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New luminescence ages reveal Early to Middle Weichselian deposits in central Latvia
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New optically stimulated luminescence (OSL) ages show that sandy deposits overlain by Late Weichselian subglacial till in
central Latvia are of Early to Middle Weichselian age. The finer chronological resolution of unconsolidated sediment deposi-
tion in the Central Latvian Lowland (CLL) remains relatively unstudied, and here we provide a first characterisation of the de-
posits with respect to their age. Three OSL ages ranging between 84 + 9 ka and 112 + 11 ka suggest that the deposits studied
in the CLL are of Early Weichselian age (MIS 5). We found no Middle Weichselian deposits in the CLL, and assume that any
such younger sediments might have been eroded during the advance of the Zemgale Lobe in the Late Weichselian. One site,
in the ice-marginal zone adjacent to the interlobate area, has nevertheless deposits dated to 44 + 10 ka corresponding to the
Middle Weichselian (MIS 3). Our results are compatible with existing ESR ages on three sets of Portlandia arctica shells from
the central part of the lowland; the shells had been incorporated into glacial deposits during later glacial advances. Finally,
our findings largely support ice-free conditions during the Early and Middle Weichselian in the middle and southern part of
central Latvia.
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INTRODUCTION

The chronology of the Weichselian Glaciation in central Lat-
via is not well established due to the lack of reliable absolute
dating. No optically stimulated luminescence (OSL) dates of
Early and Middle Weichselian age have until now been avail-
able for central Latvia (cf. ZelCs et al., 2011), and only a few
OSL ages reflecting Middle Weichselian time have been re-
ported from other localities in Latvia (ZelCs et al., 2011; Saks et
al., 2012). Some radiocarbon dates are known but they are
questionable because of possible contamination (Dreimanis
and Zel¢s, 1995). Electron spin resonance (ESR) ages of
Portlandia arctica shells redeposited in glacial sediments of the
Central Latvian Lowland (CLL) during glacial advances range
from 86.0 + 6.8 ka (till) to 105.0 + 9.2 ka (gravel) (Molodkov et
al., 1998). The deglaciation history has also been investigated
by cosmogenic %Be age determination (Rinterknecht et al.,
2006, 2008) but this method suffers from insufficient resolution
that renders difficult accurate correlation and separation of
ice-marginal formations.

OSL dating presents an opportunity to date the dominant
constituents of the deposits themselves (Thrasher et al., 2009),
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particularly of those that are sandy. These deposits, therefore,
constitute suitable material for chronological studies. The OSL
method has been frequently used in the last decade to obtain
the age of glacioaquatic, fluvial, lacustrine and aeolian deposits
in the Baltic region (Kalm, 2006; Molodkov et al., 2010; Rattas
et al., 2010; Raukas et al., 2010; Zel¢s et al., 2011; Saks et al.,
2012; Satkiinas and Grigiené, 2012; Baltrinas et al., 2013;
Kalinska-Nartisa et al., 2015a, b, 2016). Despite this, question-
able OSL ages have been frequently obtained from
glaciolacustrine and glaciofluvial deposits (e.g., Raukas et al.,
2010). A possible cause for this is incomplete bleaching of sand
grains due to rapid deposition, turbulent streams, sedimenta-
tion in darkness or significant water turbidity (cf. Weckwerth et
al., 2013). The results of previous investigations of Pleistocene
chronology and particularly of the deglaciation of the last glaci-
ation (Guobyté, 2004; Zel¢s and Markots, 2004; Kalm, 2006,
2012; Rinterknecht et al., 2006, 2008; Raukas et al., 2010;
Guobyté and Satkunas, 2011; Zel€s et al., 2011; Lasberg and
Kalm, 2013) indicate unresolved stratigraphic issues, such as
the lack of the sufficiently accurate ages of Late Pleistocene de-
posits, particularly of Early and Middle Weichselian age.

To improve the chronology of the Weichselian Glaciation in
central Latvia, we dated the sands overlain by Late Weichselian
till with OSL. Mostly, these sands are found within the cores of
subglacial bedforms (deposition of sandy sediments preceded
the formation of subglacial bedforms) in the area of the
Zemgale Ice Lobe (Lamsters and Zelcs, 2015), and one sample
comes from an interlobate area; these deposits have not been
previously investigated by luminescence methods. The issues
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concerning OSL dating of questionably well-bleached sedi-
ments as well as the chronological consequences of the ages
are discussed.

STUDY AREA AND STRATIGRAPHY

GEOLOGICAL SETTING

Our study area is located in the central part of Latvia (Fig. 1)
comprising the CLL, and it lies within the inner peripheral zone
of the last Fennoscandian Ice Sheet (Straume, 1979; Aboltins,
1989; Zelts and Markots, 2004). The CLL is a glaciodepression
of divergent type, which is linked with the central Latvian bed-
rock depression (Zelcs, 1993). The CLL experienced consider-
able glacial erosion through the Pleistocene glaciations that re-
sulted in a relatively thin Quaternary succession — on average of
10-20 m and up to 20—40 m only below the highest glacial land-
forms (Juskevics, 2000, 2001; Meirons, 2002). The deposits
are thinner in the central part of the CLL, <10 m and, in some
places, only a few metres thick (Juskevics, 2000, 2001;
Meirons, 2002; Zel¢s and Markots, 2004).

