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Ab stract: Lat eral changes in the thick ness of strata and petrophysical pa ram e ters within the Zechstein suc ces sion
(salt pil lows and domes) can cause many prob lems in seis mic ex plo ra tion of the ae olian Rotliegend for ma tions,
which are pro spec tive for hy dro car bons.

An as sess ment of the in flu ence of halokinesis on the seis mic im ag ing of the sub-Zechstein strata in NW
Po land (Obrzycko–Szamotu³y area, to the SW of the Mid-Pol ish Swell) uti lised time-to-depth con ver sion with
dif fer ent, seis mic-geo log i cal mod els. Var i ous, seis mic ve loc i ties were used in mod els for the Zechstein and the
Me so zoic suc ces sions, namely ve loc i ties, de pend ent on the thick ness of par tic u lar rock suc ces sions, on their
depths, and ve loc i ties, de ter mined from seis mic in ver sion. The re sults show op po site re flec tion pat terns for the
seis mic sec tion im aged in the time and depth do mains. The synclinal ar range ment of the strata bound aries in the
depth model is rep re sented by con vex-up wards re flec tion events on the seis mic sec tion. The pull-up of re flec tion
events, as so ci ated with the sub-Zechstein strata, ob served on the seis mic sec tions, is mainly a re sult of both the
greater thick ness of the Zechstein salt within the salt struc tures (pil lows, diapirs) and the in crease in ve loc ity
con trast be tween the salt body and the Me so zoic strata.
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IN TRO DUC TION

Im prov ing the ef fec tive ness of seis mic ex plo ra tion for
gas res er voirs, un der ly ing the Zechstein suc ces sion in the
area of de pres sions, lo cated to the SW of the Mid-Pol ish
Swell, is one of the most im por tant ob jec tives of seis mic
stud ies in Po land. The key is sue is lo cat ing re li ably the base
of the Zechstein and the bound aries of the Rotliegend strata.

Seis mic im ag ing of the ae olian Rotliegend de pos its is
sig nif i cantly af fected, both by the uni form char ac ter of the
petrophysical pa ram e ters of the Lower Perm ian and the
Car bon if er ous, as well as tec tonic de for ma tion of the Zech-
stein and Me so zoic over bur den (fault zones, salt diapirs and 
pil lows) and the high vari abil ity, both lat eral and ver ti cal, of 
the elas tic pa ram e ters, as so ci ated with these suc ces sions
(for ex am ple, salt: v  » 4,500 m/s, r » 2.1 g/cm3, anhydrite:
v » 6,000 m/s, r » 2.8 g/cm3). Thus, seis mic im ag ing of the
Rotliegend for ma tions is of ten prob lem atic.

In such set tings, seis mic in ter pre ta tion of the sub-Zech-
stein strata bound aries should in clude the re li able rec og ni -
tion of tec tonic el e ments, par tic u larly those re lated to salt
tec ton ics, as well as the prep a ra tion of a seis mic ve loc ity
model for the over ly ing Zechstein and Me so zoic suc ces -
sions. Such fea tures have a sig nif i cant in flu ence on the for -
ma tion and dis tri bu tion of the hy dro car bon traps in the
Rotliegend suc ces sion, as well as on their seis mic im ag ing.
How ever, seis mic im ag ing of the over ly ing Zechstein and
Me so zoic suc ces sions is also prob lem atic.

A method, which can sup port the seis mic in ter pre ta tion
of such data, is seis mic mod el ling. Syn thetic, seis mic data,
gen er ated for seis mic-geo log i cal mod els, can be used to
cor re late in di vid ual el e ments of such mod els with their seis- 
mic re sponse. Thus they not only aid in de vel op ing cri te ria
for the seis mic in ter pre ta tion of re corded seis mic data (Ko-
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Fig. 1. Out line of ge ol ogy of study area. A – Lo ca tion of study area and ma jor struc tural units of Po land; B – Ge ol ogy of study area be -
low Ce no zoic cover (Dadlez et al., 2000). Lo ca tion of study area (navy blue rect an gle), seis mic lines, used in struc tural in ter pre ta tion
(black line) and ex per i men tal re gional seis mic line Obrzycko-1 – Zabartowo-1 – Zabartowo-2 (yel low line); Green colours – Cre ta ceous;
blue colours – Ju ras sic; pink colours – Tri as sic; see Dadlez et al. (2000) for fur ther ex pla na tion. Re gional, struc tural grain of Permo-Me so -
zoic ba sin of Po land is ex pressed by so-called Mid-Pol ish Swell, formed above Teisseyre–Tornquist Zone, as a re sult of Late Cre ta ceous – 
Early Paleogene in ver sion of Mid-Pol ish Trough. Mid-Pol ish Swell can be di vided into three seg ments (Pom er a nian, Kuiavian and Holy
Cross) that re flect deeper, crustal con trol on ba sin evo lu tion (cf. Krzywiec et al., 2006); C – map of salt struc tures and main faults (red
lines) within Me so zoic cover of Mid-Pol ish Trough (Dadlez and Marek, 1998, mod i fied). Thick grey, dashed lines: hy po thet i cal
sub-Zechstein fault zones, re spon si ble for re gional sub si dence and in ver sion of Mid-Pol ish Trough (cf. Krzywiec et al., 2006); obliquely
hatched area: Mid-Pol ish Swell, de fined by sub-Ce no zoic subcrops of Lower Cre ta ceous and older de pos its (cf. Fig. 1B). Yel low: salt pil -
lows, pink: partly pierced salt diapirs, or ange: fully pierced salt diapirs. P-K FZ: Poznañ – Kalisz fault zone, P-O FZ: Poznañ – Oleœnica
fault zone; D – map of Zechstein paleothickness (af ter Wag ner, 1998). Thick grey, dashed lines: sub-Zechstein fault zones, re spon si ble for 
re gional sub si dence and in ver sion of Mid-Pol ish Trough (cf. Krzywiec et al., 2006)



bylarski et al., 2007, 2008; Pietsch et al., 2007a, b), but also
sup port the choice of meth od ol ogy and op ti mum pro cess ing 
se quence for a seis mic sur vey (Pietsch et al., 2010).

