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Abstract

Part of northern Podlasie (NE Poland), shaped during the Wartanian stadial of the Odranian glaciation (Saalian), was
situated in the periglacial zone during the Vistulian (Weichselian) glaciation. Both landforms and sediments were
affected by the periglacial conditions. This is recorded at the Jaléwka site, at the floor of a dry valley, where min-
eral deposits of 4.13 m thick, overlying organic deposits from the Eemian interglacial, were examined. These mineral
deposits form four units, from bottom to top: a fluvial unit (I), a loess-like unit (II), a solifluction unit (III), and an
aeolian unit with ice wedges (IV) on top of unit IIl. The heavy and light minerals were analysed, as well as the geo-
chemistry, in order to find out about the parent material and to reconstruct the climatic conditions during deposition.
The mineral analysis indicates that the Saalian till was predominantly derived from shallow-marine deposits; erosion
accompanied by sorting of the heavy minerals took place on the basis of their mass and grain size. The original material
of the till seems therefore to be sedimentary rocks from the eastern Central Baltic Basin. This material became strongly
weathered under the periglacial conditions, resulting in the destruction of the quartz grains, as well as in leaching, lead-
ing to complete decalcification of the deposits. Aeolian activity resulted in infilling of ice wedges and the creation of
thin layers. The intensity and the duration of these processes was limited, so that the effects of the aeolian abrasion are
insignificant. Neither resulted the aeolian activity in significant reshaping of the landscape.
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1. Introduction Glacial of the Wartanian stadial of the Odrani-
an glaciation (Saalian; Ehlers & Gibbard, 2008)

The northern part of the Podlasie region and with processes active during the Eemian
(NE Poland) has a varied relief (Fig. 1), result- interglacial and the Vistulian (Weichselian)
ing from processes associated with the pres- glaciation, when the area was situated, most
ence and recession of the ice sheet of the Late  likely repeatedly (undoubtedly during the Last
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Glacial Maximum, LGM), in the periglacial
zone (Korotaj & Mycielska-Dowgialto, 1982;
Dzierzek & Stariczuk, 2006). Up to now, inves-
tigation of this region focused mainly on issues
such as (1) identification and description of the
lithological variability of the sediments (Mi-
cun, 2008, 2009), and (2) climate change during
the Eemian interglacial (Kupryjanowicz, 2008).
Some of the numerous sections of Eemian
deposits of this area bear a record of the first
post-Eemian cooling and of the beginning of
the first Vistulian interstadial (Kuprjanowicz,
1991, 2008; Brud & Kupryjanowicz, 2002). The
analyses were focused particularly, however,
on (3) detailing the Last Glacial Maximum of
the Vistulian glaciation (e.g. Banaszuk, 1998,
2001; Micun, 2004, 2006 2008; Banaszuk & Ba-
naszuk, 2010), including the middle stadial of
this glaciation, i.e. the Swiecie stadial (MIS 4)
(e.g. Krzywicki, 2002, 2012; Mojski, 2005).

The Vistulian palaeogeography of this re-
gion nevertheless is still poorly understood,
particularly regarding the hypothesis put for-
ward by Dylik (1953) of the polygenetic origin

Fig. 1. Location map.

A: Location of Poland and the study
site, B. Detailed map showing the
Jaléwka site and the maximum ice ex-
tent during the Last Glacial Maximum
(dashed line) and the hypothetical
ice lobe of the Swiecie Stadial (dotted
line).

of the mid-Polish relief. He assumed that the
landform shaped by successive ice sheets was
affected by a periglacial cycle that distinctly
modified the relief and the sediments. In this
context, reconstruction of changes in the envi-
ronmental conditions of the northern part of
the Podlasie region during the Vistulian is im-
portant for several reasons: in the first place
because of the maximum extent of the Vistu-
lian ice sheet and in the second place because
of the intensity of the changes in relief and
sediments under periglacial conditions. The
above-mentioned issues can be discussed well
on the basis of the Jatéwka site (53°35'44,4”'N,
23°14'52,1"”E; Fig. 1), which is a representative
example. It is located within the Sokélskie
Hills, approx. 20 km south of the Last Glacial
Maximum (LGM) of the Vistulian Glaciation,
which has been reconstructed on the basis of
detailed cartographic studies (Wrotek, 2009;
Marks & Karabanov, 2011) and which is dated
as 19-20 ka (Marks, 2012). The site is situat-
ed on the periphery of moraines that indicate
the hypothetical limit of an ice lobe associated
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with the Last Glacial Maximum of the middle
part of the Vistulian glaciation (the Swiecie
stadial), distinguished by some workers who
mapped sheets of the ‘Detailed geological
map of Poland” (cf. Marks & Karabanov, 2011)
(Fig. 1).

The development or disappearance of suc-
cessive Pleistocene ice sheets, as well as the
intensity of processes active in their foreland,
is recorded in a wide variety of organic and
mineral sediments. Reconstruction of these
changes provides a basis for understanding
the underlying mechanisms and may help to
predict possible climate changes likely to occur
in the future. This aim may be achieved with
the help of numerous detailed sedimentolog-
ical (including heavy-mineral), geochemical,
palaeobotanical and other analyses.

