rip cur rents pre vailed, while the tec -
tonic ac tiv ity of the graben grad u ally de clined and its mar gins
be came bur ied by fa cies St (di a gram 4 in Fig. 14). The shore -
line had even tu ally prograded north wards across the study
area, leav ing an ero sional blan ket of grav elly fa cies GSp (di a -
gram 5 in Fig. 14). De pos its of the sub se quent last ma rine
trans gres sion and sea level highstand (the up per most TST and
HST in Fig. 3), rec og nized in wells to the south, are not pre -
served in the study area, where the Paleogene sed i men tary
suc ces sion was trun cated by the re gional Pleis to cene gla cial
ero sion (see in set C in Fig. 14).

CONCLUSIONS

Se quence-strati graphic anal y sis of the Eocene-Oligocene
sed i men tary suc ces sion in the Lubartów area, based on the

VLPD plots of well-log data and ver i fied by ev i dence from core
sam ples and out crops, has shed a new light on the palaeo -
geographic changes at the south east ern out skirts of the Pol ish
Low land Paleogene Ba sin. Six se quences have been rec og -
nized, cor re la tive with 3rd-or der eustatic sea level chan ges of
Haq et al. (1987). The first se quence of type 1 was over lain by
three transgressive-re gres sive se quences of type 2 (sensu
Jervey, 1988), for which the eustatic fall in rel a tive sea level was 
com pen sated by tec tonic sub si dence. The fifth se quence of
type 1 is thought to have been co in cided with a re gional tec tonic 
up lift (Dobrowolski, 1995), prob a bly re lated to the north ward mi -
gra tion of the Carpathian forebulge. This depositional forced re -
gres sion and lowstand brought the main vol ume of quartz-
 glauconite sand into the study area. The sub se quent sixth se -
quence of type 2 is rec og niz able in bore holes to the south, but
lack ing in the study area, where it was ap par ently re moved by
Pleis to cene gla cial ero sion.

De tailed fa cies anal y sis of the fifth strati graphic se quence,
ex posed in the Nowodwór-Piaski sand pit, has re vealed the lo -
cal spa tial pat tern of a wave-dom i nated and tid ally-in flu enced
sed i men ta tion, sup port ing the ear lier re gional no tions of a
south ern palaeoshoreline (Kosmowska-Ceranowicz et al.,
1990; Kasiński and Tołkanowicz, 1999) and a tec toni cally-con -
trolled sed i men ta tion (Kasiński et al., 1997). The anal y sis,
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Fig. 12A. 2D GPR sec tion par al lel to the sand pit’s out crop wall trending NW–SE (see lo ca tion in Fig. 4); B – in ter pre ta tion 
of the GPR sec tion in terms of sed i men tary fa cies ar chi tec ture, ver i fied by ob ser va tions from the out crop wall; 

the in set im ages show the GPR sig na ture of synsedimentary faults and re lated frac tures



aided by mul ti di men sional GPR sur vey, in di cates a syndepo -
sitionally-formed tec tonic graben filled lat er ally by fault scarp-at -
tached large sand bars and the ax ial ac tion of tidal ebb cur rents. 
The bars were re pos i to ries of shore-de rived sand swept by lit to -
ral waves, with Mio cene an a logues on the south ern flank of the
Carpathian forebulge and Cre ta ceous anal o gous in the Sude -

tes. As the graben's tec tonic ac tiv ity ceased, its mar gins be -
came bur ied by the lowstand re gres sive sands. A grav elly
shore line ul ti mately prograded north wards across the study
area, but most of the re sult ing fore shore de pos its were sub se -
quently de formed and re moved by the Pleis to cene re gional gla -
cial ero sion.
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Fig. 13A. Plan-view sketch of the sand-pit min ing walls, show ing the GPR sec tion lines and the view points for 3D 
model dis play; B – fa cies SFi foreset sur faces ac cen tu ated by intra-stra tal pre cip i ta tion of iron ox ides; C –
oblique view of the 3D model with in serted out crop pho to graph; D – or thogo nal view of the 3D model, with GPR
marker sur faces cor re lated to the iron ox ide-ce mented ho ri zons in fa cies SFi out crop; the GPR mark ers rep re -
sent a sig nif i cantly lower ve loc ity of elec tro mag netic wave (Dam, 2001)
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Fig. 14. Car toon show ing a sche matic in ter pre tive model for the lat est Priabonian-ear li est Rupelian sed i men ta tion 
in the study area near Lubartów, rep re sent ing the mar ginal south ern part of the Pol ish Low land Ce no zoic Ba sin

Ver ti cal scale ex ag ger ated; the graben width is ~200 m and ul ti mate depth £10 m



The 3D model of the fifth-se quence de pos its in the Nowo -
dwór-Piaski area, con structed with the use of mul ti ple-point sta -
tis ti cal meth od ol ogy, can serve as a guide for the fu ture ex plo -
ra tion and ex ploi ta tion of the quartz-glauconite sands in the
area. It de picts the in ter nal ar chi tec ture, het er o ge ne ity and spa -
tial re la tion ships of main sed i men tary fa cies and may also
serve as in struc tive ex am ple of how the pe tro leum res er voir

mod els of com plex sed i men tary suc ces sions can be con -
structed with the use of mod ern sta tis ti cal meth ods.

Ac knowl edge ments. The manu script was crit i cally re -
viewed by W. Nemec and an anon y mous re viewer, whose help -
ful com ments and sug ges tions are much ap pre ci ated by the au -
thors.
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