The glacial landsystems in the CLL were generally formed
during the North (Linkuva in Latvia) and Middle Lithuanian
(Gulbene in Latvia) glacial phases of the Late Weichselian Gla-
ciation, when the Zemgale Ice Lobe of the Riga Ice Stream
(Abolting et al., 1977) was re-activated during the deglaciation.
The divergent flow character of the Zemgale Ice Lobe is dem-

onstrated by the orientation of streamlined bedforms (Lamsters
and Zelcs, 2015). The present-day topography is dominated by
radial and transverse subglacial bedforms — mostly drumlins
and ribbed moraines (Zelcs, 1993; Lamsters, 2012; Lamsters
and Zelcs, 2015).

The bedrock in the CLL is composed of Upper Devonian
Frasnian and Famennian sedimentary rocks: sandstone,
siltstone, clay, dolomite, marl and gypsum, as well as of Middle
Devonian terrigenous rocks in its NE part (Brangulis et al.,
1998). The vyoungest Permian, Triassic and Jurassic
terrigenous and carbonate rocks are distributed in the SW cor-
ner of the CLL (Brangulis et al., 1998). The bedrock surface, in
general, dips towards the N in the direction of the Gulf of Riga.
The altitude of bedrock surface varies from 110 m a.s.l. to 60 m
b.s.l. at the southern end of the Gulf of Riga.

QUATERNARY DEPOSITS

The Quaternary deposits mainly consist of heterogeneous
Late Weichselian till interlayered with and underlain by sandy
deposits (Savvaitovs and Straume, 1963; Abolting, 1963;
Ginters, 1978; JusSkevics, 2000, 2001; Meirons, 2002). The ex-
istence of an older till of Saalian age has been confirmed in: (1)
local bedrock depressions and palaeoincisions (Aboltins, 1963;
Juskevics, 2000, 2001; Meirons, 2002), (2) glaciotectonic land-
forms below the youngest till beds (Dreimanis, 1935; Dreimanis
and Zel¢s, 1998, 2004), or (3) as intraclasts in the younger tills
(Dreimanis, 1935). The petrographic and textural composition
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Fig. 1. The location of the study area (Central Latvian Lowland) and OSL sampling sites
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of till beds tends to be very similar (Mironovs et al., 1962;
Aboltirgé, 1963; Ginters, 1978), thus their stratigraphic division
is complicated and sometimes difficult to determine. The strati-
graphic position of the tills is also poorly understood, because of
the lack of qualitative dating results. For example, the upper
dark-grey till bed was thought to have been deposited during
the Saalian (Danilans, 1973) in Western Latvia. A re-investiga-
tion in the western part of Latvia, however, revealed its Late
Weichselian age (Saks et al., 2012). Thin and deformed grey till
beds of unknown stratigraphic position have also been identi-
fied at several quarries in the CLL (Lamsters and ZelCs, 2015).
A similar grey till has been found at the banks of the Daugava
River near Daugmales Toméni (see Fig. 1), located in a ribbed
moraine, and it was interpreted as a Saalian till, because no
Portlandia arctica shells were found (Dreimanis and ZelcCs,
1995, 1998; Molodkov et al., 1998).

Commonly, the Pleistocene sequence in the CLL contains
two or more till beds. For example, two Weichselian till beds
interbedded with sorted deposits have been recognized in the
area up-glacier of the North Lithuanian ice-marginal succession
(Abolting, 1963; Savvaitovs and Straume, 1963; Dreimanis and
ZelCs, 1995; Zelcs and Markots, 2004). Three till beds have
been found in local bedrock depressions (Ginters, 1978;
Juskevics, 2001), and up to four till beds have been reported
from North Lithuania (Gaigalas and Marcinkevicius, 1982;
Baltrlinas et al., 2005); the lower till bed has been attributed to
the Griida stadial (Gaigalas, 1995; Guobyté, 2004 ), which coin-
cides with the maximum extent of the last Fennoscandian Ice
Sheet. The upper till bed correlates with the Baltic stadial of the
Late Weichselian Glaciation (Gaigalas, 1995; Guobyte, 2004).
The highest number of lithologically different till beds (up to 5)
has been found in a borehole at the western side of the
Vidzeme Upland (Mironovs et al., 1962). Similar lithological dif-
ferences are linked to glaciotectonically deformed till beds, for
example at up-glacier slopes of ribbed moraines. Up to five
stacked Late Weichselian till beds underlain by one or two pos-
sible Saalian till beds are frequently reported (Aboltins, 1989;
Dreimanis and ZelCs, 1998, 2004; Lamsters and ZelCs, 2015). It
is feasible that the younger till beds, which formed due to
subglacial thrusting, are of the same age. It is well-established
that glaciotectonic deformation played a significant role both in
drumlin and ribbed moraine formation and in changing the origi-
nal Pleistocene sediment bedding and thickness (Levkov,
1980; Abolting, 1989; Zel¢s, 1993). This is why interlayers of
sorted deposits, rafts of pre-Late Pleistocene deposits and De-
vonian bedrock, and upwardly injected clastic dykes are com-
mon in the CLL (Dreimanis, 1935, 1992; Aboltins, 1963; Zelés,
1993), particularly in glaciotectonic landforms, for example, in
ribbed moraines (Dreimanis and Zelcs, 1998, 2004) and on the
proximal slopes and adjacent areas of the North Lithuanian
ice-marginal successions (Abolting, 1963).

