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As so ci ate Ed i tor: Wojciech Granoszewski

We de scribe a col lec tive anal y sis of ra dio car bon and lu mi nes cence dat ing re sults from flu vial palaeoenvironments in var i ous 
Pol ish re gions (low lands, high lands, moun tains, and their fore lands) south of the Last Gla cial Max i mum line. The study used
484 ra dio car bon and 130 lu mi nes cence dates, for which summed prob a bil ity den sity dis tri bu tions were con structed us ing the 
OxCal pro gram. The anal y sis is jux ta posed against high-res o lu tion INTIMATE stra tig ra phy. It dem on strates that dis con tin u -
ous re cords of flu vial en vi ron men tal re sponses in such anal y ses re veal sig nif i cantly more de tail than stud ies con ducted at in -
di vid ual sites. A strong cor re la tion was ob served be tween peaks in the prob a bil ity den sity func tions (PDFs) of ra dio car bon
dates and interstadial pe ri ods. Con versely, ac cu mu la tions of lu mi nes cence dates are cor re lated with stadial pe ri ods. 

Key words: Po land, flu vial ac tiv ity, 14C and lu mi nes cence age de ter mi na tions, prob a bil ity den sity func tions, 80–11.7 cal kBP.

INTRODUCTION

From pre vi ous stud ies of the flu vial palaeoenvironment on
Pol ish ter ri tory, it is known that gen er ally, dur ing cold pe ri ods
with sparse or no veg e ta tion cover, in creased de liv ery of min -
eral ma te rial to val ley floors led to aggradation. Large flow fluc -
tu a tions and a pos i tive bal ance of al lu vial ma te rial re sulted in

the de vel op ment of braided or anastomosing chan nels (Ma rine
Iso tope Stages: MIS4, MIS2, MIS1) (Mol, 1997; Mol et al.,
2000; van Huissteden et al., 2001). In warmer pe ri ods, when
veg e ta tion cov er age in creased, the de liv ery of ma te rial to river
chan nels de creased, lead ing to the dom i nance of ero sion pro -
cesses in the val leys. Dis charge reg u lar iza tion and a neg a tive
bal ance of al lu via fa voured the de vel op ment of me an der ing or
anastomosing chan nels (MIS5a, warmer in ter vals of MIS3,
MIS1, BÝlling, AllerÝd) (van Huissteden et al., 2001; Starkel,
2003). How ever, changes in chan nel sys tems were not syn -
chro nous, as lo cal fac tors such as changes in the ero sional
base, al lu vial li thol ogy, val ley floor gra di ent, and oth ers also in -
flu enced them. In the Youn ger Dryas (YD), both braided chan -
nels and large me an der ing chan nels ex isted (Starkel, 2003).
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Rel a tively warm pe ri ods pro vided more fa vour able con di tions
for the ac cu mu la tion of or ganic sed i ments in val ley bot toms.

From the data col lected at in di vid ual flu vial sed i ment sites, it 
ap pears that none of them pro vides a com plete re cord of en vi -
ron men tal changes over long time spans (in the sense of thou -
sands of years). Nu mer ous palaeoclimatic changes dur ing this
pe riod likely in flu enced ero sion, as so ci ated with ex treme
events such as floods.

The ques tion arises whether the flu vial palaeoenvironment
can pro vide data with higher res o lu tion than the frame work of
ma rine iso tope stages. To an swer this, the au thors con ducted a 
col lec tive anal y sis of ra dio car bon and lu mi nes cence dat ing re -
sults for river de pos its in spe cific re gions of Po land lo cated
south of the Last Gla cial Max i mum (LGM) line (Marks, 2002;
Marks et al., 2022a, b). These re gions have been ex ten sively
in ves ti gated for many years re gard ing the re sponse of river sys -
tems to cli mate changes dur ing the Late Pleis to cene. The study 
aimed to com pare these re corded data with high-res o lu tion
data from the North Green land Ice Core Pro ject (NGRIP) and
INTIMATE stra tig ra phy – IN Te gra tion Ice core, MA rine and
TEr res trial re cords (Ras mus sen et al., 2014). The goal was to
as cer tain whether a col lec tive anal y sis of chrono stratigraphic
data from mul ti ple, non-con tin u ous pro files can pro vide a more
pre cise re con struc tion of flu vial en vi ron men tal re sponses to
global cli mate changes than anal y ses con ducted at in di vid ual
sites. Sim i lar anal y ses have been the sub ject of past re search
in Po land, en com pass ing var i ous types of de pos its, time in ter -
vals, and re gions (Michczyñska and Pazdur, 2004; Starkel et
al., 2006, 2017; Michczyñska et al., 2007, 2022; Michczyñska
and Hajdas, 2010; Gêbica et al., 2015; Dziedu szyñska, 2017,
2019). Re cently con ducted com pre hen sive ana l y sis of a set of
ra dio car bon and lu mi nes cence dates for the flu vial palaeo -
environment (Michczyñska et al., 2023) showed a very good
cor re la tion be tween ana lysed changes in flu vial en vi ron men tal
ac tiv ity (re corded in al lu vial lithofacies di ver sity and the to pog -
ra phy of val ley bot toms) and large-scale changes in cli ma tic
con di tions re corded in the NGRIP core. In the cur rent study, the 
au thors ex am ined re cords for spe cific re gions: cen tral Po land
(£ódŸ re gion), the Holy Cross Moun tains, the Sub carpathian
Bas ins, and the Carpathians. 

RESEARCH AREA AND TEMPORAL SCOPE 

Com par a tive stud ies were con ducted at sites sit u ated in
river val leys to the south of the max i mum ex tent of the Vistula
Gla ci ation (Last Gla cial Max i mum line). The re search ar eas are 
sit u ated in cen tral (£ódŸ re gion – £R) and south east ern Po land: 
Holy Cross Moun tains (HCM), Subcarpathian Bas ins (SCB),
and Carpathians (Fig. 1). They are char ac ter ized by a di ver sity
of geo log i cal struc ture, to pog ra phy, and cli ma tic con di tions.
Dur ing the Mid dle Pleis to cene, these ar eas were shaped by the 
ice sheets of the Saalian and/or Elsterian glaciations (Mojski,
2005; Marks et al., 2016a; Marks, 2023). Sub se quently, flu vial,
weath er ing, slope, and ae olian pro cesses dom i nated.

