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Dur ing the Late Cre ta ceous, in ver sion tec ton ics af fected bas ins across Eu rope; in Po land, the ax ial part of the Pol ish Ba sin – 
the Mid-Pol ish Trough – was up lifted and trans formed into one of the most prom i nent Me so zoic struc tures of Eu rope – the
Mid-Pol ish Anticlinorium, with the Lower San Anticlinorium form ing its sup posed south east ern ex ten sion. For de cades, the
ax ial part of the Pol ish Ba sin was con sid ered to rep re sent the deep est, most rap idly sub sid ing part of the ba sin dur ing the
Me so zoic times, si mul ta neously be ing filled by de pos its of that age. The re cently de fined £ysogóry-Dobrogea Land in the
heart of the then-in vert ing ax ial part of the Pol ish Cre ta ceous Ba sin (the pres ent-day subsurface Lower San Anticlinorium)
over turned this frame work. More over, the dis cov ery of the Late Cre ta ceous Szozdy Delta Sys tem on the north ern pe riph er -
ies of £ysogóry-Dobrogea Land shed new light on the palaeo ge ogra phy and tec tonic evo lu tion of the south east ern part of the 
Pol ish Ba sin – a part of the trans-Eu ro pean Ba sin Sys tem that de vel oped over a ma jor part of epicratonic Eu rope. It clearly
ap pears that, dur ing the Late Cre ta ceous, this area should be con sid ered as an emer gent land mass sup ply ing the Szozdy
Delta Sys tem, in stead of as the deep est part of the ba sin. Al though the prom i nent quartz sand in put into the Cre ta ceous de -
pos its of  the Roztocze Hills is a well-known phe nom e non, it has never been ex plored to re veal the po ten tial par ent rocks and 
pos si ble de gree of burial. To fill this gap, we have ana lysed the heavy min eral as sem blages from the Szozdy Delta Sys tem,
dem on strat ing their truly polycyclic na ture. High ZTR (zir con, tour ma line, rutile) in dex val ues, the high de gree of round ness,
and the pres ence of some grain sur face tex tures re flect ing abra sion in di cates mul ti ple rounds of redeposition. How ever, the
as sem blages also in clude pre dom i nantly an gu lar grains of min er als which are less re sis tant to ero sion, which is in con sis tent
with re peated redeposition. Ac cord ingly, the data sug gest at least two dis tinct sources were in volved. The first com prised
multi-re cy cled min eral phases dom i nated by min er als of ZTR group, for which the source might be metapelites and/or
metapsammites. The sec ond “fresh” source de liv ered an gu lar gar net, kyan ite and staurolite grains, for which meta mor -
phosed rocks were the main source. Such char ac ter is tics would be dif fi cult to ob tain from the sug gested Me so zoic sed i men -
tary cover of the San Anticlinorium (if a Me so zoic cover was even pres ent), ne ces si tat ing a search for other sources. Thus,
these heavy min eral as sem blages sug gest a dif fer ent burial his tory than pre vi ously as sumed.

Key words: Late Cre ta ceous, in ver sion tec ton ics, Szozdy Delta Sys tem, sedimentology, heavy min er als, prov e nance, burial
his tory.

INTRODUCTION

Dur ing the Late Cre ta ceous, cen tral Eu rope was af fected by 
compressional tec ton ics, re sult ing in base ment up lift and ba sin
in ver sion across the en tire Cen tral Eu ro pean Ba sin Sys tem
(e.g., Ziegler, 1990; Niel sen and Hansen, 2000; Krzywiec,
2006; Kley and Voigt, 2008; Krzywiec and Stachowska, 2016;
Voigt et al., 2021). Marked changes in palaeo ge ogra phy, and
es pe cially fa cies ar chi tec ture, in duced by Late Cre ta ceous in -

ver sion tec ton ics, are par tic u larly iden ti fi able along the mar gin
of the East Eu ro pean Craton (Figs. 1 and 2; Krzywiec et al.,
2009, 2018; Remin et al., 2016, 2022a, b; Remin, 2018).

The pres ent-day Roztocze Hills (which host the Szozdy
Delta Sys tem) in the Late Cre ta ceous times con sti tuted the ax -
ial part of the Pol ish Ba sin – that is, the Mid-Pol ish Trough. Dur -
ing in ver sion, it was up lifted and trans formed into one of the
most prom i nent Me so zoic struc tural units in Eu rope – the
Mid-Pol ish Anticlinorium (Fig. 2; for a thor ough re views, see:
Krzywiec et al., 2009, 2018; Walaszczyk and Remin, 2015;
Remin et al., 2022a, b).

Al though the tim ing of in ver sion on set has long been de -
bated, it is now con sid ered to have ini ti ated in late Turon -
ian/ Coniacian times (e.g., Po¿aryski, 1960, 1962; Jaskowiak-
 Schoeneichowa and Krassowska, 1988; Wala szczyk, 1992;
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Leszczyñski and Dadlez, 1999; Krzywiec et al., 2009, 2018;
Leszczyñski, 2010, 2012; Walaszczyk and Remin, 2015; Remin
et al., 2016, 2022a, b; Remin, 2018; £uszczak et al., 2020).

How ever, start ing from the early 1970s, Kutek and G³azek
(1972) pro vided a palaeotectonic model which for de cades
dom i nated think ing about the Me so zoic palaeotectonic evo lu -
tion of the Pol ish Ba sin, plac ing the on set of in ver sion pro -
cesses as late as in the Maastrichtian. In their model the south -
east ern part of the Pol ish Ba sin, the Mid-Pol ish Trough, was
con sid ered to rep re sent the ax ial, deep est and the most rap idly
sub sid ing part of the ba sin (e.g., Kutek and G³azek, 1972;
Hakenberg and Œwidrowska, 1998, 2001; Œwidrowska and
Hakenberg, 1999; Œwidrowska, 2007; Œwidrowska et al., 2008). 
For that rea son, the Campanian and Maastrichtian de pos its of
the Roztocze Hills, rep re sented mainly by opokas, sandy and
marly opokas, (si li ceous chalk/lime stone with a vari able ad mix -
ture of biogenic sil ica), and gaizes (si li ceous lime stone with a
con sid er able ad mix ture of de tri tal quartz, glaucony, and clay;
for a full ac count, cf. Remin et al., 2022a, b), and sandy/muddy
lime stone, were con sid ered to rep re sent deep, shelf-type de -
pos its (e.g., Hakenberg and Œwidrowska, 1998; Œwidrowska,
2007). Ad di tion ally, this im plied that ar eas of the Mid-Pol ish
Anticlinorium, cur rently de void of Me so zoic rem nants (Fig. 2),
were deeply bur ied and cov ered by thick Me so zoic de pos its
(dis cus sion in Remin et al., 2022a, b). De spite this, some of the
au thors con tin ued to main tain that the ax ial part of the Mid-Pol -
ish Trough dur ing the Turonian-Maastrichtian con sti tuted a
shal lower area of the ba sin (e.g., Jaskowiak-Schoeneichowa

and Krassowska, 1988; Krassowska, 1997; Leszczyñski and
Dadlez, 1999) what was sub se quently clearly dem on strated
and cor rob o rated by in ter pre ta tion of seimic pro files (Krzywiec
et al., 2009, 2018).

The dis cov ery of the mid dle Campanian (Late Cre ta ceous)
Szozdy Delta Sys tem (Remin et al., 2022a) on the north ern pe -
riph er ies of £ysogóry-Dobrogea Land shed new light on the
palaeo ge ogra phy and tec tonic evo lu tion of the south east ern
part of the Pol ish Cre ta ceous Ba sin – a part of the trans-Eu ro -
pean Ba sin Sys tem that de vel oped dur ing the Late Cre ta ceous
over most of epicratonic Eu rope.

Af ter the dis cov ery of the Szozdy Delta Sys tem (Remin et
al., 2022a) in the heart of the Pol ish Ba sin, it be came clear that
the ax ial part of the Pol ish Ba sin should be con sid ered as an
emer gent land mass or palaeomorphological bar rier i.e. as
£ysogóry-Dobrogea Land rather than as the deep est part of the
ba sin, at least from the Coniacian/Santonian on wards (Remin
et al., 2016), or po ten tially even from the late Turonian (for re -
view, com pare: Krzywiec et al., 2009, 2018; Remin et al.,
2022a, b).

In trigu ingly, such an in ter pre ta tion is not novel. Start ing from 
the be gin ning of the 20th cen tury, and in deed up un til the 1960s
and even later (e.g., Nowak, 1907, 1908; Rogala, 1909;
Kamieñski, 1925; Samsonowicz, 1925; Po¿aryski, 1960, 1962), 
the area of south east Po land was con sid ered as an emer gent
land mass dur ing the Late Cre ta ceous. Sev eral dif fer ent names
were adopted for this land mass: “£ysogóry-Dobrogea Land” of
Samsonowicz (1925), com pare also Jurkowska et al. (2019a,

2 Micha³ Cyglicki and Zbyszek Remin / Geo log i cal Quar terly, 68, 45

Fig. 1. Sche matic palaeogeographic map (com piled from Ziegler, 1990; Dadlez et al., 1998), and lo ca tion of the sec tion stud ied
in south east ern Po land (marked with a black star)

Ocean cur rents are based on Remin et al. (2016) and Remin (2018); fig ure adapted from Remin et al. (2022a, b)
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Fig. 2. Geo log i cal set ting of the study area

A – lo ca tion (marked with a red star) on the geo log i cal map of ex tra-Carpathian Po land, ex clud ing Ce no zoic de pos its, ex cept for the mod ern
ex ten sion of the Carpathian Foredeep, adapted from Dadlez et al. (2000), tec tonic units af ter ¯elaŸniewicz et al. (2011); B – de tailed map,
rel a tive to the po si tion of the Holy Cross Moun tains (HCM) and the Lower San Anticlinorium; C – gen eral dis tri bu tion of Campanian
lithofacies in SE Po land (adapted from Œwidrowska, 2007); D – depositional, struc tural, and en vi ron men tal in ter pre ta tion of fa cies and
bathymetry in a cross-sec tion per pen dic u lar to the axis of the Mid-Pol ish Anticlinorium (adapted from Remin et al. 2015a, 2022a, b;
Walaszczyk and Remin, 2015)
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b); the “Maastrichtian is land” (Jurkowska and Barski, 2017); the 
“Krukienic Is land” of Pasternak (1959), Pasternak et al. (1968,
1987), Walaszczyk (1992), Dubicka et al. (2014) and the
“Œwiêtokrzyski Land” or “Ma³opolska Land” of Po¿aryski (1960,
1962) and Jaskowiak-Schoeneichowa and Krassowska (1988)
and Krassowska (1997), among oth ers.