The cover on top of the upper Late Weichselian till bed con-
sists predominantly of 5-6 m thick glaciolacustrine deposits of
the Baltic Ice Lake and younger coastal deposits in the proxim-
ity of the Gulf of Riga and a 2-3 m thick sequence of
glaciolacustrine deposits of the Zemgale ice-dammed lake in
the northern and central parts of the plains of the CLL. Addition-
ally, 3-8 m thick glaciolacustrine deposits of the Daudzeva
proglacial lake are distributed further to the south-east of the
study area. Sandy aeolian sediments forming inland dunes oc-
cur in places (Juskevics, 2000, 2001; Meirons, 2002).

GEOLOGICAL DESCRIPTION OF OSL SAMPLING SITES

Three localities with sandy deposits overlain by subglacial
till of the Late Weichselian Glaciation were chosen to constrain

their deposition in time and these are Laci, Kalna Babli and
Nereta (Fig. 1). All these sites are located in subglacial
bedforms formed during the decay of the last Fennoscandian
Ice Sheet. Lac¢i and Kalna Bab]i are situated in the landforms
(area covered by the Zemgale Ice Lobe), while Nereta is lo-
cated in the glaciotectonised ice-marginal succession of the
Middle Lithuanian glacial phase, which stretches along the
western edge of the interlobate area between the Zemgale and
Lubans Ice Lobes. The deposition of sandy sediments occurred
prior to formation of subglacial bedforms. The deposits repre-
sent undeformed cores of subglacial bedforms, which were
formed due to erosion of pre-existing sorted sediments. Later,
till was deposited and deformed (Lamsters and Zelcs, 2015).
The depositional environment of the sampled sandy deposits is
likely fluvial or glaciofluvial: see site descriptions below.

In the Laci Quarry, up to 3 m thick reddish-brown subglacial
till covers fine to medium-grained sand. The horizontal-lami-
nated sand was subjected to OSL sampling at4.7 mand 9.2 m
depth (Fig. 2A, B). The Laci Quarry is located in a drumlin
(Lamsters and Zelcs, 2015), the core of which consists mainly
of fine- and medium-grained sand. The most frequent
lithofacies are planar cross-bedded, trough cross-bedded, hori-
zontal-laminated and climbing ripple cross-laminated sand.
Horizontal-laminated sand, which was sampled, is thought to
have been deposited from rapid streams in the upper flow re-
gime. The composition and texture of the sorted deposits at the
Laci Quarry and their lithofacies suggest deposition from
streams in a fluvial or shallow basin environment, although we
also cannot exclude glaciolacustrine sedimentation in a basin
with high sediment supply and fluvial activity.

A similar fine sand sequence was sampled at a depth of
5 m at Kalna Bab]i (Fig. 2D). The Pleistocene sequence here
consists of horizontally-laminated, planar and trough
cross-bedded sandy and occasionally gravelly deposits indi-
cating deposition by moderately rapid streams. The sorted de-
posits are overlain by Weichselian subglacial till. The till is
interbedded with deformed sandy deposits and is locally
boudinaged, which results in a discontinuous till layer, which is
thought to have been deformed subglacially during the forma-
tion of ribbed moraine. The topmost part of the section con-
sists of 1.5 m of varved clay that directly covers the till unit.
This clay is thought to have been deposited in a local basin af-
ter the formation of the ribbed moraine.

In the Nereta Quarry, sampling was carried out in fine sand
at 5.5 m depth. Here, the Pleistocene sequence consists of a
succession of till and sand layers underlain by massive and hor-
izontally-laminated sand. The upper part of Pleistocene succes-
sion was deposited as thrust sheets in ice-marginal conditions
between the advancing Lubans and Zemgale ice lobes, but the
age of deposition of the sampled sand is unknown.