In geological, geomorphological and sed-
imentological research, the analysis of heavy
and light minerals has been applied to recon-
structions of the type of environment (Lydka &
Turnau-Morawska, 1967; Mycielska-Dowgial-
to, 1992, 1993; Korotaj & Mycielska-Dowgiatto,
1982; Kaminska et al., 1986; Florek & Myciel-
ska-Dowgialto, 1991; Vieira et al., 2003; Woron-
ko, 2001, 2012a; Derkachev & Nikolaeva, 2013),
intensity and type of weathering (Van Loon,
1972/1973, 2009; Bateman & Catt, 2007; Durn
et al., 2007; Woronko & Hoch, 2011), dynamics
of processes (Kamiriska et al., 1986; Florek et
al., 1987; Rizzetto et al., 1998; Barczuk & My-
cielska-Dowgialto, 2001; Komar, 2007; Weck-
werth & Chabowski, 2013), sources of deposits
(Rappol & Stoltenberg, 1985; Mycielska-Dow-
gialto & Cichosz-Kostecka, 1987; Haldorsen et
al., 1989; Passchier, 2007; Morton, 2013; Ludwi-
kowska-Kedzia, 2013; Wachecka-Kotkowska &
Ludwikowska-Kedzia, 2013), as well as of all
kinds of post-sedimentation processes affect-
ing the sediment (e.g. Bateman, 1989; Bateman
& Catt, 2007; Weibel & Friis, 2007; Marcinkow-
ski & Mycielska-Dowgiatto, 2013). The thick
succession of mineral sediments exposed at the
Jaléwka site was therefore subjected to exam-
inations of heavy and light minerals and geo-
chemical analyses.

The main issues on which the present con-
tribution focuses, based on heavy and quartz
grains and geochemical analysis of deposits,

are (1) the conditions during sediment accu-
mulation, and the post-sedimentary processes
affecting the sediments at the Jatéwka site (Fig.
1), (2) transport and depositional processes,
and (3) the likely source areas of the Jat6wka
sediments.

2. Geographical and geological setting

The Jatowka site is situated at the foot of the
wall of a vast, flat-bottomed, NW-SE oriented,
dry valley. The wall faces the NW and has an
inclination of approx. 5°. The longitudinal sec-
tion of the valley is irregular. The valley floor
shows small, wet depressions, most likely de-
veloped due to compaction of organic deposits
formed during the Eemian interglacial (Kupry-
janowicz, 2008; Micun, 2009). The dry valley
cuts through end-moraines constituting hills
with a relative altitude of some 20 m.

In 2011, a pilot drilling performed at the
Jatowka site revealed the presence in a shallow
depression of biogenic deposits from a depth
of 413 m downwards; they are overlain by
mineral sediments. In order to investigate the
structure of the mineral deposits, an outcrop
was dug.

2.1. The organic sediments

Results of a palynological analysis indicate
that deposition of organic sediments within
the basin in the dry valley began in the Late
Glacial of the Wartanian stadial of the Odra-
nian glaciation (Fig. 2) and was followed by
uninterrupted sedimentation until the climatic
optimum of the Eemian interglacial. The lack
of sediments between the optimum and the
end of the interglacial suggests erosion, most
likely at the transition of the Eemian (MIS 5e)
to the Early Glacial (stages 5d-e) (Rychel et al.,
in press). The erosion/incision phase is com-
monly recorded in the floors of West Europe-
an river valleys (Kasse et al., 2003; Briant et al.,
2004) and is associated with an increase in wa-
ter supply, resulting from decreasing evapo-
transpiration and increasing snowmelt (Kasse
et al., 2003).
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Fig. 2. Vertical profile of the Vistulian mineral deposits
and the Eemian organic deposits at the Jalowka site.

2.2. The mineral deposits

The organic sediments are overlain by
4.13-m-thick mineral deposits in which four
units (I-IV) are distinguished (Fig. 2). Unit I
comprises wet silty sands (depth: 4.13-3.9 m;
Fig. 2) with climbing ripple (Src). The struc-
tures of the sediments indicate low-energy
currents in the bottom of the more commonly
dry valley.

Unit Il consists of non-stratified, fine-grained
sand and sandy loam, 1.9 m thick at a depth
of 3.9-2.0 m (Fig. 2). The sediments contain an
uncommonly high proportion of grains of the
0.1-0.05 mm (53.12%) and 0.05-0.01 mm (10%)
fractions, which suggests loess-like sediments.

Unit III consists of a massive silty/clayey
diamicton of 1.3 m thick (2.0-0.7 m). It con-
tains coarse gravel particles, up to 5 cm long,

in its basal part. This unit probably represents
sediments resulting from slope processes (so-
lifluction) (Fig. 2), developed under periglacial
conditions on a loamy slope dipping some 5°,
which was approx. 150 m long. The precise
time of the intensive slope processes that mod-
elled the slopes of the northern part of the Pod-
lasie region is still unknown. The considerable
thickness of the loamy sediments suggests,
however, long-lived slope processes and over-
lapping of successive solifluction lobes. The
top part of unit III (depth: 1.20-0.70 m) shows
a network of reticulate cryostructures resulting
from the presence of interconnected subhori-
zontal ice lenses and subvertical ice veins (cf.
French & Shur, 2010; Stephani et al., 2010; Van
Vliet-Lanog, 2010). This reticulate cryogenic
texture is formed when the freezing front pro-
gressively moves downwards from the surface
(French & Shur, 2010).

Additionally, the top of unit III houses two
generations of ice-wedge casts filled with sand;
these infillings constitute unit IV (Fig. 2). The
structures of the older generation (no I), ap-
prox. 1 m deep, wide in their upper part and
narrow in the lower one, are clearly modified
by slope processes (consistent with the slope
inclination). The structures of the younger gen-
eration (no II) have a similar length, but they
are straight and narrow over their entire extent
and filled with sandy material. The southern
part of the Podlasie region bears a record of
two generations of wedges with initial sand in-
filling. One generation is correlated, on the ba-
sis of TL dating as 49+7 ka to 43+7 ka, with the
global climatic cooling of Heinrich event H5.
The younger one (23+4 ka) fits in the Last Gla-
cial Maximum (Heinrich event H2) (Dzierzek
& Staniczuk, 2004).

The Unit I1I sediments are overlain by mas-
sive silty sands (UnitIV; 0.7-0.0 m deep), which
have an aeolian origin (Rychel et al., 2011).

