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Abstract

The Zabinko exposure (western Poland) reveals the classic fluvio-aeolian succession known from studies in the
European Sand Belt. Previous chronostratigraphic studies were mainly based on uncalibrated radiocarbon dates
from organic sediments and thermoluminescence dating. The picture visible from these studies indicated a number
of discrepancies between these methods. The new research in this exposure was based on optically stimulated
luminescence (OSL) dating and calibrated radiocarbon dates. The results obtained indicate a general discrepancy
between the results achieved by these two methods. While the radiocarbon dates provide some meaningful pic-
ture and allow correlation with previous studies, the results of OSL dating do not allow for a chronological model
of sedimentary processes. The OSL dates show large inversions of the results and are clearly younger than the
other dating results. Detailed analysis of OSL measurements shows radioactive disequilibrium and variability linked
to differential stratification of sediments, significantly impacting the assessment of environmental dose rates. We
believe that this atypical variability is presumably the result of postdepositional processes, such as changes in

groundwater levels, chemical weathering and radionuclide migration.
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1. Introduction

A reliable stratigraphic scheme of sedimentary successions
is one of the crucial elements in palaecoenvironmental re-
constructions. Earth sciences have numerous methods of
geochronology performance, appropriate for different
types of depositional environments. For Quaternary terres-
trial deposits one of the most important are radiocarbon
methods for organic material and luminescence methods
for clastic deposits (Brauer et al., 2014). Both methods
have specific limitations related to features of studied de-
posits (Hughes et al., 2016; Kalinska et al., 2023). One of
the most important limitations of the radiocarbon method
is its time range, not exceeding 50-60 ka. Therefore,
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luminescence methods are particularly useful for fre-
quently presenting fluvial and aeolian deposits, where or-
ganic material is not widely observed or is redeposited
from older successions (Bateman, 2008).

Fluvio-aeolian succession is widespread in the Euro-
pean Sand Belt (Zeeberg, 1988; Kasse, 2002). This succes-
sion reflects the main and even short-time environmental
changes, related to climate and base-level changes noted
in the Late Pleistocene (Crombé et al., 2020; Sokotowski
et al., 2022). Fluvial and especially aeolian deposits have
a great potential to be dated using luminescence methods
due to their potentially long exposure on sunlight and well
bleaching and high percentage of quartz grains in sand
fraction. In the last years, there has been a significant in-
crease in luminescence dating, leading to the establishment
of more precise and detailed stratigraphic schemes. Most
of dating results were obtained using optically stimulated
luminescence (OSL). Nevertheless, a comparison of
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luminescence dating results in particular profiles reveal
sometimes significant inversions (Fitzsimmons et al.,
2007; Pincé et al., 2022). Also, in profiles, where organic
material suitable for radiocarbon dating is present, some
discrepancies between both methods are observed.

Detailed studies of luminescence dating results, where
inversions or discrepancies between radiocarbon and OSL
results are present, reveal that OSL measurements have
unimodal and sharp peaks. It means that material was well
bleached and the problem with reliable results is else-
where. It is particularly visible in profiles, where the
youngest OSL dating results are located in the lowermost
part of the investigated profiles (Moska et al., 2022). Field
observations suggest that it is connected to the changes of
ground water level. This assumption leads to preliminary
conclusion that the dose rate might be over- or underesti-
mated in relation to geological history of investigated flu-
vio-aeolian successions. Therefore, the following ques-
tions arise: (i) is it possible to establish an internally con-
sistent chronotratigraphic model and its correlation with
previous research results and the general fluvio-aeolian
succession model; (ii) is there any relation between the
lithological heterogeneity of the studied sediments and dif-
ferences in radioactivity; (iii) what type of disequilibrium
in radionuclide activity might exist in the studied sedi-
ments and what might be the reasons for this?

To answer the research questions posed in this way, a
profile of Zabinko, western Poland, was selected (Fig. 1).
This profile was chosen because it had already been previ-
ously investigated in terms of the age and origin of fluvio-
aeolian succession deposits (Bohncke et al., 1995; Kozar-
ski and Nowaczyk, 1995; Zielinski et al., 2011). In the
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profile detailed sedimentary studies were performed. Ad-
ditionally, 4 samples from palaeosols and gyttja/peat lay-
ers for radiocarbon dating as well as 15 samples for OSL
dating were collected (Fig. 2).

2. Geological setting and previous studies

The Zabinko outcrop is located in the active open sand pit
in the central and distal parts of compound parabolic dunes
circa 20 km towards the south from Poznan, western Po-
land (Fig. 1). The detailed studies have been performed in
two profiles. Aeolian, fluvio-aeolian, upper and central
part of the fluvial complexes were studied in the profile |
and lower part of the fluvial complex superimposed by la-
custrine sediments were studied in the profile 1. Profile |
was made in the outcrops’ wall while profile II has been
dug up in the bottom of the outcrop up to the ground-water
level. Both profiles were located several metres from each
other and reveal continued succession. Integrated profile is
presented in the Fig. 2.

