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Abstract:
This study evaluates dose rate determination for Optically Stimulated Luminescence (OSL) dating of aeolian sedi-
ments by investigating the origin and variability of external and internal dose rate components. Three independent 
radioactivity measurement techniques: High-Purity Germanium (HPGe) gamma spectrometry, ICP-MS - Inductively 
Coupled Plasma Mass Spectrometry and the μDOSE system were compared using samples from two contrasting dune 
successions in Poland: Kowalewo (fluvio-aeolian–aeolian) and Baranówko (aeolian). Elevated radionuclide activity 
was detected in quartz separates prior to HF treatment, particularly in the Kowalewo profile, indicating that radio-
nuclide-bearing material may remain associated with density-separated quartz. HF treatment reduced this activity; 
however, after conversion to dose rate, the internal quartz component represented only a minor contribution to the 
total environmental dose rate under the investigated conditions. To explain the observed dose rate variability, results 
from automated mineralogical analysis (QEMSCAN® - Quantitative Evaluation of Minerals by Scanning Electron 
Microscopy), conventional heavy-mineral analysis, quartz-grain morphoscopy and Principal Component Analysis 
(PCA) were interpreted together. QEMSCAN® was used to identify the principal mineral hosts of radionuclides, 
whereas conventional heavy-mineral analysis and quartz-grain morphoscopy were used to characterise sediment 
provenance, maturity and transport history. The complementary datasets show that U and Th activities are primarily 
associated with accessory radionuclide-bearing mineral phases identified by QEMSCAN®, whereas K activity is 
mainly related to K-feldspar and fine-grained aluminosilicates recognised by QEMSCAN®. Conventional heavy-min-
eral analysis and quartz-grain morphoscopy provide independent evidence that differences in provenance, sediment 
maturity and transport history between the two sedimentary successions influence radionuclide partitioning within 
the sediment matrix and the response of quartz separates to HF treatment. Although these effects have only a limited 
influence on the total environmental dose rate in the investigated sediments, integrating dosimetric measurements 
with complementary mineralogical and sedimentological evidence provides a more robust framework for interpreting 
radionuclide distribution and assessing dose rates for OSL dating.

Key words: Luminescence dating; Internal dose rate; Quartz; Dose rate.

Manuscript received 25 May 2026, accepted 10 July 2026

© Copyright by Polish Academy of Sciences, Committee for Quaternary Research and Institute of Geological Sciences



76	 A. SZYMAK et al.

INTRODUCTION

In OSL dating, a significant part of the literature has 
focused on methodological developments related to equiva-
lent dose determination. These studies are primarily aimed 
at improving the accuracy and precision of equivalent dose 
estimates. By comparison, aspects related to dose rate de-
termination and its associated uncertainties have received 
comparatively less attention, particularly in the context of 
complex sediment mineralogy and microdosimetric hetero-
geneity (Murray et al., 2018). From the perspective of ob-
taining reliable age estimates, accurate dose rate determi-
nation remains essential. The calculated dose rate depends 
not only on metrological accuracy but also on the geological 
and mineralogical characteristics of the studied sediment. 
In particular, unresolved issues related to microdosimetric 
effects and the distribution of radionuclide-bearing mineral 
phases may influence dose rate estimates. For example, in 
some low-radioactivity profiles, dose rates may be slightly 
underestimated if internal dose rate contributions are ne-
glected (Szymak et al., 2022).

In this study, we address uncertainty in dose rate de-
termination arising from the heterogeneous distribution of 
radionuclides within the sediment matrix and their asso-
ciation with different mineral phases and grain surfaces. 
In particular, we investigate how radionuclide partitioning 
among accessory mineral phases, fine fractions and quartz 
grain surfaces influences dose rate estimates in aeolian 
sediments.

To investigate these processes, three complementary 
methods of natural radioactivity determination were ap-
plied to evaluate inter-method agreement and identify po-
tential systematic differences in dose rate estimation. In 
addition, automated mineralogical analysis (QEMSCAN®) 
was used to identify the principal mineral phases that host 
radionuclides and to characterise their distribution within 
the sediment matrix. Conventional heavy-mineral analy-
sis and quartz-grain morphoscopy were employed inde-
pendently to characterise sediment composition, prove-
nance, transport history and sediment maturity. Together, 
these complementary datasets provide a multi-proxy 
framework in which each method addresses a different 
aspect of the sedimentary system: environmental radioac-
tivity (HPGe gamma spectrometry, ICP-MS and μDOSE), 
radionuclide-hosting mineral phases (QEMSCAN®), bulk 
heavy-mineral assemblages (conventional heavy-mineral 
analysis), and quartz-grain surface textures (morphos-
copy). Their integration allows relationships between sed-
imentary history, mineralogical characteristics and dose 
rate to be evaluated while recognising that the different 
datasets provide complementary rather than directly equiv-
alent information.

The study is guided by the following testable hypothe-
ses: (i) radionuclide activities determined by HPGe gamma 
spectrometry, ICP-MS and μDOSE agree within analyti-
cal uncertainty, indicating methodological comparability; 
(ii) hydrofluoric acid (HF) treatment reduces apparent ra-
dionuclide activity in quartz separates by removing sur-

face-associated contaminants and/or residual non-quartz 
mineral phases; (iii) uranium and thorium activities covary 
with accessory mineral phases identified by QEMSCAN® 
that are interpreted as the principal hosts of these radio-
nuclides, whereas potassium activity is primarily associ-
ated with K-feldspar and fine-grained aluminosilicates. In 
contrast, conventional heavy-mineral assemblages are ex-
pected to reflect sediment provenance and maturity rather 
than directly identify radionuclide-hosting phases; and (iv) 
the magnitude of the quartz-associated dose component 
differs between the Kowalewo and Baranówko profiles as a 
consequence of their contrasting sedimentary histories and 
degrees of aeolian reworking.

These hypotheses provide the basis for evaluating 
whether mineralogical heterogeneity and radionuclide par-
titioning introduce systematic differences into environ-
mental dose rate determination and, consequently, influ-
ence OSL chronostratigraphic interpretation.

The primary objectives of this study are to: (i) quan-
tify inter-method agreement between different radionu-
clide measurement techniques used for dose rate deter-
mination; (ii) assess the origin and variability of external 
and internal dose rate components and evaluate whether 
radionuclide-bearing material associated with quartz has 
a measurable influence on the total environmental dose 
rate; and (iii) identify the principal mineralogical controls 
on radionuclide distribution using automated mineralogical 
analysis (QEMSCAN®), and integrate these observations 
with conventional heavy-mineral analysis and quartz-grain 
morphoscopy to distinguish radionuclide-hosting mineral 
phases from broader indicators of sediment provenance and 
sediment maturity. OSL dating is subsequently used as an 
application of the resulting dose rate framework to evaluate 
the implications of improved dosimetric characterisation 
for the chronostratigraphic interpretation of the studied ae-
olian (Baranówko) and fluvio-aeolian–aeolian (Kowalewo) 
successions.

The Kowalewo and Baranówko sites were selected as 
contrasting sedimentary systems representing different 
geomorphic settings, depositional histories and degrees of 
aeolian reworking, while sharing a broadly comparable re-
gional climatic and sedimentary framework. This enables 
evaluation of how contrasting sedimentary histories in-
fluence radionuclide distribution, dose rate determination 
and, ultimately, OSL chronostratigraphic interpretation.

STUDY AREA AND REGIONAL SETTING

Kowalewo site

The Kowalewo site is located in the western part of 
Kujawy, central-western Poland, between the towns of 
Szubin and Żnin (Fig. 1B). The study area is located in 
the glacial zone of the last glaciation near the southern 
edge of the Toruń-Eberswalde Ice-Marginal Valley (IMV; 
Pisarska-Jamroży, 2015; Marks et al., 2023). The exposure 
of aeolian sediments is located on the leeward side of a 
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parabolic dune up to 10 m high (Fig. 1C), situated on a frag-
ment of a moraine plateau isolated by subglacial channels. 
The substrate of the aeolian sediments consists of fluvial 
sands and glacial clay originating from the main stage of 
the last glaciation. The thickness of Quaternary sediments 
in Kowalewo reaches 18–20 metres. Quaternary formations 
are underlain by clays and silts of the Miocene Poznań 
Formation (Włodek, 2002).

Baranówko site

The Baranówko site is located in central Wielkopolska 
region, central-western Poland (Fig. 1D). It is situated in a 
complex parabolic dune up to 17 m high, in the northern 
part of the Śrem Basin (Solon et al., 2018), which is part 
of the middle valley of the Warta River on the terrace IV. 
The studied outcrop, with a thickness of over 3 m (Fig. 1E), 

Fig. 1.  Location of the study area and sampling sites. Map of Poland showing the general locations of the Kowalewo and Baranówko sites (A) (PmP – 
Pomeranian Phase, PP – Poznań Phase, LGM – Last Glacial Maximum, LP – Leszno Phase). Detailed location map (B) and a photograph of the investigated 
profile at the Kowalewo site (C). Detailed location map (D) and a photograph of the investigated profile at the Baranówko site (E).
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is located on the leeward slope of the dune near the over-
grown shore of a lake near the village of Baranówko.

