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Abstract

Loess paleoenvironmental reconstructions on regional to supra-regional scales have recently gained much attention. Geochemistry compar-
isons in relation to reference datasets, such as the Upper Continental Crust (UCC) data, have furthered our understanding of the climatic
and geomorphological conditions under which terrestrial sites have developed. However, UCC data differs from loess, thereby obscuring
important features, and the existing “average loess” datasets also are not sufficient for modern investigations.

In this study, we examine the youngest Polish loess (L1LL1 = MIS 2, ca. 26-15 ka) for its suitability as a new, loess-focused reference
dataset. Eighty-nine samples from seven sites were analyzed, using inductively coupled plasma spectrometry. The loess had assumedly
been homogenized during transportation and/or sedimentary recycling (Lan/Smy = 3.34-4.06, median 3.78; Eu/Eu* = 0.46-0.66, median
0.55; Gdn/Yby =1.08-1.49, median 1.26), and weakly affected by pre- or post-depositional weathering (CIA =53.64-69.12, median
57.69). The statistically significant differences between sites in elemental medians were mostly conditioned by variations in grain size
and in the “fresh” to “re-deposited” sediment ratio. Nonetheless, the overall geochemical composition homogeneity provided a basis for
the estimation of Polish Median Loess (PML) data, as determined for 41 chemical elements. When used, PML data highlight differences
between loess regions in Europe, thereby providing a tool for cross-continental comparisons.
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INTRODUCTION on the assumption that soil processes lead to the re-deposition
Loess is a clastic mineral dust deposit that occurs as wind-laid g(ntBObﬂe and retention of immobile elements (Buggle et al,

sheets (Smalley and Vita-Finzi, 1968) and is considered as one
of the most investigated and best recognized terrestrial sediments
(Schaetzl et al., 2018; Waroszewski et al., 2021). Its bulk properties
(such as granulometric or mineralogical composition) show
important variations with age, location, source area, topography,
or depositional and post-depositional weathering history
(Lehmkuhl et al., 2016, 2021; Rousseau et al., 2018; Potter et al.,
2023). At the same time, loess is considered to be relatively homo-
geneous in terms of geochemical composition (Gallet et al., 1998;
Wright et al., 1998; Tripathi and Rajamani, 1999; Ujvéri et al,,
2008; Muhs, 2018; Fenn et al., 2022) due to its considerable
spread and mixing during transport. Consequently, its chemical
composition was initially used mainly for stratigraphic locations
of the boundaries of individual layers (Sial et al., 2019), based

Contemporary chemostratigraphic studies of loess have
focused on specific causes of stratigraphic and spatial variation
in chemical composition (Sial et al., 2019). However, they are lim-
ited by the lack of representative sets of geochemical data from
potential source areas (Buggle et al., 2008; Ujvéri et al., 2008).
Some authors have compared the chemical composition of loess
with floodplain sediments (Muhs and Budahn, 2006; Buggle
et al., 2008; Ujvari et al., 2014; Skurzynski et al., 2020), which rep-
resent the average composition of large areas and have been sug-
gested as an immediate, up-wind source of silty material (Smalley
and Leach, 1978; Hao et al, 2010; Schaetzl and Attig, 2013;
Stevens et al., 2013; Obreht et al, 2015 Fenn et al, 2022;
Koltringer et al., 2022). Other studies have compared the chemical
signatures between loess—paleosol stratigraphic sequences (e.g.
Buggle et al., 2008; Ujvari et al., 2008; Skurzynski et al., 2019;
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for the various chemical elements (Skurzynski and Fenn, 2022).
One of the most common comparative approaches is the use of
normalized multi-element diagrams (e.g., Gallet et al., 1998;
Jahn et al., 2001; Buggle et al., 2008; Ujvéri et al., 2008, 2014;
Rousseau et al., 2014; Campodonico et al, 2019; Bosq et al,
2020; Skurzynski et al., 2020). These so-called spider diagrams
(or spidergrams) are constructed with respect to reference datasets
such as the average composition of the upper continental crust
(UCC) (Taylor and McLennan, 1985; Condie, 1993; McLennan,
2001; Rudnick and Gao, 2003) or post-Archaean Australian aver-
age shale (PAAS) (Taylor and McLennan, 1985), and identify
deviations in composition from the reference dataset (Rollinson,
2013). However, data reporting is poor, with some studies not
providing information on source of the normalization dataset
(e.g., the version of the UCC).

Crucially, because the chemical composition of loess differs
significantly from the UCC or PAAS, it results in strong positive
or negative anomalies (e.g., Skurzynski et al, 2020), which
obscures other changes between individual samples.
Consequently, attempts have been made to create a set of normal-
izing values dedicated to loess, such as the average loess
(Schnetger, 1992; presented later in a limited form as AVL' by
Ujvari et al., 2008) or global average loess (GAL; Ujvari et al,,
2008). AVL' was calculated using 24 samples taken from seven
loess regions (Lukashev et al., 1965; Ebens and Connor, 1980;
Taylor et al., 1983), and GAL was based on the mean of 17 aver-
ages from 11 loess regions (244 samples, including these used for
AVL"), with different quality of age control, and analyzed by dif-
ferent or even unreported methods (Lukashev et al., 1965).
Although GAL data constitute a significant contribution to the
understanding of loess geochemistry, they present data for only
a limited number of chemical elements (even in relation to the
original average loess by Schnetger, 1992) and lack most of the
trace elements and rare earth elements (REE), which are particu-
larly important from a perspective of provenance studies because
major elements do not distinguish source contributions (e.g.,
Skurzynski et al, 2020; Fenn and Prudhomme, 2022).
Consequently, both GAL and other existing ‘average chemical
loess compositional data’ are not sufficient for the comparative
analysis of loess from different parts of Europe or the world,
and alternative reference data sets (such as UCC) are not suited
to the needs of loess research. Therefore, the old general assump-
tion is valid - there is a need to introduce a set of consistent and
universally accepted normalizing values (Rock, 1987; Rollinson,
2013).