The dune complex was deposited in the Warsaw-Berlin
ice-marginal valley (IMV) within the limit of the Last Gla-
cial Maximum (Kozarski et al., 1988). The Warsaw-Berlin
IMV formed during melt-water outflow towards the west
along the ice margin. In the result of outflow an accumu-
lation terrace with sands and gravels was formed. At the
very end of the Late Pleniglacial a formation of the Warta
River system outflow towards the north took place and
multi-channel fluvial system functioned. It transformed
from a braided system to anastomosing system and then in
the Bplling interstadial to meandering fluvial system
(Bohncke et al., 1995; Kozarski and Nowaczyk, 1995).
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Fig. 1. The location map of the study area and two profiles in the Zabinko site.
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The first studies of aeolian series in the Zabinko site
was published by Nowaczyk (1986). He identified defla-
tion depression, aeolian sand covers and parabolic dunes
with well-developed southern branches. The compound
parabolic dunes reach 3 km in lateral range and 20 m in the
highest points of dune foresets. Below the dune complex
of braided river channels was identified, locally infilled
with organic material. The calibrated radiocarbon dating
results reveal that the infilling of abandoned channel
started at the final part of the Late Pleniglacial (the Oldest
Dryas in the biostratigraphic scheme, GS-2.1a in Green-
land scheme; Rasmussen et al., 2014) and continued at
least to the final part of the Belling interstadial (GI-1e; Fig.
2). The calibrated radiocarbon dating results obtained from
the palaeosols reveal comparable age (15120 + 130 calBP
— 14010 + 210 calBP, Fig. 2). In the northern part of the
study area the distal part of the dune complex is situated
on the edge of subglacial through of generally north-south
axis with several lakes, among others by Baranéwko Lake
(Fig. 1).

Studies of Bohncke et al. (1995) and Kozarski and
Nowaczyk (1995) reconstructed palaeoenvironmental con-
ditions during the depositional processes and established
stratigraphic scheme at the basis of uncalibrated radiocar-
bon dating results combined with palynological analysis.
The calibrated radiocarbon dates and the generalised pro-
file from the aforementioned authors' study are shown in
Fig. 2. Four depositional units were identified: 1) unit I —
medium to- coarse-grained sands deposited in the channel
zone of the braided fluvial system during the Warsaw-Ber-
lin IMV formation in the Late Pleniglacial (ca. 20-17 ka
BP); ii) unit Il —fine and silty sands and silts with alternat-
ing ripple-cross lamination and wavy lamination. This unit
was identified as a continuum of the Unit | fluvial deposi-
tional processes in the flood-plain zone. In the lower part
of the unit Il and in the unit | syngenetic-ice-wedge casts
were identified and interpreted as permafrost remnants.
The upper part of the unit 11 consists of alternating bedding
of fine-grained sands and silts with crinkly lamination,
wavy lamination and low-angle-cross stratification. It was
interpreted as fluvio-aeolian deposition sensu stricte
(Kasse, 2002); iii) unit 111 is composed of 4 m thick lacus-
trine deposits (peat and gyttja) deposited in the abandoned
river channel. Calibration od radiocarbon dating results let
to state that the unit 111 started to be deposited from the
Bolling interstadial to the onset of the Holocene (from
14240 + 440 calBP to 11480 + 270 calBP, Fig. 2). Later-
ally, in the intra-channel higher located zone, a soil was
formed. The soil was classified as gleyic/haplic arenosol,
according to FAO (1988) classification. One calibrated ra-
diocarbon dating result situates its age in the Belling inter-
stadial (14540 + 540 calBP, Fig. 2); iv) unit IV consists of
two types of deposits — lower is composed of silty-sandy
horizontally bedded layer with wavy and crinkly lamina-
tion up to 1 m thick. Upper part represents mainly inclined
sands in a large scale of the dune lee-slope.

The fluvio-aeolian succession in the Zabinko site was
studied as well by Zielifiski et al. (2011, 2015). They iden-
tified three main sedimentary complexes of the succession
(Fig. 2) and performed thermoluminescence dating from
all units (Fig. 2). They concluded that the fluvial complex
was deposited in the Pleniglacial, at the very end of the
Pleniglacial (the Oldest Dryas) fluvio-aeolian processes
predominated, and aeolian activity occurred in the Older
and Younger Dryas. Pedogenic processes developed in the
Bolling and Allered interstadials.

3. Materials and methods

The detailed studies were carried out in the fresh walls of
the sand pit and in the crop-out in the floor up to the
ground-water level. The walls were cleaned, measured and
photographed to document sedimentary structures and
points of sampling. The studies were to determine the lith-
ological characteristics of the sediments (texture, structure,
including structural directional elements, grain size distri-
bution). Periglacial structures and palaeosols were also
studied. The lithofacies analysis was based on the method-
ology proposed for fluvial sediments by Miall (1996) with
subsequent modifications (Zielinski; 1998, 2014) and for
acolian sediments according to Zielinski (2016). Samples
to establish their chronostratigraphic positions (OSL and
14C dating) were collected from all lithofacial complexes
(Fig. 3). The sediment for OSL analysis was collected to
the thin-walled pipes (material for quartz extraction) and
into the plastic bags (bulk material for another research).