Ow ing to the prob lems with in ter pre ta tion of seis mic
data re corded for the Zechstein and Me so zoic suc ces sions, a 
crit i cal is sue is mak ing a suit able geo met ri cal ve loc ity model
for subsurface strata. This is the sub ject of this ar ti cle.

A depth–ve loc ity model of the Permo-Me so zoic suc -
ces sion was pre pared, on the ba sis of seis mic data (Fig. 1 –
seis mic line T0094207 – black line) and well-log data from
the area, lo cated to the north-west of Poznañ.

GE OL OGY OF STUDY AREA
– AN OVER VIEW

The study area is lo cated in the NW part of the Permo-
Me so zoic ba sin, in Po land (Fig. 1A). This formed the E part 
of the epicontinental, sed i men tary bas ins of West ern and
Cen tral Eu rope (Ziegler, 1990; Pha raoh et al., 2010). The
Perm ian and Me so zoic sed i men tary cover, de pos ited in the
ax ial part of this ba sin, called the Mid-Pol ish Trough, at -
tained a to tal thick ness of sev eral kilo metres. The Mid-Pol -
ish Trough was in verted in the Late Cre ta ceous–Paleogene
and, as a re sult, a re gional in ver sion struc ture, called the
Mid-Pol ish Swell, was formed (Fig. 1; see e.g. Marek and
Pajchlowa, 1997; Scheck-Wenderoth et al., 2008 for a more 
de tailed de scrip tion and ad di tional ref er ences).

The evo lu tion of the Pom er a nian and Kuiavian seg -
ments of the Mid-Pol ish Trough was strongly in flu enced by
salt tec ton ics (for more de tails and fur ther ref er ences, see
Krzywiec, 2004, 2006a, b, 2009, 2012). Both dur ing ba sin
ex ten sion and sub si dence, as well as dur ing its com pres sion
and in ver sion, the pres ence of thick duc tile Zechstein eva-
porites at the base of the sed i men tary infill re sulted in a re -
gional, me chan i cal de coup ling be tween the su pra-salt Me -
so zoic cover and sub-salt Rotligend and the older sub stra -
tum. Sub-salt fault ing and re gional ex ten sion and com pres -
sion led to the for ma tion of salt struc tures, such as salt pil -
lows and salt diapirs (e.g. Krzywiec, 2006a, b; Krzywiec et
al., 2006).

The ana lysed seis mic transect that was used as a start -
ing point for the seis mic mod el ling, de scribed be low, is lo -
cated on the SW edge of the Mid-Pol ish Swell (Fig. 1B). In
this area, a sys tem of salt diapirs, lo cated gen er ally to the N
of Poznañ (Drawno, Dzwonowo, Cz³opa and Szamotu³y
salt diapirs – see Krzywiec, 2006b), is re placed by a sys tem
of tec tonic grabens, bounded by faults, gen er ally de tached
within the Zechstein evaporites (the so-called Poznañ –
Oleœnica and the Poznañ – Kalisz fault zones; Fig. 1C; cf.
Kwolek, 2000).

Both the sys tems of salt struc tures, men tioned above, as 
well as graben / fault struc tures, are lo cated obliquely to the
re con structed Zechstein palaeothickness and to the hypo-
thetical base ment fault zones, re spon si ble for ba sin sub si -
dence and sub se quent in ver sion (Fig. 1D). The seis mic
transect is lo cated in the tran si tional zone that was char ac -
ter ized by a to tal thick ness of the Zechstein evaporites of
ap prox i mately 1000–1300 m. As a re sult, salt struc tures in
this area are of a com plex, char ac ter, tran si tional be tween

the fully de vel oped salt diapirs, lo cated to the NW, and the
graben and half-graben struc tures, lo cated to the SE.

SEIS MIC DEPTH MODEL

2-D seis mic sur veys have been car ried out in the Obrzy- 
cko–Szamotu³y area since 1976. The most re cent 2-D data
in clude the lines Obrzycko–Szamotu³y (2001 and 2007), ac -
quired by the Geofizyka Toruñ Ltd. and the line Muro-
wana–Goœlino–K³ecko (2008), ac quired by the Geofizyka
Kraków Ltd. (Fig. 2). The seis mic-geo log i cal model is pri -
mar ily based on a seis mic transect, stretch ing in a SW–NE
di rec tion be tween seis mic lines T0094207 and 13-1-08K
(Figs. 2 and 3). The seis mic transect was cal i brated with
well data and in ter preted struc tur ally.

When ana lysed from the SW to NE, i.e. the di rec tion of
the palaeoslope in cli na tion, the seis mic im age of the Permo- 
Me so zoic suc ces sion shows near-hor i zon tal strata, with a
small salt pil low. Fur ther to the NE, there is a struc tur ally
com plex zone (mainly re verse faults, prob a bly re lated to a
compressionally re ac ti vated salt struc ture and sig nif i cant
upward move ment of the salt), while in the NE part of the
sec tion, there is a large salt pil low at RogoŸno.

In the study area, there are sev eral tens of wells, from
which a large va ri ety of geo phys i cal and geo log i cal data
was col lected. Ad ja cent to the seis mic transect (Fig. 2),
acous tic ve loc ity log ging, which is the most im por tant for
seismic sur veys, has only been car ried out in the Obrzycko-1, 
Objezierze IG-1 and KaŸmierz-1 wells, while mean ve loc ity
data have been col lected in the Obrzycko-1, Objezierze IG-1, 
Szamotu³y GEO-10 and Szamotu³y GEO-13 wells. The re -
main ing wells pro vided only strati graphic data (Fig. 2).

