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Highlights

o Over short distances local factors including topography and proximity to mountain belts
influenced loess profile variability.

e Provenance and chronological results show a minor switch in the sediment delivery
mode and/or source between MIS2 and MIS3.

e The most northerly terrestrial site containing the Cape Riva/Y2 tephra provides a new
tephra marker for Danubian loess.

e First application of single grain zircon U-Pb dating as a tool for understanding

depositional history of Lower Danube loess.
Abstract

In Central and Eastern Europe, research has been focused on loess associated with a plateau-
setting, which preserves distinct and well-developed loess and palaeosol units linked to orbital
scale changes. This has led to the view that during the last glacial period the Middle and Lower
Danube predominantly experienced dry continental climates and supported steppic
environments. However outside of the typical plateau setting, some authors have reported a
presence of embryonic palaeosols within loess units suggesting sufficient moisture for short-
term pedogenesis, and therefore either large scale moisture delivery systems and/or influence

of local climatic and/geomorphic factors. Here the palaeoenvironmental and palaeoclimatic
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history is reconstructed based on two loess-palaeosol profiles in Slivata, North Bulgaria. The
site is located in proximity to both the Carpathian and Balkan Mountains and rest on the
Danube river terrace. To understand the timing of sediment deposition and dust fluxes
chronological approaches combining quartz optically stimulated luminescence (OSL), feldspar
post infrared-infrared stimulated luminescence (pIR-IRSL), and tephra correlation were
applied. The results are coupled with high-resolution particle size and magnetic susceptibility
analysis to provide an overview of past environmental conditions at the site. Finally, zircon U-
Pb ages are used to understand potential changes to sediment delivery patterns, in the context

of the site development.

The investigated profile at Slivata 2 preserves a loess-palaeosol record spanning 52-30 ka,
with a very complex sedimentary sequence that switches between periods of enhanced dust
flux and sediment accumulation, and palaeosol development. The Slivata 2 sequence is also
punctuated by multiple thin “palaeosol” like units that are interpreted as colluvial “soil” deposits
on the basis of sedimentology, provenance, and geochronology, indicating a highly variable
and dynamic landscape responding to the surrounding environment. The chronology shows
very rapid sediment accumulation at Slivata 1 during LGM, with mass accumulation rates
similar to sites in the Carpathian Basin, suggesting strong winds and high sediment supply
rates. Yet LGM loess is punctuated by a thin palaeosol, which developed between 20-19 ka.
This coincides with a temporary glacial retreat in the Carpathian Mountains and higher
moisture availability in Eastern Carpathians, and therefore points to localised influences on
loess-palaeosol development. Moreover data from Slivata 1 shows soil development and by
extension landscape and climate stabilisation shortly prior to 14 ka. The pre-Holocene onset
of pedogenesis at Slivata supports ecological and glacial evidence of weak Younger Dryas

from the South Carpathian Mountains.

Lastly this paper provides a geochemical analysis of the thin tephra horizon preserved in the
Slivata 2 profile, which was correlated to the Cape Riva/Y-2 tephra. Consequently Slivata is
the most northerly terrestrial site found to contain this tephra horizon, which has implications
for the understanding of the size of the Santorini’s Cape-Riva/Y-2 explosion. The identification
of the Cape Riva (Y-2) tephra horizon and new remodelled age of 21.92+0.56 cal ka BP

provides a new tephrostratigraphic marker for eastern European LGM loess.
Keywords

Luminescence (OSL), Cape Riva (Y2) tephra, Provenance, U-Pb dating, Quaternary,

palaeoclimate, zircon, paleoenvironment
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1. Introduction

1.1. The role of global, regional, and local controls on loess formation

Loess-palaeosol sequences (LPS) are one of the key long-term terrestrial archives preserving
local, regional, and global palaeoclimate signals over timescales from 102 — 10° years (Fenn
and Prud’Homme, 2020; Fitzsimmons et al., 2012; Markovic¢ et al., 2009; Muhs, 2013; Stevens
et al., 2020). Due to their extensive spatial distribution they provide palaeoclimatic insights into
regions where other archives are rare and often temporally limited, and allow for investigation
of long-term environmental changes (Antoine et al., 2009b; Fenn et al., 2020a; Markovi¢ et
al., 2007; Moine et al., 2017; Schatz et al., 2011; Ujvéri et al., 2017; Zech et al., 2013),
landscape evolution (Kehl et al., 2021; Wolf et al., 2021), mechanisms of dust emission (Albani
et al., 2015; Sima et al., 2009; Stevens et al., 2013; Ujvéri et al., 2013), and variability in dust
flux (Fenn et al., 2020b; Mahowald et al., 2006; Ujvéri et al., 2010).

During the last glacial period the Danube region is thought to have predominantly experienced
mostly steppic, continental climates (Markovi¢ et al., 2018b; Zech et al., 2013), with conditions
too dry to sustain short-term pedogenesis (Markovi¢ et al., 2015). This resulted in “classic”
loess profiles, comprising thick glacial loess units, separated by well-developed interglacial
palaeosols and, at some sites, weakly developed interstadial palaeosols (Buggle et al., 2009;
Fitzsimmons and Hambach, 2014; Fuchs et al., 2008; Markovi¢ et al., 2009; Vasiliniuc et al.,
2011). These classic loess-palaeosol sequences are typically located in a plateau setting and
can be linked to large-scale, orbitally driven climate changes (Zeeden et al., 2018b). Their
relatively straightforward stratigraphy, spatial continuity, and widespread exposure led to
extensive investigations and attempts to establish a unified long-term regional

chronostratigraphic model for the Danube loess (Lehmkuhl et al., 2021; Markovi¢ et al., 2015).

Some loess-palaeosol sequences, especially in Western Europe, preserve evidence of short-
term pedogenesis (i.e. embryonic palaeosols) within glacial loess units (Antoine et al., 2003,
2001; Haesaerts et al., 2016; Meszner et al., 2013), which does not fit with the “classic”
orbitally driven loess-palaeosol sequences. The palaeosol development and pedogenetic
intensity have been linked to millennial-scale variability and availability of moist, oceanic air
from the North Atlantic (Antoine et al., 2001; Rousseau et al., 2017; Terhorst et al., 2015). The
penetration of an oceanic influence on northern and eastern sections of the Danubian loess is
thought to have caused more humid conditions that resulted in palaeosol and palaeosol-like
horizons in the glacial units in, for example, Austria (Terhorst et al., 2015, 2014), Czech
Republic (Antoine et al., 2013; HoSek et al., 2015), Poland (Jary and Ciszek, 2013), and even
Ukraine (Rousseau et al., 2011; Veres et al., 2018).
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Further a deviation from the classic loess-palaeosol stratigraphy was noted for some southern
sites e.g. Nosak (Markovi¢ et al., 2014a; Peri¢ et al., 2020) and Stala¢ (Bosken et al., 2017;
Obreht et al., 2016) (Figure 1). These non-plateau setting sites preserve embryonic and fairly
well-developed pedogenic horizons within major loess units, indicating that either moist air
from the Atlantic penetrated further into the continent or that local climatic and/or geomorphic
factors strongly influence individual sites. However some loess profiles from the Lower
Danube (Obreht et al., 2017), alongside Dim cave speleothem record (Unal-imer et al., 2015),
indicate that during the last glacial period the growing Fennoscandian Ice-Sheet and
strengthening Siberian High blocked continental penetration of moisture-bearing North Atlantic
air (Cohen et al., 2001; Rimbu et al., 2014; Schaffernicht et al., 2020) and shifted the jet-
stream and westerly winds southwards. Therefore making significant moisture penetration
alone an unlikely agent behind pedogenic horizon development in the Central European and
Danubian loess. Given climate is only one of the factors that control pedogenesis, there is a
need to investigate and consider the role of site-specific factors in loess profile development
such as palaeotopography, sediment availability, presence of vegetation, and local
microclimatic.
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1.2. Loess chronology

Pedostratigraphic variability, alongside trends in magnetic susceptibility (Markovic et al., 2012,
2008) and grain size (Antoine et al., 2009a) have been widely used to provide chronological
controls for LPS (Zeeden et al., 2018c). These approaches inevitably make assumptions
regarding the continuity of deposition or that magnetic susceptibility shifts reflect
geochronological synchroneity, both of which have been challenged since these approaches
were employed (Fenn et al., 2020b; Stevens et al., 2018, 2008). To address questions of
global versus regional controls on LPS variation, and the idea of synchronous depositional
and pedogenic response of LPS across the Middle and Lower Danube, a robust and absolute
chronology is critical. Optically Stimulated Luminescence (OSL) dating has become the
approach of choice within loess research as the method estimates the time of deposition of
sediment and can provide chronologies for the whole glacial-interglacial cycle. OSL has been
widely applied to Danubian loess sequences including Bulgaria (Balescu et al., 2020; Lomax
et al., 2018), Croatia (Fenn et al., 2020a; Wacha and Frechen, 2011), Hungary (Novothny et
al., 2011, 2002; Ujvéri et al., 2014a), Serbia (Avram et al., 2020; Fenn et al., 2020b; Murray et
al., 2014; Peri¢ et al., 2019, 2020; Stevens et al., 2011), and Romania (Constantin et al., 2014;
Fitzsimmons and Hambach, 2014; Vasiliniuc et al., 2011). However, not all studies use high-
resolution absolute dating approaches or combine multiple chronological approaches (see
Scheidt et al., 2021), limiting their effectiveness for comparing records between loess profiles

and with other archives.