The study area is located in the glacial zone of the last 
glaciation, approximately 40 km north of the Last Glacial 
Maximum (LGM) (Wysota et al., 2009; Marks et al., 
2022). This area began to form as a result of subglacial 
erosion processes, the remnants of which are traces of 
subglacial channels in the Śrem Basin. It was then remod-
elled as a result of meltwater and extraglacial water flow 
during the deglaciation of western Poland after the Leszno 
Phase as part of the Warsaw-Berlin IMV (Kozarski, 1988, 
1995). From the termination of the last glaciation until the 
Holocene, the Śrem Basin functioned as part of the Warta 
River valley. During this period, a complex of river ter-
races was formed (Gonera and Kozarski, 1987; Antczak-
Górka, 1995). On terrace IV, starting from the begin-
ning of the Late Glacial, the surface was transformed by 
aeolian processes, resulting in the formation of sandy 
covers and complex parabolic dunes. These were the sub-
ject of studies at the nearby (approximately 900 m to the 
SW) Żabinko site (Nowaczyk, 1986; Bohncke et al., 1995; 
Zieliński et al., 2011; Szymak et al., 2024). The studied 
dune is directly underlain by sandy-gravel deposits of the 
terrace IV, approximately 10 m thick, below which there 
are clay and silt of the Poznań Formation of the Miocene 
age (Nowak, 2001).

Despite these differences in geomorphic setting, strati-
graphic architecture and depositional history, both study 
sites are located within the same regional Late Quaternary 
sedimentary system of central-western Poland and are 
characterised by aeolian reworking of sandy material de-
rived primarily from glaciofluvial and fluvial deposits. The 
Kowalewo and Baranówko profiles therefore represent con-
trasting expressions of dune development within a broadly 
comparable climatic and sediment source framework. This 
allows their comparison in terms of sedimentary processes, 
mineralogical maturity and radionuclide distribution, while 
explicitly accounting for differences in geomorphic evolu-
tion and post-depositional modification.

MATERIALS AND METHODS

Sampling

Prior to sample collection, lithofacial analysis of the 
exposed areas was performed in accordance with the meth-
odology proposed by Zieliński and Issmer (2008) to ensure 
that material was selected from representative lithofacies 
Kowalewo and Baranówko Sampling was conducted at two 
primary locations: a 10 m thick profile exposed in a sand 
pit at the Kowalewo site (Fig. 1C) and a 3.2 m thick profile 
within a trench at the Baranówko site (Fig. 1E). From each 
profile, eight samples were collected in lightproof tubes 
for OSL dating. In addition, bulk material from the same 
positions was collected in plastic bags for a for ICP-MS, 
μDOSE, QEMSCAN®, grain size, rounding, and frosting. 
Additionally, material for radiocarbon dating was collected 

from the Baranówko profile; however, no suitable organic 
matter for this purpose was found at the Kowalewo site.

Determination of luminescence age

Equivalent dose determination

The isolation of pure quartz grains for luminescence 
dating involved a multi-stage chemical pretreatment and 
mineral separation process. First, they were immersed in 
20% hydrochloric acid to remove carbonates, followed by 
immersion in 20% hydrogen peroxide to eliminate organic 
matter, with rinsing in distilled water between the steps. 
After the initial preparation, the samples were dried and 
sieved using 125–200 μm meshes. Quartz grains were then 
separated using sodium polytungstate heavy liquids with 
densities of 2.62 and 2.75 g·cm-3. Subsequently, the grains 
were etched in 40% hydrofluoric acid for 1 hour to remove 
an outer layer of approximately 4 μm (Poręba et al., 2022) 
to eliminate any non-quartz components. Finally, the pre-
pared samples were mounted on stainless steel disks and 
subjected to luminescence measurement.

Luminescence measurements were carried out using a 
Risø TL/OSL DA-20 automated reader equipped with a cal-
ibrated 90Sr/90Y beta source and Hoya U-340 filter. During 
the calibration process, Riso quartz was used (Autzen et al., 
2022). Equivalent doses were determined using the Single-
Aliquot Regenerative-dose (SAR) protocol (Murray and 
Wintle, 2000), and for each sample, the final equivalent dose 
was calculated by applying the Central Age Model (CAM) 
or Minimum Age Model (MAM) (Galbraith et al., 1999) 
using R package ‘Luminescence’ (Kreutzer et al., 2020).

Dose rate determination

Dose rate determination was based on radionuclide con-
centrations measured in both bulk sediment and extracted 
quartz grains. For bulk sediment measurements, samples 
were dried in a laboratory oven at 70°C until their mass 
stabilized. The dried material was then pulverized, placed 
in γ-beakers (Poręba et al., 2020; Tudyka et al., 2021), and 
stored for a minimum of three weeks to allow 222Rn to 
reach radioactive equilibrium with 226Ra. Each sample was 
measured for approximately 48 hours (Moska, 2019).

External dose rates were determined from radionuclides 
belonging to the 238U and 232Th decay series and from 40K 
using high-resolution HPGe gamma spectrometry. The 
HPGe detector was calibrated using IAEA reference ma-
terials: IAEA-RGU-1, IAEA-RGTh-1, and IAEA-RGK-1. 
The activity of the 238U decay series was evaluated based 
on gamma emissions from its progeny: 63 keV from 234Th, 
186 keV from 226Ra, 295 and 352 keV from 214Pb, and 609, 
1120, and 1764 keV from 214Bi. For the 232Th decay series, 
activities were determined from the 338 and 911 keV emis-
sions of 228Ac and the 583 and 2613 keV emissions of 208Tl. 
The activity of 40K was determined using its characteristic 
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1460 keV emission line. The activities of individual radio-
nuclides within both decay series were statistically con-
sistent, indicating the absence of secular disequilibrium. 
Final 238U and 232Th activities were calculated as weighted 
averages of their respective daughter nuclides.

Bulk material from each sample was additionally ana-
lysed using ICP-MS with lithium borate fusion at Bureau 
Veritas Mineral Laboratories (Canada). Before analysis, 
samples were dried and ground using a planetary mill. 
Detection limits were 0.1 ppm for U, 0.2 ppm for Th, and 
0.01% for K2O, and the obtained concentrations were 
converted to Bq·kg-1 (Guérin et al., 2011). Bureau Veritas 
Mineral Laboratories estimates analytical precision at 15% 
for concentrations exceeding ten times the detection limit 
and 100% for concentrations equal to or below the de-
tection limit. The latter uncertainty was estimated using 
a power-law relationship based on the ICP-MS detection 
limit (Thompson et al., 2002).

Radionuclide concentrations were also measured using 
the μDOSE system (Tudyka et al., 2018, 2020; Kolb et al., 
2022). This method enables detection of alpha and beta par-
ticles and identification of four types of decay pairs origi-
nating from the uranium and thorium decay chains, combin-
ing the advantages of conventional alpha counting (Aitken, 
1985) and beta counting (Bøtter-Jensen and Mejdahl, 1988; 
Sanderson, 1988) with enhanced radionuclide identification 
capabilities. Decay pairs were used to determine the spe-
cific activities of the uranium and thorium decay chains, 
whereas residual beta count rates were used to estimate 40K 
activity. The μDOSE system was calibrated for 3.00 g sam-
ples using IAEA reference materials (IAEA-RGU-1, IAEA-
RGTh-1, and IAEA-RGK-1) and a mixed reference material 
containing 1.00 g of each standard. Background levels were 
evaluated using a 3.00 g polymer disc with negligible radio-
nuclide content.

For internal dose rate determination, quartz grains ex-
tracted using the same chemical procedure as described for 
luminescence dating were analysed. Measurements were 
performed using the μDOSE system designed for 1.00 g 
samples. Four analytical variants were prepared: uncrushed 
and crushed grains after HF treatment, and uncrushed and 
crushed grains after density separation. The procedure fol-
lowed the same analytical approach as described above. 
Additionally, ICP-MS measurements were performed on 
quartz samples after density separation and after density 
separation followed by HF etching.

Dose rate calculation

Annual dose rates were calculated using the μRate soft-
ware (Tudyka et al., 2022). To determine the external dose 
rate, radionuclide concentrations measured by μDOSE, 
HRGS, and ICP-MS were averaged using a weighted mean. 
The internal dose rate was calculated based on μDOSE 
and ICP-MS results of extracted quartz. These specific 
radioactivity measurements were then used as the basis for 
calculating the annual dose rate. Several parameters and 

corrections were applied during the calculation. An a-value 
of 0.04 ± 0.02 was used. Water content correction was ap-
plied following Aitken (1985). For the 125–200 μm quartz 
fraction, an HF etched layer of 4 ± 2 μm was assumed using 
values from Bell (1979) and Brennan (2003). Alpha and 
beta dose attenuation corrections were based on Brennan et 
al. (1991) and Guérin et al. (2011), respectively. The cosmic 
dose rate was estimated according to Prescott and Hutton 
(1994). Finally, the dose rate used for the age calculation 
was determined as the sum of the external, internal, and 
cosmic dose rates.

Radiocarbon dating

For 14C dating four charcoal samples were extracted 
from the Baranówko profile. No suitable organic remains 
were found within the Kowalewo profile despite intensive 
investigation. All recovered samples underwent a standard 
Acid-Base-Acid pretreatment to eliminate carbonates and 
humic contaminants. Following pretreatment and graphiti-
zation, AMS measurements were made on the MICADAS 
AMS system (Synal et al., 2007) at the Gliwice Radiocarbon 
and Mass Spectrometry Laboratory. The resulting radio-
carbon dates were calibrated with the IntCal20 (Reimer et 
al., 2020) using OxCal 4.4 software (Bronk Ramsey, 2009).

Mineralogical and grain surface analyses

QEMSCAN® measurements

The bulk samples were analysed using the QEMSCAN® 
system at the Łukasiewicz Research Network – PORT 
Polish Centre for Technology Development (Wroclaw, 
Poland). For each sample, the mineral composition of the 
whole sample, the mineral composition of the granulomet-
ric fractions, as well as the mineral associations were de-
termined.