Syn thetic seismograms (LogM soft ware of GeoGra-
phix, Land mark Graphics Cor po ra tion) were cal cu lated, in
or der to cor re late the seis mic re cords with the well data. The 
KaŸmierz-1 well is the only one, which is lo cated along the
seis mic transect and of fers ve loc ity data. The data from this
well were used for cor re la tion with the SW part of the
transect (Fig. 3), which is lo cated to the SW of the small salt 
pil low. Li thol ogy and thick ness of strata, sim i lar to those of
the zone as so ci ated with the salt pil low, were found in the
Obrzycko-1 well, which is lo cated on pro file T0470180,
ori ented or thogo nally to the transect. Thus, the geo log i cal
data, avail able from the Obrzycko-1 well, were cor re lated
with seis mic data from the area, lo cated on the SW mar gin
of the tec toni cally de formed zone, i.e. the area of the first
salt pil low. Data from the Objezierze IG-1 well, which was
lo cated on pro file T0520177, ori ented or thogo nally to the
transect, were cor re lated with seis mic re flec tors on the NE
side of this zone (Fig. 2).

Nor mal, syn thetic seismograms, cal cu lated from the
logs of the KaŸmierz-1 (Fig. 4A) and Objezierze IG-1 wells
(Fig. 4B), were com pared with the frag ments of seis mic
transects, lo cated near the wells and with geo phys i cal well
data (gamma ray, in ter val tran sit time from a sonic log). Ad -
di tion ally, a ve loc ity curve was added, and rep re sented
mean ve loc ity val ues for the lithostratigraphic suc ces sions
iden ti fied (ve loc i ties of se lected lithostratigraphic suc ces -
sions). Thus, it can be treated as a 1-D seis mic-geo log i cal
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model from the lo ca tion of the well. The syn thetic seismo-
grams were gen er ated, us ing the 26 Hz fre quency Ricker
signal ex tracted from the seis mic traces (Pietsch et al.,
2010).

A com par i son of the syn thetic seismogram, gen er ated
from the logs of the KaŸmierz-1 well (Fig. 4A), with the re -
corded seis mic traces showed good cor re la tion, which in di -
cated that the main, lithostratigraphic bound aries were re -
corded in the seis mic data. The cor re la tion of the re corded,
seis mic data with the syn thetic data from the Objezierze-IG
well was slightly worse (Fig. 4B). As the well was lo cated
in the E mar gin of the tec toni cally de formed zone, the
poorer cor re la tion was as so ci ated with the steep in cli na tion
of the strata. It was also a re sult of the large dis tance (over 4
km) be tween the Objezierze IG-1 well and the seis mic
transect. Shal low wells, lo cated above the salt pil low, were
also used to cor re late the bound aries of the strata. These
wells, how ever, did not reach even the Tri as sic for ma tions
(the NE part of the transect).

Cor re la tion of the geo log i cal and geo phys i cal data, de -
scribed above, was nec es sary for iden ti fi ca tion of the re flec -
tors along the seis mic sur vey lines, i.e. to con struct the geo -
log i cal model (geo met ri cal model).

Fig ure 3 pres ents the geo log i cal in ter pre ta tion of the
seis mic transect. The SW part of the sec tion (pro file T0094
207) shows near-hor i zon tal, lithostratigraphic units, which
start with the Cre ta ceous and ex tend to the base of the

Zechstein. The Cre ta ceous seis mic re flec tors (green) are as -
so ci ated with re flec tion events of low am pli tude. The first,
well de fined re flec tion event is as so ci ated with the top of
the Ju ras sic (J3), i.e. the bound ary be tween the Cre ta ceous
suc ces sion (Cenomanian and the Lower Cre ta ceous) and the 
Up per Ju ras sic car bon ates (blue bound aries). The next,
strong re flec tion events are within the Tri as sic suc ces sions
(pink and vi o let bound aries). They are as so ci ated with gyp -
sum-anhydrite and car bon ate se ries, which oc cur both
within the Keuper (T3) and the Muschelkalk (T1).

The Bunter Sand stone is as so ci ated with a dis tinc tive
pat tern in the seis mic re cord. This is a thick suc ces sion with
no ap par ent re flec tion events (Tp1-P3). The lower part of
the sec tion is as so ci ated with a num ber of strong-am pli tude
re flec tion events, which rep re sent anhydrite strata, i.e. P3
(top of the Zechstein), A3 and A2. Be tween these strata, salt 
ho ri zons oc cur, and there are no sig nif i cant re flec tion
events within them. The last, clearly de fined bound ary in
the seis mic re cord is as so ci ated with the base of the Zech-
stein (P1). The KaŸmierz-1 well pen e trated the base of the
Zechstein into the Car bon if er ous strata (C). Low-am pli tude
re flec tion events, which may be as so ci ated with the top of
the Car bon if er ous, are in clined to the NE. The prob a ble lo -
ca tion of this bound ary was iden ti fied, on the ba sis of other,
in ter preted, seis mic sec tions (Pietsch et al., 2010).