1.3. Study aims

The Quaternary history of the Danube’s LPS in proximity to the Iron Gorge is still relatively
poorly understood, with the closest profiles located in Nosak (Markovi¢ et al., 2014a; Peri¢ et
al., 2020), Orsoja (Avramov et al., 2006), and Harletz (Antoine et al., 2019; Avramov et al.,
2006; Lomax et al., 2018). Therefore, the potential modifying and long-term effect of the
Carpathian and Balkan Mountains on the regional hydroclimate has not been fully explored
(Longman et al., 2019). This study attempts to address this question by providing a detailed
multi-proxy investigation of two LPS near Slivata village, northern Bulgaria (Figure 1). This
Slivata site was selected to address the paucity of data for LPS sites in the Iron Gorge region
of the Danube (Figure 1), and to provide an opportunity for palaeoenvironmental
reconstruction which could be used as a context for sediment source analyses within a larger
provenance research project (Fenn, 2019). Slivata loess contains numerous palaeosol
horizons but also thin loess units and therefore appears stratigraphically distinctive from many
late Quaternary LPS in the Lower Danube (Balescu et al., 2010; Fitzsimmons and Hambach,
2014; Lomax et al., 2018; Zeeden et al., 2018c) or the Carpathian Basin (Fuchs et al., 2008;
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Stevens et al., 2011; Ujvari et al., 2014a). Here results of single-grain detrital zircon U-Pb
dating are combined with sedimentological analyses supported by 17 luminescence ages and
tephrochronology to help understand and link the complex sedimentary histories of the
investigated sites. In doing so, this study contributes to the ongoing debates regarding global
versus regional/local controls on loess profile development, and to developments in loess

sequence chronological control.
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160  Figure 2. A) Area map showing the relative locations of the two Slivata profiles as well as the
161  position of the two topographic cross sections (DEM Source: ©JAXA); B) Slivata 1 loess-
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palaeosol profile. A faint brown horizon (marked by the black arrow) towards the bottom of the
marked 3 m part of the section is Unit IV; C) Slivata loess-palaeosol 2 profile. Welded
palaeosols (marked by the black arrow) are visible extending to the bottom of the section.
Slivata 1 exposure is visible in the background; D) Thin reddish “palaeosol-like” bands
described at the Slivata 2 profile (see Figure 3); E) Topographic cross sections: A-‘A from the
Danube’s channel to the Lom River (N-S), and B-B’ from Lom to along the plateau to Oreshets
(NE-SW).

2. Study area and description

The study area is located in the piedmont of the Balkan and Carpathian Mountains before the
Danube’s valley widens into the Romanian Plain (Figure 1). The area experiences a Cfa
climate; humid warm temperate with hot summers (Kottek et al., 2006), mean annual
temperature of 11.6°C, and mean annual precipitation of 543 mm. Maximum rainfall occurs in
June (67 mm/month), with August on average the driest month (34 mm/month). It belongs to
cool temperate subhumid forest steppe biome under the Holdridge’s life zones system
(Szelepcsényi et al., 2014), with predominantly luvisol, vertisol, and chernozem style soils
(European Soils Bureau, 2005). The southern bank of the Danube River preserves between
two and six Pleistocene to Pliocene river terraces (Evlogiev, 2007) on top of which thick LPS
(15-30 m) that form small plateaus are preserved. The Quaternary activity of the Danube River
and its tributaries has been an important influence on the region’s geomorphology (Boengiu
et al., 2011; Evlogiev, 2015) as it heavily incised the LPS, creating a sequence of ridges and
gullies that extend in a SW-NE direction (Figure 2A).

From an extensive loess wall that extends between the Lom and Skomlya rivers, two sites
separated by ~2 km were selected; Slivata 1 (SLI-1; 43°46'0.91"N, 23°04'48.49"E) and Slivata
2 (SLI-2; 43°45'45.44"N, 23°03'29.55"E). Both exposures are part of the loess cliff (~3 km from
the modern Danube channel), which slopes gently southwards towards the Lom river channel
(Figure 2E; cross section A-‘A). These LPS are part of a narrow (~4.5 km), elongated, gently
sloping plateau like feature (Figure 2A) in a NE direction (Figure 2E; cross section B-‘B)
shaped predominantly by the Lom and Danube rivers. The Slivata sequences are thought to
rest on the fifth river terrace (T5), 25 m above the alluvial floodplain (Avramov et al., 2006;
Evlogiev, 2000). Whilst development of a TO alluvial plain is linked to modern day processes
and T1 to the Holocene, the exact age of the T5 terrace is not known. The natural exposures
reveal over 15 m of loess and loess like deposits (Figure 2 and Figure 3), underlain by a
complex sequence of welded palaeosols (Figure 2C). The initial field assessment suggested

that several stratigraphic units can be traced between the two sites.
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SLIVATA 1

Unit Sedimentary description

DD
<

I: Dark brown ploughed modern soil

{I: Dark brown to reddish palaeosol. Bioturbated at the top, strongly developed
blocky peds

{ll: Light yellow, silty loess

IV: Light red horizon; very weak pedogenesis. Sharp undulating boundary

g.éLéggt yellow loess. Lamination of fine sand and small carbonate nodules
.2-3.6m

VI: Thin loess with light brownish undulating red bands. Calcific flecks present.

Vil: Pale yellow loess with black flecks

SLIVATA 2

Unit Sedimentary description

Vi

{: Dark modern topsoil. Ploughed with horizontal beds

II: Deep reddish palaeosol. Heavily bioturbated with peds structure. Shifts to
more light brown in colour at 0.65 m. Carbonates abundant from 0.8 m down-
wards. Reddish brown from 2.7 m. Undulated bottom boundary

{If: Light grey loess. From 4.5 m organic dots, minor bioturbation and some
small carbonate nodules

IV: Tephra - light grey non-cohesive
V: Brownish-reddish palaeosol, minor bioturbation, and carbonate mycelia
VI: Light yellowish loess with organic dots

VII Loess palesol complex. At the top red horison with carbonate nodules (15
% All loess interbedded with thin red bands (1-6 cm) and organic dots. Over-
aII igh paedogenesis.

VIll: Palaeosol with faint bioturbation & small krotovinas. Light to dark brown

IX: Loess palaesol complex. Loess with traces of pedogenesis (15 cm), dark
brown palaeosol (25 cmg) thin loess (20 cm), dark palaeosol with carbonic m
celia at the top (70 cm), dark brown loess with traces of pedogenesis (30 cm

X: Clay e%/ dark brown palaeosol with columnar ped structure. Shifts in colour
from light brown to dark brown. Viclet dark brown from 12.95 m
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Figure 3. Schematic stratigraphy for both Slivata loess-palaeosol profiles including
sedimentological descriptions based on field observations. Position of the luminescence

samples is marked by the circles.
3. Methods and materials

3.1. Sample collection

Section details, sedimentary descriptions, and age sampling locations are shown in Figures 2
and 3. Both sections were logged in detail in the field prior to sampling for dating and
sedimentary analyses. For sedimentological analyses, 527 samples were collected
contiguously at a 2 cm resolution; at Slivata 1 that represents the top 6 m of the profile and at
Slivata 2 the middle ~4.5 m (Figure 3). For luminescence dating 17 samples were collected,
~50 cm apart by hammering opaque, light-tight plastic tubes into the freshly cleaned profiles.
Additionally, at the depth of each luminescence sample, 1-2 kg of sediment was collected for
provenance analysis (Fenn, 2019). Finally, a sample for geochemical analysis was collected

from a thin, but visible, tephra horizon at 5 m of Slivata 2.
3.2. Sedimentological analysis

Following overnight sample drying and homogenisation, grain-size was analysed using a
Malvern Mastersizer Hydro 2000MU laser diffraction particle size analyser. Chemical
treatment of samples prior to analysis proved to be unnecessary (Supplementary Materials
Figure S1) and therefore samples were measured without pre-treatment. Distribution data was
converted to particle size classes, with all classes presented. Additionally, to investigate wind
strength and broader scale aeolian dynamics, a U-ratio was determined (Vandenberghe and
Nugteren, 2001). The U-ratio excludes pedogenic components formed in situ and grains
transported over very short distances (sand) and was calculated as a ratio between fine and

medium silt (% of 16—44 um fractions to % of 5.5-16 um fractions).