From the £R, data co mes from the sys tems of the 2nd or der 
river val leys of the mid dle sec tion of the Warta, and the mid dle
sec tions of the Pilica and Bzura rivers. From the HCM, dates
are from the val leys of the Belnianka and Lubrzanka (4th or der
rivers), and Czarna Nida and £agowica (3rd or der rivers). From
the Carpathians and the SCB, data co mes from the val leys of
the Vistula (1st or der river), the San, Wis³oka and Dunajec (2nd
order rivers), and the Wis³ok (3rd or der river).

Sites with doc u mented ab so lute ages of de pos its ob tained
through ra dio car bon (14C) and lu mi nes cence (Thermo lumi ne -

scen ce – TL/Op ti cally Stim u lated Lu mi nes cen ce – OSL) dat ing
were se lected. Both meth ods date var i ous sed i ment types,
com ple ment ing each other. The ra dio car bon method has a
prac ti cal lim i ta tion to ~50 ky. The range of lu mi nes cence meth -
ods is broader.

The anal y sis en com passed sites with flu vial de pos its dated
within the range of 80 to 11.7 cal kBP. This in ter val cov ers the
Early Vistulian (cor re spond ing to Ma rine Iso tope Stage MIS5a;
~85–71 kBP), Lower Plenivistulian (MIS4; 71–58 kBP), Mid dle
Plenivistulian (MIS3; 57–29 kBP), and Up per Plenivistulian and
Late Vistulian (MIS2, and lower part of MIS1; 29–11.7 kBP) pe -
ri ods (Lisiecki and Raymo, 2005; Railsback et al., 2015; Marks
et al., 2016b). Dur ing the time frame in ves ti gated, the re search
ar eas were mostly part of a periglacial do main with di verse cli -
ma tic con di tions. MIS nu mer i cal bound ary ages were used ac -
cord ing to data from Lorraine Lisiecki’s Home Page. 

METHODS AND DATA ANALYSED 

The anal y sis in cluded dates rang ing from 80 to 11.7 cal kBP 
com piled by the au thors’ team (Michczyñska et al., 2022; Dzie -
duszyñska et al., 2023 – see also Sup ple ments for these pub li -
ca tions and ex ten sive lit er a ture for in di vid ual sites cited
therein). For this study, the dataset was aug mented with a few
un pub lished dates (see Ac knowl edge ments), but it was nar -
rowed down solely to the flu vial palaeoenvironment. The dated
sam ples orig i nated from lo ca tions within sed i men tary pro files
where sig nif i cant changes in sedimentological re cords oc -
curred. These lo ca tions in cluded var i ous in di ca tors such as fa -
cies changes in river de pos its, the base and top of or ganic layer
se quences, and sig nif i cant al ter ations in the com po si tion of
spe cific pol len taxa within palynological di a grams found within
ox bow fills. Sam ples for ra dio car bon dat ing were mainly taken
pre cisely from such lo ca tions. Such pref er en tial sam pling for
dat ing fa cil i tates the iden ti fi ca tion of the tem po ral bound aries of
cli mate/en vi ron men tal changes re corded at the sites ana lysed
and helps de ter mine whether these changes were char ac ter is -
tic of a sin gle site, had a lo cal or re gional na ture, or per haps an
even broader ex tent. 

Work on the dat ing da ta base has been on go ing since 2017.
The pro cess was fa cil i tated by the fact that the au thors of this
ar ti cle have been work ing in the field for many years, con duct -
ing their own anal y ses of nu mer ous sites, and are very fa mil iar
with the lit er a ture on site stud ies from var i ous re gions. The da -
ta base pri mar ily in cludes con ven tional ra dio car bon dates,
which have greater un cer tain ties than dates ob tained us ing Ac -
cel er a tor Mass Spec trom e try (AMS). As for lu mi nes cence da -
tes, both thermoluminescence (TL) and op ti cally stim u lated lu -
mi nes cence (OSL) tech niques were used.

A to tal of 484 ra dio car bon and 130 lu mi nes cence dates
were in cluded in the anal y ses for this study. Uti liz ing the OxCal
v.4.4.4 soft ware (Bronk Ramsey, 2009, 2017) and the lat est
IntCal20 cal i bra tion curve (Reimer et al., 2020), PDFs were
gen er ated and com pared to the INTIMATE stra tig ra phy (Ras -
mus sen et al., 2014). INTIMATE event stra tig ra phy is based on
sud den cli mate changes, so it is nat u ral to com pare the flu vial
en vi ron ment that re sponds to sud den cli mate changes with this
stra tig ra phy.

PDF curves were gen er ated by sum ming the prob a bil ity dis -
tri bu tions of in di vid ual dates. For ra dio car bon dates, these were 
prob a bil ity dis tri bu tions of cal i brated dates, while for lu mi nes -
cence dates, they were Gaussi an dis tri bu tions. This cu mu la tive
anal y sis ap proach in cor po rated com pre hen sive in for ma tion
about in di vid ual age de ter mi na tions. The as sump tion was
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made that fa cies changes in the de pos its ex am ined were
mostly re sponses to cli ma tic im pulses. When syn chro nous
changes are ob served at mul ti ple sites, it re sults in a dis tinct
peak in the PDF dis tri bu tions, in di cat ing the re cord ing of a phe -
nom e non that ex tends be yond the lo cal scale (Michczyñska
and Pazdur, 2004; Michczyñska et al., 2007).

A cru cial fo cus lies in un der stand ing how the flu vial sys tems 
in the re gions ex am ined re acted to global cli mate changes. To
study global-scale changes, we used de tailed ar chives from
Green land, such as the NGRIP ice core, cat e go rized into
Green land Stadials (GS) and Green land Interstadials (GI)
within the INTIMATE stra tig ra phy (Ras mus sen et al., 2014).
Hence, the idea emerged to com pare the PDF dis tri bu tions of

ra dio car bon and lu mi nes cence dates with the ox y gen curve
from the NGRIP core and the INTIMATE stra tig ra phy (Ras mus -
sen et al., 2014). 