The cen tral part of the transect (north-east ern part of
pro file T0094207) is as so ci ated with a com pletely dif fer ent, 
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Fig. 2. Lo ca tion map for seis mic and bore hole data. 1 – seis mic transect; 2 – seis mic pro files used for struc tural in ter pre ta tion; 3 – ex -
per i men tal re gional seis mic line Obrzycko-1 – Zabartowo-1 – Zabartowo-2, 4 – wells with PA mea sure ments, 5 – well with Vavg mea sure -
ments, 6 – well with strati graphic data



geo log i cal struc ture. Here, the subsurface is di vided by a se -
ries of faults. The strata of the base ment (Car bon if er ous,
Rotliegend and base of the Zechstein) are cut by two faults,
i.e. from the SW by a nor mal fault, which ter mi nates in the
Older Ha lite ho ri zon (Na2), and from the NE by a re verse
fault, which ex tends up to the Mid dle Tri as sic suc ces sion.
The seis mic re cords in di cate that the faults are as so ci ated
with con ju gate faults. These are usu ally re verse faults,
which start in the Zechstein suc ces sion and con tinue up to
the Mio cene strata. They sur round the zone of strong, tec -
tonic de for ma tion and the sed i ments, over ly ing it, have
been up lifted and partly eroded. Within the zone be tween
the faults, the Ju ras sic and Up per Tri as sic bound aries can be 
in ter preted in a rel a tively un am big u ous way. How ever, in
the deeper part of the pro files, which stretch down to the
base of the Zechstein, the re flec tion events are only partly
re cog nis able or can not be dis tin guished at all. Thus, the re -
flec tion-free zone stretches be tween the Ju ras sic bound aries 
and the base of the Zechstein suc ces sion. This is pos si bly a
re sult of in tru sion of the salt from the Older Ha lite stra tum
(Na2), or al ter na tively the Youn ger Ha lite (Na3), into the
over ly ing strata. Dur ing the phase of seis mic mod el ling,
three dif fer ent sce nar ios of halokinesis were taken into ac -
count (Pietsch et al., 2010). The mar ginal fault on the SW
side of the zone is a nor mal fault of small dis place ment,
hence the thick nesses of sed i ments on both sides of the fault 
are sim i lar. The op po site sit u a tion oc curs on the NE side of
the zone, where a re verse fault ter mi nates in the Lower
Keuper. This large fault sig nif i cantly changes the ge om e try
of seis mic re flec tors on the NE side of the de formed zone
where the Zechstein strata (Werra se quence of small thick -
ness) are pinched out against the top Rotliegend. The thick -
nesses of strata on both sides of the fault are fun da men tally
dif fer ent. The lack of Zechstein de pos its on the SE side is
com pen sated by the in creased thick nesses of the Up per
Keuper (Tk3G), Rhaetian (T3) and Up per Cre ta ceous de -
pos its, which fill the drag fold be neath the fault. The Obje-
zierze IG-1 well (Fig. 4B) is lo cated within the same tec -
tonic zone, al though fur ther to wards the SE (see Fig. 2). The 
well pen e trated the Tri as sic sand stones (Tp), over ly ing the
thin Werra se quence. Above that, the fault was re corded in
the well. Above the fault are the PZ2 and PZ3 units, which
are con form ably over lain by the Bunsandstein for ma tion.
This in ter pre ta tion was based on the se quence of strata from 
the Objezierze IG-1 well, al though the sim i lar ity be tween
the seis mic fa cies, as so ci ated with the Older Ha lite (Na2
strata) in the SW part and the Tp2 unit in the NE part of the
sec tion, could sug gest a dif fer ent in ter pre ta tion.

The NE part of the transect (Fig. 3), pro file 13-1-08K,
shows the RogoŸno salt pil low, which is built from the
Older Ha lite (Na2). De spite the poor qual ity of the data, par -
tic u larly in the NE part of the pro file, the con cen tric pat tern
of the seis mic re flec tors is ap par ent. Their geo log i cal in ter -
pre ta tion was based on data from the shal low wells, lo cated
on both sides of the pil low. How ever, the im age of the deeper 
re flec tors in the transect is rather poor, as it is in other pro -
files, col lected in the area of the large salt pil low. Thus, the
in ter pre ta tion of the top and base of the Werra se quence, as
well as the bound ary, cor re lated with the top of the Car bon -
if er ous, is not en tirely cer tain.

SEIS MIC VE LOC ITY DISTRIBUTIONS 267

.3 .gi
F

,1
T ,2

T ,
D3k

T ,
G3k

T ,3
T :ci ss air

T ;1J ,2J ,3J :ci ssa ruJ ;1
K ,c

K ,t
K ,?3

K ,ts3
K :suoe ca ter

C ;
M :pot ene coi

M :seir adnuob ci
 msie

S .)seli forp 
K80-1-31 dna 7024900

T( tcesnart ci
 msie

S 
 

C :pot su or ef ino bra
C ;1

P ,2
A ,3

A ,3
P :na i

mre
P ;1p

T ,2p
T



The seis mic transect that was struc tur ally in ter preted
and cal i brated with the well data (Fig. 3) re vealed the geo -
met ri cal pat tern of the seis mic re flec tors, which be came the
ba sis for the seis mic-geo log i cal model. The model was used 
later in seis mic mod el ling, which aimed to as sess the in flu -
ence of the salt struc tures on the seis mic rep re sen ta tion of
the base ment strata (Pietsch et al., 2010).

The ve loc ity model, which was es sen tial for de vel op ing 
the seis mic-geo log i cal model, was pre pared on the ba sis of
acous tic ve loc ity logs from the deep KaŸmierz-1, Obrzy-
cko-1 and Objezierze IG-1 wells, mean ve loc ity data from
the shal low GEO-10 and -13 wells and strati graphic in for -
ma tion (depths to seis mic mark ers) from the Szamotu³y
GEO-9, -11, -14, -26 and Ró¿nowo-1 wells. Ow ing to the
small num ber of wells with avail able ve loc ity data and the
non-uni form dis tri bu tion of wells along the seis mic sur vey
line (Fig. 2), the model, which was based only on strata ve -
loc i ties from these wells (e.g. Fig. 4), was very gen eral.
Such a model, which, be cause of the com plex ge ol ogy of
the area, is def i nitely dif fer ent from the real seis mic-ve loc -
ity dis tri bu tion in the subsurface, was used for the ini tial as -
sess ment of the in flu ence of the salt struc tures on the seis -
mic im ag ing of the base ment strata.

