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The source of clastic ma te rial sup plied to the epicontinental sea dur ing the Mid dle and Late Ju ras sic in the Pom er a nian Seg -
ment of the north ern part of the Mid-Pol ish Trough is ana lysed, us ing de pos its from the Rzeczyn PIG-1 bore hole that rep re -
sent the £yna, Chociwel, Brda, Pa³uki, Kcynia and RogoŸno for ma tions. Heavy min eral anal y sis, in clud ing weath er ing
in di ces (ZTR, GZI, RZI and Q) and stand ard ised scores for each min eral spe cies, shows that each for ma tion is char ac ter ized 
by a dif fer ent heavy min er als as so ci a tion. In each as so ci a tion, trans par ent min er als in clude both ultrastable min er als (zir -
con, tour ma line and rutile), oc cur ring in var i ous pro por tions, and un sta ble min er als. This in di cates that de pos its sub ject to
ear lier mul ti ple re work ing were eroded from the sur round ing land masses. Most prob a bly these de pos its rep re sented Tri as -
sic rocks, al though fresh weath er ing cov ers were also eroded. The main di rec tion of clastic ma te rial sup ply was from the N
and NW, and to a lesser de gree from the NE. The main rea sons for changes in the source ar eas were prob a bly sea level os -
cil la tions, while dur ing re gres sions, ex posed parts of the sea bed be came source ar eas of clastic ma te rial. Con versely, dur -
ing trans gres sions, parts of the sea bed be came cut off from the sup ply of clastic ma te rial from eroded land masses.

Key words: Mid dle and Up per Ju ras sic, weath er ing in di ces, sea level change, strati graphic gaps.

INTRODUCTION

The Mid-Pol ish Trough (MPT), be ing the con tin u a tion of the
Dan ish-Pol ish Ba sin, com prises the east ern most branch of the
Cen tral Eu ro pean Ba sin Sys tem (CEBS) (Michelsen, 1997;
Ziegler, 1990; van Wees et al., 2000; Krzywiec, 2002; Dadlez,
2003). The MPT was the deep est (10 km thick) and the larg est
(700 km long and up to 100 km wide) epicontinental ba sin sys -
tem of the West- and Cen tral-Eu ro pean Plates (Ziegler, 1990;
Dadlez, 2003). The MPT ex tended along the Teisseyre-
 Tornquist Zone (TTZ), from the West Pomerania re gion in the
north-west to the Holy Cross Moun tains area in the south-east
and, in the Late Ju ras sic, also to west ern Ukraine. It re mained
there for 150 mil lion years un til its in ver sion into the Mid-Pol ish
Swell in the lat est Cre ta ceous and the be gin ning of the
Paleogene (Ziegler, 1990; Dadlez, 2003). The Mid-Pol ish
Trough gen er ally runs along the TTZ and the Trans-Eu ro pean
Su ture Zone (TESZ), which shows that a par tic u lar crustal rhe -
ol ogy con trast (in clud ing a weak ness zone) played a sig nif i cant
role in its de vel op ment (Poprawa, 1997; Królikowski et al.,
1999). The thick of Me so zoic de pos its that ac cu mu lated in the
MPT are a source of in for ma tion on cli mate and sea level
changes, sed i men tary prov e nance, and palaeo ge ogra phy

(Marek and Pajchlowa, 1997; Dadlez et al., 1998; Dadlez,
2003; Krzywiec, 2006; Pieñkowski et al., 2008).

The Ju ras sic in Cen tral Eu rope is a very di verse pe riod in
terms of palaeo ge ogra phy and geotectonic do mains (e.g.,
Pieñkowski et al., 2008; Matyja et al., 2010). There fore, the di -
rec tions of sed i ment sup ply to the MPT are dif fi cult to re con -
struct. Rec og ni tion of source ar eas is even more dif fi cult when it 
is not clear which sed i ments/rocks were sub ject to ero sion and
what was the palaeo ge ogra phy of the catch ment area where
the re sult ing de pos its ac cu mu lated. An ex am ple of such an
area is the NW part of the MPT dur ing the Mid dle and Late Ju -
ras sic.

Heavy min eral anal y sis is one of the meth ods used to re -
con struct sed i ment sources (e.g., Weltje and von Eynatten,
2004; Oszczypko and Salata, 2005; Bate man and Calt, 2007;
Garzanti et al., 2007; Mange and Wright, 2007; Woronko et al.,
2013; Salata and Uchman, 2013; van Loon and Pisarska-
 Jamro¿y, 2016; Mounteney et al., 2018). Though mainly de ter -
mined by the ge ol ogy of the source ar eas, the com po si tion of
heavy min eral as so ci a tions re corded in sed i men tary suc ces -
sions de pends also on many other fac tors, such as: (1) in ten -
sity, du ra tion and type of weath er ing that the sed i ments were
sub ject to prior to ero sion, (2) fa cies di ver sity of de pos its in the
source area, (3) dif fer ent sort ing pro cesses dur ing trans port, (4) 
the abil ity of trans port pro cesses to re move ma te rial, (5) tec -
tonic re gime, (6) sea level changes, and (7) post-depositional
pro cesses. Com monly, there is a com bi na tion of sev eral of
these fac tors. 

In 2010, the deep Rzeczyn PIG-1 bore hole (Fig. 1) was
drilled in NW Po land by the Pol ish Geo log i cal In sti tute – Na -
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tional Re search In sti tute as part of the pro ject: In te grated pro -
gram of shal low re search bore holes for solv ing cru cial prob -
lems of the geo log i cal struc ture of Po land. Pen e trat ing through
to the Mid dle and Up per Ju ras sic bound ary, this bore hole is im -
por tant for un der stand ing Ju ras sic palaeo ge ogra phy. In south -
ern Po land and in the south ern part of the Eu ro pean Plat form,
this bound ary in ter val is marked by a strati graphic gap and
chem i cal weath er ing (Pieñkowski et al., 2008; Matyja et al.,
2010).

The Rzeczyn PIG-1 core has been sub ject to nu mer ous
anal y ses, one of which was of heavy min er als. The pres ent
study was aimed at (1) ex plain ing the vari abil ity of heavy min -
eral as so ci a tions in these Mid dle and Up per Ju ras sic strata and 
(2) dis cuss ing the sed i ment source ar eas for the north ern part
of the Pol ish Ba sin dur ing the Ju ras sic.

GEOLOGICAL SETTING 

The Rzeczyn PIG-1 bore hole (53°51’58.64"N,
14°41’44.64"E) was drilled to the NNE of Szczecin in NW Po -
land, in the Pom er a nian Seg ment of the north ern part of the
MPT (Fig. 1; Dadlez, 2003; ¯elaŸniewicz et al., 2011).
Extensional and compressional stages linked with the
geotectonic evo lu tion of the dis tant Tethyan and/or At lan tic Ba -
sin were of cru cial sig nif i cance in the evo lu tion of the MPT
(Dadlez, 2001; Lamarche et al., 2002; Pieñkowski et al., 2008).
Dur ing the Me so zoic, the ax ial part of the ba sin was gen er ally
char ac ter ized by rapid sub si dence, com pac tion and al most