RESULTS

The graph i cal rep re sen ta tion of an a lyt i cal re sults is shown in
Fig ure 2. This fig ure dis plays the summed prob a bil ity dis tri bu -
tions of ra dio car bon and lu mi nes cence dates for the en tire study
area and in di vid ual re gions. How ever, for the Carpa thians, there
are no lu mi nes cence dates in the com piled da ta base.
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Fig. 2. Prob a bil ity Den sity Dis tri bu tions of lu mi nes cence and ra dio car bon dates over laid on the d18O curve from the NGRIP
 ice core and INTIMATE stra tig ra phy

The fig ure shows sum mary charts and di vi sions into in di vid ual re gions; peaks in the lu mi nes cence date dis tri bu tion are pri mar ily 
cor re lated with cool ing pe ri ods (GS), while ra dio car bon dates are cor re lated with GIs/GSs and GSs/GIs tran si tions 

(interstadials in di cated by beige ver ti cal bars)



The col lec tive anal y sis of age de ter mi na tions re vealed a
strong cor re la tion be tween the ana lysed changes in flu vial en vi -
ron men tal ac tiv ity, in clud ing vari a tions in the lithofacial di ver sity
of al lu vium and val ley floor to pog ra phy, and large-scale
changes in cli ma tic con di tions as doc u mented in the NGRIP
core (Fig. 2). No ta bly, the peaks in the prob a bil ity dis tri bu tions
of ra dio car bon dates cor re late with the tran si tions be tween
Green land Stadials/Green land Interstadials (GSs/GIs) and
Green land Interstadials/Green land Stadials (GIs/GSs). By con -
trast, the ac cu mu la tions of lu mi nes cence dates pri mar ily co in -
cide with pe ri ods cor re lated with the Green land Stadials, in di -
cat ing a po ten tially dif fer ent re sponse in dat ing ma te ri als to cli -
ma tic vari a tions.

In the case of ra dio car bon dates, a sig nif i cantly larger pro -
por tion of dates falls within the 15–10 cal kBP range. This can
be at trib uted pri mar ily to the greater avail abil ity of youn ger de -

pos its, as well as the in flu ence of cli mate warm ing and veg e ta -
tion de vel op ment fol low ing colder pe ri ods. As the im pact of
dates youn ger than 15 cal kBP is pre dom i nant, we nar rowed
the anal y ses down to the range of 15–50 cal kBP to pro vide a
clearer view of older pe ri ods (re fer to Figs. 3–6). Fur ther more,
for each of the re gions, we showed the re sults of in di vid ual ra -
dio car bon date cal i bra tion in the form of bars cor re spond ing to
68.3% con fi dence in ter vals. We also in cluded bars rep re sent -
ing in di vid ual lu mi nes cence dates (date ± sin gle stan dard de vi -
a tion). This pre sen ta tion for mat en hances the vis i bil ity of date
ac cu mu la tions, as summed dis tri bu tions may ob scure the de -
tails. In Fig ures 3–6, date clus ters have been high lighted with
rounded rect an gles around the bars rep re sent ing the 68.3%
prob a bil ity in ter vals of in di vid ual dates.

The dataset for the £ódŸ re gion com prises 38 lu mi nes cence 
dates and 18114C dates (see Figs. 2 and 3). Show ing them as
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Fig. 3. Summed dis tri bu tions of ra dio car bon and lu mi nes cence dates for the £ódŸ re gion

Date clus ters have been marked by rounded rect an gles around the bars rep re sent ing the 68.3% prob a bil ity in ter vals of in di vid ual dates;
notes: 1 – PDF chart for the 14C dates for the range <15 cal kBP has been trun cated at the top for clar ity; 2 – for lu mi nes cence dates, 

in ad di tion to the 68.3% prob a bil ity bars, the me di ans were also marked with dots



prob a bil ity dis tri bu tions along side the INTIMATE stra tig ra phy
yields the fol low ing ob ser va tions:

– prob a bil ity dis tri bu tion of lu mi nes cence dates re veals 5
max ima, while rep re sent ing these dates as bars (date ± sin -
gle stan dard de vi a tion) and al lows for the iden ti fi ca tion of
eight over lap ping groups of dates;

– prob a bil ity dis tri bu tion of 14C dates ex hib its 11 max ima in
the range 15–50 cal kBP, and rep re sent ing these dates as
bars (68.3% con fi dence in ter vals) en ables the dis tinc tion of
17 (some over lap ping) groups of dates.

The range 11.7–15 cal kBP has been ex ten sively dis cussed 
by Dzieduszyñska et al. (2023), whose anal y sis re vealed the
clus ter ing of 14C dates at the fol low ing tran si tions: GS-2a/GI-1e; 
GI-1a/GS-1; and GS-1/Ho lo cene. More over, each of the cool -
ing pe ri ods within GI-1, namely GI-1d, GI-1c2 and GI-1b, was
re flected in the form of peaks in the PDF curve.

For the Holy Cross Moun tains in the time in ter val shown in
Fig ure 4, there are 29 lu mi nes cence dates out of a to tal of 40,
with only 1114C dates avail able. De spite the lim ited num ber of

14C dates, sev eral ob ser va tions can be made from the prob a bil -
ity dis tri bu tion of ra dio car bon dates. Fur ther in sights can be
gained by ex am in ing the cal i bra tion re sults rep re sented as bars 
against the back ground of INTIMATE stra tig ra phy:

– old est 14C date is cor re lated with the tran si tion of GI-
 2.1/GS-2c;

– next one aligns with GS-2c/GS-2b;
– a sub se quent date co in cides with GS-2a/GI-1;
– within GS-1, three date ac cu mu la tions are no tice able: the

first cor re spond ing to the GI-1a/GS-1 bound ary, the next to
the mid dle of GS-1, and the fi nal one to the GS-1/Ho lo cene
tran si tion.