To determine the strength of pedogenesis magnetic susceptibility (x) was investigated using
a Bartington MS2 Magnetic Susceptibility System with a MS2B dual frequency sensor.
Following the established protocol (Buggle et al., 2014; Gocke et al., 2014), prior to analysis
samples were oven dried (max. 40° C), gently disaggregated, and packed into 10 cm? plastic
cylindrical containers. Each sample was measured six times both at low (xi) and high (Xxnf)
frequencies, 0.465 kHz and 4.65 kHz respectively, and the mean value of the six analyses
used to calculate mass-specific magnetic susceptibility (m? kg™). A standard sample of known
magnetic susceptibility value was measured periodically (approximately every ten samples) to
test for instrument drift. Frequency-dependent magnetic susceptibility (xfd) can provide an

indication of the changes in concentration of ultra-fine superparamagnetic material, that is
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pedogenic in origin (Buggle et al., 2014; Schaetzl et al., 2018). The frequency dependence in

absolute values (Ax) presented in 10® m® kg™ was determined as
Ax = Xir — Xnr
and xfd (%) was calculated as:
xfd(%) = (Car — xnp)/xir)) x 100
3.3. Geochronology
3.3.1. Tephra

A standard non-destructive tephra extraction method (Blockley et al., 2005) was followed to
concentrate glass shards. The sample was treated with 7% HCI to remove carbonates, wet
sieved (>25 ym), and density separated (1.95-2.55 g cm). Finally, isolated shards were
mounted on epoxy resin stubs, and polished to expose their surfaces ready for shard-specific

compositional analysis by electron microprobe.

To determine concentrations of major and minor element oxides within glass shards, samples
were analysed using a Cameca SX100 wavelength dispersive electron microprobe analyser
(WDS-EPMA) in the Department of Earth Sciences, University of Cambridge. A 10 pym
diameter defocused beam spot operating at 15 kV and 6 nA was used. Counts for sodium
were collected over 10 second acquisitions, chlorine and phosphorus for 60 seconds and all
other elements for 30 seconds. Secondary standards including a range of MPI-DING (Jochum
et al., 2006) fused volcanic glasses were periodically measured to monitor analytical precision

and accuracy (see Supplementary Materials Table S1 for details).

Data reduction involved the removal of three analyses that erroneously targeted non-tephra
grains, and three individual glass shard analyses with element oxide analytical totals below
94 weight %. The remaining compositional data (n=43) were normalised to anhydrous basis

for comparison to reference datasets (Table 1, Figure 4) (Supplementary Materials Table S2).

Table 1. Mean values for major and minor element oxide concentrations (as normalized weight
%) of glass shards from Slivata. See Table S2 for details of individual shard analysis and Table

S1 for raw, unnormalized data.

SLV_T5 SiO2 TiO2 Al0; FeO MnO MgO CaO Na0O K:O P:0s5 Total

Mean 7262 046 1429 313 012 042 172 409 3.08 0.08 100

200 051 003 033 020 0.08 003 0.09 045 0.17 0.06
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3.3.2. Luminescence dating

Samples for luminescence dating were opened and prepared under subdued orange light
conditions at the Oxford Luminescence Dating Laboratory. The exposed material from the end
of the sampling tube was retained for dose rate analysis. Bulk sediment was treated with HCI
and HO; to remove carbonates and organic matter. The 4-11 ym and 63-90 um fractions
were isolated through a combination of sieving and settling. Coarse-grained potassium
feldspar was obtained through density separation, while quartz enriched fine-grained sediment
was treated with H,SiFe to remove non-quartz minerals. 4-11 ym quartz grains were dispensed
onto the surface of 9.8 mm aluminium discs, whereas for 63-90 um K-feldspar small aliquots
(2 mm in diameter) were used. Full details of sediment preparation, measurement conditions,
and analysis for quartz and feldspar protocol determination are provided in the supporting

information (Supplementary Materials Figures S2, S3, and S4, and Tables S2 and S3).

All measurements were carried out using Risg TL/OSL luminescence readers fitted with a
calibrated °°Sr/*°Y beta source and a bialkali photomultiplier tube. Quartz grains were
stimulated with blue-light emitting diodes (470 nm) and the signal was measured in a UV
detection window through 7.5 mm U-340 glass filters (Bgtter-Jensen et al., 2000). K-feldspars
were stimulated with infra-red emitting diodes (870 nm), and the signal was detected in the
blue-violet region through a combination of Schott BG39/Corning 7-59 filters. The single
aliquot regenerative (SAR) dose protocol (Murray and Wintle, 2000; Wintle and Murray, 2006)
was used for equivalent dose determinations. Prior to final De calculation, all luminescence
signals were screened using standard rejection criteria, i.e. signal recuperation (<5%),
recycling ratio (Murray and Wintle, 2000), and in the case of quartz, OSL IR depletion ratios
(Duller, 2003) which were set at 1+10%. Given the low overdispersion (between 0% and 9.9%)
of dose distributions, Des were calculated using the central age model (CAM; Galbraith et al.,
1999).

Concentrations of uranium, thorium, potassium and rubidium were measured by inductively
coupled plasma mass spectrometry at British Geological Survey, Keyworth (BGS) to
determine environmental dose rates. Radionuclide concentrations were converted to infinite-
matrix dose rates using the conversion factors of Guérin et al., (2011) and a moisture content
of 15+5%, which is typically used for loess sediments (Schatz et al., 2012; Stevens et al.,
2011; Ujvari et al., 2014a). Dose rate calculations were carried out using the DRAC (v1.2)

software (Durcan et al., 2015). The results are presented in Table 2.
3.3.3. Age-depth modelling and Mass Accumulation Rates (MARS)

To better visualise the age distributions, age-depth models for both Slivata profiles were

developed based on the Iluminescence ages and further constrained through
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tephrochronology (Supplementary Materials Figures S5 and S6). Although some age-depth
modelling software can incorporate luminescence data, e.g. Bacon (Blaauw and Christeny,
2011) or OxCal (Bronk Ramsey, 1995), they were created for radiocarbon age calibration and

modelling, and therefore do not capture fully the complexities of luminescence age errors.

The recently developed Zeeden et al. (2018a) ADmin script uses a composite of an inverse
modelling and a Bayesian age-depth model to refine luminescence ages. It creates separate
probability density functions for systematic and random uncertainties, but utilises only the
random uncertainty to recalculate the uncertainties. All luminescence ages were modelled
using this approach, and all subsequently ages mentioned in the text refer to the modelled

results (Figures 5 and 7).

To place Slivata in the context of the region’s palaeoclimatic and environmental data, a
comparison between other loess profiles was necessary. Sites for comparison were chosen
based on stratigraphy, relatively high-resolution absolute chronology, and the availability of
proxy data. To ensure consistency between Slivata and loess profiles selected from the
literature all chronologies were first modelled using ADmin script (Zeeden et al., 2018a). Age
change with depth was analysed to ensure no major hiatuses were present. This was the case
for all sites apart from Orlovat (Markovi¢ et al., 2014b) where a large part of MIS2 loess is
thought to be missing. Nonetheless data from Orlovat was still used, although caution was
taken when interpreting of the MIS 2 period. The re-modelled OSL ages for each site formed
a basis for the development of past dust fluxes estimates, Mass Accumulation Rates (MARS).

MARs were calculate following the Kohfeld and Harrison (2003) equation:
MAR (gm™2a™') = SR x foo X Pary

where SR is sedimentation rate (m a™'), fe is the fraction of the sediment that is aeolian, and
Pary is dry bulk density (g cm™). As loess is primarily aeolian in origin f.o is assumed to be 1.
An estimated bulk density value of 1.5 g cm™ was used based on the typical loess values from
the region (Fenn et al., 2020a; Peri¢ et al., 2019; Ujvari et al., 2010). The same bulk density
values were used in DRAC and MAR calculations. To take into consideration the age
uncertainty for all sites, MARmin and MARmean Were calculated following suggestions in Fenn
et al. (2020a). Whilst it is difficult to assign a likelihood of an individual MAR, the investigation
of minimum and average rates of deposition allows for testing of broad temporal trends.
Finally, to plot loess proxy data on a continuous-age depth scale and provide a basis for
comparison, modelled luminescence ages were used to interpolate ages at the resolution of

the proxy data at each site using Bacon script (Blaauw and Christeny, 2011).
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Table 2. Radionuclide concentrations, dose rates, De values and final luminescence ages for the 4-11 uym quartz and 63-90 um K-feldspars. Infinite
matrix dose rates were calculated using the conversion factors of Guérin et al. (2011) and adjusted for alpha efficiency (0.04+0.004 for 4-11 ym quartz
(Rees-Jones, 1995), and 0.1510.05 for coarse K-feldspars (Balescu and Lamothe, 1994)), grain size (alpha (Brennan et al., 1991) and beta (Mejdahl,
1979)), and a moisture content of 15£5%. For the K-Feldspar sample, an internal K concentration of 12.5+0.5% (Huntley and Baril, 1997) was used

to calculated the internal dose rate. Cosmic dose rates were calculated according to Prescott and Hutton (1994). All calculations were made prior to

331  rounding. Modelled ages were calculated using the ADmin script (Zeeden et al., 2018a) script and are used in the discussion. *m-measured, a—

332  accepted, OD-Overdispersion.