This study tackles this dilemma by presenting a new dataset
dedicated to loess, based on samples representing weakly weath-
ered and relatively homogenous loess from areas with well-
documented chronostratigraphy, and measured with similar, reli-
able and precise methods. The loess cover of Poland was chosen
for this initial analysis because it is thought to represent the entire
Northern European Loess Belt. It reflects contemporary and
Pleistocene features of European climate: continental in the east
and more oceanic in the west (Cegla, 1972; Jersak, 1973;
Maruszczak, 1991; Jary, 2007; Jary and Ciszek, 2013). It also is
lithologically diverse in relation to the latitudinal extent of the
Pleistocene extra-glacial zone (Tutkovsky, 1899; Jahn, 1950).
Consequently, we argue that the loess of eastern Poland shares
many similarities (e.g., in the granulometric composition) with
the East European loess cover, while the western part is similar
to the western loess deposits (Maruszczak, 1991). Moreover, the
last glacial maximum (LGM) loess in Poland (L1LL1 correlated
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to MIS 2, ca. 26-15 ka) was demonstrated to have been strongly
homogenized during transportation and/or sedimentary recy-
cling, and has not been significantly affected by pre- or post-
depositional processes (Skurzynski et al.,, 2020). Thus, we ana-
lyzed 89 loess samples from seven research sites, for major,
trace, and rare earth element concentrations to determine the fac-
tors influencing the chemical compositions of Polish loess, and to
propose new reference values of loess geochemical composition.

RESEARCH AREA AND MATERIALS

The loess cover of Poland relates to the very dynamic environ-
ment of Pleistocene glaciations (e.g., Tutkovsky, 1899; Jahn,
1950; Rousseau et al, 2014; Skurzynski et al, 2020) and was
most likely sourced from glaciogenic deposits that were homoge-
nized by meltwater rivers (Smalley et al., 2009, Badura et al., 2013;
Panczyk et al.,, 2020; Baykal et al., 2021), with a variable propor-
tion of local material (Panczyk et al., 2020, Baykal et al., 2021).
Loess sites selected for sampling represent the full variability of
the loess in Poland (Fig. 1). The sites were divided into main
and supplementary ones, considering the scope of geochemical
analyses and the accuracy of age control. We used the ‘universal’
stratigraphical labeling system, first introduced by Kukla and An
(1989) and modified by Markovi¢ et al. (2008, 2015), for this
loess.

The LI1LL1 loess units were sampled at these sites: Bialy
Ko$ciét (Moska et al, 2019a), Zlota (Moska et al., 2018;
Skurzynski et al, 2020), and Tyszowce (Moska et al, 2017;
Skurzynski et al., 2019). These sites have existing chronologies
developed using optically stimulated luminescence (OSL) dating
(Fig. 2), and they have been analyzed at high resolution for geo-
chemistry. The main sites (representing the variability of loess on
the W-E axis, located at considerable distances from each other,
and near the valleys of various large rivers) represent the domain
of the Northern European Loess Belt (domain II; Lehmkuhl et al.,
2021), but each likely formed under different paleoenvironmental
conditions (e.g., Maruszczak 1991). Bialy Koscidt belongs to sub-
domain IIb (Western European continental subdomain), and the
rest of the sections belong to subdomain IIc (Central European
continental subdomain) (Lehmkuhl et al., 2021). All of these
loess sequences were formed during the last interglacial-glacial
(Fig. 2), although there are notable differences in the thickness
of individual loess covers (Fig. 2), which indicates different depo-
sitional rates. This further implies local influences on the develop-
ment of each profile on a sub-orbital scale, as suggested by Fenn
et al. (2021).

The lithological features of the main research sites are also var-
ied (Fig. 2). In the L1LL1 section at Bialy Ko$cidt (especially in the
lower part), weak tundra-gley soils, which indicate periglacial
deformation, or horizons of initial gleying can be distinguished
(Moska et al,, 2019a). At Zlota, the L1LL1 loess is more homoge-
neous, although several horizons of initial gleying and/or defor-
mation are also present (Fig. 2). The lowest parts are deformed
by cryogenic processes and show traces of slope redeposition
(Moska et al, 2018; Skurzynski et al, 2020). At Tyszowce,
where the L1LL1 loess can be as much as 14 m thick (Fig. 2),
sandy laminae are common in the upper part (to a depth of
~5 m below ground level) (Fig. 2), suggesting short-term episodes
of material transport from the nearby Huczwa River valley
(Skurzynski et al., 2019). Two generations of ice wedge pseudo-
morphs in the L1LL1 loess indicate a double development cycle
and degradation of permafrost (Jary, 2007).
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Figure 1. (A) Location of the research sites on a map of loess distribution in Poland and (B) Europe. Loess distribution after Lehmkuhl et al. (2021).

Four supplementary sites—Zaprezyn (Jary, 2007; Krawczyk
et al, 2017; Skurzynski et al, 2017; Zoller et al, 2022),
Strzyzéw (Moska et al., 2019b), Branice (Jary, 2007; Moska and
Bluszcz, 2013) and Odonéw (Butrym, 1987; Jary, 2007)—also
were investigated to determine the spatial variability of the chem-
ical composition in the context of hetero- or homogeneity of the
source material. The sites at Zaprezyn and Strzyzéw are located
farther north than Bialy Koscidl, Ztota, and Tyszowce, and the
sections at Branice and Odondéw represent the southern parts of
the loess in Poland (Fig. 1).

