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a b s t r a c t

Loess deposits along the northern fringe of the European loess belt potentially record past changes in
dust emission from areas proximal to former ice sheets. Recent chronologies from loess deposits across
this region generally agree on greatly enhanced dust deposition rates when the Fennoscandian Ice Sheet
reached its maximum extent during the late last glacial. However, uncertainties over the material's
source and origin limit understanding of the causes of this enhanced dust activity. In particular, loess in
southwestern Poland has been attributed to multiple origins, mainly involving glaciofluvial outwash
plains along the Fennoscandian Ice Sheet margin and/or local sources in the mountainous areas of the
Sudetes and Western Carpathians. Here we apply detrital zircon UePb age analyses for a large number of
grains recovered from four loess samples taken from different stratigraphic units exposed at Biały Ko�sci�oł
in southwestern Poland, previously luminescence dated to MIS 4e2, to assess loess provenance as well as
its temporal evolution during last glacial Fennoscandian Ice Sheet fluctuations. Furthermore, we analysed
the detrital zircon UePb age spectra of five samples from potential source sediments to constrain the
history of sediment recycling and mixing within the Northern European Plain prior to deflation and loess
deposition. The broad range of zircon age components detected in the four loess samples suggests both
Fennoscandian and closer Peri-Gondwanan proto-sources while a narrow, dominant Carboniferous age
peak is consistent with sourcing from the local Strzelin Hills in the Sudetic foreland. However, the
presence of both Fennoscandian and Peri-Gondwanan derived grains in samples from potential source
sediments reveals that this mixture of sediment sources is widespread across the Northern European
Plain, as a result of long-term glacial and fluvial reworking of cover sediments in the proglacial area
throughout the Quaternary. Local rivers draining the Sudetic foreland transported this Fennoscandian-
Peri-Gondwanan sediment mixture along with particles denuded from the Strzelin Hills, resulting in a
nearby, temporally stable dust source for the Biały Ko�sci�oł loess during MIS 4e2, while dust emission
rates were substantially increased during the last glacial maximum. Given that our model for loess
formation at Biały Ko�sci�oł essentially involves sediment distribution via rivers prior to short distance
aeolian transport, we infer that the proportion of northern ice sheet derived particles in European loess
deposits is mainly controlled by the drainage pattern of major rivers in relation to Pleistocene ice
margins where glaciofluvial sediment is abundant. Based on the presence of Fennoscandian derived
zircon grains in European loess deposits, we constrain a southern limit of the influence of northern ice
sheet dust sources along the central European highlands that currently divide drainage between the
Northern European Plain and the Danube Basins.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Site locations and context. A) Map showing the d
ice sheet extents (Ehlers et al., 2011). Inset map shows w
Geodetic and Cartographic Resource.
1. Introduction

Atmospheric dust is a fundamental component of the Earth's
climate system. Dust deflation in source regions, transport under
atmospheric suspension, and final deposition, all drive and respond
to climatic changes (Knippertz, 2014). Extensive Quaternary
windblown terrestrial dust deposits (“loess”) distributed along the
European loess belt (Lehmkuhl et al., 2021) potentially record past
changes in atmospheric dustiness during the last glacial period. In
particular, loess deposits along the northern fringe of this belt may
yield insight into the causes, timing and amount of dust emission
from areas proximal to former ice sheets (Stevens et al., 2020).
However, well constrained records of dust deposition with suffi-
cient independent chronological control that can be used in
modelling past dust loading are rare (Albani et al., 2015, 2016).
Generally, recent loess chronologies across this region suggest that
dust deposition rates were strongly enhanced when the European
ice sheet reached its maximum extent during the late last glacial
(Moska et al., 2011, 2018; Veres et al., 2018; Zens et al., 2018;
Stevens et al., 2020; Schmidt et al., 2021), yet uncertainties over the
material's source and origin limit constraint of the specific drivers
of this enhanced past atmospheric dustiness.

Loess deposits in Poland are concentrated in the south of the
country, within a corridor between the last glacial ice sheet margin
to the north and mountainous areas of the Sudetes and Western
Carpathians to the south (Fig. 1; Jary, 2009; Jary and Ciszek, 2013;
Lehmkuhl et al., 2021). Traditionally, glaciofluvial outwash sedi-
ments derived from Pleistocene glaciations have been considered
istribution of loess and Quaternary c
ider context. B) Closeup of the area
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by many as main dust source for the loess in Poland. Under this
model, seasonal glacial melt releases large amounts of meltwater
that deposit sub-glacially ground particles along glacial outwash
plains comprising massive deposits of loose sediments, readily
entrainable by aeolian activity (Smalley and Leach, 1978; Gallet
et al., 1998). In addition to this constant, seasonally enhanced
sediment supply, abrupt glacier surging events can inject extraor-
dinary amounts of meltwater and sediment into proglacial fluvial
systems (Russell et al., 2001; Marren, 2002; Toucanne et al., 2015).
Indeed, geomorphological evidence of catastrophic glacial outburst
floods along the last glacial ice-marginal spillway in north-eastern
Poland indicates the occurrence of such abrupt sediment supply
events at the beginning of the deglaciation period (Weckwerth
et al., 2019). In addition to forming the source sediments of Polish
loess, early conceptual work by Smalley and Leach (1978) suggested
that these floodwaters may have also carried Fennoscandian glacial
material through the Moravian depression, potentially acting as
source for loess deposits in the Carpathian Basin. This model of dust
particle production would also imply enhanced sediment supply to
regions along former ice margins in Northern Europe when the
Fennoscandian Ice Sheet was advanced. Indeed, independent
chronologies for loess in Poland generally agree on enhanced dust
deposition during the last glacial cold phases of MIS 4 and most
significantly MIS 2, when the Fennoscandian Ice Sheet extended
further south into continental Europe (Moska et al., 2018, 2019a,
2019b). Moreover, recent high sampling resolution luminescence
dating of late last glacial loess deposits in southern Britain showed
that phases of enhanced dust accumulation match the timing of
over sediments in the Northern European Plain (Lehmkuhl et al., 2021) and Pleistocene
around Biały Ko�sci�oł showing site locations. Elevation data downloaded from the Polish



Y. Baykal, T. Stevens, A. Engstr€om-Johansson et al. Quaternary Science Reviews 274 (2021) 107265
advances and retreats of nearby ice lobes of the British-Irish Ice
Sheet, and associated glaciofluvial drainage in the southern North
Sea basin (Stevens et al., 2020), implying this may also be the case
in other ice sheet marginal areas such as Poland.

However, the concept of Fennoscandian Ice Sheet derived loess
in Poland is far from agreed upon. Indeed, the importance of local
sources in the elevated areas of the Sudetes and Western Carpa-
thians has also been stressed by numerous authors (Maruszak,
1986; Gerlach, 1992; Paruch-Kulczycka et al., 2003; Badura et al.,
2013; Gerlach et al., 2019). The genesis of this so called “moun-
tain loess” essentially involves river transport of silt particles
derived from high-altitude regions subjected to intensive physical
weathering and/or glacial abrasion (Smalley et al., 2009; Ujv�ari
et al., 2012). Accordingly, sediment particles derived from the
Sudetes andWestern Carpathians would have been redistributed in
the formerly active “Great Odra Valley” fluvial system (Badura et al.,
2013) or rivers such as the Odra, Vistula and their tributaries that
drain the mountain belts to the south of Poland. These could then
serve as a ready source of particles for deflation and loess deposi-
tion (Smalley et al., 2009).

Recently, Skurzy�nski et al. (2020) have concluded that last
glacial loess deposits in southeastern Poland are sourced from
extensive nearby Fennoscandian glacial outwash plains. This was
based on the elevated HREE (heavy rare earth elements) contents in
southeast Polish loess; values which are typical for Scandinavian,
especially Caledonian, sediments and rocks, but lacking from local
Carpathian basement rocks. While the geochemical evidence of
sediment input from Scandinavian proto-sources is striking, bulk
sediment analysis has the drawback of averaging out multiple
distinct source signatures and thus potentially masking additional
input from local sources in the mountainous areas to the south.
Single grain methods such as detrital zircon UePb ages may over-
come this ambiguity by utilizing source diagnostic information
contained in individual grains. The detrital zircon UePb age spectra
of sedimentary rocks show age peaks representative of crustal
evolution events in their source terranes. These peaks can be used
to assign multiple crustal proto-source areas to a sediment body,
and where the detrital zircon age assemblages of other potential
source sediments and sedimentary rocks are known, the peaks can
also be used to pinpoint secondary recycled sources. While the use
of this technique has led to significant breakthroughs in under-
standing the provenance of Chinese loess deposits (Stevens et al.,
2010, 2013; Bird et al., 2015; Nie et al., 2015; Licht et al., 2016;
Fenn et al., 2018; Zhang et al., 2018), comparably few single-grain
provenance studies have attempted to constrain dust sources for
the European loess belt. Moreover, the geochronological homoge-
neity of potential source terranes in mountainous areas surround-
ing the well-studied loess deposits in the Upper and Middle
Danube basins likely limits the method's potential to discriminate
between specific dust sources (Ujv�ari et al., 2012; Újv�ari and Kl€otzli,
2015).