The presence of Eemian sediments in the
basal part of the section, in combination with
the ice-wedge casts that can be correlated with
the LGM in the top part, suggests that the sedi-
ments from the Jaléwka site are likely to record
changes in the environmental conditions for
the last 100 ka, i.e. during the Vistulian glaci-
ation. Regrettably, the analysed material was
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unsuitable for absolute dating by means of
physical methods.

3. Methods

In order to reconstruct the palaeoenviron-
ment and sedimentary conditions of the min-
eral sediments at the Jaléwka site, they were
subjected to comprehensive sedimentological
study. Samples were selected so as to represent
the widest possible variation in lithology and
stratigraphy.

3.1. Heavy-mineral analysis

Analysis of the heavy minerals was carried
out for the 0.1-0.2 mm fraction. The heavy
minerals were identified under polarised light.
Over 400 grains were counted in each sample.
Transparent and opaque heavy minerals to-
gether were taken as 100%.

3.1.1. Weathering

The intensity of the weathering affecting the
surface of the heavy minerals was established,
as well as the resulting consequences for shape,
fraction and sorting. The analysis included cal-
culations of the non-dimensional weathering
index (W,). This was done taking transparent
and opaque heavy minerals together as 100%,
which differs from the original weathering
index (W) (Racinowski & Rzechowski, 1969),
where only transparent heavy minerals were
taken as 100%. W/ is defined as:

W, = (St/T) xN

where T is the content (in %) of the heavy min-
erals that are most strongly resistant to both
mechanical abrasion and chemical weathering
(zircon, rutile, tourmaline, staurolite, kyanite),
St is the content (in %) of the strongly resist-
ant heavy minerals (apatite, epidote, garnet,
sillimanite), and N is the content (in %) of the
non-resistant heavy minerals (amphibole, py-
roxene, biotite, chlorite). The lower the value of
the weathering index, the more advanced the
weathering.

3.2. Rounding and frosting of quartz
grains

The rounding and frosting of quartz grains
were examined on the basis of the method
described by Cailleux (1942), as modified by
Gozdzik (1980) and Mycielska-Dowgialto
& Woronko (1998), with the application of
a 9-degree classification of the grain shape by
Krumbein (1941). Over 150 grains were count-
ed in each sample.

Seven rounding and frosting classes were
distinguished in the sand fraction: (1) fresh,
angular (NU, rounding degree: 0.1-0.2, follow-
ing Krumbein), (2) aeolian: rounded and mat
(RM, rounding degree: 0.7-0.9), (3) high-ener-
gy, aquatic environment: rounded and shiny
(EL, rounding degree: 0.7-0.9), (4) moderately
aeolian: mat (EM/RM, rounding degree: 0.3-
0.6), (5) moderately high-energy, aquatic envi-
ronment (EM/EL, rounding degree: 0.3-0.6),
(6) broken (C) within classes 2-5 (this group
includes grains with at least a 30% loss of the
original grain surface), and (7) other grains,
weathered in situ, not affected by transport.

3.3. Geochemistry

A simplified geochemical analysis (Na, Mg,
Ca, K, Fe and Mn) was also performed. The to-
tal content of the selected chemical elements was
determined after the samples had been dissolved
in a mixture of HNO, and H,0, with the use of
a Milestone Ethos Plus microwave apparatus.
From the thus obtained solutions, the amounts of
Na and K were identified by means of emission
spectrophotometry (ES); the amounts of Ca, Mg,
Fe and Mn were determined with atomic absorp-
tion spectrophotometry (AAS).

4. Results

4.1. Heavy-mineral composition

The composition of the heavy minerals is
very similar for all units (I-IV), as they are all
characterised by a limited number of mineral
species and because they are all dominated by
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two species: amphibole and garnet (Fig. 3A,
B), though with varying A/G ratios. This ra-
tio amounts to 3.71 in the sediments of unit I
and to 2.96-2.06 in unit II. In the massive, silty /
clayey diamicton of unit III, the ratio ranges
from 1.00 to 1.94, while it decreases in the in-
filling of the ice wedges and the silty/sandy
sediments of unit IV to below a value of 1.
Moreover, strongly resistant minerals (rutile,
tourmaline, staurolite and kyanite) are present
in truly low numbers, not exceeding 2.0%, ex-
cept for zircon, which increases to over 4% in
the sediments of unit III and in the infilling of
the ice-wedge casts. The platy minerals with
low resistance to weathering (biotite and chlo-
rite) are present in low concentrations, not over
2%; they are even completely absent in unit IV
in the infilling of the wedges. Glauconite and
muscovite are entirely absent (Fig. 3B).

The sediments of units I-III contain angu-
lar heavy minerals with ragged edges, traces of
corrosion and colour spots, varying from, for
instance, pale green to slightly grey in amphi-
boles. This is due to surface damage caused by
different intensities of etching. Only the aeo-
lian sediments of unit IV contain grains with
slightly rounded edges. It should also be noted
that the grains of different mineral species dif-
fer in size (Fig. 3B): amphibole grains (~0.2
mm) are twice as large as garnet grains (~0.1
mm) and zircon grains (representing the finest
fraction in samples), are, in turn, much smaller
than garnet grains.

The opaque heavy minerals are dominated
by primary ferric oxides (ilmenite and mag-
netite). In the massive, silty/clayey diamicton
(unit III), their proportion is very high and
attains 13.4% in the basal part, 20-26% in the
middle part and 5.1% in the top part. The sed-
iments of units II and IV contain approx. 10%
(Fig. 3A, B) of such minerals, but unit I contains
only 1.1% of primary ferric oxides (Fig. 3A).
Secondary ferric oxides (limonite and goethite)
are present in minor amounts. Their amount
does, as a rule, not exceed 5%, and in the ae-
olian sediments of unit IV and in the infillings
of the wedges their proportion decreases even
to below 2% (Fig. 3B); only in the top of unit II,
it attains as much as 19.5%. None of the sam-
ples comprises pyrite (Fig. 3A, B), which min-

eral is considered as an indicator of short-lived
transport and which is easily oxidised to fer-
ric sulphides, dissolved in water and leached
(Barczuk & Najbert, 2007).