con tin u ous sed i men ta tion. In turn, the mar ginal parts of the ba -
sin were sub ject to ero sion (Dadlez et al., 1995; Dadlez, 1997,
1998, 2000, 2001; Pieñkowski et al., 2008) and were strongly
in flu enced by tec tonic ac tiv ity and sed i ment sup ply (Pieñkowski 
et al., 2008). Ac cord ing to Dadlez (1998), in the Mid dle Ju ras sic
(Aalenian and Bajocian stages), the MPT be came partly iso -
lated from the bas ins of west ern Eu rope and opened into the
Tethyan Do main. Three ma jor phases may be dis tin guished in
the sub si dence curve for the MPT but only one phase cor re -
sponds to the Me so zoic (the Oxfordian–Kimmeridgian in ter val). 
In the NW seg ment of the MPT there is no ev i dence of ma jor,
ba sin-scale sed i ment de for ma tion re lated to rapid sub si dence
(Dadlez, 2003; Krzywiec, 2006). The max i mum thick ness of Ju -
ras sic de pos its is pres ent along the MPT axis al though re gional
fault zones and grabens ex ist ing along the edges of the MPT
con trolled the sed i men ta tion style and de posit thick ness
(Dadlez 2001; Pieñkowski et al., 2008, 2012; Barth et al., 2018). 
The Pol ish epicontinental ba sin was sur rounded by mar -
ginal-ma rine ar eas and low lands. To the north it was bounded
by the el e vated Fennoscandian Shield, to the east by the
Belarus Anteclise and the Ukrai nian Shield, and to the
south-west by the Bo he mian Mas sif (Dadlez and Marek, 1997;
Pieñkowski et al., 2008). Depocentre mi gra tion may be ob -
served for the Ju ras sic; in the Mid dle Ju ras sic this was in the
Kutno De pres sion, in the Late Ju ras sic dur ing the Oxfordian
and Early Kimmeridgian the depocentre was lo cated on the SW
mar gin of the SE part of the MPT, and in the Tithonian–Early
Berriasian it ex tended to the Lviv area (west ern Ukraine)
(Pieñkowski et al., 2008). 
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Fig. 1. Lo ca tion of the Rzeczyn PIG-1 bore hole (A) with re spect to geo log i cal units (B) 
(af ter Dadlez et al., 2000 and Dadlez, 2003; mod i fied)
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LITHOLOGICAL SUCCESSION 
OF THE RZECZYN PIG-1 BOREHOLE

The Rzeczyn PIG-1 bore hole en com passes Qua ter nary
(0.00–82.95 m), Cre ta ceous (82.95–92.78 m) and Ju ras sic
(92.78–236.0 m) de pos its. The bore hole ter mi nated in Mid dle
Ju ras sic rocks at the depth of 236.00 m (Fig. 2). Based on
lithological anal y sis cou pled with biostratigraphy (ammonites
and dinoflagellate cysts) and chronostratigraphy, five
lithostratigraphic for ma tions have been dis tin guished in the Ju -
ras sic part of the core: the £yna, Chociwel, Brda, Pa³uki, and
Kcynia for ma tions, and one in the Cre ta ceous – the RogoŸno
For ma tion (Barski and Matyja, 2010; Matyja, 2010a, b; Fig. 2).
Ac cu mu la tion of these de pos its took place on an epicontinental
sea shelf (Matyja et al., 2010), on an open siliciclastic shelf, as
well as on the lower and up per parts of a siliciclastic shelf and in
car bon ate plat form set tings (Ceranka et al., 2010).

The basal part of the suc ces sion be tween 197.86–236.00 m 
com prises the £yna For ma tion rep re sent ing the Callovian. The
for ma tion is de vel oped as siliciclastic de pos its of var i ous grain
size, from non-cal car e ous lam i nated claystones with com mon
phytoclasts, to fine-grained sands, oc ca sion ally with bi valve de -
tri tus and milli metre-thick silt laminae. A strati graphic gap en -
com pass ing the Koenigi-Coronatum zones was noted (Figs. 2
and 3). The for ma tion passes con tin u ously into the suc ceed ing
Chociwel For ma tion (Fig. 2). The lower part of the £yna For ma -
tion (218.00–236.00 m) ac cu mu lated on an off shore siliciclastic
shelf; to wards the top the de pos its rep re sent nearshore shelf
(206.45–218.00 m) and open siliciclastic shelf set tings
(197.86–206.45 m; Ceranka et al., 2010).

The Chociwel For ma tion (depth 156.26–197.86 m) rep re -
sents the Lower and Mid dle Oxfordian. The ac cu mu la tion of
these strata be gan with clay de pos its rep re sent ing an off shore
siliciclastic shelf, over lain by non-cal car e ous clays with mus co -
vite, ce mented by cal cite and in ter ca lated with fine sand lay ers.
To wards the top the de posit be comes more sandy. The top of
the sandy de pos its at the depth of 167.16 m is marked by an
ero sional bound ary. A strati graphic gap at the depth of
~166.58 m en com passes part of the Lower and Mid dle
Oxfordian, i.e. the Cordatum and Plicatilis zones (Figs. 2 and 3). 
Above this, there oc cur clays with abun dant or ganic de tri tus
(162.00–162.80 m). The top most part of the Chociwel For ma -
tion is com posed of sandy de pos its with abun dant bi valve de tri -
tus. Ac cord ing to Ceranka et al. (2010), the ac cu mu la tion of
these de pos its took place on an open siliciclastic shelf. The
bound ary be tween the Chociwel For ma tion and the over ly ing
Brda For ma tion is ero sional in char ac ter (Figs. 2 and 3).

The Brda For ma tion (depth 140.00–156.26 m) rep re sents
car bon ate de pos its de vel oped as de tri tal lime stones with in ter -
ca la tions of marly lime stone. Their ac cu mu la tion took place on
an open car bon ate shelf. The top of this for ma tion is also
marked by an ero sional sur face (Figs. 2 and 3).

The Pa³uki For ma tion oc curs be tween 120.80–140.00 m
and is rep re sented in its lower part by micritic marly lime stones
with in ter ca la tions of clay, and in its up per part by marly lime -
stones. The de po si tion of these strata took place on an open
car bon ate shelf dur ing the Early Tithonian and/or Late
Kimmeridgian (Figs. 2 and 3).

The Kcynia For ma tion (depth 92.78–120.80 m) is a car bon -
ate-evaporite unit rep re sent ing the Lower and Up per Tithonian.
It is de vel oped mainly as micritic marly lime stones with
microfossils, cal car e ous sand stones and sandy lime stones, de -
tri tal lime stones and de tri tal marls. Sub or di nate fa cies in clude
clays, marly claystones, fine sand stones, siltstones and marls.
The top of the for ma tion is marked by an ero sional sur face
(Fig. 2).

The top of the suc ces sion ana lysed com prises non-cal car e -
ous claystones with in ter ca la tions of sand stone with a si der it ic
ma trix and siltstone. These strata com prise the RogoŸno For -
ma tion (depth 86.00–92.78 m). Its de po si tion took place in the
Late Berriasian (Early Cre ta ceous) on an open car bon ate shelf
(Fig. 2).

MATERIAL AND METHODS

Sam ples rep re sent ing the Mid dle and Up per Ju ras sic and
the Lower Cre ta ceous were col lected for the heavy min eral
anal y sis from the depth in ter val 82.95–235.00 m of the
Rzeczyn PIG-1 core. A 4 cm thick half-core sam ple was col -
lected each time. In to tal, 47 sam ples (RZ.01 – RZ.47) rep re -
sent ing all six for ma tions dis tin guished in the bore hole were ac -
quired (Fig. 2).

Most sam ples were char ac ter ized by a low de gree of
lithification, and so they were me chan i cally crushed in the first
step. Car bon ate sam ples were etched in 10% ace tic acid
(CH3COOH) and washed us ing hy dro gen per ox ide and dis tilled 
wa ter to elim i nate or ganic mat ter. Next, the 0.125–0.250 mm
frac tion was sep a rated from each frac tion. The choice of this
frac tion re sulted from the need to op ti mize the heavy min eral
fre quency in a sam ple, be cause par tic u lar min er als at tain max i -
mum val ues in dif fer ent size ranges, e.g. il men ite in the
0.25–0.15 mm frac tion, gar net in the 0.3 mm frac tion, rutile and
zir con in frac tion in the <0.06 mm frac tion (Mycielska-Dow -
gia³ ³o, 2007; Marcinkowski and Mycielska-Dowgia³³o, 2013). Bi -
o tite, mus co vite and chlorite were also treated as heavy min er -
als. The as so ci a tion com pris ing min er als oc cur ring as sin gle
grains in a sam ple (chro mite, epidote, he ma tite, sphalerite, co -
run dum, cor di er ite, spinel and ti tan ite) was dis tin guished as
“other”. Sep a ra tion of heavy min er als from light min er als was
made us ing so dium tungstate, the heavy min er als then be ing
mounted in Can ada bal sam on glass slides. In some sam ples
the num ber of heavy min eral grains was too low to ob tain re li -
able re sults, and in some heavy min er als were ab sent. There -
fore, only the 21 sam ples in which at least 70 grains of heavy
min er als were pres ent, were sub ject to fur ther anal y sis and
their in di ces were cal cu lated (Fig. 2). Fur ther more, to show the
vari abil ity of heavy min eral com po si tion in the suc ces sion, the
anal y sis in cluded 6 sam ples (nos. 23, 27, 28, 32, 33 and 36), in
which authigenic min er als (e.g. ap a tite) dom i nate. The per cent -
age con tent of all min er als ana lysed was counted. The sum of
100% of heavy min er als was the sum of all min er als rec og nized 
in a sam ple, in clud ing trans par ent and opaque min er als.

