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We present a study based on four inland eolian locations in Eastern, Central and Southeastern Lithuania
belonging to the northeastern part of the ‘European Sand Belt’ (ESB). Although there have been several previous
studies of the ESB, this north-eastern extension has not been investigated before in any detail. The sedimentary
structural–textural features are investigated and a chronologywas derived using optically stimulated luminescence
on both quartz and feldspar. The sedimentary structures and the rounding and surface characteristics of the quartz
grains argue for a predominance of eolian transport. Additionally, some structural alternations and a significant con-
tribution of non-eolian grains are interpreted as inherited local glacial/glaciofluvial-bearing lithologies.
Threemain (glaciolacustrine–) eolian phases are distinguished based on the position in the landscape and the lu-
minescence ages: (1) An older eolian series around 15 to 16 ka, possibly correlated with the cold GS-2a event ac-
cording to the GRIP stratigraphy, and (2) a younger eolian series around 14.0 ka, possibly representing the GI-1d
and 1c events. The older eolian series is underlain by (3) a glaciolacustrine–eolian series for which the period of de-
position remains uncertain due to the significant discrepancy between the ages based on quartz and feldspar.

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Cold-climate eolian sediments are widespread in Europe; theymake
up a zone which is known as the ‘European Sand Belt’ (ESB) (Zeeberg,
1998; Koster, 2009), stretching from Great Britain, The Netherlands,
Belgium, through Germany, to Poland, the Baltic States and to Russia.
Its northwestern extent was first discussed by Van der Hammen
(1951) and Van der Hammen and Wijmstra (1971). While these early
studies concentrated on stratigraphical relationships, later work fo-
cused on establishing a chronological framework (Kasse, 1997;
Bateman andVanHuissteden, 1999). Optically stimulated luminescence
(OSL) dating is of importance in this context because it determines the
time of deposition; one prerequisite for the application of this technique
is the ideally full re-setting of the luminescence signal prior to sediment
deposition (Wintle, 2008). This resetting occurs while the mineral
grains of interest (quartz or feldspar) are exposed to sunlight, i.e.,
during transport and while exposed on surfaces. Eolian sediments in
particular meet this important requirement, and are recognized as
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very suitable candidates for OSL dating. Based on OSL ages, different eo-
lian phaseswithin the ESB have been identified (Koster, 2005; Kolstrup,
2007; Vandenberghe et al., 2013) and this hasmade correlation possible
for sediments within Western and Central Europe (e.g., Koster, 2005;
Kasse et al., 2007; Tolksdorf and Kaiser, 2012). In addition, buried organ-
ic horizons are wide-spread in the inland dunes ofWestern and Central
Europe; these important chronostratigraphic markers have been radio-
carbon dated and used for correlations (Kaiser et al., 2009; Jankowski,
2012; Küster et al., 2014).

In contrast, chronological studies allowing detailed paleoenviron-
mental reconstruction of the northeastern part of the ESB are still rare.
Most reconstructions of both inland and coastal eolian sequences from
Lithuanian localities are based on indirect chronologies. Attempts have
been made to radiocarbon date some sites; however, paleosols and
other organic-rich material are found only rarely (Gudelis and
Michaliukaitė, 1976; Gudelis, 1998; Gaigalas and Pazdur, 2008). Only
one radiocarbon age from the inland eolian sediments in this region is
available, from the Dzūkija dune massif in southern Lithuania
(Blažauskas et al., 1998). At this site a yellowish-brown gyttja with
mollusc remnants is located between the upper eolian fine-grained
massive sequences and the lower horizontally bedded glaciofluvial
sediments. On the basis of its 13.4 ± 0.14 cal ka BP age (Blažauskas
et al., 1998) the gyttja has been associated with the Allerød Interstadial;
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there seems to be a discontinuity between this formation and the
underyling glaciofluvial material, and with the overlying fine-grained
sands (possibly originating from the Atlantic period: Molodkov and
Bitinas, 2006).

Other attempts have beenmade to date the eolian sediments direct-
ly using luminescence. Satkūnas et al. (1991) reported on the applica-
tion of TL to a sedimentary succession from the Skersabaliai eolian
massif betweenRiverNeris andRiver Vilnia. Their four TL ages increased
with the depth and ranged from 13.2 to 10.0 ka; no errorswere given. In
later studies, Bitinas (2004) and Molodkov and Bitinas (2006) derived
OSL ages using potassium- (K-) rich feldspar from three boreholes and
one natural outcrop of three different large dune massifs in Lithuania.
The ages of the eolian sequence found in the boreholes ranged from
5.0 ± 0.6 to 3.2 ± 0.5 ka (Dzūkija borehole), 10.6 ± 1.5 to 4.4 ±
1.0 ka (Viduklė borehole) and 8.4 ± 2.3 to 5.9 ± 0.5 ka (Žalioji Giria
borehole), respectively. For the natural outcrop in Dzūkija, they derived
ages of between 6.2 ± 3.1 and 5.9 ± 0.6 ka. The glaciolacustrine sedi-
ments directly underlying the eolian sequence were dated to between
8.2 ± 0.6 and 7.5 ± 1.7 ka (Dzūkija borehole) and 11.3± 1.4 ka (Žalioji
Giria borehole). Based on these data, it appears that eolian activity
started after the drainage of the lacustrine basins during the Younger
Dryas and Preboreal periods. These results provided a chronological
foundation for their study of the Late Glacial and Holocene sedimentary
Figure 1. Site location in Lithuania (I). Detailed geological situation: II = Inkliuzai and Mik
A = sites. B–E = Ice-margin limits (according to Guobytė and Satkūnas, 2011). B: Middle
Quaternary sediments. F = Peats. G = Eolian sands. H = Glacial sediments. I = Glacioflu

rg/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
history in the region, and they distinguished between sediments from
the Younger Dryas, the Preboreal, the end of the Atlantic period, and
(in some localities) the Subboreal.

In addition to these studies making use of direct and indirect ages,
there is information on the local icemargin of the Last GlacialMaximum
(LGM), together with numerous lithological and paleobotanical investi-
gations (Stančikaitė et al., 2004, 2009; Stančikaitė, 2006; Satkūnas et al.,
2009). However, in this part of the ESB there are very few studies which
bring numerical ages together with information on sedimentological
(structural–textural features) and stratigraphic characteristics
(Satkūnas et al., 1991; Molodkov and Bitinas, 2006; Kalińska-Nartiša
et al., 2014).