At the Gliwice Luminescence Dating Laboratory
(Moska et al., 2021), samples from Zabinko were sub-
jected to OSL dating (Fig. 4). In addition, further research
was conducted to investigate crucial aspects for this profile
such as radioactive disequilibrium, 222Rn emanation which
we use as a proxy for radionuclides mobility, and sample
homogeneity.

3.1 Determination of luminescence age

3.1.1 Chemical procedure

To determine the equivalent dose rates from the extracted
pure quartz grains a series of chemical treatments were
performed. Initially, the material was immersed in 20%
hydrochloric acid to remove carbonates, followed by im-
mersion in 20% hydrogen peroxide to eliminate organic
matter. Between these two steps, the samples were rinsed
with distilled water. After the initial preparation, samples
were dried and sifted using 125-200 um sieves. Quartz
grains were then separated using sodium polytungstate so-
lutions — a heavy liquid of densities 2.62 and 2.75 g-cm™.
Subsequently, the grains were etched in 40% hydrofluoric
acid for 1 hour to remove the outer layer of approximately
4 um, which is responsible for the partial absorption of ex-
ternal alpha radiation dose (Poreba et al., 2022), and to
eliminate non-quartz components. The prepared sample
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Fig. 3. A —the sedimentary log with radiocarbon/OSL dating results; B —
upper part of the aeolian complex with inclined-cross stratifica-
tion; C — lower part of the aeolian complex with two palaeosols,
silty-sandy deposits of the fluvio-aeolian complex and fine sands
and sandy silts of the fluvial complex; D — central part of the flu-
vial complex with silty-clayey rhythmite; E — sands of the aban-
doned fluvial channel overlaid by gyttja (light grey) and sandy
peat (dark grey).

was then placed on stainless steel disks and subjected to
the procedure described in the following paragraph.

3.1.2 Equivalent dose rate determination

The luminescence measurements were carried out using
Risg TL/OSL DA-20 automatic reader equipped with
Hoya U-340 filter and calibrated *°Sr/°*°Y beta source. In
calibration process Riso quartz was used (Autzen et al.,
2022). For determining equivalent doses, the SAR proto-
col (Single-Aliquot Regenerative-dose) (Murray and Win-
tle, 2000) was applicated and for each tested sample the
final value of the equivalent dose was calculated by imple-
mented the Central Age Model (CAM) (Galbraith et al.,
1999).

3.1.3 Dose rate determination

HPGe high resolution spectrometry

The natural uranium, thorium decay chains and potassium
were measured using a high-resolution gamma HPGe

detector. The HPGe detector was calibrated for ca. 100 g
samples using reference materials i.e., IAEA-RGU-1,
IAEA-RGTh-1, and IAEA-RGK-1 from the International
Atomic Energy Agency.

Samples were dried at 70°C, sealed in yBeakers
(Poreba et al., 2020) and immediately measured on HPGe
detector. After the initial measurements samples were re-
measured after more than 3 weeks. The activities were de-
termined using the following gamma lines: 1460.8 keV for
40K, 583 keV, 911.2 keV, and 2614.4 keV for #2Th, 63.3
keV for 24Th, 295.1 keV, 352.0 keV, 609.3 keV, and
1120.3 keV for ??°Ra, and 46.5 keV for 21°Ph. Both meas-
urements 2*Th and 2°Pb were corrected for self-absorp-
tion according to Cutshall et al. (1983). Ra-226 was deter-
mined by using the secular equilibrium, and gamma lines
from the 24Pb and 2“Bi.
pDose measurement
In addition, the pDose system (Tudyka et al., 2018) was
used to measure natural uranium, thorium decay chains,
and potassium. The system was calibrated using IAEA-
RGU-1, IAEA-RGTh-1, and IAEA-RGK-1 standards
from the International Atomic Energy Agency. For this
type of research, 3.00 grams of the dried and ground sam-
ple was evenly distributed on a 7 cm diameter sample
holder and placed in a container. The pDose system
measures gross alpha and beta counts, and as the conver-
sion factors for dose rates do not exhibit significant
changes per count (Sanderson, 1988), it was used to assess
the limits on dose rates in samples that are in disequilib-
rium.

Dose rate calculation

The alpha efficiency was assessed with a value of
0.04 £ 0.02, and the dose rate was corrected for water con-
tent according to Aitken (1985). The water content was de-
termined to be 7 + 3% (Zabinko 1-9), 10 + 3% (Zabinko
10-13) and 20 + 5% (Zabinko 14 and 15), which was es-
tablished on the basis of sediment type and environmental
conditions (according to the assumption). To account for
the etched away layer of 4 =2 pum, we utilized data pro-
posed by Bell (1979) and Brennan (2003). Additionally,
for the correction of radiation attenuation in quartz grains
(the 125-200 pm fraction), we referred to the data pro-
vided by Brennan et al. (1991) for the alpha correction and
Guérin et al. (2011) for the beta correction. The cosmic
dose rate was determined following the methodology pre-
sented by Prescott and Hutton (1994).

