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a b s t r a c t

Palaeoenvironmental reconstructions with temporal coverages extending beyond Marine Isotope Stage
(MIS) three are scarce within the data sparse region of Chukotka, Far East Russia. The objective of this
paper is to infer palaeoenvironmental variability from a 10.76 m long, OSL- and 14C- dated sediment core
from Lake Ilirney, Chukotka (67�210N, 168�190E). We analysed high-resolution sediment-geochemistry
(XRF), sedimentology (TC, TN, TOC, grain-size), mineralogy (XRD) and preliminary micropalaeontological
data (diatoms and pollen) from the core as well as acoustic sub-bottom profiling data from the lake basin.
Our results affirm the application of XRF-based sediment-geochemical proxies as effective tracers of
palaeoenvironmental variability within arctic lake systems. Our study reveals that a lake formed during
MIS3 from 51.8 (±4.1) ka BP, following extensive MIS4 glaciation. Catchment palaeoenvironmental
conditions during this time remained harsh associated with the continued presence of a catchment
glacier until 36.2 (±2.6) ka BP. Partial amelioration reflected by increased diatom, catchment vegetation
and lake organic productivity and clastic sediment input from mixed sources from 36.2 (±2.6) ka BP
resulted in a lake high-stand ~15 m above present and is interpreted as evidence of a more productive
palaeoenvironment coincident with the MIS3 interstadial optimum. A transitional period of deteriorating
palaeoenvironmental conditions occurred ~30e27.9 ka BP and was superseded by periglacial-glacial
conditions from 27.9 (±0.8) ka BP, during the last glacial maximum. Deglaciation as marked by
sediment-geochemical proxies commenced at 20.2 (±0.8) ka BP. Our findings are compared with
lacustrine, Yedoma and river-bluff records from across Beringia and potentially yield limited support for a
marked Younger Dryas cooling in the study area.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Recent global climate change poses an existential threat for
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Arctic areas (ACIA, 2004; IPCC, 2019). The Arctic region has warmed
more than twice as fast as the global average over the instrumental
record due to the phenomenon of Arctic amplification (Cohen et al.,
2014). This is especially the case in far-east Russia where recent
permafrost temperature increases are at their highest rates
(Biskaborn et al., 2019c). Dramatic ecological and socio-economic
consequences are to be expected (AMAP, 2017; Hope and
Schaefer, 2016; Saulnier-Talbot et al., 2014). Consequently, under-
standing past environmental and climate variability within this
region is essential in order to improve constraints on climate
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sensitivity and the prediction of future environmental changes
(Biskaborn et al., 2012). Despite significant studies of Holocene and
late Glacial palaeoenvironmental variability within records from
eastern and northeastern Russia (Biskaborn et al., 2013, 2012;
Diekmann et al., 2016; Wetterich et al., 2014, 2011), palae-
oenvironmental records that cover this interval within Chukotka,
far east Russia are comparatively sparse (e.g. Lozhkin and
Anderson, 2011 and references therein). Moreover, Chukotkan re-
cords that cover marine isotope stages three (MIS3) and four (MIS4)
are particularly desired but currently limited to a handful of sites
(Lozhkin and Anderson, 2006,
2011,bib_Lozhkin_and_Anderson_2011,bib_Lozhkin_and_
Anderson_2006). For northern Chukotka, studies covering these
intervals have, until now, been limited exclusively to the lake
El’gygytgynmeteorite crater record (Asikainen et al., 2007; Lozhkin
et al., 2007; Melles et al., 2012, 2007 and references therein).
Despite its regional significance, low accumulation rates have
meant that high-resolution studies of late Quaternary palae-
oenvironmental change are largely devoid. Further, the paucity of
Chukotkan palaeoenvironmental records has been exacerbated by
the unreliability of age-depth models due to dating limitations of
lacustrine and non-lacustrine records, particularly during glacial
episodes (Colman et al., 1996; Lozhkin et al., 2016). Most previous
regional palaeoenvironmental reconstructions are predominantly
based on palynological records of vegetation change derived from
lacustrine and non-lacustrine settings (Anderson and Lozhkin,
2015; Andreev et al., 2012; Lozhkin et al., 2007; Lozhkin and
Anderson, 2011). In contrast, geochemical and sedimentological
datasets from lake sediments in Chukotka are vastly underrepre-
sented (Asikainen et al., 2007). Where they exist, such studies have
principally focussed on the impact of regional climate variability
without considering the interaction of specific local catchment
processes that are increasingly being shown to impact strongly
sediment-geochemical processes (Opitz et al., 2012). Recent
research from Tibetan and Himalayan lacustrine systems have
highlighted the significance of catchment fluvial, aeolian and
glacial-periglacial processes and the effect of lake-level changes on
lacustrine development (Lehmkuhl and Haselein, 2000; Opitz et al.,
2012; Wünnemann et al., 2008).