Here we report on a new detailed study of inland dunes at four
locations: Mikieriai, Inkliuzai, Gaižiūnai and Rūdninkai (Fig. 1). The ex-
istence of fresh outcrops and the lack of previous research make them
ideal for a structural–textural investigation and numerical age determi-
nation. Quartz is abundant in these sediments; because of its mechani-
cal and chemical resistance, the analysis of its shape and the surface
character, as well as the proportion of other types of minerals within
the sediments give information on paleoenvironmental conditions
(Vieira et al., 2003; Darrénougué et al., 2009; Velichko et al., 2009;
Woronko, 2012; Kalińska and Nartišs, 2014). In addition, associated
processes such as weathering, corrasion and deflation (Akulov and
ieriai. III = Gaižiūnai. IV = Rūdninkai. Profiles location at Rūdninkai site (V). Legend:
Lithuania. C: South Lithuania. D: Baltija. E: the Last Glacial Maximum (LGM). F–K =

vial sands and gravels. J = Glaciolacustrine sands. K = Fluvial sands.
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Rubtsova, 2011;Woronko and Hoch, 2011), and the source andmaturi-
ty of the deposits (Muhs, 2004; Kasper-Zubillaga and Zolezzi-Ruiz,
2007) are investigated. An OSL chronology for these deposits is con-
structed, based on both quartz and feldspar in order to provide robust
age information and check the completeness of bleaching of the quartz
OSL signal (cf. Murray et al., 2012); such a comparison has never been
undertaken for the northeastern ESB sediments. Our multidisciplinary
approach allows the reconstruction of depositional history, variability
and overall patterns within the sedimentary environment during the
Late Glacial period.
Geological setting and existing chronological data

Four eolian sediment sequences (Fig. 1) representing northeastern,
central and southeastern Lithuania within the north-eastern part of
the ESB (Zeeberg, 1998) were chosen for these investigations: Inkliuzai
and Mikieriai (northeastern Lithuania), Gaižiūnai (central Lithuania),
and Rūdninkai (southeastern Lithuania). These sites are representative
of the largest units of continental dunes in the region (cf. Molodkov
and Bitinas, 2006); all are located within the limits of the ice extent of
the LGM.
Figure 2. Typical sedimentary facies. A. climbing ripple cross-laminated (Src) sand;Mikieriai pr
cross-stratification (Sp); Inkliuzai profile. D. Contact between the high (planar) cross-stratified
with some deformations (Sd); Gaižiūnai site. F. climbing ripple cross-laminated (Src) sand; R
climbing ripple cross-laminated (Src) sand with alternating coarser and finer sand (marked by

oi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
Inkliuzai and Mikieriai

Inkliuzai and Mikieriai are situated approximately 25 km NW of
the town of Utena (Fig. 1.I) within a small dune field. The Inkliuzai site
represents the NE-most edge of this dune field; Mikieriai, located on
the right bank of River Šventoji, represents the southernmost end
(Fig. 1.II). The Middle Lithuanian ice-marginal zone edge is located be-
tween approximately 1.5 and 5 km north of our sites; both glaciofluvial
and glaciolacustrine sediments are found in the immediate surround-
ings. The eolian sediments of the Mikieriai site overlie fluvial sands of
the higher terrace of the River Šventoji. The 10Be age of the Middle
Lithuanian ice-marginal zone is 13.5 ± 0.6 ka (Rinterknecht et al.,
2006, 2008); this is in good agreement with the radiocarbon age of
13.6 ± 0.2 cal ka BP derived from organic matter recovered directly
from above the uppermost till associated with this ice margin (Bitinas
et al., 2002).

Most of the 1.9 m sedimentary successions of the Mikieriai site
(Fig. 2A) consists of sand with climbing ripple cross-lamination (Src)
in the sedimentary code proposed by Miall (1977, 1978); this changes
to massive sand (Sm) in the upper part of the section. For sedimentary
and mineralogical analyses samples were taken at 10–20 cm intervals.
In addition, we collected one luminescence sample from the uppermost
ofile. B. wavy (Sw, SFw) andmassive (Sm, Fm) sand; Inkliuzai profile. C. high-angle tabular
sand (Sp) andmassive sand (Sm); Gaižiūnai site. E. High (planar) cross-stratified sand (Sp)
ūdninkai 3 profile. G. climbing ripple cross-laminated (Src) sand; Rūdninkai 2 profile. H.
arrows); Rūdninkai 1 profile. G. Luminescence sampling.

https://doi.org/10.1016/j.yqres.2015.04.001
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(Sm) section of the profile. Some wavy (SFw) and massive (Sm) struc-
ture (Fig. 2B) alternations can be observed in the 1.4 m Inkliuzai profile.
In contrast to Mikieriai, the lowermost part of the Inkliuzai profile con-
sists of high-angle tabular cross-stratification (Sp) (Fig. 2C). Samples
were taken only from the sandy horizons in the profile, and one lumi-
nescence sample was taken from the uppermost (presumed eolian)
part.

Gaižiūnai

The Gaižiūnai site is taken to represent the southwestern part of the
large dune field of Central Lithuania. It is situated close to the city of
Kaunas (Fig. 1.I) and the River Neris. Dunes formed on the surface of
Figure 3. Sediment logs of Mikieriai, Inkliuzai, and Gaižiūnai showing the results of textural fea
matt quartz grains. RM = well-rounded matt. EM/RM = partially-rounded matt. NU/L = non-

rg/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
the broad glaciolacustrine plain (Fig. 1.III) located outside of theMiddle
Lithuanian ice-marginal zone, but within the Southern Lithuanian zone
(Guobytė and Satkūnas, 2011). The age of the latter ice-marginal zone is
thought to be between 14.6 and 12.0 ka based on 10Be exposure ages
(Rinterknecht et al., 2006, 2008); these ages do not allow clear differen-
tiation between the Middle Lithuanian and Southern Lithuanian ice-
marginal zone. Sands with both planar cross-stratification (Sp) and
massive structure (Sm) are present in the 2.6 m Gaižiūnai profile
(Fig. 2D). The dipping angles vary between 15° and 37° to the east,
and some deformations (Sd) and erosional surfaces can be observed
(Fig. 2E). Samples were taken at 5–25 cm intervals (Fig. 3). Lumines-
cence samples were taken from the middle and bottom part of the
profile.
ture analysis. Sk= skewness. σ= standard deviation. Mz=mean. NU/M=non-abraded
abraded shiny. EL = well-rounded shiny. C = broken.

https://doi.org/10.1016/j.yqres.2015.04.001
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Rūdninkai

The Rūdninkai site is located approximately 35 km SSWof the city of
Vilnius (Fig. 1.I), in the foreland of the Baltija ice-marginal zone 10Be
dated to 14.0± 0.4 ka (Rinterknecht et al., 2006, 2008). The site is locat-
ed several kmwithin themaximal extent of theWeichselian (Vistulian)
glaciation, which according to Satkūnas (1993) reached its maximum
extent no earlier than 22–21 ka, and began to retreat at 18.3 ± 0.8 ka
(Rinterknecht et al., 2008). A prominent dune field stretches NW–SE
for approximately 25 km, and is cut by the River Merkys next to the vil-
lage of Rūdninkai (Fig. 1.IV). The eolian sediments are bordered by
glaciofluvial and glaciolacustrine formations, representing the proximal
Figure 4. Sediment logs of Rūdninkai 1, 2, 2a and 3 profiles show

oi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
part of an outwash-plain of a side-channel bar (Blažauskas et al., 2007)
and the Vokė–Merkys–Nemunas drainage paleovalley which has
been correlated with the retreating Baltija (Pomeranian) ice-margin
(Guobytė and Satkūnas, 2011).

At Rūdninkai four profiles were investigated (Fig. 1.V): two
(Rūdninkai 2 and 2a) in the uppermost part of the dune (Rūdninkai
3) and interdune (Rūdninkai 1); samples were taken every 10–30 cm
for sedimentary analyses (Fig. 4). Yellowish sand with ripple cross-
lamination (Src) can be found in all profiles (Figs. 2F, G, andH). The lam-
inas dip at angles of 3–13° and 1–10° (Rūdninkai 2 and 2a, respectively)
to the south-east. The uppermost part of the Rūdninkai 3 profile con-
tains massive sand (Sm). Luminescence samples were taken from both
ing the results of textural feature analysis. For key see Fig. 3.

https://doi.org/10.1016/j.yqres.2015.04.001
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the massive and the ripple-cross sand within the Rūdninkai 3 profile
(Fig. 2I).