Furthermore, the calculations took into account the dis-
equilibrium present and in the profile and the indication of
material non-homogeneity through lamination (refer to
Fig. 3). This we had assessed by allowing to parts of decay
chain i.e. 28U - ?%Ra and 222Rn-2%Ph to change by a factor
of 1 in the pRate software. Next, dose rates from the HRGS
and pDose systems were averaged and we added mean dif-
ference to the uncertainty, to provide more realistic uncer-
tainty. In addition, we added mean internal dose rate from
Szymak et al., (2022) for Zabinko as several have low ra-
dioactivity. This approach reduced scattering of ages as
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SEDIMENT - Zabinko
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RATE DETERMINATION
DOSE RATE DETERMINATION
v v v v
“Rn EMANATION *Th, *Ra, “"Pb
GRAIN SIZE 3 : uDOSE
ICHEMICAL PREPARATION RATIO ACTIVITIES e
(Hcéek‘:ilorat.i;:vpg?u.d DRYIN(SSAfA%I\EONING ANALYSIS DETERMINATION DETERMINATION MEASUREMENT

|
A 4

|

LUMINESCENCE
MEASUREMENT
(OSL READER)

RADIOACTIVITY
MEASUREMENT
(HIGH RESOLUTION GAMMA
SPECTROMETRY)

A 4

EQUIVALENT DOSE
CALCULATION

DOSE RATE
CALCULATION

LUMINESCENCE AGE
CALCULATION

Fig. 4. Research methodology for Zabinko site.

well uncertainties do not exhibit significant age inversions.
Consequently, we calculated the mean and average dose
rate offset between the HRGS and pDose systems. Alt-
hough this approach significantly increases the uncertainty
in the dose rates, it provides more reliable estimates that
consider the aforementioned factors.

The dose rates were calculated using the online soft-
ware pRate (Tudyka et al., 2022). Table 1 includes the key
data for the investigated samples, such as sample names,
depths, water contents, radionuclide activity, dose rates,
equivalent dose rates, and final ages.

3.2 Additional research

3.2.1 Radiocarbon dating

Graphite targets were prepared in the Gliwice “C Labora-
tory and *C concentration was measured using Accelera-
tor Mass Spectrometry (AMS). Before radiocarbon dating
all tested samples (sediment material) were subjected to
chemical treatment based on NaOH-SOL procedure. In the
first step, the sample was immersed in 0.5 M HCI and
heated in a water bath at 85°C for 1 hour. Then, it was
rinsed with deionized water to achieve a neutral pH. Next,
the sample was immersed in 0.1 M NaOH solution under
the same conditions. Again, it was rinsed with deionized

water to reach a neutral pH. Afterward, the cooled solution
above the sediment was neutralized with 0.5 M HCI. This
fraction is referred to as the NaOH solution. All **C ages
were calibrated using OxCal software v.4.4.4 (Bronk Ram-
sey, 2009) and the IntCal2020 calibration curve (Reimer et
al., 2020). All the *#C results are included in the Table 2.

3.2.2 Grain size analysis

Grain-size distributions were analysed using a Malvern
Mastersizer 3000 laser diffractometer. Prior to the meas-
urement, organic matter was eliminated using H»O,. To
disperse the samples, sodium hexametaphosphate was
added, and samples were shaken overnight in distilled wa-
ter (Mason et al., 2003).

The results of grain-size analysis along with depth are
presented in Fig. 5. The grain size results are presented as
cumulative curves, as well as in the form of mean and me-
dian particle sizes. Within the profile, strong variations in
the mean and median grains diameter as well as the pro-
portions of grains size fractions are observed. In the upper
part of the studied profile, a depletion in the fraction 16—
63 um compared to the rest is observed, while the propor-
tion of grains above 250 um increases. On the other hand,
the lower part of the profile shows an increase in the pro-
portion of fractions above 250 pm.
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Table 1. All important data for investigated samples: samples names, depth, water content, radionuclid activity (HRGS), dose rate — HRGS (assuming secular equilibrium, homogeneous infinite matrix and

no internal dose rate), dose rate - uDose system (assuming secular equilibrium, homogeneous infinite matrix and no internal dose rate), final dose rate (taking into account fact that profile is not

homogenius, radioactive disequiloibrium and internal dose rate), equivalent dose rate and OSL age.