Min eral iden ti fi ca tion was made us ing a petrographic mi cro -
scope and a scan ning elec tron mi cro scope (SEM) with EDS us -
ing un pol ished heavy min eral sep a rates. In the case of zir con
and gar net grains, their round ness was de ter mined ac cord ing
to the 5 point scale of Andà et al. (2012), dis tin guish ing
euhedral, an gu lar, subrounded, rounded and bro ken grains.

The fol low ing prov e nance in di ces (GZI, RZI and Q), and
ma tu rity in dex (ZTR) were cal cu lated based on the data ob -
tained data:

– the ZTR in dex, de fined by Hubert (1962) as the per cent -
age of chem i cally ultrastable min er als (zir con, tour ma -
line, and rutile) among trans par ent de tri tal heavy min er -
als;

– the GZI in dex (gar net/zir con), cal cu lated as the per cent -
age con tri bu tion of gar net in to tal gar net plus zir con,
which re flects changes in the prov e nance of heavy min -
er als (Mor ton and Hallsworth, 1994);
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– the TiO2 min er als/zir con in dex (RZI), which cor re sponds 
mainly to vari a tions in lo cal diagenetic con di tions re lated 
to the ex tent of authigenic ana tase de vel op ment (Mor -

ton, 2007). The in dex is ex pressed as: 100 ́  [TiO2 group 
(ana tase, brookite, rutile): (TiO2 group + zir con)];

– the Q in dex of Fay (1975) is ex pressed by the equa tion:

Q =
+ +

+ +

G E H

Zr T R

[1]

where: the group of weath er ing non-re sis tant min er als in cludes gar -
net (G), epidote (E) and am phi boles (hornblende) (H), and the group 
of weath er ing-re sis tant min er als in cludes zir con (Zr), tour ma line (T)
and rutile (R).
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Fig. 2. Lithological col umn of the suc ces sion drilled in the Rzeczyn PIG-1 bore hole with litho-, bio- 
and chronostratigraphy (af ter Matyja et al., 2010, mod i fied)



Ac cord ing to Fay (1975), this in dex is a good tool for show -
ing the vari abil ity of the min eral com po si tion that al lows for the
char ac ter iza tion of source ar eas. The Q in dex has been suc -
cess fully used to re cog nise source ar eas for pre-Qua ter nary
sed i ments by Mas³owska and Micha³owska (2004).

Stand ard ised scores were cal cu lated for each min eral spe -
cies and then plot ted against strati graphic in ter vals (Ryan et al.,
2007). Such scores can be cal cu lated as fol lows:

score
X mean

sdev
i z

i z i

i

,
,=

- [2]

where: Xi,z – in di vid ual min eral count for the i min eral at strati graphic
level z, meani – mean min eral per cent age for spe cies i, sdevi – stan -
dard de vi a tion for spe cies i. 

The mean counts of each min eral, cal cu lated sep a rately,
e.g. for zir con, in the en tire suc ces sion, were used to con struct
the chart. Stan dard de vi a tion cal cu lated for each min eral in
each sam ple is sub sti tuted to for mula [2]. Zero in the chart re -

fers to the mean score of a given min eral in the en tire suc ces -
sion, whereas the val ues in the chart in di cate stan dard de vi a -
tion from the mean (Ryan et al., 2007).

RESULTS

HEAVY MINERALS COMPOSITION

MIDDLE JURASSIC

There is low abun dance of heavy min er als at the base of the 
suc ces sion (sam ple RZ.01) in the clayey-sandy de pos its of the
£yna For ma tion (Fig. 2). Trans par ent min er als that are rel a -
tively sta ble to weath er ing (gar net, staurolite) pre vail. Their to tal 
con tri bu tion is ~60% (Fig. 4). Gar net grains are poorly rounded,
with subrounded grains dom i nat ing, while bro ken and an gu lar
grains are also pres ent. Ef fects of me chan i cal de struc tion in the 
form of break age, as well as of abra sion in aque ous set tings,
are vis i ble on grain sur faces; ef fects of chem i cal weath er ing are 
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Fig. 3. Chronostratigraphy of the up per Mid dle and Up per Ju ras sic based on ammonites 
and dinoflagellate cysts



poorly marked (Fig. 5). Ultrastable min er als are rep re sented
only by rutile (17%). Un sta ble min er als (mus co vite – 12.5%) are 
also pres ent. Ten per cent of the min er als were as signed to
“other” min er als. In the over ly ing strata (sam ple RZ.02), the
heavy min eral as so ci a tion is more vari able. Tour ma line, as well 
as subhedral and well-rounded zir con ap pear (Fig. 6), ac com -
pa nied by am phi bole and sec ond ary ap a tite (Fig. 4). Sam ples
RZ.01 and RZ.02 do not con tain opaque min er als (mag ne tite
and il men ite), these be ing ob served only in the top of the
clayey-sandy de pos its (sam ple RZ.03; Fig. 4). Above the strati -
graphic gap (Fig. 2), min er als are rep re sented only by
authigenic py rite in the lam i nated clay de pos its (depth in ter val
217.00–228.72 m). In the sand and claystone de pos its (sam -
ples RZ.09 and RZ.11), there is slight in crease in the con tri bu -
tion of sta ble min er als, i.e. rutile and tour ma line, ac com pa nied
by am phi bole and chlorite. Small amounts of opaque min er als
were also ob served (Fig. 4).

On the ver ti cal bar chart of stand ard ised per cent age scores
for in di vid ual min eral spe cies, this unit can be dis tin guished by
the high est con tri bu tion of gar net grains with re gard to av er age
val ues, be ing the high est at the base of the unit and di min ish ing
up wards. Gar net is ac com pa nied by vari able con tents of tour -
ma line, with max i mum val ues in sam ple RZ.03, and low val ues
of zir con and am phi bole (Fig. 7).

The £yna For ma tion is char ac ter ized by high val ues of the
Q in dex in its basal part (1.9 to 3.0), which di min ish up wards to
0.2. High val ues of the GZI and RZI in di ces are also pres ent. In
turn, val ues of the ZTR in dex dis play a large vari abil ity in the
suc ces sion. At the base it is low (16.6), then slightly in creases,
to reach 73.7 at the depth of 230.80 m (sam ple RZ.03), fi nally
de creas ing to 8.9 at the top of the for ma tion (Fig. 8).

UPPER JURASSIC

The Oxfordian sec tion of the core (Chociwel For ma tion;
depth 156.26–197.86 m) is char ac ter ized by a large vari abil ity
in heavy min eral com po si tion. Rutile ac com pa nied by mus co -
vite and chlorite dom i nate at the base of this for ma tion (sam ple
RZ.12; Fig. 2), and gar net, am phi bole and pyroxene grains ap -
pear above this. There is a lack of zir con and kyan ite, and a low
con tri bu tion of tour ma line in this part of the for ma tion (Fig. 4).
The fol low ing sam ple (RZ.14) yielded large amounts of il men ite
(>71%), tour ma line, zir con, kyan ite and pyroxene. Il men ite still
dom i nates above this, then its con tent slightly de creases.
Ultrastable min er als be gin to pre vail (rutile, zir con, tour ma line),
ac com pa nied by staurolite and rel a tively sta ble gar net. The
con tent of gar net slightly in creases up wards (Fig. 4). Gar net
grains are var i ously rounded, from an gu lar to subrounded. As in 
de pos its of the £yna For ma tion, ef fects of me chan i cal de struc -
tion dom i nate on their sur faces (Fig. 5). In turn, zir con grains
have a much better and more vari able round ness than gar net
grains. Sam ple RZ.20 con tains well-rounded, subrounded and
subhedral grains; bro ken zir con grains be ing also pres ent
(Fig. 6). The ver ti cal bar chart of stand ard ised per cent age
scores for in di vid ual min eral spe cies for the heavy min er als of
the Chociwel For ma tion dem on strates vari abil ity of tour ma line
and zir con val ues in the for ma tion. More over, the en tire for ma -
tion is char ac ter ized by a lower than av er age con tri bu tion of
am phi bole, gar net and rutile. The Chociwel For ma tion is dis tin -
guished by very low val ues of the Q in dex (0.0 to 0.6) and vari -
able val ues of the re main ing in di ces GZI, RZI and ZTR. Val ues
of the ZTR in dex are very low in the low er most part of the for -
ma tion (1.5); at the depth of 170.15 m this in dex rap idly in -
creases to over 80, to de crease to only 13 in the up per part of

the for ma tion. At the top, the ZTR in dex in creases again to ~80
(Fig. 8).