In this work, 70 L1LL1 (MIS 2) samples were subjected to geo-
chemical analysis (Biaty Ko$cidl, 19; Tyszowce, 32; Zaprezyn, 3;
Strzyzéw, 6; Odondw, 5; Branice, 5) following the methodology
used previously for the Zlota loess—paleosol sequence
(Skurzynski et al., 2020). Nineteen additional published samples
for Zlota’s (Skurzynski et al., 2020) LILL1 loess also were
included, resulting in a total of 89 L1LL1 (MIS 2) loess samples
that were studied.

METHODS

The loess samples were collected in 2012 (Tyszowce, Ztota, and
Zaprezyn), 2013 (Strzyzéw), and 2018 (Bialy Kosciol). Samples
from two of the sites (Branice and Odondw) are the result of ear-
lier works (2002), although the methodology used at that time did
not significantly differ from that developed for the new research
sites (Jary, 2007). The air-dried samples were stored in plastic
string bags.

Chemical analyses were performed in a commercial laboratory
(Bureau Veritas, formerly ACME labs; LF200 package) using
inductively coupled plasma - emission spectrometry (ICP-ES)
and inductively coupled plasma — mass spectrometry (ICP-MS)
after sample fusion with lithium borate (in a furnace) and a
cooled alloy dissolution with American Chemical Society-grade
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nitric acid. Prior to the analysis, the material was passed through
a 63-pm dry sieve to avoid the effect of grain-size differentiation
on geochemical parameter values (e.g., Nesbitt and Young, 1982;
Shao et al.,, 2012; Guan et al., 2016) and to minimalize the influ-
ence of very local sandy material (Skurzynski et al., 2019).

Analytical precision relative standard deviation (RSD) data
were estimated separately for each of the measurement series,
based on several measurements (Table S1) of the certified STD
SO-19 standard (internal Bureau Veritas standard, unpub-
lished). The average values for a given element were close to
the expected value of the share of the analogous element in
the STD SO-19 standard, and the differences between the aver-
age values from individual series were usually negligible
(Table S1). The RSD is less than + 5% for most of the elements
determined, and the variation between measurement series is
usually small (Table S1). For Cs, Ga, Hf, and W, in some mea-
surement series, the RSD was less than + 10%. For Be (which is
not significant in the context of this paper), the RSD was more
variable, ranging from +4.79% to +34.41% in individual mea-
surement series (Table S1).

The grain sizes of the samples were determined by a Malvern
Mastersizer 2000 laser grain-size analyzer, which has a measure-
ment range of 0.02-2000 um with a precision of + 1%. The refrac-
tive and absorption indices used in the measurements were 1.544
and 0.1, respectively. Measurements were conducted after chemi-
cal pre-treatment. The samples were first treated with H,O, and
10% HCI to remove organic matter and carbonate, respectively.
Finally, the samples were dispersed with a 0.5 N sodium meta-
phosphate solution and ultrasonicated for 10 min before measur-
ing (e.g., Song et al., 2014; Skurzynski et al., 2019). The clay-silt
boundary assigned to the samples was 4 pm (e.g., Svensson et al.,
2022), so the clay fraction may be underestimated in relation to
data from publications utilizing a higher clay-silt boundary
(e.g., 8 um; Konert and Vandenberghe, 1997).
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Figure 2. Schemes of the main research sites. Abbreviations: STR = stratigraphy; L+S = lithology + samples; A = ages (expressed as ka); SO = recent soil; L1LL1 = loess
correlated to MIS 2; L1SS1 = paleosol correlated to MIS 3; L1LL2 = loess correlated to MIS 4; S1 = paleosol complex correlated to MIS 5; U.M.* = underlying material.
Stratigraphical labeling system after Kukla and An (1989), modified by Markovi¢ et al. (2008, 2015). Dark gray rectangles = soil units; pale gray rectangles = horizons
with signs of gley processes or deformation; pale grey rectangle with black squiggles = loess with gley and humic intercalations; black spots = geochemical samples.
Ages after Moska et al. (2017, 2018, 2019a) - Post-IR IRSL polymineral fraction (4-11 um).
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The concentrations of major (wt. %), trace, and rare earth
(ppm) elements, as well as values of geochemical parameters
and granulometry, are shown in Table S2. Basic, descriptive statis-
tics (median, average, minimum, maximum, and standard devia-
tion) are presented in Table S3. Throughout this article, the
median (instead of the mean) is used because most proportions
of chemical elements (except Na,O, K,O, TiO,, Ba, Sr, Y, and
almost all of the REEs) are not normally distributed (tested
using the Shapiro-Wilk test; Table S4). Consequently, the non-
parametric Kruskal-Wallis one-way analysis of variance
(Kruskal-Wallis test; Table S4) and Spearman’s rank correlation
coefficient were used for most analyses. The number of samples
from supplementary sites was too limited for statistical analysis,
therefore comparison of the whole dataset was performed using
the geochemical diagrams.

RESULTS

Chemical composition and granulometric background of the
main research sites

The Kruskal-Wallis test (Table S4), in which the null hypothesis
is that the medians of each group are the same, showed that at
least at one main research site the loess chemical composition dif-
fers significantly from the others, by the median of practically all
of the determined chemical elements (except MgO, P,0s, MnO,
Ni, and Zr).

Bialy Ko$cidl, as compared to the rest of main sites, is charac-
terized by the highest median values for most chemical elements
(except SiO,, CaO, and Sr), and the highest minimum values for
many major-element oxides (Al,O;, Fe,05, K,0, TiO,, MnO)
and all trace and rare earth elements (except Hf, Sr, and Zr).
The maximum values from Biaty Kosciét also are the highest in
the entire dataset scale for most oxides (AlL,Os;, Fe,Os;, MgO,
K,O, and TiO,) and trace elements (except Co, Ga, Hf, Nb, Sr,
V, W, and Zr), and for all REEs (Table S3). In addition, it is
the only profile where Ni was found in most of the samples
(Table S2). This site is characterized by the highest minimum val-
ues and the highest median of fine fractions (< 4 um, 4-8 pm, and
8-16 um), with the lowest median of medium (16-31 um) and
coarse (31-63 um) silt. The median of sand (> 63 um) also is
the highest, but the maximum value is the lowest in relation to
the rest of the main research sites (Table S3). The lower part
(from a depth of ~4 m below ground level) is clearly enriched
in fine fractions (Table S2).