Geochemical and sedimentological proxies derived from lacus-
trine sediments can provide a useful record of climate-driven
palaeoenvironmental change (Smol, 1988). The advent of high-
resolution non-destructive geochemical approaches including X-
ray fluorescence (XRF) analysis has allowed the detailed study of
lake system responses to environmental change through the de-
pendency of sediment-geochemistry on factors such as catchment
weathering, source rock composition, sedimentation and post-
depositional processes (Croudace et al., 2006; Kylander et al.,
2011). The sub-centimetre down-core resolution achievable by
XRF allows the capture of even short time-scale fluctuations at
much higher resolutions beyond that generally achievable for other
palaeoenvironmental proxies (Croudace and Rothwell, 2015).
Moreover, standard sedimentological analyses including grain-size,
sediment organic content and mineralogy can garner significant
additional information related to clastic input, organic productivity,
weathering and lake-level change that supports geochemical data
and aid palaeoenvironmental interpretations (Chen et al., 2004;
Opitz et al., 2012). Correlations found between certain high-
resolution XRF-derived elemental data and sedimentological
proxies implies that XRF-geochemical data can reliably be used to
represent sedimentological proxies (Biskaborn et al., 2013;
Croudace and Rothwell, 2015).

Here, we present high-resolution XRF-based geochemical and
sedimentological analyses of sediments from Lake Ilirney, Far East
Russia. The chief objective of this study is to investigate the
2

palaeoenvironmental development at Ilirney in response to
regional climate variability since MIS4. Our interpretations are
aided by acoustic sub-bottom profiling data and preliminary bio-
proxy data (diatoms and pollen). The hypotheses tested within this
study are: a) XRF-derived geochemical variables can be used as
reliable proxies for changes in organic productivity, grain-size and
mineralogy. b) Lake Ilirney responds primarily to changes in lake
catchment processes that reflect regional paleoenvironmental
change in Chukotka during the Late Quaternary.
2. Regional setting

Lake Ilirney (67�210N, 168�190E) is situated in the region of
Chukotka, far east Russia at the tundra-taiga ecotone boundary
within the zone of continuous permafrost (Fig. 1a,b,c). The lake is
bounded by the Anadyr Mountains to the north, with elevations
reaching 1790 m.a.s.l. The lake water level sits at an elevation of
407 m.a.s.l. The El’gygytgyn meteorite crater is located 160 km
further to the east. The geology of the Anadyr mountains here
comprises predominantly silicic igneous rocks of the Cretaceous
Okhotsk-Chukotka Volcanic Belt composed of feldspar-rich grano-
diorites, rhyolite, trachyte and minor sedimentary lithologies
(Ispolatov et al., 2004). Mica-rich phyllites and Quaternary glacial
deposits occur on slopes surrounding Ilirney (Zhuravlev and
Kazymin, 1999). Terminal moraines are identified within the lake
catchment to the north-east, the largest of which retains a lake of
comparable size to Ilirney (Fig. 1a). Moraine-like deposits are also
found on the southern and southwestern margins of the lake.
Numerous small ponds punctuate the moraines and are observed
within the lake inflow region. The Ilirney basin itself is 12 km in
length and 3.6 km across at its widest point and oriented north-east
to south-west along a large structural feature. The basin can be split
into two sub-basins: a larger depocenter in the south-west and a
smaller basin in the north-east divided by a roughly north-south
oriented bathymetric high (Figs. 1b and 2a). The maximum water
depth in the southwestern basin and in the northeastern basin is 44
and 25 m, respectively (Fig. 1b). The catchment area is 1214 km2 as
calculated from a digital elevation model (ArcticDEM) (Morin et al.,
2016). Ilirney is a through-flow lake with the hydrologic balance
controlled by two fluvial inflows from the north-east and an
outflow in the south-west. A strongly continental climate charac-
terises Ilirney with a mean annual temperature of �13.5 �C and
average January and July temperatures of �33.4 �C and 12.1 �C,
respectively. Regional snowfall is equivalent to 110 mm of water
and JuneeSeptember precipitation totals 70 mm (Andreev et al.,
2012; Nolan and Brigham-Grette, 2007). Ice cover is observed
from late October to early July with snowmelt occurring in May and
ice breakup by early July.
3. Materials and methods