De vel op ment of the seis mic-geo log i cal model uti lised
mod ules LogM and Struct of the GeoGraphix soft ware.

The en try data in clude (1) seis mic re flec tors, es tab -
lished along the seis mic transect (Fig. 3) and (2) ve loc ity
val ues, based on geo phys i cal data from wells. The seis -
mic-geo log i cal model in time is shown in Fig ure 5A. The
seis mic-depth model, the re sult of time-to-depth con ver sion,
is shown in Fig ure 5B. It ap prox i mates the ac tual shape of the 
geo log i cal bound aries in the subsurface.

REP RE SEN TA TION OF STRATA
BOUND ARIES IN SEIS MIC RE CORD

A com par i son of the time model (Fig. 5A) and the depth 
model (Fig. 5B), based on ve loc ity data, re vealed dif fer ences
in con fig u ra tion of the bound aries in these two mod els.

In the SW part of the transect, the bound aries of the
lithostratigraphic suc ces sions form a flat-ly ing, par al lel pat -
tern. The pat terns, as so ci ated with seis mic re flec tors in the
depth model and the time model, are very sim i lar. A con -
trast ing sit u a tion is in the NE part of the pro file, i.e. in the
zone of the large salt pil low. Here, in the depth model (Fig.
5B), the strata, un der ly ing the salt pil low (strata of the lower 
Zechstein, Rotliegend and top of the Car bon if er ous) are in -
clined to the NE, thus form ing a syncline in the zone of the
larg est thick ness of the pil low. How ever, in the time model
(Fig. 5A), as in the seis mic transect (Fig. 3), only the strata
in the mar ginal part of the pro file are in clined to the NE,
while in the zone of the larg est thick ness of the pil low, the
strata are up lifted, form ing a dis tinct con vex-up wards pat -
tern. The re verse shapes of the re flec tion events are also ap -
par ent in the zone be tween the salt pil low and the de formed
zone. Here, how ever, the base ment strata form an anticline
in the depth model (Fig. 5B), which in the seis mic sec tion
(Fig. 5A) is represented by a concave-upwards shape.

The range of changes in the shape of the base ment

strata, which, be cause of the ve loc ity vari a tions in the over -
ly ing strata, are in tro duced into the seis mic im age, are well
dem on strated by the mor phol ogy of the base, is in di cated as
‘the bot tom of the model’ (Fig. 5B). This is the base of the
ve loc ity model at 3.20 s (Fig. 5A).

Anal y sis of the shape of the bound ary showed that on
the seis mic sec tion in time, the larg est changes in the shape
of the base strata were in tro duced in the ar eas of the salt pil-
lows or a po ten tial dome. Such vari abil ity is not pres ent in
strata, which over lie the Zechstein suc ces sion (Fig. 5A, B).
Thus, the anal y sis in di cated the fun da men tal in flu ence of
the pres ence of salt struc tures on the seis mic im ag ing of the
subsurface.

In the zones, where the salt struc tures are pres ent, the
shape of re flec tions, rep re sent ing the bound aries of the sub-
Zechstein strata, is strik ingly dif fer ent on the seis mic im -
ages shown in the time and depth do mains. The dif fer ences
in the ge om e try (the con vex-up wards shape of the sub-
Zechstein re flec tion events on the time sec tion and their
con cave-up wards pat tern in the depth model) are re lated to
the pres ence of salt struc tures, as so ci ated with ve loc i ties,
which are higher than those of the sur round ing rocks. This
leads to a re duc tion in the time travel of seis mic waves,
which is dem on strated by the pull-up of re flec tion events on 
the seismic sections with respect to time.

AL TER NA TIVE VE LOC ITY MOD ELS
AND THEIR IN FLU ENCE ON SHAPE

OF RE FLEC TION EVENTS

The ve loc ity model used for the time-to-depth con ver -
sion (Fig. 5A) was de vel oped, us ing a small amount of ve -
loc ity data from the wells.

The pull-up of the re flec tion events, as so ci ated with the
sub-Zechstein bound aries (Fig. 5A), is re lated to the large,
ver ti cal and lat eral changes in seis mic ve loc ity and to the
vari able thick nesses of the salt struc tures, as well as to the
thick nesses of the Tri as sic, Ju ras sic and Cre ta ceous strata,
sur round ing them. Thus, the ve loc ity in flu ence on the depth
im ag ing of the sub-Zechstein strata bound aries was ana -
lysed in two stages: the first in volved ap ply ing dif fer ent ve -
loc ity mod els to the Me so zoic suc ces sion, while the sec ond
in volved applying them to the Zechstein succession.

The anal y sis of the in flu ence of ve loc ity within the Me -
so zoic suc ces sions on the seis mic im ag ing was car ried out
with three sep a rate ve loc ity mod els. The ve loc ity mod els
use (1) com plex ve loc i ties, de fined for the lithostratigraphic 
suc ces sions as a func tion of their thick ness, (2) com plex ve -
loc i ties, de fined as a func tion of their depth, and (3) ve loc i -
ties de ter mined, using the seismic inversion process.