The cy clic na ture of the Szozdy suc ces sion is unique both
for the Roztocze Hills and for other re gions of the epicontinental 
Pol ish Cre ta ceous Ba sin. This dis cov ery pro vided a fresh look
at sev eral fun da men tal as pects con cern ing the de gree of
burial, fa cies dis tri bu tion, and palaeotectonic evo lu tion of the
south east ern part of the Cen tral Eu ro pean Ba sin Sys tem. The
source area that sup plied ter res trial ma te rial to the Szozdy
Delta Sys tem, was pos tu lated (Remin et al., 2022a) to be lo -
cated in the area of the pres ent-day po si tion of the Lower San
Anticlinorium (the south east ern ex ten sion of the Mid-Pol ish
Anticlinorium; Fig. 2), which cur rently is al most de void of Me so -
zoic rem nant de pos its (Fig. 2).

How ever, be yond the ex is tence of this Cre ta ceous land -
mass, lit tle is known about it, par tic u larly with re gard to its po -
ten tial over bur den (if any such was pres ent at all) and the na -
ture of the ex posed, erod ing lithologies – that is, the source
rocks. It may have been largely com posed of the Me so zoic
cover of the Lower San Anticlinorium. Al ter na tively, as we re -
cently hy poth e sized (Remin et al., 2022a, b), older rocks, po -
ten tially even the Neoproterozoic-Cam brian base ment be neath 
the Mio cene cover of the Carpathian Foredeep (Fig. 2), may
have al ready been eroded dur ing the Late Cre ta ceous. 

The pri mary ra tio nale for this study is to clar ify the na ture of
the over bur den and par ent rocks. To solve this prob lem and to
gain in sight into the source rocks and palaeogeographic con -
text of £ysogóry-Dobrogea Land, which sup plied terrige -
nous-rich ma te rial to the Szozdy Delta Sys tem, we stud ied
heavy min eral as sem blages (HMAs).

Heavy min eral anal y sis is a com monly used tech nique to
dis cern source rock and prov e nance for siliciclastic de pos its.
The large va ri ety of heavy min er als in sed i men tary rocks and
their lim ited paragenesis al lows for the iden ti fi ca tion of par ent
rocks (e.g., Mange and Mau rer, 1992; Mor ton and Hallsworth,
1999). The fi nal heavy min eral suite de pends on the rate of ero -
sion, min eral den sity, sort ing dur ing trans por ta tion and/or de po -
si tion by cur rents, in situ dis so lu tion, and the sta bil ity of in di vid -
ual phases dur ing burial diagenesis (Komar, 2007; Mor ton and
Hallsworth, 2007; Van Loon and Mange, 2007). 

The ex ten sion of con ven tional meth ods com bined with de -
tailed dis so lu tion struc ture clas si fi ca tions en ables the cor re la -
tion of seem ingly mo not o nous sed i men tary se quences and
pro vides in sight into palaeoclimate and/or diagenetic con di tions 
(Mange-Rajetzky, 1995; Andà et al., 2012), that might have af -
fected the source rocks dur ing the Late Cre ta ceous. Elec tron
microprobe anal y sis (EPMA) can yield ad di tional valu able data
as re gards ma jor el e ment com po si tion. The unique chem i cal
com po si tion of in di vid ual gar net and tour ma line grains can be
di ag nos tic for the na ture of the par ent rock, pro vid ing in valu able 
data in prov e nance stud ies (Mange and Mor ton, 2007).

Our pa per con trib utes to the iden ti fi ca tion of the pa ren tal
rocks for Up per Cre ta ceous siliciclastic de pos its of the Roz -
tocze Hills. The unique heavy min eral as sem blage we ob -

tained sug gests that pre-Me so zoic rocks were al ready be ing
eroded dur ing the Late Cre ta ceous, sup ply ing the Szozdy
Delta Sys tem.

REGIONAL SETTING

The Pol ish Ba sin, with the Mid-Pol ish Trough lo cated at its
most sub sid ing, ax ial part, rep re sented the east ern part of the
trans-Eu ro pean Ba sin Sys tem, col lec tively formed dur ing the
Perm ian and Me so zoic. From the Perm ian to the early Late
Cre ta ceous, the Pol ish Ba sin ex pe ri enced long-term sub si -
dence (Dadlez et al., 1995). As a re sult, up to ~8000 m of Perm -
ian and Me so zoic de pos its are pres ent in the cen tral part of the
ba sin, es pe cially along the NW–SE trending Mid-Pol ish Trough
(e.g., Dadlez et al., 1998).

Dur ing the Late Cre ta ceous, the ax ial part of the Pol ish Ba -
sin – the Mid-Pol ish Trough – un der went up lift, in ver sion, and
trans for ma tion into a prom i nent struc tural unit – the Mid-Pol ish
Anticlinorium. In ver sion tec ton ics started in the Late Turonian
and lasted un til the end of the Maastrichtian (and po ten tially into 
post-Maastrichtian times; e.g., Po¿aryski, 1960, 1962;
Krzywiec, 2000, 2002, 2006, 2009; Resak et al., 2008; Krzywiec 
et al., 2009, 2018; Remin et al., 2022a, b).

In south-east Po land (the study area), the mid dle/up per
Albian (Lower Cre ta ceous) and Up per Cre ta ceous suc ces sions 
to gether com prise ~1000 m of de pos its de pos ited in a rather
shal low epicontinental ba sin (e.g., Jaskowiak-Schoeneich and
Krassowska, 1988; Krassowska, 1997; Leszczyñski, 2010,
2012). Out crop and bore hole data en able pre cise biostrati -
graphic sub di vi sions based on var i ous tax o nomic groups (cf.
Walaszczyk et al., 2016; Remin et al., 2022b) and cor re la tions
with other re gions both in Po land and be yond. 

THE ROZTOCZE HILLS REGION

The Roztocze Hills form a range ~185 long by 25 km across
be tween Kraœnik (south east Po land) and Lviv (west ern
Ukraine; Figs. 2 and 3). They are lo cated to the north east of,
and run par al lel to, the struc tur ally el e vated Mid-Pol ish
Anticlinorium. To the south west, the Roztocze Hills bor der the
Carpathian Foredeep, which is filled with Mio cene de pos its
(Dziadzio et al., 2006) and the subsurface San Anticlinorium
(the south east ern part of the Mid-Pol ish Anticlinorium; Figs. 2
and 3). The pre-Mio cene cover of the San Anticlinorium is al -
most en tirely de void of Me so zoic rem nants (with a few ex cep -
tions; see Fig. 2) and is rep re sented mainly by Cam brian and
Neoproterozoic rocks, strongly tectonized and weakly meta -
mor phosed com pris ing anchimetamorphic flysch-type de pos its
of un known thick ness (e.g., Dziadzio and Jachowicz, 1996;
Bu³a et al., 2008; ¯elaŸniewicz et al., 2009; Bu³a and Habryn,
2011).

The Roztocze Hills are lo cated on a fault zone (re view in
Narkiewicz et al., 2015; Narkiewicz and Petecki, 2017) that was
re peat edly re ac ti vated dur ing the Late Cre ta ceous (Krzywiec,
1999; Krzywiec et al., 2009) and the Mio cene, the lat ter dur ing
Carpathian move ments (Kowalska et al., 2000; Bu³a et al.,
2008; Bu³a and Habryn, 2011).
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The Cre ta ceous of the Roztocze Hills is mainly rep re sented
by Campanian (~550 m thick) and Maastrichtian (~250 m, but in -
com plete) de pos its that dip gently to the north east. The older
rocks in this area are not ex posed. As the Roztocze Hills are lo -
cated in close prox im ity to the pres ent-day Mid-Pol ish Anti -
clinorium, which formed the el e vated £ysogóry-Dobrogea Land
dur ing the Late Cre ta ceous, they pro vide ac cess to var i ous fa -
cies, in clud ing cal car e ous sand stones, cal car e ous mudstones,
ar gil la ceous mudstones or clays, var i ous opoka fa cies.

THE SZOZDY SECTION

The Szozdy sec tion is sit u ated within a rail way cut ting of the
Broad Gauge Met al lur gi cal Rail way Line, south west of
Zwierzyniec and close to the small vil lage of Szozdy in south -
east Po land (Fig. 3). The fos sil as sem blage is in dic a tive of a
mid dle Campanian age (Remin et al., 2015a, b; 2022a, b). No -
ta bly, plant de bris is rel a tively com mon, in clud ing com plete
com pound leaves in ad di tion to par tially car bon ized leaves and
branches.

The sec tion at Szozdy, to gether with other sec tions in the
Roztocze Hills (Remin et al., 2022a, b), is eas ily cor re lat able
with the equiv a lent in ter val in the Mid dle Vistula River Val ley
com pos ite sec tion (Fig. 4), a ref er ence sec tion for the Up per
Cre ta ceous of the south east ern Pol ish Ba sin (e.g., Walaszczyk, 
2004; Walaszczyk et al., 2016), and with other sec tions in south
and east Po land (Remin et al., 2022b).

The most prom i nent fea ture of the Szozdy sec tion is the
pres ence of tri par tite cyclothems (Remin et al., 2022a) typ i cally
con sist ing of three units: cal car e ous mudstone, cal car e ous
sand stone, and cal car e ous gaize (Fig. 5), which in this text are
gen er ally re ferred to as mudstone, sand stone, and gaize, re -
spec tively. Some cyclothems are in com plete. For in stance,
cyclothem II lacks the cal car e ous sand stone unit (Fig. 5).

The to tal thick ness of the Szozdy Delta Sys tem can not be
es ti mated (Remin et al., 2022a, b) since nei ther the lower nor
up per limit of the cy clic suc ces sion is known. The ex po sure at
Szozdy (Fig. 3) gives ac cess to ~30–35 metres of the suc ces -
sion over a lat eral dis tance of ~800 m. Other data, such as ex -
po sures or well-logs, are not avail able, pre clud ing any firm con -
clu sions. In the pres ent study, HMAs were col lected from a
~12-metre-thick in ter val (Fig. 5), con sist ing of six cy cles, both
com plete and in com plete (Fig. 5).

A full de scrip tion of the Szozdy Delta Sys tem lithofacies
was pro vided re cently by Remin et al. (2022a), to gether with fa -
cies, bathymetric, and sedimentological char ac ter is tics: the
reader is re ferred to this manu script for fur ther de tails. As such,
only brief de scrip tions are pro vided be low.