By contrast, in the case of loess deposits in Poland, different
tectonic domains are considered as potential proto-sources, and
these should be clearly distinguishable based on their zircon age
signature. Glacially ground particles deposited along Fenno-
scandian Ice Sheet glaciofluvial outwash plains have been eroded
from Fennoscandian basement and sedimentary cover where
orogenic and magmatic events associated with zircon growth are
mostly limited to the Palaeo- and Mesoproterozoic. In contrast, the
Sudetes and Western Carpathian Mountains, forming the southern
limit of the Polish loess deposits, have been subjected to multiple
younger orogenic events from the late Neoproterozoic onwards.
Based on this striking difference in likely zircon UePb ages in po-
tential proto-source terranes, detrital zircon UePb age studies have
been undertaken to evaluate the influence of glacial and
3

mountainous sources for loess deposits in southeastern Poland and
the western and southern Ukraine (Nawrocki et al., 2018, 2019;
Pa�nczyk et al., 2020). In these studies, the authors draw a tentative
line between two loess provenance regions that are mainly gov-
erned by competing source influences of 1) the Dniester River
reworking Neogene cover sediments of peri-Carpathian origin and
2) the Dnieper River carrying glaciofluvial sediments from Fenno-
scandian outwash plains to the north (Nawrocki et al., 2018, 2019;
Pa�nczyk et al., 2020). However, while suggesting significant
complexity in sediment sources to the region, due to the low
number of analysed zircon grains (n) obtained from the individual
samples, these findings are of preliminary nature.

Waroszewski et al. (2021) show that this complexity is even
more significant for the loess deposits in southwestern Poland,
where the corridor between the last glacial Fennoscandian Ice
Sheet and the Sudetes narrows substantially. SreNd isotope and
mineralogical data from thin (<2 m) late last glacial loess deposits,
sampled along a NeS transect from the Odra River valley to the
Sudetes point to a mixed Sudetic and Fennoscandian provenance,
likely homogenized in the “Great Odra Valley” (Waroszewski et al.,
2021). However, given that the studied loess deposits are restricted
to the late last glacial, it remains unknown if this scenario of mixed
sources also accounts for loess deposition in southwestern Poland
during earlier periods of the last glacial when the extent of the
Fennoscandian Ice sheet was substantially reduced. Nevertheless,
the multiple source proxies used in the loess provenance studies
from Poland and the Ukraine all highlight the striking importance
of river transport for sediment distribution prior to short distance
aeolian transport (Nawrocki et al., 2018, 2019; Pa�nczyk et al., 2020;
Waroszewski et al., 2021). Presuming Fennoscandian Ice Sheet
drainage never overcame the Moravian depression, this would
further imply that the southern limit of the influence of
Fennoscandian-derived glaciofluvial dust sources may be bound to
the central European highlands dividing the current drainage be-
tween the Northern European Plain and the Danube Basin.

While the input from Fennoscandian and local proto-sources is
distinguishable using varying source proxies, sediment recycling
and reworking processes within the proglacial area complicate the
identification of direct deflation areas for dust particles deposited
as loess in Poland. During the late last glacial, the Fennoscandian Ice
Sheet impinged well into the Odra and Vistula alluvial drainage
areas and therefore likely redeposited sediments of southerly
proto-source along Fennoscandian Ice Sheet glaciofluvial outwash
plains (Fig. 1). Furthermore, the formerly active “Great Odra Valley”
fluvial system changed course to an ice-marginal drainage valley
during the penultimate glaciation, thus promoting further sedi-
ment mixing (Badura et al., 2013). However, the mixing of Fenno-
scandian and Peri-Gondwanan sediment provenances in the
Northern European Plain has occurred prior to the onset of Qua-
ternary glaciations. Detrital zircon UePb age investigations of
Ediacaran-Cambrian and Carboniferous sandstones in southern
Poland detected substantial amounts of Fennoscandian-derived
Palaeo- to Mesoproterozoic grains, revealing the region's long
history as a melting pot of northern Baltica-Fennoscandian and
southern Peri-Gondwanan sediment provenances (Zag�orska et al.,
2020; _Zela�zniewicz et al., 2020).

To address these uncertainties, here we present high n detrital
zircon UePb age assemblages recovered from four loess samples
taken from different stratigraphic units exposed at Biały Ko�sci�oł in
southwestern Poland (Figs. 1 and 2), previously dated to MIS 4e2
using luminescence methods (Moska et al., 2011, 2012, 2019a).
Additionally, we analysed five reference samples from fluvial sed-
iments transported by river systems that drain mountainous areas
to the south, and from last glacial glaciofluvial outwash sediments
in central Poland, all potentially acting as dust sources (Fig. 1). The



Fig. 2. Stratigraphic log of the Biały Ko�sci�oł loess section (modified after Krawczyk et al., 2017) with sampling positions of the samples PO1 e PO5 in relation to age-depth and
sediment accumulation rate (SAR; 20 cm moving average) plot based on 45e63 mm quartz fraction OSL ages from Moska et al. (2019a) generated using the Undatable software
(xfactor ¼ 0.2; bootpc ¼ 30%; 5 cm intervals; Lougheed and Obrochta, 2019).
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high number of analysed grains allows us to assess the temporal
evolution of the loess provenance during the last glacial cycle and
assign it to specific source sediments based on the presence or
absence of zircon age components as well as their relative abun-
dance (Vermeesch, 2004; Pullen et al., 2014). Through extensive
comparison to published zircon UePb data assembled from both
Fennoscandia and the Sudetes, as well as Western Carpathians, we
identify proto-source terranes that account for sediment produc-
tion and transport into the study area. By tracing the occurrence of
source diagnostic zircon age components in the reference samples,
we investigate the history of sediment recycling and mixing within
the proglacial area of the last glacial ice sheet prior to deflation and
loess deposition. Finally, we compare our results to previously
published zircon UePb age data from loess deposits in eastern
4

Poland and the western Ukraine (Nawrocki et al., 2018, 2019;
Pa�nczyk et al., 2020) as well as the southerly adjacent Upper and
Middle Danube Basins (Ujv�ari et al., 2012; Újv�ari and Kl€otzli, 2015)
to constrain the southern limit of the influence of Fennoscandian
derived glacial dust sources on loess deposition in Europe.
2. Sampling sites and methods

2.1. Loess at Biały Ko�sci�oł, SW Poland

Loess deposits in southwestern Poland are distributed in
discontinuous patches along the forelands of the Sudetes (Fig. 1). In
this area, Fennoscandian glaciations prior to the last glacial period
have reached as far south as the foothills of the Sudetes, so that only
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loess deposited during the last glacial cycle is preserved. The
studied loess sequence (50.727333N 17.025034E, elevation ca. 180
m.a.s.l) is exposed in an old clay pit located on the western slope of
the Oława river valley, west of the Strzelin Hills near the village of
Biały Ko�sci�oł (Fig. 1). The section is ca. 9 m thick and comprises the
region's typical stratigraphy, expressed in 5 main litho- and
pedostratigraphical units assigned to the last glacial cycle (Fig. 2;
Jary, 2010; Jary and Ciszek, 2013; Moska et al., 2019a). From bottom
to top and following the stratigraphic nomenclature established in
China by Kukla and An (1989) and modified for Europe byMarkovi�c
et al. (2015), these units include: the S1 last interglacial pedo-
complex (ca. 9e7.40 m below surface) of which the lowermost
90 cm consist of sandy loam, likely alluvial fan sediment deposited
by Oława River tributaries; the L1LL2 calcareous loess unit (ca.
7.40e6 m below surface); the L1SS1 soil unit (ca. 6e5 m below
surface); the L1LL1 calcareous loess unit (ca. 5e1 m below surface);
and the S0 modern/Holocene soil unit (ca. 1 m below surface e

surface). Moska et al. (2019a) used OSL and post-IR IRSL techniques
to date different grain size fractions of 21 samples from the section
yielding ages that assign the deposition period to the last glacial
cycle (ca. 120e20 ka; Fig. 2). The comparably high resolution of this
chronology enables reconstruction of sediment accumulation rates
(SAR, Fig. 2) during the last glacial cycle. These indicate an abrupt
increase in dust deposition during the LGM between ca. 25e20 ka
(Fig. 2). Note that fine scale oscillations in SARmodelled during this
interval are unlikely to reflect real changes in dust deposition rates
but rather result from the agemodel following fine scale changes in
mean age with depth that are identical within errors (Peri�c et al.,
2018), and are therefore excluded from further discussion. Five
samples (~2 kg each) have been selected for detrital zircon UePb
dating, one from each stratigraphic unit: PO1 ¼ 0.5 m;
PO2¼ 2.8 m; PO3¼ 5.4 m; PO4¼ 6.5 m; PO5¼ 8.3 m. Samples PO1,
PO2 and PO3 correspond to the peak dust accumulation phase
during MIS 2 while PO4 corresponds to the phase of reduced dust
accumulation during late MIS 4/early MIS 3. Sample PO5 was taken
from the alluvial sediments underlying the loess (Fig. 2).

