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Abstract 15 

In interstadial deposits, sand interbeds gain limited consideration in comparison with organic 

sediments, and therefore tend to be underrepresented in palaeoenvironmental reconstructions. The 

Raunis site, central-eastern Latvia, is an example where organic beds have already gained some 

attention and been used to understand the complex interactions between advance and retreat of the 

Scandinavian Ice Sheet in the region. Sandy interlayers have so far not been investigated in detail 20 

and their time of deposition has also been unknown, therefore exploring these clastic-organic 

sediment alternation is of interest. This study provides a new set of luminescence datings along with 

sedimentological information from the character of individual quartz grains as detected from 

scanning electron microscope (SEM) analysis. Sandy interlayers are dated to between 12 ka and 

122 ka. Fast component OSL signal dominates in all investigated samples, but several samples have 25 

broad and/or skewed dose distributions. Only one sample is considered reliable and provides an age 
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of 12.0±0.6 ka. A radiocarbon age from organic sediments in the same unit yields an age of 

14,025±270 cal y BP. These two dates do not agree within 2 sigma, and this is likely related to 

reservoir and hard water effects of the radiocarbon sample. Sediments at the Raunis site fall into the 

Greenland Interstadial 1 (GI-1), but more detailed specification is not possible. The rest of the OSL 30 

ages are older than expected, likely due to incomplete bleaching during deposition. This means that 

stratigraphic reliability of this key site is likely hampered for further regional correlation.  

 

Key words: clastic interbeds, optically stimulated luminescence (OSL) datings, scanning electron 

microscopy (SEM) 35 

 

Introduction 

Identification and dating of sub- and intra-till deposits that formed during interglacial or interstadial 

conditions can be used to infer climatic changes and glacier oscillations. Interglacial or interstadial 

organic sediments usually receive much attention (Battarbee 2000), since they are suitable for 40 

radiocarbon dating and for detailed microfossil and geochemistry-based environmental 

reconstructions. However, clastic interbeds are also important for establishing Quaternary 

stratigraphy and have been key components in identifying and dating ice-free periods in many areas 

(Houmark-Nielsen 2010; Alexanderson et al. 2014; Lunkka et al. 2015; Möller and Murray 2015). 

However, these sand interbeds have gained a limited attention in palaeoenvironmental studies. 45 

At Raunis in central-eastern Latvia (Figure 1), alternating organic and clastic sediments form a 

nearly 3-m thick sediment succession exposed in a river cut. The organic deposits have been 

interpreted to represent a pre-Bølling warm interstadial, the Raunis interstadial (Bitinas 2012). This 

interstadial is traditionally considered as a marker in the Late Glacial interval (Pirrus and Raukas 

1996; Raukas 2009), and has been used to understand the complex interactions between advance 50 

and retreat of the Scandinavian Ice Sheet (SIS), with an emphasis on the age of the oldest (=Haanja) 

Late Glacial Estonian end moraine zone (Kalm et al. 2011). Sediments and events from outside the 
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Baltic area have also been correlated with the so called Raunis Interstadial, for example in the 

Central Russian Upland (Rivals et al. 2018; Sycheva et al. 2016), in the Ural Mountains (Potapova 

2001), the New Siberian Islands (Anisimov and Tumskoy 2002), the Caspian Sea (Oglu Aleskerov 55 

et al. 2010), the Pannonian Basin (Vandenberghe and Sidorchuk 2020), and the Black Sea (Major et 

al. 2002). Raunis is therefore a key section, particularly for the south-eastern Baltic region (Bitinas 

2012) and a well-defined age for the sediments is of importance.  

In this study, we focus on the clastic beds at Raunis for age determination and palaeoenvironmental 

reconstruction. The Raunis organic sediments (unit 2 in this study) have previously been subjected 60 

to numerous attempts of radiocarbon dating, giving contradictory results. We use optically 

stimulated luminescence (OSL) for the first time to date sandy beds that occur in this section, 

combined with a single new AMS radiocarbon dating of a silty organic-rich horizon that has already 

gained large attention (see Previous studies). We use this and existing radiocarbon dates from the 

Raunis section for independent comparison of OSL ages. Additionally we focus on clastic sediment 65 

properties such as the character of individual quartz grains as detected from scanning electron 

microscope (SEM) analysis. These sediment characteristics are used to assess sediment 

transportation and deposition to trace possible sediment origin. The overall research questions are: 

(1) When did the sand deposition take place?, (2) Where did the sand originate?, and (3) What do 

the new data tell us about the palaeoenvironment at Raunis? 70 

 

Location and general geological situation 

Raunis (57.17’35.4” N, 25.25’59.6” E, 130 m a.s.l.) is situated 9 km east-south-east of the town of 

Cēsis, within the northern part of the Vidzeme Upland in central–north-eastern Latvia (Figure 1a). 

The section is located on the eastern bank of the River Raunis, which occupies a former ice-75 

moulded depression at the north-west foot of the Upland (Zelčs and Markots 2004) and documents 

the Raunis paleolake (Figure 1b). The site is located between the Augstroze Interlobate Area and 

the Sakala Interlobate Upland (Figure 1b), and this upland-lowland alternation, along with the 
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present-day topography of Latvia, is due to the oscillatory retreat of the Late Weichselian 

Scandinavian Ice Sheet and its ice lobes (Zelčs and Nartišs 2014). The northern foothill of the 80 

Vidzeme Upland, which was located in the Rīga-Peipsijärv interlobate area during the Late 

Weichselian, was exclusively shaped by the Burtnieks ice lobe with its numerous ice tongues: the 

Amata, Abuls and Rauna (Zelčs and Markots 2004), and this latter lobe is likely responsible for 

glacial deposition in the Raunis area.  