METHODOLOGY

All luminescence dating samples were collected from four
sites by hammering opaque plastic tubes into freshly cleaned
exposure surfaces using the Eijjkelkamp Sampler Set for Hard
Soils sampling kit. Samples were taken in opaque plastic tubes
to avoid exposure to daylight while sampling. Along with the
OSL samples, sediment water content was assessed in the
field using a ThetaProbe Soil Moisture Sensor. Four sediment
samples (two from Lac&i, one from Kalna Bubli and one from
Nereta) were treated under darkroom conditions at the Lund
Luminescence Laboratory (LLL), Lund, Sweden and a detailed
description can be found in the following subchapters (see loca-
tion of OSL sampling sites in Fig. 1). Two samples from the
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Fig. 2. The sedimentary structures observed at the Laci (A, B), Nereta (C) and Kalna Biibli (D)
OSL sampling sites

Dmm - diamicton, matrix supported, massive; Dmm (s) — diamicton, matrix supported, massive,
sheared; Sd — sand, deformed; S| — sand with low-angle inclined stratification; Sh — sand, horizontally
bedded; Sp —sand, planar cross-bedded; SGp —sandy gravel, planar cross-bedded; Fv — varved clay
(lithofacies codes adapted from Miall, 1978 and Eyles et al., 1983)

Krimdnas Quarry were analysed at the Finnish Museum of Nat-
ural History (FMNH), Helsinki, Finland, and since we can pro-
vide only a limited methodological background and dataset
(Oinonen and Eskola, 2009), they are treated as unpublished
data and are only used for comparison in the Interpretation and
Discussion.

SAMPLE PREPARATION AND MEASUREMENT

The samples in opaque plastic tubes were opened under
darkroom conditions. The sediment at each end of the tubes,
which might have been exposed to daylight while sampling, was
retained to determine the dose rate and the water content. Only
material from the inner part of the tube was taken for D, mea-
surements. The 180-250 pym fraction was extracted by wet
sieving. After that, sample preparation included treatment with
10% HCI for 30 min. and 10% H,0, for 15 min. to dissolve car-
bonates and organic material, respectively. Heavy liquid (LST
Fast Float) with a density of 2.62 g/cm® was used to separate
quartz and feldspars. The extracted quartz samples were
treated with 38% hydrofluoric acid (HF) for 60 min, and further
re-treated with 10% HCI for 40 min. to remove possible fluoride

contamination. Finally, the purified quartz samples were
re-sieved with a 180 um sieve before measurement.

At the LLL an automated Risg TL/OSL reader DA-20
equipped with a calibrated Sr/*Y beta radiation source (dose
rate ~0.15 Gy s™'), blue and infrared (IR) LED (light emitting di-
ode) lamps, and U-340 glass filter 7.5 mm thick was used for
measurements (Botter-Jensen et al., 2000).

WATER CONTENT AND DOSIMETRY

Water content was determined by weighing a subsample
from the OSL-tube, when taken out from the tube (= natural wa-
ter content) when saturated (after 24 h covered by water) and
when dry (after 24 h at 105°C) and further calculating the natu-
ral and saturated water content as weight percent. The dose
rate subsamples were dried, ignited (24 h at 450°C), homogen-
ised and cast in wax in a fixed geometry. Prior to radionuclide
concentration measurements, the casts were stored for at least
three weeks (Murray et al., 1987). A high-resolution gamma
spectrometer at the Nordic Laboratory for Luminescence Dat-
ing, Ris@, Denmark, was used. The radionuclide concentrations
have been converted into beta and gamma dose rates following
Olley et al. (1996).
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PURITY OF THE QUARTZ EXTRACTS

In a first test, quartz extracts were prepared as large (8 mm)
aliquots and two aliquots per sample were stimulated with infra-
red light to identify possible feldspar contamination. It is consid-
ered that the sensitivity to infrared stimulation is significant
when the OSL IR depletion ratio is more than 10% of the blue
signal (Duller, 2003), which was the case for all of our samples.
In order to obtain a purer quartz signal, a post-IR blue Single
Aliquot Regenerative (SAR) protocol (Banerjee et al., 2001)
was applied. Between 24 and 29 aliquots were measured for
each sample to obtain the equivalent dose (D).

DOSE RECOVERY PREHEAT PLATEAU AND PREHEAT PLATEAU TESTS

Three aliquots per temperature from one representative
sample (Laci 1) were used to calculate the dose recovery ratio
at different preheat temperatures. In that way, eighteen aliquots
covered the preheat range of 180 to 280°C with an interval of
20°C. Cut heat was kept at 20°C lower than the preheat. Only
the preheat temperatures at which the dose recovery ratio were
within 10% of unity are considered acceptable. The results
show that preheat at 220°C seems to be the most suitable for
the Laci 1 sample (Fig. 3A). To complement the results of
dose-recovery preheat plateau, which could be misleading
(Roberts, 2006), we also carried out a standard preheat plateau
test. Following this, three aliquots of the same sample and with
the same temperature settings were used. From this test, tem-
perature ranges from 200 to 240°C show a plateau and the D,
value at 220°C reveals the smallest uncertainty. Combining the
two tests, the preheat temperature of 220°C should be used in
further analyses.