2.2. Reference samples from potential source sediments

In order to evaluate the contribution of Fennoscandian-derived
glaciofluvial sediments and fluvial sediments derived from the
Sudetes and their forelands as potential sources for the loess at
Biały Ko�sci�oł, four reference sediments were sampled (~3 kg) for
detrital zircon UePb analysis (Fig. 1). Last glacial glaciofluvial sed-
iments were sampled from the Sława-�Swieciechowa sandur system
(SSS; Krzyszkowski et al., 1999), located ca. 135 km north-west of
Biały Ko�sci�oł, in 3 close-by subsamples (SSS1: 51.847472N
16.28652E; SSS2: 51.846888N 16.286119E; SSS3: 51.84559N
16.284261E). Alluvial fan deposits were sampled along the western
slopes of the southern Strzelin Hills ca. 10 km south of Biały Ko�sci�oł
(OFS: 50.625984N 17.034787E). Around 15 km south of Biały
Ko�sci�oł, modern river sediments from a small Oława tributary were
sampled (SOT: 50.588489N 17.045533E). Last glacial fluvial sands
from the Odra river (Michalska, 1992), draining the eastern Sudetes
and their forelands were sampled from a river terrace located ca.
30 km north-east of Biały Ko�sci�oł (OR: 50.925549N 17.340626E).

2.3. Zircon UePb dating

All sediment samples were washed with soapy water in an ul-
trasonic bath to break apart any aggregates and remove clay min-
erals. Zircon grains were extracted from the samples using aWilfley
table and then a Frantz magnetic separator.

Subsequently, samples PO1 e PO5 were separated using meth-
ylene iodide heavy liquid and a large proportion of the heavy
5

separate was mounted in epoxy together with fragments or loose
grains of SLM zircon used as primary standard (Gehrels et al., 2008)
as well as FC-1 (Black et al., 2003) and R33 (Black et al., 2004)
zircon, used as secondary standards. Thesewere polished and high-
resolution backscattered electron (BSE) images were generated
using a Hitachi 3400 N scanning electron microscope (SEM). Zircon
UePb dating was conducted by laser ablation inductively coupled
mass spectrometry (LA-ICPMS) at the Arizona LaserChron Center
(Gehrels et al., 2006, 2008; Gehrels and Pecha, 2014; Pullen et al.,
2018). Measurements were undertaken with a Photon Machines
Analyte G2 excimer 193 nm laser equipped with HelEx ablation cell
coupled to a Thermo Element2 HR ICPMS. The laser beam diameter
was 12 mm, with a 7 Hz repetition rate, an energy density of ~7 J/
cm2 and an ablation time of 10 s resulting in ablation pits of ~12 mm
in depth. Signal intensities were measured with a secondary elec-
tron multiplier that operates in pulse-counting mode for signals
less than 50K cps, in both pulse-counting and analogue mode for
signals between 50K and 5M cps, and in analogue mode above 5M
cps. The calibration between pulse-counting and analogue signals
was determined line-by-line for signals between 50K and 5M cps,
and was applied to >5M cps signals. Four intensities were deter-
mined and averaged for each isotope, with dwell times of 0.0052 s
for 202, 0.0075 s for 204, 0.0202 s for 206, 0.0284 s for 207, 0.0026 s
for 208, 0.0026 s for 232, and 0.0104 s for 238. The data was
reduced using an in-house Python decoding routine and Excel
spreadsheet (E2agecalc). Average intensities for each isotope for
each analysis were calculated. 204Hg was subtracted from the 204
signal to yield 204Pb intensity, using a natural 202Hg/204Hg ratio of
4.3 (Hg correction was not significant for most analyses as Hg
backgrounds are low). A common Pb correction was performed
based on the measured 206Pb/204Pb and the assumed composition
of common Pb after Stacey and Kramers (1975). Isotopic fraction-
ation factors were determined based on the comparison of
measured and known ratios for the three standards and over-
dispersion factors were determined if the standard analyses show
greater dispersion than expected frommeasurement uncertainties.
Fractionation factors were applied to unknowns using a sliding-
window average of 8 standard analyses. Measurement un-
certainties for 206Pb/238U and 208Pb/232Th are based on the scatter
about a regression line of themeasured values and uncertainties for
206Pb/207Pb and 206Pb/204Pb are based on the standard deviation of
measured values. The sum of these uncertainties and any over-
dispersion factor is reported as the internal uncertainty for each
analysis at the 1-sigma level. U and Th concentrations for the un-
knowns were determined based on known concentrations of FC-1.
External (systematic) uncertainties for 206Pb/238U, 206Pb/207Pb, and
208Pb/232Th were calculated including the scatter of the standard
analyses, uncertainties in the ages of the standards, uncertainties in
the composition of common Pb, and uncertainties in the decay
constants for 235U and 238U.

From reference samples SSS, OFS, SOT and OR, zircons were
concentrated using sodium heteropolytungstate (LST Fastfloat)
heavy liquid and then randomly selected from the heavy separates
under a microscope. More than 400 picked zircon grains were then
mounted in epoxy resin and polished. Zircon UePb dating was
conducted at the Laboratory of Earth Surface Process and Envi-
ronment, Nanjing University using a New Wave 193 nm laser
ablation system and Agilent 7700 x inductively coupled plasma
mass spectrometry (LA-ICPMS). The laser beam diameter was
25 mm,with a 10 Hz repetition rate, an energy density of ~2e3 J/cm2

and an ablation time of 10 s. Data reduction was performed using
Glitter 4.4.2 (Van Achterbergh et al., 2001). Common Pb was cor-
rected following the method of Andersen (2002). Correction for
isotopic fractionation was based on the comparison of measured
and known ratios for the external standard zircon 91500
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(Wiedenbeck et al., 1995) and GJ-1 zircon (Jackson et al., 2004) was
used to monitor instrumental reproducibility and stability. U, Th
and Pb concentrations for the unknowns were determined based
on known concentrations of the reference material NIST 610
(Pearce et al., 1997).

For all samples, the 206Pb/238U age for 206Pb/238U ages <900 Ma
and the 206Pb/207Pb age for 206Pb/238U ages >900 Ma of each
analysis was defined as “Best Age” used for plotting and interpre-
tation. The uncertainties of individual measurements are reported
at the 1-sigma level. Concordance was based on 206Pb/238U
age/206Pb/207Pb age. This valuewas not reported for 206Pb/238U ages
<400 Ma because of large uncertainty in 206Pb/207Pb age. Analyses
with 206Pb/238U age >400 Ma and with >20% discordance or >5%
reverse discordance were not included in further analyses.

In detrital zircon UePb age provenance work, the required
number (n) of analysed grains per sample depends on the specific
research question. While n � 117 is needed to generate a detrital
zircon age spectrum that allows inference of the qualitative pres-
ence and absence of age populations accounting for >5% of the total
at a 95% certainty (Vermeesch, 2004), substantially more analysed
grains are required to compare the relative abundance of different
age components. Here we apply a relatively new approach whereby
large n data sets are generated (aiming for >300 grains) that allow
for such semi quantitative analysis of relative abundance of zircon
age components (Pullen et al., 2014).

For visualization and comparison of the detrital zircon age
spectra of different samples as well as published data compiled
from potential proto-source terranes we use Kernel Density Esti-
mation (KDE) diagrams (Figs. 3 and 4; Vermeesch, 2012). Further-
more, we supplement the data interpretation with multi-
dimensional scaling (MDS) analyses (Fig. 5; Vermeesch, 2013), a
statistical tool that facilitates comparison of multiple, high
dimensional datasets by plotting them in a lower dimensional
subspace. The resulting two dimensional “map” displays the
dissimilarity between detrital age distributions based on the
Kolmogorov-Smirnov statistic (Stevens et al., 2013; Vermeesch,
2013).

3. Results

The number of analysed zircon grains that passed the discor-
dancy criteria varies between the samples. Samples PO1 e PO5 and
SSS yielded large numbers of concordant zircon ages (276e294),
close to 300 grains as generally required to obtain a robust estimate
of the relative amplitude of each age peak (Pullen et al., 2014; Nie
et al., 2018). Samples OFS, SOT and OR yielded 213e238 concor-
dant zircon ages and therefore relative peak height comparisons
may not be as robust, but well exceed the 117 grains needed for 95%
confidence that no fraction of at least >5% of the total distribution
was missed.