4.2. Rounding and frosting

The analysis following the method described
above indicates that the mineral sediments of
units I, II and III are dominated in the 0.8-1.0
mm fraction by three types of quartz grains.
The EL and EM/EL classes, representing an
aquatic environment (including fluvial and
high-energy beach environments) are found
in proportions attaining 18%-48.2% in unit I,
28.2-55.0% in unit II and 28.9-60.5% in unit
III (Fig. 4A). The large amounts of exception-
ally well-rounded grains with a shiny surface
must be noted (EL; Fig. 5A), but examination
under a scanning electron microscope (SEM)
indicates that the surface of such grains was
affected by intensive chemical etching, form-
ing microstructures resulting in a dulled sur-
face, solution pits and solution crevasses (Fig.
5B). The second important group comprises
grains of the ‘other’ type, the surface of which
was shaped by intensive chemical weathering
(mainly amorphous precipitation) and me-
chanical (frost) weathering, occurring in situ.
Their proportion in the sediments of units I-III
ranges from 18.0% to even 73% in the bottom
part of unit I (Fig. 4A).

The high or very high proportion of broken
grains (C) is also worth attention. They orig-
inate from breakage of grains of the EL, EM/
EL and ‘other” types and occur all over the
entire succession in amounts exceeding 10%
(except for the basal part of the sediments of
units I and IV). The two top units, III and IV,
have a high content of grains of type C, rang-
ing from 15% up to nearly 40% (Fig. 4A). Some
conchoidal fractures resulting from breakage
are completely fresh, which indicates at an
origin during the last damaging cycle; other
grains show a low degree of precipitation of
amorphous silica and clay minerals, e.g. in the
sediments of unit I. Grains affected by aeolian
processes (EM/RM and RM) were not found
in the sediments of units I-1III, in contrast to
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Fig. 4. Rounding and frosting of the quartz grains.
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A: units I-1III. B: unit IV (ice wedges filled with aeolian deposits).
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Fig. 5. Quartz-grain characteristics.

A: Very well rounded quartz grain (0.8-1.0 mm) representing a high-energy subaqueous environment (type EM/

EL).

B: Fragment of a quartz grain with dull surface with small solution pits and solution crevasses, showing a low con-
centration of V-shaped percussion cracks (unit III, depth 0.9-0.1.0 m).

the upper parts of the infillings of the ice-
wedge casts and the sandy/silty sediments of
unit IV, where the proportion of such grains
attains 21% (Fig. 4B). It should be emphasised,
however, that exclusively the edges and cor-
ners of these grains are affected by the aeolian
activity.

4.3. Weathering

The weathering index, W,, shows compa-
rable values, ranging from 296.3 to 226.8, in
the sediments of units I and II (Fig. 6A). In
the sediments of unit III, however, the values
vary much more: being 427.8 at the base, they
decrease to 185.6 at a depth of 1.7-1.75 m and
further to 78.2 at a depth of 1.55-1.60 m, to in-
crease again to 297.4 and 457.1 at the top of unit
(depth of 0.75 m). The low value of W, in the
middle part of unit III records an increase in
the amount of minerals that are strongly resist-
ant to weathering, and the diminishing of the
least resistant minerals. In the sandy sediments
filling the wedges, W, varies between 253.6 and
159.4 in the basal part to attain 221.7 at a depth
of 1.0 m and 322.4 in the top part. The sandy
sediments of unit IV, which constitute the up-
permost part of the succession under study,
have a W, value of 384.9, suggesting removal
of heavy minerals with a lower resistance to
chemical weathering (Fig. 6B).

4.4. Geochemistry

4.4.1. The Eemian organic sediments

The Eemian biogenic sediments, underlying
the mineral units, are abundant in sodium (up
to 0.55 mgeg™), potassium (up to 13.03 mgeg™),
calcium (up to 92.7 mgeg™), magnesium (up to
12.2 mgvg™), iron (up to 24.7 mgeg™), manga-
nese (up to 0.27 mgeg™) and carbonates (even
up to 45% in gyttja) (Fig. 7). The calculated val-
ues of the K/Na and Fe/Mn ratios clearly re-
flect changing environmental conditions in the
basin (Rychel et al., in press) and suggest phas-
es of increased denudation, due to both chemi-
cal and mechanical processes, in the catchment
area, as well as changes in the redox conditions
that resulted from the expansion of the vegeta-
tion cover in the water basin, which thus grad-
ually turned into a peat bog.

4.4.2. The Vistulian mineral deposits

The mineral sediments (excluding unit I) are
decalcified and poor, or even extremely poor,
in the above-mentioned chemical elements,
what must probably be ascribed to strong and
long-lived weathering processes affecting the
deposits.

The carbonate sediments of unit I (up to
11% of CaCO,) show an alkaline reaction (pH
of 8.6-9.0 determined in H,O and 7.6-7.8 in
KCI). Only at the base of the mineral succes-
sion (4.12 m depth), carbonates reach have



56 Barbara Woronko et al.

A weathering coefficient
(W,) in the mineral deposits
0 O[m] sample o 400 200 300 400 500
A .
unit [V b
\ 4 :
A
1.0 —
unit ]
A\ ]
A 20—
N ]
unit |l 3.0 —
i ] ]
v ] ]
A - T
unit | 4.0 — ]
\ 4 — i
A
biogenic
sediment
v
45 SRS

weathenng coefficient

)in the mineral deposits
100 200 300

:w

100 200

il

Fig. 6. Weathering coefficient W, in the mineral deposits
A: units [, I and IIL. B: unit IV (ice wedges filled with
aeolian deposits).