Zlota is poorer in trace elements and REEs than Bialy Kosciol,
and richer in both than Tyszowce (Table S3). However, the high-
est median of SiO,, Cr, and W (the latter two equal with Bialy
Koéciodl) were found in this profile, as well as the highest mini-
mum values of SiO,, MgO, Na,O, P,0s, Hf, W, and Zr
(Table S3). In terms of grain size, Ztota is characterized by the
lowest median of fine fractions, and the only significant increase
of fine-grained material was found in the lowest part of the
LI1LLI loess, just above the L1SS1 soil (Fig. S1). The median
and minimum values of medium- and coarse-grained silt were
the highest (Table S3). No significant enrichment in the sand
fraction was found (Fig. S1).

Loess at the Tyszowce site is the most depleted in the chemical
components (if one considers median values), with the exception
of CaO and Sr, which reached the highest median values.
However, the highest maximum values of SiO,, CaO, P,Os,
MnO, Hf, Sr, Ta, W, Zr, and Lu relative to the rest of main
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research sites were found at Tyszowce (Table S3). Notably all
the minimum values at Tyszowce (and the lowest minimum val-
ues of the whole dataset) are in the upper, ~5-m thick, sandy part
of loess L1LL1 (Table S2). At Tyszowce, the grain-size variation is
greater than in the other main sites (Fig. S1, Table S2). For exam-
ple, the median share of the sand fraction is the lowest (8.73%),
with the lowest minimum value (2.09%) and the highest maxi-
mum value (40.35%); the standard deviation exceeds 9
(Table S3). Apart from the sand fraction, there is more coarse-
grained silt at Tyszowce than at Bialy Koscidl, but less than at
Ztota. The share of fine fractions is higher than at Zlota, but
lower than at Bialy Kosciot (Table S3). The fine material generally
shows a clear upward trend with depth, reaching maximum values
in the lower part of the L1LL1 unit, but in several places this trend
is disturbed (Fig. SI).

Chemical composition and granulometric background of the
supplementary research sites

Due to the limited number of samples from the supplementary
sites, Shepard’s (1954) triangular diagram, based on
Wentworth’s (1922) classification, was used to interpret grain
sizes (Fig. S2). The use of laser diffraction data could have caused
underestimation of the clay fraction (e.g, Konert and
Vandenberghe, 1997; Miller and Schaetzl, 2012; Bitelli et al,,
2019), however it clearly shows the overall diversity. The loess
at Zaprezyn is enriched in the sand fraction in relation to the
other supplementary research sites (Fig. S2, Table S2). Loess
from Odonéw and Strzyzéw show more ‘pure silt’ granulometric
characteristics (Fig. S2). Loess at Strzyzoéw is not as variable in
terms of grain size, although the samples represent the part of
LILL1 loess of considerable thickness, from 3.20-9.30 m below
ground level. (Table S2). The loess at Branice is distinguished
by a significant amount of fine (< 4 pum) fractions (Fig. S2,
Table S2), with a low share of coarse-grained silt (31-63 um)
and sand (Table S2). The share of medium-grained silt (16-
31 um) is comparable to other supplementary sites (Tables S2
and S3). The results of the chemical composition of the supple-
mentary research sites, summarized in Table S2 and S3, will be
discussed later, to avoid unnecessary repetitions.

DISCUSSION

Stratigraphic variability of the main research sites’ chemical
compositions

All profiles show minor fluctuations and clear peaks of mobile
(e.g., MgO, CaO, or Fe,0;; Kabata-Pendias and Pendias, 1999)
and immobile (e.g., Zr, Hf, or Nb; Sheldon and Tabor, 2009)
oxides and elements (Figs. 3-5; Table S2). This variation could
be related to the changes in the mineralogical and/or grain-size
composition (e.g., at 11.95-m depth of the Tyszowce profile,
where the sharp decrease in REE content was found; Fig. 5).
This transition was followed by peaks of Hf, Zr, U, and W
(Fig. 4), which may be explained by additions different from
the main mass of sediment (as suggested by the strong increase
in coarse-grained silt; Fig. S1) from local sources or from sedi-
ments enriched in resistant mineral phases.