The zircon UePb age distributions and groups from the Biały
Ko�sci�oł loess samples PO1-PO4 (Fig. 3) show a wide range of age
populations with the most dominant, narrow Carboniferous age
peak centred on ca. 325 Ma. Samples PO3 and PO4 exhibit an
additional minor Devonian age peak at ca. 380 Ma. Together, these
grains in PO3 and PO4 total 28% and 27% of the measured ages,
respectively. The Devonian age peak (380 Ma) is not expressed in
samples PO1 and PO2 where the total Devonian-Carboniferous
proportion adds up to 19e22% of the distribution. A smaller late
Cambrian-early Ordovician age peak at ca. 490 Ma of similar
importance in all samples accounts for 8e12% of the total distri-
butions. Zircon ages between 550 and 600 Ma in samples PO1, PO2
and PO4 are relatively diffusely spread, while sample PO3 exhibits
two defined peaks at ca. 530 and 590 Ma. The proportion of these
late Neoproterozoic grains accounts for 11e15% of the total zircon
6

age distributions. Sporadic older Neoproterozoic zircon ages are
present in samples PO1, PO2 and PO4 while basically absent in
sample PO3, generally accounting for 1e3% of the total zircon age
distribution. Meso- and Palaeoproterozoic zircon ages cluster, fairly
consistently in all samples, with small peaks around ca. 950 Ma,
1.05 Ga, 1.15 Ga, 1.5 Ga, 1.65 Ga and additionally around 1.7 Ga in
sample PO3. An additional age peak at ca. 1.8 Ga is expressed in
samples PO1 and PO2 as well as a peak at ca. 2.0 Ga in sample PO1,
while in the other samples, zircon ages seem diffusely spread in this
interval. The total Meso- and Palaeoproterozoic zircon age pro-
portions add up to 46e47% of the distributions from all the loess
samples. Very few Archean zircon ages are sparsely scattered in the
samples PO1, PO3 and PO4, but are more abundant and rather
clustered at ca. 2.75 Ga in sample PO2, accounting for 1e4% of the
total zircon age distributions.

Sample PO5 from the alluvial sediment underlying the loess
exposed at Biały Ko�sci�oł (Fig. 3) shows a broad zircon UePb age
distribution, dominated by a narrow Carboniferous age peak cen-
tred on ca. 325 Ma that accounts for 23% of the total distribution. A
smaller late Cambrian-early Ordovician age peak at ca. 490Ma adds
up to 8% of the sample. Zircon ages between 550 and 650 Ma are
less clustered forming a broader late Neoproterozoic peak that
accounts for 10% of the distribution. Very few, sporadic older
Neoproterozoic zircon ages are present in the sample. Meso- and
Palaeoproterozoic ages cluster at ca. 950 Ma, 1.05 Ga, 1.2 Ga, 1.4 Ga,
1.5 Ga, 1.65 Ga and around 1.7 Ga while the relatively densely
clustered zircon ages around 1.5 Ga are expressed with a more
important peak in the KDE plot. The total Meso- and Palae-
oproterozoic age fraction adds up to 51% of the distribution. Very
few Archean zircon ages cluster around 2.8 Ga.

The zircon UePb age distribution of the alluvial fan sediment
sample from the western slopes of the southern Strzelin Hills (OFS;
Fig. 3) 10 km south of the Biały Ko�sci�oł loess section exhibits a
narrow provenance signature, dominated by a well-defined late
Carboniferous age peak centred on ca. 315 Ma that accounts for 58%
of the total distribution. Late Cambrian-early Ordovician zircon
ages, scattered between 450 and 500 Ma add up to 8% of the total
distribution. Late Neoproterozoic grains cluster around 550 Ma and
sum up to 8% of the total distribution. The sample contains very
few, sporadic zircon ages >600 Ma, which in total add up to 10% of
the total distribution.

The sample of modern fluvial sediment deposited by a small
Oława tributary (SOT; Fig. 3) 15 km south from the Biały Ko�sci�oł
section shows a broad zircon UePb age distribution dominated by a
wide Carboniferous age peak centred on ca. 330 Ma that accounts
for 42% of the total distribution. Broad populations of Ordovician-
Silurian zircon ages between 415 and 480 Ma and late-
Neoproterozoic zircon ages between 510 and 610 Ma each add up
to 8% of the total zircon age distribution. Very few, sporadic early
Neoproterozoic zircon ages are present. Meso- and Palae-
oproterozoic zircon ages are diffusely spread between 850 Ma e

1.35 Ga and broadly cluster around 1.65 Ga and 1.85 Ga, adding up
to 34% of the total zircon distribution. Archean zircon ages are
absent in this sample.

Last glacial fluvial sediments deposited by the Odra River (OR;
Fig. 3) lying 30 km northeast of the Biały Ko�sci�oł section show a
broad zircon age distribution, dominated by a relatively wide
Carboniferous age peak centred on 320 Ma that comprises 28% of
the total distribution. Very few Ordovician-Silurian zircon ages are
present. Late Neoproterozoic zircon ages broadly cluster between
530 and 590 Ma accounting for 4% of the total distribution. Very
few early Neoproterozoic zircon ages are present. Meso- and
Palaeoproterozoic zircon ages are rather diffusely spread between
850 Ma e 2.05 Ga while forming broad but distinctive clusters
around 1.2 Ga, 1.58 Ga and 1.7 Ga, adding up to 53% of the total



Fig. 3. Kernel density estimate (KDE) plots (adaptive bandwidth; Vermeesch, 2012) and pie charts of detrital zircon UePb ages from the Biały Ko�sci�oł loess samples (PO1-PO4; this
study), potential source sediments (PO5, OFS, SOT, OR, SSS; this study) and other reference sediments (Black Till, Denmark from Knudsen et al. (2009)) and sedimentary rocks
(Carboniferous Sandstone, W Poland from Zag�orska et al. (2020); Ediacaran-Cambrian Sandstone, SE Poland from _Zela�zniewicz et al. (2020)).
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distribution. Very few Archean zircon ages are present.
The detrital zircon UePb age distribution of glaciofluvial sands

sampled from the Slawa-Swieciechowa Sandur (SSS; Fig. 3) 135 km
northwest of the Biały Ko�sci�oł section indicate a broad provenance,
dominated by a relatively wide age peak centred on 310 Ma in the
late Carboniferous, which comprises 20% of the total distribution.
Very few, scattered early Palaeozoic and late Neoproterozoic zircon
ages are present in the sample. Early Neoproterozoic zircon ages
form a broad cluster at ca. 850 Ma, accounting for 6% of the total
distribution. Meso- and Palaeoproterozoic zircon ages are diffusely
spread between 900 Ma e 2.05 Ga, with two relatively dense
clusters around 1.05 Ga and 1.1 Ga forming one broad peak in the
KDE plot as well as broader clusters at ca. 1.35 Ga, 1.55 Ga, 1.75 Ga,
1.9 Ga adding up to 61% of the total distribution. Very few, sporadic
Archean zircon ages are present in the sample.

4. Discussion

4.1. Proto-sources of the Biały Ko�sci�oł loess and potential source
sediments

The detrital zircon UePb age spectra of the four loess samples
PO1 e PO4 all exhibit a dominant, relatively narrow Carboniferous
age peak centred on ca. 325 Ma (Fig. 3). This age overlaps with the
formation of the Central European Variscides during the Variscan
orogeny (ca. 380e280 Ma) when Gondwana and Laurasia collided
(Franke, 2006), suggesting a substantial contribution of detritus
derived from these widespread rocks to the loess. In southwestern
Poland, this Variscan orogenic belt is represented by the Sudetes
and their forelands, forming the northeastern part of the Bohemian
Massif, tectonically subdivided into the Saxothuringian and
Moravo-Silesian domains (Fig. 4: 11 & 12). Published geochrono-
logical studies from the Sudetes report multiple phases of
magmatic and tectonic activity during the Variscan orogeny
(Jokubauskas et al., 2018) and detrital zircon UePb ages assembled
from investigated sedimentary rocks from the Saxothuringian
domain confirm the dominant abundance of Variscan age grains
(Fig. 4: 11). From the Moravo-Silesian terrane, available detrital
zircon UePb age data is limited to pre-Variscan (mostly Precam-
brian) sedimentary rocks (Habryn et al., 2020; Jastrzębski et al.,
2021) and thus does not allow inference about the Variscan his-
tory of the terrane (Fig. 4: 12). However, zircon UePb age in-
vestigations of the Strzelin Hills, located on the Fore-Sudetic Block
proximal to the Biały Ko�sci�oł loess section, provide evidence of
multiphase Variscan magmatic activity at 324 Ma, 305 Ma and
295 Ma (Oberc-Dziedzic et al., 2010; Oberc-Dziedzic and Kryza,
2012). Strikingly, Variscan tonalitic magmatism in the Strzelin
Hills matches very closely the age of the Variscan peak in the Biały
Ko�sci�oł loess, and furthermore, the highly constrained age range of
that peak in the loess also suggests a very localised source, poten-
tially consistent with a local Strzelin Hills origin for those grains.
Another potential source for Variscan age grains are the Outer
Western Carpathians where extensive flysch units crop out in high-
relief mountainous areas. However, published data here is limited
and while detrital zircon UePb ages assembled from Eocene
sandstones in the Magura Nappe cluster much more widely
(around 379 Ma and 264 Ma; Fig. 4: 13; B�onov�a et al., 2019, 2020),
there is currently no way to test how representative these ages are.
In short, an Outer Western Carpathian proto-source for the Varis-
can age zircon grains in the Biały Ko�sci�oł loess cannot be entirely
excluded at this time.