4
o
EEREEEEE

[
2.0 00000000C000000)

higher values, but the samples from depths of
3.9 and 4.1 m have commonly a low content.
On average (and except for Ca, which reach-
es up to 7.3 mgeg™), the content of the various
elements does not exceed 1 mgeg™ (Na — 0.02
mgeg™, K- 0.57 mgeg™, Mg — 0.80 mgeg™, Fe
- 0.96 mgeg™, and Mn 0.02 mgeg™). The val-

ues of the Fe/Mn ratio, which are relatively
high at the base of the unit (80.2) and distinctly
lower at its top (45) (Fig. 7), suggest changing
redox conditions (Boyle, 2001; Boréwka, 2007).

Within the entire unit III, sediments are
almost devoid of carbonates, what is also in-
dicated by the trace amounts of Ca, ranging
from 0.01 to 0.02 mgeg™. The sediments show
a weak alkaline reaction (pH 7.3-7.5 deter-
mined in water, pH: 5.8-6.0 determined in
KCI). Just like in unit I, the sediments have
alow sodium content, attaining maximally 0.02
mgeg™'. The amounts of Mg, K and Fe are quite
different (0.24-0.36 mgeg™, 0.57-0.72 mgeg™
and 1.18-1.54 mgeg, respectively). The sedi-
ments are extremely poor in Mn (0.02 mgeg™).
The values of the Fe/Mn ratio are higher than
in unit I and vary between 82 and 138 (Fig. 7).
In the surficial layer with intense weathering
processes, both Mn and Fe are reduced and mi-
grate; Mn tends to be removed faster than Fe
(Borowka, 1992).

With respect to the infilling of the wedges, it
should be noticed that the sediment is enriched
in elements such as Na (0.03 mgeg™), Mg (0.40
mgeg™), K (up to 0.86 mgeg™), and Fe (up to
2.1 mgeg™). Other elements (Ca and Mn) are
present in much lower amounts. The amount
of ferric oxides, F,O,, is the highest in this ma-
terial and amounts to 3.1%. The values of the
pH range from 5.6 to 6.1 (determined in H,O)
and from 4.1 to 4.8 (determined in KCL) (Fig.
7).

The sediments of unit IV are also decalci-
fied (CaCO, reaches up to 0.2%; Ca is below
the detection limit). The content of the vari-
ous elements and ferric oxides is lower than in
the sediments of unit III: Na amounts to 0.02
mgeg, Mg to 0.20 mgeg™, Mn to 0.1 mgeg™,
and Fe to 1.06 mgeg™, whereas Ca is below
the limit of determination. The value of pH (in
H,0) is 6.6 and (in KCl) 5.9.

5. Discussion

The analyses of the quartz grains’ surfaces,
of the heavy minerals and of the geochemis-
try provide a basis for deepening the insight
into the palaeogeography of northern Pod-
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Fig. 7. Geochemical composition of the mineral deposits of units I-IV.

lasie. This concerns (1) the parent material of
the mineral sediments, (2) the depositional en-
vironment of the mineral sediments overlying
the Eemian deposits, and (3) the effect of the
periglacial conditions on the characteristics of
the sediments.

5.1. Parent material

The parent material of the deposits at the
Jaléwka site consists of glacial sediments of the
Wartanian stadial of the Odranian glaciation
(late Saalian) (Marks & Karabanov, 2011). Such
sediments form the slope at the foot of which

the study site is located. In glacial environ-
ments, the heavy-mineral composition is con-
trolled by three main factors: (1) the composi-
tion of the source rocks, (2) the resistance of the
minerals to mechanical damage (i.e. crushing
and abrasion during glacial transport) and (3)
chemical weathering at different stages of the

glacial/interglacial alternations (Passchier,
2007).
Continental ice sheets erode numerous

types of source rocks along their pathway,
and the composition of tills in the ice-margin-
al area reflects the combination of dispersal
trains (Passchier, 2007). Most information on
sediments exarated by the Wartanian ice sheet
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comes from the analysis of the grains’ surfaces,
in combination with heavy-mineral analysis.

The presence of quartz grains of the EL,
EM/EL and ‘other’ types (Fig. 4A, B) and the
absence of grains representing an aeolian en-
vironment (the RM and EM/RM types) prove
that the Wartanian ice sheet exarated mainly
sediments representing aquatic environments.
The high level of rounding of the quartz grains
indicates their long-lived presence in an aquat-
ic environment with numerous phases of
grain reworking. This may have taken place in
a beach environment, within the foreshore or
swash-and-backwash zone, or in a fluvial en-
vironment. This is supported by the microre-
lief (dulled surface, solution pits and solution
crevasses) on the quartz grains as a result of
intensive and most likely long-lived etching.
Moreover, the low frequency of V-shaped per-
cussion cracks suggests a low-energy environ-
ment (Krinsley et al., 1964). Margolis & Kennett
(1971) and Woronko & Ostrowska (2009) have
suggested that single cracks are characteristic
of fluvial environments.

The environmental conditions deduced
from the quartz grains are supported by the
heavy-mineral analysis. Angular grains of
heavy minerals, with ragged edges, indicate
strong chemical weathering (Van Loon &
Mange, 2007; Turner & Morton, 2007). Strong-
ly etched heavy minerals been commonly re-
ported from the sea floor (e.g. Turner & Mor-
ton, 2007), which environment seems a likely
source for the sediments at the Jalowka site.
It cannot be excluded, however, that the lack
of particular minerals is due to their removal
from the source sediments by chemical weath-
ering.