Quantitative mineralogical characterization was per-
formed using a QEMSCAN® system, following analytical 
protocols commonly applied in previous studies of loess 
and fine-grained sedimentary materials (Kenis et al., 2020; 
Kenis et al., 2025). The method combines automated scan-
ning electron microscopy with energy-dispersive X-ray 
spectroscopy (SEM-EDS) to obtain quantitative mineralog-
ical, textural, and chemical information at the microscale. 
Samples were prepared as polished epoxy-mounted sec-
tions from homogenized bulk material. The analytical sur-
face was carbon-coated to ensure electrical conductivity. 
Measurements were conducted under high-vacuum condi-
tions using a field-emission SEM equipped with multiple 
EDS detectors. Automated measurements were performed 
using an accelerating voltage of 15 kV, a beam current of 
10 nA, and a microscope spot size setting of 4.1, which 
provided optimal excitation of heavy elements, including 
rare-earth-element (REE)-bearing phases.

Automated mineral identification was based on the ac-
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quisition of EDS spectra at predefined measurement points 
arranged in a regular grid. Each spectrum was matched 
against a mineral species identification (MSI) library, al-
lowing assignment of individual pixels to specific mineral 
phases. The repeatability of the QEMSCAN® analysis was 
controlled through standardized instrument calibration pro-
cedures and the use of a validated MSI database. Previous 
studies have demonstrated that automated mineralogical 
analyses performed under stable operating conditions pro-
vide highly reproducible modal mineralogical data, partic-
ularly for major mineral phases (Pirrie and Rollinson, 2011; 
Schulz et al., 2020).

Mineral phases that were difficult to identify, exhibited 
disturbed compositions, or yielded ambiguous automated 
classifications were additionally verified by manual SEM–
EDS point analyses performed at accelerating voltages of 
15–25 kV and microscope spot size settings ranging from 
3.5 to 6.0. The obtained spectra were interpreted using 
both the MSI database and published reference data (Reed, 
2005; Severin, 2004).

Due to intrinsic limitations of the QEMSCAN® tech-
nique, clay minerals as well as phases enriched in light 
elements (e.g., H, Li, Be, B) may be underestimated or not 
reliably identified. These limitations result primarily from 
the low X-ray emission efficiency of light elements and the 
mixed-phase character of fine-grained clay-rich domains. 
Therefore, comprehensive characterization of such phases 
requires complementary analytical techniques.

Grain size analysis

Grain-size analysis was conducted using a Malvern 
Mastersizer 3000 laser diffractometer. Prior to measure-
ment, organic matter was removed by digestion with H2O2. 
For sample dispersion, sodium hexametaphosphate was 
added, and the mixtures were mechanically shaken over-
night in distilled water (Mason et al., 2003). Before analy-
sis, samples were ultrasonicated to ensure complete disper-
sion of particles. Grain-size distributions were calculated 
as volume percentages, and grain-size parameters (mean 
grain size and median grain size) were determined using 
the Folk and Ward (1957) method.

Conventional heavy mineral analysis

Heavy minerals were identified according to the method 
described by Mange and Maurer (1992). All samples from 
the Baranówko and Kowalewo profiles were used for the 
analysis. The samples were sieved to the 125–250 µm frac-
tion and subjected to density separation using a sodium 
polytungstate solution with a density of 2.85 g·cm-3. For 
each sample, a minimum of 285 transparent mineral grains 
were identified and classified into the following groups: 
AMF (amphibole), PIR (pyroxene), BIO (biotite), CHL 
(chlorite), EPI (epidote), GRA (garnet), TUR (tourmaline), 
CYR (zircon), RUT (rutile), TYT (titanite), DYS (kyanite), 
STA (staurolite), AND (andalusite), SYL (sillimanite), APA 
(apatite), and TOP (topaz).

Measurement of rounding and frosting

Quartz-grain rounding and surface texture were ana-
lysed to reconstruct sediment transport and depositional 
history. The method combined the classical approach 
of Cailleux (1942) with later refinements by Krinsley 
and Doornkamp (1973), Krinsley and Margolis (1969), 
Mahaney (2002), Mycielska-Dowigałło and Woronko 
(1998). Grain surface characteristics were assessed un-
der reflected-light microscopy and classified as NU 
(non-used), EL (shiny rounded), EM/EL (intermediate 
shiny), RM (matt rounded), EM/RM (intermediate matt), 
C (cracked/broken), and other grain types, while surface 
features such as cracks, impact marks, microcracks and 
frosting were used to support environmental interpreta-
tion (Table 1). Matte, frosted grains were interpreted as 
aeolian, whereas smooth, polished and glossy grains were 
treated as fluvial in origin.

Principal Component Analysis

To evaluate relationships among radionuclide activities 
(238U, 232Th, 40K), QEMSCAN® mineral carriers, and phys-
ical sediment properties (specific surface area), all values 
were Z-score standardized prior to Principal Component 

Table 1.  Morphoscopic evaluation of quartz grains under binocular microscopy: surface features, degree of reshape, and 
implications for sedimentary environment reconstruction.

Code Description Paleoenvironmental meaning

NU fresh grains, without traces of processing, very poorly 
rounded physical weathering; crushing in a glacial environment 

EL shiny grains, well or very well rounded long-term chemical etching and abrasion; commonly associated with 
a fluvial environment 

EM/EL shiny grains, with an intermediate degree of roundness fluvial environment 
RM matt grains, well rounded, with clearly rounded surfaces long-term abrasion during saltation transport; aeolian environment 
EM/RM grains with dulled edges and corners, intermediately rounded relatively short-lived influence of the aeolian environment 
C cracked grains, with clearly visible surface damage frost weathering 

Other grains with varying degrees of roundness, without clear 
traces of abrasion, or atypical grains 

intensive chemical and mechanical weathering / forms difficult to 
assign unequivocally
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Analysis (PCA). Calculations were performed in Python 
using the scikit-learn, SciPy, and Matplotlib. The resulting 
PC1–PC2 biplots were used to track correlations.

RESULTS AND DISCUSSION

Reliability of OSL dating and implications of dose-rate 
variability

The equivalent dose results are presented as relative 
probability density distributions, and the overdispersion 
parameter was determined for all analysed samples. For all 
samples from the Kowalewo profile and for five samples 
from the Baranówko site, the unimodal character of the 
dose distributions justified the application of the Central 
Age Model (CAM) model for equivalent dose estimation. In 
contrast, the remaining three samples from the Baranówko 
profile exhibited non-unimodal dose distributions; there-
fore, the Minimum Age Model (MAM) model was ap-
plied for the calculation of the final equivalent dose values 
(Tables A1a and A1b, Appendix). Fig. 2 presents equivalent 
dose probability density distributions based on individual 

aliquots. The equivalent dose values from the Baranówko 
site (0.32–10.7 Gy) exhibit a broad range, indicating sig-
nificant variability among the analyzed samples, whereas 
those from the Kowalewo site (20.4–23.9 Gy) are relatively 
consistent, reflecting a narrow range and low variability.

The external dose rate results show a good agreement 
between the different measurement methods (Fig.  3). 
However, the HRGS method (Tables A2a and A2b; 
Appendix) yields systematically slightly lower values com-
pared to the other techniques (Tables A3a, A3b, A4a, A4b; 
Appendix), mainly based on ICP-MS data. (Figs. 3B and 
C). This underestimation may be attributed to small differ-
ences in system calibration, particularly when measuring 
samples with very low radioactivity levels.

Fig. 4 shows the results of internal dose rate determi-
nation for the Baranówko and Kowalewo profiles showing 
the comparison between ICP-MS and μDOSE methods for 
grains after density separation and grains after HF treat-
ment (Tables A5a and A5b; Appendix). It can be noted that 
after HF etching process significant decreases the internal 
dose rate in Kowalewo while in Baranówko the values re-
main the same. This difference is largely attributable to the 
external dose rate, as the quartz grains in the Kowalewo 

Fig. 2.  Probability density plots of equivalent dose values derived from individual aliquots for samples from the Kowalewo and Baranówko sites.
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profile were situated in a significantly more radioactive 
environment than those from Baranówko (Fig. 3). Due to 
this higher environmental radioactivity, a larger number 
of radionuclides likely accumulated on or near the outer 
surfaces of the grains or passing through quartz separation 
steps. The HF etching process effectively removed this 
external layer or non-quartz grains, leading to the observed 
decrease in the internal dose rate. In contrast, the lower 
external radioactivity at the Baranówko site did not result 
in such surface accumulation, which explains why the HF 
treatment did not noticeably affect its internal dose values.

The final dose rate is a combination of both external and 
internal components. However, in both investigated profiles, 
the internal contribution is very small and does not signifi-
cantly influence the total final dose rate. Although HF treat-
ment substantially reduced radionuclide activity in quartz 
separates from the Kowalewo profile, this reduction trans-
lated into only a minor change in the total environmental 
dose rate because the internal quartz component represents 
only a small fraction of the overall dose. The dosimetric 
measurements (HPGe gamma spectrometry, ICP-MS and 

μDOSE) demonstrate the reduction of radionuclide activity 
in quartz separates following HF treatment. These observa-
tions are complemented by automated mineralogical anal-
ysis (QEMSCAN®), which identifies the principal mineral 
hosts of radionuclides, and by conventional heavy-mineral 
analysis together with quartz-grain morphoscopy, which 
provide independent information on sediment provenance, 
maturity and transport history. Interpreted together, these 
complementary datasets indicate that the effectiveness of 
HF treatment and the variability of dose-rate components 
are linked to differences in sediment composition and dep-
ositional history rather than to changes in the quartz itself. 
Consequently, the principal significance of these observa-
tions lies in improving our understanding of radionuclide 
distribution within quartz separates and its implications for 
dose rate assessment rather than in producing substantial 
revisions of calculated OSL ages.