OSL age
(ka)

Equivalent dose
(Gy)

Final dose rate
(Gy-ka')

pDose system
(Gy-ka')

Dose rate -

HRGS

Dose rate -
(Gy-ka)
1.07 + 0.06
0.91 +0.05
0.98 +0.05

40K
(Ba-kg™)
254 £ 20

226Rg
(Ba-kg™)
55+0.3

35+0.3
40+0.2
13205
171+£0.6

232Th

(Bq-kg™)

Sampling H20
(%)

depth (cm)

Sample ID

Zabinko_1

Lab. Code

11410
145+1.2

13.7+0.3
143+0.5
13.6+04
19.0+04
21.0£05
154 £0.3

20605

1.20 £ 0.10
0.99 +0.07
1.18 £ 0.24
1.75 +0.20
210+ 0.31
1.33 £0.40

115+ 0.05
0.89 +0.04
1.22 £0.05
1.75 £ 0.07
217 +0.09
1.44 £0.07
1.83+£0.08
1.28 £ 0.06
1.46 £ 0.06
1.43 £ 0.06
1.44 £ 0.06
1.20 £ 0.05
1.76 £ 0.07

1.13+0.05
1.11+0.05

150
280
370
440

Zabinko_2

GdTL_4606
GdTL_4607

223 +17

Zabinko_3

GATL_4608

115+24
109+13

240 + 18

Zabinko_4

GATL_4609

1.55 £ 0.08
1.83+£0.09
1.04 +0.06
1.67 £0.08
1.20 £ 0.06
1.28 £ 0.07
1.03 £0.05
1.06 £0.05
1.02+0.05
1.44 £ 0.07
0.77 £ 0.04
0.82 + 0.05

360 + 28

10.3 £ 0.6
14707

7+3
7+3

Zabinko_5

GATL_4610

100£15

416+ 32
261+20

384 £29

| 470

Zabinko_6

GATL 4611

11.6+35

11.1£1.0

12.3+141

56+0.3
14.0+05

510
550
630
670
720
760
790
830
950
990

Zabinko_7

GdTL 4612

1.85+£0.15
1.33 £0.11
1.46+0.18
1.34 +£0.36

142+0.7
6.0+04

_ 7+3
Zabinko_8

GATL 4613

16.4 £ 0.6
183+ 0.5
15.9+0.3
15.9+03
15.1+£0.3
175+ 0.6

303 £23

72403

73+03
79403

6.7+0.3
6.8+0.3

106 +04

Zabinko_9

GdTL 4614

125+16

326 +25

Zabinko_10

GATL_4615

119432
11.8+3.1
12517

248 +19

Zabinko_11

GATL_4616

1.35+0.35
1.21+£0.16
1.72+0.27
1.08 +0.28
1.07 +0.24

272+ 21

Zabinko_12

GATL 4617

260 + 20

Zabinko_13

GATL 4618

102+1.6

374 +£28

9406

Zabinko_14

GATL_4619

97403
11.2+0.3

218 +17

53+0.3
6.5+0.3

Zabinko_15

GdTL_4620

104+24

230+ 18

4. Results and discussion

4.1 Sedimentary studies

The sedimentary studies were carried out in two neigh-
bouring profiles in close proximity to each other (about 5
m) and reflect continuous succession. Three main lithofa-
cial complexes were distinguished, according to sedimen-
tary model proposed by Zielifiski et al. (2011). Lower, flu-
vial complex consists of two lithofacial associations re-
lated to channel and overbank sedimentary zones. The
channel association was located in the lowermost part of
the profile and consists of cross-stratified medium- and
coarse-grained sands with thin mud intercalations. In the
upper part of this association 30 cm thick detritus gyttja
and sandy peat was observed (Fig. 3A). From this associ-
ation two samples for OSL and two for radiocarbon dating
were collected. Above the gyttja-peat layers the 2.5 m
thick overbank association was observed. It consists of
rhythmite of fine-grained sands with ripple-cross lamina-
tion intercalated with silts and thin clay laminae with
wavy, flaser and horizontal lamination (Fig. 3B). From
this association four samples for OSL dating were taken.
Above the fluvial deposits a middle, 1 m thick, fluvio-ae-
olian complex was distinguished. It consists of sands and
silty sands with ripple-cross and adhesion ripple lamina-
tion, flaser lamination and massive structure, and medium-
grained sands with tabular cross-stratification of medium
scale and horizontal stratification (Fig. 3C). The upper-
most, aeolian complex is over 6 m thick and consists of
two lithofacial associations (Fig. 3D). Lower association
cover directly fluvio-aeolian complex and consists of low-
angle to horizontal stratified middle-grained sands sepa-
rated with two layers of gleyed sandy silts reworked by soil
processes. In the upper palaeosol occur several thin, dis-
continuous humus streaks overlying strongly gleyed silty-
sandy deposits (Fig. 3E). The upper aeolian association is
composed of high-angle inclined stratified medium- to
coarse grained sands (Fig. 3E).

4.2 Radioactivity measurements and dose rate determi-
nation

The results of the radionuclide contents of the bulk sam-
ples are presented in Table 1, where relatively high varia-
bility of 22°Ra, %2Th and “°K content can be noticed. The
calculated relative standard deviation (RSD) for 2?Ra and
232Th is 48.6% and 48.8% respectively, while for 4K is
significantly lower at 22.2%. Similar results are obtained
for activities obtained by uDose. The RSD for the calcu-
lated dose rate is 25.6%. In the vertical distribution of ??°Ra
and 2%2Th activities, three distinct areas of increased activ-
ity are noticeable at depths 440-470 cm, around 550 cm,
and around 830 cm. Similar increases in activity can be
observed for K, although with significantly smaller per-
centage differences compared to ??°Ra or 32Th. The corre-
lation between the obtained activity values for ?2°Ra, 22Th,
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Table 2. *“C results after calibration.