The over ly ing Up per Kimmeridgian de pos its of the Brda
For ma tion (depth 140.00–156.26 m; Fig. 2) are char ac ter ized
by large amounts of authigenic ap a tite (54–63.8%). Ultrastable
min er als con trib ute to a max i mum of 10.3%, be ing rep re sented
by rutile at the base of the for ma tion, tour ma line in the mid dle,
and zir con and tour ma line at its top. They are ac com pa nied by
il men ite, gar net and am phi bole (Fig. 4). Gar net grains are bro -
ken, par tic u larly among subrounded grains (Fig. 5). On the ver -
ti cal bar chart of stand ard ised per cent age scores for in di vid ual
min eral spe cies, this unit is dis tin guished by a higher-than-av er -
age con tri bu tion of am phi bole (Fig. 7). The Q in dex in de pos its
of the Brda For ma tion var ies from 0.8 to 3.5 and is higher than
in the un der ly ing Chociwel For ma tion. The the RZI in dex is 100
at the base and 0 at the top of the for ma tion. GZI val ues are
high, whereas ZTR val ues are low <20 (Fig. 8).

Authigenic ap a tite dom i nates at the base and top of the
Pa³uki For ma tion (depth 120.80–140.00 m; Fig. 2), reach ing
90.74 and 81.30%, re spec tively. Opaque min er als have not
been ob served in this for ma tion. Ultrastable min er als do not oc -
cur at the base of the for ma tion (sam ple RZ.28). They ap pear in 
the depth in ter val 128.60–128.70 m as zir con fol lowed by tour -
ma line. Gar net was also re corded in this depth in ter val. Gar net
and zir con grains are char ac ter ized by a sim i lar de gree of
round ing as in the Brda For ma tion (Figs. 5 and 6). Un sta ble
min er als are rep re sented by am phi bole, bi o tite and chlorite
(Fig. 4). On the ver ti cal bar chart of stand ard ised per cent age
scores for in di vid ual min eral spe cies, de pos its of the Pa³uki For -
ma tion are char ac ter ized by a lower than av er age con tri bu tion
of all min er als, with the ex cep tion of sam ple RZ.30 (depth
128.60–128.70 m), in which the con tri bu tion of am phi bole is the
high est, ac com pa nied by gar net and “other” min er als (Fig. 7).
The Pa³uki For ma tion is char ac ter ized by a zero value of the
RZI in dex, a very low value of the ZTR in dex and vari able val -
ues of the GZI and Q in dexes. The lat ter reaches the high est
value in the en tire suc ces sion (4.7) at the depth of
128.60–128.70 m (sam ple RZ.30; Fig. 8).

The Kcynia For ma tion (depth 97.78–120.80 m; Fig. 2)
(Tithonian) is char ac ter ized by a small con tri bu tion (<5%) of un -
sta ble min er als (am phi bole, mus co vite, bi o tite), the only ex cep -
tions be ing sam ples RZ.38, RZ.39 and RZ.41, which con tain
84.5, 48.3 and 61.3% of chlorite, re spec tively. Like wise, opaque 
min er als con trib ute to a low per cent age among the min er als
rec og nized, with the ex cep tion of sam ple RZ.44 (depth
95.1–95.73 m), where il men ite reaches up to 50%. The con tri -
bu tion of ultrastable min er als var ies through out the suc ces sion.
At the base of the for ma tion they con trib ute 3.64%, in creas ing
to ~93%, then de crease to 1.5%, reach ing from 22.1 to 44.7%
at the top of the suc ces sion. This min eral group is dom i nated by 
zir con (Fig. 4). A char ac ter is tic fea ture of its grains is the vari -
able de gree of round ing. For ex am ple, sam ple RZ.37 con tains
well-rounded, subrounded, but also an gu lar and euhedral
grains (Fig. 6). Authigenic min er als are rep re sented by phos -
phate min er als, which con trib ute to 89.3% of the heavy min er -
als at the base of the for ma tion. At the top of the Kcynia For ma -
tion, in con trast to the un der ly ing de pos its of the Pa³uki For ma -
tion, the RZI in dex again reaches high val ues from 20 to 80. At
the same time, the value of the Q in dex is rel a tively high at the
base and in the mid dle part of the for ma tion, to fall to al most
zero at its top. The ZTR in dex reaches its high est val ues at the
base of the for ma tion (up to 100), then var ies from 1.5 to 60.
Each in crease of the ZTR in dex is ac com pa nied by a fall in the
val ues of the re main ing in di ces (Fig. 8).
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LOWER CRETACEOUS

Sam ples of Lower Cre ta ceous de pos its, rep re sented by the
RogoŸno For ma tion in depth in ter val 86.00–92.78 m (Fig. 2),
did not con tain any heavy min er als. 

DISCUSSION

The heavy min eral as so ci a tions and the val ues of the cal cu -
lated weath er ing in di ces for the Lower and Mid dle Ju ras sic de -
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Fig. 4. Heavy min eral com po si tion in the Mid dle and Up per Ju ras sic epicontinental de pos its 
of the Pol ish Ba sin in the Rzeczyn PIG-1 suc ces sion

Other ex pla na tion as in Figure 2



pos its of the Rzeczyn PIG-1 suc ces sion are very vari able. Each 
of the five for ma tions (£yna, Chociwel, Brda, Pa³uki and Kcynia) 
is char ac ter ized by a sep a rate heavy min er als as so ci a tion, con -
sis tent with the sub di vi sion based on bio-, litho- and
chronostratigraphy (Barski and Matyja, 2010, Matyja, 2010a, b;
Figs. 4–8). Un doubt edly, one of the main fac tors re spon si ble for 
this is the chang ing source rock area for sed i ments sup plied to
the north ern part of the Pol ish Ba sin dur ing the de po si tion of
each for ma tion. Sea level changes that took place in the Late
Ju ras sic were sig nif i cant in this re spect also, as de duced from
the stra tig ra phy of con ti nen tal mar gins and ba sin in te ri ors
(Šimkevièius, 1998; Haq and Al-Qahtani, 2005; Pieñkowski et
al., 2008; Haq, 2017), as that af fects the sort ing of min er als with 
re gard to weight, shape and grain size (Cascalho and

Feradique, 2007; Komar, 2007; Woronko et al., 2013;
Pisarska-Jamro¿y et al., 2015; Garzanti et al., 2018).

HEAVY MINERAL ASSOCIATIONS
 IN THE RZECZYN PIG-1 SUCCESSION

As re gards the con tri bu tion of spe cific heavy min er als in all
lithostratigraphic units of the Rzeczyn PIG-1 suc ces sion, the
£yna For ma tion rep re sents a gar net-rutile-kyan ite as so ci a tion
in its basal part, and a rutile-il men ite as so ci a tion higher up. The
Chociwel For ma tion is tri par tite, with rutile at its base, il men ite in 
its mid dle part and in cludes a rutile–tour ma line–kyan ite as so ci -
a tion in its up per part. An am phi bole–il men ite as so ci a tion is typ -
i cal of the Brda For ma tion, an am phi bole–zir con as so ci a tion is
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Fig. 5. Rep re sen ta tive gar net va ri et ies in the £yna, Chociwel, Pa³uki and Kcynia for ma tions
of the Rzeczyn PIG-1 suc ces sion

Explanations as in Figure 2



char ac ter is tic of the Pa³uki For ma tion, and a zir con–rutile–il -
men ite as so ci a tion oc curs in the Kcynia For ma tion (Fig. 4).