Sediment provenance and controls on radionuclide 
distribution

The results of the grain-size distributions for the studied 
profiles are presented in Fig. 9 (C, C’, D and D’). For both 
studied profiles, the grain-size distributions show that the 
sediment is composed almost entirely of coarser fractions 
with only a small contribution of silty fractions, which 
is typical for this type of sediment (Tables D1a and D2a; 
Appendix). The Mz and Md values fall within a very nar-
row range, corresponding mainly to fine sand (Tables D1b 
and D2b; Appendix). In the profile form Kowalewko at 
a depth of approximately 350 cm, a slight increase in a 
finer fraction can be observed; however, the overall profile 
remains highly uniform. In case Baranówko profile at the 
base of deposits’(below approximately 290 cm) a shift to-
ward slightly coarser grain size can be observed, which is 
related to transition into a different lithostratigraphic unit.

PCA was used to determine how radionuclide activi-
ties (238U, 232Th, 40K) relate to specific mineral carriers and 
the physical properties of the sediments, namely Specific 
Surface Area (SSA) and the fine fraction (< 63 μm). When 
looking at the combined data (Fig. 7A and D), the PCA 

Fig. 3.  Results of external dose rate comparison for the Baranówko and Kowalewo profiles presenting correlations between (A) μDOSE and ICP-MS, (B) 
ICP-MS and HRGS, and (C) μDOSE and HRGS.

Fig. 4.  Results of internal dose rate determination for the Baranówko and 
Kowalewo profiles showing the comparison between ICP-MS and μDOSE 
methods for grains after density separation and grains after hydrofluoric 
acid (HF) treatment.
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clearly distinguishes two separate groups of sediments cor-
responding to the Baranówko and Kowalewo sites. These 
combined plots reveal a strong overall relationship between 
238U and 232Th activities and the abundance of heavy miner-
als, as well as between 40K activity and K-bearing minerals. 
When interpreted together with the QEMSCAN® data, these 
relationships indicate that zircon, rutile and ilmenite repre-
sent the principal mineral hosts associated with U and Th, 
whereas K-feldspar and fine-grained aluminosilicates are 
the principal hosts of 40K. When interpreted together with 
the QEMSCAN® data, these relationships indicate that zir-
con, rutile and ilmenite represent the principal mineral hosts 
associated with U and Th. This relationship is further sup-
ported by our regression models (Figs. C2a and C2b in the 
Appendix). However, when we analyse the data separately 
for each site (Fig. 7B and C), these correlations become less 
distinct. This weaker relationship within individual profiles 
is primarily due to the very low variability of radionuclide 
activities within the uniform sedimentary layers. This sug-
gests that local differences in the U and Th dose rates are 
driven largely by the sediment’s mineralogical composition 
and physical properties. A completely different mechanism 
controls the distribution of 40K. The PCA biplots show a 
close association between 40K activity, the fine fraction and 
K-bearing minerals. QEMSCAN® identifies K-feldspar to-
gether with fine-grained aluminosilicates as the principal 
mineral hosts responsible for this relationship (Fig. 7D). 
However, on separate plots due to lack of changes in 40K con-
tent, those correlations are virtually absent (Fig. 7E and F).

Kowalewo shows elevated content of heavy minerals 
and potassium-bearing minerals, which align with the 
higher 238U, 232Th, and 40K activities observed in Kowalewo 

(Figs. 9D, D’, E, E’). Conventional heavy-mineral analysis 
demonstrates that Kowalewo contains a higher proportion 
of heavy minerals than Baranówko. Interpreted together 
with the PCA results, this corresponds to the higher 238U 
and 232Th activities observed in Kowalewo. QEMSCAN® 
further identifies zircon, rutile, apatite and ilmenite as the 
principal mineral hosts associated with these radionuclides. 
However, distinction emerges between the two environ-
ments. QEMSCAN® identifies accessory heavy minerals 
that are interpreted as the principal hosts of U and Th. 
Based on the reduction in internal dose rate after HF treat-
ment together with the QEMSCAN® mineralogical data, 
we infer independently that, radionuclide-bearing acces-
sory mineral phases were preferentially associated with 
the outer parts of the density-separated quartz fraction in 
Kowalewo. In contrast, this effect is much less pronounced 
in Baranówko.. This distribution of U and Th between ac-
cessory mineral phases and grain-boundary coatings ex-
plains why the correlations between radionuclides and in-
dividual heavy minerals become less distinct when each 
site is analysed separately (Fig. 9C). In addition, less visible 
signal is also triggered by low 238U, 232Th content (see Figs. 
C2b and C2; Appendix).

Different mechanisms control the 40K content. The PCA 
results for light and clay minerals (Fig. 9D) group 40K di
rectly with clay minerals, glauconite, and K-feldspar.

Aeolian maturity and multi-stage transport history

The quartz-grain surface characteristics and heavy-min-
eral assemblages provide consistent evidence for a domi-

Fig. 5.  Results of rounding and frosting analysis for the (A) Baranówko and (B) Kowalewo site.
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Fig. 6.  Heavy mineral distribution for (A) Baranówko and (B) Kowalewo site.

Fig. 7.  PCA biplots illustrating the relationships between radionuclide activity concentrations, potential mineral carriers, and physical properties (Specific 
surface area and fine fraction <63 μm) of the analyzed sediments. The upper row displays the distribution and component loadings for heavy minerals along-
side 238U and 232Th based on: (A) the combined dataset for both sites, (B) the Baranówko profile, and (C) the Kowalewo profile. The lower row presents an 
analogous analysis for light/clay minerals and 40K for: (D) the combined dataset, (E) the Baranówko profile, and (F) the Kowalewo profile.
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nant aeolian signal in both profiles, although with different 
degrees of sediment maturity and mixing. The quartz-grain 
analysis shows that both Baranówko and Kowalewo are 
dominated by the EM/RM class (Figs. 5A, B), indicating a 
strong aeolian overprint. This signal is more pronounced in 
Baranówko, where EM/RM grains usually exceed 77% and 
reach nearly 89% in BRN 3 (Fig. 5A), suggesting a more 
homogeneous and mature aeolian quartz-grain population. 
In Kowalewo, EM/RM grains are also dominant but occur 
in lower and more variable proportions, approximately 58–
73%, together with higher shares of NU and EM/EL grains 
(Fig. 5B). This points to a greater admixture of fresh or less 
transformed material, probably related to fluvial or flu-
vio-aeolian input and a more complex depositional history.

The heavy-mineral data indicate that both profiles 
were supplied from broadly similar source material, as 
their assemblages are dominated by garnet, accompanied 
mainly by amphibole and epidote (Figs. 6A, B). However, 
Baranówko displays greater vertical variability in the pro-
portions of these minerals (Figs. 6A), which may reflect 
local changes in sediment supply, sorting or reworking 
intensity. In contrast, Kowalewo shows a more uniform 
heavy-mineral composition, with consistently high garnet 
contents and subordinate amphibole and epidote (Fig. 6B). 
The absence of abrupt shifts in heavy-mineral composi-
tion suggests that no major change in sediment provenance 

occurred during deposition. Taken together, quartz-grain 
morphoscopy and conventional heavy-mineral analysis 
indicate that Baranówko records a more homogeneous 
and sedimentologically „old” aeolian succession, whereas 
Kowalewo preserves a more heterogeneous signature con-
sistent with the contribution of fluvial or fluvio-aeolian 
material followed by aeolian reworking.

Despite the higher quartz-to-K-feldspar ratio in Bara
nówko than in Kowalewo (Figs. 9G, G’), the Baranówko ma-
terial can be regarded as more ripe material in terms of the 
duration and intensity of sediment transport. The analysis of 
quartz-grain rounding and frosting indicates a predominance 
of moderately rounded and frosted grains (Fig. 7A). In the 
Baranówko profile (Fig. 8A), the heavy-mineral assemblage 
is dominated by garnets, which are considered among the 
most resistant minerals to mechanical abrasion. Binocular-
microscope observations of garnet grains also indicate a rel-
atively high degree of rounding and edge smoothing.

The predominance of moderately rounded and frosted 
quartz grains may indicate a relatively short episode of ae-
olian modification affecting grains that had already under-
gone earlier transport in a different sedimentary environ-
ment (Fig. 5A) (Mycielska-Dowigałło and Woronko, 1998). 
Previous studies on the provenance of sandy material in 
lowland valleys of the European Plain have shown that 
dune-building sands were commonly derived from fluvial 

Fig. 8.  The sedimentary lithofacial log for Baranówko (A) and Kowalewo 
(B) sites.



86	 A. SZYMAK et al.

deposits exposed during low-water stages and subsequently 
reworked by wind (Manikowska, 1995; Nowaczyk, 1986, 
2000; Kasse, 1997, 2002; Zeeberg, 1998; Andrzejewski and 
Weckwerth, 2010; Vandenberghe et al., 2013; Rychel et al., 
2018; Moska et al., 2022; Łopuch and Jary, 2023). Thus, 
although the aeolisation of quartz grains may have been rel-
atively short, the overall transport history of the grains was 
longer, with water acting as the primary transport medium 
and wind as the secondary reworking agent.