. 14C age calBP 14
Lab. Code material Probability 95.4% C age calBP
GdA_6039 sediment 17146 — 16646 16896 + 55
GdA_6040 sediment 14932 - 14166 14549 + 65
GdA_6041 sediment 17100 - 16520 16810 £ 75
GdA_6299 sediment 15096 — 14770 or 14717 — 14322 14500 + 200 or 14900 + 200
Gd_942 twigs 15797 — 14780 15250 + 200
Gd_945 peat with plant macroremains 15500 — 14286 14890 + 300
Gd_946 peat with plant macroremains 15776 — 13788 14780 + 490
Gd_1456 wood 14630 — 13797 14125 + 100
Gd_1701 peat with plant detritus 15433 — 14823 15120 + 130
Gd_2177 peat with plant detritus 14562 — 13740 14010 £ 210
Gd_3033 peat with plant detritus 14913 — 14161 14530 + 370
GrN_16179 mammal rib bone 15636 — 13573 14540 + 540
GrN_16188 sandy black gyttja 15154 - 13581 14240 + 440
GrN_16189 fine defrital gyttja 14801 - 14716 13930 + 190
GrN_16190 sandy coarse detr. gyttja 13360 - 12760 13070 £ 170
GrN_16191 brown peat 12724 - 11689 12220 + 270
GrN_16192 dark brawn, sandy peat 12624 — 11823 12240 + 240
GrN_16193 amorphous peat 11749 — 11210 11480 + 270
% of fraction phi (¢)
A) 0 10 20 30 40 50 60 70 80 90 100 B) 1.0 1.5 20 25 3.0 35 4.0 4.5
50 50 -
150 - 150 -
250 - 250 -
350 A 350 A
E 450 4 E 450
§- 550 - §L 550 -
650 650 -
750 750 -
850 - 850 -
950 950 -

<16 um
<63 um
<125 um
<250 um

—— Md (median grain size)
—— Mz (mean grain size)

Fig. 5. Grain size analysis. A — the changes in grain size distribution of the sample with depth; B — the changes in the median and mean grain size from

the Zabinko site.

40K and the fraction below 16 um is relatively weak, while
a significantly stronger correlation is observed with the
16-63 pm fraction, as well as with the mean grain size.

In the Fig. 6 activity for 2%4Th, ??6Ra (via 2Bi, 24Ph)
and 2'%Pb is shown. In the case of 2*4Th, the general pattern
of changes of activity in the profile is quite similar to
changes ?%Ra activity. However, discrepancies can be ob-
served in the upper and lower parts of the profile, where
234Th activity visibly increases. On the other hand, %°Pb
exceeds the activity of 22°Ra in part of samples, notably at

the depth range 670-760 cm, where the differences are
quite significant. Moreover, the measurement conducted
immediately after the sample preparation and after equilib-
rium between radon and its progeny, allowed us to obtain
22Rn emanation for dry material (Fig. 6). The calculated
values of radon emanation for the studied samples ranged
from 11% to 25% for dried sediment samples. In the natu-
ral environment, it is expected that the emanation will be
2—6 times higher due to the presence of water (Strong and
Levins, 1982). Moreover, strong 2Rn emanation suggests
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Fig. 6. Radionuclides (A—C) and radon emanation factor (D) in Zabinko site. Potasium-40 activity (A), activities of 232Th decay chain (B) and radionuclides

of %8U decay chain (C).

that other radionuclides from ??°Ra subseries can be mobi-
lized in the Zabinko profile.

The activities of 24Th, 226Ra, and 21%Pb, as well as ra-
don emanation, indicate disequilibrium in the 238U series.
Although the uncertainty in 23*Th and 2°Pb measurements
is relatively high, only in 4 out of 15 samples did the radi-
oactivity of 234Th, 22°Ra, and 2*°Pb vary within 1 standard
deviation. On average, the activity ratio of 2*Th to ?Ra is
1.28, similarly, the activity ratio of 2°Pb to %?®Ra is 1.3. In
addition, dose rates values obtained with uDose system are
also systematically increased compared to values obtained
from 2?°Ra estimates from HRGS this again suggests pres-
ence of disequilibrium. Moreover, considering the half-
lives of individual radionuclides, especially 2'°Pb, it can be
inferred that the change in 2%Ra activity could have oc-
curred relatively recently, within the past several decades
to a hundred years.

4.3 OSL and '*C measurement

The luminescence results are presented in the form of
graphs of the probability density distribution (Fig. 7).
Overdispersion parameter for all samples was much lower

than 20% and distributions are unimodal, therefore can be
assumed that the tested material represent group of the
well-bleached quartz (Moska, 2019) and CAM model can
be applied for final equivalent doses calculation.