The heavy-mineral analysis also indicates
that the original environment was subjected to
physical mineral sorting on the basis of density
and grain size. Amphibole and garnet grains,
dominant in the sediments, differ in their den-
sity (3.2 g/cm® and 4.1 g/cm?, respectively)
(Fig. 3A, B), grain diameter and resistance to
crushing in the glacial environment. Garnet
grains, for instance, are reduced to their ter-
minal grades after glacial transport over a dis-
tance of 80-180 km (Passchier, 2007). Accord-
ing to Passchier (2007) “the terminal grade

represents a specific particle size range for each
mineral in a till matrix, which depends on the
original mineral size in the source rock, and the
mechanical stability of each mineral”. Amphi-
boles are larger than garnet, which is compen-
sated for by a higher density.

Within the group with the finest grain size,
the mineral species have the largest density,
e.g. zircon (4.7 g/cm?), ilmenite (4.68 g/cm?)
and magnetite (5.1 g/cm?) (Fig. 3A), all pres-
ent low percentages. Komar (2007) emphasises
that ilmenite and zircon display low-concentra-
tion factors, evidencing that both minerals are
trapped in concentrated deposits which may
occur at the top of a beach, and that they are
not carried offshore. Ilmenite and magnetite
are also, due to the small sizes of their grains,
most difficultly entrained, what intensifies the
concentration process. On the other hand, am-
phibole, with the lowest concentration factor,
is one of the most easily entrained heavy min-
erals (comparably with quartz: Komar, 2007),
however, due to its distinctly larger diameter,
this mineral remains in the sediment and is
concentrated with minerals of the highest den-
sity. Following Komar (2007), the higher the
density of a mineral, the lower its median grain
size at places where concentration takes place,
as well as in offshore deposits. This inverse re-
lationship between grain diameter and densi-
ty also suggests a setting equivalence between
several minerals.

Wajda (1970), in studies on the present-day
bottom sands of the Polish Baltic Sea coast,
states that transparent heavy minerals, such
as garnet and zircon, are difficult to dislocate
in an aquatic environment due to their fab-
ric. They are concentrated as a result of re-
moval of minerals of lower weight and typify
bottom areas affected by hydrodynamic fac-
tors, abrasion and bottom erosion of a high-
er intensity. In bottom sands of the Baltic
coast, the highest concentrations of garnet
and opaque heavy minerals are recorded in
the coastal zone, up to about 10 km into the
sea. Deeper areas are dominated by miner-
als such as biotite, characteristic of the zone
of calm deposition and indicating exaration
of marine sediments of shallow-water facies
by the ice-sheet. A predominance of amphi-
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bole and garnet among the heavy minerals of
a Saalian till was found in The Netherlands by
Rappol & Stoltenberg (1985) and in soils that
developed on a basal till of the Weichselian
glaciation and on a marginal formation of
glacial sediments from the Saalian glaciation
in Lithuania (Vareikiené et al., 2007). Similar
assemblages of heavy minerals are known
from northern Germany (Rappol & Stolten-
berg, 1985). According to these authors, the
east-central Baltic sedimentary rocks served
as the initial source of heavy minerals for the
Saalian till in The Netherlands. Vareikiene et
al. (2007) assume that soil-forming sediments
representing the Saalian and the Weichselian
glaciations originate from the Fennoscandian
Shield, which includes Archaean-Proterozoic
crystalline rocks and younger recycled sedi-
mentary rocks ranging in age from Cambrian
to Palaeogene. At the Jaléwka site, the direc-
tion of the palaeo-ice flow and the source of
the sediments were most likely the same as
in Lithuania. Additionally, an identical re-
cord of assemblages of heavy minerals as at
the Jaléwka site was identified in fluvioglacial
sediments located north of the study site, near
the Polish/Belorussian border (Pochocka-
-Szwarc et al., 2011).

5.2. Heavy and light minerals
in the four units and their depositional
environments

As mentioned above, the composition of
the assemblages of heavy and light minerals
can provide valuable information on the de-
positional environments. This turns out to hold
also for units I-IV of the study site.

5.2.1. Unit I

The origin of the sediments that build unit
I is related to a current at the bottom of a com-
monly dry valley. The material carried along
by the stream undoubtedly included materi-
al from the slopes and bottom of this valley,
among other material organic deposits of the
Eemian interglacial and washed down ma-
terial that formed part of soils developing on
the slopes. This soil material is reflected in the

high proportion (over 70%) of grains repre-
senting the ‘other” type, the surface of which
was shaped mainly by intensive chemical
weathering (particularly by precipitation of
amorphous silica and clay minerals), and is
also supported by the high content of second-
ary ferric oxides, originating most likely from
oxidation processes (Fig. 4A, B). This is further
confirmed by the low value of the Fe/Mn ratio,
in this unit varying between 45 and 80, which
suggests a low energy of the fluvial environ-
ment (Fig. 7), as well as by, among the heavy
minerals, the large amounts of amphibole, the
decreasing amounts of garnet and the very low
contributions by magnetite, ilmenite and zir-
con. Amphibole grains, having a relatively low
density and a relatively large size, are moved
more easily than denser minerals with a small-
er size (Komar, 2007).

Unit I was subjected to selective grain en-
trainment. Erosion of Eemian sediments is sug-
gested by the geochemical analysis (Fig. 7). The
weathering index, W,, attains nearly 300 (Fig.
6). Such a high value results from the remov-
al of heavy minerals with a lower resistance to
chemical weathering.