The variability in chemical composition may be related to
post-depositional processes, such as bioturbation, gleying, and
weak weathering (e.g., Kemp, 2001; Jeong et al., 2008; Mroczek,
2013). However, no clear influence of the initial tundra-gley
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soils on the chemical composition was found, except for a few
horizons at Tyszowce (Fig. 3). Even decalcification, one of the
first pedogenetic process taking place in loess (Liu, 1985; Jahn
et al.,, 2001; Finke and Hutson, 2008), is not clearly indicated,
based on elements associated with carbonates (e.g., CaO or Sr).
Conversely, the lower parts of the L1LL1 are generally enriched
in oxides of the major elements (Figs. 3-5) such as aluminum
(AL,O3). AL O; is strongly positively relative to the iron (Fe,Os;
Spearman’s rank correlation coefficient is 0.63 at Ztota, 0.93 at
Bialy Koscidl, and 0.99 at Tyszowce), which is one of the most
mobile elements in humid-climate soils. Nonetheless, it has to
be noted that iron mobility varies with conditions such as
redox potential, the presence of organic matter, or the type of
mineral phases (Kabata-Pendias and Pendias, 1999). TiO, also
shows tendencies similar to AlL,O; and Fe,O; (Fig. 3; e.g., at
Tyszowce the Spearman’s rank correlation coefficient between
Al,O3 and TiO, is 0.81). This is of particular interest because
TiO, is unlikely to migrate due to the very low solubility of its
compounds (e.g., Sheldon and Tabor, 2009), and is consequently
transported passively in the form of primary minerals or in sec-
ondary products of weathering (Kabata-Pendias and Pendias,
1999). In reducing and acidic environments and in the presence
of organic matter, TiO, is partially mobile and enters the struc-
ture of clay minerals (Kabata-Pendias and Pendias, 1999).
Increases in the contents of TiO,, Al,O;, and Fe,O; with depth
(or simply in the deeper parts of the LILL1 units) are likely driven
by a greater share of clay minerals or amorphous hydroxides
(Kabata-Pendias and Pendias, 1999; Reeder et al., 2006) in the
source material (likely the older loess, which has been eroded
and re-deposited from neighboring areas; e.g. Kemp, 2001;
Jeong et al., 2008; Mroczek, 2013; Skurzynski et al., 2020) and
not by post-depositional changes.

Interpretations based on correlations between oxides (in per-
centages) seem reasonable, however they may be faced with the
closed-array compositional conundrum (i.e., the increase in one
oxide necessitates a decrease in at least one other element, result-
ing in spurious negative correlations; Chayes, 1971; Templ et al,,
2008; Rollinson, 2013; Andrews et al., 2023). Therefore, additional
analyses were based on geochemical indicators and diagrams,
which should not be significantly affected by the selective removal
or enrichment effect (e.g., Buggle et al., 2008). One of them is the
chemical index of alteration (CIA; Nesbitt and Young, 1982),
which is illustrated (Figs. S3-S5) on the A-CN-K diagrams
(Nesbitt and Young, 1984).

The CIA for the entire loess—paleosol sequence at Zlota
(including the majority of samples taken from loess L1LL2 and
paleosol L1SS1, correlated to MIS 4 and MIS 3, respectively)
ranges between 50-65 (Fig. S3; Skurzynski et al., 2020), with
only some samples having experienced moderate weathering
(65-85). These data suggest that the site has undergone weak
chemical weathering under a cold and dry climate (e.g., Song
et al., 2014) and periodic warm and moist paleoclimatic condi-
tions for some of the soil samples (Fig. S3). Considering only
L1LLI loess from Zlota, the majority of samples are tightly clus-
tered close to the CIA value of 50, which is characteristic for
unweathered crustal rocks (Nesbitt and Young, 1982, 1984).
Additionally, the lowermost part of the L1LL1 (6.35-6.75 m) is
slightly more weathered (similar to the L1LL2 unit) (Figs. 6 and
S3).

At Bialy Koscidl, samples from the L1LL1 unit (Figs. 6 and $4)
are less clustered than at Zlota (Figs. 6 and S3). The loess collected
in the lowest part (4.73-5.3 m), above the L1SS1 soil, is the most
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weathered, and the loess collected from highest part of all the
samples (1.36 m) has the lowest CIA value (Fig. S4). These data
illustrate the typical decreasing degree of chemical weathering
upward in the profile. However, there are some samples from
higher parts of the profile (1.55 m and, to a lesser extent, 1.81
and 2.06 m) that are relatively more weathered and enriched
with K,O (Fig. S4, Table S2). This may suggest the downward
penetration of pedogenic effects (e.g., Han et al., 2019) and use
of fertilizers, which are the main anthropogenic source of potas-
sium (e.g., Reeder et al., 2006). The least-weathered samples are
poorer in K,O than other samples (Fig. S4). In turn, the lower
part of the profile (3.8-5.3 m) is also rich is K,O, which may
be related to the enrichment in fine granulometric fractions
(Table S2)—the very soluble simple cation K', derived from
weathered potassium feldspars, may be easily incorporated into
the crystal lattice of clay minerals or adsorbed on them (e.g,
Reeder et al., 2006). Because K-bearing mineral phases (such as
potassium feldspars) are quite resistant to chemical weathering
(e.g., Wilson, 2004), post-depositional processes cannot be the
dominant factor determining its variability in the investigated
profile. Given the environmental conditions this site experiences,
feldspar breakdown is unlikely to be the key driver of potassium
variability; a change in the source material is more likely the
cause. However, taking into account the range of infiltration (2-
5 m; Tu et al., 2009; Zeng et al., 2016) and potential rapid trans-
portation of rainwater through cracks (Derbyshire, 2001), second-
ary enrichment cannot be ruled out.

At Tyszowce (Fig. S5) the samples taken from the deformation
levels and/or initial soil horizons (11.35m, 12.95 m, or 14.6 m
below ground level) clearly deviate from ‘the freshest’ loess within
the LILL1 unit (e.g, 1.4 m, 8.15m, or 9.55m below ground
level). These data may indicate changing paleoenvironmental
conditions (pure loess deposition vs post-depositional initial
pedogenesis) during the formation of this very thick loess unit
(Jary, 2007; Moska et al., 2017; Skurzynski et al., 2019). On the
other hand, the lowest CIA values are associated with layers
enriched with sand (Fig. S5; Skurzynski et al., 2019), suggesting
that the chemical composition here is controlled by the mutual
proportion of the finer- and coarser-grained materials.