Material and methods

In total, seven profiles were investigated: Gaižiūnai (one profile),
Inkliuzai (one profile), Mikieriai (one profile) and Rūdninkai (four
profiles). Our multidisciplinary sedimentological analyses included
(1) grain-size distribution measurements, (2) investigations of
rounding of the quartz grains and characterisation of the surface of
the quartz grains in the sandy fractions, and (3) determination of
the mineral–petrographic composition of the sandy fractions. In ad-
dition, the sediments were OSL dated using both coarse-grained
quartz and K-rich feldspar. All these investigations are described
below.

Sedimentological analyses

Grain-size analyses of 72 samples were performed by dry sieving.
Based on the grain-size distributions it was possible to determine the
logarithmic Folk and Ward (1957) graphical measures; the analyses
for these values were conducted using the customised version of the
R package ‘rysgran’ (Gilbert et al., 2012). The reconstruction of
paleocurrent directions is based on the orientation of the cross-
stratification, and presented as rose diagrams for the three profiles
Gaižiūnai, Rūdninkai 2 and 2a (Figs. 3 and 4).

Two sandy fractions (0.5–0.8 and 0.8–1.0 mm) were used for classi-
fication of quartz grain shape and surface character using Cailleux
(1942) with modifications of Mycielska-Dowgiałło and Woronko
(1998). The samples were pre-treated as follows: (1) dry-sieving to
obtain the appropriate fractions, (2) rinsing (approx. six times) with
distilled water to remove smaller particles, especially clay, and (3) dry-
ing. To determine the rounding and frosting (matt) of the surfaces of the
quartz grains a binocular microscope with 30–50× magnification was
used. About 120–150 quartz grains were randomly selected from two
sandy fractions, and then classified to one of the seven groups:
(1) well-rounded matt (RM), (2) well-rounded shiny (EL), (3) partially
rounded matt (EM/RM), (4) partially rounded shiny (EM/EL), (5) non-
abraded matt (NU/M), (6) non-abraded shiny (NU/L), and (7) broken
with at least 30% of the original grain surface (C). Each group of grains
refers to a specific environment (Woronko, 2012): eolian and moder-
ately eolian is represented by RM and EM/RM, respectively; high-
energy andmoderately high-energy aquatic EL and EM/EL, respectively;
with no signs of rounding during transport nor evidence of any post-
depositional weathering (NU/L); ‘in situ’ weathered, not affected by
transport (NU/M); and cracking conditions (C) resulting from an active
layer under repetitive cycles of freezing and thawing during cold
periods of the Pleistocene. Analysis of the 0.5–0.8 and 0.8–1.0 mm frac-
tion was performed on 66 and 62 samples, respectively (Gaižiūnai: 16
(14) samples for the 0.5–0.8 (0.8–1.0) mm fraction; Inkliuzai: 7 (6),
Mikieriai: 14 (13), Rūdninkai: 29 (29)).

In addition, the mineral–petrographic composition was determined
from both the 0.5–0.8 and the 0.8–1.0 mm fraction to check for
redeposition. It is known that the amount of quartz increases with
reworking/redeposition (Mycielska-Dowgiałło, 2007). 200–250 grains
were randomly chosen and four mineral groups were distinguished
(in %): quartz, feldspars, particles of crystalline rocks, and micaceous
minerals.

Optically stimulated luminescence dating

Six samples from four profiles (two each for Gaižiūnai and
Rūdninkai, and one each for the other two sites) were collected for
luminescence dating. The samples were collected in 0.5 m long
opaque PCV tubes that were hammered into the freshly cleaned
rg/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
surface of the pits (cf. Fig. 2I). The tubes were dug out and sealed
promptly to prevent further light exposure.

The samples were opened and further treated under subdued or-
ange light. The light-exposed material at each end of the tube was re-
served for dose rate determination; only the material from the inner
part of the tube was prepared for De measurement. The 180–250 μm
fraction was extracted following standard laboratory procedures, i.e.,
wet sieving, 10% hydrochloric acid (HCl) for 1 h to remove carbonates,
10% hydrogen peroxide (H2O2) for 1 h to remove organic material,
10% hydrofluoric acid (HF) to clean the outer surface of the grains and
to remove the external alpha contribution to feldspar grains, and
heavy liquid separation (ρ = 2.58 g·cm−3) to separate quartz from K-
rich feldspar. The quartz-rich extract (ρ N 2.58 g·cm−3) was subse-
quently etched with 40% HF for 1 h to remove any remaining feldspar
and the outer alpha-irradiated layer. After etching, the quartz extracts
were treated with 10% HCl for 1 h to remove any soluble fluorides
which might have build-up during HF treatment. Subsequently, the
samples (both quartz andK-feldspar fractions)were re-sieved to ensure
no grains b180 μm were present.

The portions for dose-rate determinationwere dried, ignited (24 h at
450°C), mechanically ground and thus homogenised, and cast in wax in
a defined geometry. Prior to radionuclide concentration measurements
using a high-resolution gamma spectrometer (Murray et al., 1987) the
casts were stored for at least three weeks to ensure equilibrium be-
tween radon and its daughter nuclides. Themeasured radionuclide con-
centrations were converted into beta and gamma dose rates following
Olley et al. (1996). The calculation of the contribution of the cosmic
dose rate is based on Prescott andHutton (1994). For the K-rich feldspar
extracts, an internal beta dose rate was calculated based on a K content
of 12.5 ± 0.5% (Huntley and Baril, 1997) and a Rb content of 400 ±
100 ppm (Huntley and Hancock, 2001). The dependence of beta dose-
rate attenuation on grain-size was based on Mejdahl (1979). An effec-
tive internal alpha dose-rate contribution from U and Th of 0.06 ±
0.03 Gy/ka was included for both quartz and K-feldspar. A life-time
average burial water content of 9 ± 4% was assumed for all samples;
this value is based on field observations, and the uncertainty takes
into account inevitable fluctuations in water content with time. The
resulting total dose rates are listed in Table 1. Note that the 238U con-
centrations are not sufficiently well-known to discuss disequilibrium
in the U-series on a sample by sample basis. However, the average
226Ra/238U activity concentration ratio is 1.02 ± 0.09 indicating
that on average the first part of the U-series was probably close to
equilibrium during burial.

All luminescence measurements were undertaken on automated
Risø TL/OSL readers (model DA-20) equipped with calibrated 90Sr/90Y
beta sources. For quartz, blue-light emitting diodes (LEDs) were used
for stimulation, and the luminescence was detected through a Hoya U-
340 ultraviolet filter, while for the K-rich feldspar extract infrared (IR)
diodes and a blue filter package (Schott BG39/Corning 7–59 filters)
were used.

The purity of the quartz was checked following Duller (2003).
Tests on three aliquots per sample showed that all samples were suf-
ficiently pure (OSL IR depletion ratio within 1.0 ± 0.1). From these
measurements it was further evident that the OSL signal in this
quartz is dominated by the fast component, a prerequisite for reli-
able quartz OSL dating. For De measurements a single aliquot regen-
erative dose protocol (SAR; Murray and Wintle, 2000) was applied,
with a preheat of 260°C (10 s) and blue stimulation at 125°C
(100 s). The response to a test dose of ~5 Gy was measured in the
same way after preheating to 220°C (0 s). A high-temperature
clean-out (blue light) was employed at the end of each SAR cycle to
minimise any signal carry-over. The initial 0.4 s of the decay curve
less a background of the subsequent ~2 s were used to construct
the growth curves which were fitted with a single exponential func-
tion. All aliquots passed the standard quality control criteria (e.g.,
Wintle and Murray, 2006).

https://doi.org/10.1016/j.yqres.2015.04.001


Table 1
Summary of radionuclide concentrations, total dose rates (Dr), equivalent doses (De) and ages for both quartz (OSL) and K-feldspar (pIRIR290). A water content of 9 ± 4%was used for all
samples based on field observations. n = number of aliquots measured to obtain average De's. Uncertainties are given as standard errors.