The Vesselava end-moraine inner margin, belonging to a chain of the Linkuva ice-marginal zone 85 

and the Rauna ice tongue, is located only a few kilometres to the south-east from Raunis, followed 

by the Dzirnupe–Upper Vaive meltwater drainage valley and the Mežole Hilly Area (Figure 1b). 

Dates from the Linkuva zone reveals a wide distribution between 15.4 10Be and 12.0 10Be ka (Zelčs 

et al., 2011) that corresponds to c. 17.5 and 13.7 recalculated 10Be ka ages (Hughes et al, 2016). So 

far no attempts to narrow this age span have been made. Recent compilation reconstructions of the 90 

deglaciation of the Fennoscandian ice sheet place the deglaciation of the Raunis area at c. 15 ka 

(Stroeven et al. 2016) and c. 16 ka (Hughes et al. 2016), respectively. 

In general, three lithological units can be visually distinguished at Raunis, and these are two diamict 

units (1 and 3) with organic sediments (unit 2) in between (Figures 2a, 3 and Table 1). Details on 

them are given in the following sections.  95 

 

Previous studies 

Several radiocarbon ages from the organic sediments (unit 2, Figures 2A-B and 3) at Raunis are 

available from previous studies (see Figure 1b for sites location). The silty organic-rich horizon, re-

dated in this study (AMS sample in unit 2, Figures 2a and 3), has so far received the most attention 100 

in terms of dating (Table 2). The very first radiocarbon dating attempts of the Raunis section in the 

1960s gave an age of 16,086±1552 cal y BP (13,390±500 y; Mo-296; Vinogradov et al. 1963), 

which agrees with dating results of remains of Sphagnum and green mosses (Ta-177; 15,862±493 

cal y BP; 13,250±160 y) obtained by Punning et al. (1968). A later conventional radiocarbon date 
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resulted in a similar age of 16,024±753 cal y BP (13,320±250 y; Ri-39; Stelle et al. 1975a, 1975b). 105 

Significantly younger ages of 12,598±509 cal y BP (10,780±220 y; Ri-5) and 12,116±927 cal y BP 

(10,400±370 y; Ri-5A) were obtained by Zobens et al. (1969). Dating of deformed and partially 

disrupted peat at a depth of 0.75-1.5 m gave a result of 8,837±198 cal y BP (8,020±70 y; Zelčs and 

Markots 2004). Later ages reported by Raukas (2009) cover the Early Holocene time span with 

results of 10,478±217 cal y BP (9302±83;Tln-2319) and 10,401±156 cal y BP (9227±70 years; Tln-110 

2322), which coincides with the pre-Boreal time frame as reported by Jakubovska and Stelle (1996) 

and Stelle et al. (1999). Finally, the latest datings as provided by Amon (2011; unpublished data) 

gave two ages of 13,197±127 cal y BP and 13,266±140 cal y BP (11,350±70 y, Poz-38330 and 

11,420±60 y; Poz-38331, respectively). 

Along with radiocarbon dating, numerous palaeobotanical study were carried out, stating that a 115 

rapid succession from an open subarctic to boreal vegetation took place during the deposition of the 

organic beds (Ceriņa et al. 1998b, 1998a; Ceriņa and Kalniņa 2000), and flora constituents argue for 

a Late Glacial origin (Kalniņa et al. 2011). Finally, clastic sediment studies of the overlying 

diamicton revealed a limited horizontal extent (Ceriņa et al. 1998a, b). Together with fabric 

orientations unrelated to glacial movement, this suggests that the diamicton is not of glacial origin, 120 

but is the result of slumping and/or redeposition (cf. Danilans 1973). 

 

Material and methods 

 

Sedimentology 125 

All visible clastic horizons or lenses thicker than 7-8 cm were subjected to sampling at the Raunis 

site, resulting in nine sediment samples of 300–400 g each (labeled as R1-R9, Figs. 2A, 3; Table 1), 

except of sample R3, where only ca. 50 g of material was collected due to the relatively thin sand 

horizon. In the laboratory, this material was subsampled and ca. 150–200 g material (50 g for R3 

sample) was mechanically dry sieved to obtain the 0.5–1.0 mm fraction for further SEM analysis. 130 
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A total of 180 quartz grains (20 grains/sample) were analysed by SEM (Zeiss EVO MA 15) at the 

Department of Geology, University of Tartu, Estonia. Grains were randomly selected and placed on 

SEM stubs without prior coating, and further pictured at ca. 100x magnification for a general grain 

outline and ca. 400–1500x to distinguish microtextures, following recommendations of Mahaney 

(2002). Later, the semi-quantitive approach partially following Vos et al. (2014) was used, where 135 

microtextures were grouped depending on their frequency as follows: >75% – abundant 

(occurrence); 50–74% – common; 26–49% – moderate; 6–25% – sparse; <5% rare, and 0% – not 

observed.  

 

Optically stimulated luminescence and radiocarbon dating 140 

Eight samples were OSL dated from units 1-3 and labelled as Lund-16001-08 (Figures 2A, 3 and 

Table 2). These samples correspond to some extent with above mentioned R1-9 samples, except of 

sample R3 (unit 3a). Here, no OSL sample was obtained (but 50 g for SEM analysis, see 

Sedimentology), since the sand lens was too thin. Sediments for OSL dating were obtained from the 

pit by hammering plastic tubes into a clastic sediment horizon. After recovering the tube, both ends 145 

were instantly capped to prevent light exposure.  