The minimum and maximum values of equivalent dose
were observed for Zabinko 14 (GdTL-4619) and Zabinko
5 (GdTL-4610) respectively. The chronology presented in
Fig. 2 and Fig. 3A includes the OSL results. In the aeolian
complex, we obtained dates ranging from 10.0 + 1.5 ka
(GdTL-4610) to 14.5 + 1.2 ka (GdTL-4607). For the mid-
dle complex (fluvio-aeolian), we obtained two dates:
123+ 1.1 ka (GdTL-4613) and 125+ 1.6 ka (GdTL-
4614). For the last section (fluvial complex), the ages
range from 9.0+ 2.3 ka (GdTL-4619) to 12.5+ 1.7 ka
(GdTL-4617). No significant age difference was found be-
tween the sample deposited at the uppermost depth
(11.4 £1.0 ka, GATL-4606) and the sample at the lowest
depth (10.4 + 2.4 ka GdTL-4620).

The collected material did not contain charcoal or other
plant remnants; thus, the sediment was dated using radio-
carbon dating. This limitation reduces the reliability of ra-
diocarbon ages and restricts their interpretation to rough
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Fig. 7. Dose distributions for all tested samples.

estimations. *C ages were calibrated and the dates are in-
cluded in the Table 2. The findings from 4C dating indi-
cate that the oldest samples (GdA-6039 and GdA-6041)
were collected from peat and gyttja deposits, as well as
from the upper palaeosol. On the other hand, the youngest
samples (GdA-6040 and GdA-6299) were obtained from
the lower palaeosol (Fig. 2).

4.4 Chronology of sedimentary processes

The obtained results of sedimentary analysis are in agree-
ment with previous studies, particularly Zielinski et al.
(2011). The lowermost part of the fluvial complex was de-
posited firstly in the channel zone of the transitional river
with multiple channels (Gradzinski et al., 2003). The chan-
nels were abandoned due to river avulsion and then filled
with organic deposits (gyttja and peat) typical for overbank
deposition (Miall, 1996). The two OSL dating results from
sands (9.0 + 2.3 ka, GdTL-4619 and 10.4 + 2.4 ka, GdTL-
4620) reveal considerable reversion in comparison to other
results and to previous studies, where this part of the flu-
vial is older than 15250 =+ 200 calBP (Gd-942; Nowaczyk,
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|
\
|
!
|
1
‘\
i

1986, Fig. 2) and TL dating results suggest the age of dep-
osition at 17-19 ka (Zielinski et al., 2011). The final part
of infill of abandoned channel is dated on 16810 + 75
calBP (GdA-6041). We assume that channel deposition
and then subsequent organic deposition took place during
the very end of the Late Pleniglacial. Due to the lateral mi-
gration of the dune and the covering of the abandoned
channels fill at different times, one can see a variation in
the radiocarbon dates obtained by different authors
(Nowaczyk, 1986; Bohncke et al., 1995). This shows the
high variability of this type of environment and draws at-
tention to the role of local factors. In this case, the main
role was played by the different timing of the cover of the
palaeochannels by eolian sediments

The central part of the fluvial complex represents
rhythmical deposition on the floodplain (silty sand —
silt/clay couplets). Such rhythmite is related to flood peak
(sand/silt) and the waning of the flood wave (Benito et al.,
2003). The rhythmite is replaced towards the upper part of
the fluvial complex by fine sands and silty sands of cre-
vasse splay or proximal part of the floodplain (Burns et al.



A. Szymak et al.

Geochronometria 51 (2024) 189750

2017). The obtained OSL results reveal an underestimated
age (10.2 + 1.6 ka, GATL-4618) compared to other results
(Table 1 and 2). Three OSL dating results range from
11.6 = 3.5 ka (GdTL-4611) to 11.9 + 3.2 ka (GdTL-4615)
(Fig. 3). These results are inconsistent with radiocarbon
dating results from the peat below and two results from
lower palacosol above (14549+65 calBP and
14500 + 200 calBP, see Fig. 3). The dated quartz is gener-
ally characterised by a unimodal distribution of OSL meas-
urements, which indicates sufficient extinction of the lu-
minescence signal. Therefore, it is assumed that such dis-
crepancies in dating results are not due to sedimentary pro-
cesses but are the result of postdepositional processes. In
this case, we assume that due to the good correlation of the
radiocarbon dating results with previous studies (see Fig.
2), the deposition of this sediment series took place circa
16-14 ka ago (on the turn of the Late Pleniglacial and be-
ginning of the Belling interstadial).