The cal car e ous mudstone lithofacies (Fig. 3) is dark grey
and poorly indurated. The colour is most likely de rived from dis -
sem i nated car bon ized or ganic mat ter. The clay and silt con tent
is high est pres ent within the cyclothems stud ied. It was as -
signed to a prodelta en vi ron ment (Remin et al., 2022a).

The cal car e ous sand stone lithofacies (Fig. 3) is yel low to
yel low-brown ish and poorly indurated. The clay and silt con tent
is ~10% lower than in the un der ly ing cal car e ous mudstone. The 
sand frac tion, mainly con sist ing of quartz, is pro por tion ally the
high est among the lithofacies rec og nized in the Szozdy sec tion. 
The quartz sand is fine-grained over all, though in di vid ual grain
sizes range up to ~0.25 mm, twice as large as in the un der ly ing
cal car e ous mudstones. It was as signed to a delta lobe en vi ron -
ment, rel a tively close to the river dis charge area (Remin et al.,
2022a).

The cal car e ous gaize lithofacies (Fig. 3) is white-grey, fully
indurated, and can be ex tremely hard; in the field, it is ex -
pressed as prom i nent harder beds be tween more ero -
sion-prone de pos its (Fig. 3). This unit con tains a lim ited clay
and silt frac tion. The CaCO3 con tent is the high est among the
rec og nized lithofacies (up to 75%). It was as signed to an en vi -
ron ment cut off from terrigenous-sourced ma te rial, but still in
close prox im ity to land (Remin et al., 2022a).

MATERIAL AND METHODS

Among the 22 sam ples, 15 from three cyclothems were se -
lected for de tailed anal y sis of heavy min er als; two or three sam -
ples from each unit of the cyclothem were col lected (Figs. 5
and 8). Sam ples were me chan i cally bro ken into 1–3 cm frag -
ments. To pre vent in di vid ual grains from be ing dam aged by
mul ti ple rounds of ham mer ing, liq uid ni tro gen dis in te gra tion
meth ods were sub se quently used, as ini tially pro posed for
foraminifera ex trac tion by Remin et al. (2012). In prin ci ple, this
method en sures that the orig i nal grain shapes will be pre -
served.
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Fig. 3. Gen eral view of the Szozdy sec tion

The ex po sures ex tend along both sides of the rail way cut ting over a dis tance of ~800 m
(adapted from Remin et al., 2022a)
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Fig. 4. Strati graphic po si tion of the Szozdy sec tion (red rect an gle marks the known strati graphic ex tent of the sec tion) in
re la tion to the Mid dle Vistula Val ley sec tion (left col umn in white; the metre-scale is valid only for this sec tion; scale bar = 2 m);

Roztocze Hills area (mid dle col umn in or ange); East ern Po land (right col umn in yel low)

The biostratigraphic sub di vi sion fol lows B³aszkiewicz (1980), Walaszczyk (2004), Remin (2012, 2015, 2018), and Remin et al. (2015b,
2022a, b); fig ure adapted from Remin et al. (2022b). The Campanian/Maastrichtian bound ary based on the GSSP Tercis def i ni tion (Odin

and Laumurelle, 2001) is marked with a blue dashed line (adapted from Remin et al., 2022a, b)
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Fig. 5. Lithological col umn of the Szozdy sec tion (adapted from Remin et al., 2022a)

The left side col umn (grey) in di cates coars en ing-up wards cyclothems marked by Ro man nu mer als. Top right: typ i cal thin sec tions from suc -
ces sive lithofacies of a sin gle cyclothem; scale bar = 500 µm; most white par ti cles rep re sent quartz grains. Bot tom right: field photo of a part
of the suc ces sion with prom i nent cal car e ous gaize lay ers, in di cated on the sec tion by red dashed lines. The hor i zon tal scale on the log rep re -
sents the rel a tive re sis tance of par tic u lar units to weath er ing. Ar rows with num bers in di cate the sam ples col lected (adapted from Remin et
al., 2022a, b)
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To elim i nate car bon ate grains, all heavy min eral suites were 
placed in a 10% ace tic acid so lu tion for up to cou ple of days and 
fur ther bathed in an ul tra sonic cleaner to re move grain coat -
ings, such as clay and Fe-ox ides. Ace tic acid is com monly used 
in this type of prep a ra tion (ap a tite does not re act with ace tic
acid) pre cisely be cause of the abil ity of ap a tite to be pre served
in the min eral as sem blage in a vir tu ally in tact state (see e.g.,
Mange and Mau rer, 1992; Garzanti and Andà, 2007; Garzanti,
2017). More over, even the use of heated (70°C) ace tic acid
does not re move ap a tite. Sub se quently, sam ples were sieved
to ob tain the 63–250 µm frac tion. Heavy min er als were then
sep a rated by cen tri fug ing in so dium polytungstate so lu tion
(~3.0 g/cm3) and re cov ered by par tial freez ing with liq uid ni tro -
gen. The heavy min er als ob tained were im mersed in Can ada
Bal sam and ex am ined us ing a po lar iz ing mi cro scope. At least
200 trans par ent heavy min er als in each sam ple were iden ti fied. 
Dur ing anal y sis, a par tic u lar fo cus was placed on the round -
ness and de gree of cor ro sion (weath er ing stage) of in di vid ual
grains; all sam ples were ex am ined un der the same mag ni fi ca -
tion to avoid sta tis ti cal er rors. Ad di tion ally SEM was used to ex -
am ine the micromorphology of se lected grains. To check
whether a cor re la tion ex ists be tween ultrastable ZTR group
min er als and gar nets, kyanites, and staurolites, Pearson’s co -
ef fi cient was ap plied (Ryan et al., 2007).

ROUNDNESS

The round ness of the grains ex am ined was clas si fied fol -
low ing the method pro posed by Krumbein (1941) and Pow ers
(1953). Five de grees of grain round ness were dis tin guished:
euhedral, an gu lar, subrounded, rounded, and bro ken (Fig. 6).

DEGREE OF CORROSION

To de ter mine de gree of cor ro sion, the grains ana lysed were 
ex am ined us ing (i) a po lar iz ing mi cro scope with a par tially
closed di a phragm. In di vid ual grains were sub di vided into five
groups based on the cor ro sion of in di vid ual grains, fol low ing the 
sub di vi sion pro posed by Andà et al. (2012): unweathered, ini -
tial, slightly, ad vanced and fi nal (Fig. 7).

Unweathered min er als con tain flat-faced grains with no vis i -
ble spe cific chem i cal weath er ing struc tures: for in stance, etch
pits, mammillary struc tures, and hack saw ter mi na tions.
However, unweathered min er als can pos sess any shape and
may be pres ent in all round ness cat e go ries iden ti fied.

The sur faces of ini tially cor roded grains are cov ered by sin -
gle etch pits with an ap prox i mately reg u lar shape formed dur ing
chem i cal weath er ing. Slightly cor roded grain faces show sin gle
len tic u lar pits and a ‘sawtooth’ form. Etch pits be come deeper
and lon ger and start to merge.

Min er als with ad vanced cor roded sur faces are char ac ter ized
by a com bi na tion of ex pand ing etch pits. The etch pits can join
per pen dic u larly or “en échelon”, re sult ing in fur row and groove
for ma tion. Grain edges are strongly marked by denticles. Ad di -
tion ally, struc tures such as mammillary struc tures are widely de -
vel oped, es pe cially on gar net and staurolite faces.

Fi nally cor roded grains pos sess a com pletely al tered outer
crys tal sur face. Bays, grooves and fur rows cut the grain sur face 
in any ori en ta tion.

HEAVY MINERAL RATIOS

To reg is ter changes in petrographic ma tu rity, diagenesis,
and/or weath er ing in pedogenic con di tions, or changes in the
prov e nance of terrigenous ma te rial and hy dro dy namic con di -
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Fig. 6. De gree of round ness of se lected min eral phases is ex em pli fied by tour ma line grains
from the sec tion stud ied

The chart de picts the cu mu la tive num ber of se lected min eral grains from all cy cles; 
for de tails see text
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tions, the fol low ing in di ces were used: the zir con – tour ma line -
rutile ma tu rity in dex (ZTRi) (e.g., Hubert, 1962; Garzanti and
Andà, 2007) and the rutile to tour ma line in dex (RuTidx)
(Cyglicki and Remin, 2023). All ra tios are based on at least 200
trans par ent heavy min eral counts in each sam ple.

TOURMALINE AND GARNET GEOCHEMISTRY

Within in di vid ual sam ples, tour ma line and gar net grains do
not show sig nif i cant vari abil ity, i.e. in suc ces sive sam ples sim i -
lar amounts of sim i larly pleichroic tour ma lines are pres ent; like -
wise, the range of shapes, col our and weath er ing struc tures of
gar net grains are sim i lar be tween sam ples. As such, chem i cal
com po si tion anal y sis was only per formed for grains from the
higher part of the cy cle IV (sam ples 16 and 17; Fig. 5). Most of
the gar net and tour ma line grains ana lysed are ho mo ge neous
(un zoned). For this rea son, data from them was re cal cu lated
us ing the WinTac soft ware of Yavuz et al. (2014). Struc tural for -
mu lae were ob tained based on 15 cat ions (X+Y+Z) to 4 vari able 
an ions (V+W, largely con sist ing of OH+F+Cl) per for mula unit.
Gar net anal y ses were re cal cu lated to six end-mem bers (alman -

dine, pyrope, grossular, spessartine, an dra dite and uvarovite)
with the struc tural for mula based on 12 ox y gen at oms and 8
cat ions.

The garnetRF pro gram (Schönig et al., 2021) was used to
in ter pret the re sults of gar net ma jor el e ment anal y sis. The pro -
gram is based on a ran dom for est ma chine-learn ing al go rithm
(Breiman, 2001), and clas si fies the im ported data based on a
da ta base of >13,000 gar net ma jor el e ment anal y ses, with a
pre dic tion ef fi ciency close to 90%. The clas si fi ca tion scheme
al lows for the de ter mi na tion of host-rock classes, host-rock
com po si tion, and meta mor phic fa cies.