Depth Aliquots U Th Cosmic Total dose oD Modelled
Sample Mineral (Gy k De (Gy) Age (ka)

(m) (m/a)* (ppm*ic) (ppmtio) (%*10) 1+10) rate (Gy/ka) (%)* age (ka)

BUL17/1/1  1.00 Quartz 15/15 1.45+0.15  8.94%0.89 1.48+0.15 0.1940.02 2.70+0.18 54  38.06+0.68 14.11+1.00 14.11+1.07
BUL17/1/2  1.65 Quartz 15/15 1.48+0.15  8.1940.82 1.20+0.12 0.1740.02 2.37+0.16 3.2  46.36+0.60 19.53+1.36 18.88+1.05
BUL17/1/3  2.35 Quartz 15/15 1.68+0.17  8.63%0.86 1.41+0.14 0.164+0.02 2.65+0.18 6.6 51.20+1.10 19.32+1.38 19.57+1.07
BUL17/1/5  3.10 Quartz 15/15 1.58+0.16  8.62+0.86 1.40+0.14 0.15+0.02 2.60+0.18 2.8  53.40+0.90 20.57+1.45 20.53+1.06
BUL17/1/7  3.90 Quartz 15/15 1.73£0.17  8.82+0.88 1.22+0.12 0.13+0.01 2.48+0.17 9.9 54.00+1.80 21.80+1.68 21.40+1.08
BUL17/1/9  4.55 Quartz 15/15 1.76+£0.18  8.86%0.89 1.28+0.12 0.1240.01 2.53+0.18 0.0 56.30+0.90 22.22+1.60 22.04+1.05
BUL17/1/11  5.55 Quartz 15/15 1.83+0.18  9.13+0.91 1.17+0.12 0.11+0.01 2.47+0.18 7.3  55.77+0.87 22.61+1.65 22.66+1.21
BUL17/1/12 6.00 Quartz 15/14 1.68+0.17  7.92+0.79 1.36£0.14 0.11+0.01 2.48+0.17 6.0 54.87+1.28 22.09+1.63 23.30+1.50
BUL17/2/12 6.36 Quartz 15/14 1.81+£0.18  8.40%0.84 1.22+0.12 0.10£0.01 2.44+0.17 46  72.15+3.93 30.85+2.26 30.04+1.70
BUL17/2/11 6.94 Quartz 15/15 1.64+0.16  8.31+0.83 1.36+£0.14 0.10+0.01 2.50+0.18 6.4  80.40+1.90 32.18+2.39 31.50+1.65
BUL17/2/9  7.40 Quartz 15/15 1.7520.18  8.07+0.80 1.39£0.14 0.09+0.01 2.53%0.18 0.0 85.00+1.30 33.56+2.40 32.46+1.73
BUL17/2/7  8.00 Quartz 15/15 1.88+0.19  9.02+0.90 1.45+0.14 0.09+0.01 2.70+0.19 0.0 86.70+1.40 32.11+£2.34 33.08+1.84
BUL17/2/6  8.50 Quartz 15/15 1.9320.19  9.41+0.94 1.61+0.16 0.08+0.01 2.89+0.20 0.0 94.35+2.07 32.67+2.40 34.17+2.14




BUL17/2/5  9.00 Quartz 15/15 2.01+£0.20 9.89+0.99 1.62+0.16 0.08+0.01 2.96+0.21 7.3 111.79+£3.14  37.80+2.86 37.96+2.93
BUL17/2/3  10.0 Quartz 15/13 1.97+0.20 9.48+0.95 1.49+0.15 0.07+0.01 2.79+0.20 0.0 143.68+5.86  51.54+4.22 49.75+3.51
BUL17/2/2  10.5 Quartz 1717 1.86+£0.19 10.12+1.01 1.72+0.17 0.07£0.01 3.22+0.23 6.7 153.12+3.69  50.83+3.78 52.31+3.73
BUL17/2/1 13.7 Feldspar  15/15 1.78+0.18 9.38+0.94 1.43+0.14 0.05+0.01 2.65+0.19 25 271.57+4.48  95.53+6.00 95.72+6.52
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3.4. Provenance

Most studies characterising the provenance of loess along the Danube have relied on bulk
geochemical analyses (Buggle et al., 2008; Schatz et al., 2015; Ujvari et al., 2014b, 2008) that
may provide incomplete or limited information about loess provenance (Stevens et al., 2010).
A significant body of work carried out using single-grain approaches on the Chinese Loess
Plateau has transformed understanding of the provenance of loess deposits (Bird et al., 2015;
Fenn et al., 2018; Licht et al., 2016; Nie et al., 2015). To date, only a handful of loess profiles
in Europe investigated provenance with single-grain provenance methods (Panczyk et al.,
2020; Ujvéri et al., 2012; Ujvéri and Kiétzli, 2015). While these studies have focused on
understanding and characterising sources of the sediment, no study has used the provenance
signal to investigate the evolution of LPS and to support the palaeoenvironmental

reconstruction of a site.

Zircon U-Pb data for both Slivata profiles presented by Fenn (2019) was replotted at the site
resolution to provide a better understanding of the palaeoenvironmental history of the site. To
statistically analyse provenance results two approaches were used: Kernel Density Estimation
(KDEs), that provides visual assessment of U-Pb age distributions (Andersen et al., 2018;
Vermeesch, 2012); and Multi-Dimensional Scaling (MDS; Vermeesch, 2013), that investigates
the similarity between large numbers of datasets, allowing a comparison. KDEs for each
sample were plotted in the detzrcr R package (Andersen et al., 2018) using the same
bandwidth of 30 Ma. MDS is based on Kolmogorov-Smirnov (KS) statistics, which outputs a
two-dimensional diagram where similarity/dissimilarity is represented as a relatively
short/large distance between samples. In this paper the MDS was computed using the “non-
metric” algorithm in IsoplotR and stress value (goodness of fit) determined by plotting a
‘Shepard plot’ (Vermeesch, 2018).

4, Results

4.1. Patrticle size

Overall grain size distribution shows a typical unimodal distribution with a peak in the silt
fraction and a tail in finer grain sizes (Supplementary Figure S1). Throughout the Slivata 1
profile coarse silt (31-62 ym) is the most abundant grain size fraction (Figure 4), closely
followed by very fine sand in Units VI and VII and fine silt (8-16 ym) in Unit Ill. Particle size
generally fines upward, and is driven by both the decrease in the proportion of sands (from
~30% to less than 20%), and increase in the content of clay, which changes from 5 to 15%.
The highest U-ratio values (above 3) occur between 5 —5.75 m, peaking at 5.7 m (3.75). While
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the U-ratio shows a general upwards decreasing trend and stabilisation in the top 2.5 m around

2, the change below 2.5 occurs in an oscillatory step manner.
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Figure 4. Stratigraphic log of Slivata 1 sedimentary units (Figure 3), modelled OSL ages,
particle-size distribution of all sedimentary fractions, the U-ratio, and magnetic susceptibility
(presented as low-frequency (xi) and frequency dependant (xfd %) values). Please note we

use <5 um for clay fraction.

The initial field assessment indicated that the upper parts of the Slivata 2 profile contains thick
“primary” loess deposits (Figure 2C), and that stratigraphic horizons between Slivata 1 and 2
overlapped, therefore samples at Slivata 2 were collected only between Units IV and X (Figure
3). However, cleaning, detailed logging and description, and laboratory analysis revealed that
these profiles are much more spatially complex and do not overlap in the initially anticipated
manner. Therefore, the sedimentological data for Slivata 2 covers Units VI and X and these
units are the focus of the Slivata 2 analysis and discussion.