Factors controlling the spatial variability of Polish loess’
chemical composition

Most samples, representing the spatial variability of loess in
Poland, are weakly weathered (Fig. 6). Only loess samples from
Branice oscillate around the CIA value of 65 (Fig. 6), resembling
data from the LISS1 soil at the Zlota loess-paleosol sequence
(Fig. $3). Considering that samples from Branice are characterized
by the finest grain size from the Polish loess (Jary, 2007; Table S3),
the effect of granulometric sorting may be a better explanation
than different intensities of soil-forming processes (conditioned
by different features of the paleoclimate) for variability of CIA val-
ues. This conclusion is demonstrated by the A-CN-K diagram,
which also reflects the grain-size differentiation (Buggle et al.,
2008), with the finest material the closest to the apex of the
AlLO; axis (Nesbitt et al., 1996), such as the highest CIA values
(Nesbitt and Young, 1984).

The highest values of CIA, as well as the finest material, were
found at Branice, and in the lowest parts of the Bialy Kosciét
(4.73-5.3 m), Tyszowce (14.6 m), and Zlota (6.75 m) sections
(Fig. 6). The remaining (even the freshest) parts of L1LL1 at
Bialy Kosci6t (4.6-1.36 m) resemble the lower parts of LILLI at
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Tyszowce (14.25-10.45m) or at Zlota (6.05, 6.35, and 6.9 m),
similar to the loess from Odonéw (Fig. 6). In turn, the freshest
loess in the whole dataset was found, in general terms, in the
upper (and therefore the youngest) parts of loess L1LL1 at
Zlota (0.55-5.6 m), Tyszowce (1-10 m and 11.75-11.95 m), and
at the northern sites (Strzyzéw and Zaprezyn) (Fig. 6).
Zaprezyn, which is located only ~60 km (straight-line distance)
towards the NNE from the profile at Bialy Kosciot (Fig. 1), is par-
ticularly important in this context, given that its weak weathering
likely is not the direct result of different paleoclimatic conditions
in relation to the Bialy Kosciél. A better explanation may be
so-called loess cannibalism (Van Loon, 2006; Licht et al., 2016)
because a hiatus in loess deposition was found at Zaprezyn
(from 56.8 + 4.7 ka to 18.4 + 1.2 ka; Zoller et al., 2022). The miss-
ing loess, theoretically deflated from Zaprezyn, could have been
transported southwards and re-deposited at Bialy Kosciot. It
may further suggest that, similar to loess at Bialy Koscidl, the
loess from southern loess deposits (Branice, Odonow), as well
as the lowermost parts of the L1LL1 units from eastern loess—pale-
osol sequences (Tyszowce and Zlota), contain sediment eroded
and reworked from paleosols or older loess covers that mixed
with fresh, incoming dust (Mroczek, 2013). Consequently, the
varying proportions of older and fresher material could explain
the overall variability of the CIA values (Fig. 6), since the higher
supply of fresh material would have led to smaller chemical
weathering values (e.g., Varga et al., 2011). In this approach, the
last phase of loess deposition in MIS 2 in the study area would
have supplied the fresh material to the northern profiles like
Zaprezyn (since 18.4 + 1.2 ka; Zoller et al,, 2022) and Strzyzéw
(substantial deposition since ca. 19 ka; Moska et al., 2019b).
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That supply of fresh sediment was likely provided mostly from
the north, given that loess with higher weathering values occurs
in the south. Given the > 6-m-thick layer of loess L1LL1 (3.20-
9.30 m) at Strzyzéw, and the lack of differentiation of the low
CIA values there (Fig. 6), the supply was likely stable and
substantial.

A northern source of the material is also suggested by the pos-
itive Zr and Hf anomalies (Fig. 7, Table S2), which in Europe are
commonly associated with periglacial loess (Rousseau et al., 2014,
and the references therein) and limited to material deposited near
the Fenno-Scandinavian Ice Sheet (Scheib et al., 2014; Bosq et al.,
2020). This confirms the relationship of Polish loess to glaciogenic
deposits, since the enrichment with elements related to the chem-
ically resistant minerals, such as zircon (Zr and Hf), may be
attributed best to the removal of more weatherable minerals dur-
ing the processes of glacial grinding and post-depositional leach-
ing in the sub- and proglacial environments of Poland (Lis and
Pasieczna, 2006; Buggle et al., 2008). The data also strengthen
the previous premise about the relationship between the chemical
and grain-size compositions of the loess because zircons are
known to be concentrated preferentially in coarse-grained silt
and sand fractions in aeolian sediments (Muhs and Bettis, 2000,
Yang et al., 2006). The results further demonstrate that all samples
(collected both from the main and supplementary research sites)
are arranged in accordance with the sedimentary recycling trend
line in the Zr/Sc vs Th/Sc diagram (Fig. 8), while the finest-
grained material is the most depleted in zircons (Fig. 8).

We conclude that Polish loess can be considered to be gener-
ally unweathered sediment, with slight variations in granulometry
or weathering history. Therefore, the variability of chemical
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compositions is mostly influenced by the enrichment and deple-
tion of the silica, carbonates, and secondary weathering products
(Gallet et al., 1998). In essence, the duration of post-depositional
processes has not been long and intense enough to mask the
chemical signature of the loess parent material (Campodonico
et al., 2019; Skurzynski et al., 2020). Of course, admixtures of
local material also may be important (e.g., the highest share of
carbonates at Tyszowce probably relates to the local bedrock,
which is limestone; Maruszczak, 1991).