A similar interpretation can be proposed for the Kowa
lewo profile, although the sedimentary context is different. 
The Kowalewo material contains a lower proportion of 
K-feldspar than the Baranówko material (Fig. 9G’), while 
the analysis of quartz-grain rounding and frosting, as 
in Baranówko, shows a predominance of frosted grains 
(Fig. 5B). This suggests that the sediment was also affected 
by a two-stage transport history.

The higher degree of frosting and rounding of quartz 
grains, together with the greater proportion of garnets in 
the heavy-mineral assemblage, suggests that the Baranówko 
material experienced longer transport before accumulation 
than the Kowalewo material. Kowalewo profile developed 
on glacial and glaciofluvial sands (Włodek, 2004). This in-
terpretation is supported by the presence of NU-type quartz 
grains, i.e. fresh, unmodified grains, which are commonly 
associated with glaciofluvial transport. Therefore, the 
Kowalewo sediments probably show shorter transport epi-
sodes, involving glaciofluvial supply, local fluvial or glacio-
fluvial reworking, and subsequent aeolian transformation.

The contrasts in mineralogical maturity between the two 
profiles are particularly visible in the carbonate content (Fig. 

9F, F’) and the heavy mineral ratios (Fig. 9D, D’). The cal-
cite and dolomite content in Kowalewo are notably high, 
reaching 8–10%, whereas in Baranówko, these minerals 
are practically absent (Fig. 9F, F’). This lack of carbonates 
in Baranówko results from advanced secondary chemical 
weathering and prolonged decalcification (leaching) within 
a stable dune profile. The Śrem Basin itself, within which the 
Baranówko profile is located, represents an inherited geo-
morphological form that had previously been occupied and 
reworked by palaeoriver systems flowing through this area 
(Pawłowska et al., 2022). Therefore, the material incorpo-
rated into the Baranówko dune may have undergone partial 
redeposition and assimilation from older fluvial deposits. 
This suggests that at least part of the sediment experienced 
a longer, multi-stage transport history before its final aeo-
lian deposition. Furthermore, the quartz-to-K-feldspar ratio 
is higher in Baranówko than in Kowalewo (Fig. 9G, G’). 
This reflects the preferential removal of mechanically and 
chemically less stable feldspars during prolonged aeolian 
reworking and weathering in the Baranówko succession.

Chronology and phases of aeolian activity

The OSL ages for samples from the Kowalewo profile 
(13.6–15.7 ka) show limited variability across a broad range 
of sampling depths (100–930 cm), indicating a generally 
homogeneous depositional age of the sediments despite 
substantial variation in depth (Table A6b, Appendix). This 
suggests relatively rapid sediment accumulation under 
stable depositional conditions, most likely representing a 

Fig. 9.  Multi-proxy stratigraphic profiles for the studied sites. The plots illustrate depth-dependent variations in: (A, A’) chronology, including OSL and 
14C ages; (B, B’) total environmental dose rates; (C, C’) grain size distribution; (D, D’) heavy mineral content alongside 238U and 232Th activity concen-
trations; (E, E’) potassium-bearing minerals compared with 40K activity; (F, F’) calcite and dolomite content; and (G, G’) quartz/K-feldspar content. Plots 
designated with unprimed letters (A–G) correspond to the Baranówko profile, while plots with primed letters (A’–G’) correspond to the Kowalewo profile.
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single major phase of sedimentation with limited post-dep-
ositional disturbance.

In contrast, the OSL ages (0.25–13.4 ka) obtained 
from the Baranówko site (Table A6a; Appendix), distrib-
uted across depths of 50–290 cm, reveal a highly variable 
and non-linear age–depth relationship, indicating a com-
plex depositional history. The observed variability likely 
reflects multiple phases of sediment accumulation inter-
rupted by episodes of erosion, redeposition, or non-depo-
sition, suggesting dynamic environmental conditions and 
significant post-depositional reworking of the sediments.

Both profiles analysed here represent a record of aeolian 
sedimentation, although they differ in sequence structure 
and in the chronology of aeolian activity. The Kowalewo 
profile (Fig. 8B) consists of two main units. The lower 
part of the profile is formed by fluvio-aeolian deposits, 
comprising fine sands with an intercalation showing ripple 
cross-lamination (Table D2a and D2b; Appendix), dated 
by OSL to 15.0 ± 0.6 ka (GdTL-4635). Deposition of these 
sediments preceded the main phase of dune sedimentation. 
The upper unit, composed of medium sands with tabular 
cross-stratification (Table D2a and D2b; Appendix), re-
cords continuous deposition of dune sands spanning the 
late Bølling and the entire Allerød, up to the onset of the 
Younger Dryas, between 15.7 ± 0.8 ka (GdTL-4633) and 
13.9 ± 0.6 ka (GdTL-4628).

In the Baranówko profile (Fig. 8A), sedimentation be-
gins with coarse sands showing laminar stratification (Table 
D1a and D1b; Appendix), dated to 13.4 ± 0.8 ka (GdTL-
4682), indicating a phase of aeolian activity during the later 
part of the Bølling–Allerød interstadial. Four main soil hori-
zons containing charcoal were identified within the profile 
and radiocarbon dated to 603.5 ± 52 cal BP (GdA-7154.1.1), 
3505 ± 60 cal BP (GdA-7158.1.1), 4955 ± 90 cal BP (GdA-
7159.1.1), and 5140 ± 155 cal BP (GdA-7159.1.1), (Table B1; 
Appendix). The soil–aeolian sequence consists mainly of 
medium sands with laminar stratification, separated by pa-
leosoils horizons, and documents three main cycles of aeo-
lian reactivation. The first cycle occurred during the Middle 
Holocene (GdTL-4681: 5.8 ± 1.0 ka; GdTL-4680: 4.6 ± 0.3 
ka), the second during the Late Holocene (GdTL-4679: 3.7 
± 0.4 ka; GdTL-4678: 2.1 ± 0.2 ka), whereas the third rep-
resents the youngest, historical to modern phase of aeolian 
reactivation (GdTL-4677: 0.77 ± 0.05 ka; GdTL-4676: 0.29 
± 0.02 ka; GdTL-4675: 0.25 ± 0.02 ka).

CONCLUSION

Our multi-proxy evaluation of the Kowalewo and 
Baranówko profiles provides fundamental insights into the 
dynamics of environmental dose rates, leading to several 
essential conclusions for OSL dating:

1. Sediment type and radionuclide distribution. We 
demonstrate that sedimentary history, including transport 
intensity and the duration of chemical weathering, exerts 
a fundamental control on the distribution of radionuclide 
carriers. Consequently, reconstruction of the depositional 

environment is as important for reliable OSL dose rate as-
sessment as the analytical precision of laboratory measure-
ments.

2. Quartz-associated radionuclides and the internal 
dose component. In the Kowalewo profile, HF etching sub-
stantially reduced radionuclide activity in quartz separates, 
indicating that part of the uranium and thorium inventory 
was associated with grain surfaces or residual non-quartz 
phases rather than structurally incorporated within quartz. 
In contrast, this effect was negligible in the more textur-
ally mature Baranówko sediments, suggesting limited sur-
face-associated radionuclide accumulation. Although these 
observations provide important insight into the microdosi-
metric distribution of radionuclides, the resulting internal 
quartz dose represents only a minor contribution to the 
total environmental dose rate in both investigated profiles.

3. Controls on potassium distribution. QEMSCAN® 
indicates that potassium radioactivity is primarily asso-
ciated with K-feldspar and fine-grained aluminosilicate. 
Although K-feldspar contributes substantially to the 40K 
inventory, correlations within individual profiles indicate 
that additional potassium-bearing phases also influence the 
total potassium budget.

4. Crucial implications for OSL sampling and analysis. 
Our results demonstrate that 238U, 232Th and 40K occur in a 
range of mineral hosts and sediment fractions whose distri-
bution is controlled by sediment type and depositional his-
tory. For high-precision dating applications, this variability 
introduces severe micro-dosimetric complexities regarding 
not only the internal dose rate but also demand models that 
go beyond uniform radionuclide distribution (Cunningham 
and Wallinga, 2012).

5. Integration of complementary proxies. The comple-
mentary application of dosimetric methods, QEMSCAN® 
mineralogy, conventional heavy-mineral analysis and 
quartz-grain morphoscopy provides a more comprehensive 
framework for understanding radionuclide distribution than 
any individual method alone, thereby improving the robust-
ness of environmental dose-rate assessment for OSL dating.
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APPENDIX

Section A: OSL dating results

Table A1a.  Equivalent dose for Baranówko site.

Lab. Code Sample ID Equivalent dose (Gy)
GdTL_4675 Baranówko_1 0.32±0.02
GdTL_4676 Baranówko _2 0.34±0.01
GdTL_4677 Baranówko _3 0.75±0.02
GdTL_4678 Baranówko _4 1.8±0.2
GdTL_4679 Baranówko _5 3.0±0.3
GdTL_4680 Baranówko _6 4.1±0.2
GdTL_4681 Baranówko _7 5.3±0.1
GdTL_4682 Baranówko _8 10.7±0.3

Table A1b.  Equivalent dose for Kowalewo site.