At Slivata 2 particle size is also dominated by coarse silt (30-40% of the distribution) and is
closely followed by medium silt and very fine sand (Figure 5). Clay content stays relatively
stable throughout the profile, oscillating around 10%. A broadly coarsening trend occurs with
a switch at ~8.15 m when very fine sand becomes the second most dominant particle size

fraction (from 15% to as much as 27%). Below the 8.15 m depth medium and fine silt contribute
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20-25% each to the distribution. The overall particle size distribution at Slivata 2 (Figure 5)

shows much more variability than Slivata 1 (Figure 4), especially between 6.7 m and 7.8 m

where erratic shifts in the proportions of clay and sand occur. This is also reflected in the U-

ratio changes for that part of the profile, where the shifts are abrupt. For example, in Unit VII

shifts in values are as high as 1.25 between neighbouring samples. The U-ratio shows a

general increase in values (2 to 2.7) from the bottom of the section upwards.
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Figure 5. Stratigraphic log of Slivata 2, sedimentary units (Figure 3), modelled OSL ages,

particle-size distribution of all sedimentary fractions, the U-ratio, and magnetic susceptibility

resented as low-frequenc ) and frequency dependant (xfd %) values). *- denotes age
(P q y (Xr) q y dep (xfd %) ) g



396
397

398

399
400
401
402
403
404
405
406

407
408
409
410
411
412
413
414
415
416
417

418

419
420
421
422
423
424
425
426
427
428
429
430

based on the identification of Cape Riva/Y-2 tephra sample. Please note we use <5 um for

clay fraction.
4.2. Magnetic susceptibility

At Slivata 1 magnetic susceptibility (xi) values generally decrease with depth (Figure 4), with
a classic pattern of low values in loess (min 27 x 10 m? kg™' below 5 m) and enhanced ones
in palaeosols (78 x 10® m3 kg™). The xir values gently increase from 30 to 40 (x10® m3 kg™) in
Unit VII, but remain relatively constant until 1.5 m, after which they gradually rise. Additionally,
two small peaks of relatively enhanced xi, at ~2 m and ~4 m, occur. The frequency-dependent
(xfd %) record, while variable in loess Units VII-lll, is mostly oscillating between 2-5%. Around
1.5 m the xfd values increase and centre around 7.5% in the soil (Unit I1). At 0.3 m xfd values

drop drastically from 7.5% to 2%.

At Slivata 2 magnetic susceptibility values broadly increases with depth (Figure 5), however
the shifts are not as straightforward as an increase in pedogenic horizons and low values in
loess units. The xir values rise slightly in the middle of Unit VII, but decrease and become very
irregular after 7 m with some large peaks towards the bottom of the unit (e.g. 7 m and 7.3 m).
Magnetic enhancement occurs at 8.5 m where the values begin to rise (top of Unit IX) and
following a short drop in the more “loess-like” sediment (bottom of Unit IX), rise to their highest
value (55 x 10® m3 kg™') in Slivata 2. The xfd is also highly variable across the whole profile. It
decreases upwards in two step-like shifts from Unit X to Unit IX (10.15 - 9 m). The third shift,
through the top of Unit VIII, has a more gradual trend. In both profiles not all changes in the X
correspond to shifts in xfd (e.g. Unit VIl in Slivata 2), suggesting an additional influence on the

inferred pedogenic signal.

4.3. Tephra interpretation

Results of geochemical analysis of individual glass shards (n=46) from the tephra sample
found in Slivata 2 are presented in Table 1, with bi-plots of selected major elements presented
in Figure 6. The geochemical composition of analysed shards from Slivata 2 shows a
homogenous rhyolitic affinity (high SiO2 content 72.65 £ 0.55 wt%). Further the composition is
characterised by relatively high CaO and MgO contents, of 1.73 + 0.09 wt% and 0.43 + 0.03
wt% respectively. The consistent geochemical clustering (Figure 6), supported by the
chronostratigraphic position at Slivata 2, indicates that the tephra layer can be correlated with
the Cape Riva (Y-2) tephra, erupted from the Santorini volcanic centre (Druitt, 1985; Vespa et
al., 2006). The age of the Cape Riva eruption was modelled by Lee et al. (2013) based on
terrestrial radiocarbon datasets from Lesvos, Greece (Margari et al., 2009), Lake Iznik, Turkey
(Roeser et al., 2012), and Tenaghi Philippon (Muller et al., 2011). The Lee et al. (2013) Oxcal

model was re-run using the IntCal20 calibration curve (Reimer et al., 2020) and luminescence
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ages originally provided by the Roeser et al. (2012). This provided a revised modelled age of
21.9210.56 cal ka BP (Supplementary Materials Figure S2 and Table S3).

While ash correlated to the Cape Riva/Y-2 eruption has been reported widely in marine
deposits (Kwiecien et al., 2008; Satow et al., 2015; Wulf et al., 2002) in the terrestrial realm it
has only been reported as far as mainland NE Greece (Muller et al., 2011; Seymour et al.,
2004). Therefore, the recovery of tephra from the Cape Riva/Y-2 eruption in Northern
Bulgarian loess extends the known dispersal area for the fine ash from this eruption further
into the continent. Based on these findings, the Cape Riva/Y-2 provides a potential
chronostratigraphic marker for loess deposits in Central and Eastern Europe during the Last
Glacial Maximum (LGM).
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Figure 6. Geochemical bi-plots of the major and minor element oxide data from Slivata 2
(sample code SLV_T5), plotted with known rhyolitic eruptions from volcanic sources in East
Carpathian and Mediterranean Region. Reference tephras for East Carpathian Volcanic
Range (Early Phreatomagmatic and Plinian Activity (EPPA): Karatson et al. 2016; Middle
Plinian Activity (MPA): Karatson et al. 2016; Latest St. Ana Phreatomagmatic Activity (LSPA):
Karatson et al. 2016; Roxolany: Wulf et al. 2016), Aegean Arc (Cape Riva (Y-2): Kwiecien et
al., 2008; Margari et al., 2007; Tomlinson et al., 2015; Wulf et al., 2002; Minoan (Z2): Eastwood

et al., 1999; Kwiecien et al., 2008; Tomlinson et al., 2015; Nisyros Upper and Lower Pumice:
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Karkanas et al., 2015; Tomlinson et al., 2015; YALI: Federman and Carey, 1980; Hardiman,
2008; Vinci, 1985; and Sicilian Channel Sicilian Channel (Green Tuff (Y-6): Vogel et al., 2010;
P-11: Karkanas et al., 2015; Lézine et al., 2010; Paterne et al., 2008). Error bars show 2
standard deviations of repeat analysis of the StHs6/80-G MPI-DING standard glass.

4.4. Chronology

4.4.1. Luminescence dating assessment

The interpretation of the complex stratigraphic and sedimentary records preserved within the
LPS at Slivata requires a careful consideration of chronological reliability. Samples were
collected predominantly from aeolian deposits and the field investigation (Figure 3) revealed
no signs of sediment displacement as a result of e.g. solifluction or cryoturbation. Further,
areas affected by bioturbation were avoided. Therefore, it is likely that the dated aeolian

material was bleached during transport and results reliably constrain the age of burial.

Detailed results of the luminescence tests are provided in supplementary materials. In
summary, for quartz the selected 240°C preheat performed well in the dose recovery tests
with all aliquots passing within uncertainties and an average dose recovery of 1.0+0.05
(Supplementary Materials Figure S3 and Table S4). Quartz OSL signals (Supplementary
Material Figures S4) decay rapidly to near background levels within a few seconds of
stimulation, indicating dominance of the fast component in the initial part of the signal (Durcan
and Duller, 2011). Based on the combined preheat plateau and dose recovery test
(0.98+0.05), the post-IR IRSL225 (pIRIR225) protocol was selected for sample BUL17/2/1. The
signal from the feldspar pIRIR protocol does not fade above the accepted measurement
detection levels (Supplementary Figure S4). These intrinsic luminescence signal

characteristics indicate the suitability for dating of the selected luminescence signal.

4.4.2. Luminescence ages and MARs

Whilst Bayesian modelling of luminescence ages results in the reduction of age uncertainties,
even after modelling, uncertainties of ~6% are associated with the modelled ages in this study.
This, along with the resolution of ages, gives rise to discrepancies between the calculated
minimum and mean MARSs. To reflect chronological uncertainties, both minimum and mean
values are presented (Figure 7 and Supplementary Figure S8), which allows for investigation
and comparison of trends between the range of values. In the case of Slivata, the direction of
change remains broadly similar for minimum and mean values, thus giving confidence in the
relative dust flux increases and decreases at the presented timescales. In all cases minimum
and mean values are presented and the directional trends observed, rather than individual

values, should be the focus.
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The results of luminescence dating are presented in Table 2, and Figures 4 and 5. OSL data
from the Slivata 1 profile provide age constraints ranging from 23.30£1.50 ka at 6 m depth to
14.1111.07 ka just at the transition to the Holocene topsoil (1 m depth) (Figure 4). The mass
accumulation rates based on the OSL data (Figure 7) show significant variability regardless of
whether minimum or mean accumulation rates are investigated (Supplementary Materials
Figure S8). Two peaks in MARs occur at Slivata 1 and both are associated with the Last
Glacial Maximum; the first one between 22.66+1.21 ka and 22.04+1.05 ka (mean= 2413 g m"
2 a™, minimum= 521 g m? a'), and the second one between 19.57+1.07 ka and 18.88+1.05

ka (mean= 1524 g m2 a', min=374 g m?2a’).