DOSE RECOVERY TEST

To test whether the measurement protocol was suitable for
the other samples, a dose recovery test was conducted on all
samples. Six aliquots per sample were bleached in daylight on
a windowsill for a few days, and then additionally stimulated us-
ing blue LED exposure for 60 s to empty the previous OSL sig-
nal. The average measured to given dose ratio was 0.94 + 0.02,
1.04 £ 0.10 and 1.09 + 0.06 for samples Laci 1, 2 and Nereta,
respectively (Table 1), thus implying that the protocol is able to
measure accurately a dose given before thermal pre-treatment
(Wintle and Murray, 2006). A higher ratio of 1.13 £ 0.10 was ob-
tained for the Kalna Bub|i sample indicating an unsuitable pre-
heat temperature. After an additional standard preheat plateau
test for that sample based on six aliquots (Fig. 3B), we adopted
a preheat temperature of 200°C and a cut heat of 180°C. The
dose recovery test for that temperature gave an acceptable ra-
tio of 0.94 £ 0.060 (n = 6).

DATA ANALYSIS

Ris@ Analyst 4.10 software was used to calculate equiva-
lent doses (D,); only aliquots with test dose error <10%, a recy-
cling ratio within 10% of unity, and a signal more than three
sigma above the background were accepted. Recycled points
were used for exponential-linear fitting and the growth curve
was forced through the origin. The fast-component-dominated
OSL signal was isolated from the first part of the decay curve,
so that the time intervals of 0.08-0.32 s and 0.48-1.08 s were
used for peak and background signals, respectively. By using

A Lagi1(14081) i

. 3
i =
o 13 ; 3005'
g : 0
@ 1.2 % . 2002
8 : T ‘ s
-8 L 4 g
e 1.1 1002
= Q
(=] —
3 10 } 0
o
2
2 09
[&]
e
0.8

180 200 220 240 260 280
preheat temperature [°C]

B  Kalna Babji (14054)

1.5
14 400@
=

o 13 . S
© * 5
L - H =
o 1.2 . H 200 =~
w 3 (] Q.
$ ; ;
< 1.1 100®
= Q
&) =
S 1.0 0
o
g
z 09
o
o

0.8

0.7

180 200 220 240 260 280

Fig. 3. Dose recovery ratio at different preheat temperatures (in
black) and preheat plateau test (in red) for (A) the Laci 1 (14051)
sample, and (B) the Kalna Bibli (14054) sample excluding a
temperature of 220°C

an early background subtraction, any influence of medium and
slow signal components was minimized (Ballarini et al., 2007).

The overdispersion (OD) was calculated using an excel
macro by S. Huot based on the Central Age Model (Galbraith
et al., 1999). Finally, we used the three-parameter mini-
mum-age model (MAM-3; Galbraith et al., 1999) following the
first criterion of the single-aliquot decision protocol of Arnold et
al. (2007), and this was fulfilled by samples from Nereta and
Kalna Babli. For the two Laci samples the Central Age Model
(CAM) was applied.

RESULTS
WATER CONTENT AND DOSE RATE

The natural and saturated water content ranges between
0.2-3.5% and 24.4-27.9%, respectively (Table 1). All these val-
ues seem to be rather unlikely as average water content since
deposition. Field measurement of the water content reveals, in
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Table 1
Summary of radionuclide concentrations, water contents, total dose rates and dose recovery ratios
238 226 232 40 . Total dose
; Uzts.e. Ra t s.e. Thts.e. Kts.e. | w.c.field/ | w.c.sat. | w.c. Dose
FieldID| LLLID | ggkg] [Bg/kg] [Ba/kg] [Bakgl | natural [%] | [%] | [%] ra[tGeyi;kg]e- recovery
Ladi 1 14051 | -3.36 £8.71 | 7.36+0.63 7.25+0.59 | 366 + 14 3.5/3.5 27.9 1.36 £0.07 | 0.94 +£0.02
Lagi 2 14052 493+528| 9.35+0.39 | 11.52+0.37 | 361+8 8.5/1.9 24.4 1.42+0.07 | 1.04 £0.10
Nereta | 14053 | -1.70 £ 8.00 | 10.27 + 0.61 11.47 £ 0.57 | 421+ 14 4.2./0.2 25.6 + 1.60+0.08 | 1.09 £ 0.06
gglt?lia 14054 | -4.04+£7.57 | 9.91+0.57 | 12.65+£0.53 | 395+ 12 3.4/1.3 24.6 9+4| 1.54+£0.08 | 0.94 +0.06

s.e. — standard error; w.c. — water content

contrast, values between 3.4 and 8.5% (Kalna Babli and Laci 2,
respectively). We, therefore, estimated a lifetime average burial
water content of 9 + 4% for all samples, assuming that satu-
rated water conditions occurred for approximately less than half
of the burial time. The uncertainty takes into account inevitable
fluctuations in water content with time. A narrow range of dose
rates between 1.36 + 0.07 Gy/ka and 1.6 + 0.08 Gy/ka (for
Laci 1 and Nereta, respectively) was obtained.