In con trast, the cu mu la tive dis tri bu tion of lu mi nes cence
dates re veals four peaks (one older than 50 cal kBP). When
these dates are rep re sented as bars with marked mean val ues,
they can be di vided into seven sub groups, which, start ing from
the old est, in clude suc ces sively 3 dates, 5 dates, 7 dates, 5
dates, 4 dates, 3 dates, and 2 dates.
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Fig. 4. Summed dis tri bu tions of ra dio car bon and lu mi nes cence dates for the Holy Cross Moun tains re gion

Date clus ters have been marked by rounded rect an gles around the bars rep re sent ing the 68.3% prob a bil ity in ter vals of in di vid ual dates;
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The dataset for the Subcarpathian Bas ins re gion con sists of 
44 lu mi nes cence dates and 233 14C dates (see Figs. 2 and 5).
Their pre sen ta tion in the form of prob a bil ity dis tri bu tions against 
the back ground of INTIMATE stra tig ra phy al lows for the fol low -
ing ob ser va tions:

– prob a bil ity dis tri bu tion of lu mi nes cence dates re veals five
max ima, and when rep re sented as bars (date ± sin gle stan -
dard de vi a tion) it al lows the iden ti fi ca tion of seven dis tinct
groups of dates;

– prob a bil ity dis tri bu tion of 14C dates ex hib its six max ima for
the range 50–15 cal kBP, and the bar rep re sen ta tion
(68.3% con fi dence in ter vals) dis tin guishes twenty groups of 
dates (over lap ping for older ages);

– GS-2a/GI-1 tran si tion is char ac ter ized by the ris ing slope of
the PDF curve;

– within GI-1 two clear max ima can be ob served: one cor re -
lated with the GI-1c2/GI-1c3 tran si tion and the other cor re -
lated with the GI-1a/GS-1 tran si tion;

– GS-1/Ho lo cene tran si tion is marked by a steep in crease in
the slope of the PDF curve.

The dataset for the Carpathian re gion com prises only 59 ra -
dio car bon dat ing re sults. An a lyz ing their prob a bil ity dis tri bu -
tions along side the INTIMATE stra tig ra phy re veals the fol low ing 
ob ser va tions:

– prob a bil ity dis tri bu tion of 14C dates for the range 15–50 cal
kBP re veals two dis tinct nar row max ima cor re lated with
GI-11 and GI-3, and four broader max ima. The bar rep re -
sen ta tion of these dates (68.3% con fi dence in ter vals) dis tin -
guishes four teen (over lap ping) groups of dates;

– GI-1 warm ing is marked by an in crease in the PDF curve;
– in the range of 11.7–15 cal kBP, three dis tri bu tion max ima

are ev i dent: the first cor re lated with GI-1c2, the sec ond with
the GI-1a/GS-1 tran si tion, and the third with the GS-1/Ho lo -
cene tran si tion.
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DISCUSSION

FACTS ABOUT THE REGIONS ANALYSED DERIVED 
FROM THE ANALYSIS OF INDIVIDUAL SITES

£ÓDZ REGION (£R)

The his tory of the de vel op ment of river val leys in the £R
dates back to the ter mi na tion of the Saalian Gla ci ation, when
ero sion re shaped the land scape, trans form ing the de pres sions
left by the gla ci ation into river val leys (e.g., Krzemiñski, 1965;
Turkowska, 1988, 2006; Wachecka-Kotkowska, 2004; Fory -
siak, 2005). Dur ing the Eemian inter gla cial, flu vial pro cesses
reached a sta ble equi lib rium be tween ero sion and ac cu mu la -
tion. Aggradational pro cesses pre dom i nated dur ing the Early
Vistulian (109–71 cal kBP) (Krzemiñski, 1965; Turkowska,
1988; Petera, 2002).

In most river val leys, the tran si tion from the Early Vistulian
(109–71 cal kBP) to the Lower Plenivistulian (71–57 cal kBP)
marked a pe riod of ero sion dom i nance, which might have ex -
tended into the Mid dle Plenivistulian (57–29 cal kBP) (Turko -
wska, 1988; Kamiñski, 1993; GoŸdzik and Zieliñski, 1999;
Kobojek, 2000; Wachecka-Kotkowska et al., 2014). Nev er the -
less, in the Warta Val ley and some of its trib u tar ies, sed i men -
tary re cords sug gest ac cu mu la tion dur ing the ex tended cool ing
of the Lower Plenivistulian, and the ero sion phase oc curred
only at the end of this pe riod (Krzemiñski, 1965; Manikowska,
1996; Wachecka-Kotkowska et al., 2014).

A pe riod of in tense aggradation in the river val leys of the
£ódŸ re gion be gins in the Mid dle Plenivistulian (Krzemiñski,
1965; Turkowska, 1988; Krzyszkowski, 1990; Kamiñski, 1993;
Manikowska, 1996; Petera, 2002; Wachecka-Kotkowska,
2004; Forysiak, 2005; Wachecka-Kotkowska et al., 2014). This
in crease in sed i ment de po si tion was ac com pa nied by a sig nif i -
cant con tri bu tion of ma te rial via lat eral trans port from the val ley
slopes (Turkowska, 1988; Kobojek, 2000; Wachecka- Kotko -
wska, 2004). Or ganic and min eral-or ganic sed i ments from this
pe riod were also de pos ited on the val ley bot toms (Krzyszko -
wski, 1990; Kamiñski, 1993; Manikowska, 1996; Petera, 2002).
Aggradational trends con tin ued into the Up per Plenivistulian
(29-15 cal kBP), but the sed i men ta tion style shifted to wards
coarser ma te ri als in the braided river sed i men tary en vi ron ment. 
This tran si tion is marked by an un con form able con tact be tween
Mid dle and Up per Plenivistulian de pos its (Turkowska, 1988;
Krzyszkowski, 1990; Kamiñski, 1993; Petera, 2002; Wache -
cka- Kotko wska, 2004; Forysiak, 2005; Wachecka-Kotkowska
et al., 2014). De spite the se vere cli mate and the dom i nance of
higher-en ergy sed i men ta tion styles, or ganic and min eral-or -
ganic sed i ments ac cu mu lated and were pre served un der fa -
vour able con di tions (e.g., Krzyszkowski, 1990; Petera, 2002).