3.1. Fieldwork and acoustic profiling

Sediment core EN18208 was obtained from Lake Ilirney during
the Chukotka 2018 expedition by the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine research (AWI) and the
Northeastern Federal University of Yakutsk (NEFU) (Kruse et al.,
2019). The core was obtained from the south-western sub-basin
at a water depth of 19 m using a UWITEC piston corer. An optimal
drilling locationwas identified before coring using an Innomar SES-
2000 compact parametric sub-bottom profiler (Wunderlich and
Müller, 2003). Frequency settings used were 8e10 kHz for low
frequency pulses and 100 kHz for high frequency pulses with a
pulse width of 2 s for low frequency and 253 ms for high frequency



Fig. 1. (a) Overview map of the Ilirney area. Moraines are defined from remote sensing data and from field mapping by Zhuravlev and Kazymin (1999) and inferrences by Melles
et al. (2005). (b) The bathymetric model was created in Arcmap using inverse-distance based interpolation. The tracks of three seismic transects are displayed. (c) Study site location.
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pulses. A range of 45mwas chosen andwas altered during profiling
to account for water depth variations. Sixteen acoustic profiles
containing 34483 bathymetric measurements were recorded.
Acoustic data were analysed using ISE2 post-processing software
(Wunderlich and Müller, 2003). Bathymetric information was
extracted from high-frequency data (Fig. 1b) whereas acoustic
stratigraphy was retrieved from the low-frequency channel. For
signal processing, the algorithm “Algo 1 P00 was used alongside an
optimised noise reducing algorithm. Acoustic profiles were variably
stacked depending on profile length. Five acoustic units (AU5-AU1)
were defined. Surface-sediment samples (0e0.5 cm) were obtained
frommultiple locations using a hydrobios sediment grabber. Water
samples were collected from surface locations and analysed in situ
for oxygen, pH and conductivity using a WTW Multilab 540. Sub-
samples were taken for anion, cation and isotopic analysis in the
field (Supplement, text S1 & Table 1). Water temperatureedepth
profiles were obtained for two locations in both sub-basins (Sup-
plement, Fig. 1).
3.2. Laboratory analyses

3.2.1. Core lithology
Core lithology was evaluated following core opening at AWI
3

Potsdam. Splicing of overlapping core sections was carried out
using high-resolution XRF data and visual inspection. The com-
posite 10.76 m core comprises laminated and non-laminated
lacustrine silt and clay over a basal sand layer. From the sediment
surface to 196 cm core depth laminated, grey-brown coloured silt
dominates succeeded by non-laminated, grey clayey silt between
196 and 650 cm core depth. The lithology between 650 and 900 cm
comprises grey-brown fine-silt with the reoccurrence of lamina-
tions and a thin sand layer at 884 cm. Grey clayey silt dominates
from 900 cm to 1055.5 cm. From 1055.5 cm to the end of the core at
1076 cm is a basal sandwith clasts preventing further core retrieval.
From 900 cm to 1055.5 cm grey clayey silt reappears. From
1055.5 cm to the core end is a basal sand with large grains pre-
venting further core retrieval. No macrofossils or plant remains
were observed in the entire core. Vivianite (Fe3(PO4)2$8H2O) was
identified by visual inspection and has an irregular distribution
with core depth. Laminations were principally black in colouration
following core opening but were occasionally orangeebrown.
Laminations were irregularly spaced and thickness varied on a sub-
centimetre scale.
3.2.2. Dating
Due to the lack of observed macrofossils for radiocarbon (14C)