Sample preparation and OSL measurements took place under subdued red light at the Lund 

Luminescence Laboratory, Sweden. At first, the samples were wet sieved to recover the fraction of 

either 180–250 µm or 63–90 µm, depending on the sediment grain-size distribution. This latter 

fraction is particularly relevant to the Lund-16001 sample, where the amount of medium and fine 150 

sand was low, contrary to abundant very fine sand fraction. Sediment in the ends of the tubes (ca. 

30 mm) was removed due to the possibility of uncontrolled bleaching during sampling, and further 

used for measurements of dosimetry and moisture content.  

Sieved fractions were dried and chemically treated with 10% hydrochloric acid (HCl), 10% 

hydrogen peroxide (H2O2) and heavy liquid (LST Fastfloat, ρ=2.62 gcm-3) to remove carbonates 155 

and organics and to separate quartz from lighter minerals including K-feldspar. After this, quartz 
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extracts were treated with 38% hydrofluoric acid (HF) and again by 10% HCl. All samples, except 

Lund-16001, were dry re-sieved to remove any <180 µm grains. All equivalent dose measurements 

were performed on large (8 mm) aliquots of quartz utilizing a Risø TL/OSL DA-20 reader with a 

90Sr/90Y beta radiation source. Initial IR-tests showed that most samples were affected by significant 160 

feldspar contamination (infrared/blue signal ratio >10%), particularly Lund-16004 and 16008. Post-

IR blue stimulation (Banerjee et al. 2001) was therefore used for dose determination, except for  

samples 16004 and -08, which were measured with pulsed stimulation (Ankjærgaard et al. 2010). 

Dose recovery ratios at different preheat temperatures along with standard preheating plateau test 

were measured for three aliquots per temperature for the Lund-16003 sample. Altogether 15 165 

aliquots covered the temperature range between 180 ºC and 260 ºC with an interval of 20 ºC. As a 

result, a preheating temperature of 200 ºC, with a 180 ºC cutheat was chosen. The single aliquot 

regeneration protocol settings (Murray and Wintle 2000, 2003) were tested with dose recovery tests 

for all samples and the mean measured/given dose ratio (0.96±0.0975; n=24) show that the protocol 

can retrieve a given dose. The luminescence signal was obtained from channels 1 to 5 (=the first 0.8 170 

s) for the peak, and channels 6 to 10 (=the next 0.8 s) for background. Aliquots were accepted if the 

recycling ratio was within 10% of unity and test dose error ≤10%. For samples 16001, -04, -05 and 

-07 the dose showed a significant dependence on apparent feldspar contamination and an additional 

rejection criterion based on the ir/blue ratio was used. Dose calculation was done by exponential 

curve fitting in Risø Analyst v. 4.31. The central age model (CAM) was applied, and, the minimum 175 

age model (MAM) with three parameters (Galbraith et al. 1999) was also used where recommended 

according to the Arnold et al. (2007) decision protocol for single aliquots. Only MAM-3 doses with 

p-values close to 1 were accepted. 

Subsamples from one tube end were subjected to dose rate measurements. This part of the material 

was first dried at 105ºC for 24h, then ashed at 450ºC for 24h, mechanically ground and finally, cast 180 

in wax in a defined geometry. Casts were further stored for at least 3 weeks and radionuclide 

concentrations were measured using high-resolution gamma spectrometry at the Nordic Laboratory 
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for Luminescence Dating, Denmark (Murray et al. 1987). The environmental dose rate was then 

calculated using the DRAC online calculator (Durcan et al. 2015). 

Sediment from the other end of the tubes was weighed and considered to represent the natural water 185 

content. After 24h of saturation in water the saturated water content was measured as weight of 

water per dry mass (weighed after 24h of 105 ºC drying). The natural and saturated water content 

ranges between 2% and 70%, and both these values are unlikely as long-term water content. 

Therefore, a value somewhere between saturated and natural water content must considered as life-

time average burial water content. Our natural water content measurement, as measured on separate 190 

samples taken in the winter season, varied between 10% (sample Lund-16002) and 45% (Lund-

16001), and these values were considered as representative of a long-term water content and 

accordingly implemented into the age calculation.  

In addition to the OSL dating, one bulk silty organic sample (AMS in unit 2, Figs. 2A, 3) was 

collected for AMS radiocarbon dating, as performed at the Radiocarbon Dating Laboratory, Lund 195 

University, Sweden, and further calibrated using IntCal 4.3 (Ramsey 2017).   

All existing radiocarbon ages of Raunis were recalibrated using Oxcal 4.3 (Ramsey 2017) to make 

them comparable to each other and suitable for comparison with OSL ages. The calibrated ages are 

used in the text and provided in Table 2 along with their uncalibrated versions.  

 200 

Results 

 

General sediment characteristics 

At Raunis section, two brownish diamict beds constitute the bottommost (unit 1) and uppermost 

(unit 3) part of the profile. The two beds are folded. Distinction between unit 3a and b was apparent 205 

from sediment deformations that occur in unit 3b, but are absent in unit 3a. Between unit 1 and 3 a 

complex alternation of numerous yellowish and brownish sandy horizons and lenses with sandy 

peat-gyttja-clay layers occurs (unit 2; Figures 2a–g and 3). The clastic components in unit 2 
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constitute in general massive or vaguely laminated sand horizons and lenses (Figure 2 c–e). 

However, a closer inspection reveals reverse grading, randomly distributed pebbles (Fig. 2B; F–G), 210 

and clayey intraclasts (Figure 2b-e). Contacts between organic components and sand components 

are either sharp or gradual (Figure 2 c–d). Additionally, small faults (up to few tens of centimetres 

displacement) along with sediment deformations occur occasionally in unit 2 (Figure 2B; e–g). 