Field ID Lab
code

238U
(Bq/kg)

226Ra
(Bq/kg)

232Th
(Bq/kg)

40K
(Bq/kg)

Dose rate
quartz
(Gy/ka)

Dose rate
K-feldspar
(Gy/ka)

n for
OSL

OSL De
(Gy)

n for
pIRIR290

pIRIR290

De (Gy)
OSL age
(ka)

pIRIR290

age (ka)

Gaiziunai 0,5 (XXVII) 123097 14 ± 5 11.6 ± 0.4 13.7 ± 0.5 353 ± 9 1.61 ± 0.07 2.44 ± 0.08 16 25.4 ± 0.5 6 38.4 ± 0.9 15.8 ± 0.9 15.7 ± 0.7
Gaiziunai 1,3 (XXIX) 123099 17 ± 6 13.0 ± 0.5 16.7 ± 0.6 331 ± 9 1.65 ± 0.08 2.47 ± 0.09 8 26.2 ± 1.1 6 38.3 ± 0.7 15.9 ± 1.0 15.5 ± 0.7
Inkluzai 0,75 (XXV) 123095 16 ± 7 16.1 ± 1.3 16.4 ± 0.6 534 ± 13 2.28 ± 0.10 3.10 ± 0.11 13 93 ± 8 6 560 ± 60 41 ± 4 180 ± 20
Mikieriai 2,1 (XXVI) 123096 6 ± 5 7.0 ± 0.4 8.1 ± 0.4 357 ± 9 1.47 ± 0.07 2.29 ± 0.08 10 18.9 ± 1.1 6 33.5 ± 1.3 12.9 ± 1.0 14.2 ± 0.8
Rudninkai 0,9 (XXVIII) 123098 6 ± 4 8.5 ± 0.3 10.4 ± 0.3 352 ± 9 1.50 ± 0.07 2.32 ± 0.08 14 20.9 ± 0.5 6 32.7 ± 0.8 13.9 ± 0.8 14.1 ± 0.7
Rudninkai 1,7 (XXX) H23001 7 ± 4 6.7 ± 0.3 8.0 ± 0.3 336 ± 9 1.41 ± 0.06 2.24 ± 0.08 11 19.5 ± 0.5 6 32.2 ± 0.8 13.8 ± 0.8 14.4 ± 0.7
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To testwhether themeasurement protocol can accuratelymeasure a
dose given prior to heating (the conditions in nature) a dose recovery
test was conducted on all samples. Three aliquots were each stimulated
(bleached) using blue LED exposure for 100 s. After a pause of 10 ks the
aliquotswere again bleached to ensure that therewasminimal thermal-
ly transferred OSL signal in the sample. Subsequently a dose similar to
the natural dose was given to each aliquot, and these were then mea-
sured using the standard SAR protocol described above. The average
measured to given dose ratio was 0.90 ± 0.05 (n = 18); this implies
that our measurement protocol is able to measure accurately a dose
given before any thermal pre-treatment (Wintle and Murray, 2006).

The K-rich feldspar extracts were measured following Thiel et al.
(2011). The reliability of this approach has been shown by Buylaert
et al. (2012). After a preheat of 320°C and an IR bleach at 50°C for
200 s (IR50), the post-IR IRSL was measured at an elevated temperature
(200 s at 290°C; pIRIR290). A test dose of about 10 Gy was administered
prior to measuring the test dose IRSL response in the same manner as
the natural and regenerative doses. At the end of each measurement
cycle an IR illumination at 325°C (100 s) was inserted. The growth
curves were fitted with a single exponential function using the initial
1.5 s of the decay curve, minus a background of the last 40 s. For all ali-
quots, recycling (repeated regenerative dosemeasurement)waswithin
5%, and recuperation (signal after administering zero dose) was well
below 5%.

The applicability of this measurement protocol was also tested by
means of a dose recovery test. Six aliquots each of sample Rūdninkai
0.9 (XXVIII) (laboratory ID 123098; cf. Table 1) and sample Gaižiūnai
1.3 (XXIX) (laboratory ID 123099) were bleached in a Hönle SOL 2
solar simulator for 4 h. Prior tomeasurements a dose close to the natural
dose was then administered to three of the bleached aliquots per sam-
ple. The other three aliquots per samplewere used tomeasure the resid-
ual signal after bleaching using the pIRIR290 protocol described above.
This residual (on average ~14 Gy) was subtracted from the total dose
to give the measured dose, and the resulting measured to given dose
ratio was 0.97 ± 0.03 for sample Rūdninkai 0.9 (XXVIII), and 0.96 ±
0.01 for sample Gaižiūnai 1.3 (XXIX), confirming that our feldspar
pIRIR290 measurement protocol is also able to measure accurately a
dose given before any thermal pre-treatment.

Results

Grain-size distributions

The results of the grain-size analyses are presented in Table 2 and in
Figures 3 and 4. Fine-grained sands dominate at all sites. Themean (Mz)
values vary between 2.03 and 2.92 phi. Some parts of the Mikieriai
profile contain coarser sand, with Mz values of 1.24 to 1.99 phi (at
depths of 165 and 175 cm, respectively). The increase in coarser sand
is also apparent at 1.5 m in theMikieriai profile. The standard deviation
(σ1) varies from 0.37 to 1.45 and argues for the highest stability with
time in the Gaižiūnai and Inkliuzai profiles; the latter is the best sorted.
The coarser-grained part of the Mikieriai profile shows the poorest
sorting. There is no clear trend in skewness (Sk); negative, positive,
oi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
and symmetrical Sk with values ranging from −0.37 to 0.27 are
found. Nevertheless, these sediments tend to have overall symmetri-
cal characteristics.

Rounding and frosting

These sandy sediments are dominated by well-rounded (RM) and
partially-rounded matt (EM/RM) grains (Table 3 and Figs. 3 and 4) in
both fractions (0.5–0.8 and 0.8–1.0 mm) investigated here. The fraction
of RM grains varies between 6% and 37% (both at the Rūdninkai 1 site)
in the 0.5–0.8 mm fraction and between 3% (Mikieriai) and 44%
(Rūdninkai 2a) in the 0.8–1.0 mm fraction; these values are considered
as relatively high. The content of EM/RM grains varies between 11%
(Inkliuzai) and 56% (Rūdninkai 1) in the 0.5–0.8 mm fraction, and be-
tween 9% (Mikieriai) and 65% (Rūdninkai 1) in the 0.8–1.0mm fraction.
The non-abradedweathered ‘in situ’ grains (NU/M) range from 0 to 20%
and from 0 to 21% in the 0.5–0.8 mm and in the 0.8–1.0 mm fraction,
respectively. The number of C type grains (resulting from breakage of
EL, EM/EL, RM and EM/RM grains) is rather high and very variable
with values between 3% (Rūdninkai 2) and 24% (Gaižiūnai) in the 0.5–
0.8 mm fraction, and between 0% (Inkliuzai and Rūdninkai 2) and 30%
(Gaižiūnai). The shiny grains, presumed to represent aquatic environ-
ments, make up 11% (EL grains), and up to 19% (EM/RM grains; both
in the 0.8–1.0 mm fraction). In the 0.5–0.8 mm fraction, EL grains
make up to 14%, while for EM/RM grains the percentage varies between
2 and 25%.