Lab. Code Sample ID Equivalent dose (Gy)
GdTL_4628 Kowalewo_1 23.4±0.7
GdTL_4629 Kowalewo _2 20.4±0.5
GdTL_4630 Kowalewo _3 22.8±0.5
GdTL_4631 Kowalewo _4 22.8±0.5
GdTL_4632 Kowalewo _5 23.9±0.7
GdTL_4633 Kowalewo _6 22.1±0.8
GdTL_4634 Kowalewo _7 22.6±0.5
GdTL_4635 Kowalewo _8 21.3±0.6

Table A2a.  HPGe high-resolution spectrometry radionuclide activities from the 238U, 232Th, 40K for Baranówko.  
External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th
 (Bq·kg-1)

238U
(Bq·kg-1)

40K
 (Bq·kg-1)

External dose rate 
(Gy·ka-1)

GdTL_4675 Baranówko_1 50 15±5 3.9±0.4 3.4±0.3 229±18 0.95±0.05
GdTL_4676 Baranówko _2 75 15±5 4.8±0.4 4.2±0.4 242±19 1.00±0.06
GdTL_4677 Baranówko _3 120 15±5 3.7±0.4 3.8±0.4 227±17 0.92±0.05
GdTL_4678 Baranówko _4 150 15±5 3.3±0.3 3.0 ±0.3 235±18 0.92±0.05
GdTL_4679 Baranówko _5 175 15±5 3.6±0.4 3.7±0.4 215±17 0.87±0.05
GdTL_4680 Baranówko _6 215 15±5 4.6±0.4 4.9±0.4 201±16 0.86±0.05
GdTL_4681 Baranówko _7 260 15±5 5.0±0.4 5.4±0.4 241±19 0.98±0.06
GdTL_4682 Baranówko _8 290 15±5 4.2±0.3 3.7±0.3 215±16 0.86±0.05

Table A2b.  HPGe high-resolution spectrometry radionuclide activities from the 238U, 232Th, 40K for Kowalewo.  
External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th
 (Bq·kg-1)

238U
 (Bq·kg-1)

40K
 (Bq·kg-1)

External dose rate 
(Gy·ka-1)

GdTL_4628 Kowalewo_1 100 7±3 10.5±0.5 11.5±0.5 360±27 1.64±0.08
GdTL_4629 Kowalewo _2 200 7±3 9.4±0.5 8.7±0.4 350±27 1.52±0.08
GdTL_4630 Kowalewo _3 300 7±3 9.2±0.5 10.2±0.5 370±28 1.58±0.08
GdTL_4631 Kowalewo _4 400 7±3 11.5±0.6 10.5±0.4 367±28 1.59±0.08
GdTL_4632 Kowalewo _5 500 7±3 11.9±0.5 11.9±0.5 353±27 1.57±0.08
GdTL_4633 Kowalewo _6 600 7±3 8.8±0.5 8.7±0.4 350±27 1.44±0.08
GdTL_4634 Kowalewo _7 800 7±3 9.3±0.4 9.8±0.4 368±28 1.50±0.08
GdTL_4635 Kowalewo _8 930 7±3 8.5±0.5 9.8±0.4 368±28 1.48±0.08
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Table A3a.  ICP-MS 238U, 232Th, 40K converted to radionuclide activities for Baranówko.  

External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th
(Bq·kg-1)

238U
(Bq·kg-1)

40K
(Bq·kg-1)

External dose rate 
(Gy·ka-1)

GdTL_4675 Baranówko_1 50 15±5 4.1±1.1 3.7±1.5 217±33 0.93±0.08
GdTL_4676 Baranówko _2 75 15±5 3.3±1.0 3.7±1.5 215±32 0.89±0.08
GdTL_4677 Baranówko _3 120 15±5 3.7±1.1 3.7±1.5 217±33 0.89±0.08
GdTL_4678 Baranówko _4 150 15±5 3.3±1.0 3.7±1.5 201±30 0.84±0.08
GdTL_4679 Baranówko _5 175 15±5 2.8±1.0 3.7±1.5 191±29 0.79±0.07
GdTL_4680 Baranówko _6 215 15±5 5.3±1.1 6.2±1.6 186±28 0.85±0.07
GdTL_4681 Baranówko _7 260 15±5 4.1±1.1 3.7±1.5 228±34 0.90±0.08
GdTL_4682 Baranówko _8 290 15±5 3.7±1.1 2.5±1.4 204±31 0.80±0.07

Table A3b.  ICP-MS 238U, 232Th, 40K converted to radionuclide activities for Kowalewo.  
External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th 
(Bq·kg-1)

238U
(Bq·kg-1)

40K
 (Bq·kg-1)

External dose rate: 
(Gy·ka-1)

GdTL_4628 Kowalewo_1 100 7±3 10.2±1.5 9.9±1.8 355±53 1.59±0.14
GdTL_4629 Kowalewo _2 200 7±3 10.2±1.5 9.9±1.8 331±50 1.49±0.13
GdTL_4630 Kowalewo _3 300 7±3 9.3±1.4 9.9±1.8 331±50 1.46±0.13
GdTL_4631 Kowalewo _4 400 7±3 12.2±1.8 11.1±1.8 337±51 1.53±0.13
GdTL_4632 Kowalewo _5 500 7±3 11.4±1.7 11.1±1.8 318±48 1.44±0.12
GdTL_4633 Kowalewo _6 600 7±3 9.3±1.4 7.4±1.7 331±50 1.37±0.13
GdTL_4634 Kowalewo _7 800 7±3 11.0±1.6 9.9±1.8 345±52 1.46±0.13
GdTL_4635 Kowalewo _8 930 7±3 9.7±1.5 8.7±1.7 334±50 1.38±0.13

Table A4a.  μDOSE system radionuclide activities from the 238U, 232Th, 40K for Baranówko.  
External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th
 (Bq·kg-1)

238U 
(Bq·kg-1)

40K 
(Bq·kg-1)

External dose rate 
(Gy·ka-1)

GdTL_4675 Baranówko_1 50 15±5 2.0±3.0 25.1±2.9 117±16 1.05±0.07
GdTL_4676 Baranówko _2 75 15±5 5.2±1.0 4.56±0.98 232±14 0.91±0.04
GdTL_4677 Baranówko _3 120 15±5 3.2±1.9 4.4±1.8 232±16 0.86±0.04
GdTL_4678 Baranówko _4 150 15±5 4.73±0.85 1.54±0.79 213±14 0.78±0.04
GdTL_4679 Baranówko _5 175 15±5 1.8±1.4 6.9±1.4 195±15 0.77±0.04
GdTL_4680 Baranówko _6 215 15±5 6.7±3.2 13.0±3.1 174±16 0.88±0.04
GdTL_4681 Baranówko _7 260 15±5 5.36±0.92 3.80±0.86 236±14 0.87±0.04
GdTL_4682 Baranówko _8 290 15±5 3.1±1.7 3.7±1.6 205±16 0.74±0.04

Table A4b.  μDOSE system radionuclide activities from the 238U, 232Th, 40K for Kowalewo.  
External dose rate includes cosmic rate.

Lab. Code Sample ID Sampling depth 
(cm)

Moisture 
content (%)

232Th
(Bq·kg-1)

238U
 (Bq·kg-1)

40K
(Bq·kg-1)

External dose rate 
(Gy·ka-1)

GdTL_4628 Kowalewo_1 100 7±3 17.9±2.7 9.0±2.5 384±18 1.71±0.06
GdTL_4629 Kowalewo _2 200 7±3 10.1±1.4 11.4±1.4 340±16 1.47±0.05
GdTL_4630 Kowalewo _3 300 7±3 10.9±2.2 10.3±2.0 376±17 1.55±0.05
GdTL_4631 Kowalewo _4 400 7±3 12.1±2.4 12.5±2.2 360±17 1.54±0.05
GdTL_4632 Kowalewo _5 500 7±3 12.5±1.7 13.0±1.6 343±16 1.50±0.05
GdTL_4633 Kowalewo _6 600 7±3 14.1±1.9 8.3±1.8 339±17 1.42±0.05
GdTL_4634 Kowalewo _7 800 7±3 6.0±1.4 13.7±1.4 354±16 1.40±0.05
GdTL_4635 Kowalewo _8 930 7±3 10.3±1.9 9.2±1.8 357±17 1.39±0.05
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Table A5a.  Internal dose rates for Baranówko. Internal dose rate was calculated based on the weighted-mean radioactivity 
from ICP-MS, μDOSE.

Lab. Code Sample ID

Internal dose rate  (Gy·ka-1)  
– μDOSE system

Internal dose rate  (Gy·ka-1)  
– ICP-MS

Internal dose rate  
(Gy·ka-1)

After density separation After HF After density 
separation After HF After HF

unmilled milled unmilled milled milled milled milled
GdTL_4675 Baranówko_1 0.018±0.009 0.021±0.010 0.000±0.011 0.011±0.010 0.028±0.017 0.020±0.016 0.0083±0.0083
GdTL_4676 Baranówko _2 0.005±0.005 0.010±0.007 0.003±0.010 0.014±0.009 0.029±0.017 0.020±0.016 0.0075±0.0075
GdTL_4677 Baranówko _3 0.007±0.005 0.014±0.007 0.006±0.009 0.022±0.010 0.027±0.017 0.020±0.016 0.0088±0.0075
GdTL_4678 Baranówko _4 0.007±0.005 0.027±0.013 0.006±0.010 0.020±0.011 0.027±0.017 0.023±0.017 0.0108±0.089
GdTL_4679 Baranówko _5 0.011±0.007 0.022±0.009 0.001±0.010 0.020±0.009 0.028±0.017 0.020±0.016 0.0075±0.0071
GdTL_4680 Baranówko _6 0.004±0.006 0.013±0.008 0.009±0.009 0.023±0.017 0.029±0.017 0.023±0.017 0.018±0.013
GdTL_4681 Baranówko _7 0.006±0.005 0.007±0.005 0.011±0.010 0.024±0.010 0.029±0.017 0.020±0.016 0.0100±0.083
GdTL_4682 Baranówko _8 0.010±0.006 0.012±0.007 0.011±0.010 0.024±0.010 0.028±0.017 0.020±0.016 0.0104±0.086

Table A5b.  Internal dose rates for Kowalewo. Internal dose rate was calculated based on the weighted-mean radioactivity 
from ICP-MS, μDOSE.