In or der to de ter mine the dis tri bu tion of the ve loc ity of
the strata, over ly ing the Zechstein, de fined as a func tion of
the thick ness of lithostratigraphic suc ces sions, the mean ve -
loc ity data from the wells, lo cated in the study area, were
ana lysed. The anal y sis was car ried out for the lithostrati-
graphic suc ces sions of the Qua ter nary and Ter tiary (Q+Tr),
Cre ta ceous (Cr), Up per Ju ras sic (J3), Mid dle Ju ras sic (J2),
Lower Ju ras sic (J1), Rhaetian (T3-Tk3G); Up per Keuper –
Up per Gyp sum se ries (Tk3G-Tk3D), Lower Keuper – Lower 
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Gyp sum se ries (Tk3D-T2), Mid dle Tri as sic – Muschelkalk
(T2), Rhaetian (T1-Tp2), Mid dle Buntsandstein (Tp2-Tp1)
and Lower Buntsandstein to the top of the Zechstein (Tp1-P3).

The mean ve loc ity of the Cre ta ceous suc ces sion, which
is the most vari able, in terms of thick ness (rang ing be tween
0 and 1,000 m), was ana lysed on the ba sis of data from the
M³odasko-1, Rokietnica-26, KaŸmierz-1, Obrzycko-1, Sza-
motu³y GEO-10, -13, -15 and -21 wells. For the re main ing
suc ces sions, data from the Objezierze-IG1, Obrzycko-1,
Goleczewo-1, Kobylnica-1 and -2 wells were used.

The change of mean ve loc ity, in re la tion to the chang -
ing thick ness of a stra tum, was ana lysed through cross-cor -
re la tion of the data, us ing a co or di nate sys tem, ex press ing
the re la tion ship be tween the thick ness of the strata in metres 
(DH), and time-thick ness (Dt) in mil li sec onds. For the data
ap prox i ma tion, the fol low ing re la tion was used:

DH = a × Dtb

where DH is the thick ness of a stra tum in m, Dt is time-re -
lated thick ness [ms], while a and b are co ef fi cients which
de scribe the shape of the curve.

The in cli na tion of the curves (Fig. 6) de fined the re la -
tion ship be tween ve loc ity and change in the thick ness of the 
strata, over ly ing the Zechstein de pos its. In all cases, there
was a high cor re la tion co ef fi cient (R2) of over 0.9, which
ex pressed the cor re la tion be tween the trend line and the
points, rep re sent ing the recorded data.

The lin ear re la tion ship for nearly all of the suc ces sions
an a lyzed (Fig. 6) in di cated con stant ve loc i ties within in di -
vid ual, lithostratigraphic units (Pietsch et al., 2010). Only
the Cre ta ceous suc ces sion, which reached a to tal thick ness
of 1,000 m within the zone of the drag fold ad ja cent to the
re verse fault, was as so ci ated with in creas ing ve loc ity with
depth. The ve loc ity, as so ci ated with the Ju ras sic for ma tions, 
was also con stant, with the ex cep tion of the Objezierze IG-1 
well. The Ju ras sic strata en coun tered in this well were cut
across by a fault (thus lower ve loc ity values were re corded;
Fig. 6, the O–IG1 well).

The re la tion ship, es tab lished by Wilk (2010), was used
to de velop the ve loc ity model, in which seis mic ve loc i ties
were de fined by as a func tion of depth to the Me so zoic suc -
ces sions. En try data for the anal y sis were mean ve loc ity
values from 26 wells.
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Fig. 5. Seismogeological model along seis mic transect. A – time model; B – depth model. Seis mic bound aries as in Fig. 3



The re la tion ship pro posed by Wilk (2010) as sumes that
with in creas ing depth, the sig nal ve loc ity changes ex po nen -
tially and is ex pressed as

H = H0 (eBt – 1),

where H is the depth to a lithostratigraphic unit [m], t is the
two-way-travel time, and H0 and B are co ef fi cients, which
de scribe the shape of the curve.

The re la tion ship was es tab lished for the fol low ing li-
thostrati graphic suc ces sions: the Ce no zoic, with a ve loc ity of 
about 2,000 m/s, Cre ta ceous Cr (to the top of the Turonian)
(Fig. 7A), the suc ces sion be tween the top of the Turonian and 
the top of the Malm (Crt–J3), the Malm (J3–J2), the Dogger,
Lias and Rhaetian de pos its (J2–Tk), the Keuper (Tk), the
succes sion of the Muschelkalk (T2) (Fig. 7B) and the Bunt-
sandstein to the top of the Zechstein (T1) (Wilk, 2010).

The third model of the ve loc ity dis tri bu tion in the Me -
so zoic for ma tions was based on ve loc ity data from wells,
sup ple mented with ve loc ity dis tri bu tion data, es tab lished
from the seis mic in ver sion pro cess. This al lowed the ve loc -
ity dis tri bu tion to be re con structed, on the ba sis of the re -
corded seis mic sec tions. The Hampson-Rus sell STRATA
soft ware was used for the model-based in ver sion pro cess. In 
or der to carry out such an in ver sion, the en try geo log i cal
model was em ployed, and the syn thetic, seis mic data were
gen er ated, on the ba sis of this model. As the next stage, the
model was grad u ally mod i fied, by ap ply ing a method of
trial and er ror, un til the syn thetic sec tion, cre ated from this
model, was consistent with the section, recorded in the field.
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Fig. 6. Com plex ve loc i ties as a func tion of com plex thick ness
for Cre ta ceous and Up per Ju ras sic for ma tion. DH – thick ness for -
ma tion [m]; Dt – two-way travel time thick ness [ms]; R – cor re la -
tion co ef fi cient

Fig. 7. Com plex ve loc i ties as a func tion of depth of burial for the Cre ta ceous (Cr), and Muschelkalk (T2) (af ter Wilk, 2010). H – depth
[m]; t – two-way travel time [ms]; H0 and B – co ef fi cient of curve form de ter mi na tive