Mineral composition

The average quartz content in the 0.5–0.8 and in the 0.8–1.0 mm
fractions is 69% and 60%, respectively. In general, the larger grain size
fraction seems to contain less quartz; (between ~44% and ~74% in all
profiles). All samples contain significant amounts of feldspar and parti-
cles of crystalline rocks (Table 4, Figs. 3 and 4); in the case of the lower-
most parts of the Gaižiūnai and Inkliuzai profiles these two mineral
groups make up N50% of the total mineral composition. There are very
small amounts of micaceous minerals; these are only sporadically pres-
ent in both size fractions, ranging between 0% and 3% in the Inkliuzai
profile (Fig. 3).

Luminescence ages

A summary of the luminescence ages is presented in Table 1. With
the exception of Inkliuzai 0,75 (XXV) (lab code 123095; quartz OSL
age 41 ± 4 ka) the quartz ages range from 12.9 ± 1.0 ka (Mikieriai 2,1
(XXVI); lab code 123096) to 15.9 ± 1.0 ka (Gaižiūnai 1,3 (XXIX); lab
code 123099). The pIRIR290 ages derived from feldspar agree very well
with these quartz ages (Table 1, Fig. 5), except for Inkliuzai 0,75 (XXV)
(lab code 123095), for which the pIRIR290 age is 181 ± 21 ka, more
than four times older than thequartz age. This discrepancy ismost likely
explained by the differential bleaching rates of these quartz and feldspar
luminescence signals (Buylaert et al., 2012; Murray et al., 2012): quartz
is much easier to bleach in nature than feldspar; when quartz and

https://doi.org/10.1016/j.yqres.2015.04.001


Table 2
Folk and Ward (1957) indicators of the investigated deposits: Mz =mean, σ= standard
deviation, Sk = skewness.

Site Depth [cm] Mz σ Sk

Gaižiūnai 50 2.45 0.76 0.01
60 2.25 0.76 0.13
70 2.22 0.67 0.12
80 2.11 0.70 0.20
90 2.20 0.69 0.07

100 2.24 0.62 0.12
115 2.15 0.68 0.10
130 2.33 0.62 0.00
145 2.07 0.72 0.17
150 2.28 0.64 0.06
160 2.14 0.71 0.12
170 2.17 0.68 0.11
175 2.19 0.70 0.15
185 2.03 0.73 0.17
190 2.09 0.70 0.19
200 2.11 0.69 0.14
210 2.18 0.68 0.09
230 2.26 0.66 0.01
260 2.33 0.65 0.01

Inkluzai 40 2.80 0.42 0.12
60 2.87 0.42 0.13
70 2.76 0.54 −0.02
80 2.92 0.44 0.19

110 2.06 0.47 0.27
120 1.99 0.55 0.14
140 2.22 0.53 0.07

Mikierai 55 2.24 0.51 0.05
65 2.23 0.48 0.13
75 2.26 0.51 0.01
80 2.29 0.51 −0.01
95 2.10 0.57 0.10

100 2.11 0.58 0.05
105 2.22 0.56 0.03
115 2.21 0.52 0.07
120 2.14 0.57 0.05
135 2.19 0.66 0.01
140 2.03 0.67 0.08
145 2.09 0.66 0.11
155 1.98 0.72 0.14
160 1.57 1.20 −0.13
165 1.24 1.13 −0.19
175 1.98 0.61 0.07
190 2.36 0.55 −0.08

Rūdninkai 1 55 2.35 0.61 −0.18
70 2.33 0.58 −0.17
80 2.31 0.61 0.05
85 2.37 0.69 −0.07

100 2.38 0.69 −0.11
110 2.43 0.55 −0.22
120 2.42 0.56 −0.17
130 2.43 0.57 −0.18
140 2.43 0.55 −0.15
150 2.36 0.56 −0.19
165 2.24 0.67 −0.13
175 1.82 1.03 −0.15
180 1.94 0.90 −0.05
185 2.22 0.65 −0.12
210 2.21 0.66 −0.06
250 2.16 0.72 −0.12
280 2.20 0.74 −0.23

2 35 2.30 0.54 −0.08
60 1.83 0.77 0.09
70 2.17 0.63 −0.01
90 2.29 0.57 −0.11

110 2.30 0.57 −0.13
140 1.83 0.72 0.01
150 1.80 0.74 0.21

2a 60 2.25 0.73 −0.29
90 2.32 0.62 −0.14

3 60 2.30 0.66 −0.22
80 2.29 0.63 −0.11
90 2.32 0.61 −0.13

89E. Kalińska-Nartiša et al. / Quaternary Research 84 (2015) 82–95

https://doi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
feldspar ages agree the luminescence signals in both minerals are
almost certainly both well re-set prior to deposition (Murray et al.,
2012). This applies to all our samples except Inkliuzai 0,75 (XXV) (lab-
oratory ID 123095). Although a poorly-zeroed feldspar IRSL signal does
not necessarily imply an overestimation for quartz, no further analyses
were undertaken to test the degree of bleaching in this sample. In the
next section we discuss the possible reliability of the quartz age using
the sedimentary context.

Discussion

The proposed sedimentary–chronostratigraphic model of the
Lithuanian inland eolian sediments allows us to consider the character
of sediment transport and accumulation as well as the timing of eolian
activity. In general, the stabilisation and subsequent re-activation
phases of eolian accumulation is often controlled by high-frequency cli-
mate oscillations which are visible in e.g., the Greenland ice-core chro-
nology (Svensson et al., 2008). Moreover, in Lithuania the process of
sediment re-working is restricted to basins within e.g., glacial lakebeds,
outwash fans or glaciofluvial terraces; there the dune fields seem to be
compressed and nested (Guobytė and Satkūnas, 2011). In addition, eo-
lian re-distribution only takes place when dry sand is available; this co-
incideswith a change from relatively humid to relatively arid conditions
(Swezey, 2001). Recent wind-tunnel experiments have revealed that in
permafrost soils undergoing thawing–freezing cycles, the wind-driven
sediment flux decreases with increasing soil moisture due to heavier
particles and stronger inter-particle forces (Wang et al., 2014). Because
of this, wind erosion is not important above a critical moisture content
of 2.34% for frozen and of 2.61% for thawed soils (Wang et al., 2014). It
seems likely that only the lowering of ground-water levels by drainage
of ice-dammed lakes and sandurs, postglacial land uplift, and reduction
of the permafrost table may trigger successful eolian activity (Zeeberg,
1998); these processes are strongly controlled by the position of the
ice-margin. Nevertheless, under these circumstances formation of
water table-influenced systems known as ‘wet’ eolian dune systems
(Mountney, 2012) cannot be excluded. This is because of the presence
of broad glaciofluvial plains and fluvial terraces, where the capillary
fringe was in contact with the accumulation surface. This could have
led to damp interdune elements interleaving laterally with architec-
tural eolian dune elements (Mountney, 2012) as observed at
Inkliuzai (cf. Fig. 2B). At Rūdninkai and Mikieriai the horizontal to
low-angle lamination with the alternation of coarser and finer
sands is subject to eolian sand-sheet deposition on the depositional
surface which either alternated repeatedly from dry to wet condi-
tions (Kasse, 2002 and references therein) or was influenced by
changing wind velocities (Goździk, 1998). In conclusion, any reduc-
tion in wind velocity promotes deposition of wind-borne sediments;
this explains the mixed nature of sediment sorting (Shrivastava
et al., 2012). In contrast, high-angle tabular cross-stratification orig-
inates from saltation on dry surfaces. From this, we deduce that in
our study area only the Gaižiūnai profile contains sediments
representing a substantial dry-eolian sequence.