RESULTS

HEAVY MINERAL ASSEMBLAGES – GENERAL CHARACTERISTICS

Heavy min eral as sem blages from the Szozdy Delta sys tem
are char ac ter ized by lit tle vari abil ity and a sta ble com po si tion.
The as so ci a tions ana lysed in clude ultrastable phases, such as
zir con, tour ma line, and rutile (ZTR), and sta ble phases like gar -

Micha³ Cyglicki and Zbyszek Remin / Geo log i cal Quar terly, 68, 45 9

Fig. 7. Weath er ing stages of the heavy min er als ana lysed are de tailed in the text

The col umn chart on the right side il lus trates the cu mu la tive num ber of grains from all cy cles in %. All min eral pho tos came from the
sec tion stud ied; the scale bars be low each min eral rep re sent 100 µm
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net, kyan ite, staurolite, and “oth ers” that com prise sub or di nate
spe cies like sillimanite, chlorite, Cr-spinel, epidote and sin gle
ap a tite grains. The min eral as sem blages ana lysed are char ac -
ter ized by the dom i nance of min er als from the ZTR group and
this re lates to all units of the cy cle, in de pend ently of lithofacies.

The most nu mer ous group in the heavy min eral as sem -
blages study are tour ma lines. In each sam ple, they com pose at
least one-third (31%), and some times even half (54%) of the
as sem blages and their abun dance is pos i tively cor re lated with
a par tic u lar lithofacies: cal car e ous mudstone. The av er age
max i mum grain length of tour ma line is 150 µm, and their shape
is iso met ric. They were di vided into eight pleochroic groups.
Brown and green grains dom i nate. In these groups, most are
subrounded and rounded; with ~30–35% an gu lar. A few
euhedral grains also are pres ent. In other pleochroic- scheme
tour ma line groups, rounded and subrounded grains also pre -
vail. An gu lar grains ac count for 15–20%, and bro ken grains for
18–36% of these pop u la tions. Fur ther more, euhedral grains
are ab sent. Zoned tour ma lines, which con sti tute ~5–15% of the 
as sem blage, are char ac ter ized by blue cores and dark brown
overgrowths. They are usu ally me chan i cally crushed and an gu -
lar.

Zir cons con sti tute from 7 to 32% in in di vid ual sam ples, and
their abun dance is not re lated to spe cific lithofacies. The av er -
age max i mum grain length is 108 µm, and they have an iso met -
ric char ac ter.

The con tent of rutile var ies be tween 5–22% and in creases
in sandy lithofacies. The av er age grain length of rutile is
120 µm, and their shape is elon gated, with a sig nif i cant dis pro -
por tion be tween the lon gest axis and per pen dic u lar axes x, y.
The con tent of gar nets is vari able and ranges from 4 to 13%.

Gar net grains are usu ally col our less and char ac ter ized by a
high de gree of chem i cal weath er ing, and their sur faces are
clearly sharp-edged. Staurolites are pres ent in sam ples rang ing 
from 2 to 14%. They are usu ally yel low, yel low-brown, yel -
low-or ange and pale yel low. Staurolite grains have
sharp-edged sur faces and are highly weath ered. Kyan ite con -
sti tutes from 2 to 17% of the sam ples ana lysed and are the larg -
est grains, with an av er age max i mum length reach ing the limit
of the ana lysed frac tion (250 µm). The grains are sharp-edged
and heavily cor roded, es pe cially along cleav age sur faces. The
con tent of sillimanite in sam ples ranges from 1 to 10%.
Sillimanite grains are sharp-edged and also heavily cor roded,
but less so com pared to kyan ite.

ROUNDNESS OF THE HEAVY MINERAL GRAINS ANALYSED

 In gen eral, the ZTR min eral grains within the sec tion are
mostly subrounded and rounded or bro ken (>60%; Fig. 6).
How ever, an gu lar crys tals are more com mon in the rutile
grains. Rel a tively few ZTR grains are euhedral (~4%; Fig. 6).
Among the gar nets, kyanites, and staurolites, an gu lar crys tals
dom i nate (~65–80%); oval and rounded crys tals are al most en -
tirely ab sent (Fig. 6).

DEGREE OF CORROSION – SURFACE CHARACTERISTICS 
OF HEAVY MINERAL GRAINS

The grain sur faces of the ZTR group min er als are char ac -
ter ized by ini tial to slight cor ro sion (Fig. 7). Ran domly dis trib -
uted im pact and etch pits are among the most com monly ob -
served sur face tex tures. Gar net, kyan ite, staurolite and
silimanite sur faces show ad vanced stages of cor ro sion (Fig. 7).
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Fig. 8. Litho-weath er ing log of the Szozdy sec tion (cy cles I–IV; first col umn)

Red ar rows in di cate sam ples rich in FeS2 – in these sam ples, the heavy min er als can not be ef fec tively sep a rated. Third col umn – the per -
cent age abun dance of se lected min eral phases. Fourth col umn – val ues for the ZTR and RuTidx in di ces are pro vided along with the in ter pre -
ta tion of the sed i men tary en vi ron ment based on RuTidx (ac cord ing to Cyglicki and Remin, 2023)

https://doi.org/10.2445/agp.2023.148025


Sawtooth struc tures com monly mark the edges of grains. Ad di -
tion ally, mammillary struc tures, fur rows, and grooves are
strongly de vel oped, es pe cially on gar net and staurolite faces
(cf. Velbel, 1999). 

HEAVY MINERAL RATIOS

The ZTR in dex (Hubert, 1962) ranges be tween 55 and
80%. The high est ZTR val ues are as so ci ated with the cal car e -
ous mudstone lithofacies, which is dom i nated by tour ma line
grains (Fig. 8). The GZi prov e nance-sen si tive in dex (Mor ton
and Hallsworth, 1994) ex hib its val ues be tween 10 and
60%.The RuT hy dro dy namic in dex ranges be tween 12 and
42%, pro vid ing in sight into the dis tal and prox i mal fa cies
(Cyglicki and Remin, 2023).

TOURMALINE GEOCHEMISTRY

Tour ma line is a com plex boro sili cate with the gen eral for -
mula XY3Z6T6O18(BO3)3V3W. The X-site is oc cu pied by Na+,
Ca2+, K+, Pb2+, Ba2+, Rb+ or Cs+, al though sig nif i cant X-site va -
cancy is also pos si ble. The Y-site forms an oc ta he dral poly he -
dron that may be oc cu pied by a wide range of multivalent cat -
ions: Li+, Mg2+, Fe2+, Mn2+, Al3+, Cr3+, V3+, Fe3+ and Ti4+. The
Z-site is oc cu pied by tri va lent cat ions such as Al3+, Fe3+, Cr3+,
V3+, al though sig nif i cant Mg2+ can be pres ent. The T-site is
mainly filled with Si. The V-site chiefly con tains an OH- group
and O2-. The W site ex clu sively con tains F-, with ex cess O2- and
OH-.

Tour ma line grains (N = 111) from the Szozdy sec tion were
ana lysed us ing EPMA (Ta ble 1). The anal y sis showed that
most de tri tal tour ma line grains be long to the al kali-tour ma line
pri mary group, which are en riched in Na+ and to a lesser ex tent
in K+ (Fig. 9).

So dium is the most abun dant cat ion in the X-site, rang ing
from 0.4 to 0.9 with a mean value of 0.6 apfu (atom per for mula
unit). X-site va cancy val ues os cil late from 0.0 to 0.5 (avg. =
0.2 apfu). Cal cium abun dance in the X-site ranges from 0.0 to
0.5 (avg. = 0.2 apfu).

High XMg = Mg/(Mg+Fe) ra tios (avg. = 0.6) within the al kali
group in di cates that Mg is the most abun dant cat ion in the
Y-site. The Y-site po si tion is oc cu pied by Fe2+ (avg. 1.0 apfu),
Mg2+ (avg. 1.5 apfu), Al3+ (avg. 0.25 apfu), Ti4+ (avg. 0.09 apfu)
and other trace el e ments such as V3+, Cr3+, Zn2+ and Mn2+ (avg.
<0.01 apfu). Most of ten, the Z po si tion is fully oc cu pied by Al3+.
In some grains, how ever, the Z po si tion is filled by Mg2+

(0.01–0.6 apfu), and subordinately by Cr3+ (0.01–0.07 apfu) and 
V3+ (0.01–0.03). The T-po si tion is oc cu pied mostly by Si2+. To a
lim ited ex tent, the T-po si tion is also oc cu pied by Al3+ (avg. 0.7
apfu). More than 75% of the tour ma line grains ana lysed are
dravites (Fig. 10).

GARNET GEOCHEMISTRY

Gar nets are among the most im por tant min er als for ob tain -
ing in for ma tion con cern ing metasomatic, ig ne ous, meta mor -
phic and man tle pro cesses (Baxter et al., 2013; Schönig et al.,
2021). Gar nets be long to nesosilicates, with the gen eral for -
mula X3Z2(SiO4)3 where: X – Mg, Ca, Fe(II), Mn(II), etc., and Z – 
Al, Fe(III), Cr(III), V(III), etc. Ma jor-el e ment gar net chem is try de -
pends mainly on tem per a ture, pres sure and host-rock com po si -
tion, and is an ex cel lent tool in sed i men tary prov e nance anal y -
sis. In the clas si cal def i ni tion, the com po si tions cap ture a se ries
of mixed solid so lu tions among which the fol low ing min eral

phases oc cur: almandine [Fe2+
3Al2(SiO4)3], pyrope

[Mg3Al2(SiO4)3], spessartine [Mn2+
3Al2(SiO4)3], an dra dite

[Ca3Fe3+
2(SiO4)3], grossular [Ca3Al2(SiO4)3], and uvarovite

[Ca3Cr2(SiO4)3].
Gar net grains (N = 50) from the Szozdy sec tion were ana -

lysed via EPMA (Ta ble 2). The mo lar pro por tions in the gar net
from the Szozdy sec tion are con strained within the
compositional win dow: almadine: 50–80 mol%, pyrope: 5–35
mol%, grossular: 2–40 mol%, spessartine: 2–15 mol%. Gar net
anal y ses are usu ally im per fect (too low or too high; Locock,
2008) but the data we ob tained were very close to 100%, suf fi -
cient to in di cate re li able re sults.

DISCUSSION

HEAVY MINERAL COMPOSITION VS. PROVENANCE OF DEPOSITS

Most gar net (de pends on its com po si tion), in ad di tion to
kyan ite, staurolite, and sillimanite are gen er ally min er als char -
ac ter is tic of me dium-grade meta mor phic rocks. How ever, the
par ent rocks for ZTR min er als may be ei ther ig ne ous or meta -
mor phic rocks. Fur ther more, ZTR group min er als are es pe -
cially re sis tant to phys i cal and chem i cal weath er ing. High ZTR
in dex val ues are usu ally in ter preted as re flect ing the polycyclic
na ture of HMAs (Hubert, 1962; Mor ton and Hallsworth, 1999;
Garzanti and Andà, 2019). How ever, this value can be con -
trolled, inter alia, by in tense weath er ing or source rock com po -
si tion (Garzanti and Andà, 2007; Garzanti, 2017). In our case,
the vari able tour ma line and rutile pro por tions in suc ces sive
sam ples of the sec tion are a re sult of the hy dro dy nam ics of the
depositional en vi ron ment dur ing the for ma tion of suc ces sive
units of the cy cle (Remin et al., 2022a; Cyglicki and Remin,
2023).