To de velop the geo log i cal base model along the ana -
lysed transect (Fig. 3), the ge om e try of the seis mic re flec -
tors and the com plex ve loc ity val ues were used. The strata
thick nesses were based on data from the KaŸmierz-1 well;

the Objezierze-IG-1 well, which was trans posed in ac cor -
dance with the struc tural pat tern of the strata (well G); and
the Obrzycko-1 well, in which the thick nesses of the Me so -
zoic suc ces sions were sim i lar to the in ter preted pat tern of
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Fig. 8. Ve loc i ties from seis mic in ver sion. A – KaŸmierz-1 well; B – the o ret i cal well at lo ca tion B in the seismogeological model; ve -
loc i ties from well log data – black curve; ve loc i ties from seis mic in ver sion – red curve. Seis mic bound aries as Fig. 3
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Fig. 9. Depth seismogeological model – change of ve loc ity in Me so zoic for ma tion when us ing: A – ve loc i ties as a func tion of com plex
thick ness; B – ve loc i ties as a func tion of depth of burial of rock com plexes; C – ve loc i ties from seis mic in ver sion; Vp – P-wave ve loc ity
curve. Seis mic bound aries as Fig. 3



seis mic re flec tors in the area of well B. Ad di tion ally, the
mean ve loc ity data from shal low Szamotu³y GEO-10 and
-13 wells were used for de vel op ing the model. Where data
were miss ing, strati graphic bound aries, cor re lated with the
cor re spond ing seis mic ho ri zons on the in ter preted seis mic
sec tion (Fig. 3), were used. The aim of the in ver sion pro cess 
was to es tab lish the ver ti cal ve loc ity dis tri bu tion at lo ca -
tions A, C, D, G, H, and K, which were im por tant for de vel -
op ing the seis mic-geo log i cal model. Fig ure 8 pres ents ex -
am ples of seis mic in ver sion re sults, i.e. the ver ti cal dis tri bu -
tion of the ve loc i ties, com pared with the well ve loc ity
curves (black) and with the ve loc ity curves es tab lished, us -
ing the in ver sion pro cess. The good cor re la tion of the
results showed that the velocity model, constructed in the
inversion process, was reliable.

The seis mic depth mod els (Fig. 9) were cal cu lated, us -
ing the LogM and Struct mod ules of the GeoGraphix soft -
ware. The en try data in cluded the ge om e try of seis mic re -
flec tors, con sis tent with the dis tri bu tion of re flec tion events
on the in ter preted seis mic transect (Fig. 3), as well as the
three ve loc ity mod els, de scribed above. The depth mod els
pres ent both the pat tern, as so ci ated with the seis mic re flec -
tors, and the ve loc ity model, used for the time-to-depth con- 
ver sion.

Seis mic depth model A (Fig. 9A) was de vel oped with
the seis mic ve loc i ties, de fined by the thick nesses of the
strata. The shapes of the re flec tors, pre sented in this model,
are very sim i lar to the shapes in the base model (Fig. 5B),
which is jus ti fied by the ve loc ity model used.

The ve loc ity anal y ses re vealed that the ve loc ity is con -
stant within the in di vid ual, lithostratigraphic suc ces sions.
An ex cep tion is the in sig nif i cant in crease in ve loc ity with
in creas ing thick ness of the Cre ta ceous suc ces sion (Fig. 6A). 
The in crease in ve loc ity is ap par ent in the Cre ta ceous strata,
which fill the trough near the fault, on the SW side of the
salt pillow (Fig. 9A).

The seis mic depth model B (Fig. 9B) was de vel oped,
us ing the ve loc ity model, which was pre pared, on the as -
sump tion that the ve loc ity changes de pend on depth to the
lithostratigraphic suc ces sions (Wilk, 2010). The larg est ve -
loc ity changes are ob served in the Ju ras sic and Tri as sic de -
pos its. The low est ve loc ity val ues are as so ci ated with the
Mid dle and Lower Ju ras sic strata (2,000–2,300 m/s) above
the salt pil low, in the zone of its great est thick ness. The seis -
mic ve loc ity within the Tri as sic strata in creases to a value of 
above 5,500 m/s in the Muschelkalk and Rhaetian for ma -
tions in the zones of great est depth, i.e. within the near-fault
trough on the SW side of the salt pil low (Fig. 7B). Ow ing to
the re duc tion in ve loc ity above the salt pil low and the in -
crease in ve loc ity in the zone sur round ing the pil low, the
lat eral ve loc ity changes are bal anced. This is re flected in the 
shape of the geo log i cal bound aries be neath the Zechstein,
which in the depth model are nearly horizontal in the zone,
where the salt pillow is thickest.

The third seis mic depth model C (Fig. 9C) was de vel -
oped, by means of ve loc ity val ues that were cal cu lated, us -
ing the seis mic in ver sion pro cess (Fig. 8). The char ac ter is tic 
fea ture of this ve loc ity model is the sig nif i cant re duc tion of
ve loc ity in the Ju ras sic suc ces sion above the salt pil low.
Such ve loc ity re duc tion is also ob served on the SW mar gin

of the pil low. An in sig nif i cant in crease in the ve loc ity is as -
so ci ated with the bot tom strata of the Muschelkalk and
Rhaetian for ma tions. This in crease, how ever, is def i nitely
smaller than in the sec ond model (model B), where there is a 
sig nif i cant ve loc ity in crease with depth. The pat tern of the
re flec tion events, as so ci ated with the sub-Zechstein bound -
aries, is very sim i lar to the pat tern, as so ci ated with the
model, based on velocities, depending on the depth to the
lithostratigraphic successions.

Anal y sis of the in flu ence of seis mic ve loc ity in salt
strata on the shape of re flec tion events was car ried out in the 
NE part of the seis mic transect, i.e. in seis mic sec tion 13-1-
08K, where the large salt pil low is pres ent. In the SW part of 
the transect, where no lat eral changes in the thick ness of the
lithostratigraphic suc ces sion oc cur, anal y sis of the in flu ence 
of ve loc ity on the seis mic re cord within the salt struc tures is
not relevant.