General homogeneity of Polish loess’ chemical composition

The overall homogeneity of Polish loess is suggested by the very
similar shape of the UCC-normalized diagrams for all of the
investigated sites (Fig. 7). Particularly important is the slight var-
iation in REE curves because the magmatic or metamorphic rocks
(the protolith of all the loess sediments) have a much greater
diversity, and the only way to average all these to a nearly constant
pattern is by recycling and mixing during at least one cycle of
sedimentary processes (Gallet et al., 1998). The statistically signif-
icant differences (Table S4) of absolute abundances of chemical
elements and oxides are not particularly important for the geo-
chemical indices, based on the trace element composition (e.g.,
Th/U: 2.96-4.63; median 3.56), the lack of distinct Ce anomaly
(0.96-1.08; median 1.00), or the relatively stable values of Lay/
Smy (3.34-4.06; median 3.78), Layn/Yby (5.48-8.10; median
6.69), and Gdn/Yby (1.08-1.49; median 1.26). These all suggest
an indistinguishable REE fractionation between unweathered
and weathered loess due to relatively greater mobilization of
heavy REE (HREE) than light REE (LREE). The significant weath-
ering would lead to a decrease in Lay/Smy values, and an increase
in Lan/Yby and Gdy/Yby values (Nesbitt, 1979; Hao et al., 2010;
Han et al,, 2019; Skurzynski et al., 2020).

PML - Polish median loess

The weakly weathered (Fig. 6) Polish loess is geochemically
homogeneous, relative to published data on loess from around
the world (e.g., Pye, 1984; Rousseau et al,, 2014; Bosq et al,
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2020). Thus, it may be important for paleoenvironmental inter-
pretations, because trace elements and rare earth elements are
widely used to infer the provenance of sediments (Li et al.,
2021; Shi et al, 2023), but the differences may be relatively
minor, and for the different loess deposits the REE patterns in
the normalized diagrams are hardly distinguishable (Guo,
2010). For example, the HREE patterns may be a good overall
indicator of loess diversity in Europe (Skurzynski et al., 2020).
Thus, Gdn/Yby values of Polish loess were tested against the
background of samples from various European loess areas
(Fig. 9). To avoid comparing differences related to adopted
research methodology (Skurzynski and Fenn, 2022) only studies
that used similar approaches were utilized (Rousseau et al.,
2014; Bosq et al, 2020). Additionally, a cross-analysis of the
Gdn/Yby was carried out (for Tyszowce and Zlota: Bosq et al,
2020 vs this study; and for Surduk: Rousseau et al., 2014 vs
Bosq et al., 2020). For the loess sample from Tyszowce analyzed
by Bosq et. al. (2020), the value of Gdn/Yby was 1.13 (this
study: median 1.18, min. 1.08, max. 1.35) and for Zlota, the
value of Gdn/Yby was 1.17 (this study: median 1.26, min. 1.18,
max. 1.34). The Gdn/Yby for the Surduk profile (located in
Serbia) was 1.43, according to Bosq et al. (2020), and 1.55, accord-
ing to Rousseau et al. (2014). For Polish loess, the values of
Gdn/Yby are visibly lower than the loess in Surduk, which is
understandable because these loess deposits have different sources.
Similarly, low values like in Polish loess were found (Fig. 9) in the
English Channel, Ukraine (Stayky, Korshiv), eastern Germany
(Ostrau, Zeuchfeld), and Aquitaine (Pomarez). Even for the most
weathered Polish loess (Branice; Fig. 9), the median of Gdy/Yby
is lower than reported by Bosq et al. (2020), but comparable to
the median from Rousseau et al. (2014).

Even relatively small differences in the values of appropriately
chosen parameters between Polish loess and loess from other
regions can be detected, and therefore infer important informa-
tion about the source of the material. However, these kinds of
minor differences are often imperceptible due to the UCC nor-
malization, which is very common in the literature. This set of
chemical data is unsuited to the specificity of loess. For this rea-
son, many elements create very clear positive or negative
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9.5, 10.3, 12, 14.1, 17.8 m), western Europe (Pleneuf Val Andre, Languevoisin), Serbia (Surduk); gray rectangle (data from Rousseau et al., 2014) shows samples
from western Europe (English Channel, Villers Carbonel, Harmignies), eastern Germany (Gleina, Leippen, Ostrau, Seilitz, Zehren, Zeuchfeld), Ukraine (Stayky).

anomalies on the UCC-normalized diagrams (Fig. 7). Therefore, a
set of normalization data dedicated to loess could be used, such as
AVL' (Schnetger, 1992; modified by Ujvéri et al., 2008) or GAL
(Ujvari et al., 2008). However, these normalizing sets are based
on the results obtained using variable methods, from samples rep-
resenting diverse worldwide loess regions, and showing values for
limited number of elements (most trace elements and REEs are
omitted). An additional complication is the fact that even in a
not very large group of loess normalization data sets, the same
average loess may be presented in different scope and under dif-
ferent names. A good example is way that the average loess, intro-
duced by Schnetger (1992) and cited later as AVL' by Ujvari et al.
(2008), is limited to the selected chemical elements. This may
cause some confusion, so the name AVL' has been consistently
used in this work (Ujvari et al., 2008); however, Table 1 presents
the complete set of elements from the original average loess
(Schnetger, 1992). The relevant information can be found in the
caption of Table 1.

https://doi.org/10.1017/qua.2023.69 Published online by Cambridge University Press

Therefore, we propose a new parameter — Polish median loess
(PML), based on data obtained by same methods, from one loess
region with a homogeneous and fresh chemical composition, such
as Poland. Moreover, the PML dataset represents a nearly com-
plete range of variability of chemical composition of loess depos-
ited at a similar time (MIS 2, as shown by numerous OSL ages),
although differing in granulometric composition. The PML is
based on medians of individual elements, not average values,
and for this reason, it is insensitive to outlier values that remain
in the data set (the paleoenvironmental information related to
them was not lost).