Dur ing the tran si tion from the Up per Plenivistulian
(29–15 cal kBP) to the Late Vistulian (15–11.7 cal kBP), rivers
grad u ally left their wide braided chan nels while the run off was
con cen trated in nar rower zones, which was ac com pa nied by
ero sion. This ero sional phase led to the mor pho log i cal sep a ra -
tion of the Plenivistulian high ter race. The trend to wards sta bi li -
za tion of flu vial sys tems was in ter rupted by a sud den cool ing at
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Fig. 6. Summed dis tri bu tions of ra dio car bon dates for the Carpathian re gion
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the Late Vistulian ter mi na tion and ac cu mu la tion again dom i -
nated. Many rivers have re turned to braid ing (Turkowska,
1988) or ana branching sys tems have de vel oped (Petera- Zga -
niacz et al., 2015). The tran si tion from the Pleis to cene to the
Ho lo cene in the val leys of the £ódŸ re gion is marked by an ero -
sional phase, con trib ut ing to the sep a ra tion of the Late Vistulian 
low ter race (Krzemiñski, 1965; Turkowska, 1988; Kobojek,
2000; Wachecka-Kotkowska, 2004, Forysiak, 2005).

HOLY CROSS MOUNTAINS (HCM)

The re or gani sa tion of the net work of small rivers in the HCM 
af ter the Saalian Gla ci ation be gan on the sur face of glacigenic
sed i men tary cover, lo cal periglacial cover and Paleogene and
Neo gene weath ered de pos its (Ludwikowska-Kêdzia, 2018).
This poly gen etic cover of de pos its of vary ing thick ness only
par tially con cealed the var ied struc tural re lief of the Pa leo zoic
mas sif. The dis sec tion of this cover, ini ti ated by cli ma tic chan -
ges in the Early Vistulian (MIS5d-a), oc curred asynchronously
in in di vid ual sec tions of the lon gi tu di nal pro files of the val leys in
the HCM. The ver ti cal and spa tial ex tent of the ero sion sur face
var ied. It de pended on the po si tion of the val leys rel a tive to the
pat tern and fea tures of the struc tural re lief of the HCM.

In the Mid dle Plenivistulian (MIS4) in the river val leys of the
HCM, aggradational ten den cies pre dom i nated (Lindner, 1984;
Kowalski, 2002; Ludwikowska-Kêdzia et al., 2006). The source
of the flu vial sed i ments was not only the gla cial de posit ac cu -
mu la tions, but mainly lo cal periglacial slope cov ers. These be -
came ac ces si ble as a re sult of the wid en ing of val ley bot toms
due to ther mal ero sion of braided river chan nels and/or ac ti va -
tion of denudational pro cesses (Lindner, 1984; Kowalski, 2002;
Ludwi ko wska -Kêdzia et al., 2006). 

In the Mid dle Plenivistulian (MIS3), un der con di tions of
short-term warm and cold cli ma tic fluc tu a tions fa vour able for
the de vel op ment of for est-tun dra veg e ta tion com mu ni ties
(Ludwi kowska-Kêdzia, 2000), the trend of aggradation con tin -
ued in the HCM river val leys. Due to the ac ti va tion of de nu da -
tion pro cesses on the slopes of ridges and val leys in this pe riod, 
deluvia (mainly loess) and colluvia of ten con trib uted to an in -
crease in the thick ness of de pos its that ac cu mu lated in the val -
ley bot toms (Kowalski, 2002; Ludwikowska-Kêdzia et al., 2006;
Wachecka-Kotkowska and Ludwikowska-Kêdzia, 2007).
These pro cesses also caused the ar eal ex pan sion of the slope
de pos its to wards the val ley axis (Kowalski, 2002), which ob -
scured the real amount of flu vial aggradation in the val leys
(Ludwi kowska- Kêdzia, 2021). The Mid dle Plenivistulian poly -
gen etic level of the val ley bot tom was formed (Wachecka-
 Kotkowska and Ludwiko wska- Kêdzia, 2007). 

Dur ing the Up per Plenivistulian (MIS2), aggradation dom i -
nance oc curred in the river val leys of the HCM un der par tic u -
larly harsh cli ma tic con di tions Ludwikowska-Kêdzia, 2000;
Krupa, 2013). Sed i ments in the val leys were strongly af fected
by ae olian pro cesses, and there was an ac cu mu la tion of rhyth -
mi cally strat i fied de pos its of ae olian-deluvial or i gin on the val ley 
slopes (Ludwikowska-Kêdzia et al., 2018). 

Asyn chron ous dis sec tion of the Mid dle and Up per Pleni -
vistulian bot toms of the river val leys in the HCM took place as
the Up per Plenivistulian gave way to the Late Vistulian (Ludwi -
ko wska-Kêdzia, 2000; Kowalski, 2002; Krupa, 2013). In the val -
ley bot toms there are pre served sys tems of ero sion and ac cu -
mu la tion as Plenivistulian ter races (with vary ing rel a tive heights 
of 2–15 m) and/or their base ments (mostly the lower part of the
Mid dle Plenivistulian val ley fill), which are ero sional rem nants
hid den un der the cover of youn ger (mainly Ho lo cene) de pos its.
Some of the ter races most prob a bly rep re sent the toe-cut type

of ter races (Ludwikowska-Kêdzia, 2021), i.e. the trun cated toes
of trib u tary al lu vial fans (af ter Larson et al., 2015). 