 

Grain characteristics in SEM 215 

Subangular grains are the main constituents of sand deposits in all three units (Figure. 4 and 5a, b), 

followed by rounded grains (Figure 4 and 5c). Angular grains (Figure 5d) occur sparsely, rarely or 

are absent except for R5 (Lund-16006), where angular grain occurrence is moderate, and strongly 

accompanied with, for example, flat cleavage surfaces (Figure 5e) and big (>100 µm) conchoidal 

features (Fig. 5f). Among the microtextures of mechanical origin crescentic marks dominate (Figure 220 

5g, h), generally followed by differently-sized conchoidal features (as mentioned), V-shaped 

percussion marks (Figure 5i) and arcuate (Figure 5j) and straight steps (Figure 5k). Nevertheless, 

the general pattern is that rounded grains are associated with V-shaped marks and dull surfaces (i.e. 

samples R1, R4, R6-8). This dullness occurs on many grain surfaces (Figure 5l, m). Many grains 

also carry microtextures of chemical origin such as solution pits and crevasses, which occur on 225 

grain surfaces mostly accompanied by silica precipitation (Figure 5l-m). Occasionally, these pits are 

oriented (Figure 5n). Particularly, R8 and R9 reveal numerous grains with low relief (Figure 5o). 

This is in contrast with R1, 4 and 5, where practically no low-relief grains have been observed in 

the sediments, but rather moderate relief, along with some high relief grains (Figure 5p). 

 230 

Luminescence and radiocarbon dating 

The OSL samples have a sensitivity of 45-190 counts Gy-1, meaning that samples are dim or fairly 

dim, which prevented measurement of small aliquots. The mean equivalent doses present a wide 

range between 33±2 Gy and 208±16 Gy (Table 3), and some of the aliquots with high doses are 
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close to or at saturation. The environmental dose rates vary between 1.49±0.10 Gy ka-1 and 235 

2.70±0.08 Gy ka-1 . The resulting ages range from 12.0±0.6 ka to 122±9 ka, with the majority 

between 59 ka and 27 ka (Table 3). In some cases, the value of the overdispersion (OD) is high, 

between 40±6% and 60±8.5% (samples 16002, -03, respectively; Table 3). The dose distribution of 

four samples is skewed with skewness values between 0.62 (sample 16002) and 4.69 (16003); for 

these the MAM3 was applied, but it provided reliable results for only two of the samples (16002, 240 

03). The MAM3 ages are preferred for these samples, but overlap the CAM ages within error (Table 

3). The AMS radiocarbon dating gives a result of 14,025±270 cal y BP (LuS 13695; Table 2). 

 

Discussion 

 245 

Depositional environments  

Sedimentary structures along with the shape and surface texture of quartz grains provide excellent 

information about their history and depositional environments (Alhazza et al. 2019; Costa et al. 

2017; Kalińska-Nartiša et al. 2016a, 2018; Mahaney et al. 2004; Woronko 2012; Miall 1985). In 

this section, samples are discussed according to their possible origin. Since aquatic quartz grain 250 

origin prevails in most of the investigated samples, these samples are discussed first. Glacial grain 

origin is minor and appears only in grains of the sediment sample R5 (Lund-16004; Figs. 2, 5e). 

Five samples carry a low feature intensity of their quartz grains, and are therefore likely related with 

a low-energetic aquatic depositional environment. These are samples R1 (=Lund-16001), R2 

(=Lund-16002), R3, R4 (=Lund-16003) and R9 (=Lund-16008). Similarly, massive or vaguely 255 

laminated sand horizons as observed generally within unit 2 (samples R1 and R2) are from low-

energy water conditions. Studies of the organic sediments at Raunis (Ceriņa et al. 1998b, 1998a; 

Ceriņa and Kalniņa 2000) point at lake deposition, and the scarcity of microtextures on grains from 

samples R1 and R2 support this. On the other hand, inverse grading occurs sometimes in these sand 

layers, which means that the coarser grains preferentially roll over finer grains (cf. Phantuwongraj 260 
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et al., 2013) and environmental energy increased with a time (Weckwerth, 2018). 

Sandy material from samples R8 and R9 (Lund-16007 and -08, respectively; Figs. 2A, 3) carries the 

lowest number of quartz grains with high surface relief among all investigated samples, and grains 

have practically no fresh conchoidal features. Because the grain surface is dulled, sediment 

deposition took place under aquatic conditions (Widdowson 1997; Kalińska-Nartiša et al. 2017a) of 265 

low energy and/or long distance. Nevertheless, fluvial collision contributed to their shaping, 

because numerous crescentic marks occur (Vos et al. 2014). Importantly, in case of sample R9, a 

glacigenic grain record with high pressure fracturing such as straight and curved grooves and 

chattermarks (Kar et al. 2018; Mazumder et al. 2017) should be expected due to the proximity to 

unit 1, which has been interpreted as a basal till bed by Zelcš and Markots (2004). Instead, these 270 

grains originate from an aquatic environment of relatively low energy. This may point at reduced 

shear stress in the glacier (Mahaney 2002), due to limited thickness (Mahaney et al. 1996), or ice-

marginal conditions with limited time to produce high stress microtextures (Kalińska-Nartiša et al. 

2017a, b), or not directly glacial, but, for example, (glacio)lacustrine depositional environment, 

which is at odds with the interpreted till origin of unit 1 (Zelcš and Markots 2004). Since this till 275 

bed has so far not been studied in detail, we lack sufficient information for further interpretation. 