5.3.2. Unit II

The very high proportions of grains of the
0.1-0.05 mm (53.12%) and 0.05-0.01 mm (10%)
fractions in unit II indicate loess-like aeolian
sediments. Sediments of a similar origin and
grain-size distribution are known from the
periglacial zone of the Vistulian in southern
Lithuania (Baltrtinas et al., 2007). Their accu-
mulation most likely occurred during MIS 4,
when the deterioration of the environment
was sufficient to activate aeolian processes
at a large scale (Jary, 1996, 2007; Frechen et
al., 2003; Baluranas et al., 2007). Maruszczak
(1986) dates the first post-Eemian loess covers
(LMn) in southern Poland to Vistulian 2 (MIS
5b), however. The sedimentary particles were
transported by low-energy winds over very
short distances, what is confirmed by the lack
of quartz grains with typical aeolian character-
istics (both RM-type grains and EM/RM-type
grains) (Fig. 4A). Moreover, the heavy-miner-
al assemblage shows an increase in amphibole
(being a mineral of low specific weight), and
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diminishing amounts of the heaviest minerals
(magnetite and ilmenite) (Fig. 3A).

Loesses tend to show a progressive in-
crease in the amounts of platy minerals, such
as muscovite in the light fraction and biotite
in the heavy fraction (Bateman & Catt, 2007).
It should be mentioned that this trend can be
observed for the 0.1-0.05 mm fraction (Chle-
bowski & Lindner, 2004). The sediments of
unit II contain trace amounts of biotite (<2%),
but the presence or absence of this mineral, as
well as that of other platy minerals, in loess
sediments depends on the type of source sedi-
ments, not on the processes responsible for the
development of such deposits (Chlebowski &
Lindner, 2004) (Fig. 3A).

The sediments originate from deposits that
constitute the surrounding slopes, e.g. from
windblown soil horizons, as suggested by the
occurrence of secondary ferric oxides includ-
ing brown ’‘limonitic" aggregates (Fig. 3A),
which point at oxidation processes. The weath-
ering index, W,, remains at the same level as in
unit [, indicating that both units had the same
type of source sediments, i.e. local ones, with-
out admixtures of material supplied through
long-distance transport.

5.2.3. Unit III

The sediments of unit III are characterised by
a high content of high-density minerals, such
as magnetite, ilmenite and zircon (Fig. 3A). The
unit shows a distinct increase, up to 11.4%, in the
proportion of minerals that are most resistant to
chemical weathering (e.g. zircon and staurolite),
accompanied by a decrease in the amounts of
garnet and amphibole. Due to the type of trans-
port (solifluction) and the high density of the
medium, the heavy minerals were not sorted
by density, grain size and shape. Most likely the
minerals are derived from assemblages in the
glacial sediments building the slope where the
solifluction took place.

The weathering index, W,, varies strongly,
from over 400 at the basal and top parts to 80
at a depth of 1.55-1.60 m (Fig. 6A). Such a var-
iability of the weathering index might point at
a stack of successive turf-banked solifluction
lobes, including horizons affected by intensive
chemical weathering. The heavy-mineral com-

position is also likely to be associated with sed-
iments exarated by the Saalian ice sheet.

5.3.4. Unit IV

The aeolian, sandy sediments filling the ice-
wedge casts and the very poorly sorted sandy/
silty sediments of unit IV contain grains with
surfaces that were shaped in aeolian processes.
The low proportion of such grains, not exceed-
ing 30%, and including only grains of the EM/
RM type (Fig. 4B), definitely proves, however,
that the aeolian processes in northern Podla-
sie region at the end of the Vistulian glaciation
were only short-lived. Similar conclusions have
been drawn by Korotaj & Mycielska-Dowgiatto
(1982) from their investigations of the infilling
of comparable wedges in the central part of the
Kolno Plateau. Mycielska-Dowgialto (1996) re-
ports, however, that sediments are dominated
by grains of the EM/RM type only if the peri-
od with much wind activity in a particular area
is relatively short (some hundreds of years). If
the duration of the aeolian activity increases,
the amount of EM/RM grains decreases be-
cause they are transformed to RM-type grains.

The only short duration of the aeolian pro-
cesses in this area most likely resulted from the
excessive humidity of the sedimentary parti-
cles, which may have been lifted into the air
during periods of increased aridity of the sedi-
mentary surface, e.g. during winter.

The infilling of the wedges on the central
part of the Kolno Plateau, studied by Korotaj
& Mycielska-Dowgiatto (1982), bears more gar-
net and less amphiboles in its bottom part, but
at the top the proportions are reversed, what
can be explained by different specific weights
of the minerals. Garnet, with its larger specif-
ic weight, accumulates in deeper parts of such
wedges, whereas the lighter minerals stay in
the top parts. Korotaj & Mycielska-Dowgialto
(1982) claim that the above mineral distribu-
tion indicates degradation of the permafrost
and a distinct increase in humidity of the sed-
iments in the wedges. Indirectly, such a distri-
bution of the minerals suggests a significant
duration of the permafrost degradation. The
tendency of heavier minerals to concentrate at
the bottom of the sand wedges was also noticed
at Jalowka (wedge I), where the sorting by den-
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sity affected not only garnet, but also magnet-
ite and ilmenite (Fig. 3B). It seems, however,
that other possible interpretations, including
different sizes of the heavy mineral grains may
also have played a role. Middleton (1970) and
Komar (2007) suggest that sorting of heavy
minerals is produced by the smaller particles
(garnet) tending to fall into spaces between the
larger grains. Simultaneously, larger ones (am-
phibole) are pushed upwards. In narrow and
straight wedges (wedge II) an opposite distri-
bution of the heavy minerals grains was found.
This suggests that permafrost degradation was
quicker, too short-lived to allow for sorting of
heavy minerals by density.

The sediments of unit IV show, compared
with those filling the wedges, an increase in
the weathering index (from 150-250 to over
350), resulting from the relative enrichment in
garnet (Fig. 6B), which is strongly resistant to
abrasion, in the aeolian environment (Kamin-
ska et al., 1986), and from the impoverishment
of platy minerals (Mycielska-Dowgialto, 1993;
Barczuk & Mycielska-Dowgiatto, 2001).