At Slivata 2 (Figure 5) the upper and lower chronological control points date to 21.92+0.56 cal
BP (Unit IV) the Cape Riva/Y-2 eruption tephra horizon; and the luminescence age of
95.7246.52 ka for the palaeosol (Unit X) at the bottom of the analysed profile. The top of Unit
X to the bottom of Unit VI cover the period between 30.04+1.70 ka and 52.31+3.73 ka. A peak
in mass accumulation rates occurs between 32.46+1.73 ka and 33.08+1.84 ka (Unit VII),
where rates reach a mean value of 1339 g m? a' (Figure 7) (min= 220 g m* a'; Figure S.6).
This peak is part of a temporary enhanced phase of sediment accumulation associated with
the loess punctuated by the palaeosol-like bands (Unit VII) that occurred between 33.08+1.84
ka and 30.04+1.70 ka.
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2020), Crvenka (Stevens et al., 2011), Dunaszekcs (Ujvari et al., 2017), Mircea Voda (Timar-
Gabor et al.,, 2011), Nosak (Peri¢ et al., 2020), Orlovat (Markovi¢ et al., 2014b), Rasova
(Zeeden et al., 2018c), Surduk 2 (Fenn et al., 2020b), Titel (Peri¢ et al., 2019), Urluia (Obreht
et al., 2016). Panels B) and C) show the same data as A) but focus on sites with MARs above
600 g m? a™ and below 600 g m? a respectively. The locations of all sites are shown in

Figure 1.
4.5. Provenance

Figure 8A shows that the majority of the zircon U-Pb grains at the Slivata 1 profile are of 200-
800 Ma age. Additional populations, albeit much smaller, of Precambrian ages can be seen.
Most samples at both profiles also contain very young (<100 Ma) zircon grains. Broadly three
populations are observed at ~300 Ma, ~450 Ma, and ~600 Ma, however in some samples only
two of the three populations are distinct. At Slivata 1 ~450 Ma grains are abundant, apart from
samples BUL17/1/3 and BUL17/1/5 (sediment deposited at 19.57+1.07 and 20.53+1.06 ka
respectively) where this Ordovician population is subordinate. Further, the Carboniferous
population (~300 Ma) does not seem to contribute greatly to the age distribution in sample
BUL17/1/11 (loess deposited at 22.66+1.21 ka).
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loess vs palaeosol samples. Based on a 30 Ma bandwidth. B) Multi-dimensional scaling (MDS)
map for data A, showing individual samples from both Slivata profiles. Full lines connect the
two most similar samples, whereas dotted lines show the second closest data matches. For
clarity, sample codes for samples are shortened (e.g. BUL17/1/1 is B1/1). Stress value =
6.25%.

KDEs for Slivata 2 show that most grains are of Mesozoic-Palaeozoic age. There is also an
indication of three distinct peaks in some distributions, although in BUL17/2/3 and BUL17/2/5
(deposited at 49.75+3.51 and 37.96+2.93 ka respectively) they are not as apparent. This could
be an artefact of the smaller number of grains yielding concordant ages. The abundance of
the ~600 Ma population shifts down the section, as it changes from the dominant to
subordinate (from sample BUL17/2/5 down). Additionally, in the bottom three sample
contributions from 450 Ma grains are almost equal to the 600 Ma, creating more of a plateau
than a peak. In all Slivata 2 samples the ~300 Ma population observed is one of the more
dominant, apart from samples BUL17/2/7 and BUL17/2/9 (sediment deposition at 33.08+1.84
and 32.46+1.73 ka). In the case of the former this is possibly due to a smaller number of grains
analysed, but this is not the case for the latter. The proportion of grains forming the ~450 Ma
population is variable between samples. Finally, very young grains (<100 Ma) are in all but the

bottom two samples.
5. Discussion

5.1. Sediment production and transport

The U-Pb zircon dating results presented are the first attempt at utilising single-grain
provenance data to support an interpretation of a complex Quaternary stratigraphic and
sedimentary record. In the first instance Figure 8A suggests that all samples have very similar
distributions, all containing grains in the dominant triple populations of 300 Ma, 450 Ma, and
600 Ma. The MDS map (Figure 8B), that is a graphical way of plotting similarities between
datasets, does not show any overlap between Slivata 1 and Slivata 2 samples. Further the
nearest neighbour lines, which connect most similar (solid line) and second most similar data
points (dashed line), also do not cross over between Slivata 1 and Slivata 2. Combining
samples to create an average Slivata 1 and average Slivata 2 sample and plotting them as
Cumulative Age Distributions (CADs) (Supplementary Material Figure S9) shows that Slivata
2 comprises more grains <650 Ma, whilst Slivata 1 has more Neoproterozoic and
Mesoproterozoic grains, though both distributions have a similar shape suggesting
predominantly the same source rocks. The initial divergence between Slivata1 and Slivata 2

populations occurs at ~300 Ma, with two additional and larger inflections at 500 Ma and 600-
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650 Ma by which point there is 15% difference between two distributions. Based on zircon U-
Pb ages and Hf isotopes Fenn (2019) showed that the provenance signal in Danubian loess
sequences is spatially homogenous. They also suggested small variations observed in the
averaged site samples likely come from episodic contributions from the local bedrock.
Neoproterozoic and Cambrian aged igneous rock outcrops are not very abundant in relative
proximity to the Lower Danube. Though, the western part of the Balkan Mountains, in the
foothills of which the Slivata loess profiles are located, comprise Cambrian age, island-arc
associated igneous rocks (Haydoutov, 1989; Haydoutov and Yanev, 1997). Gabbro rocks in
the Tcherni Vrah massif were dated to 563+5 Ma (Savov et al., 2001) and granitoid rocks in
its vicinity provided ages of 527+18 Ma (Plissart et al., 2012). These ages overlap with the
ages that cause offset between Slivata 2 and Slivata 1 zircon samples, therefore suggesting

that Balkan Mountains were providing some contributions to the Slivata 2.

As Slivata 1 and 2 loess profiles cover two different depositional time periods, MIS 2 and MIS
3 respectively, the dissimilarity in source between two sites suggest that that at some point in
the transition between MIS 2 and MIS 3 the sediment generation and delivery from the Balkan
Mountains dropped. Alternatively, it is possible that during MIS 2 the sediment supply from the
surrounding mountain belts increased and the dominant zircon ages, the “average” Danube

loess signal Fenn (2019), suppressed the signatures supplied by the Balkan Mountains.
5.2. Palaeoenvironmental reconstruction
5.2.1. MIS 5 and MIS 4

The thick, welded pedocomplex underneath Slivata 2 (Figures 2 and 3) is thought to
correspond to palaeosols S1-S4 at Orsoja (Avramov et al., 2006), on top of which rests a well-
developed palaeosol (Unit X in Figure 5). Based on luminescence ages sediment deposition
for this unit commenced around 95.72+6.52 ka and concluded shortly after 52.31+3.73 ka
(Figure 5). Whilst luminescence dating does not provide an age for palaeosol development,
this suggests that at the onset of the glacial period (equivalent to the transition from MIS 5c to
MIS 4) pedogenic processes exceeded the aeolian contributions which resulted in a prominent
palaeosol at the base of the Slivata profile. The strong pedogenic signal is supported by the
position of the L1SS2-S1 (palaeosol developed at the bottom of the last glacial loess and last
interglacial palaeosol (Units IX and X)) samples on the Ax and xIf plot (Figure 9A), mostly
overlapping with the “true loess line”, indicating climatically controlled weathering
enhancement. This is in contrast with other sites along the Romanian Plain, such as Harletz
(Antoine et al., 2019; Avramov et al., 2006; Lomax et al., 2018), Viatovo (Balescu et al., 2020;
Jordanova et al., 2007), and Kaolinovo (Balescu et al., 2020) where S1 palaeosol is only about

half as thick as Slivata’s 2 (Figures 3 and 5). The S1 palaeosols thicken in the Dobrogea and
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proximity to the Black Sea (Fitzsimmons, 2017; Timar-Gabor et al., 2011; Vasiliniuc et al.,

2011), further supporting localised controls on the palaeosol development.