The relatively small late Cambrian-early Ordovician zircon age
peak at ca. 490 Ma detected in the detrital zircon age spectra from
the four loess samples suggests a minor contribution of Caledonian
orogeny age proto-source rocks (here defined as 510e380 Ma).
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Amongst the considered proto-source terranes, the most promi-
nent result of the Caledonian Orogeny are the Scandinavian Cale-
donides. However, the zircon age data assembled from this terrane
indicate a relatively minor abundance of Caledonian age grains in
the sedimentary cover (Fig. 4: 1), suggesting this is not the main
source of Caledonian age grains to the Biały Ko�sci�oł loess. As pre-
viously stated, younger age populations are possibly underrepre-
sented in the assembled proto-source zircon age spectra as the
depositional age of sedimentary rocks included in the compilation
may bias the age distribution. Nevertheless, the detrital zircon
UePb age spectrum of the “Black Till” sampled from north-western
Denmark (Fig. 3; Knudsen et al., 2009), which was deposited by ice
streams that only eroded and entrained clastic material from Fen-
noscandian basement, also lacks significant amounts of Caledonian
age zircon grains. This further supports the assertion that Fenno-
scandia seems unlikely to be the proto-source of the Caledonian age
zircon grains in the Biały Ko�sci�oł loess. Caledonian orogeny age
zircons are present but not abundant in assembled zircon age data
from Peri-Gondwanan proto-source terranes around and south of
Biały Ko�sci�oł (Fig. 4: 11, 12). However, late Cambrian-early Ordovi-
cian age zircon grains as present in the sedimentary cover of the
Saxothuringian terrane and reported from igneous and meta-
morphic rocks in other domains of the BohemianMassif (D€orr et al.,
1998; Pin et al., 2007; N�adaskay et al., 2019) would sufficiently
explain the Caledonian age population detected in the Biały Ko�sci�oł
loess. Moreover, early Palaeozoic zircon ages for granitoid gneiss
protoliths from the Strzelin Massif (Mazur et al., 2010) provide
evidence for suitable source rocks for this population nearby Biały
Ko�sci�oł further supporting the contribution of a very local proto-
source, as suggested by the Variscan age peak.

Prior to Variscan and Caledonian tectonism, the Bohemian
Massif was subjected to the Cadomian orogeny occurring along the
northern margin of Gondwana during the late Neoproterozoic
(Linnemann et al., 2008), and this is recorded in the zircon
geochronology of the Saxothuringian andMoravo-Silesian domains
(Fig. 4: 11, 12) as well as the Fore-Sudetic Block (Oberc-Dziedzic
et al., 2003). Such Cadomian age basement rocks in the Sudetes
and their forelands likely account for the relatively broad late
Neoproterozoic zircon age population contained in the Biały Ko�sci�oł
loess (Fig. 3). Similar age grains are nearly entirely absent in Fen-
noscandian terranes.

Overall, the late Neoproterozoic and Phanerozoic zircon ages
can be sufficiently explained by local proto-sources in the Sudetes
and possibly their forelands and are inconsistent with Fenno-
scandian origins. However, as described below, the abundance of
Meso- and Palaeoproterozoic zircon grains in the Biały Ko�sci�oł loess
requires additional sourcing from Fennoscandian terranes as grains
of these ages are nearly absent from surrounding Peri-Gondwanan
terranes (Fig. 4). Geochronological data assembled from the Cale-
donian and Sveconorwegian belts (including the Caledonides, Tel-
emarkia, Bamble, Kongsberg, Idefjorden and the Eastern Segment;
Fig. 4) reflect the timing of magmatic activity along the western
margin of Baltica (Bingen and Solli, 2009). The lithology exposed in
the Sveconorwegian belt was formed during the Svecokarelian
(1910-1750 Ma), post-Svecokarelian (1710-1660 Ma), Telemarkian
(1520e1480) and Hallandian (1465e1380) accretionary orogenies
and reworked during the Sveconorwegian orogeny, resulting from
the polyphase collision of Baltica and another continental plate,
presumably Amazonia, at the Meso- to Neoproterozoic transition
(Bingen et al., 2021). In the north, the Sveconorwegian belt was
reworked during the Caledonian orogeny (Røhr et al., 2013) and to
the east, separated from Palaeoproterozoic foreland terranes
(Transcandinavian Igneous Belt, Svecofennia) by the Sveconorwe-
gian front (Bingen et al., 2021). This history of continental litho-
sphere generation and reworking is reflected in the arrangement of



Fig. 4. KDE plots (adaptive bandwidth; Vermeesch et al., 2012) of published zircon ages from potential proto-source terranes (expanded after Bingen and Solli, 2009; Bingen et al.,
2021; see Appendix A for references). Inset map shows simplified arrangement of potential source terranes (modified after Schmid et al., 2008; Bingen and Solli, 2009; Babu�ska
et al., 2010; Bingen et al., 2021). Undesignated terranes in the Bohemian Massif: Marianske Lazne Complex, Tepla-Barrandian, Central Bohemian Pluton, Moldanubian. Undesignated
terranes in the Western Carpathians: Carpathian foreland basin, Miocene external thrust belt, Pieniny Klippen Belt.
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Precambrian zircon age populations detected in the Biały Ko�sci�oł
loess. Meso- and early Neoproterozoic zircon ages from the four
loess samples cluster consistently around ca. 950 Ma, 1.05 Ga and
1.15 Ga, coinciding with the Main-Sveconorwegian orogenic pha-
ses. Older zircon age populations centred on 1.5 Ga,1.65e1.7 Ga and
1.8 Ga correspond to magmatic events during Pre-Sveconorwegian
orogenies. However, the occurrence, timing and intensity of crustal
reworking linked to these orogenies varies amongst the individual
units of the Caledonian and Sveconorwegian belts, as reflected in
the assembled zircon UePb age data (Fig. 4: 1e5, 7, 8). While the
zircon age spectra of the eastern units of the Sveconorwegian belt
(Idefjorden, Eastern Segment) form age peaks that partly mismatch
the timing of zircon clusters expressed in the Biały Ko�sci�oł loess, the
geochronological signature of units in the west of this belt (Tele-
markia, Kongsberg, Bamble) as well as the thrust nappes in the
9

Caledonides explain these clusters well. Additional input from the
Palaeoproterozoic foreland terranes (Transcandinavian Igneous
Belt and Svecofennia) of Palaeoproterozoic and Archean age zircon
grains seems possible but is not required (Fig. 4: 9, 10). As such,
thrust nappes and basement units located in the high-relief
mountainous areas of western Scandinavia are most likely the
proto-sources of the Fennoscandian-derived grains in the Biały
Ko�sci�oł loess.

The detrital zircon UePb age spectra from the Biały Ko�sci�oł loess
samples therefore allow for a robust identification of both Fenno-
scandian and local Peri-Gondwanan proto-sources. This proto-
source mixture is also reflected in the MDS map (Fig. 5) where
the combined Biały Ko�sci�oł loess sample (PO1 e 4) plots fairly
centred between data points of Fennoscandian (1e10) and Peri-
Gondwanan terranes (11e13). However, estimating the relative



Fig. 5. Non-metric multi-dimensional scaling (MDS; Vermeesch, 2013) map using the Kolmogorov-Smirnov (KS) statistic for the zircon age data from the Biały Ko�sci�oł loess samples
(PO1-PO4; this study), potential source sediments (PO5, OFS, SOT, OR, SSS; this study), other reference sediments (Black Till, Denmark from Knudsen et al. (2009)), sedimentary
rocks (Carboniferous Sandstone, W Poland from Zag�orska et al. (2020); Ediacaran-Cambrian Sandstone, SE Poland from _Zela�zniewicz et al. (2020)) and zircon age data compiled
from potential proto-source terranes (expanded after Bingen and Solli, 2009; Bingen et al., 2021; see Appendix A for references; see Fig. 4 for simplified arrangement of potential
proto-source terranes). Axes are dimensionless “KeS units” of the distance between samples. Solid and dashed lines connect samples with their closest and second closest
neighbours, respectively.
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contribution of these proto-sources is less feasible purely based on
the presented data. While the Variscan age peak is clearly most
dominant in the KDEs of the four loess samples, the total pro-
portions of zircon grains assigned to Fennoscandian and local Peri-
Gondwanan proto-sources, respectively, are well balanced (Fig. 3).
In any case, due to the potential for fertility bias when comparing
different proto-source rocks, zircon age distributions may not be
convertible into proportional sediment yield (Guo et al., 2020).
Nevertheless, it is noteworthy that a scenario of equal proto-source
10
contributions from Fennoscandia and Peri-Gondwana agrees well
with estimates from geochemical modelling based on SreNd iso-
topic compositions from other thinner but close-by late last glacial
loess deposits (Waroszewski et al., 2021).