Fig. 2. Acoustic transects from Lake Ilirney. (a) Axial transect nine from the lake inflow region to the outflow. (b) Transect six across the shallow outflow region showing reduced
deposition of AU1 and erosion (Red star). (c) Transect 10 across the core location (Green star) showing pinching out of AU1 reflectors. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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dating, a high-resolution approach was usedwith 25 bulk sediment
TOC samples being dated using accelerator mass spectrometry
(AMS) at the MICADAS radiocarbon laboratory, Bremerhaven, Ger-
many (Table 1). Samples were prepared following the standard
MICADAS preparation procedure. (Supplement, text 2) (Grotheer
et al., 2020; Synal et al., 2007; Wacker et al., 2010). One surface
sample was dated to constrain any “old carbon” effect present. 14C
dates were calibrated using the IntCal13 calibration curve (Reimer
et al., 2013). Seven optically stimulated luminescence (OSL) sam-
ples were dated at the Royal Holloway Luminescence Laboratory.
OSL dating was performed on 4e11 mm quartz mounted on
aluminium discs (Table 2) using a Risø TL/OSL-DA-15 automated
dating system (Bøtter-Jensen et al., 2003) following the single-
aliquot regenerative-dose procedure (Murray and Wintle, 2000).
Alpha, beta and gamma dose rates were calculated using the con-
version factors of Gu�erin et al. (2011) from U, Th and K concen-
trations determined via a combination of thick-source alpha
counting (Daybreak Nuclear and Medical Systems Model 583) and
beta counting (Risø Model GM-25-5 A). Cosmic dose rates were
calculated using latitude, longitude, elevation and modern over-
burden (Prescott and Hutton, 1988)(Supplement, text 2). OSL dates
in calendar years are corrected to calendar years before present
(BP) by subtraction of 69 years (Table 2). An age model, incorpo-
rating radiocarbon and OSL dates was created in the MATLAB
software “Undatable” (Lougheed and Obrochta, 2019). All modelled
ages are presented as mean calendar years BP (ka BP) for
4

consistency with modelled uncertainty represented as ±½ of the 1-
sigma range.

3.2.3. X-ray fluorescence analysis (XRF)
High-resolution, semi-quantitative sediment geochemical data

were obtained by X-ray fluorescence line-scanning (XRF) of
EN18208 archive halves. XRF was carried out using an AVAATECH
XRF-scanner with a Rh X-ray tube at 0.75 mA and 1.5 mA for 10 and
15 s, at 10 kV (no-filter) and 30 kV (Pd-thick filter) at the Bunde-
sanstalt für Geowissenschaften und Rohstoffe (BGR), Germany. A
scanning resolution of 5 mm was chosen. Before scanning, the
sediment surface was levelled and cleaned. A 4 mm ultralene foil
was placed over the cleaned surface. The main rock-forming ele-
ments (Aluminium (Al), Silicon (Si), Calcium (Ca), Potassium (K),
Titanium (Ti), Rubidium (Rb), Strontium (Sr), Zircon (Zr)) and
redox/productivity linked elements (Manganese (Mn), Iron (Fe),
Bromine (Br)) were selected based on low element Chi2 values (Al
1.1, Si 3, Ca 2.8, K 6.6, Ti 1, Rb 0.9, Sr 0.8, Zr 0.7, Mn 0.6, Fe 3.2, Br 2.8).
Commonly used element ratios (Mn/Fe, Zr/Rb, K/Ti, Si/Al) were
constructed from element intensities (Croudace and Rothwell,
2015). Raw element intensities (CPS) were centre-log ratio (CLR)
transformed and element ratios were additive log ratio (ALR)
transformed to reduce closure effects (Aitchison, 1984; Weltje and
Tjallingii, 2008). Due to the inherent heterogeneity of the sediment
(e.g. grain-size effects) and to reduce the potential effects of outliers
within the XRF data, a 10-point running mean was applied to the



Table 1
Lake Ilirney14 C dates. All samples analysed as bulk total organic carbon (TOC). Samples marked witha are not included in the age model calculation (section 4.2).

Sample ID Lab ID Composite depth (cm) 14C date (a BP) and
Uncertainity (a)

“Old carbon” corrected and
calibrated age (95% confidence interval) (cal. a BP)