The overall characteristics and composition of the sediments are
a function of source sediment composition, sediment transport, de-
positional processes, and weathering (Shrivastava et al., 2012) with
transformation occurring in a particular (eolian) environment. The
rounding and surface characteristics of quartz grains indicate a predom-
inance of eolian mechanisms such as long-lasting abrasion and/or long
transport distance (RM type of grains), and the short-lasting abrasion
and/or short transportation (EM/RM type of grains) (Mycielska-
Dowgiałło, 1993; Narayana et al., 2010; Ribolini et al., 2014). From lab-
oratory experiments, Kuenen (1960) deduced that eolian abrasion is
100–1000× more effective than fluvial abrasion. In general, the pres-
ence of numerouswell-rounded concavities taken togetherwith surface
frosting are likely to be a diagnostic indicator for eolian abrasion
processes (Swezey, 1998), confirming the periglacial origin of the
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Table 3
Rounding and frosting of quartz grains: NU/M—matt quartz grainswith sharp edges,NU/L— shinywith sharp edges, EL—well-rounded shiny grains, RM—well-roundedmatt grains, EM/
EL— partially rounded shiny, EM/RM — partially rounded matt grains, C — cracked grains.

Site Depth [cm] 0.5–0.8 mm 0.8–1.0 mm

NU/M NU/L EL RM EM/EL EM/EM C NU/M NU/L EL RM EM/EL EM/EM C

Gaižiūnai 50 11 8 2 16 7 37 17 4 1 1 31 0.00 49 13
60 9 9 2 29 10 32 8 – – – – – – –
70 5 4 8 30 14 30 7 5 2 5 32 9 32 15
80 9 6 7 24 16 19 19 14 0 2 28 8 44 3

100 7 9 6 19 13 27 19 5 10 2 12 7 40 24
115 5 13 4 16 19 19 23 6 10 5 17 8 39 15
130 5 9 5 19 17 33 12 10 5 3 10 13 50 10
145 2 6 8 30 13 26 16 14 7 2 16 13 32 16
150 8 3 8 31 10 22 18 7 9 9 18 5 27 25
170 3 6 6 21 14 28 23 3 8 3 19 6 28 35
175 10 8 12 10 24 12 23 10 3 0 28 10 34 14
190 9 8 14 22 25 16 6 3 3 8 18 5 45 20
200 6 10 13 23 13 20 15 15 8 0 21 2 25 30
210 3 8 6 19 25 16 24 – – – – – – –
230 5 8 10 16 17 27 16 6 9 6 21 19 26 14
260 5 11 13 15 24 13 18 7 0 7 9 9 52 18

Inkluzai 40 7 20 6 22 12 18 15 9 9 0 9 0 55 18
60 11 17 1 29 7 28 6 21 5 0 16 5 42 11
70 10 14 4 22 16 25 10 11 9 3 24 34 36 13
80 12 2 2 36 6 32 10 – – – – – – –

110 2 18 5 26 15 23 11 6 6 6 31 19 31 0
120 6 20 7 28 18 11 11 8 22 2 27 8 15 18
140 10 12 5 27 11 19 16 18 23 3 14 14 23 8

Mikierai 55 20 5 2 15 10 39 8 8 6 2 19 4 48 13
65 2 26 6 8 19 25 13 7 7 3 3 17 41 21
75 2 19 5 15 21 23 16 19 11 6 6 20 33 6
80 9 9 4 20 11 28 20 – – – – – – –
95 6 9 4 12 7 42 20 6 7 4 14 9 40 20

100 5 11 8 10 17 34 16 7 15 1 21 18 28 10
105 6 8 1 24 10 38 14 21 9 0 17 11 38 4
120 6 12 5 11 18 36 12 8 11 11 11 11 36 11
135 13 18 1 19 7 24 18 12 11 0 20 2 37 17
145 10 3 1 20 12 38 17 8 3 2 24 5 52 6
155 2 9 6 21 13 26 23 7 25 2 30 13 9 15
160 5 7 3 21 7 47 11 7 8 3 28 2 39 14
175 8 8 6 35 14 18 10 9 8 2 33 10 30 7
190 4 24 3 20 11 15 22 0 7 3 23 19 32 17

Rūdninkai 1 55 4 1 1 30 11 46 7 2 0 0 38 2 49 9
70 8 4 2 34 11 30 11 3 5 3 23 1 42 23
80 5 6 2 22 11 40 14 3 1 0 23 5 60 8
85 1 3 0 27 2 56 11 5 1 2 36 7 39 10

100 4 7 3 34 2 34 16 5 1 0 38 6 44 6
110 10 3 11 31 12 34 9 8 0 1 37 1 48 5
120 6 14 8 16 17 33 6 2 1 0 36 10 44 7
130 1 7 4 30 8 34 16 2 2 0 27 7 50 11
140 3 11 8 24 21 29 3 2 2 0 12 4 58 20
150 9 10 2 32 16 22 9 6 4 0 23 7 56 4
165 4 4 3 23 15 37 15 6 2 1 29 2 41 17
175 9 3 4 27 12 41 5 2 2 1 35 5 52 4
180 1 6 5 29 10 30 18 2 2 1 25 1 49 19
185 2 9 3 35 8 25 18 3 1 0 31 7 48 11
210 2 9 6 22 10 29 22 6 10 4 28 9 30 14
250 0 3 2 19 13 56 8 2 5 1 31 7 44 10
280 5 3 2 25 8 42 15 2 2 1 22 5 65 4

2 35 4 8 2 9 16 38 23 5 0 0 18 9 50 18
60 8 8 1 27 4 35 16 5 10 0 23 7 40 15
70 0 13 3 21 13 35 16 3 4 0 24 10 28 31
90 2 5 6 21 4 36 26 1 1 0 25 5 43 25

110 0 15 11 23 11 24 16 0 9 1 21 3 33 33
140 2 7 3 14 9 30 34 2 5 1 24 2 45 20
150 4 4 4 19 21 26 23 2 10 0 25 5 42 15

2a 60 6 4 2 24 13 46 7 2 1 1 43 4 44 4
90 4 4 2 21 13 45 12 3 2 3 27 3 48 14

3 60 1 2 4 35 14 37 9 0 2 2 44 11 30 12
80 1 8 7 15 11 38 18 0 12 0 26 1 22 28
90 1 11 2 18 12 48 8 2 7 3 21 7 46 14
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sediments (Zieliński et al., 2009). These features are unlikely to be
inherited from former environments or be the product of dissolution
(Werner and Merino, 1997). This is in contrast to the appearance
of the remaining quartz grains found in our profiles, where either
oi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
inheritance from former environments or chemical solution and re-
deposition of silica has to be considered. Kuenen and Peredok (1962)
have demonstrated experimentally that the latter can lead to rounding
of quartz grains.
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Table 4
Light minerals content: Q = quartz, F = feldspars, CR = particles of crystalline rocks.