LUMINESCENCE SIGNAL CHARACTERISTICS

The luminescence signal is dominated by the fast OSL
component that can be detected from the fast decay (cf. decay
curve for Laci 1 sample, Fig. 4). However, medium-to-slow
components also occur in some aliquots and this can be de-
tected in the Nereta sample (Fig. 4). Although two growth
curves reveal an acceptable recycling and low recuperation
(Fig. 4), occasionally the limits of both recycling and recupera-
tion were exceeded. The average recycling ratio is 1.01 + 0.004
(n =102) and the average recuperation is 0.8 + 0.2 (n = 102).

DOSE DISTRIBUTION AND AGE CALCULATION

Equivalent dose (D,) distributions for individual samples are
broad; the difference between the lowest and the highest
aliquot D, is 90-290 Gy (Fig. 5). The mean D is 152 + 13 Gy,
131+11,90+8 Gy and 144 + 13 Gy (Laci 1, Laci 2, Nereta and
Kalna Babli, respectively). Whereas the Laci 1 dose distribution
is symmetrical, for the other samples the distributions are either
slightly negatively skewed (Sk = -0.2 at Laci 2) or significantly
positively skewed (Sk = 1.4 and 1.1 at Nereta and Kalna Babli,
respectively; Fig. 5). For all samples, a high overdispersion
(OD) was obtained (42—-46%; Table 2). Both the central (CAM)
and minimum-age model (MAM-3) doses stay in good agree-
ment with mean D, although being slightly younger.

The four final OSL ages (Table 2) obtained from the LLL fall
into three groups that vary between 56 + 6 ka and 112 + 11 ka
(Nereta and L&ci 1), with two results around 90 ka (92 + 9 ka for
Laci 2 and 93 * 10 ka for Kalna Bubli). The CAM and MAM-3
ages, in contrast, show ranges of 82 + 10 ka and 102 + 12 ka
(Laci 1 and 2), and 44 + 10 ka and 84 + 9 ka (Nereta and Kalna
Babli).

INTERPRETATION

The routine tests of assumption i.e. dose recovery test (cf.
Results; Table 1) reveal that the SAR protocol can successfully
measure a given laboratory dose. We are thus confident that
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Table 2
Summary of equivalent doses (D) and ages
: " De % s.e. Age * s.e. | Depth of De ts.e. Age * s.e.
FieldID | LabID n [Gy] [ka] sample | (CAM ** or MAM-3; Gy) | (CAM**or MAM-3; ka) P
Ladi 1 Lund-14051 | 24 152+ 13 112+ 11 4.7 138 £ 14** 102 + 12** -
Lagi 2 Lund-14052 | 24 131+ 11 92+9 9.2 117 £ 12** 82 +10* —
Nereta Lund-14053 | 29 90+8 56 +6 55 70 £ 16 44 £10 0.9
ggg‘l? Lund-14054 | 25 144 £ 13 93+ 10 5.0 130 £ 13 84+9 0.9

* —Lund Luminescence Laboratory, Sweden; ** — samples in which the CAM was used; n — number of aliquots measured to obtain average
D.’s; s.e. — standard error; p — probability values; the most reliable ages are in bold

the good accuracy of each D.’s is produced by the SAR proto-
col. However, a few potential issues need to be addressed.
Water and glacier-transported sediments, due to their
depositional environment, tend to suffer from incomplete
bleaching (cf. Rodnight et al., 2006; Fuchs and Owen, 2008;
Alexanderson and Hakansson, 2014; King et al., 2014; Mehta
etal., 2014). A single-aliquot approach reported evidence of an

asymmetrical D, distribution (cf. Results) that is likely due to the
presence of poorly bleached grains in the sample (Thrasher et
al., 2009). Because the samples from the Nereta and Kalna
Babli quarries have clearly asymmetrical and largely positively
skewed D, distributions (Fig. 5), poorly bleached quartz grains
seem to contribute to the dose here. Considering, however, the
old OSL ages of the deposits, the effect of incomplete bleaching
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is usually expected to be small (Murray and Olley, 2002). Addi-
tionally, the effect of a few poorly bleached grains, in case
where the majority of the grains are bleached, is rather small
(Alexanderson and Murray, 2012).

The overdispersion (OD) value, which reflects the spread of
multiple independent D, estimates from aliquots (Thomas and
Burrough, 2013) can also be used to characterise the
depositional environment. For example, to indicate factors such
as insufficient exposure to sunlight prior to burial (Olley et al.,
1996), post-depositional mixing of grains (Jacobs, 2008), re-
cent erosion from the bedrock (Lukas et al., 2007) or
microdosimetry in heterogeneous and coarse-grained deposits
(Klasen et al., 2007).