Our grain data from unit 3 do not provide conclusive evidence in either direction. A pseudoglacial 

origin, related to slope processes and redeposition as already suggested earlier (Danilans 1973; 

Zelcš and Markots 2004) may be supported by sample R7 from sand interlayers in unit 3b. Sample 

R7 carries non-glacial, aquatic grains with the highest number of V-shaped percussion cracks, 280 

meaning that aqueous environment must have been high energetic (Gobala krishnan et al. 2015; 

Mahaney 2015; Margolis and Kennett 1971), and likely related to turbulent meltwater. On the other 

hand, sample R5 (Lund-16004), also from unit 3, is the only sample that carries a glacial quartz 

grain record, where subangular and angular grains with fresh conchoidal features, steps and some 

deep grooves dominate, as typical for glacial environments (cf. Hart 2006).  285 

Sample R7 carries aquatic grains with the highest the highest number of V-shaped percussion 



Authors’ accepted manuscript (revised version after peer review, prior to journal layout and proofs) 

cracks, meaning that aqueous environment must have been high energetic (Gobala krishnan et al. 

2015; Mahaney 2015; Margolis and Krinsley 1971), and likely related to turbulent meltwater.  

Among all investigated clastic horizons, only sample R5 (Lund-16004) from unit 3a carries glacial 

quartz grain record, where subangular and angular grains with fresh conchoidal features, steps and 290 

some deep grooves dominate, as typical for glacial environments (cf. Hart,2006).  

 

Chronological record of sandy and organic horizons 

A total of eight OSL samples were dated from sandy horizons and lenses at Raunis section, and 

these dates are generally older than expected from previous studies. Most of the obtained ages fall 295 

in the Middle Weichselian/MIS 3 (59-27 ka) and one is apparently of last interglacial age (122±9 

ka; 16002). If taken at face value, the ages are not in stratigraphic order (Figure 2) and a careful 

evaluation of the data is therefore required.   

In general, we consider our OSL data as technically correct, since a fast OSL signal component 

dominates (Figure 7) in all investigated samples and standard methodological criteria (Murray and 300 

Wintle 2000, 2003) are fulfilled. However, there are some issues that complicate matters, and lead 

us to the consider only one out of the eight ages to be reliable. These issues are 1) incomplete 

bleaching, 2) saturation and 3) dose rate, and these are further discussed below.  

Based on the interpretation of the depositional environment of the sampled sediments as discussed 

above (cf. Danilans 1973) there is a risk that these sandy sediments might not have been properly 305 

bleached while deposited. Problem of poor sediment bleaching in some depositional environments 

have been already raised, for example by Weckwerth et al. (2012), and in the Baltics region, this 

seems to be a serious case in glacial-related sediments (Kalińska-Nartiša et al. 2016b, 2015; Raukas 

et al. 2010; Lamsters et al. 2017). 

The effect of incomplete bleaching can be assessed in different ways, for example by analysing 310 

dose distributions of individual samples (Bailey and Arnold 2006) or stratigraphic consistency of 

multiple samples (Banerjee et al. 2001). In this study, the stratigraphic order is broken by the ages 



Authors’ accepted manuscript (revised version after peer review, prior to journal layout and proofs) 

from unit 2, which include both the youngest (12.0±0.6 ka, 16001) and the oldest (121.6±8.6 ka, 

16002) age. With its non-skewed dose distribution and low overdispersion we argue that sample 

Lund-16001 (12.0±0.6 ka) is the most reliable among the eight OSL-dated samples. If we assume 315 

that sample 16001 from unit 2 is correct, the ages from the overlying unit 3 as well as the other age 

from unit 2 must all be too old. The dose distribution data, though limited by the averaging among 

grains that occur for large aliquots (Duller 2008), support this interpretation. Four of the samples 

(Lund-16002, 03, 05 and 06) do have significantly positively skewed dose distributions, which we 

interpret as caused by incomplete bleaching. Additionally, the overdispersion (OD) is larger than 320 

for well-bleached samples (Arnold and Roberts 2009) for all samples (Figure 6), except Lund-

16001 (16±3.4%), though high OD values may have other causes than incomplete bleaching only 

(Zhang et al. 2003). Samples 16004 and -08, in particular, have very wide dose distributions, 

covering a range of >200 Gy (Figure 6), leading to large uncertainties for the equivalent doses.  

The Minimum Age Model (MAM-3, Galbraith et al. 1999) was applied to the four samples with 325 

skewed dose distributions to identify the youngest, thus likely better bleached dose population to 

provide a more accurate age. However, the MAM-3 provides reliable results only for two samples 

(16002, -03), both of which overlap with the corresponding CAM age within 1-2 σ. For the other 

samples probability (p) values are very low, meaning that ages obtained from the MAM-3 are not 

reliable and that we cannot account for the effect on incomplete bleaching in a good way. 330 

Interestingly, and partly contradictory, the grouping and overlap within errors of ages within units 

or sub-units (16003+04 (3a) and 16006+07 (3b); Figures 2, 7 and Table 2) could be used as support 

for the accuracy of these ages. However, there is still an age inversion from unit 2 to unit 3. A 

possible explanation for this is that the timing of the last exposure to light, which the OSL ages 

record, is not the timing for the last deposition for the unit 3 sediments, which are interpreted as 335 

deposited in glacial environments and/or being reworked (see above). These OSL ages would in 

that case reflect an earlier event, and only provide maximum ages for the deposition of unit 3.  

Saturation is another issue to consider for reliable dose determination, and if present would imply 
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that the ages are minimum ages only. Quartz typically saturates at around 150 Gy (Chapot et al. 