A pos i tive cor re la tion be tween two min er als may arise for
sev eral rea sons. Firstly, it could be due to both min er als orig i -
nat ing from the same source. In such cases, pos i tive cor re la -
tions will oc cur along strike and at all strati graphic lev els where
ma te ri als from that source are pres ent. Sec ondly, the two min -
eral spe cies may come from dif fer ent sources whose im por -
tance is in creas ing or de creas ing si mul ta neously at a par tic u lar
lo ca tion and time. If the in flu ence of both sources is not con sis -
tent through out the ex tent and life of a ba sin, the pos i tive cor re -
la tions will not be re peated along the strike or at dif fer ent strati -
graphic lev els (Ryan et al., 2007). Neg a tive cor re la tion may
arise as a con se quence of cut ting off one source with the si mul -
ta neous am pli fi ca tion of an other source. As a re sult, min er als
typ i cal for the ac tive source re gion would be pres ent in ex cess
rel a tive to min eral phases com ing from the in ac tive source. An
ad di tional driver of neg a tive cor re la tions may be through geo -
chem i cal pro cesses that se lec tively re move la bile min er als, for
in stance dur ing weath er ing (cf. Ryan et al., 2007).

As ex em pli fied in Fig ure 8, as the pro por tion of ultrastable
ZTR min er als in creased, the pro por tion of gar nets, kyanites
and staurolites de creased. As sug gested above, the mod er -
ate neg a tive cor re la tion of gar nets, kyanites and staurolites to
ZTR (–0.60, –0.65 and –0.78 re spec tively) might be in ter -
preted as a re sult of the se lec tive re moval of sus cep ti ble min -
eral phases by weath er ing and/or hy dro dy namic sort ing (e.g.,
Cyglicki and Remin, 2023), es pe cially for gar nets and
staurolites, and/or me chan i cal abra sion dur ing mul ti ple re cy -
cling phases, e.g. for kyanites (Figs. 6–8; Freise, 1931; Thiel,
1940, 1945; Dietz, 1973).
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ROUNDNESS OF HEAVY MINERALS VS. PROVENANCE OF DEPOSITS

The kyan ite grains are al most ex clu sively an gu lar, with
clearly vis i ble cleav age. An gu lar gar net and staurolite shapes
were em pha sized by strongly ad vanced weath er ing (se lec tive
leach ing in soil); subrounded and rounded grains oc cur
subordinately. High val ues of the ZTR in dex and dom i na tion of
well-rounded crys tals of zir con, tour ma line and rutile (Fig. 6)
might in di cate pos si ble sed i men tary or metasedimentary or i gin
(com pare the tour ma line geo chem is try re sults). 

Ad di tion ally, the rounded shape of most tour ma lines sug -
gests they most prob a bly passed through more than one sed i -
men ta tion-di a strophic cy cle. On the other hand, the mi nor pres -
ence of euhedral tour ma lines may be in dic a tive of an other
source area com posed of freshly weath ered rocks. How ever, it
is also pos si ble that idiomorphic tour ma line crys tals were cre -
ated by the pro gres sive meta mor phism of sed i men tary rocks
(Sperlich et al., 1996; Henry and Dutrow, 2012). This hy poth e -
sis is sup ported by the pres ence of re gen er ated tour ma line
grains that re built their idiomorphic shape on for merly round
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grain 1 grain 2 grain 3 grain 4 grain 5 grain 6 grain 7 grain 8 grain 9 grain 10 grain 11 grain 12

SiO2 36.611 36.38 35.81 36.03 36.27 36.55 34.81 35.96 35.75 35.92 35.79 36.32

TiO2 0.49 0.47 1.06 0.26 0.38 0.69 1.5 0.89 0.53 0.85 0.79 0.63

Al2O3 31.1 31.53 29.44 33.7 35.47 32.52 33.19 27.99 32.2 33.44 28.92 31.07

V2O3 0.14 0 0.06 0 0.03 0.09 0.02 0.07 0 0 0.1 0

Cr2O3 0 0 0 0 0.11 0 0 0.03 0.07 0 0.11 0.03

MgO 6.61 7.72 6.17 2.69 5.38 7.82 4.31 8.18 0.47 5.51 6.76 6.07

MnO 0.05 0 0 0.46 0.11 0 0.04 0.03 0.27 0 0.09 0.02

CaO 1.16 1.31 0.61 0.34 0.49 0.95 0.79 2.37 0.07 0.83 0.82 0.49

Na2O 1.75 1.84 2.13 1.95 1.51 2.03 1.68 1.41 2.62 1.61 2.19 2.31

K2O 0.01 0.02 0.01 0.05 0.05 0 0.03 0.06 0.05 0.04 0 0.04

F 0.17 0 0.16 0 0.16 0.16 0.16 0.17 1.02 0 0 0.16

B2O3* 10.48 10.51 10.12 10.4 10.62 10.61 10.3 10.38 10.03 10.42 10.31 10.41

H2O 3.33 3.47 3.26 3.32 3.2 3.41 3.21 3.41 2.89 3.31 3.44 3.38

O=F  0.07 0 0.07 0 0.07 0.07 0.07 0.07 0.43 0 0 0.07

To tal 99.98 99.56 96.84 100.4 99.74 100.1 98.72 100 99.23 98.83 99.12 99.65

T-site

Si4+ 6.07 6.02 6.15 6.03 5.94 5.99 5.88 6.02 6.2 5.99 6.03 6.06

Al3+ 0 0 0 0 0.06 0.01 0.12 0 0 0.01 0 0

Sub to tal 6.07 6.02 6.15 6.03 6 6 6 6.02 6.2 6 6.03 6.06

Y, Z-site-sites

Al3+ 6.08 6.15 5.96 6.64 6.78 6.26 6.48 5.53 6.58 6.56 5.75 6.11

Ti4+ 0.06 0.06 0.14 0.03 0.05 0.08 0.19 0.11 0.07 0.11 0.1 0.08

Cr3+ 0 0 0 0 0.01 0 0 0 0.01 0 0.01 0

V3+ 0.02 0 0.01 0 0 0.01 0 0.01 0 0 0.01 0

Fe2+ 1.11 0.88 1.15 1.56 0.82 0.73 1.24 1.28 1.98 0.96 1.36 1.23

Mn2+ 0.01 0 0 0.07 0.02 0 0.01 0 0.04 0 0.01 0

Mg2+ 1.64 1.9 1.55 0.67 1.31 1.91 1.09 1.58 0.12 1.37 1.47 1.51

Sub to tal 8.93 8.98 8.85 8.98 9 9 9 8.98 8.8 9 8.97 8.94

X-site

Ca2+ 0.21 0.23 0.11 0.06 0.09 0.17 0.14 0.43 0.01 0.15 0.15 0.09

Na+ 0.56 0.59 0.71 0.63 0.48 0.65 0.55 0.46 0.88 0.52 0.72 0.75

K+ 0 0 0 0.01 0.01 0 0.01 0.01 0.01 0.01 0 0.01

va cancy 0.23 0.18 0.18 0.3 0.42 0.19 0.3 0.11 0.1 0.32 0.14 0.16

Sub to tal 1 1 1 1 1 1 1 1 1 1 1 1

OH- 3.68 3.82 3.74 3.7 3.49 3.73 3.61 3.81 3.35 3.68 3.86 3.76

F- 0.09 0 0.09 0 0.08 0.08 0.09 0.09 0.56 0 0 0.08

Sub to tal 3.77 3.82 3.82 3.7 3.58 3.81 3.7 3.9 3.9 3.68 3.86 3.84

Mg/(Mg+Fe) 0.6 0.69 0.58 0.3 0.62 0.72 0.47 0.55 0.06 0.59 0.52 0.55

Min eral Dravite Dravite Dravite Schorl Dravite Dravite Schorl Dravite Fluor-sc
horl Dravite Dravite Dravite

* Cal cu lated on the ba sis of ideal stoichiometry  (B = 3 apfu; OH + F + Cl = 4 apfu); 0 means be low de tec tion limit
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Rep re sen ta tive microprobe anal y ses of the tour ma line grains ana lysed from the Szozdy sec tion
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tour ma line de tri tal cores un der up per greenschist to am phi bo -
lite fa cies con di tions (Sperlich et al., 1996).  This in ter pre ta tion
would also ex plain why euhedral crys tals are pres ent al most ex -
clu sively in the tour ma line group.

TOURMALINE GEOCHEMISTRY VS. PROVENANCE OF DEPOSITS

In all the sam ples stud ied, ho mog e neous tour ma line grains
dom i nate; how ever, the con tri bu tion of zoned tour ma lines with
vis i ble overgrowths can reach 15%. Zoned grains pos sess a
de tri tal core in dic a tive of the par ent rock, whereas overgrowths
are the re sponse to changes in P-T con di tions in the meta mor -
phic zone (Henry and Dutrow, 1992). In most cases, there are
sharp chem i cal dis con ti nu ities be tween the de tri tal core and the 

overgrowths (Fig. 11). Overgrowths can be di vided into in ter nal
and outer rims. In ner rims de velop asymmetrically to wards the
an tilo gous pole (+) (Fig. 11). They orig i nate in diagenetic or low
greenschist fa cies con di tions (stage I; Fig. 11). As a re sult of
pro gres sive meta mor phism, (up per greenschist and am phi bo -
lites fa cies), outer rims de velop, in par al lel di rec tions to wards
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Fig. 9. Chem i cal com po si tion of de tri tal tour ma lines 
in the X-site va cancy – Na + K – Ca ter nary di a gram 

(Yavuz et al., 2014)

Fig. 10. X-site va cancy vs. XMg for tour ma line from the Szozdy
sec tion

The dashed line and boxes for Al-poor metapelites are based on
Henry and Dutrow (1996)

Fig. 11A – back-scat tered elec tron (BSE) im age of asym met ri cally over grown de tri tal tour ma line from the Szozdy sec tion; B –
an no tated im age (com pare im age A) with in ter pre ta tion; C – ex am ple of de tri tal tour ma line core with three meta mor phic

over growth zones (based on Sperlich et al., 1996)
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Anal y sis (wt.%) grain 1 grain 2 grain 3 grain 4 grai 5 grain 6 grain 7 grain 8 grain 9 grain 10 grain 11 grain 12