Site Depth [cm] 0.5–0.8 mm 0.8–1.0 mm

Q F CR Q F CR

Gaižiūnai 50 78 20 2 68 26 7
60 68 30 33 – – –
70 71 24 6 54 39 8
80 74 21 5 53 29 18

100 73 20 6 61 26 13
115 73 23 4 59 30 10
130 64 24 11 63 27 10
145 71 19 10 63 21 16
150 72 22 6 59 35 5
170 71 24 6 64 20 17
175 73 21 6 65 26 9
190 70 25 5 54 39 7
200 76 21 3 67 21 10
210 70 24 6 – – –
230 76 17 6 45 36 18
260 73 24 3 49 37 14

Inkluzai 40 69 25 4 44 30 26
60 72 22 5 64 30 3
70 67 29 4 60 23 17
80 70 21 8 – – –

110 69 25 6 57 43 0
120 66 30 4 47 30 23
140 60 33 7 55 27 26

Mikierai 55 49 45 7 53 35 12
65 67 25 8 56 31 13
75 68 23 9 56 29 16
80 68 25 7 – – –
95 67 29 4 58 30 13

100 65 27 9 56 20 20
105 60 32 7 49 41 10
120 64 28 7 62 32 6
135 77 20 3 49 38 13
145 66 28 7 56 30 14
155 60 33 7 61 28 11
160 77 18 5 64 26 11
175 78 18 4 61 25 14
190 71 21 8 58 33 9

Rūdninkai 1 55 68 23 9 57 33 11
70 76 15 10 70 20 11
80 68 28 5 61 27 11
85 69 30 1 59 31 10

100 68 29 3 67 21 11
110 63 33 4 63 27 10
120 67 25 8 66 21 13
130 77 20 4 62 32 6
140 66 30 4 75 16 8
150 76 23 1 65 27 8
165 79 17 4 58 29 13
175 69 29 2 59 32 8
180 73 20 7 74 22 5
185 72 23 4 67 26 7
210 65 23 11 49 38 14
250 73 25 3 59 32 9
280 69 22 8 65 23 12

2 35 71 23 6 70 30 0
60 74 18 9 51 34 15
70 75 20 5 65 23 13
90 72 23 5 65 27 8

110 64 24 12 62 25 13
140 70 18 13 66 29 5
150 72 17 10 71 21 9

2a 60 68 27 5 56 36 8
90 61 31 8 68 21 11

3 60 63 30 7 64 16 21
80 69 22 9 64 27 9
90 58 36 6 64 22 14

Figure 5. Comparison of quartz OSL and feldspar pIRIR290 ages. The dashed line is the 1:1
line, and the medium dashed lines indicate ±10%. For all samples except one (lab code
123095; Inkliuzai 0,75 (XXV)) the ages are in good agreement and confirm sufficient
signal re-setting for both quartz and feldspar. In the inset two distinct age clusters can
be observed (within 1σ); these are referred to as older and younger eolian series. Red
circles: Gaižiūnai; black triangle: Rūdninkai; white square: Mikieriai. Error bars represent
random uncertainties only. See text for details.
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Of the quartz grains of eolian origin, 10% show the textures typi-
cal of eolian transportation (Lisá, 2004). Shiny quartz grains have
usually been subjected to fluvial or high-energy aqueous environ-
ments (Krinsley and Doornkamp, 1973; Sokołowski et al., 2014),
and their abundance indicates a river floodplain or an estuarine shore
rg/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
face in a temperate climate (Marks et al., 2014). Severe abrasion as
found in the intertidal zone or upper flow regimes is required to pro-
duce the subangular to rounded grain outline (Mahaney, 2002; Costa
et al., 2012). A relatively high content of shiny and rounded/partially-
rounded grains is rather unusual in eolian settings; however they
have been observed within the eolian sand-sheets of central Poland
(Kalińska, 2012) and in eolian complexes in Ukraine (Zieliński et al.,
2009). The transportation/inheritance from neighbouring environ-
ments may explain the high content of fluvially transformed quartz
grains in these sections.

Recent empirical studies (Langroudi et al., 2014) have revealed that
quartz grain fracturing is not necessarily the result of energy input, nor a
function of duration and grain size at the start of the process, but ismore
controlled by internal defects in quartz. However, it has been suggested
that quartz grains with characteristic outlines reflecting their origin
become fragmented due to cryogenic cracking, as a result of a combi-
nation of thermal shock, ice crystal growths in fissures, and hydration
shattering (Schwamborn et al., 2012). These processes may in turn re-
sult from seasonal frost action (e.g., the open cracks in the surface of
frozen ground are rapidly filled by sediment (Ribolini et al., 2014)) or
transformation within the active layer (Woronko and Hoch, 2011;
Woronko et al., 2013). However, at our sites there is no structural evi-
dence for permafrost action. The ubiquitous presence of C-type quartz
grains can thus be most easily explained as resulting from inheritance
from the local glacial/glaciofluvial-bearing lithologies neighbouring
the eolian deposits.

Petrographic data for sand grains, such as the relative proportions of
quartz, feldspars, crystalline rocks, micaceous and other minerals pro-
vide information on themineralogicalmaturity andmay allow the iden-
tification of sediment source and provenance (Kasper-Zubillaga and
Zolezzi-Ruiz, 2007; Tripaldi et al., 2010). A large proportion of mica or
feldspar grains may preclude an eolian depositional environment
(Swezey, 1998) because dune sands are usually considered to be
multi-cyclic, being derived from multiply-recycled sediments (Howari
et al., 2007). Given this, the significant occurrence of feldspars at all
our Lithuanian localities is notable. This suggests that the major part
of these sediments have not experienced multiple sedimentary cycles
and their immature mineralogical composition indicates a nearby sedi-
ment source.
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In summary, textural examination of these sediments revealed dif-
ferences in their composition and origin. A number of proxies used in
combination with the absolute OSL ages provide detailed insight into
the eolian/glaciolacustrine–eolian record present in central and eastern
Lithuania; the results enable us to identify distinct depositional series.
Although no independent age control is as yet available to verify the ac-
curacy of the luminescence ages, the agreement between quartz and
feldspar ages (Fig. 5) can be interpreted as indicating complete
bleaching of at least the quartz OSL prior to final deposition (Murray
et al., 2012); incomplete bleaching is one of the most common causes
of overestimation of age by OSL. In what follows, the sedimentary se-
ries are described based on their sedimentary features, from oldest to
youngest.

The glaciolacustrine–eolian series

A quartz OSL age of 41 ± 4 ka was obtained at the Inkliuzai site; in
contrast the feldspar age of the same sample was 181 ± 21 ka. This
discrepancy may be explained by poor signal re-setting of the feldspar
signal (see Results section), resulting in a significant age overestimate
for feldspar. From our data it is not clear whether the quartz signal
had been poorly reset prior to deposition.

The wavy–massive (Sw–Sm) structural alternation noted in the
upper part of the Inkliuzai profile, and the higher mean/better sorting
relationship (Fig. 3), might point to the occurrence of floodplain/
shallowwater conditions favourable for sediment settling from suspen-
sion. In contrast to the different mean/sorting values, however, the
quartz rounding-frosting characteristics are rather similar to the other
sites; no significant differences have been noted. This presence of mica-
ceous minerals might point to settling in standing water, and the
redeposition could be considered as a lacustrine–eolian sequence
(Vandenberghe, 2013).