PROVENANCE OF THE DEPOSITS

Sev eral source ar eas were in volved in sup ply ing sed i ment
to the Ju ras sic sea dur ing the ac cu mu la tion of each for ma tion;
how ever, their role was vari able as shown by the chang ing con -
tri bu tions of dif fer ent min er als, and the val ues of the prov e -
nance and ma tu rity in di ces even within sin gle units (Figs. 4, 7
and 8). The source rocks were older strata ex posed to weath er -
ing, ero sion and trans por ta tion, or weath ered crys tal line base -
ment rocks. The Pol ish Ba sin, in this part of its his tory, had al -
ready filled with Lower Ju ras sic siliciclastic de pos its in the NW

part of the Mid-Pol ish Trough (Po¿aryski and Brochwicz-
 Lewiñski, 1978; Kutek et al., 1984; Dadlez et al., 1995; Kutek,
2001; Pieñkowski, 2004; Pieñkowski et al., 2008).

The palaeo ge ogra phy of the Mid dle and Late Ju ras sic in di -
cate that the sed i ment source ar eas for the for ma tions com pris -
ing the Rzeczyn PIG-1 suc ces sion could po ten tially have been
lo cated in re gions rel a tively close to the study area (Ziegler,
1978; Pieñkowski et al., 2008). The pres ence of both un sta ble
min er als, such as am phi bole and pyroxene, as well as
ultrastable min er als, such as zir con, rutile and tour ma line in the
same sam ples sug gest that the sup ply of sed i ments to the
north ern part of the Ju ras sic ba sin could have taken place from
dif fer ent source ar eas. In turn, the source ar eas must have
been built of rocks of dif fer ent age, that were sub ject to weath -
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Fig. 6. Rep re sen ta tive zir con va ri et ies in the £yna, Chociwel, Pa³uki and Kcynia for ma tions 
of the Rzeczyn PIG-1 suc ces sion

Explanations as in Figure 2
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er ing and trans por ta tion for vari able timespans. This is shown
by the dif fer ent de grees of round ing and weath er ing, e.g. of zir -
con or gar net, seen within in di vid ual sam ples (Figs. 5 and 6). 

Ow ing to the lo ca tion of the Rzeczyn PIG-1 bore hole in the
north ern part of the Ju ras sic epicontinental sea,  sup ply of sed i -
ments may have taken place from the NW, N or NE (Fig. 9).
Trans port of sed i ments from the south, though, is un likely due
to the large dis tance from the source ar eas (Pieñkowski et al.,
2008; Matyja et al., 2010), and so a south ern lo ca tion of po ten -
tial source ar eas is ex cluded from our dis cus sion of the prov e -
nance of de pos its in the Rzeczyn PIG-1 suc ces sion. 

NORTHWESTERN PROVENANCE OF HEAVY MINERALS

A NW and W di rec tion of sup ply to the north west ern part of
the Pol ish Ba sin seems par tic u larly im por tant in the Mid dle Ju -
ras sic for the fol low ing rea sons: (1) the dis tance to po ten tial
source ar eas to the east of the site ana lysed was con sid er ably
greater, and (2) the mor phol ogy of the ba sin bot tom did not fa -
vour sup ply from the east (Dadlez, 2003; Pieñkowski et al.,
2016). Sup ply from that di rec tion may have been sig nif i cant in
the Late Ju ras sic (Fig. 9). Po ten tial source ar eas of the de pos its 
sup plied to the north ern part of the Mid dle and Up per Ju ras sic
epicontinental sea should be sought for e.g. in the eroded
RingkÝbing-Fyn (RFH) and Skurup (SH) highs, lo cated to the
north-west of the bore hole ana lysed in pres ent-day Den mark
and north ern Ger many (Fig. 9). The RFH is sub di vided by tec -
tonic grabens into three smaller struc tural highs, i.e. Grindsted,
Glamsbjerg and MÝn, and sep a rates the Nor we gian–Dan ish
Ba sin in the north from the North Ger man Ba sin in the south
(Olivarius et al., 2015). In the RFH, Cre ta ceous de pos its are
gen er ally un der lain by a thick suc ces sion of Tri as sic strata, rep -
re sented mainly by claystones with sub or di nate sand stones. In
turn, Ju ras sic rocks are known only from a few lo cal i ties within
grabens sep a rat ing the struc tural highs (Olivarius et al., 2015).
Tri as sic strata are thick est within the grabens, while in the in te -
rior of the highs they are much thin ner. This sug gests con sid er -
able ero sion of Tri as sic de pos its, that prob a bly oc curred dur ing
the Ju ras sic when the RFH was sub ject to con stant up lift
(Pieñkowski et al., 2008; Ras mus sen, 2009; Olivarius et al.,
2015). Ero sion re duced the Tri as sic to Lower Ju ras sic sed i -
men tary cover. By con trast, Niel sen (2003) sug gested that dur -
ing the Mid dle and Late Ju ras sic, the RFH func tioned as a
low-re lief paralic hin ter land. In that case ero sion could have
been re stricted in situ chem i cal weath er ing may have been en -
hanced, to pro duce large amounts of sed i ment ca pa ble of be -
ing sub se quently trans ported by flu vial and other pro cesses.
How ever, it seems that the sur face of the RFH ex posed to ero -
sion was too small to be the only source of ma te rial sup plied to
the NW part of the Pol ish Ba sin. More over, ac cord ing to Niel -
sen (2003), the RFH was per ma nently flooded in the Early Ju -
ras sic due to steady sub si dence, and there fore if the top of the
RFH was be low wave base, its ero sion would be re stricted or
neg li gi ble. Ad di tion ally, in the Callovian, shal low-wa ter con di -
tions are re corded in Ger many af ter a ma jor sea level fall, which 
re sulted in the de vel op ment of many lo cal bas ins and highs
sep a rat ing them. There fore it is un likely that the sed i ment was
sup plied from the NW (Fig. 9). The only re main ing pos si bil ity is
the de vel op ment of salt diapirs in the Oxfordian in NW Ger -
many, which could have led to ero sion of the tops of salt struc -
tures, pro vid ing a NW sed i ment source for de pos its in the
Rzeczyn PIG-1 bore hole (Pieñkowski et al., 2008). In those re -
gions ero sion could have reached down to the Lower Ju ras sic.
In Lower Ju ras sic strata Maliszewska (1967, 1974) re corded
con sid er able vari abil ity in the heavy min eral com po si tion of the

0.06–0.20 mm frac tion from sec tions lo cated on the south-west -
ern slope of the ba sin. Apart from zir con, tour ma line and
opaque min er als, the as so ci a tion con tains also gar net, i.e.
com prises min er als which have been noted in the Rzeczyn
PIG-1 bore hole. Ac cord ing to Pieñkowski et al. (2008), their
source area com prised rocks eroded from the Fore-Sudetic
Monocline. How ever, this does not ex plain the sed i ment source
for the £yna For ma tion (Fig. 9).

The full est re cord of the NW source area co mes from anal y -
sis of the Lower to Up per Tri as sic Skagerrak For ma tion, which
is pres ent on the Skagerrak–Kattegat Plat form (Olivarius and
Niel sen, 2016). De po si tion of these strata took place in an arid
to semi-arid cli mate (Bertelsen, 1980; McKie et al., 2010). To -
day, in dune sed i ments of arid and hot deserts, opaque min er -
als pre vail in the heavy min eral as so ci a tions (Barczuk and
D³u¿ewski, 2003). A sim i lar pat tern was ob served in the east ern 
part of the Skagerrak For ma tion, which is dom i nated by Ti-mag -
ne tite ac com pa nied by il men ite, chro mite and leucoxite. Among 
trans par ent min er als, gar net, rutile and mafic min er als (e.g.,
am phi bole and pyroxene – not sep a rately dis tin guished) are
very rare. Zir con and tour ma line, which are im por tant com po -
nents of the £yna, Chociwel and Kcynia for ma tions in the
Rzeczyn PIG-1 suc ces sion (Fig. 4), were not ob served in the
Skagerrak For ma tion at all.