SiO2 37.007 37.213 37.333 37.100 36.656 36.022 37.630 37.501 36.899 37.942 37.942 37.662

TiO2 0.061 0.071 0.020 0.000 0.035 0.034 0.032 0.139 0.010 0.098 0.029 0.094

Al2O3 21.284 21.132 21.238 21.266 20.983 20.673 21.734 21.342 21.228 21.213 21.343 21.460

Cr2O3 0.028 0.018 0.017 0.000 0.012 0.000 0.013 0.000 0.011 0.040 0.005 0.000

FeO/ FeOtot 29.562 30.823 35.865 35.935 36.594 30.992 29.557 26.763 34.478 26.222 27.963 28.252

MnO 6.429 2.539 1.068 1.356 2.535 9.563 4.036 2.010 1.275 1.409 0.501 0.727

MgO 2.527 2.822 2.487 2.828 1.949 1.106 5.689 2.402 3.370 4.558 3.022 3.110

CaO 2.877 5.350 1.917 1.915 0.706 0.740 1.163 9.520 2.174 7.938 9.039 8.287

Na2O 0.073 0.048 0.000 0.056 0.023 0.000 0.006 0.046 0.051 0.032 0.000 0.000

To tal (calc) 99.848 100.016 99.945 100.456 99.493 99.130 99.860 99.723 99.496 99.452 99.844 99.592

Recalc (wt.%)

fi nal FeO 29.27 29.88 35.87 35.23 36.59 30.5 29.28 26.24 33.81 25.59 27.92 28.22

fi nal Fe2O3 0.33 1.05 0 0.78 0 0.55 0.31 0.58 0.74 0.71 0.05 0.03

fi nal MnO 6.43 2.54 1.07 1.36 2.54 9.56 4.04 2.01 1.28 1.41 0.5 0.73

fi nal Mn2O3 0 0 0 0 0 0 0 0 0 0 0 0

To tal 99.887 100.124 99.952 100.535 99.494 99.185 99.897 99.78 99.573 99.531 99.85 99.593

End-mem bers

Henritermierite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Blythite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Katoite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

FCa gar net 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

FMn gar net 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Yttrogarnet 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Kimzeyite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Kimzeyite-Fe 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Tin gar net 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Schorlomite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Schorlomite-Al 0.18% 0.21% 0.00% 0.00% 0.11% 0.11% 0.10% 0.42% 0.03% 0.29% 0.00% 0.28%

Morimotoite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.17% 0.00%

NaTi gar net 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Morimotoite-Mg 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Morimotoite-Fe 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Majorite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.17% 0.00%

Sc gar net 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Goldmanite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Yamatoite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Uvarovite 0.09% 0.06% 0.05% 0.00% 0.04% 0.00% 0.04% 0.00% 0.04% 0.12% 0.02% 0.00%

Knorringite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Spessartine 14.62% 5.73% 2.44% 3.07% 5.85% 22.30% 9.01% 4.51% 2.90% 3.13% 1.12% 1.63%

Pyrope 10.11% 11.20% 9.98% 11.27% 7.92% 4.54% 22.36% 9.48% 13.49% 17.85% 11.66% 12.27%

Almandine 65.71% 66.54% 80.75% 78.78% 83.38% 70.21% 64.55% 58.10% 75.93% 56.20% 61.52% 62.45%

Grossular 8.00% 14.64% 5.48% 5.49% 1.91% 2.08% 3.15% 26.59% 6.19% 20.79% 25.21% 23.21%

An dra dite 0.00% 0.36% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.13% 0.14% 0.00%

Calderite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Skiagite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Khoharite 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Re main der 1.28% 1.26% 1.30% 1.39% 0.79% 0.77% 0.80% 0.90% 1.42% 0.48% 0.00% 0.16%

To tal 99.99% 100.00% 100.00% 100.00% 100.00% 100.01% 100.01% 100.00% 100.00% 99.99% 100.01% 100.00%

Qual ity In dex Ex cel lent Ex cel lent Fair Ex cel lent Ex cel lent Su pe rior Su pe rior Su pe rior Ex cel lent Su pe rior Su pe rior Su pe rior

0 means be low de tec tion limit
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an tilo gous and anal o gous poles (stages II and III; Fig. 11). In
the amphibolitic fa cies, full re gen er a tion of tour ma line grains
oc curs (Sperlich et al., 1996).

In the grains stud ied, the in ner and outer rims de velop
asym met ri cally to wards the an tilo gous poles (Fig. 11C), which
sug gests their for ma tion un der low-grade meta mor phism
(Krynine, 1946; Henry and Dutrow, 1992, 1996, 2012).

In Henry’s and Guidotti’s (1985) ter nary di a gram (Fig. 12),
the vast ma jor ity of tour ma lines ex am ined in this study oc cupy
fields 4 and 5, char ac ter is tic of meta mor phosed sed i men tary
rocks. Of these, most oc cupy field 4, cor re spond ing to rocks
rich in an alu mi num phase such as kyan ite and staurolite that
co-cre ate these min eral pat terns. Some grains cor re spond to

tour ma lines de rived from Li-poor granitoids and their vein coun -
ter parts (Fig. 12; field 2). A po ten tial source of two tour ma line
grains may be ultra mafic rocks and metasedimentary rocks en -
riched in Cr and V (Fig. 12; field 7), which ad di tion ally sup ports
the pres ence of Cr-spi nels. The chem i cal com po si tion of the
de tri tal cores in di cates that they formed in ig ne ous con di tions
(Fig. 12; field 2 granitoids), while overgrowths are as so ci ated
with metasedimentary rocks (Fig. 12; field 4).

Anal y sis of Ca, Ti, and F con tents en ables the di vi sion of
the rock types into sev eral sub types (Ta ble 3; Henry and
Dutrow, 1992). Most tour ma lines (44%) rep re sent type 1 Al-rich 
metapelites. Such tour ma lines are char ac ter ized by low to me -
dium Ca (0.00–0.25 apfu), Ti (0.00–0.20 apfu), and F
(0.00–0.30 apfu) con cen tra tions and a strictly de fined com po si -
tion shown on a Al-Fe-Mg ter nary di a gram (Henry and Dutrow,
1992). These fea tures are con sis tent with tour ma lines from
metapelites in equi lib rium with aluminous min er als such as
staurolite or kyan ite (Henry and Guidotti, 1985), which aligns
well with the min eral as so ci a tion re cog nised in the Szozdy sec -
tion. 20% of the grains cor re spond to type 2 Al-rich metapelites
(Ta ble 3), and are char ac ter ized by in creased Al, Mg, and Ca
con tent (0.10–0.45 apfu). Grains with such com po si tions are
most likely de rived from a meta mor phosed aluminous marl
(Povondra and Novak, 1986). Type 1 Al-poor metapelites (Ta -
ble 3) are rep re sented by 12% tour ma line grains with a mod er -
ate XMg range (= 0.5 to 0.6), rel a tively low Ca con tent
(0.00–0.10 apfu). and low to me dium Ti (~0.15 apfu), and F
(0.00–0.10 apfu) con tent. These com po si tions are of tour ma -
lines de rived from phyllite or metasiltstone (Henry and Dutrow,
1992).

Sev eral tour ma line grains might have been de rived from
low-Li granitoid plutons or Li-en riched pegmatites (Type 1 and 2 
granitoids; Fig. 12 and Ta ble 3). By com par i son with type 1
granitoids,  type 3 granitoids (Ta ble 3) are en riched in Fe and F
(Henry and Dutrow, 1992); this com po si tion is mainly char ac ter -
is tic of the de tri tal cores of zonal tour ma lines. The re main ing
tour ma lines rep re sent type 1 and 2 Fe3+-rich quartz tour ma line
rocks (Fig. 12 and Ta ble 3), most likely hy dro ther mally al tered
(Jones et al., 1981).

Many tour ma lines from the Szozdy sec tion are de rived from 
low to me dium-grade metapelitic rocks, based on their F and
Mg con tents (Fig. 13). A few grains show ig ne ous prov e nance
(Fig. 13). Metapelite tour ma lines are char ac ter ized by Mg rang -
ing from 1.25 to 2.25 apfu and F be low 0.5 apfu (Fig. 13). Tour -
ma lines from ig ne ous rocks are gen er ally char ac ter ized by an
elbaite/shorl com po si tion (Fig. 13). Those from Li-rich
granitoids tend to have a higher F con tent in com par i son to
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Fig. 12. Al–Fe(tot)50–Mg50 ter nary di a grams for tour ma line
from var i ous lithologies (af ter Henry and Guidotti, 1985)

1 – Li-rich granitoid pegmatites and aplites; 2 – Li-poor granitoids
and their as so ci ated pegmatites and aplites; 3 – fer ric iron-rich
quartz-tour ma line rocks (hy dro ther mally al tered gran ites); 4 –
metapelites and metapsammites co ex ist ing with an Al-sat u rated
phase; 5 – metapelites and metapsammites not co ex ist ing with an
Al-sat u rated phase; 6 – fer ric iron-rich quartz-tour ma line rocks,
calc-sil i cate rocks, and metapelites; 7 – low-Ca metaultramafics and 
Cr, V-rich metasedimentary rocks; 8 – metacarbonates and
meta-pyroxenites. Blue dots in di cate tour ma line geo chem is try from
the Szozdy sec tion

Ca Ti F Al-Fe-Mg field Pos si ble source rock type Per cent of grains

+/– +/– +/– 4 Type 1 Al-rich metapelites 44

+ +/– +/– 4 Type 2 Al-rich metapelites 20

– – – 5 Type 1 Al-poor metapelites 12

+/– +/– +/– 2 Type 1 Granitoid 7

–  + – 5 Type 2 Al-poor metapelites 6

+/– +/– + 2 Type 3 Granitoid 4

+ + – 6 Type 1 Fe3+-rich quartz-tour ma line rocks 5

– – – 6 Type 2 Fe3+-rich quartz-tour ma line rocks 2

T a  b l e  3

Pos si ble source rock types for the de tri tal tour ma line com po nents
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those from Li-poor granitoids (Fig. 13). Mar ble and calc-sil i cate
tour ma lines show a rel a tively high pro por tion of F, with a gen -
eral ten dency to shift the com po si tion to wards uvite (Fig. 13).

Most tour ma lines from the Szozdy sec tion come from me -
dium-grade metapelitic rocks (Figs. 12–14). They are char ac -
ter ized by a mean to tal Al con tent of 6.19 apfu, of which tet ra he -
dral and oc ta he dral Al con sti tute 0.07 and 0.25 apfu, re spec -
tively. The X-site va cancy is, on av er age, 0.22 apfu.