5.4. Periglacial transformations
of the sediments

Under periglacial conditions, the sediments
of the Jaléwka site were probably subjected to
strong weathering, most intensively in the ac-
tive layer that was about 60-70 cm thick dur-
ing the LGM. The strong weathering processes
become clear from the geochemical analyses,
which show minor amounts of some chemical
elements (Na, K, Mg) and complete decalcifica-
tion of the deposits. Ferric oxides are present in
small amounts, ranging from 1.3 to 3.0 mgeg™,
having the highest values in unit Il at a depth
of 1.2-1.7 m (Fig. 7).

Ostroumov et al. (1998) state that “The con-
centration and dispersion of chemical elements
under the influence of permafrost is poorly
understood.” Nevertheless, according to field-
work carried out in the Kolyma Lowland (NW
Siberia) and elsewhere, the maximum concen-
trations of mobile forms of elements occur at
the bottom of the active layer or in the upper
part of the transition layer. This is because per-

mafrost blocks infiltration of surface water,
causing its concentration in the active layer
(Woo & Xia, 1995). Part of the pore water mi-
grates into the upper layer of the permafrost
and results in an ice-rich transition layer (Os-
troumov et al., 1998).

Geochemical sedimentation at the bottom of
the permafrost results from migration of ions
into the frozen soil during freezing (Ostroumov
et al., 1998). The low content of several chemi-
cal elements, among which Na, Mg, K and Fe,
in the deposits at the Jatowka site results from
erosion (by streams or by mass movement), af-
fecting the sediments of the active layer. The
different resistance to weathering of the vari-
ous chemical compounds allows for an esti-
mation of the type of the processes that pre-
vail in the catchment area (Franz et al., 2006).
Minimum values of Na in a sediment indicate
its development under conditions of inten-
sive weathering. Na passes into solution more
quickly than K, which is additionally captured
by secondary clayey minerals (Migaszewski
& Gatuszka, 2007), thus becoming relatively
abundant in the area of weathering. Following
Boréwka (1992), potassium is fixed by colloids
about 25 times stronger than sodium. Analysis
of the ratio between the total Na and the total
K amounts thus provides a proxy for the iden-
tification of the type of denudation processes
that dominated in the catchment area. Similar
relationships of the K/Na ratio can, according
to Franz et al. (2006), be used as an indicator of
weathering intensity (Fig. 7).

Analysis of the K/Na ratio within the sec-
tion under study indicates that the mineral
sediments were dominated by strong weather-
ing, the maximum effects of which may be as-
signed to the period when the basal part of unit
III formed at a depth of approx. 1 m below the
sedimentary surface (Fig. 7). A similar pattern
is suggested by the Na/K ratio, lower values of
which are recognised as an effect of mechanical
denudation. At the study site, the ratio shows
extremely low values, not exceeding 0.1

The grain-surface analysis of the sediments
shows a high or even very high proportion of
broken grains (C) (Fig. 4A, B). As some of the
fractures are completely fresh and some show
precipitation, the damage of the quartz grains
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probably occurred in two phases, separated by
a period dominated by chemical weathering. It
appears that breakage of grains sometimes was
followed by precipitation, but that other grains
were broken during this latter stage. Both types
of weathering may have resulted from freeze/
thaw alternations, for instance in the active lay-
er (e.g. Kowalkowski & Mycielska-Dowgialto,
1985; Wright, 2000; Dietzel, 2005; Woronko,
2007, 2012b; Woronko & Hoch, 2011).

Dietzel (2005) performed a series of experi-
ments simulating repeated freeze/thaw alter-
nations; these confirmed that silica precipitates
on the surface of grains. However, it should be
noted that this precipitation is very complex
and not yet fully understood. Similar conclu-
sions have been drawn by Woronko (2007) and
Woronko & Hoch (2011). Breakage of quartz
grains may result from the presence of gas/liq-
uid inclusions (Rogov, 1982; Konishchev & Ro-
gov, 1993; French & Guglielmin, 2000; French,
2007; Woronko, 2012b). The content of quartz
grains that are broken due to an increase in
volume of freezing water, easily increases in
the active layer (Woronko, 2012b).

6. Conclusions

A combination of heavy- and light-miner-
al analyses and geochemical analyses of sedi-
ments from the Jaléwka site made it possible
to determine the source material of the gla-
cial sediments of the Wartanian stadial of the
Odranian glaciation. During the Vistulian gla-
ciation, when the land-ice cover did not reach
the study area, the deposits were subjected to
erosion by streams, wind and slope processes,
partly under periglacial conditions.

The post-sedimentary (diagenetic) changes
were also determined. It is concluded that the
material of the Saalian till originated ultimate-
ly from shallow-marine sediments that were
eroded in such a way that the heavy-mineral
grains became sorted by density and size; the
most likely source material are east-central Bal-
tic sedimentary rocks.

Under periglacial conditions, the sediments
were affected by strong weathering and by
mechanical crushing and abrasion. This result-

ed in precipitation of silica on the surfaces of
quarts grains, but these surfaces became also
damaged; in addition, leaching of chemical el-
ements took place. These processes resulted in
complete decalcification of the sediments and
in diminishing concentrations of Na, K, Mg
and Ca. Simultaneously, aeolian activity af-
fected the area, but the intensity was low and
the duration very short; as a consequence, the
structural features of the sediments show only
minimum aeolian abrasion. The processes had
also insufficient influence to change the land-
form distinctly.

Taken all this together, the Jaléwka site
provides a valuable record of environmental
changes in northern Podlasie during the of
Late Pleistocene.
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