Comparison of proto-source zircon ages with the detrital zircon
age distributions in the reference samples from potential source
sediments as well as MDS mapping (Fig. 5) indicate that proto-
source terranes in western Scandinavia and the Sudetes also
contribute to these samples to varying degrees. Sample PO5 from
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alluvial fan sediments underlying the loess at Biały Ko�sci�oł shows
nearly identical age assemblages to the loess samples (Fig. 3).
However, the zircon age spectrum of last glacial age alluvial fan
sediments sampled along the western slope of the southern
Strzelin Hills (OFS, Fig. 3) is limited to Variscan, Caledonian and
Cadomian age grains, consistent with phases of magmatic activity
reported from the Fore-Sudetic Block (Oberc-Dziedzic et al., 2003,
2010; Mazur et al., 2010) and thus likely entirely derived from
denudation of the Strzelin Hills. The zircon age signature of fluvial
sediment sampled from a small tributary of the Oława River (SOT,
Fig. 3) resembles the succession of age populations detected in the
loess, indicating a similar proto-source assemblage. Despite this,
the broader, relatively more important Carboniferous age peak as
compared to the loess indicates additional input of different Peri-
Gondwanan proto-source rocks. The combination of Fenno-
scandian and Peri-Gondwanan proto-sources is also indicated by
the detrital zircon age spectrum of last glacial Odra River sediment
(OR, Fig. 3), with a slightly greater contribution of Fennoscandian
grains. The zircon age distribution of the last glacial maximum
Slawa-Swieciechowa Sandur sediment (SSS, Fig. 3) indicates the
most significant proportion of Fennoscandian derived zircon grains
amongst the analysed samples. However, the arrangement of Pre-
cambrian zircon age clusters exhibits some differences compared to
the other reference and loess samples. Most importantly, this in-
cludes zircon age populations around 1.75 Ga, possibly ascribable to
the Svecokarelian orogeny (1.9e1.66 Ga; Bingen et al., 2021) and at
around 850 Ma, indicating an as yet unidentified proto-source.
Additionally, the presence of Variscan, Caledonian and Cadomian
zircon grains indicates a substantial contribution of Peri-
Gondwanan proto-sources to this sample as well.

4.2. Long-term sediment mixing and distribution within the
Northern European Plain

During the last glacial maximum, the Fennoscandian Ice Sheet
impinged well into continental Europe and meltwater and sedi-
ment transport from this event resulted in formation of sandur
sediments in central Poland. This is consistent with the significant
numbers of Fennoscandian derived zircons in the Sława-
�Swieciechowa sandur sample (SSS, Fig. 3). However, the large
proportion of Peri-Gondwanan derived zircon grains in this sample
demonstrates that as the ice sheet impinged into central Poland it
entrained and redeposited alluvial sediments previously deposited
by rivers draining the Central European Highlands (e.g. the Odra
and Vistula). By contrast, the last glacial Black Till in northwestern
Denmark (Knudsen et al., 2009) was deposited by ice streams that
only eroded Scandinavian basement and reflects a purely Fenno-
scandian derived signal (Figs. 3e5). In general though, mixing of
sediment deriving from Fennoscandia and Peri-Gondwana seems
typical for the extensive glacigenic sediment cover of the Northern
European Plain. Toucanne et al. (2015) compiled Nd isotope data
from numerous glacigenic sediment samples collected along Fen-
noscandian Ice Sheet margins that range between εNd ¼ �16.5
and �13.7 (Krzyszkowski et al., 1999; Wysota et al., 2009;
Lesemann et al., 2010; Weckwerth, 2010; Narloch et al., 2012;
Tylmann et al., 2013). These values are in good agreement with a
mixed origin from older Fennoscandian basement (εNd ¼ �23.3
to�13.8 reported from Scandinavian river sediments; Freslon et al.,
2014; Toucanne et al., 2015) and younger Peri-Gondwanan terranes
(εNd ¼ �11.2 to e1.8 reported from rocks in the Sudetes and
Western Carpathians, excluding positive values that may reflect
young, localised volcanic activity; Poller et al., 2001; Lange et al.,
2005; Oberc-Dziedzic et al., 2005; Konieczna et al., 2015). As
such, the presented detrital zircon age spectrum of the Sława-
�Swieciechowa sandur can be taken as widely representative for
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glacigenic sediment input into the Northern European Plain during
the late last glacial. During glaciations prior to the last glacial, the
Fennoscandian Ice Sheet reached relatively further south into
central continental Europe (Fig. 1) and supplied such glacigenic
sediments to the forelands of the Sudetes andWestern Carpathians
that form the catchment of the Odra River. The presence of both
Peri-Gondwanan and Fennoscandian derived zircon grains in last
glacial fluvial sediments deposited by the Odra River (OR) therefore
reflects further reworking andmixing of these glacigenic sediments
with locally derived particles. This sediment mixing is not limited
to southwestern Poland, as suggested by the Nd isotopic compo-
sition of fluvial sediments carried by the Vistula River in central
Poland (εNd ¼ �14.3; Freslon et al., 2014), which also yield εNd
values indicative of mixed Peri-Gondwanan and Fennoscandian
sources.

As such, both the new detrital zircon age and published Nd
isotope data reflect the widespread multistage mixing of sediment
of Peri-Gondwanan and Fennoscandian provenances driven by
glacial and fluvial reworking processes on the Northern European
Plain. On Quaternary timescales this would have led to the pro-
gressive homogenization of Peri-Gondwanan sediment particles,
constantly supplied via physical weathering and denudation of the
mountainous Central European Highlands, and Fennoscandian
sediment particles, periodically introduced during glaciations.
Furthermore, last interglacial alluvial fan sediments (PO5, Figs. 2
and 3) underlying the loess at Biały Ko�sci�oł also provide evidence
for the abundance of mixed Fennoscandian-Peri-Gondwanan sed-
iments in the Northern European Plain during pre-last glacial
times. The detrital zircon UePb age spectrum of this sample (PO5;
Fig. 3) is identical to the signature of the overlying loess deposits
which implies that the alluvial fan sediments consist of reworked
loess, likely deposited at the end of the penultimate glaciation
when the ice sheet had retreated. However, sediment mixing at the
continental margin between Peri-Gondwanan terranes and Baltica
has occurred well prior to the onset of Quaternary glacial-
interglacial cycles. This mixing is recorded by the presence of
substantial amounts of Baltica derived zircon grains in Carbonif-
erous sandstones in western Poland (Zag�orska et al., 2020) and
Ediacaran-Cambrian sandstones in southeastern Poland
( _Zela�zniewicz et al., 2020), with these sandstones in turn poten-
tially serving as yet another source of mixed source clastic material
in the Northern European Plain (Figs. 3 and 5).

4.3. Local dust sources for the Biały Ko�sci�oł loess

The detrital zircon UePb age spectra of the Biały Ko�sci�oł loess
samples PO1 e PO4 provide evidence for contributions from Fen-
noscandian and local Sudetic proto-sources (Figs. 3 and 5). This may
imply dust entrainment from both glaciofluvial outwash plains
along the Fennoscandian Ice Sheet margin and alluvial sediments
deposited by rivers draining the Sudetes. However, the presence of
Fennoscandian and Peri-Gondwanan derived zircons in the refer-
ence samples from the Sława-�Swieciechowa sandur system (SSS)
and the last glacial Odra River sands (OR) reveals that the mixing of
these sediment provenances occurs at an earlier stage in the pro-
cess chain of loess formation. Indeed, the long history of sediment
mixing and reworking activity outlined above implies that sedi-
ment of homogenized Fennoscandian-Peri-Gondwanan prove-
nance is ubiquitous within the Northern European Plain. As such,
fluvial sediments carried by rivers draining the Sudetic foreland
have a similar detrital zircon UePb age signature to the loess de-
posits from Biały Ko�sci�oł, all posing potential source sediments, and
in turn likely reworking loess deposits. This is consistent with
previous loess provenance studies from southwestern Poland that
highlight the role of the “Great Odra Valley” fluvial system for the
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region's silt supply (Badura et al., 2013). Initially, this fluvial system
formed as ice marginal spillway of the Fennoscandian Ice Sheet
during the penultimate glaciation but persisted in draining of the
Sudetic Foreland until the late last glacial. However, the importance
of this fluvial system in homogenizing sediments of different proto-
source signatures may not be as significant as suggested by
Waroszewski et al. (2021), given the long-term sediment reworking
and homogenization within the Polish foreland described above.