In the mid dle part of the Skagerrak For ma tion, the heavy
min eral as so ci a tion con tains zir con and larger amounts of rutile, 
but with out gar net. The com po si tion of heavy min er als in the
west ern part of the Skagerrak For ma tion is more vari able, with
epidote, gar net and mafic min er als (Olivarius and Niel sen,
2016). A sim i lar com po si tion of heavy min er als was ob served in 
the Pre cam brian base ment and Pa leo zoic rocks of the RFH
(Olivarius et al., 2015). How ever, zir con dat ing shows that rocks 
of the Pre cam brian base ment and the Pa leo zoic were not sub -
ject to ero sion dur ing the ac cu mu la tion of the Tri as sic strata
(Olivarius and Niel sen, 2016). A sim i lar con clu sion were
reached by Paul et al. (2008) fol low ing the anal y sis of iso to pic
cool ing ages of de tri tal white micas.

As with the Tri as sic de pos its, none of the sec tions ana lysed
by Olivarius et al. (2015) con tains epidote or tour ma line, which
were re corded through out the Rzeczyn PIG-1 suc ces sion. A
sim i lar pat tern is pres ent with gar net and zir con (Fig. 4). There -
fore, it may be de duced that the source of tour ma line, zir con
and partly gar net lies be yond the RFH area. This is shown by
the val ues of the prov e nance in di ces, par tic u larly Q and GZI,
which in the £yna and Brda for ma tions and at the base of the
Kcynia For ma tion at tain high val ues (>1). Ac cord ing to Fay
(1975), this may in di cate a “Fennoscandian”, i.e. north ern, di -
rec tion of sed i ment sup ply. Ad di tion ally, higher val ues of the
ZTR in dex, par tic u larly in the £yna, Chociwel and Kcynia for ma -
tions (Fig. 8), point to ero sion of strata that were char ac ter ized
by ex ten sive re cy cling of an cient sed i men tary suc ces sions cou -
pled lo cally with hy drau lic sort ing ef fects (Garzanti and Andó,
2007; Komar, 2007).

The heavy min eral as so ci a tions among dif fer ent for ma tions
of the Rzeczyn PIG-1 suc ces sion, sug gest that sed i ment sup -
ply to the north ern part of the Mid dle and Late Ju ras sic sea
could have been sup plied from the NW dur ing the ac cu mu la tion 
of each of them, but was not their only source (Fig. 9). Ero sion
of Tri as sic de pos its could have sup plied mainly opaque min er -
als, e.g. de tri tal il men ite, which are com mon in de pos its of the
Skagerrak Sand stone For ma tion (Weible and Friis, 2007;
Olivarius and Niel sen, 2016). Their pres ence was linked to ox i -
da tion con di tions in the arid to semi-arid Tri as sic cli mate, and
the pres ence of re duc tion spots/ar eas and oc ca sional larger re -
duced ar eas in the red bed host (Weibel, 1998; Weibel and
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Friis, 2004, 2007). There fore, the NW di rec tion could have been 
of sig nif i cance dur ing the ac cu mu la tion of the Brda and Pa³uki
for ma tions, be ing re spon si ble for the il men ite as so ci a tion
(Figs. 4 and 9C, D). More over, both the Brda and Pa³uki for ma -
tions rep re sent car bon ate de pos its that ac cu mu lated on a
near-shore car bon ate shelf (Ceranka et al., 2010). Based on a
study of the pres ent-day sea floor sands of the Pol ish Bal tic Sea 
coast, Wajda (1970) noted the high est con cen tra tions of gar net
and opaque heavy min er als up to ~10 km off shore.

If, how ever, the RFH was the source area for sed i ments
sup plied to the NW Pol ish Ba sin, it may be in ferred that the ma -
te rial eroded on the RFH ac cu mu lated in the mar ginal parts of
the ba sin and then was cur rent-trans ported to its deeper re -
gions. There fore, an along-shore cur rent must have been ac tive 
along the south ern mar gins of the ba sin. These cur rents would
be re spon si ble for trans port ing ma te rial from the west to the
east, in clud ing am phi bole, gar net, rutile and opaque min er als,
com mon in the RFH. The con tri bu tion of this prov e nance of
source ma te rial was, how ever, quite low due to the small area of 

the RFH. More plau si bly, the main source of heavy min er als
from the NW and W in the Late Cre ta ceous was Lower and Mid -
dle Ju ras sic rocks ex posed to ero sion (Niemczycka, 1999a, b).

NORTHERN PROVENANCE OF HEAVY MINERALS 

The Fennoscandian Shield lo cated to the north of the
Rzeczyn PIG-1 bore hole could have been an im por tant source
of sed i ments sup plied to the north ern part of the Ju ras sic Pol ish 
Ba sin (Fig. 9). On the Fennoscandian Shield, gla cial ero sion
has ef fi ciently re moved many pre-gla cial land forms and de pos -
its (Hendriks et al., 2007; Fredin et al., 2017; Hall, van Boeckel,
2020), with es ti mates that Qua ter nary ice-sheets eroded ~20 m 
of sed i ment from the Bal tic Sea ba sin and ~40 m from the sur -
round ing ar eas dur ing the last 1 My (Hall, van Boeckel, 2020).
How ever, pre-Pleis to cene de pos its are pre served at many lo -
cal i ties (Olsen et al., 2012; Fredin et al., 2017), par tic u larly re -
lated with frac ture zones as rem nants of the deeply weath ered
base ment (Olsen et al., 2012). Ziegler (1978) in di cated that the
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Fig. 9. Di rec tions of sed i ment sup ply to the NW part of the epicontinental ba sin dur ing de po si tion of the fol low ing for ma tions:
 A – £yna, B – Chociwel, C – Brda, D – Pa³uki, E – Kcynia



south ern most part of the Fennoscandian Shield was cov ered
by Tri as sic de pos its rep re sent ing the same sed i men tary set ting 
as for the RFH. Based on mica dat ing, Paul et al. (2008) con -
cluded that dur ing the Early and Mid dle Ju ras sic, the sup ply of
ma te rial to the north ern part of the epicontinental sea could
have been from the north. This view was also ex pressed by
Ziegler (1978, 1990) as well as Maliszewska (1967) and
Niemczycka (1999a, b). How ever, due to a lack of com par a tive
data on the com po si tion of heavy min er als from Me so zoic and
older strata over ly ing the crys tal line base ment of the
Fennoscandian Shield, it is not pos si ble to de ter mine the role of
a north ern source of sed i ment sup ply to the north ern part of the
Pol ish Ba sin. And, it is not pos si ble to state which min eral as so -
ci a tion such a di rec tion might cor re spond to.

Chem i cal weath er ing un der sub trop i cal con di tions took
place ex ten sively in the Tri as sic (Fredin et al., 2017), Ju ras sic
and Early Cre ta ceous (Lidmar-Bergström et al., 1999; Olsen et
al., 2012), as shown by palaeoclimatic data in di cat ing that the
Ju ras sic was warm and for the most part hu mid (Chan dler et al., 
1992; Dromart et al., 2003; Pieñkowski et al., 2008; Pieñkowski
and Waksmundzka, 2009; Hesselbo and Pieñkowski, 2011).
Dera et al. (2011) pos tu lated cli mate cool ing at the
Callovian/Oxfordian bound ary. In such warm and hu mid con di -
tions, elim i na tion of less sta ble heavy min er als (e.g., am phi -
bole, pyroxene, and even gar net) and en rich ment in more sta -
ble min er als re sis tant to chem i cal weath er ing could have taken
place. Stud ies of gla cial till of the Saalian and Weichselian
glaciations in Lith u a nia (VareikienÅ et al., 2007), Po land
(Woronko et al., 2013), and the Neth er lands (Rappol and
Stoltenberg, 1985) in di cate that these de pos its are par tic u larly
rich in am phi bole and gar net. VareikienÅ et al. (2007) sug -
gested that these min er als orig i nated from the Fennoscandian
Shield, which in cludes Archean-Pro tero zoic crys tal line rocks
and youn ger re cy cled sed i men tary rocks rang ing from the
Cam brian to the Paleogene.