The Late Vistulian was mainly a pe riod of trans for ma tion of
the river chan nel pat tern in the HCM from braided to me an der -
ing (Ludwikowska-Kêdzia, 2000; Kowalski, 2002), lo cally with
the stage of de vel op ment of large me an ders (Krupa, 2013).
Con cen tra tion of flow fa voured dis sec tion of val ley bot toms,
short en ing of river chan nels, cut ting of me an ders and biogenic
ac cu mu la tion in ox bow lakes and val ley mires (Szczepanek,
1961; Ludwikowska-Kêdzia, 2000; ̄ urek et al., 2014). The ero -
sional ep i sodes were lo cally syn chro nous with the fill ing of the
newly formed dis sec tions (Ludwikowska-Kêdzia, 2000). Dur ing
the Youn ger Dryas cool ing, braid ing chan nels and aggra da -
tional ten den cies were re corded in the river val ley bot toms of
the HCM. This short aggradational phase is rep re sented by silts 
and sands with cryo genic de for ma tion struc tures (Ludwiko -
wska- Kêdzia, 2018). At that time, dunes pen e trated the river
val leys, and the flu vial sed i ments were sub ject to strong ae olian 
pro cess ing (Jaœkowski, 1999; Okupny et al., 2019).

The tran si tion from the Late Vistulian to the Ho lo cene has
been re corded in the river val leys of the HCM as an ero sional
phase that oc curred asynchronously in in di vid ual sec tions of
the val leys and was of vary ing in ten sity (Ludwikowska-Kêdzia,
2000; Kowalski, 2002; Krupa, 2013). It re sulted in the for ma tion
of a ter race cov ered by the Ho lo cene al lu vium.

CARPATHIANS AND SUBCARPATHIAN BASINS

Dur ing the Vistulian pe riod in the river val leys of the
Carpathians and Subcarpathian Bas ins, ero sional and ac cu mu -
la tive pro cesses oc curred, re sult ing in the for ma tion of 2–3 ter -
race lev els with heights of 15–20 m, 8–12 m, and 6–8 m above
the lev els of con tem po rary riverbeds (Starkel, 2001; Gêbica,
2004).

Dur ing the Early Vistulian (MIS5d-a), wide ero sional plains
were formed, and rivers cut through the for mer al lu vial cov ers
(Starkel, 2014).

In the Lower Plenivistulian (MIS4) in the Carpathians and
Subcarpathian Bas ins, sig nif i cant aggradation oc curred due to
a marked de te ri o ra tion in cli ma tic con di tions. The chan nel al lu -
via from this pe riod are dated in the Vistula Val ley east of
Kraków us ing the TL method to near 70 ka (Gêbica, 1995).

The Mid dle Plenivistulian pe riod (MIS3) was char ac ter ized
by an ac cu mu la tion of al lu via, in ter spersed with phases of in ci -
sion. In the Carpathians, aggradation pro gressed with the sup -
ply from slopes, re corded in the in ter weav ing of river and slope
cov ers (col lu vial and solifluctional) (Starkel et al., 2017). Two to
three interstadial sed i men tary units, sep a rated by ero sional sur -
faces, seem well-doc u mented. Ero sion in the Vistula Val ley and 
its Carpathian trib u tar ies is dated to be fore 50 cal kBP. Around
48–36 kBP (over 40.9–50 cal kBP), the fill ing of ox bow lakes
and shal low thermokarst de pres sions oc curred. At the end of
~36 kBP (~41 cal kBP), in ci sion of the al lu via took place, ini ti at -
ing the de po si tion of a sep a rate al lu vial cover, cur rently form ing
a ter race with a height of 15–20 metres. 

A clear phase of river ero sion oc curred in the Up per
Plenivistulian (MIS2) be fore the Last Gla cial Max i mum, around
20–25 kBP (~24–29 cal kBP), as so ci ated with pro gress ing cli -
mate aridification re sult ing from a shift from oce anic to more
con ti nen tal con di tions (Gêbica et al., 2015). Prob a bly, the fre -
quency of floods also de creased dur ing this time, lead ing to
chan nel deep en ing and/or wid en ing, re duc ing the ver ti cal ex -
tent of flood in un da tions. Dur ing this pe riod, the de po si tion of a
sep a rate cover was ini ti ated, cur rently form ing a ter race with a
height of 8–12 m. On the higher ter race, at 15–20 m, ac cu mu la -
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tion of loess and sand oc curred due to chan nel deep en ing
and/or re duced flood ex tent. The lower ter race, at 8–12 m, with
de pos its from the Mid dle Plenivistulian, was cut by the al lu via of 
the braided river, whose age pre dates the Late Vistulian. The
de pos its of this ter race are dated us ing the lu mi nes cence
method to 17–24 kBP, plac ing them in the Up per Plenivistulian
(MIS2) (Starkel, 1995; Mamakowa et al., 1997; Gêbica, 2004).
This ter race at the top was cov ered by dunes.

At the end of the Up per Plenivistulian (13–15 kBP,
15.3–18.6 cal kBP), riverbeds deep ened, ac com pa nied by
changes in chan nel de vel op ment from braided to me an der ing.
The age of the old est me an der ing chan nels, dated by the con -
ven tional ra dio car bon method to the end of the Plenivistulian in
the San Val ley near Stubno in the light of the AMS dat ing,
turned out to be sig nif i cantly youn ger (Klimek et al., 1997;
Gêbica et al., 2022). Most dated infills of large palaeomeanders 
come from the AllerÝd and Youn ger Dryas (Szumañski, 1983;
Starkel, 1995, 2003; Klimek, 1995; Gêbica et al., 2022). In the
Vistula Val ley be low Kraków there was even a re turn to a
braided riverbed (Kalicki, 1991). Pre sum ably, many river chan -
nels had a tran si tional (me an der ing-braided) char ac ter dur ing
this time (Starkel, 2001).

GENERAL REMARKS BASED 
ON PRESENT RESEARCH

The pos si bil i ties of re con struct ing the flu vial en vi ron men tal
re sponses to cli mate changes based on data from in di vid ual
sites are lim ited due to their spo radic na ture. How ever, col lec -
tive anal y sis of 14C dates has re vealed that nearly ev ery tran si -
tion be tween Green land Stadials (GS) and Green land Inter -
stadials (GI) has been re corded in flu vial en vi ron ments. Re -
gional dif fer ences in these re sponses have, though, been ob -
served.