While the zircon age signature of the loess samples from Biały
Ko�sci�oł clearly reflects this Fennoscandian-Peri-Gondwanan sedi-
ment mixture, the most dominant, narrow Variscan age peak in
these samples (Fig. 3) suggests additional input from a particular,
poorly mixed, nearby source. As pointed out above, the timing of
Variscan magmatism reported from tonalites in the southern
Strzelin Hills located on the Fore-Sudetic Block (Fig. 1; Oberc-
Dziedzic et al., 2010) is consistent with the age of this densely
clustered Variscan age population. Furthermore, the detrital zircon
age distribution of alluvial fan sediments sampled from thewestern
slopes of the southern Strzelin Hills (OFS) is strongly dominated by
grains formed during the same Variscan magmatic event (Fig. 5).
The Oława River would have transported detritus derived from
these local highlands mixed with the omnipresent, well homoge-
nized Fennoscandian-Peri-Gondwanan sediment mixture towards
Biały Ko�sci�oł (Fig. 1). While alluvial fan sediments along the slopes
of the Strzelin Hills consist of freshly weathered and denuded
material, Oława tributaries that drain the loess covered lowlands of
the Fore-Sudetic Block rework this loess cover as reflected by the
zircon age composition of last interglacial alluvial sediments un-
derlying the loess at Biały Ko�sci�oł (PO5) as well as carried by a small,
modern tributary (SOT). These “lost loesses” (van Loon, 2006) are
recycled by the Oława River which promotes further sediment
homogenization prior to deflation. As such, the Oława River
floodplains pose a local dust source consistent with a combination
of the homogenized Fennoscandian-Peri-Gondwanan provenance
signature and a superimposed local signal derived from the Strzelin
Hills, as expressed in the detrital zircon age data of the Biały Ko�sci�oł
loess.

4.4. Temporal source stability during MIS 4e2 and causes of dust
deposition variability

Luminescence dating of the Biały Ko�sci�oł loess sequence has
revealed strongly enhanced dust deposition rates during the LGM
Fennoscandian Ice Sheet advance (Moska et al., 2019a). During ice
sheet advances and subsequent retreats, large amounts of sediment
laden glacial meltwaters were released into the proglacial fluvial
system in the Northern European Plain (Toucanne et al., 2015;
Weckwerth et al., 2019). High resolution luminescence dating of
loess deposits at Pegwell Bay, SE England suggests that such phases
of increased sediment availability linked to ice sheet andmeltwater
drainage dynamicsmay cause enhanced atmospheric dustiness and
loess deposition in ice marginal regions (Stevens et al., 2020).
However, the identical detrital zircon age spectra of the Biały
Ko�sci�oł loess samples PO1-PO4, indicate constant dust sourcing
from the local Oława River floodplains. No direct sourcing from
more Fennoscandian grain-rich glaciofluvial sediments can be
detected and thus, increased sediment availability in the proglacial
zone can likely be excluded as the driver of dust deposition rate
variability recorded in the Biały Ko�sci�oł loess. This is consistent with
the proposed short distance of aeolian dust transport in the
Northern European Plain, even during ice sheet advances, when
katabatic winds favoured dust entrainment from the proglacial
zone. By extension, this implies that dust deposition caused by
increased sediment supply during ice sheet decay phases is limited
to areas proximal to the glacial meltwater drainage route.
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However, enhanced atmospheric dustiness during the LGM is
not limited to the ice marginal zone. The timing of increased dust
deposition rates around 25e20 ka detected at Biały Ko�sci�oł (Fig. 2;
Moska et al., 2019a) roughly coincides with Heinrich event 2
(Hemming, 2004), a period of greatly enhanced dust activity as
recorded in archives around the globe (Hovan et al., 1989; Stevens
et al., 2011, 2016, 2020; Rasmussen et al., 2014; Újv�ari et al., 2017).
Different atmospheric regimes have been proposed to account for
this phase of enhanced dust activity in Europe (Ludwig et al., 2016;
Pinto and Ludwig, 2020). Based on LGM dust cycle simulations,
Schaffernicht et al. (2019) concluded that east sector winds caused
by the high pressure system over the Eurasian Ice Sheet (36%) and
southwards deflected cyclones (22%) prevailed over central Europe.
It is likely that the predominance of east sector winds was even
more significant in regions close to the ice sheet including Biały
Ko�sci�oł in southwestern Poland. However, the proposed scenario of
an extremely local dust source for the Biały Ko�sci�oł loess is not
necessarily linked to wider scale atmospheric circulation patterns
and we refrain from any palaeowind reconstruction based on the
data here. Nevertheless, we conclude that enhanced dust accu-
mulation at Biały Ko�sci�oł during Heinrich Event 2 is not a function
of increased sediment supply in the proglacial zone but rather re-
cords enhanced dust emission from the local Oława floodplains as
part of globally enhanced atmospheric dustiness from a variety of
sources.

4.5. Constraining the southern limit of the influence of northern ice
sheet dust sources in European loess

Our model for the homogenization and dispersal of
Fennoscandian-Peri-Gondwanan sediment provenance throughout
the Polish foreland essentially involves river transport. By exten-
sion, this implies that the proportion of glacial particles derived
from Fennoscandia in European loess deposits is mainly controlled
by the river drainage pattern of areas near to Pleistocene ice mar-
gins where glacigenic sediments are abundant. To constrain the
importance of further, we trace the proportion of glacial particles
derived from the Fennoscandian Ice Sheet in loess deposits and
fluvial sediments in the European Plain and Danube Basins (Fig. 6).

Similarly to the signature of the Biały Ko�sci�oł loess, the grouped
detrital zircon age data from loess deposits in the Mid Carpathian
foreland (Fig. 6; Nawrocki et al., 2018; Pa�nczyk et al., 2020) in-
dicates a mixed Fennoscandian-Peri-Gondwanan provenance.
Indeed, these loess deposits are formed in a similar geographical
setting as loess deposits in the Sudetic foreland and our model for
the homogenization of Fennoscandian and Peri-Gondwanan sedi-
ment provenances caused by long-term sediment reworking also
seems applicable here. Major rivers mix locally derived sediment
particles with reworked glaciofluvial deposits and potentially
redeposit these sediment mixtures within the reach of subsequent
ice sheet advances. Accordingly, potential dust source sediments of
mixed Fennoscandian-Peri-Gondwanan provenance are widely
abundant in the Mid Carpathian foreland. However, this loess
provenance region borders the Dnieper Basin to the east where
Peri-Gondwanan proto-source terranes are absent, and dust is
sourced from fluvial sediments carried by the Dnieper River, which
mostly reworks the extensive glaciofluvial sediment cover of the
Eastern European Plain. This is expressed by a contrasting Dnieper
loess detrital zircon age signature, dominated by Fennoscandian
derived grains (Fig. 6; Nawrocki et al., 2019; Pa�nczyk et al., 2020).

South of the Northern European Plain, the central European
highlands form the current drainage divide to the Upper and
Middle Danube Basins. Despite this, early theoretical work by
Smalley and Leach (1978) suggested that during decay phases of the
Fennoscandian Ice Sheet, glacial floodwaters carried



Fig. 6. Comparison of KDE plots (Vermeesch et al., 2012; bandwidth ¼ 25) and pie charts of detrital zircon UePb ages from the Biały Ko�sci�oł loess (this study) with previously
published data from loess in the Mid Carpathian Foreland (Nawrocki et al., 2018, 2019; Pa�nczyk et al., 2020), Dnieper Basin loess (Nawrocki et al., 2019; Pa�nczyk et al., 2020), Siret
River sediment (Ducea et al., 2018), Upper Danube Basin loess (Újv�ari and Kl€otzli, 2015), Middle Danube Basin loess (Ujv�ari et al., 2012), Lower Danube Basin river sediments (Ducea
et al., 2018) and Late Pleistocene Middle Danube River sediment (Ujv�ari et al., 2012). See Fig. 3 for pie chart legend. Map shows site locations, the distribution of loess and
Quaternary cover sediments in central and eastern Europe (Lehmkuhl et al., 2021), Pleistocene ice sheet extents (Ehlers et al., 2011) and the proposed southern limit of the influence
of northern ice sheet dust sources in European loess deposits. Inset map shows wider context.
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Fennoscandian derived silt particles through the Moravian
depression into the catchment of the Danube River. This material
would have been transported downstream and served as parent
material of loess deposits along the Danube in central parts of the
Middle Danube Basin (Smalley and Leach, 1978). Tracing the pro-
portion of Fennoscandian derived grains in detrital zircon age data
from Danube River sands as well as loess deposits in the Upper and
Middle Danube Basin allows evaluation of this hypothesis. While
the low number of analysed zircon grains currently reported from
Middle Danube River sands and grouped Upper Danube loess are
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unlikely to yield population-representative age distributions, the
grouped data from Middle Danube loess, mainly sourced from the
Danube River, allows inference about the absence of particular age
populations (Vermeesch, 2004; Ujv�ari et al., 2012; Újv�ari and
Kl€otzli, 2015). While isolated Precambrian age zircon grains are
detected in this loess, the characteristic succession of Fenno-
scandian derived Meso- and Palaeoproterozoic age zircon pop-
ulations as expressed in sediments from the Northern European
Plain is absent (Fig. 6). The Danube loess is nearly entirely domi-
nated by Peri-Gondwanan grains. Accordingly, transport of glacial
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particles derived from the Fennoscandian Ice Sheet into the Middle
Danube Basin can be excluded and the central European highlands
are the southern limit of the influence of northern ice sheet dust
sources.