2012; Timar-Gabor et al. 2010) and four of our samples have mean doses higher than this (16002, -340 

03, -04 and -08; Table 3). However, looking at individual aliquots, there are not many of them that 

have equivalent doses larger than 2D0 and thus should be considered at or close to saturation 

(Wintle and Murray 2006). For sample 16002 it is five of the accepted aliquots, for samples 16003 

and 16004 only one out of a total of 31, 27 and 36, respectively. Saturation, and the risk of the ages 

being minimum ages, is therefore not regarded as a problem for these samples.  345 

The environmental dose rate is an important part of the luminescence age calculation and errors in 

its estimation can result in erroneous ages, either too young or too old. For the Raunis samples, 

there are two aspects of the dose rate estimation that lead to the main uncertainties: water content 

estimates and sediment heterogeneity.  

The value for sediment water content that goes into the age equation is the average water content 350 

since time of deposition, which is difficult to estimate. A discrepancy of 1% from the true water 

content over time results in a 1% deviation from the true burial age (Kenzler et al. 2016), with 

higher water content making the age older and vice versa. We have used the field water content and 

the saturated (maximum) water content as limits for the probable average water content and 

estimated a likely value in between these, based on the sediment and its setting (Table 3). If we 355 

instead choose to use the field water content or the saturated water content as average water content, 

the ages remain within 2σ of the chosen value for all samples but two (16001 and -04) and are thus 

not statistically significantly different. For sample 16001 the discrepancy is at least partly due to the 

high saturated value (70%), which is caused by the presence of organic matter in the bed. From the 

topographic setting and geological history of the sediments, we consider water contents close to 360 

saturation as unlikely for average water content and, consequently unlikely that the ages are 

overestimated due to this.  

The sediments at the Raunis section are heterogeneous, with interbedded clay, sand and gyttja (Fig. 

2). We have sampled the sandy beds for OSL-dating, but these beds are quite thin and the quartz 
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grains in them will thus be exposed to radiation also from surrounding beds, which may be 365 

lithologically different. Our background samples, which were used for gamma spectrometry and 

determination of the sediment dose rate, mainly consist of sand, with little representation of e.g. the 

clayey beds. Though most of the irradiation still comes from the near distance to the sample, i.e. 

within the sand, and there also is similar sand in beds above and below the sampled bed, this adds 

uncertainty to our ages, particularly to those from the thinnest sand beds (16002, -03). However, we 370 

estimate the effect to be limited, though not necessarily insignificant.  

Summing up, we consider the effect on incomplete bleaching to be the largest problem for the set of 

OSL ages from Raunis. Mainly on the basis of the character of their dose distributions (skewed 

and/or wide), we must disregard the ages from most of the samples (16002-06 and 16008). Samples 

16001 and 16007 are from a methodological perspective considered the most reliable ages, but they 375 

are not in stratigraphic order (Table 3) and so both cannot be true depositional ages.  

Of the two, we favour sample 16001. For this sample from unit 2, dated to 12.0±0.6 ka, there is 

independent chronological data to compare with and which supports its young age. Unpublished 

AMS datings, from the same unit, of ca. 13,300–13,200 cal y BP, provided by Amon (2011), 

indicate that the organic horizons accumulated in the warmest part of the Allerød at 13,000–12,700 380 

cal y BP (Veski et al. 2012). Our new, single radiocarbon age suggests that organic deposition took 

place 700–800 years earlier at 14,025±270 cal. y BP, which falls into end of the Bølling warming 

(Lowe et al. 2008; probably analogous to Greenland Interstadial 1e – GI-1e, cf. Cook et al. 2018). 

None of these dates correspond within 1 σ, but within 2 σ, to the OSL age, coming from a sand bed 

just below the organic beds in unit 2 (Figure 3). It is widely accepted that age inversion within 1-2 385 

σ, as in this study, most likely does not show a statistical difference, thus may be considered as 

identical (cf. Halfen et al. 2012). Nevertheless, we can discuss possible reasons for the difference. 

Causes for the luminescence results being slightly too young could be dose rate uncertainties as 

discussed above. Too old AMS radiocarbon ages could be related to reservoir and hard water 

effects, as also observed in a regional studies by Koff and Terasmaa (2011), Poska and Saarse 390 
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(2002) and Stivrins et al., (2016), and which our bulk sediment sample would be easily subjected to. 

 

Raunis stratigraphy and context 

Numerous stratigraphic schemes and concepts have been applied to the climatic fluctuations of the 

Late Glacial (analogous to Greenland Interstadial GI-1 and up to Greenland Stadial GS-1; (Cook et 395 

al. 2018; Heiri et al. 2014; Rasmussen et al. 2014). Some of these concepts raise much confusion 

(see for details de Klerk 2004), and the Raunis Interstadial clearly belongs to this group. First 

mentioned by Savvaitov and Straume (1963) and Savvaitov et al. (1964), this interstadial was used 

as evidence for an early warm period prior to the Bølling (likely analogous to Greenland Interstadial 

GI-1e), which according to Dreimanis (1966) is correlated with the Susacá Interstadial as also 400 

observed by Van der Hammen and Vogel (1966) in South America. The Raunis section is 

controversial and numerous scenarios have so far been suggested (see Earlier age determination and 

sediment study). The Raunis section carries a number of deformed and overturned organic and 

clastic beds, which raised the question whether this organic horizon may be possibly a raft of 

interstadial/glacial sediments glacially thrust from the buried Raunis valley (Dreimanis and Zelčs 405 

1995). 