High val ues of the Q in dex, reg is tered in all for ma tions of
the Rzeczyn PIG-1 suc ces sion (Fig. 8), clearly point to ero sion
of rocks of the Fennoscandian Shield (Fig. 9). The pres ence of
an gu lar grains of gar net and euhedral zir cons (“first-cy cle”
grains) in each of the for ma tions ana lysed (Figs. 5 and 6), sup -
ports the in ter pre ta tion of Fay (1975), at the same time in di cat -
ing that fresh weath er ing prod ucts sup plied from the north to
the Ju ras sic sea were an im por tant source through out ac cu mu -
la tion of the de pos its ana lysed. This sug gests that rocks of the
Fennoscandian Shield must have been sub ject to ero sion in the 
Late Ju ras sic. Ac cord ing to Ahlberg et al. (2003), the crys tal line
base ment was re-ex posed and af fected by weath er ing in south -
ern most Swe den in the Tri as sic and the hilly west ern mar gin of
the Bothnian Sea was expposed in the lat est Ju ras sic (Mark et
al., 2014). Sim i lar con clu sions were drawn by Maliszewska
(1967) and Pieñkowski (2004), who sug gested, how ever, that
these events could have taken place in the Early Ju ras sic.
More over, ero sion must have af fected Tri as sic, Lower Ju ras sic
and older strata, which con tained “multi-cy cle” grains, as shown 
by the pres ence of “multi-cy cle” zir con grains with rounded to
subrounded shapes (Fig. 6), as well as a high con tri bu tion of
tour ma line and rutile (Fig. 4). How ever, if Tri as sic rocks over ly -
ing the Fennoscandian Shield rep re sent sim i lar fa cies to the
Tri as sic of the RFH, ex plain ing the pres ence of zir con and tour -
ma line in each for ma tion still re mains a prob lem, par tic u larly in
the Chociwel and Kcynia for ma tions, where the con tent of these 
min er als is very high (Fig. 7). This di rec tion would be dom i nant
dur ing de po si tion of the Pa³uki and Chociwel for ma tions, in
which the con tri bu tion of ultrastable min er als is very low, and
gar net and am phi bole dom i nate. In the Lower Ju ras sic strata of
the MPT axis Maliszewska (1967) found a clear dom i na tion of

opaque min er als, zir con, tour ma line and rutile, but not gar net.
Strata of this age in the Bartoszyce IG 1 and Go³dap IG 1 bore -
holes (Peribaltic Syneclise) con tain gar net and dysthene apart
from ultrastable min er als (Maliszewska, 1974, 1997) and their
source ar eas and rocks oc cur in the dis tant Bal tic Shield. The
same com po si tions of heavy min er als was found in the Mid dle
Ju ras sic de pos its (Maliszewska and Dayczak-Calikowska,
1997). Niemczycka (1999a, b) also stated that the land area to
the north was en larged in the Kimmeridgian.

Petrographic anal y sis of clastic rocks from the Rzeczyn
PIG-1 bore hole (Ceranka et al., 2010) has in di cated that their
source sed i ments were de rived from ero sion of a sta ble craton.
Anal y sis of the con tents of stron tium iso topes (¯ywiecki et al.,
2010) showed that de pos its of the £yna and Chociwel for ma -
tions (Callovian and Oxfordian) could have had a dif fer ent
source than the Brda, Pa³uki and Kcynia for ma tions (Late
Oxfordian, Kimmeridgian and Tithonian). Sea wa ter com po si -
tion was uni form in the Bo real and Tethyan do mains in the Eu -
ro pean Plat form dur ing the de po si tion of the £yna and Chociwel 
for ma tions. Fur ther more, the siltstone-sand stone char ac ter of
the sed i ments build ing both for ma tions points to prox im ity to an
ex posed land mass. By com par i son, de po si tion of the Brda,
Pa³uki and Kcynia for ma tions took place in sea wa ter en riched
in 87Sr, which was re lated to a change of sed i ment source
(Fig. 9C–E). This change was linked with the sup ply of ma te rial
from the north, from the up lifted Scan di na vian area, and ero sion 
of mag matic rocks (¯ywiecki et al., 2010). More over, close to
the end of the Ju ras sic (Mid dle and Late Tithonian), an equa to -
rial arid zone ex tended across Eu rope (Pieñkowski et al., 2008). 
This phe nom e non was a Late Ju ras sic orographic ef fect,
caused by col li sion of the Cimmeride moun tain chain with Eur -
asia (Hal lam, 1994). Cooler cli mate con di tions are cor re lated
with this arid phase, com bined with a sea level lowstand and
lower sea wa ter tem per a tures (Ruffell and Raw son, 1994;
Schudack, 1999, 2002). Sea level fall in the epicontinental Pol -
ish Ba sin is con sis tent with the sandy Chociwel For ma tion
(Fig. 2). The low est tem per a tures oc curred around the
Callovian–Oxfordian bound ary and just be fore the end of the
Ju ras sic (Pieñkowski et al., 2008). Tem per a ture fall was ac -
com pa nied by a de crease in evapotranspiration, fol lowed by in -
creased flu vial ac tiv ity in the catch ment area, caus ing more in -
tense and deeper ero sion. How ever, the spread of arid con di -
tions could have caused a higher con tri bu tion of opaque min er -
als to the sed i ments, as ob served in the Brda and Pa³uki for ma -
tions (Fig. 4), per haps cor re lated with ma jor ep i sodes of sea
level rise that took place in the Mid dle Callovian and from the
Late Oxfordian to the Kimmeridgian (Pieñkowski et al., 2008).

NORTHEASTERN PROVENANCE OF HEAVY MINERALS

Radlicz (1997) sug gested that in the Late Ju ras sic
(Oxfordian to Kimmeridgian), sed i ment sup ply to the Pol ish
epicontinental ba sin was from the north-east (Fig. 9). This sed i -
ment was de ter mined as an am phi bole-basaltoid as so ci a tion,
how ever with out in di ca tion of the age of rocks eroded in the
source area.

An source area to the east or north-east can not be ex -
cluded, as the RFH de pos its eroded dur ing the Mid dle and Late
Ju ras sic lack or con tain only a small amount of ultrastable min -
er als – zir con and tour ma line, and min er als mod er ately re sis -
tant to chem i cal weath er ing, such as gar net (Olivarius et al.,
2015). In turn, these min er als are dom i nant in the £yna,
Chociwel and Kcynia for ma tions in the Rzeczyn PIG-1 suc ces -
sion (Figs. 4 and 7). De vo nian sand stones oc cur ring in pres -
ent-day Lat via, Lith u a nia and Es to nia are rich in these min er als, 
par tic u larly the Mid dle De vo nian Gauja Re gional Stage Sietiòi
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For ma tion (Blªke et al., 2013; Järvelill et al., 2019). Ad di tion ally, 
this was a land area dur ing the Late Ju ras sic (Ziegler, 1978),
es pe cially dur ing the ex pan sion of desert cli mate con di tions.
Rivers drain ing the land mass could have eroded De vo nian
rocks and sup plied ma te rial to the Pol ish Ba sin, par tic u larly be -
cause Ju ras sic al lu vial de pos its have been noted in west ern
Lat via, sup port ing the con ti nen tal char ac ter of these de pos its
and a func tional drain age sys tem (Blªke et al., 2013). The tour -
ma line–zir con–gar net as so ci a tion may be linked with this trans -
port di rec tion. It seems that the NE di rec tion of sup ply was of
con sid er able sig nif i cance dur ing the de po si tion of the Chociwel
and £yna for ma tions (Figs. 4, 7 and 9), par tic u lar be cause zir -
con from both for ma tions has a sim i lar round ness (Fig. 6). The
source of zir con in the £yna For ma tion, where it dif fers in the de -
gree of round ing, re mains an un solved is sue. The de gree of
round ing is much lower, the abun dance of euhedral grains is
higher and the abun dance of well-rounded grains is lower than
in any other for ma tion from the Rzeczyn PIG-1 suc ces sion.
Bro ken zir cons are also com mon (Fig. 6). This in di cates that
ero sion of freshly de pos ited rocks, not sub ject to mul ti ple re cy -
cling, or weath er ing crys tal line rock cov ers, played an im por tant 
role dur ing the ac cu mu la tion of the Kcynia For ma tion (Fig. 9E).
On the other hand, the zir con–rutile–il men ite as so ci a tion of the
Kcynia For ma tion in di cates that such en rich ment may have
been caused by chem i cal weath er ing of crys tal line rocks. In this 
case, it is im prob a ble that the grains could have been de rived
from the ero sion of De vo nian sand stones (Fig. 9E). Ma te rial
sup ply from this di rec tion would have been pos si ble only with
ma rine cur rents flow ing from the east to the west at that time.