The older eolian series

Two sediment samples from the Gaižiūnai profile in the Central
Lithuania provide self-consistent age of 15.9 ± 1.0 and 15.8 ± 0.9 ka
and may possibly be correlated with the cold GS-2a event according to
the GRIP stratigraphy (Björck et al., 1998;Walker et al., 1999). Indistin-
guishable ages of 15.7 ± 0.7 and 15.5 ± 0.7 ka were obtained from the
feldspar extracts (Fig. 5), indicating that bothminerals are likely to have
been fully bleached. Rather cold and dry paleoenvironmental conditions
favourable for eolian activity have been noted inNWLithuania during the
earliest stages of Lateglacial between 18,050 and 16,050 cal yr BP
(Stančikaitė et al., 2008). This is reflected in the low organic productivity
recorded in the sediments and the occurrence of pioneer, cold-tolerant
species.

Typical eolian sedimentary architecture is manifested by the high-
angle stratification of sands indicating the deposition on the distal
slope of the dune (McKee, 1980; Zieliński and Issmer, 2008) and its suc-
cessive migration and encroachment on older dunes (Zieliński et al.,
2011). The eolian characteristics of these sediments seem to be less im-
portant further down in the sections (Fig. 3); similar proportions of
fluvial- and eolian-type grains were noted in the lowermost part of
the profile within the 0.5–0.8 mm fraction.

Turning to the textural record, the eolian sequence in the Gaižiūnai
profile, with its decreasing fluvial/increasing eolian ratio of deposited
sediments, is interestingly similar to some of the fluvial successions ob-
served in NW Europe, indicating a regional increase towards aridity
(Kasse, 1997, 2002; Kasse et al., 2007). However, that pattern is not sup-
ported by the larger (0.8–1.0 mm) grain-size fraction, where the grains
are exposed to the strongest eolian abrasion in periglacial conditions
(Mycielska-Dowgiałło and Dzierwa, 2003; Mycielska-Dowgiałło and
Woronko, 2004). Combined with the deformations observed within
the Gaižiūnai profile, some short-term and presumably local flood epi-
sodes (damp interdunes?) are reflected in the highest observed content
oi.org/10.1016/j.yqres.2015.04.001 Published online by Cambridge University Press
of fluvially transformed quartz grains with simultaneous depletion of C
(broken) grains. The latter is unlikely in water-dominated environ-
ments (cf. Marks et al., 2014).

The younger eolian series

For the eolian sediments exposed inMikieriai andRūdninkai our OSL
ages range from 14.0 ± 0.8 ka to 12.0 ± 1.0 ka for quartz and 14.4 ±
0.7 ka to 14.1 ± 0.7 ka for feldspar. These ages coincide with a short pe-
riod of climatic cooling known in the GRIP stratigraphy (Björck et al.,
1998;Walker et al., 1999) as the GI-1d and 1c events, dated to between
14,050 and 13,150 cal yr BP.Within this younger eolian series, two sub-
series (older and younger) can be distinguished by comparison with
stratigraphic interpretation, where the younger one (~12.0 ka based
on quartz) at the Mikieriai site can be possibly attributed to the colder
environmental conditions reflected in the calcareous gyttja layer. Dia-
tom flora changes have been observed in southern Lithuania; these sug-
gest water lowering under rather cold and oligotrophic conditions
between ~13,200 and 12,600 cal yr BP (Šeirienė et al., 2009). Our lumi-
nescence ages cannot clearly distinguish between the two subseries (cf.
Fig. 5) and so an unambiguous interpretation is not possible; a higher
luminescence sampling frequency would be necessary to address this.
The eolian sequence in Rūdninkai ismainly composed of climbing ripple
cross-lamination (Src) representing deposition from saltation transport
on dry ground at wind velocities between 4 and 8 m/s (Zieliński and
Issmer, 2008). An accumulation in interdune areas, dune aprons, and
sand sheets is support by the presence of low-angle stratification
(Kocurek, 1986). The structureless sand observed in the part of the
Mikieriai profile dated by OSL (Fig. 3) exemplifies both the sheet-like
deposits (Bertran et al., 2011) and the almost total erasing of the original
bedding structures by seasonal freezing and thawing (Kasse, 2002). The
seasonal variations in wind velocity andwetness are reflected by the al-
ternating bedding of finer- and coarser-grained sands (Kasse, 2002;
Vandenberghe et al., 2013). The latter can be seen in some parts of the
two Mikieriai profiles together with decreasing/increasing mean grain
size values (Mz) and standard deviations (σ); the coarser-grained hori-
zons show the poorest sorting (Figs. 3 and 4). The degree of grain
rounding and frosting indicates that the eolian activity was greatest at
the Rūdninkai 1 profile. The majority of grains are well- or partially
rounded with matt surfaces (EM and EM/RM, respectively); they are
undoubtedly the result from eolian transformation, either relatively
long-lasting and/or active (RM type grains) and with short abrasion
and transportation estimated at some hundreds of years (Mycielska-
Dowgiałło, 1993). However, high-energy fluvial environment grains
(EM/EL andEL) are also observed in theRūdninkai andMikieriai profiles
and seem to increase within the upper part of profiles (Rūdninkai 1 and
Mikieriai).

In southern Lithuanian paleolake environments, the beginning of
gyttja deposition with a high number of Slaginella selaginoides L.
and Betula nana L. has been noted for the time period 14,950–
13,750 cal yr BP (Stančikaitė et al., 2008) together with an increasing
number of heliophytes and Armeria, particularly in northwestern
Lithuania. For northeastern Lithuania the paleobotanical record sug-
gests scarcity of vegetation cover and a low content of organic
matter in the sediments between 13,580 to 13,240 cal yr BP
(Balakauskas et al., 2012). These paleobotanical records may be
interpreted as indicative of the short-term climatic deterioration
and may explain the decreasing number of eolian-type grains in
the sediments.

Conclusions

A multi-proxy approach, combining various sedimentary–textural
features together with luminescence dating has allowed a detailed
depositional reconstruction of our study area. Eolian activity appears
to be significantly older than expected from earlier research. Despite
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the clear eolian conditions, the sediments show ‘transitional’ character-
istics rather than pure eolian characteristics, possibly indicating that
local glacial/glaciofluvial environments provided the main sediment
source. Three clear phases of (glaciolacustrine–) eolian deposition are
based on the optical ages. These are defined as follows: (1) A
glaciolacustrine–eolian phase recorded in the Inkliuzai profile. The age
of this material is not well defined; because of the large discrepancy
between the quartz OSL age (41 ± 1 ka) and the feldspar pIRIR290 age
(181 ± 21 ka) we cannot be certain that the quartz was fully reset
before burial. (2) An older eolian phase (~15–16 ka) at Gaižiūnai with
typical eolian sedimentation reflecting successive migrating deposition
on the distal slope of the dune. In addition, some short-term and pre-
sumably local flooding episodes were recorded. (3) The younger eolian
phases in Rūdninkai and Mikieriai, dated to between 12.0 ± 1.0 and
14.0± 0.8 ka. The sedimentary features at Rūdninkai andMikieriai sug-
gest seasonal variations in wind velocity and wetness. Their formation
was presumably controlled by the saltation transport succeeding in
the deposition of interdune areas and sand sheets. The signs of eolian
activity are the highest within eolian the series.

Even though the extent of ESB has not previously been thoroughly
investigated; our sedimentary dataset together with luminescence
ages allow a deeper understanding of the eolian mechanisms and
environmental dynamics within the northeastern part of the ESB. The
suitability of the material for luminescence dating opens up great
opportunities for future work at higher resolution.
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