Following all these assumptions along with radiocarbon dating results from previous studies and 

this study, we expected a Late Glacial time frame of the OSL ages from sediments from the same 

unit (unit 2, sample 16001) and above (unit 3, samples 16002-07) the organic complex, and likely 

an age older than the Late Glacial of the underlying sediments (unit 1, sample 16008). This is partly 410 

true: unit 1 is dated to the Middle Weichselian (59.2±6.9 ka) and both the organic horizon and sand 

horizon of unit 1 have ages falling into Greenland Interstadial 1 (=likely Late Glacial). However, a 

more detailed correlation is hampered by the resolution of the ages and the problems with 

incomplete bleaching, as discussed above. Trusting only one of the OSL ages (16001) and the new 

radiocarbon age, we can therefore only reliably discuss the chronology of Raunis unit 2. 415 

Unit 2 consists of sand-gyttja beds with organic horizons, and it is dated to 12.0 ± 0.6 and 121.6 ± 

8.6 ka by OSL and to 14,025±270 cal. y BP by radiocarbon. As discussed above, we consider the 
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young OSL to provide the most accurate age. This OSL result correlates with the onset of the 

Younger Dryas cold period (Van Hoesel et al. 2014), which is at the transition between Greenland 

Interstadial 1a and Greenland Stadial 1 (GI1; Rasmussen et al. 2014). The sedimentary record 420 

clearly argues for lake deposition as seen through the occurrence of gyttja and quartz grain 

microtextures such as dulled grains surfaces. Such surfaces, with a limited number of mechanical 

features, indicate a low-energy aquatic environment. In this time frame aeolian activity took place 

in the territory of Latvia, and particularly at 12.8–12.3 ka aeolian sedimentary structures and 

landforms developed (Kalińska-Nartiša et al. 2016b). Nevertheless, no quartz grains with aeolian 425 

imprint have been found in the lake unit. The other sample from Unit 2 (R2/16002) likewise has 

grain characteristics of a very low energetic environment, but its age is vastly overestimated 

compared to sample 16001. At the current state of this study, we do not observe any relation 

between bleaching characteristic and quartz grain surface character. Closer inspection may reveal 

higher grain relief and microtexture frequency in case of the well-bleached sample R1 (16001) 430 

comparing with the rest investigated samples. However, this requires future attention. Generally this 

sample, which appears fine, does not sedimentologically differ from the others. This clearly shows 

that there are no clear rules while using luminescence methods in some sedimentary settings and 

localities.  

Since no reliable ages were retrieved from units 1 and 3 we only briefly speculate about their 435 

absolute chronology and sedimentary context. Unit 1 is underlying the 12-14 ka old Unit 2 and is at 

face value dated to 59.2±6.9 ka (16008, Table 2). This is in stratigraphic order and its apparent age 

would fall close to the boundary of marine isotope stages 3 and 4 (MIS 4/3), and the Middle 

Weichselian glaciation (60-50 ka) in northern Eurasia (Svendsen et al. 2004). At Raunis, the 

sedimentological information from the quartz grains suggests a low-energy aquatic environment, 440 

but previous studies (Zelčs and Markots, 2004) considered unit 1 to consist at least partly of till, 

making the age reasonable in the context, though still methodologically unreliable. We can 

therefore only conclude that Unit 1 is older than 12-14 ka. 
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Quartz grains from the sand lens in unit 2 dated to 121.6 ± 8.6 ka (sample 16002) have similar 

characteristics of a very low energetic environment, which is clearly supported by a lack of V-445 

shaped percussion marks. However, the 122 ka is likely a vast overestimate (see above), and 

sediment deposition likely took place at around 12 ka. On the other hand, accepting a date of 122 ka 

would support the idea of Dreimanis and Zelčs (1995) about a possible raft of glacial sediments and 

thrusted from the buried Raunis valley. 

Unit 3, overlying Unit 2, should be younger than 12-14 ka, but ages are significantly older: 34-49 ka 450 

for unit 3a and 27-30 ka for unit 3b. The sedimentary evidence suggest that these sediments may 

have been reworked, for example by slumping as suggested by Danilans (1973), where no light 

exposure took place and the dated sediment would therefore be expected to be poorly bleached or 

even unbleached during its most recent deposition. The broad and skewed dosed distributions and 

the age overestimation compared to the underlying unit supports this. Considering the 455 

topographically lower location of the Raunis along with a proximity of the Vesselava end moraine, 

slumping material may had originated from this, and the one age from Unit 3 that is considered 

technically reliable (16007; 27 ka) is interpreted as a maximum age of the deposition of the unit. 

 

Conclusions 460 

In this study, the clastic beds at Raunis, central Latvia are subjected to age determination and 

palaeoenvironmental interpretation for the first time, and we distinguish three units, which we 

discuss and place in a regional context. Fast component OSL signal prevails in all investigated 

samples, but equivalent dose distributions reveal large overdispersion and significant skewness for 

several samples. Therefore, it is likely that most OSL ages suffer from incomplete bleaching and 465 

apparent age overestimation and only provide a maximum age of sediment deposition. The most 

reliable OSL age, 12.0±0.6 ka, from unit 2 just corresponds within 2 sigma with a new AMS result 

(14,025±270 cal y BP), from an adjacent organic horizon from the same unit. The OSL date may be 

slightly too young or the AMS date slightly too old. We consider the OSL age to be most accurate, 

and that the radiocarbon age appears slightly too old due to reservoir and hard water effects, which 470 
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are known from the region. 

The lowest unit, Unit 1, has an OSL age of c. 59 ka and reveals sediment deformation and likely 

subglacial deposition with a limited shear stress, because sand quartz grains suggests a record of a 

low-energy aquatic environment on their surfaces. The age is considered unreliable and the unit .  