Lab. Code Sample ID

Internal dose rate  (Gy·ka-1)  
– μDOSE system

Internal dose rate  (Gy·ka-1)  
– ICP-MS

Internal dose rate  
(Gy·ka-1)

After density separation After HF After density 
separation After HF After HF

unmilled milled unmilled milled milled milled milled
GdTL_4628 Kowalewo_1 0.023±0.008 0.028±0.008 0.025±0.011 0.017±0.011 0.045±0.023 0.009±0.073 0.0064±0.0056
GdTL_4629 Kowalewo _2 0.033±0.011 0.037±0.012 0.020±0.010 0.008±0.010 0.049±0.024 0.012±0.084 0.0072±0.0058
GdTL_4630 Kowalewo _3 0.027±0.010 0.037±0.013 0.022±0.009 0.017±0.009 0.049±0.024 0.009±0.073 0.0165±0.0094
GdTL_4631 Kowalewo _4 0.033±0.012 0.032±0.011 0.018±0.011 0.016±0.010 0.052±0.024 0.009±0.073 0.0060±0.0053
GdTL_4632 Kowalewo _5 0.032±0.014 0.030±0.010 0.005±0.010 0.000±0.009 0.049±0.024 0.009±0.073 0.0048±0.0051
GdTL_4633 Kowalewo _6 0.023±0.008 0.040±0.012 0.009±0.009 0.000±0.009 0.048±0.023 0.009±0.073 0.0046±0.0050
GdTL_4634 Kowalewo _7 0.014±0.007 0.030±0.009 0.010±0.010 0.000±0.009 0.049±0.024 0.012±0.084 0.0067±0.0058
GdTL_4635 Kowalewo _8 0.032±0.015 0.018±0.008 0.023±0.010 0.025±0.011 0.031±0.018 0.009±0.073 0.0069±0.0056

Table A6a.  OSL ages for Baranówko. Dose rate was calculated based on the weighted-mean radioactivity  
from ICP-MS, μDOSE and HPGe gamma spectrometry.

Lab. Code Sample ID Dose rate (Gy·ka-1) Equivalent dose (Gy) OSL Age (ka)
GdTL_4675 Baranówko_1 1.00±0.04 0.32±0.02 0.25±0.02 MAM
GdTL_4676 Baranówko _2 0.93±0.04 0.34±0.01 0.29±0.02 CAM
GdTL_4677 Baranówko _3 0.89±0.04 0.75±0.02 0.77±0.05 CAM
GdTL_4678 Baranówko _4 0.81±0.04 1.8±0.2 2.1±0.2 MAM
GdTL_4679 Baranówko _5 0.81±0.04 3.0±0.3 3.7±0.4 MAM
GdTL_4680 Baranówko _6 0.87±0.04 4.1±0.2 4.6±0.3 CAM
GdTL_4681 Baranówko _7 0.90±0.04 5.3±0.1 5.8±0.3 CAM
GdTL_4682 Baranówko _8 0.80±0.04 10.7±0.3 13.4±0.8 CAM

Table A6b.  OSL ages for Kowalewo. Dose rate was calculated based on the weighted-mean radioactivity  
from ICP-MS, μDOSE and HPGe gamma spectrometry.

Lab. Code Sample ID Dose rate (Gy·ka-1) Equivalent dose (Gy) OSL Age (ka)
GdTL_4628 Kowalewo_1 1.68±0.05 23.4±0.7 13.9±0.6 CAM
GdTL_4629 Kowalewo _2 1.49±0.05 20.4±0.5 13.6±0.6 CAM
GdTL_4630 Kowalewo _3 1.57±0.05 22.8±0.5 14.4±0.6 CAM
GdTL_4631 Kowalewo _4 1.56±0.05 22.8±0.5 14.5±0.6 CAM
GdTL_4632 Kowalewo _5 1.51±0.05 23.9±0.7 15.7±0.7 CAM
GdTL_4633 Kowalewo _6 1.41±0.05 22.1±0.8 15.6±0.8 CAM
GdTL_4634 Kowalewo _7 1.44±0.05 22.6±0.5 15.7±0.6 CAM
GdTL_4635 Kowalewo _8 1.41±0.04 21.3±0.6 15.0±0.6 CAM
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Section B: Radiocarbon Chronology

Table B1.  Radiocarbon dates.

Lab. Code Sample ID Age 14C (BP)  Age cal BP
mean ± s Age ranges cal BP

GdA-7154.1.1. Baranówko BRN 1
(90 cm) 623±23 605±30

68.3% probability 
650 (31.3%) 625calBP 
600 (19.5%) 580calBP 
575 (17.5%) 555calBP 

95.4% probability 
655 (95.4%) 550calBP

GdA-7158.1.1. Baranówko BRN 5
(200 cm) 3280±26 3500±35

68.3% probability 
3560 (21.5%) 3530calBP 
3495 (46.7%) 3455calBP 

95.4% probability 
3565 (95.4%) 3445calBP

GdA-7159.1.1. Baranówko BRN 6
(240 cm) 4393±27 4955±65

68.3% probability 
5030 (9.3%) 5010calBP 
4980 (15.7%) 4950calBP

 4945 (43.3%) 4875calBP 95.4% probability 
5045 (95.4%) 4865calBP

GdA-7160.1.1. Baranówko BRN 7
(240 cm) 4489±28 5160±80

68.3% probability 
5285 (28.2%) 5210calBP 
5195 (12.7%) 5160calBP 
5140 (15.3%) 5100calBP 
5085 (12.1%) 5050calBP 

95.4% probability 
5295 (93.9%) 5040calBP 
5000 (1.5%) 4985calBP
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Section C: Automated Mineralogy

Table C1a.  QEMSCAN® – mineral composition for Baranówko.

Mineral name
Mineral content (%)

BRN_1 BRN_2 BRN_3 BRN_4 BRN_5 BRN_6 BRN_7 BRN_8

Quartz 90.38 90.06 90.82 92.09 89.18 90.12 88.91 91.51
Calcite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Monazite 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Other Phosphates 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Actinolite 0.02 0.01 0.01 0.02 0.00 0.00 0.13 0.01
Ferrohornblende 0.08 0.05 0.14 0.07 0.20 0.03 0.19 0.04
Hematite 0.12 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Rutile, Anatase, Brookite 0.01 0.05 0.04 0.00 0.06 0.01 0.03 0.01
Titanite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kyanite, Silimanite, Andalusite 0.06 0.01 0.01 0.02 0.01 0.11 0.09 0.13
Ilmenite 0.20 0.06 0.04 0.04 0.10 0.01 0.22 0.06
Zircon 0.05 0.00 0.00 0.04 0.04 0.06 0.03 0.06
Cordierite 0.00 0.01 0.09 0.00 0.00 0.04 0.00 0.00
Staurolite 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00
Almandine 0.00 0.10 0.00 0.08 0.01 0.04 0.00 0.00
Pyrope 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Grossular 0.37 0.01 0.01 0.29 0.14 0.08 0.12 0.08
Calderite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K Feldspar 5.26 5.31 5.20 4.66 6.36 5.36 7.15 4.47
Albite 1.65 1.78 1.90 1.53 2.22 2.27 1.70 1.70
Andesine 1.40 1.85 1.49 0.79 1.35 1.55 1.12 1.56
Muscovite/Sericite 0.15 0.21 0.11 0.12 0.15 0.14 0.16 0.13
Biotite/ilmenite/smectite 0.08 0.02 0.01 0.01 0.01 0.01 0.02 0.04
Illite 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.02
Glauconite 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Other clay minerals 0.14 0.11 0.12 0.12 0.10 0.11 0.10 0.15
Chamosite Fe chlorite 0.00 0.15 0.00 0.10 0.06 0.05 0.00 0.00
Augite 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Bronzite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tourmaline 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fraction Fraction content (%)

< 8 μm 0.19 0.18 0.19 0.14 0.15 0.15 0.17 0.14
8–16 μm 0.41 0.45 0.44 0.31 0.32 0.29 0.36 0.15
16–31 μm 1.08 1.21 1.00 0.78 0.91 0.85 1.00 0.34
31–63 µm 7.06 7.93 6.37 5.60 6.33 6.14 5.91 3.17
63–125 μm 37.67 32.77 31.99 32.89 39.82 36.60 37.18 21.56
125–250 μm 45.66 52.72 48.10 51.93 48.32 52.54 50.32 54.66
250–500 μm 7.93 4.74 10.50 8.35 4.15 3.43 5.06 19.98
>500 μm 0.00 0.00 1.41 0.00 0.00 0.00 0.00 0.00
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Table C1b.  QEMSCAN® – mineral composition for Kowalewo.