Directly on the overbank deposits is located fluvio-ae-
olian complex (Fig. 3). It reflects the change of sedimen-
tary processes and start of the river incision and abandon-
ment of the floodplain. On the floodplain surface aeolian
sands and silts were accumulated on dry (horizontal lami-
nation) and wet (adhesion ripples) surface (Schwan, 1986;
Kasse, 2002). The presence of small deformations as well
as ice-wedge pseudomorphs reported in previous studies
suggest severe climate conditions and presence at least of
discontinuous permafrost (Zielinski et al., 2015, 2019).
The OSL dating results from the fluvio-aeolian complex
(Fig. 3) are younger than radiocarbon dating results from
the palaeosol above but older than TL dating results re-
ported previously. Therefore, we assume that sedimenta-
tion took place in more or less the same time like in the
upper part of the fluvial complex — the very end of the Late
Pleniglacial and first part of the Bolling interstadial.

Amelioration of the climate conditions in the Bolling
interstadial gave an impulse for development of soil pro-
cesses and formation of the lower palaeosol (Fig. 3). The
limited thickness, discontinuous strings of organic mate-
rial as well as gleyic character is characteristic for pal-
aeosols of the Bolling in Poland and suggests gradual melt-
ing of the permafrost below (Manikowska, 2002;
Konecka-Betley, 2012). The lower palaeosol might be cor-
related with the palaeosol reported by Nowaczyk (1986).

Soil processes were interrupted by start of aeolian dep-
osition of horizontally stratified sand cover. It was the re-
sult of ongoing river incision, formation of sandy terrace
and release of overdried sands from it. A migration of sand
transported by wind towards the east covered pre-existed
soil. Local increase of moisture led to deposition of siltier
unit reworked by soil processes (upper palaeosol, Fig. 3).
Two OSL dating results from aeolian sand cover suggests
short-distance transport and partial bleaching of sand. Pre-
sumably older OSL data (11.6 & 3.5 ka, GdTL-4611) is un-
bleached and only younger OSL result (11.1+1.0 Kka,
GdTL-4612) reveals more reliable age of deposition.
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The upper palaeosol is of Gleysol type, similarly to the
lower palaeosol. We assume therefore the same sedimen-
tary process of silt deposition on the wet surface and the
start of initial soil processes. Radiocarbon dating result
from the palaeosol seems to be overestimated (16896 + 55
calBP, GdA-6039) and suggests redeposition of the or-
ganic material from the infill of the abandoned channel in
the direct vicinity of the studied profile due to deflation
processes. Such possibility confirms the presence of sev-
eral next organic infills in the study area of the Late
Pleniglacial age (Nowaczyk, 1986; Bohnkce et al., 1995).
The palaeochannels not covered with aeolian deposits
were further filled with organic material at least to the
Early Holocene (Bohncke et al., 1995).

The final stage of sedimentary processes is visible in
the migrating towards the east parabolic dunes. The in-
crease of available sand from the terraces was blown-out
and formed complex dunes (Lopuch et al., 2023). Obtained
OSL dating results have wide range from 14.5+ 1.2 ka
(GdTL-4607) to 10.9 + 1.3 ka (GdTL-4609) and reveal in-
version (Fig. 3). It reduces their potential to proper loca-
tion of the depositional processes on geological time scale.
According to previous studies of the Late Glacial dune
fields in Poland we assume that dunes formed in the
Younger Dryas (Nowaczyk, 1986; Jankowski, 2012;
Moska et al., 2023). The TL dating results from the
Zabinko site (Zielinski et al.; 2011, 2015) seems to be too
young. However, reactivation of aeolian processes in the
Holocene may not be excluded.

5. Conclusions

In conclusion, our study on the Zabinko site has provided
valuable insights into its geological and chronological
characteristics. The implementation of two independent
dating methods, along with comparisons to previous stud-
ies and additional analyses, has allowed us to draw the fol-
lowing conclusions.

- Firstly, it was possible to determine the age of the stud-
ied succession; however, establishing a clear chronos-
tratigraphy for the Zabinko site has proven challeng-
ing. The use of *4C dating results compared to previous
ones resulting in general stratigraphic model consistent
with other results as well as allowed the correlation
with previous results and cutting-edge results.

- The stratigraphic model obtained suggests an earlier
onset of fluvial processes than previously assumed and
progressive aggradation on the flood plain at the begin-
ning of the late Pleniglacial and the beginning of the
Late Glacial.

- The presence of disequilibrium was confirmed through
activities of 2%4Th, ??Ra, and 2'%Pb, as well as radon
emanation measurements. This indicates that the inves-
tigated site exhibits variations in the radioactive decay
series.

- The analysis revealed non-homogeneity of the material
at the Zabinko site. Laminations observed in the profile
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suggest the presence of heterogeneous sediment layers.
This finding highlights the importance of considering
material non-homogeneity in the dose rate measure-
ments.

- The occurrence of numerous additional physical and
geological factors, such as changes in groundwater lev-
els and chemical weathering, might be considered as
influential factors affecting the determination of dose
rates. These factors could contribute to the variability
observed in the dating results.

- In future investigations, it is essential to assess the ho-
mogeneity of the material collected at the Zabinko site
and evaluate the variation in dose rates among samples
located in close proximity to each other. This will pro-
vide further insights into the spatial distribution of
chronologically relevant parameters and contribute to
the refinement of the chronostratigraphy for the site.
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