De tailed re con struc tions are most achiev able with pre cise
dates, such as AMS ra dio car bon dates, which are highly de sir -
able for this type of anal y sis. How ever, our re search in di cates
that age de ter mi na tions made prior to the AMS tech nique’s ad -
vent can also be valu able. The com pre hen sive anal y sis of data
from var i ous non-con tin u ous pro files con sis tently re veals a cor -
re la tion be tween flu vial events and cli mate changes re corded in 
Green land ice cores. It is im por tant to note that this col lec tive
anal y sis, in its pre sented form, does not dis tin guish whether the 
en vi ron men tal changes re flected in the PDF dis tri bu tion peaks
are re lated to sed i ment ac cu mu la tion or ero sion. For such a dis -
tinc tion, more de tailed data from in di vid ual sites are re quired.
The anal y sis we pro vide informs us solely about the oc cur rence 
of changes in the flu vial en vi ron ment.

In the type of anal y sis de scribed, the fact of pref er en tial
sam pling for dat ing is very help ful. This fact si mul ta neously de -
ter mines the great use ful ness of even in di vid ual age de ter mi na -
tions. There fore, not only the num ber of dates but also their
qual ity has im por tant in ter pre ta tive value. For all sites ana lysed, 
dat ing sam ples were taken near places where there was a
change in the type of sed i ment. Thanks to this, for ex am ple, the
date of the bot tom of the or ganic fill ing of the palaeochannel will
in form us that it must have been aban doned ear lier. In turn, the
date of the top of the or ganic fill cov ered with min eral de pos its
will in form us about the event that oc curred af ter it. How ever, a
thin in ter ca la tion of or ganic ma te rial in the min eral de pos its will
be able to give us a date co eval in age with the flu vial event.

An other im por tant as pect to con sider is that a high peak
does not al ways in di cate a large ac cu mu la tion of dates; it can
re sult from a sin gle pre cise date. There fore, it is cru cial to pay
at ten tion to the num ber of dates con trib ut ing to a par tic u lar

peak, ex pressed as the num ber of bars rep re sent ing the 68.3%
con fi dence in ter vals for in di vid ual dates.

Closely sit u ated re gions, namely the Subcarpathian Bas ins
and the Carpathians, pres ent a dif fer ent pat tern in terms of ra -
dio car bon date PDF curves (cf. Figs. 4 and 5). In the
Carpathians, there is a dis tinct gap in the num ber of dates ev i -
dent in the PDF curve be tween 15 and 27 cal kBP (where we
have only two dates), whereas in the Subcarpathian Bas ins,
this gap is much smaller, oc cur ring mainly be tween 22 and 25.5
cal kBP. The most plau si ble ex pla na tion is the in flu ence of lo cal
con di tions (as so ci ated with colder cli mates in moun tain ous ar -
eas), but this fac tor is also com pounded by the smaller num ber
of dates avail able in the dataset for the Carpathians.

While ra dio car bon dates yield the most de tailed re sults,
even in the case of lu mi nes cence dates, col lec tive anal y sis can
pro vide valu able in sights. This is par tic u larly ap pli ca ble to the
HCM, where dat ing re sults are pri mar ily ob tained us ing the TL
(thermoluminescence) or OSL (op ti cally stim u lated lu mi nes -
cence) meth ods.

Date clus ters are vis i ble on the PDF curve as 5 dis tinct
peaks. The num ber of dates con sti tut ing a given phase can be
read by com par ing sec tional charts rep re sent ing sin gle dates at 
±1s (up per part of the Fig. 7). Al though un cer tain ties of the lu mi -
nes cence dates are large and the dis tri bu tions of these dates
over lap, the up per part of the graph, where the me di ans are
marked, al lows us to at tempt to iso late subphases from a to d -
see rounded rect an gles at the top of the Fig ure 4. The com pi la -
tion of lu mi nes cence dates for the flu vial en vi ron ment of the
HCM and their group ing into “event se ries” (E) al lowed for the
iden ti fi ca tion of three main phases of flu vial pro cess ac ti va tion
(see Fig. 7). The old est phase, FPI-1, and the youn gest, FPI-3,
show a re la tion ship with the end of pro longed, cold stadial con -
di tions of MIS4 and MIS2, re spec tively. By con trast, phase
FPI-2 cor re lates well with a pe riod of rapid and fre quent cli mate
changes (but with in creas ingly colder cold ep i sodes), pre ceded
by rel a tively long-last ing interstadial con di tions of MIS3. The
du ra tion of the ac ti va tion phases iden ti fied (from the old est to
the youn gest) de creases, which may be as so ci ated with the re -
duc tion of the un cer tainty val ues of lu mi nes cence dates of in -
creas ingly youn ger de pos its. In phase FPI-2, dur ing the mid dle
part of MIS3 (42–36 kBP), a change in the type of sed i ments
that ac cu mu lated in the flu vial en vi ron ment HCM is re corded,
from sandy to silty.

Small rivers in the HCM re act quickly through out their lon gi -
tu di nal pro file to changes in cli ma tic con di tions. The re cord of
this re ac tion in the bot toms of their val leys, al though more dy -
namic, is less du ra ble com pared to the val leys of large rivers.
Hence, for small rivers in the HCM, lo cal con di tions (geo log i cal
struc ture and re lief) be come sig nif i cant. These, in turn, de ter -
mine the scale of cli ma tic changes that will be re corded in the
val leys. The FPI phases and F events iden ti fied in the flu vial en -
vi ron ment ac tiv ity in HCM mainly re cord ev i dence of cold,
stadial cli ma tic con di tions in the Plenivistulian, mainly long-last -
ing, oc ca sion ally brief. The weak reg is tra tion of interstadial con -
di tions in the river val ley de pos its of the HCM un til the mid dle of
MIS3 is most likely re lated to the lack of fa vour able lithological
con di tions in the val ley bot toms for the for ma tion and pres er va -
tion of biogenic sed i ments.