The ma jor ity of works on seis mic ve loc ity, based on
well data, as sumed that the ve loc ity was con stant and de -
pended on the amount of anhydrite within the salt body
(Jarzyna et al., 2012a). For the anal y sis of the in flu ence of
salt ve loc ity on the im ag ing of the sub-Zechstein bound aries 
by Jarzyna et al. (2012b), ve loc i ties, char ac ter is tic of the
Older Ha lite Na2, which forms the salt pil low, were used.
The ve loc ity val ues, which were given by Jarzyna et al.
(2010), were 4,200 m/s (the low est ve loc ity), 4,500 m/s (the
me dium ve loc ity) and 5,000 m/s (the high est ve loc ity).
Lower ve loc ity val ues of 100 m/s were as sumed for the
Younger Ha lite Na3. This stra tum sur rounds the older de -
pos its and its to tal thick ness is con stant. The ve loc ity model
for the strata above the salt body, stretch ing up to the Tk3G
bound ary, was based on ve loc ity changes as a func tion of
depth (Wilk, 2010). Above that bound ary, a model, based
on seis mic in ver sion (tied to stratigraphic information from
shallow wells), was used.

The depths of seis mic re flec tors, based on the dif fer ent
salt ve loc i ties, are shown in Fig ure 10A, B, and C. With a
higher salt ve loc ity, a larger bend-down of the sub-Zech-
stein strata is ob served. The pull-up ef fect in the sub-Zech-
stein strata, sim i lar to that on the time sec tion, would only
be pos si ble with a ve loc ity be low 3,400 m/s (Pietsch et al.,
2010). Such ve loc i ties, how ever, par tic u larly at the depth of
the Older Ha lite strata, are not acceptable.

IM PACT OF SEIS MIC VE LOC ITY
MOD ELS ON SEIS MIC IM AG ING
OF SUB-ZECHSTEIN HO RI ZONS:

DIS CUS SION

All of the ve loc ity mod els ana lysed (Figs. 5, 9 and 10)
were built on the ba sis of the sur face seis mic data and well
logs (sonic log ging, mean ve loc ity mea sure ments, strati -
graphic data – Fig. 2), re corded in this area. These data for-
med a frame work, which de fined the ac cept able vari abil ity
of the ve loc ity mod els, while the dif fer ences be tween them
were a re sult of dif fer ent meth ods, ap plied to con struct ing
spa tial (2D) ve loc ity mod els.

The seis mic ve loc ity mod els, de vel oped through it er a -
tive model-based up dat ing, aimed to as sess the in flu ence of
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halokinesis on the seis mic rep re sen ta tion of the sub-Zech-
stein strata. These mod els clearly re vealed the op po site pat -
terns of re flec tion events in the depth model and the seis mic
time re cord. The pull-up ef fect, ob served on the seis mic sec -

tions, is a re sult of high ve loc i ties in the salt struc tures. This
leads to strong, hor i zon tal-ve loc ity con trast be tween the up -
lifted salt dome and the sub sided Mesozoic successions of
lower velocity.
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Fig. 10. Depth seismogeological model – change of ve loc ity in salts. A – V = 4,200 m/s; B – V = 4,500 m/s; C – V = 5,000 m/s; Seis mic
bound aries as Fig. 3



CON CLU SIONS

Anal y sis of the depth mod els, de vel oped by match ing
dif fer ent ve loc ity mod els, both with the Me so zoic and
Zechstein struc tures, led to the fol low ing con clu sions, re -
gard ing dis tor tion of re flec tion events, as so ci ated with the
sub-Zechstein geological boundaries:

– the pull-up ef fect be comes stron ger with in creas ing
thick ness of the salt struc tures and with in creas ing ve loc ity
con trast be tween the salt and the Up per Tri as sic, Ju ras sic
and the Cre ta ceous strata;

– the pres ence of the grabens, as so ci ated with the salt
struc tures, re sults in in creased thick ness of the low-ve loc ity
Me so zoic strata, which in creases the pull-up effect;

– where no tec tonic de for ma tion is pres ent, the older
Me so zoic strata, which un der went diagenesis and were up -
lifted to the level of the sub-Ce no zoic sur face, make the
pull-up ef fect more apparent;

– the de crease in ve loc ity, which is re lated to the in -
creased, tec tonic de for ma tion within the apex of the fold
above the salt pil low, re duces the pull-up effect;

– a sim i lar ef fect is ob served, where the strata, fill ing
the zones be tween the salt struc tures, are as so ci ated with in -
creased ve loc i ties (due to their sub si dence and compaction);

– the pres ence above the salt struc tures of the troughs,
which are filled with Ce no zoic de pos its above the salt struc -
tures, re duces the pull-up ef fect.

The re sults of seis mic mod el ling show op po site pat -
terns in the dis tri bu tion of the sub-Zechstein seis mic in ter -
faces for the depth im ages and for seis mic sec tions in time.
How ever, the lack of well data in ar eas, un der lain by salt
struc tures, makes it dif fi cult to an swer the ques tion: which
ve loc ity model ap prox i mates most pre cisely the subsurface
strata ana lysed? Based on the re sults ob tained, it seems
plau si ble that the most ac cu rate is the model us ing seis mic
in ver sion, where a change in ve loc ity with depth in the
over ly ing strata is as sumed. The op po site pat terns of the
seis mic event on time sec tions and seis mic re flec tors on
depth sec tions show the ne ces sity of ap ply ing seis mic ve -
loc ity mod els dur ing the pro cess ing stage, for example,
using velocity models for depth migration (PreSDM).
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