The PML is determined in wt. %, on a volatile-free basis, for
oxides of major elements, and in ppm for trace elements and
REEs. The PML values are clearly different from previously pub-
lished average loess compositions (GAL and AVLY; Table 1), but
show some similar trends to them, such as higher values of ele-
ments related to chemically and mechanically resistant mineral
phases (e.g., SiO,, Hf, Zr) in relation to the UCC (Table 1). The
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Table 1. Polish median loess (PML; this study) versus UCC (Rudnick and Gao,
2003), AVL® (Schnetger, 1992; Ujvari et al., 2008), however the AVL' presented by
Ujvari et al., 2008, lacks the values for Co, Cs, Hf, Ta, U, W, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, and Lu, so these elements are cited after original average
loess presented by Schnetger (1992), and GAL (Ujvari et al, 2008). Major
elements (wt.%) are recalculated on a volatile-free basis. Total iron is expressed
as Fe,0; (Fe,05 value of AVL" in this study was recalculated from FeOyo =2.78%
as presented by Ujvari et al., 2008). Schnetger (1992) reported FeO (= 0.8%) and
Fe,0;3 (= 2.2%) separately. Trace elements and REE are in ppm. The color scale
was developed using the conditional formatting function of MS Excel: the red-
yellow-green color scale indicates the position of a given value in the entire
range of values in a given column (red = high values; yellow =medium values;
green = low values). N/D means no data.

PML ucc AVL'* GAL
Si0, 76.50 70.71
ALO; 12.50 11.74
Fe,0, 3.09 3.75

MgO
CaO
Na,O
K,0
TiO,

4.20

2.25

P,05 N/D 0.14

MnO 0.06 0.07
Cr 67.00
Ba 427.00

27.00

8.00 N/D

Co 9.00 N/D
Cs 3.70 N/D
Ga 13.00 12.00

12.00 N/D

14.00
79.00
208.00

N/D

81.00
246.00

Th

U N/D
v N/D
w N/D
Zr 387.00 322

Y 25.00 26
La

Ce 61
Pr

Nd

Sm 5.01

Eu

Gd 4.69 N/D
Tb 0.75 N/D
Dy 4.68 N/D
Ho 0.99 N/D
Er 2.80 N/D
Tm N/D N/D
Yb 2.70 N/D
Lu N/D N/D

differences between PML and UCC (Table 1) seem more impor-
tant, because the latter is widely used. We next tested the new
loess-dedicated normalization data set against two loess samples
from different regions (Ukraine and Serbia; Bosq et al., 2020)
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and compared with UCC-normalized data via multielement spi-
dergrams (Fig. 10).

The UCC-normalization of the Korshiv (Ukraine) section
shows numerous positive and negative anomalies, while
PML-normalization illustrates that loess from Korshiv is only
slightly enriched in MnO, MgO, CaO, and Sr, as compared to
Polish loess (Fig. 10). Conversely, Serbian loess has higher values
of almost all elements and oxides in relation to the Polish
loess, which is much more visible than in the case of UCC-
normalization (Fig. 10). This suggests that the use of PML may
highlight even the barely noticeable differences between loess
regions in Europe. It may also facilitate the cross-continental
comparative analysis of loess geochemical compositions. We
note that, for this type of analysis, the focus traditionally has
been on Asian and North American loess (e.g., Muhs, 2018).

By developing the PML we hope that other regional reference
datasets (e.g., for China, USA, Argentina) will be developed using
similar methods, which will allow for further geochemical com-
parisons. Until then, PML remains a reliable and comprehensive
dataset for loess normalization elsewhere.

CONCLUSIONS

The geochemical compositions of the youngest (MIS 2) Polish
loess units (L1ILL1) are clearly differentiated in vertical profiles.
However, the classic chemostratigraphy, based on analyses of
the variability of individual elements (or their correlations) with
depth, is not always suitable for loess deposited in a dynamic peri-
glacial environment. The more effective way to examine this loess
is to use geochemical diagrams, which should not be significantly
affected by a selective removal or enrichment effect, or by the
effect of closed-array compositional conundrum, which may
result in spurious negative correlations.

The analysis of chemical weathering in the loess showed that
the most-weathered sites are located in the southern part of
Poland, as well as the lowest parts of the sections in the north.
The freshest loess was found, in general terms, in the upper
(and therefore the youngest) parts of the L1LL1 loess at Zlota,
Tyszowce, Strzyzéw, and Zaprezyn. The comparatively weak
weathering data for loess at Zaprezyn changes the earlier assump-
tions about a clear division of the Polish loess area into more
weathered loess of western Poland and relatively fresh loess of
eastern Poland. The profiles located in the northern part of the
research area (both in the east and in the west) are much fresher
than the profiles in the southern sector of Poland. The most rea-
sonable explanation seems to be deflation and transportation of
the older material southwards and later depositing it at the
Bialy Kosciol or Branice areas. As a consequence, there is no
older material more northward (e.g., at Zaprezyn) where the
fresh material was deposited.

Nonetheless, despite statistically significant differences in the
degree of chemical weathering, as well as in the other geochemical
parameters and indices, the general homogeneity (or the well-mixed
nature) of Polish loess is clearly visible and has been demonstrated
for each of the research sites. The loess is relatively fresh, was thor-
oughly mixed and homogenized during transportation and/or sedi-
mentary recycling, and has not been significantly affected by
post-depositional processes or admixture of the local material.

The overall homogeneity of the Polish loess studied here has
allowed for the calculation of a new, loess-normalizing dataset
named Polish median loess (PML). These data may be of partic-
ular importance for comparative analyses of loess from different
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Figure 10. UCC-normalized and PML-normalized multielement spidergrams for loess samples from Korshiv (Ukraine) and Surduk (Serbia) (geochemical data used
for normalization after Bosq et al., 2020). Each curve represents one sample. Ni is not shown because of its presence only in some samples. The UCC values used

are from Rudnick and Gao (2003), PML values are from this study.

parts of the world. The PML also may constitute the basis for fur-
ther work on a pan-European or even global reference dataset,
thus maintaining rigor in the research methodology used and in
the selection of research sites and samples.

Appendix A. Supplementary data. Supplementary data to this article can
be found online at https:/doi.org/10.1017/qua.2023.69
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