For a fuller in ter pre ta tion of the group ing of lu mi nes cence
dates, that is, the iden ti fied events and phases of the func tion -
ing of the flu vial en vi ron ment in the HCM, it be comes im por tant
to con sider the “lithological back ground”. A good il lus tra tion of
this the sis is the change in the type of sed i ments ac cu mu lated
in the flu vial en vi ron ment of HCM be tween the FPI-1 and FPI-2
phases (MIS3), i.e. the ap pear ance of silty de pos its. Their
share is clearly vis i ble in the bi par tite struc ture of the val ley bot -
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tom from this pe riod (Ludwikowska-Kêdzia, 2000; Wachecka-
 Kotkowska and Ludwikowska-Kêdzia, 2007). The lower part
con sists of thick, ex tra-chan nel silts and silty sands, and the up -
per part of in-chan nel sands trans formed by ae olian pro cesses.
The change in grain size and type of al lu vium ac cu mu lated in
the FPI-2 phase com pared to the Plenivistulian phase is a re -
cord of in tense de nu da tion of the youn ger lower loess cover in
the re gion (Jersak et al., 1992). It led to the for ma tion of silts of
dif fer ent gen er a tions in the bot toms of the Holy Cross river val -
leys, which, as im per me able lay ers re sis tant to ero sion, de ter -

mined the de vel op ment and pres er va tion of or ganic and min -
eral-or ganic sed i ments in the HCM (Ludwikowska-Kêdzia,
2000, 2018). Re duc ing the un cer tainty of lu mi nes cence dates
for in creas ingly youn ger de pos its re sults in short en ing the du ra -
tion of the iden ti fied phases of ac ti va tion of flu vial pro cesses FPI 
in the HCM.

Sim i lar dis tinc tions of events of in creased flu vial ac tiv ity have
also been con ducted for the £R and the Subcarpathian Basins.
Fig ure 8 shows a com par i son of events for all these re gions.
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Fig. 7. Iden ti fi ca tion of flu vial events (marked with the let ters a–d) and ac tiv ity phases
 (marked as bars with gra di ent fill) for the HCM re gion

A phase (de ter mined based on the set of TL, OSL dates) in cludes sev eral flu vial events, with the time range of a sin gle flu vial event 
cor re spond ing to a 68.3% con fi dence in ter val; phase in di cates in which part of the ox y gen curve from the NGRIP core and INTIMATE

stra tig ra phy these flu vial events oc curred, al low ing them to be cor re lated with palaeoclimatic con di tions



In the HCM, phases of flu vial en vi ron ment ac ti va tion are as -
so ci ated with stadial pe ri ods and the tran si tional pe riod from
long-last ing cold (stadial) con di tions to interstadial (e.g., MIS4
and MIS2) and/or with short-term, al ter nat ing stadial and inter -
stadial pe ri ods, with a cool ing trend (MIS3). In the Subcarpa -
thian Bas ins, the event pat tern is sim i lar to that of the HCM, al -
though events in the Subcarpathian Bas ins val leys seem to cor -
re late with the cold est stadial con di tions of MIS3 and MIS2. In
the £R, an ev i dent se ries of events as so ci ated with the cold
con di tions of MIS2 is clearly dis cern ible. And, data from £R
from the Warta River Val ley in di cate that in creased flu vial ac tiv -
ity also oc curred dur ing MIS4.

The re sults de scribed show a very good cor re la tion of PDF
curves and date ac cu mu la tions with the ox y gen curve and
INTIMATE stra tig ra phy. Some dis crep an cies be tween the cli -
ma tic sig nal re corded in the PDF and the ox y gen curve from the 
NGRIP core can be at trib uted to sev eral fac tors:

– time re quired for the en vi ron ment to re spond to cli mate
change, which de pends on the geo graphic lo ca tion of the
sites, in clud ing mor pho log i cal fea tures (moun tains, foot -
hills, high lands, or low lands) and their po si tion in the river’s
lon gi tu di nal pro file;

– in flu ence of lo cal con di tions, such as wid en ing or nar row ing
of river sec tions;

– vari a tions in the sizes of the rivers an a lysed, lead ing to dif -
fer ent rates of re sponse to cli ma tic changes and vary ing de -
grees of pres er va tion of their re cords in the sed i men tary
suc ces sion and in val ley re lief;

– fact that, in most cases, sam ples were dated from lo ca tions
within the sed i men tary pro file be fore or af ter a vis i ble chan -

ge in the sedimentological re cord, rather than pre cisely at
the layer bound ary;

– sta tis ti cal un cer tain ties of dates, which in crease as the age
of de pos its in creases. Con se quently, peaks be come lower
and wider in in creas ingly older sed i men tary units.

CONCLUSIONS

The anal y ses per formed al lowed for the merg ing of scat -
tered in for ma tion from in di vid ual sites and their com par i son
against the back ground of the INTIMATE stra tig ra phy. The
study has dem on strated the value of ana lys ing summed Prob a -
bil ity Den sity Func tions (PDFs) of ra dio car bon and lu mi nes -
cence dates for col lec tive geo chron ol ogi cal anal y sis. It has also 
high lighted that dis con tin u ous re cords of flu vial en vi ron men tal
re sponses in such anal y ses pro vide more de tailed in sights than 
stud ies con ducted for in di vid ual sites. A strong cor re la tion was
ob served be tween the peaks of ra dio car bon date PDF curves
and GS/GI or GI/GS tran si tions, with greater pre ci sion in re con -
struc tions for more re cent time frames. Each of these tran si -
tions since GS-13/GI-13 is re flected in ac cu mu la tions of 14C
dates. By con trast, ac cu mu la tions of lu mi nes cence dates are
pri mar ily as so ci ated with stadial pe ri ods. 

Ac knowl edge ments. The au thors thank an anon y mous
re viewer and P.L. Gibbard for valu able com ments that con trib -
uted to the im prove ment of the ar ti cle. The au thors also thank
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dat ing re sults for the pur poses of com pre hen sive anal y ses.
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Fig. 8. Com par i son of events of in creased flu vial ac tiv ity re corded in the ac cu mu la tion of lu mi nes cence dates
 for the £ódŸ re gion, Holy Cross Moun tains and Subcarpathian Bas ins

The tem po ral range of a sin gle flu vial event cor re sponds to a 68.3% con fi dence in ter val
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