In this study, the OD is high compared to e.g. well-bleached
samples (Arnold and Roberts, 2009), and of a very similar value
among the sites (Table 2). This can be explained by a similar
opportunity of sediment bleaching and depositional conditions
and/or source sediments. Combined with the asymmetrical na-
ture of D, with large values of OD of the deposits investigated, a
partial bleaching of their grains cannot be rejected. However,
these ages are based on large aliquot measurements, and thus
even if incomplete bleaching was present, it is likely to be ob-
scured by the effects of averaging between grains (Duller,
2008). The ages suffer from relatively poor precision. This is
likely due to the wide spread of equivalent dose distributions re-
sulting in high OD values. No data on OD are available for simi-
lar sedimentary units at nearby sites, thus hindering a possible
correlation. However, considering the wide spatial distribution
of the sites investigated, such a high OD value in all of them is
thought to be due to the general luminescence nature of the de-
posits investigated, and local factors should be ruled out.
Slightly tighter and more symmetrical dose distributions were
found for the Laci 1 and 2 samples, thus possibly suggesting
their homogeneous bleaching (cf. Murray and Olley, 2002).
Conversely, a wide and symmetrical D, distribution may indi-
cate a large proportion of incompletely bleached grains
(Wallinga, 2002). But whether or not the deposit at the Laci site
is incompletely bleached cannot be resolved at this stage of re-
search. Limited results from the neighbouring Kriminas site
(unpubl. data; Oinonen and Eskola, 2009), however, largely co-
incide with the ages at the Laci site and, therefore, to some ex-
tent argue for a well-bleached deposit at Laci.

Mostly only fast signal components that reset quickly
(Kuhns et al., 2000), and are quick to bleach under optical stim-
ulation (Thrasher et al., 2009), dominate among the samples in-
vestigated (Fig. 4). Although Jain et al. (2003) reported on the
dominance of the fast quartz component in most quartz sam-
ples, some studies, however, showed that sediments could suf-
fer from a lack of the fast component, which results in the pres-
ence of difficult-to-bleach medium-to-slow components (Lukas
et al., 2007). Some of the aliquots from the Nereta sample do
show such medium-to-slow components (Fig. 4) but there is
also a fast signal component present. In the rest of our samples
the fast-signal component seems to be strong.

The MAM statistically selects the aliquots with the lowest
D.'s, thatis, those that were most probably sufficiently bleached
(Wyshnytzky et al., 2015), and in this study provides 9-12 ka
younger ages (Table 2); this is, however, within the error of pre-
sented mean ages. The probability (p) value for the Nereta and
Kalna Bibli samples is high and in these cases the MAM has
produced reliable ages. This is additionally supported by the
D,’s distribution, where the peaks are closer to the MAM value
(Fig. 5). We therefore favour the MAM ages for the Nereta and
Kalna Bbli. Ages obtained from the CAM (for the Laci 1 and 2)
are also younger (10 ka) and within error.

The water content in the deposit influences the dose rate
and hence the final age (Wintle, 2008). If assuming the pres-
ent-day water content as measured in the field (cf. Results) as
an average water content, the age range for the 53-112 ka
samples would be 53-106 ka, where the Laci 2 sample would
keep the same age. Conversely, considering the other extreme
— saturated conditions — the range would become 65-131 ka.
Resulting from this, most ages would be within error of the pres-
ent selected ages and does not change our main conclusions of
the age of the deposits. Only the age obtained from the Laci 1
sample in saturated conditions is within two standard errors of
the original age of 112 + 11 ka. The uncertainties in water-con-
tent estimates thus do not change our chronology significantly.

DISCUSSION

Our new OSL ages complement the Early and Middle
Weichselian history of central Latvia by providing the time when
ice-free conditions prevailed. The OSL ages from the Laci and
Kalna Bubl|i sites range between 84 + 9 kaand 112 + 11 ka and
fall within marine isotope stage 5 (MIS 5). This corresponds to
the Early Weichselian (117-75 ka after Mangerud, 1991, or
115-85 ka after Svendsen et al., 2004) in the North European
chronostratigraphy.

Our findings in Latvia thus support data from Estonia and
Lithuania by showing that during Early Weichselian time the
Baltic territory experienced ice-free conditions at least from
115 ka to 68 ka (Kalm et al., 2011) or from 114.3 + 7.4 to
76.5 + 4.9 ka (Molodkov et al., 2010). The luminescence record
from the Early Weichselian in Latvia is otherwise so far rather
scarce, but the existing data is in agreement with our results.
Lacustrine deposits overlain by Weichselian till in SE Latvia
(Zidini) have been dated by thermoluminescence (TL) to 79 ka
(Meirons et al., 1981). Lacustrine and fluvial deposits from
Subate and Zvidziena (see Fig. 1 for location) revealed an age
range between 92 and 97 ka (Meirons, 1986). Of Early and Mid-
dle Weichselian age are also the glaciofluvial deposits at
Lejaslabini and Cére in northwestern Latvia (ZelCs et al., 2011),
which yielded four luminescence ages of 85 + 5, 42 + 3,
115 £ 10 and 45 + 3 ka. Finally, at the Krimtnas site, located
some 14 km north of the Laci site, sediments were deposited at
a similar time frame (101 = 18 ka and 95 * 15 ka; unpubl. data;
Oinonen and Eskola, 2009).