The pro gres sive in crease in tet ra he dral Al from val ues
close to 0 to 0.15 apfu is as so ci ated with a pro gres sive in crease 
in host-rock meta mor phism from low- to high-grade. At the

same time, the X-site va cancy is re duced from 0.55 apfu to
nearly 0 apfu, which is as so ci ated with an in crease in tem per a -
ture to ~750°C (Fig. 14; Henry and Dutrow, 1996).

GARNET GEOCHEMISTRY

Us ing the clas sic ap proach, the EPMA anal y sis (Ta ble 2) al -
lowed us to compositionally di vide gar net grains into four ge -
netic types (Mange and Mor ton, 2007; Meres, 2008; Aubrecht
et al., 2009): almandine, pyrope, spessartine, and grossular.

The gar nets from the Szozdy sec tion can be fur ther sub di -
vided into four groups that dif fer in their chem i cal com po si tions
(Fig. 15). The first and larg est group con sists of grains with
higher almandine (60–70%), lower pyrope (20–35%), and low
spessartine (<2%) and grossular (<5%) con tents. The sec ond
group con sists of grains with almandine com po si tion >70%,
pyrope <20%, spessartine 2–10%, and grossular <7%. The
third group is char ac ter ized by in creased grossular con tent
(~30%) and re duced almandine con tent (50-60%). The fourth
group, in re la tion to the pre vi ous three, is dis tin guished by in -
creased spessartine con tent (>8%).

Based on the ter nary di a grams of Meres (2008), most gar -
net grains from the Szozdy sec tion oc cupy fields C1 and C2
(Fig. 15A, B). The C-fields cor re spond to gar nets cre ated in am -
phi bo lite fa cies con di tions (Fig. 15A, B), with C1 char ac ter is tic
of the tran si tional sub group be tween granulite and am phi bo lite
fa cies con di tions and the C2 sub group usu ally linked to am phi -
bo lite fa cies con di tions sensu stricto (Meres, 2008; Aubrecht et
al., 2009). Six grains oc cupy field B (Fig. 15A, B), which cor re -
sponds to gar nets from eclogite and granulite fa cies con di tions.
Im por tantly, this clas si fi ca tion scheme does not show gar nets
typ i cal of high-pres sure/ul tra-high-pres sure con di tions.

Us ing the clas si fi ca tion of Mange and Mor ton (2007) the
gar nets from the Szozdy sec tion can be sub di vided into four
meta mor phic or i gins: type A – high grade (granulite fa cies)
metasedimentary rocks; type Bii – low grade (am phi bo lite fa -
cies) metasedimentary rocks; Type Bi – in ter me di ate-acidic ig -
ne ous rock, en riched in Mn and con tain ing <10% Ca; and Type
Ci – meta mor phic mafic rocks, such as mafic gneiss es
(Fig. 5C). The over all pic ture of grain type dis tri bu tion may be
dis torted due to their dif fer ent sus cep ti bil ity to weath er ing. Gen -
er ally, gar net types Bii and C are less sta ble than types A and
Bi.

As in ter preted from garnetRF, the host rock for the gar net
grains un der anal y sis was pri mar ily meta mor phic (Schönig et
al., 2021). How ever, gar nets de rived from ig ne ous rock con sti -
tute a mi nor pro por tion of the over all as sem blage (Fig. 16A, D).
The host-rock com po si tion pri mar ily cor re sponds to in ter me di -
ate fel sic rock (Fig. 16B, D). The meta mor phic rocks were
mainly af fected by pres sure-tem per a ture con di tions cor re -
spond ing to am phi bo lite fa cies (Fig. 16C, D). Con di tions suit -
able for am phi bo lite fa cies are cor rob o rated by the pres ence of
kyan ite, staurolite (Fig. 17) and co-oc cur ring dravites (Fig. 12)
which co ex ist un der the tem per a ture and pres sure con di tions of 
500–700°C and 0.6–0.8 GPa. Fur ther cor rob o ra tion takes the
form of re gen er ated tour ma line grains, that were re built on old
de tri tal cores. Ac cord ing to this clas si fi ca tion, some grains were 
sub jected to P-T con di tions cor re spond ing to granulite fa cies.

Since most of the gar nets were formed un der am phi bo -
lite/greenschist con di tions, as in di cated by clas si cal in ter pre ta -
tions, the re sults ob tained from garnetRF anal y ses (Schönig et
al, 2021) show ad di tion ally the pres ence of a few grains that
might orig i nated un der blueschist and/or eclogite fa cies con di -
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Fig. 13. Flu o rine and mag ne sium con cen tra tions
char ac ter is tic of ig ne ous and meta mor phic tour ma lines from

the Szozdy sec tion (based on Henry and Dutrow, 1996)

Fig. 14. Ca vs. X-Site va cancy sys tem at ics for tour ma lines
from the Szozdy sec tion (based on Henry and Dutrow, 1996)
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tions. Al though such an in ter pre ta tion is highly spec u la tive,
since only few such grains were found, it is how ever con sis tent
with the re sults from tour ma line: that is, grains de rived from
Al-poor metapelitic rocks with el e vated Ti con tents (~0.15 apfu), 
which oc cur in as so ci a tion with ti ta nium ox ides such as rutile
and il men ite (see Ta ble 3; Cotkin, 1987; Henry and Dutrow,
1996), which might sug gest blueschist fa cies. Op pos ing this in -
ter pre ta tion is the lack of min eral in di ca tors for these P-T
ranges, such as glaucophane or omphacite in the HMAs ana -
lysed. On the other hand, their ab sence may be due to the
higher sus cep ti bil ity of am phi boles and py rox enes to chem i cal
and phys i cal weath er ing, or if these min er als were not pres ent
in or were re moved from the source ma te ri als be fore these fed
the Szozdy Delta.

DEEP BURIAL VS. SURFACE WEATHERING OVERPRINTS IN THE
SOURCE AREA – DISCUSSION

Ac cord ing to pre vi ously ac cepted sedimentological and
burial mod els (e.g., Kutek and G³azek, 1972; Œwidrowska et al.,
2008), the pres ent-day San Anticlinorium was lo cated in the ax -
ial, most rap idly sub sid ing part of the Pol ish Ba sin, i.e. the

Mid-Pol ish Trough. Con se quently, this area was there fore tra di -
tion ally con sid ered to be deeply bur ied by Me so zoic de pos its.
In con trast to this pro posed frame work is a bathymetric model,
com bined with a palaeotectonic evo lu tion model of the Lower
San Anticlinorium (Remin et al., 2022a), that pro poses an al ter -
na tive view. This model in di cates (dur ing the late Cre ta ceous)
the pres ence of an el e vated area in the place of the subsurface
Lower San Anticlinorium, i.e. £ysogóry-Dobrogea Land, in stead 
of the deep est part of the ba sin. This land mass, lo cated to the
south of the pres ent-day Roztocze Hills, sup plied ma te rial to
the de vel op ing Szozdy Delta Sys tem. Ac cord ingly, deep burial
was un likely to have oc curred (Remin et al., 2022a), which
seems to be sup ported by the heavy min eral data ana lysed in
this study.

De spite the well-known phe nom e non of sig nif i cant clastic
in put into the Late Cre ta ceous de pos its of the Roztocze Hills,
the or i gin of the par ent rocks and the po ten tial de gree of burial
have not been thor oughly in ves ti gated. Anal y sis of heavy min -
eral as sem blages from the Szozdy Delta Sys tem re veals their
dis tinctly polycyclic na ture. High ZTR in dex val ues (zir con, tour -
ma line, rutile), a high de gree of round ness, and the pres ence of 
abraded fea tures sug gest mul ti ple ep i sodes of redeposition.
How ever, the oc cur rence of pre dom i nantly an gu lar grains of
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Fig. 15. Com po si tion of gar nets from the Szozdy sec tion: (A) on
a Pyrope-Almandine-Grossular ter nary di a gram; (B) on a
Pyrope-Almandine-Spessartine ter nary di a gram (Meres, 2008);
(C) subdivisions on a gar net Almandine+Spessatine – Pyrope –
Grossular ter nary di a gram (Mange and Mor ton, 2007)

Def i ni tions of gar net types A, Bi, Bii, and Ci are given in the text
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min er als less re sis tant to ero sion con tra dicts the idea of re -
peated redeposition. Ac cord ingly, the data sug gest the pres -
ence of two dis tinct sources, The first source de liv ered multi-re -
cy cled min eral phases, dom i nated by the ZTR group min er als,
likely de rived from unmetamorphosed siliciclastic or
metapelites/metapsammites (e.g., re gen er ated zoned tour ma -
lines). The sec ond, a “fresh” source, pro vided an gu lar gar net,
kyan ite, and staurolite grains, in di cat ing meta mor phosed rocks
as the main source. Al ter na tively, the rel a tively re stricted di ver -
sity of heavy min er als, es pe cially the al most to tal lack of
apatites, py rox enes and am phi boles, may re sult from the orig i -
nal im pov er ish ment of the source rocks in these min eral
phases be fore their de po si tion and fur ther ex hu ma tion. Al ter na -
tively, they may have been re moved by chem i cal weath er ing in
a hot and hu mid cli mate, and this sce nario is pre ferred by the
au thors be cause of the ar gu ments given be low.

Such HMA char ac ter is tics would be dif fi cult (or im pos si ble)
to ob tain from the sug gested Me so zoic sed i men tary cover of
the Lower San Anticlinorium (if a Me so zoic cover was even
pres ent), sug gest ing the need to ex plore al ter na tive sources. In
light of these data, the most log i cal source is the
Neoproterozoic-Cam brian base ment of the Lower San
Anticlinorium (be neath the Mio cene cover of the Carpathians
Foredeep), as we pre vi ously sug gested (Remin et al., 2022a).

In this area, both unmetamorphosed and meta mor phosed de -
pos its are pres ent, form ing the base ment of the Ma³opolska
Block as rep re sented by flysch-like de pos its (e.g., ¯elaŸniewicz
et al., 2009, 2011; Bu³a and Habryn, 2011). Most likely, these
rocks were al ready ex posed and eroded dur ing the late Cre ta -
ceous.