Unit 2 consists of sand-gyttja alternation, and clearly points at lake deposition. Observed quartz 475 

grains have dulled surfaces with a limited number of mechanical features. This unit is dated to 14-

12 ka, meaning that organic-sandy sediments were generally accumulated during the Greenland 

Interstadial 1 (GI-1). Another sand lens reveals an unreliable OSL age of 122 ka. 

The top unit, unit 3, has been reworked and its sediments most likely experienced a limited sun 

exposure and thus the obtained OSL ages, of which only one (27 ka) is considered reliable, would 480 

be maximum sediment ages only.  

Considering the above mentioned bleaching problem, luminescence age overestimation and 

sediment properties combined with previous studies at Raunis, we consider this site largely 

questionable as a stratigraphic key site. This has implications for further regional correlation.  

 485 
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Figure and table captions: 

 495 

Figure 1. (a) Map of the study area with respect to major glacial landforms. AI – Augstroze 
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Interlobate Area; SU – Sakala Interlobate Upland. B – Map of the Raunis palaeolake area. 1 - 

Mežole Hilly Area; b - Dzirnupe – Upper Vaive meltwater drainage valley; 3 – Veselava end 

moraine; 4 - palaeolakes – R - Raunis; M - Mīlīši; black square - 14C sampling sites from 1963 to 

1975 and in this study; white square - C14 and sampling site in 2008 and 2010; black dots - 500 

outcrops with interlayers of plant remains. Digital elevation model is derived from topographic 

maps of scale 1:10,000. 

Figure 2. (a) Overview photo of the Raunis section with sampling points (small white circles – 

samples R1-R9 for SEM analysis; big white circles – samples Lund-16001-09 for OSL dating; big 

white rectangle – AMS sample) and the 1-3 units; (b)–(g) a closer look at parts of the section: (b) 505 

peat-gyttja-clay-sand interbeds with random pebbles in sand part and faults (unit 2); (c)–(d) sharp 

and gradual contacts between gyttja and sand components (unit 3a); (e) sediment deformations in 

unit 3a; (f)–(g) sediment deformations in unit 1. 

Figure 3. General unit log of the Raunis section showing its age and environmental interpretation 

Sediment log of the investigated Raunis section. Results of the OSL (black circles) and AMS (black 510 

square) datings from different levels of the section are indicated. 

Figure 4. Frequency of selected grain microtextures from SEM along with their origin. 

Figure 5. SEM quartz grain micrographs of the investigated samples: (a)–(b) subrounded grains; (c) 

rounded grain; (d) angular grain; (e) flat cleavage surface (arrow); (f) big (>100 µm) conchoidal 

features (arrow); (g) crescentic marks on a whole grain surface; (h) details on crescentic marks; (I) 515 

V-shaped percussion marks (arrows); (j) straight steps (arrows) visible on a conchoidal feature; (k) 

arcuate steps (arrow) on a conchoidal feature; (l)–(m) solution pits and crevasses, accompanied by 

silica precipitation (in depressions) and dulled surfaces (on corners; arrows); (n) oriented etch pits; 

(o) grain with low relief; (p) grain with high relief. 

Figure 6. The De distributions of all samples shown as histograms and radial plots. Please note 520 

different scale for axes. 

Figure 7. Example of growth (a) and decay (b) curve from OSL sample Lund-16001. 
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Table 1. Details about sampling at Raunis. 

 

Sample no. Laboratory no. Unit 

R1 Lund-16001 2 

AMS LuS 13695 2 

R2 Lund-16002 2 

R3 no sample 3a 

R4 Lund-16003 3a 

R5 Lund-16004 3a 

R6 Lund-16005 3a 

R7 Lund-16006 3b 

R8 Lund-16007 3b 

R9 Lund-16008 1 
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Table 2. Obtained 14C AMS age of the Raunis compared to previously published ages.  

Lab code Uncalibrated 

dates (BP) 

Calibrated 

(Oxcal 

4.3) dates 

(cal BP) 

from to: 

Calibrated (Oxcal 4.3) dates 

(cal BP) 

references 

Mo-296 13,390±500 17637-

14534 

16,086±1552 Vinogradov et al. (1963) 

Ta-177 13,250±160 16355-

15369 

15,862±493 Punning et al (1968) 

Ri-39 13,320±250 16777-

15271 

16,024±753 Stelle et al. (1975 a, b) 

Ri-5 10,780±220 13106-

12089 

12,598±509 Zobens et al. (1969) 

Ri-5A 10,400±370 13043-

11189 

12,116±927 Zobens et al. (1969) 

no data 8,020±70 9034-8639 8,837±198 Zelčs and Markots (2004) 

Tln-2319 9,302±83 10695-

10261 

10,478±217 Raukas (2009) 

Tln-2322 9,227±70 10556-

10245 

10,401±156 Raukas (2009) 

Poz-38330 11,350±70 13324-

13070 

13,197±127 Amon (2011), unpublished 

data 

Poz-38331 11,420±60 13405-

13126 

13,266±140 Amon (2011), unpublished 

data 

LUS 

13695 

12,150±90 14295-

13755 

14,025±270 this study 
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Table. 3. OSL data with Central Age Model (CAM) and 

Minimum Age Model (3 parameters, MAM3) ages. 

Preferred ages in bold. 'n' is number of accepted and 

measured aliquots, 'w.c.' is water content ± 4% of 

uncertainty. The low number of aliquots for some samples 850 

is mainly due to a high apparent feldspar contamination, 

which for some samples had a correlation with dose, and to 

poor recycling ratios. 
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Figure 2 

 



Authors’ accepted manuscript (revised version after peer review, prior to journal layout and proofs) 

Figure 3 
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Figure 4 
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Figure 6 
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Figure 7 

 