Mineral name
Mineral content (%)

KOW_1 KOW _2 KOW _3 KOW _4 KOW _5 KOW_6 KOW _7 KOW _8

Quartz 84.23 80.20 82.65 79.96 80.55 80.77 80.97 79.98
Calcite 1.32 2.94 2.45 3.73 3.60 4.17 2.41 3.77
Dolomite 0.02 1.41 0.73 0.97 1.53 1.26 1.36 1.64
Monazite 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00
Apatite 0.20 0.11 0.06 0.12 0.21 0.11 0.17 0.25
Other Phosphates 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00
Actinolite 0.27 0.03 0.03 0.21 0.04 0.04 0.12 0.04
Ferrohornblende 0.26 0.02 0.44 0.25 0.27 0.27 0.25 0.13
Hematite 0.19 0.15 0.08 0.15 0.12 0.08 0.07 0.07
Rutile, Anatase, Brookite 0.16 0.07 0.08 0.06 0.11 0.06 0.07 0.03
Titanite 0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.01
Kyanite, Silimanite, Andalusite 0.05 0.03 0.01 0.06 0.01 0.01 0.01 0.06
Ilmenite 0.30 0.24 0.10 0.06 0.25 0.29 0.37 0.08
Zircon 0.09 0.17 0.04 0.20 0.07 0.05 0.09 0.09
Cordierite 0.03 0.04 0.00 0.00 0.00 0.04 0.03 0.01
Staurolite 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Almandine 0.04 0.01 0.05 0.17 0.00 0.00 0.00 0.02
Pyrope 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Grossular 0.15 0.03 0.05 0.29 0.26 0.11 0.01 0.06
Calderite 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
K Feldspar 7.10 7.70 7.74 8.45 7.89 7.43 8.00 8.42
Albite 2.23 3.01 2.36 2.01 2.01 1.97 2.41 2.01
Andesine 2.40 2.61 1.79 1.97 1.95 2.17 2.26 2.05
Muscovite/Sericite 0.17 0.13 0.18 0.13 0.17 0.12 0.14 0.14
Biotite/ilmenite/smectite 0.17 0.21 0.23 0.20 0.19 0.27 0.27 0.21
Illite 0.01 0.02 0.03 0.01 0.02 0.02 0.02 0.03
Glauconite 0.26 0.35 0.55 0.41 0.23 0.30 0.55 0.36
Other clay minerals 0.22 0.30 0.25 0.41 0.29 0.35 0.30 0.38
Chamosite Fe chlorite 0.05 0.17 0.03 0.12 0.03 0.01 0.03 0.11
Augite 0.06 0.03 0.01 0.03 0.09 0.03 0.06 0.03
Bronzite 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00
Tourmaline 0.01 0.01 0.03 0.00 0.00 0.00 0.01 0.01

Fraction Fraction content (%)

< 8 μm 0.19 0.19 0.14 0.20 0.25 0.23 0.18 0.24
8–16 μm 0.53 0.59 0.43 0.57 0.70 0.67 0.57 0.68
16–31 μm 1.87 2.16 1.69 1.87 2.15 2.08 1.94 2.03
31–63 µm 15.18 14.70 13.49 12.80 15.86 13.29 14.77 12.97
63–125 μm 53.65 49.57 51.98 50.65 52.25 57.24 59.87 50.67
125–250 μm 24.79 28.43 25.91 31.50 25.63 25.53 22.67 30.42
250–500 μm 3.79 4.36 6.36 2.41 3.16 0.96 0.00 2.99
>500 μm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Fig. C2a.  Correlation scatter plots illustrating the relationships between 40K activity concentration and selected light/clay mineral carriers (K-feldspar, 
illite, glauconite, other clays), as well as the physical properties of the sediments (Specific Surface Area and fine fraction <63 μm). Dashed lines indicate 
local linear regression trends for the Baranówko (blue circles) and Kowalewo (red triangles) sites. The solid black line represents the global regression trend 
derived from the entire dataset.

Fig. C2b.  Correlation scatter plots illustrating the relationships between 232Th activity concentration and selected heavy mineral carriers (zircon, apatite, 
rutile, ilmenite), alongside the physical properties of the sediments (Specific Surface Area and fine fraction <63 μm). Dashed lines denote local linear 
regression trends for the Baranówko (blue circles) and Kowalewo (red triangles) sites, while the solid black line shows the global regression trend for all 
combined data. Corresponding coefficients of determination (R2) are displayed above each panel. Error bars represent measurement uncertainties.
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Fig. C2c.  Correlation scatter plots illustrating the relationships between 238U activity concentration and selected heavy mineral carriers (zircon, apatite, 
rutile, ilmenite), as well as the physical properties of the sediments (Specific Surface Area and fine fraction <63 μm). Dashed lines represent local linear 
regression trends for the Baranówko (blue circles) and Kowalewo (red triangles) sites. The solid black line indicates the global regression trend for the entire 
dataset. Coefficients of determination (R2) are provided above each panel to evaluate the strength of these relationships. Error bars represent measurement 
uncertainties for the radionuclide activity.
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Section D: Grain size analysis (Malvern Mastersizer 2000 laser diffraction particle size analyzer)

Table D1a.  The changes in grain size distribution of the sample for Baranówko.

Lab. Code Sample ID
Fraction content (%)

<16 μm 16–32 μm 32–63 μm 63–125 μm 125–250 μm 250–500 μm >500 μm
GdTL_4675 Baranówko_1 1.61 1.59 0.96 16.12 51.3 27.16 1.28
GdTL_4676 Baranówko _2 1.77 1.97 2.48 19.95 47.17 22.5 4.16
GdTL_4677 Baranówko _3 2.62 3.56 5.17 19.48 43.75 21.71 3.74
GdTL_4678 Baranówko _4 1.98 2.23 1.19 13.89 45.11 27.77 7.88
GdTL_4679 Baranówko _5 1.46 1.17 0.47 18.07 52.04 21.84 4.93
GdTL_4680 Baranówko _6 2.23 2.59 2.13 12.28 44.48 28.85 7.45
GdTL_4681 Baranówko _7 2.28 1.43 1.04 21.06 50.54 20.43 3.23
GdTL_4682 Baranówko _8 1.34 0.37 0 3.98 28.62 40.75 24.93

Table D1b.  The changes in the median and mean grain size for Kowalewo.

Lab. Code Sample ID Φ5 (φ) Φ16 (φ) Φ25 (φ) Φ50 (φ) Φ75 (φ) Φ84 (φ) Φ95 (φ) Md (φ) Mz (φ)
GdTL_4675 Baranówko_1 1.19 1.58 1.8 2.31 2.86 3.12 3.76 2.31 2.34
GdTL_4676 Baranówko _2 1.01 1.55 1.83 2.43 3.01 3.31 4.13 2.43 2.43
GdTL_4677 Baranówko _3 1.05 1.58 1.86 2.49 3.17 3.56 5.13 2.49 2.54
GdTL_4678 Baranówko _4 0.75 1.32 1.6 2.2 2.81 3.11 4.06 2.2 2.21
GdTL_4679 Baranówko _5 0.96 1.55 1.83 2.37 2.89 3.13 3.64 2.37 2.35
GdTL_4680 Baranówko _6 0.76 1.33 1.6 2.18 2.79 3.12 4.74 2.18 2.21
GdTL_4681 Baranówko _7 1.11 1.64 1.91 2.47 3 3.27 3.87 2.47 2.46
GdTL_4682 Baranówko _8 0.24 0.71 0.96 1.52 2.13 2.42 3.06 1.52 1.55

Table D2a.  The changes in grain size distribution of the sample for Kowalewo.

Lab. Code Sample ID
Fraction content (%)

<16 μm 16–32 μm 32–63 μm 63–125 μm 125–250 μm 250–500 μm >500 μm
GdTL_4628 Kowalewo_1 1.75 0 3.07 37.4 49.29 6.67 1.83
GdTL_4629 Kowalewo _2 1.11 0 3.76 39.21 48.76 5.93 1.23
GdTL_4630 Kowalewo _3 1.19 0 3.4 42.79 49.56 3.05 0
GdTL_4631 Kowalewo _4 1.1 0 3.11 41.04 50.84 3.89 0
GdTL_4632 Kowalewo _5 0.87 0 2.75 40.18 51.29 4.13 0.77
GdTL_4633 Kowalewo _6 1.35 0 1.61 38.44 55.35 3.22 0
GdTL_4634 Kowalewo _7 0.77 0 1.48 38.71 56.3 2.73 0
GdTL_4635 Kowalewo _8 1.08 0 2.4 40.82 52.7 2.99 0

Table D2b.  The changes in the median and mean grain size for Kowalewo.

Lab. Code Sample ID Φ5 (φ) Φ16 (φ) Φ25 (φ) Φ50 (φ) Φ75 (φ) Φ84 (φ) Φ95 (φ) Md (φ) Mz (φ)
GdTL_4628 Kowalewo_1 1.63 2.16 2.39 2.85 3.29 3.49 3.89 2.85 2.83
GdTL_4629 Kowalewo _2 1.73 2.2 2.43 2.88 3.32 3.52 3.9 2.88 2.87
GdTL_4630 Kowalewo _3 1.98 2.34 2.53 2.94 3.34 3.52 3.88 2.94 2.94
GdTL_4631 Kowalewo _4 1.93 2.3 2.49 2.91 3.32 3.5 3.87 2.91 2.9
GdTL_4632 Kowalewo _5 1.88 2.27 2.47 2.89 3.29 3.48 3.83 2.89 2.88
GdTL_4633 Kowalewo _6 1.95 2.29 2.47 2.86 3.24 3.42 3.78 2.86 2.86
GdTL_4634 Kowalewo _7 1.98 2.31 2.48 2.86 3.22 3.4 3.73 2.86 2.86
GdTL_4635 Kowalewo _8 1.98 2.32 2.51 2.9 3.29 3.47 3.82 2.9 2.9