The OSL age from the Nereta site (44 + 10 ka), on the other
hand, corresponds with the Middle Weichselian (MIS 3). During
the Middle Weichselian a suggested glaciation in Latvia known
as the Talsi stadial (Zelcs and Markots, 2004) could have
reached western and northern Latvia between 68 ka and 54 ka
(Zelcs et al., 2011). Itis most likely that this glacial event did not
extend into the middle and southern part of the study area ac-
cording to local (Zelcs et al., 2011) and regional reconstructions
(Svendsen et al,, 2004). According to modelling of the
Weichselian Ice Sheet advances in the Baltic region by
Holmlund and Fastook (1995), the first glacial advance into the
Gulf of Riga was probably at about 64 ka. It eroded the upper
part of the Eemian and Early Weichselian marine clay contain-
ing Portlandia arctica shells and assimilated these into the low-
ermost Weichselian till unit (Molodkov et al., 1998), which is ex-
posed along the bluffs of the Daugava River Valley in the vicin-
ity of Daugmale, northern CLL (Dreimanis and ZelCs, 1998,
2004).

In combination with the lack of evidence of younger glacial
deposition in the middle and southern plains of CLL, it seems
that no glaciation took place in this part of Latvia between the
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Eemian Interglacial and the Late Weichselian. Between 54 ka
and 24 ka ice-free conditions persisted throughout all Latvia;
this Middle Weichselian interstadial is locally named the
Lejasciems interstadial (Zelcs and Markots, 2004). It is also
suggested from Lithuanian studies that most likely the major
part of the Eastern Baltic was not covered by ice until the Late
Weichselian (Guobyté and Satktnas, 2011). The ice-free pe-
riod in Estonia was from at least 115 to 68 ka during the Early
Weichselian and between 44 and 27 ka during the Middle
Weichselian (Kalm et al., 2011).

During the long interval from the Early Weichselian to the
beginning of the Late Weichselian, favourable conditions could
have existed in central Latvia for the deposition of shallow basin
and fluvial sediments, which have been dated in several locali-
ties elsewhere in Latvia and Lithuania (Satkinas et al., 2009,
2013; Zelcs et al., 2011; Saks et al., 2012). The OSL-dated de-
posits in our study could reflect a similar environment, however,
most of the ages presented in this study, with the exception of
the Nereta sample, do not coincide with those of the other de-
posits (e.g., Saks et al., 2012) of Middle Weichselian age. This
could be explained by the possible erosion of these younger
sediments in the central part of the Zemgale Ice Lobe, which
advanced several times in the Late Weichselian. Glacial ero-
sion was less effective elsewhere; sediments deposited during
the Middle Weichselian are known from other localities in Lat-
via, where glacial erosion was weaker. For example, OSL dates
(Zelcs et al., 2011) from sandy deposits found in an interlobate
position at the Kazoki site (see Fig. 1 for location) and located
on the eastern slope of the Eastern Kursa Upland, adjacent to
the study area, yield ages of 26.9 + 4.4 ka and 29.4 £ 4.7 ka.
These younger, extensively folded and thrusted outwash de-
posits were preserved during the advance of the Zemgale Ice
Lobe; this is most likely due to weaker glacial erosion on the pe-
riphery of the Eastern Kursa Upland.

Finally, ESR dates from Portlandia arctica shells from till in
the banks of the Daugava River, Daugmales Toméni site, pro-
vide additional stratigraphical evidence for Pleistocene deposi-
tion in the CLL (Molodkov et al., 1998). The ESR ages

(86.0 + 6.8 ka, 105.0 + 9.2 ka) support the clear pattern of
ice-free conditions during the Early Weichselian as noted in this
study. This is because P. arctica shells come from Early
Weichselian interstadial marine deposits that were displaced
from their origin in the Gulf of Riga by the Zemgale Lobe during
the last glaciation (Molodkov et al., 1998, Zelcs et al., 2011).

CONCLUSIONS

Our study demonstrates the extent to which luminescence
dating can contribute to deeper understanding of the history of
the largely unstudied sandy deposits overlain by subglacial till of
the Late Weichselian in central Latvia. Three OSL ages from
the area covered by the Zemgale Ice Lobe range between
84 + 9 ka and 112 = 11 ka, corresponding to an Early
Weichselian age (MIS 5), and are supported by unpublished
OSL ages from nearby sites (unpublished data; Oinonen and
Eskola, 2009). The OSL dating results obtained demonstrate
ice-free conditions during the Early and Middle Weichselian,
when deposition of sandy sediments occurred in central Latvia.
We found no Middle Weichselian age deposits in the Central
Latvian Lowland and suppose that they could possibly have
been eroded during the advances of the Zemgale Ice Lobe in
the Late Weichselian, as this area was subject to considerable
glacial erosion. However, Middle Weichselian (MIS 3) deposits
(one sample; 44 + 10 ka) were found in the Nereta Quarry,
which is located in the glaciotectonised ice-marginal succession
next to the interlobate area.
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