Moreover, the rejection of glacial floodwater transport through
the Moravian depression leaves no plausible transport pathway for
Fennoscandian derived particles into the western Lower Danube
Basin. Indeed, grouped detrital zircon age data from fluvial sedi-
ments carried by the Lower Danube River and its tributaries reflect
the lithology of the southern Carpathians (Fig. 6; Ducea et al., 2018).
However, the north-eastern mouth of the Lower Danube Basin
adjoins the Moldavian plateau, dissected by the Siret and Prut
Rivers that drain the Eastern Carpathian flysch units and foreland
(Fig. 6). The detrital zircon age spectrum of fluvial sediment
transported by the Siret River exhibits a broad provenance
including both Peri-Gondwanan derived grains and a large pro-
portion of Precambrian age grains (Ducea et al., 2018). While the
majority of the Precambrian zircon age peaks can be explainedwith
sourcing from the pre-Quaternary sedimentary cover of the Eastern
Carpathian slopes and foreland (Balintoni and Balica, 2016; Krezsek
et al., 2018), a number of grains are not obviously derived from
rocks in the river's catchment (Ducea et al., 2018). The northern
part of the Siret and Prut River catchments borders the mixing zone
of Fennoscandian-Peri-Gondwanan sediment provenance in the
Mid Carpathian foreland (Fig. 6). However, given the dynamic na-
ture of these meandering river systems, it is likely that drainage
patterns of the European Plain flatlands were unstable during the
Quaternary. Therefore, we cannot exclude a Fennoscandian derived
component in sediments carried by the Siret and Prut Rivers acting
as potential dust sources to loess in the northern Lower Danube
Basin. Indeed, P€otter et al. (2021) detected a substantial contribu-
tion of these sources to the region's loess deposits based on
geochemical evidence, while loess deposits in the central and
southern Lower Danube Basin are mainly sourced from the Danube
alluvium. As such, despite uncertainties about the presence of
Fennoscandian derived grains in the Eastern Carpathian foreland,
we propose a tentative line along the north-eastern mouth of the
Lower Danube Basin that marks the continuation of the southern
limit of the influence of northern ice sheet dust sources (Fig. 6).

5. Conclusions

Detrital zircon UePb ages have been analysed for a large num-
ber of grains from four loess samples selected from phases of
varying last glacial dust deposition rates recorded at Biały Ko�sci�oł,
southwestern Poland. The resulting detrital zircon age distributions
all exhibit a similar broad range of age peaks suggesting both
Fennoscandian and Peri-Gondwanan proto-sources while the nar-
row, most dominant Variscan age peak is consistent with sourcing
from the nearby Strzelin Hills. In theory, this implies dust sourcing
from both glaciofluvial sediments deposited along the Fenno-
scandian Ice Sheet margin as well as from fluvial sediments carried
by rivers draining the local Sudetes and their forelands. However,
detrital zircon age compositions of these potential source sedi-
ments reveal that the mixing of Fennoscandian and Peri-
Gondwanan sediment provenances occurs at an earlier stage in
the process chain of loess formation. As the Fennoscandian Ice
Sheet impinged into continental Europe, it entrained alluvial sed-
iments of Peri-Gondwanan origin and redeposited these together
with Fennoscandian derived particles along glaciofluvial outwash
plains. These glaciofluvial sediments are, in turn, reworked by
rivers draining the Sudetes and their foreland promoting further
mixing of Fennoscandian and Peri-Gondwanan sediment prove-
nances. During the course of the Quaternary, this multistagemixing
of sediment provenances caused progressive homogenization and
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widespread distribution of sediments of mixed Fennoscandian-
Peri-Gondwanan provenance in the Northern European Plain. The
Oława River, draining the Sudetic foreland, carried this
Fennoscandian-Peri-Gondwanan sediment mixture along with
locally derived detritus from the Strzelin Hills and thus served as a
constant local dust source for loess deposits at Biały Ko�sci�oł during
MIS 4e2.

Given the lack of any direct sourcing from glaciofluvial sedi-
ments detected in the loess during MIS 4e2, increased sediment
availability in the proglacial zone of the Fennoscandian Ice Sheet
can be excluded as driver of enhanced dust deposition at Biały
Ko�sci�oł during MIS 2. Instead, peak loess accumulation rates at
around 25e20 ka record increased dust emission from the local
Oława floodplain sediments and match an increasingly global pic-
ture of enhanced atmospheric dustiness from a variety of sources
during Heinrich Event 2. Our model for the mixing of Fenno-
scandian and Peri-Gondwanan sediment provenances prior to dust
deflation implies that the proportion of northern ice sheet derived
particles is mainly controlled by the drainage pattern of major
rivers in relation to Pleistocene ice margins where glaciofluvial
sediment is abundant. This is consistent with the absence of Fen-
noscandian derived zircon grains in loess deposits south of the
central European highlands that currently divide drainage between
the Northern European Plain and the southerly adjacent Danube
Basins, thus forming the southern limit of the influence of northern
ice sheet dust sources.
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Skurzy�nski, J., 2018. Luminescence chronostratigraphy for the loess deposits in
Złota, Poland. Geochronometria 45, 180e189. https://doi.org/10.1515/geochr-
2015-0073.

Moska, P., Jary, Z., Adamiec, G., Bluszcz, A., 2019a. Chronostratigraphy of a loess-
palaeosol sequence in Biały Ko�sci�oł Poland using OSL and radiocarbon dating.
Quat. Int. 502, 4e17. https://doi.org/10.1016/j.quaint.2018.05.024.

Moska, P., Jary, Z., Adamiec, G., Bluszcz, A., 2019b. High resolution dating of loess
profile from strzy _z�ow (horodło plateau-ridge, volhynia upland). Quat. Int. 502,
18e29. https://doi.org/10.1016/j.quaint.2018.02.016.

N�adaskay, R., �Z�ak, J., Sl�ama, J., Sidorinov�a, T., Vale�cka, J., 2019. Deciphering the Late
Paleozoic to Mesozoic tectono sedimentary evolution of the northern Bohemian
Massif from detrital zircon geochronology and heavy mineral provenance. Int. J.
Earth Sci. 108, 2653e2681. https://doi.org/10.1007/s00531-019-01781-z.

Narloch, W., Piotrowski, J.A., Wysota, W., Larsen, N.K., Menzies, J., 2012. The
signature of strain magnitude in tills associated with the Vistula ice stream of
the scandinavian ice sheet, central Poland. Quat. Sci. Rev. 57, 105e120. https://
doi.org/10.1016/j.quascirev.2012.09.022.

Nawrocki, J., Gozhik, P., Łanczont, M., Pa�nczyk, M., Komar, M., Bogucki, A.,
Williams, I.S., Czupyt, Z., 2018. Palaeowind directions and sources of detrital
material archived in the Roxolany loess section (southern Ukraine). Palae-
ogeogr. Palaeoclimatol. Palaeoecol. 496, 121e135. https://doi.org/10.1016/
j.palaeo.2018.01.028.

Nawrocki, J., Bogucki, A.B., Gozhik, P., Łanczont, M., Pa�nczyk, M., Standzikowski, K.,
Komar, M., Rosowiecka, O., Tomeniuk, O., 2019. Fluctuations of the Fenno-
scandian Ice Sheet recorded in the anisotropy of magnetic susceptibility of
periglacial loess from Ukraine. Boreas 48, 940e952. https://doi.org/10.1111/
bor.12400.

Nie, J., Stevens, T., Rittner, M., Stockli, D., Garzanti, E., Limonta, M., Bird, A., And�o, S.,
Vermeesch, P., Saylor, J., Lu, H., Breecker, D., Hu, X., Liu, S., Resentini, A.,
Vezzoli, G., Peng, W., Carter, A., Ji, S., Pan, B., 2015. Loess plateau storage of
northeastern Tibetan plateau-derived yellow river sediment. Nat. Commun. 6.
https://doi.org/10.1038/ncomms9511.

Nie, J., Pullen, A., Garzione, C.N., Peng, W., Wang, Z., 2018. Pre-Quaternary decou-
pling between Asian aridification and high dust accumulation rates. Sci. Adv. 4.
https://doi.org/10.1126/sciadv.aao6977.

Oberc-Dziedzic, T., Kryza, R., 2012. Late stage Variscan magmatism in the Strzelin
Massif (SW Po land): SHRIMP zircon ages of tonalite and Bt-Ms. granite of the
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