Across both Middle and Lower Danube sites, e.g. Batajnica (Avram et al., 2020), Costinesti
(Constantin et al., 2014), Orlovat (Markovi¢ et al., 2014b), or Semlac (Zeeden et al., 2016)
loess deposition during MIS 4 period is typically recorded, suggesting that a record of the early
glacial is missing or has been overprinted by pedogenesis at Slivata. Therefore Slivata 2 might
present a case similar to Crvenka (Markovi¢ et al., 2018b; Stevens et al., 2011) where the
authors argued for an erosion of the early glacial loess. However, thick palaeosol for this
period also occurs at Nosak (Peri¢ et al., 2020), a site on the other side of the Carpathian
Mountains, which could suggest that both the Nosak and Slivata experienced microclimate
conditions during the early stages of the last glacial period which resulted in enhanced

pedogenesis during this period.
5.2.2. MIS 3

During MIS 3, loess deposition at Slivata 2 began around 49.75+3.51 ka and continued until
sometime after 30.04+1.70 ka (Figure 5), however this period is punctuated by a series of
fairly well-developed palaeosols (e.g. Units IX and VIII) and thin palaeosol-like horizons (Unit
VII). The pedogenic horizons in Units IX and VIII developed 49-33 ka, and broadly correspond
to a shift in xfd (which decreases is a step manner), relatively low U-ratio values (Figure 10),
and mean mass accumulation rates below 300 g m? a™' (Figure 7; min >100 g m? a™), all of
which indicate a generally gradual climate deterioration and aridification punctuated by
temporarily stable environments. The palaeosol horizons in Unit IX, whilst variable, generally
show an increase in xfd, which translates to a cluster around the “true loess” trendline on the
Ay and xIf diagram (Figure 9A), suggesting magnetic enhancement is controlled by the
climatically driven weathering of loess (Forster et al., 1994). The well-developed palaeosol in
Unit VIII corresponds to a lowering in xfd and plots mostly below the trendline on Figure 9
and points to hydromorphy and a reduction of magnetic particles. As no periglacial features
are observed this suggests either periodic waterlogging and/or wetter conditions between 34-
33 ka. These periods broadly coincide with periodic Black Sea surface water temperature
increases (Figure 10) but also the onset of ice rafting (Wegwerth et al., 2015), indicating longer
winters and likely strong seasonal temperature gradients, which could drive seasonal water
logging. The 8'®0 data from Tausoare (Figure 10) and Ascunsa Caves (Staubwasser et al.,
2018) also shows periodic temperature shifts during MIS 3 which are thought to represent
regional climatic shifts. Broadly speaking therefore, MIS 3 appears to be stable enough to
promote enhanced pedogenesis but the conditions deteriorated gradually until the MIS 2
transition. Palaeosol development is also seen at Nosak (Markovi¢ et al., 2014a; Peri¢ et al.,

2020), on the other side of Iron Gorge, which could suggest that for both Slivata and Nosak
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and 2 samples divided into the main chronostratigraphic units following (Markovic¢ et al., 2008);
S0 — Holocene soil, L1 — last glacial loess, S1 — last interglacial palaeosol. The black line
marks the best fit line (“true loess line”) to the whole Slivata dataset. B) Comparison of Slivata
magnetic enhancement with Orlovat (Markovi¢ et al., 2014b), Rasova (Zeeden et al., 2018c),
Nosak (Markovi¢ et al., 2014a), and Semlac (Zeeden et al., 2016) and their individual
background susceptibilities.

The most striking feature of the Slivata 2 loess-palaeosol sequence is Unit VII (Figures 2, 3,
and 5). This loess-palaeosol complex comprises 13 thin reddish-brown palaeosol-like horizons
interbedded with typical loess, that were deposited/developed 33-30 ka, occurring on average
every ~20-506 years. The xfd is highly variable, though a slight decreasing trend is noted
(Figure 11), despite the presence of the palaeosol-like features. The thin palaeosol-like
features also show an increase in the magnetic signal. At the same time, the U-ratio and sand
content (~30%) increase (Figure 10), especially in the loess bands sandwiched between
palaeosol-like features. The mean mass accumulation rates increase to 1339 g m? a' (min
220 g m? a™); the highest values for the Slivata 2 profile (Figure 7), suggesting a very dynamic
aeolian environment, strong winds, increasing sediment supply, proximal source, and a
distinctive end to MIS 3.
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Nosak xfd (Markovi¢ et al., 2014a; Peri¢ et al., 2020), Rasova xfd (Zeeden et al., 2018c),
Urluia xfd and U-ratio (Obreht et al., 2017).

Data from this unit plots either above or below the “true loess” trendline (Figure 9A), with very
few points plotting on the line. The samples to the left of the line (elevated xIf and reduced Ay)
can be better explained by the ‘wind vigour model (Maher, 2011; Zeeden et al., 2018c), where
the enhancement in xlf is likely driven by the incorporation of the coarser ferromagnetic grains,
therefore supporting short phases of increased winds, and likely gusty and dry climatic
conditions. The samples to the left of the line (reduced xIf and elevated Ay) are more aligned
with the ‘hydromorphy models’ (Baumgart et al., 2013; Zeeden et al., 2018c) where the
waterlogging conditions cause dissolution of magnetic particles. The primary drivers of
hydromorphic depletion in loess are periglacial conditions (Baumgart et al., 2013; Gocke et
al., 2014). Whilst there is no indication that Slivata was in a continuous permafrost zone
(Lehmkuhl et al., 2021), discontinuous permafrost zone was located in the relative proximity
to the site (Ruszkiczay-Rudiger and Kern, 2016; Vandenberghe et al., 2014a) therefore Slivata
could have been affected by at least deep seasonal frost, but possibly by sporadic and isolated
permafrost which caused temporary waterlogging and some reduction in X. Crucially the
enhancement observed for the palaeosol-like banded units is unlikely to be climatically driven

and not does not indicate pedogenesis at that time.

The Black Sea lake temperature (Figure 10) and ice-rafted debris records indicate that the
region was experiencing increasing seasonality and progressively longer and colder winters,
likely in relation to the growth of the Fennoscandian Ice Sheet (Shumilovskikh et al., 2014;
Wegwerth et al., 2015) and smaller glaciers in the Carpathian and Balkan Mountains.
Tausoare Cave (Figure 10) also shows a highly variable 3'80, interpreted as fluctuations in
regional hydrologic conditions (Staubwasser et al., 2018). These, combined with decreasing
boreal vegetation cover (Connor et al., 2013), strong seasonality, and periodical ice melting
(Rostek and Bard, 2013; Wegwerth et al., 2016), could lead to periods of increased and
intermittent soil erosion especially on the higher ground. Whilst at present Slivata rests at the
top of the hill (transect A’-A), transect B’-B shows a slope towards the Danube (Figure 2).
Further the modern topography cannot be taken as representative of the paleotopography 30
ka ago especially given that Unit VIl is covered by 6 meters of sediment. Consequently the
palaeosol-like horizons could represent the disturbance of the primary loess deposition by the
sheet wash and deposition of soil material eroded from upslope loess sequences (Figure 2A
and 2E) during periods of seasonal melting. The grain size, magnetic susceptibility, as well as
the time factor suggest that in situ pedogenesis for these units is unlikely. This interpretation
is further supported by very sharp upper and lower boundaries of each unit, which indicate

rapid deposition (and potentially erosion of loess material below). Colluvial palaeosols are not
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an uncommon feature in the loess landscape due to the erodibility of the material (Wolf and
Faust, 2013), also supported by a heavily gullied and incised landscape in the vicinity of Slivata
(Figure 2A). Finally the results of the zircon U-Pb age analysis point to larger contributions
from Balkan Mountains at Slivata 2, and given the site’s proximity to mountainous regions
compared with other Lower Danube sites, the re-distribution of material from higher ground is
likely (Figures 1 and 2). However, the genesis of these features cannot be resolved without
further investigation using e.g. micromorphology, which could help to determine if pedogenic

processes (e.g. clay coating, or biological activity) took place within sediment.
5.2.3. MIS 2

The investigated part of the Slivata 1 loess-palaeosol profile (Figure 4) covers the last ~23 ka
and therefore preserves a record of the LGM. The stratigraphy varies from other loess profiles
found in Romanian Plain e.g. Viatovo, Kaolinovo, Giurgiu (Balescu et al., 2020, 2018;
Jordanova et al., 2007), mostly due to a thick LGM loess unit (over 5 m), which is more in line
with the Lower Danube’s Dobrogea sections, e.g. Urluia, Vlasca, Rasova, Balta Alba
(Fitzsimmons and Hambach, 2014; Scheidt et al., 2021; Zeeden et al., 2018c). Figures 4, 7
and 10 show that the period between 23.5 and 20 ka at Slivata 1 is characterised higher
preservation potential and/or higher availability of sediment, the highest proportion of sand
(40%), U-ratio (3.7), and mean MARs (2413 g m? a') all of which indicate a very dynamic
aeolian environment, with strong gusty winds, an abundant sediment supply, and a relatively
proximal source of the sediment. In contrast U-ratio, proportion of sand at sites in the
Dobrogea region, Nosak, and Orlovat (Figure 10) and at most sites (apart from Surduk 2 and
Rasova) MARs (Figure 7) are significantly lower than those recorded at Slivata 1, suggesting
later peak in aeolian activity at Slivata. Whilst the Tausoare Cave shows a decrease in 5'®0
values, the Black Sea lake temperature is initially relatively high, but it drops very dramatically
albeit temporarily around 21 ka (Figure 10). That period coincides with the highest rates at
Slivata 1 for both Lower and Middle Danube (Figure 7), suggesting that this region was
experiencing drier conditions with more sediment available or that the higher MARs reflect an
increased luminescence resolution. The pattern of high MARs followed by a drop and rise
could potentially be linked to multiple larger glacial advance phases at ~21 ka, ~19.5 ka, and
~16.3 ka in the South Carpathians (Ruszkiczay-Rudiger et al., 2016).