EFFECT OF SEA LEVEL CHANGES 

Based on biostratigraphic (ammonite and dinoflagellate
cysts), chronostratigraphic and lithostratigraphic anal y sis, many
strati graphic gaps have been iden ti fied in the Rzeczyn PIG-1
suc ces sion (Fig. 2), in each case linked with a mod i fi ca tion of the
heavy min er als as so ci a tion. This un equiv o cally in di cates that in
the Late Ju ras sic a cy clic switch ing of source ar eas must have
taken place, even dur ing the ac cu mu la tion of a sin gle for ma tion
e.g. £yna For ma tion (Fig. 4). This must have been linked with
sea level os cil la tions, reg is tered in var i ous parts of the world dur -
ing the Mid dle and Late Ju ras sic (Šimkevièius, 1998; Haq and
Al-Qahtani, 2005; Pieñkowski et al., 2008; Haq, 2017), and re -
flected in the vari abil ity of lithofacies in the suc ces sion ana lysed
(Fig. 4). Sea level os cil la tions must have partly de pended on lo -
cal and re gional tec ton ics, both in the source ar eas and in the
area where the fi nal ac cu mu la tion of sed i ments took place
(Dadlez, 2003; Pieñkowski et al., 2008). A di rect ef fect of this pro -
cess was flood ing or ex po sure of parts of the sea bed, that would
have re di rected ma rine cur rents and changed sed i ment source
ar eas. In such con di tions there would have been (1) sig nif i cant
ex pan sion of the catch ment area, (2) in crease of river gra di ent,
and (3) in tense ero sion in the river chan nel and on catch ment
slopes, re sult ing from the low er ing of base level, and thus (4) ero -
sion of ear lier in ac ces si ble strata in the sur round ing land masses. 
All these pro cesses were pro longed.

In the in ter vals rep re sent ing the strati graphic disconfor -
mities re cord ing pe ri ods of max i mum re gres sion (Fig. 3;
Pieñkowski et al., 2008), the study area must have been land,
on the sur face of which ero sion of the sed i ments and their re -
moval to the ad ja cent coastal sea must have taken place
(close-dis tance ef fect). At that time, the ero sion rate would re -
flect the ef fi ciency of the trans port pro cesses and re moval of the 
ex posed ma te rial. This caused suc ces sive de nu da tion of the

ex posed land sur face and re in tro duc tion of older sed i ments into 
the cy cle. The prom i nent change of sed i ment prov e nance must
have been as so ci ated with ret ro gres sive ero sion in the sed i -
men tary source area caused by rapid base-level fall in the sed i -
men tary ba sin, as with the Lower Ju ras sic of the same ba sin.
Bed and back ward ero sion in creased, re sult ing in de struc tion of 
strata of dif fer ent age and or i gin (Pieñkowski, 2004). Ad di tion -
ally, when these sed i ments ap peared at coast lines, at tri tion of
the heavy min eral grain sur faces must have in creased. An other 
ef fect may have been the re or gani sa tion or even re stric tion of
the ear lier ex ist ing source ar eas.

By con trast, sig nif i cant sea level rise could have iso lated
ear lier ex ist ing source ar eas and in creased dis tances from the
source area (depth-far dis tance ef fect). Phys i cal sort ing of
heavy min er als with re gard to den sity, grain-size and shape
would have taken place (Komar, 2007) along con ti nen tal mar -
gins and in lit to ral set tings (Cascalho, 2019). Such a sit u a tion
could have oc curred each time when the ma rine sedimention of 
e.g. clays took place in deeper parts of the ba sin (Fig. 3).

Anal y sis of the suc ces sion shows that the sea bed could
have rep re sented a land area (close-dis tance ef fect) at least
five times dur ing the ac cu mu la tion of the de pos its stud ied. The
first time was dur ing the de po si tion of the £yna For ma tion as in -
di cated by the change in li thol ogy from marl and claystone into
sand stone (Fig. 3). This is cor re lated with a re gres sive phase
that took place in the Late Callovian (Pieñkowski et al., 2008),
that caused cut-off from ar eas sup ply ing large amounts of gar -
net and kyan ite, and a sud den change from a gar -
net–rutile–kyan ite as so ci a tion into a rutile–il men ite as so ci a tion
(Fig. 4). The source area rich in gar net and kyan ite was ac tive
not only dur ing the Late Callovian, but also dur ing the ac cu mu -
la tion of the basal parts of the Chociwel For ma tion. This is the
first sandy for ma tion in the Rzeczyn PIG-1 suc ces sion (Figs. 2
and 3). Ceranka et al. (2010) pro posed that its de po si tion took
place on an open siliciclastic shelf. How ever, its sandy char ac -
ter rather points to de po si tion near coastal mar gins. More over,
the pres ence of a strati graphic gap in the up per part of the
Chociwel For ma tion (Fig. 2) sug gests ma rine re gres sion af ter
the Mariae Zone and ero sion of this part of the sea bed in
subaerial con di tions. This is cor re lated with a sea level
lowstand in the Late Oxfordian, which is con sis tent with a gen -
er ally sim i lar heavy min eral as so ci a tion be low and above the
strati graphic gap (Fig. 3). This also in di cates that the ex posed
land area was the main source area for this part of the for ma tion 
due to its prox im ity (close-dis tance ef fect). More over, gaps de -
tected in the Rzeczyn PIG-1 bore hole cor re spond to re gres sion 
phases in the Mid dle and Late Kimmeridgian and the Late
Tithonian (Fig. 3; Pieñkowski et al., 2008).

Sea level rise, though, caused a change not only in sed i -
men tary con di tions but also in creased the dis tance to po ten tial
source ar eas. One of the ma jor ep i sodes of sea level rise took
place in the Mid dle Callovian and Late Oxfordian to
Kimmeridgian (Pieñkowski et al., 2008). There was no sup ply of 
ma te rial in the frac tion ana lysed (0.125–0.250 mm) to deeper
parts of the sea ba sin (depth-far dis tance ef fect). For ma tion of
authigenic min er als, e.g. ap a tite and py rite, took place in the
deeper parts of the ba sin, as shown by the heavy min eral as so -
ci a tion in the Chociwel and Brda For ma tions (Fig. 2).

CONCLUSIONS

Heavy min eral anal y sis and weath er ing in di ces cal cu lated
for Mid dle and Up per Ju ras sic de pos its that ac cu mu lated in the

Kinga Bembenek et al. / Geo log i cal Quar terly, 2021, 65: 2 15

https://gq.pgi.gov.pl/article/view/7312


epicontinental sea that cov ered the Pom er a nian seg ment of the 
MPT (NW Po land) show a large vari abil ity in the com po si tion of
the heavy min eral as so ci a tion in each for ma tion dis tin guished:
£yna, Chociwel, Brda, Pa³uki and Kcynia. The main clastic sup -
ply di rec tions were from the N and NW, and to a lesser de gree
from the NE. Most prob a bly, clastic ma te rial was sup plied from
all three di rec tions dur ing the ac cu mu la tion of each of the for -
ma tions, but in vary ing pro por tions. Dur ing de po si tion of the
£yna, Chociwel, Pa³uki and Kcynia for ma tions the pre vail ing
sup ply seems to have been from the north, from ex posed de -
pos its and crys tal line rocks of the Fennoscandian Shield and
ar eas lo cated to the north-west. A mi nor role was played by
sup ply from the NE. The Brda For ma tion is very poor in heavy
de tri tal grains and rich in authigenic min er als, which sug gests
cut-off from sup ply of clastic ma te rial.

Rocks that were ear lier sub ject to mul ti ple re cy cling, and so
very ma ture with re spect to the heavy min eral com po si tion and

rich in ultrastable min er als, were sub ject to ero sion. They in -
cluded mainly Tri as sic rocks and to a lesser de gree fresh
weath er ing cov ers of crys tal line rocks and De vo nian sand -
stones. The main rea son for changes to the com po si tion of the
heavy min eral as so ci a tions were sea level fluc tu a tions, which
led to dras tic changes in the palaeo ge ogra phy of the catch ment 
zones of the source ar eas. Dur ing re gres sions, parts of the ba -
sin be came ex posed and eroded. This re sulted in a close-dis -
tant ef fect with re spect to the study area. In turn, ma rine trans -
gres sions caused in crease of wa ter depth and in the ex tent of
the ma rine realm, re sult ing in a depth-far dis tance ef fect.
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