There may be sev eral rea sons for the low min er al og i cal di -
ver sity of the HMAs. Firstly, the di ver sity may be con trolled to a
large ex tent by the com po si tion of the source rocks (Garzanti
and Andà, 2007). Sec ondly, it may re sult from the diagenetic
leach ing of la bile min er als (Mor ton and Hallsworth, 2007). The
leach ing of la bile py rox enes can al ready pro ceed at depths as
lit tle as sev eral tens of metres (Milliken, 2007; Mor ton and
Hallsworth, 2007; Garzanti et al., 2018). Ac cord ing to Garzanti
et al. (2018), at depths not ex ceed ing 1.5 km, trans par ent heavy 
min er als ac count for no more than 20% of the orig i nal as sem -
blages. In over bur dens of 1.5–2.5 km, the heavy min eral suites
con sti tute ~5% of the orig i nal com po si tion and only 1% if burial
depths ex ceed 4.5 km. Thirdly, the low di ver sity of heavy min -
eral suites may re sult from weath er ing in acidic soils (L¯ng,
2000; Van Loon and Mange, 2007; Shaetzl and Thomp son,
2015; Woronko et al., 2022). Chem i cal de com po si tion is as so -
ci ated with pro longed hy dro ly sis lead ing to the break down of la -
bile min er als (Garzanti, 2017). It is strongly de pend ent on cli -
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Fig. 16. Gar net dis crim i na tion schemes: (A) rock set ting, (B) host-rock com po si tion;,(C) meta mor phic fa cies, (D) barplot
show ing the cor re spond ing class as sign ment

Made with garnetRF (Schönig et al., 2021)
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ma tic con di tions, rock po ros ity and per me abil ity, wa ter qual ity,
and the chem i cal com po si tion of the de com pos ing rock, of ten in 
com bi na tion.

Ac cord ingly, ex ten sive chem i cal weath er ing of the pa ren tal
rocks in the sur face con di tions just be fore or dur ing al lu vial stor -
age in the Szozdy Delta Sys tem might be re spon si ble for the al -

most com plete lack (by re moval) of ap a tite (the few grains pres -
ent dis play dis so lu tion struc tures). A sim i lar sit u a tion is likely
ap pli ca ble to gar nets, as their abun dance is much lower than
that of the du ra ble ZTR group min er als. Ad di tion ally, ~50% of
gar nets are heavily cor roded. As both these min eral phases are 
du ra ble in burial diagenesis (Velbel, 1984; Bate man and Catt,
1985; Mor ton and Hallsworth, 1999), the weath er ing con di tions
noted above are sug gested to be re spon si ble for their marked
de ple tion in the HMAs of the sec tion stud ied. Ac cord ingly, ei -
ther the gar nets were de rived from a dif fer ent source than the
ZTR group min er als, or the source rocks were orig i nally de -
pleted in these min eral phases. 

Ad di tion ally, the gar net grains show dis so lu tion struc tures,
such as etch pits and po lyg o nal and flat tops of mammillary fea -
tures (Fig. 18). These widely un der stood struc tures are known
from Qua ter nary de pos its and sapro lites, and are re lated to the
ac tion of humic ac ids formed dur ing pedogenesis (Velbel,
1984; Hansley and Briggs, 1994). The dis so lu tion struc tures
ob served on gar net grains can not be in her ited, be cause the
frag ile forms of heavily cor roded gar nets would break down as a 
re sult of in tense wave and/or cur rent ac tion (Van Loon and
Mange, 2007). 

As such, the unique fra gil ity of the cor roded gar nets rules
out the pos si bil ity of multi-stage re cy cling. The pres ence of
weath ered gar nets with al tered sur face struc tures sug gests
that the source rocks ex pe ri enced sig nif i cant sur face weath er -
ing dur ing Cre ta ceous times. This also in di cates that the trans -
port of gar net grains from weath ered and ex posed sed i ments
was very lim ited (brief), pre vent ing their de struc tion dur ing
trans por ta tion, ul ti mately lead ing to their de po si tion on the
Szozdy Delta.

This burial/weath er ing in ter pre ta tion is also cor rob o rated by 
the ab sence of fac eted gar nets in the Szozdy sec tion. Fac eted
gar nets are known from many deeply bur ied bas ins around the
world, in clud ing the cen tral North Sea, off shore New Zea land,
and New Mex ico (Hansley, 1987). Fac eted gar nets form as a
re sult of in creased pore fluid tem per a tures (Mor ton et al.,
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Fig. 17. Fe–Mg de pend ence of the sta ble as sem blage
dis tri bu tion in the KFMASH sys tem along a kyan ite-type

geotherm (con ti nent-col li sion type meta mor phism)

The grey shaded area above 680°C marks the re gion where mus co -
vite melts and is no lon ger pres ent in the as sem blage fields. In very
Mg-rich metapelites, chlorite-kyan ite does not de com pose  be fore
the mid dle am phi bo lite fa cies is reached (600°C), and the high est
grade as sem blage is phlogopite þ-kyan ite; scheme adapted from
Bucher and Frey (2002). Ab bre vi a tions: Bt – bi o tite; Ky – kyan ite; Grt 
– gar net; St – staurolite; chl – chlorite; Cld – chloritoid; Prl –
pyrophyllite; Kao – kaolinite

Fig. 18. Ex am ples of gar nets with etched sur faces from the Szozdy sec tion: (A) – gar net with po lyg o nal mammillary struc ture;
(B) – gar net with smooth and etched sur face, with ini tial mammillary struc tures and etch pits

Scale bars 100 µm
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1989). Ac cord ing to Hansley (1987), sul phate-rich flu ids at tem -
per a tures of 100–130°C are re spon si ble for the cre ation of gar -
nets with an gu lar sur faces in the Up per Ju ras sic Mor ri son For -
ma tion of north west ern New Mex ico. Fac eted gar nets do not
oc cur in soil sec tions in mod ern sed i ments (Mor ton et al.,
1989).

The ex posed Neoproterozoic-Cam brian unmetamorpho -
sed and meta mor phosed base ment rocks of the San
Anticlinorium, rep re sented by flysch-like de pos its, were most
likely sub jected to in tense sur face weath er ing dur ing the Late
Cre ta ceous. Such a sce nario is in de pend ently sup ported by the 
cli ma tic con di tions in ferred from plant com mu nity anal y ses
based on fos sil leaves (Halamski, 2012). The abun dant veg e ta -
tion, and high hu mid ity and tem per a ture, in ten si fied the humic
acid-me di ated dis so lu tion of la bile min er als, most likely re mov -
ing them from the min eral as sem blages ana lysed, re sult ing in
the spe cific, low-di ver sity char ac ter is tics of the HMAs we ob -
tained.

SUMMARY AND FUTURE NEEDS

1. Heavy min eral anal y sis of the Up per Cre ta ceous
siliciclastic strata of the Roztocze Hills shows clearly bi par tite
min eral as sem blages. These in clude mostly well-rounded zir -
cons, tour ma lines, and rutiles (ultrastable min eral phases)
which might sug gest multirecycling. By con trast, an gu lar gar -
nets, kyanites, staurolites, and sillimanites, pre clude
multi-stage re cy cling. It seems that one de posit was “old”, re -
peat edly re de pos ited and sub ject to long-term weath er ing (ZTR 
group min er als). The sec ond type of pa ren tal rocks was “fresh”, 
most likely meta mor phic, and sub jected to ex tremely ef fec tive
sur face weath er ing, as dem on strated by the char ac ter is tic
struc tures found on the gar nets and staurolites. Min er als par tic -
u larly sus cep ti ble to chem i cal weath er ing, such as ap a tite
(whose ex is tence is al most ex clu sively con fined to in clu sions in
tour ma lines), am phi boles, and py rox enes, were com pletely re -
moved from the heavy min eral as sem blages dur ing ex ten sive
Cre ta ceous weath er ing, or sim ply the pa ren tal rocks were orig i -
nally de pleted in these min eral phases be fore they were de pos -
ited. 

2. The most log i cal source rocks for the heavy min eral as -
sem blages of the Szozdy Delta Sys tem are thought to be the
Neoproterozoic-Cam brian base ment of the pres ent-day area of 
the Lower San Anticlinorium (part of the Ma³opolska Block).

3. Weath er ing struc tures are es pe cially prom i nent on gar -
nets and staurolites. Mammillary struc tures ob served on gar -
nets and staurolites em pha size the im por tance of sur face
weath er ing over prints. Ap a tite traces (sin gle crys tals, in clu sions 
within tour ma lines) sug gest that ap a tite grains were al most en -
tirely elim i nated dur ing Cre ta ceous pedogenic/al lu vial stor age
pro cesses. Lush veg e ta tion, hot and hu mid cli mate con di tions,

and acidic soil pH ef fec tively elim i nated ap a tite and were re -
spon si ble for the orig i na tion of the weath er ing struc tures pres -
ent on gar net and staurolite grains.

4. The com po si tion of heavy min eral as sem blages was un -
doubt edly in flu enced by hy dro dy namic pro cesses such as se -
lec tive grain en train ment, trans port, and grain set tling ve loc i -
ties. This is par tic u larly high lighted by os cil la tions in the RuT in -
dex (rutile and tour ma line), em pha siz ing the dif fer ences be -
tween the heavy min eral as sem blages of the dis tal and prox i -
mal fa cies of the delta sys tem.

5.  The pres ence of re gen er ated tour ma line grains that re -
built their idiomorphic shape on for mer round tour ma line nu clei
in di cates orig i nal greenschist to am phi bo lite fa cies con di tions.

6. The outer rims of zoned tour ma lines are de rived from
Al-rich metapelites type 1, which cor re spond to tour ma lines
orig i nat ing from metapelites in equi lib rium with aluminous min -
er als such as staurolite and kyan ite, like most ho mo ge neous
tour ma lines. The cen tres of zoned grains are most likely of ig -
ne ous or i gin – granitoid types 1 and 3 (Henry and Guidotti,
1985).

7. The source rocks for the gar net groups are pre dom i nantly 
schists, ortho-gneiss es, para-gneiss es, and am phi bo lites,
formed un der pres sure-tem per a ture con di tions tran si tional be -
tween granulite and am phi bo lite fa cies, as well as be tween am -
phi bo lite and greenschist fa cies. The gen e sis of most of the gar -
net grains stud ied is likely linked to metasedimentary rocks.The
gar net RF clas si fi ca tion scheme showed that a large ma jor ity of
the gar nets stud ied orig i nated from in ter me di ate fel sic-meta -
mor phic rocks. Most grains orig i nate from rocks meta mor -
phosed un der am phi bo lite fa cies con di tions. 

8. Fur ther re search will con cen trate on an a lyz ing the spec -
tra of ra dio met ric ages of zir cons ex tracted from the Szozdy
Delta Sys tem, to con strain the ages of the eroded rocks and ad -
dress the is sue of the po ten tial his tory and ex tent of burial, if
any, of £ysogóry-Dobrogea Land dur ing the Late Cre ta ceous.
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