The thin palaeosol like horizons in Unit VI are likely to also represent colluvial deposits, as the
units at Slivata 2 did, as the rate of pedogenesis is unlikely to exceed the rate of sediment
delivery. However, the pedogenic horizon in Unit IV that developed between 20-19 ka
corresponds to a drop in U-ratio and MARs (Figure 7), an increase in xfd, and plots mostly on
top of the trendline (Figure 9A) suggesting pedogenic enhancement. Whilst this period

represents the height of the LGM, a rise in 880 values in Tausoare Cave (Figure 10) and a
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temporary glacial retreat in South Carpathians have been suggested between 21-19.5 ka
(Ruszkiczay-Rudiger et al., 2016), indicating a brief period of environmental stability that could
support enhanced pedogenic processes. Thin LGM age palaeosols are not specific to Slivata,
as a high number of palaeosol like features developed between 25.0+2.1 ka and 16.3+1.3 ka
in Stayky, Ukraine (Veres et al., 2018). These were interpreted as embryonic palaeosols
previously thought to be driven by changes in the North Atlantic climate system (Rousseau et
al.,, 2011). However, the site’s continental position (and the likely blocking of the Atlantic
influences by the Siberian High) and chronology presented by Veres et al. (2018) showed a
lack of concurrence with Greenland ice core 3'80 isotope records, which record less variability
for the period of 19.57+1.07 ka to 22.04+1.05 ka (Figure 10). Without further
micromorphological analysis, for both Slivata or Stayky, it is not possible to conclude the
genesis of these units, or to test whether they are linked to more localised hydroclimatic and/or
environmental influences on palaeosol development rather than a regional pattern. The final
loess bed (Unit ) is primarily silt size sediment, with a decrease in the U-ratio, and a drop in
MARs to rates similar to those seen elsewhere along the Danube (Figure 7) and suggest a

gradual shift from arid and windy glacial environment to interglacial conditions.
5.2.4. Holocene

The OSL age places the deposition of parent material for the Holocene soil shortly prior to
14.11+1.07 ka (modelled to boundary at 15.28 ka). The xfd increases only a little over this
period, and samples plot very close to, albeit to the left of, the true loess line (Figure 9A).
Therefore, Unit Il is likely explained by the climatically driven magnetic enhancement,
suggesting that favourable conditions for vegetation growth and soil processes to exceed the
sediment supply rate might have occurred prior to Holocene onset at ~11.7 ka BP as
suggested by Constantin et al. (2019). Chironomid records from the South Carpathians
indicate a rapid summer temperature rise around ~14,700 cal BP, followed by a weakly
expressed Younger Dryas cooling (Téth et al., 2012), which are supported by the absence of
geomorphological and chronological evidence associated glacial re-advance (Ruszkiczay-
Rudiger et al., 2016). The enhanced moisture delivery pre- and during Younger Dryas (Rea et
al., 2020) likely translates to the observed glacial re-advance at ~13.5 ka in the South
Carpathians (Ruszkiczay-Rudiger et al., 2016), and at Slivata 1 pre-Holocene onset of

pedogenesis.
5.3. A global or regional environmental and climatic record?

For global signals, loess-palaeosol profiles in a plateau-like setting are often preferentially
investigated as it is argued that the stable depositional environment results in a preservation

of global climatic and environmental influence correlations (Markovi¢ et al., 2018a). In turn the
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orbital scale drivers translate to a much less complex stratigraphy, aid inter-profile
pedostratigraphic and proxy comparisons, and upscaling to develop regional loess
stratigraphic models (Markovic et al., 2016, 2015). Even though it could be argued that Slivata
sits on small plateau-feature (Figure 2) dissected by the Lom and Skomlya rivers, the
stratigraphic and sedimentological records show much higher complexity than one associated
with plateau sites, such as Titel (Bokhorst et al., 2011; Markovi¢ et al., 2012; Peri¢ et al., 2019).
Nonetheless, as evidenced by the chronological results Slivata, preserves a near continuous
record of the last glacial-interglacial cycle, and responds to global scale changes as evidenced
by the stratigraphy, with extensive palaeosol associated with warmer periods and loess

deposition during glacial periods.

Whilst Slivata preserves record of global scale changes, the results of the sedimentological,
chronological and provenance analysis show that this site is strongly influenced by both
microclimate and/or local environmental factors, such as palaeotopography, seasonality,
proximity to the mountains, etc. This is particularly evidenced by the numerous palaeosols that
do not conform to the typical orbital scale changes, e.g. Unit IV at Slivata 1 which developed
between 20-19 ka. The intensity and speed of pedogenesis are site specific and depend on a
number of factors that are not necessarily climatically driven. One of them being relief,
resulting in palaeosol development and type that may not be spatially uniform or uninterrupted
(Sauer et al., 2016; Vandenberghe et al., 2014b). In some cases these changes can be
identified through sloping palaeosols, gullies, and shifts in the depositional environment (e.g.
to fluvial) (Fenn et al., 2020a; Lehmkuhl et al., 2016; Vandenberghe et al., 2014b). However
given the loess sediment homogeneity and that new sediment has the same properties as the
previously deposited material, shifts may not be obvious even after sedimentary analysis and
interpretation, and changes palaeotopography may be difficult to reconstruct. In the case of
Slivata there are suggestions that the topography has been highly variable; evidenced by
heavily incised gullies in the area and thick palaeosol, e.g. Unit Il Slivata 2 (not discussed in
detail in this study) that indicate development in a shallow gully or a channel. The
sedimentological data from Slivata (Figures 4, 5 and 10) also show that while broad orbital
scale trends match regional sedimentological changes observed across the Middle and Lower
Danube, there are differences in the expression of the signal. In both U-ratio and xfd short
lived abrupt shifts are preserved that do not fit with records such as Greenland (Figure 10).
Instead these point to highly unstable conditions, and seasonal influences on the site. MARs
(Figure 7) indicate that sediment accumulation and deposition is highly variable between sites
over very short distances, further supporting the importance of local factors, such as
topography, sediment availability, presence of vegetation, and local climatic conditions (e.g.

wind direction and strength), in the development of loess profiles. At present we do not know
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what the main driver(s) of changes at Slivata is, it is encouraging that evidence of changes in
regional and local conditions can be imprinted onto “the main” loess and palaeosol units,
providing an opportunity to research smaller scale processes, and leads and lags between
loess profiles (especially when it comes to dust fluxes). Whilst complex stratigraphies and
sites might present many challenges in their interpretation, this research shows that there is a

very rich palaeoenvironmental record preserved at these non-plateau sites.
6. Conclusion

This study provides the results of a high-resolution particle size, magnetic susceptibility
investigation supported by 18 luminescence ages and zircon U-Pb ages for two loess profiles
at Slivata, Bulgaria covering most of the last glacial cycle. The chronological framework is also
enhanced by the identification of a tephra layer, geochemically correlated to Cape Riva (Y-2)
tephra, which is the most northerly terrestrial detection of this volcanic ash. This has
implications for both the loess and tephra communities, as the occurrence of Cape Riva (Y-2)
in the Lower Danube loess provides a new tephrostratigraphic marker for directly linking loess

sites with Mediterranean palaeoclimatic archives during the LGM.

The combination of the tephra marker and luminescence dating provides a robust basis for
connecting both Slivata profiles and developing an age depth model. While the chronology
encapsulates almost the whole glacial-interglacial cycle, the primary focus of the
sedimentological work covers the last ~52 ka. The sedimentological, chronological, and
provenance data presented suggests that Slivata was strongly affected by localised
palaeotopographic and geomorphic factors which resulted in discrepancies between the
stratigraphic records at both sites despite the short distance between them. The provenance
data suggests that there was a minor switch in the sediment source/delivery mode in the
transition between MIS 2 and MIS 3. This supports the interpretation of the palaeosol-like
horizons as in-washed soil sediment, rather than pedogenic features, based on their timing of
deposition, sedimentation rates and provenance signatures. The environmental reconstruction
points to a very dynamic system with plenty of available sediment for deposition during the

LGM and deglaciation.

Slivata profiles show differences between other Romanian and Bulgarian loess profiles,
including the thickness of individual units, palaeosol development, and appearance of units.
Therefore, while Slivata loess-palaeosol sequences preserve orbital scale climatic changes
(i.e. glacial, interglacial) the record is overprinted by the regional hydrological and climatic
factors, as well palaeotopography and geomorphology, which result in a more complex late
Quaternary history. In particular, the modifying effect of the Carpathian Mountains is explored

as similar features occur in the loess profile at Nosak on the other side of the Carpathian belt.
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The results from Slivata demonstrate that sites away from a plateau setting and under the
influence of a local climate can preserve in loess a much more detailed and complex record

of palaeoclimatic changes than “cold and dry”.
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