Method

EN18214 0e0.5 3754.1.1 0.25 1721 ± 28 e Bulk TOC
EN18208-3 20-21 2974.1.1 16 4029 ± 26 2208e2357 Bulk TOC
EN18208-3 40-41 2975.1.1 36 5664 ± 27 4292e4513 Bulk TOC
EN18208-3 60-61 2976.1.1 56 7334 ± 28 6313e6445 Bulk TOC
EN18208-3 80-81 2977.1.1 76 8279 ± 28 7426e7552 Bulk TOC
EN18208-3108-109 2978.1.1 104 10579 ± 30 9785e10157 Bulk TOC
EN18208-3128-129 2979.1.1 124 11738 ± 31 11327e11702 Bulk TOC
EN18208-3148-149 2980.1.2 144 12914 ± 32 13004e13120 Bulk TOC
EN18208-3168-169 2981.1.1 164 13586 ± 33 13576e13760 Bulk TOC
EN18208-3188-189 2982.1.2 184 16099 ± 40 17342e17682 Bulk TOC
EN18208-3214-215 2983.1.2 210 19953 ± 80 21864e22331 Bulk TOC
EN18208-3250-251 2984.1.2 246 23685 ± 105 25942e26458 Bulk TOC
EN18208-4 45-46 2985.1.2 282.5 25695 ± 134 27738e28361 Bulk TOC
EN18208-4 88-89 2986.1.3a 325.5 23488 ± 65 25852e26136 Bulk TOC
EN18208-4140-141 2987.1.2a 377.5 30941 ± 244 32867e33885 Bulk TOC
EN18208-4170-171 2988.1.2a 407.5 29612 ± 95 31322e31886 Bulk TOC
EN18208-4220-221 2989.1.2a 457.5 32700 ± 294 34348e35532 Bulk TOC
EN18208-4257-258 2990.1.1a 494.5 33068 ± 121 34877e35569 Bulk TOC
EN18208-5 46-47 2991.1.1a 561 26314 ± 67 28421e28823 Bulk TOC
EN18208-5151-152 2992.1.2a 666 25595 ± 64 27717e28086 Bulk TOC
EN18208-5240-241 2993.1.3 755 29670 ± 102 31345e32004 Bulk TOC
EN18208-6 40-41 2994.1.1 797 29040 ± 84 31039e31374 Bulk TOC
EN18208-6 75-76 2995.1.2 832 30109 ± 94 31807e32768 Bulk TOC
EN18208-6110-111 2996.1.2 867 30540 ± 228 32238e33614 Bulk TOC

Table 2
Lake Ilirney optically stimulated luminescences (OSL) dates. All dates are reported in calendar years and corrected to before present (BP) by subtraction of 69 years relative to
the measurement date. Samples marked witha are not included in the age model calculation (section 4.2).

Sample ID Lab ID Composite depth (cm) OSL date (a) and Uncertainty (a) BP corrected OSL date (a BP) Method

VY163 VY163 165.5 15000 ± 1300 14931 OSL
VY373 VY373a 375.5 17900 ± 1700 17831 OSL
VY473 VY473a 475.5 22700 ± 2300 22631 OSL
VY663 VY663a 666 25800 ± 2500 25731 OSL
VY882 VY882 884.5 35600 ± 3200 35531 OSL
VY963 VY963 966 37800 ± 3300 37731 OSL
VY1063 VY1063 1066 53400 ± 4800 53331 OSL
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geochemical datasets and used in multivariate statistical analyses
(L€owemark et al., 2011).

3.2.4. X-ray diffractometry (XRD) and scanning electron
microscopy (SEM)

Core bulk mineralogy was derived by XRD analyses of 54 freeze-
dried and milled samples. Samples were analysed using a PW1820
goniometer (PHILIPS, Netherlands) (40 kV, 40 mA, from 3 to 100�,
step-rate 0.05�, Co ka radiation) at AWI Bremerhaven. MacDiff 4.2.6
software was used to analyse the data (Petschick, 2002). Peak in-
tensities of the main minerals (Quartz peak 3.34 Å, Plagioclase
feldspar peak 3.19 Å and K-feldspar peak 3.24 Å) were expressed as
ratios of the total sum of main mineral intensities (TI) to reduce the
impact of organic material and diatom derived opal (Biskaborn
et al., 2013). XRD was supported by scanning electron micro-
scopy/energy dispersive X-ray spectroscopy (SEM-EDS) analysis of
5 samples at the GFZ Potsdam using a FEI Quanta 3D Dual Beam
microscope.

3.2.5. Sediment biogeochemical, diatom and pollen analyses
Water content and bulk density of 125 sediment samples was

derived using a volumetric approach (Avnimelech et al., 2001).
Subsequently, dried and milled samples were analysed for total
carbon (TC), total nitrogen (TN) and total organic carbon (TOC). TN
and TC were measured using a Vario EL III carbon-nitrogen-sulphur
analyser. TOC content was determined using a Vario MAX C
5

analyser. The TOC/TN ratio was calculated from TOC and TN
(Meyers and Teranes, 2005). Low TOC and N contents at some
depths were at, or close to the detection limit but were still used for
calculation of TOC/TN ratios and in statistical analyses. Twenty
smear slide samples were prepared and analysed for percentage
coverage of diatoms relative to other biogenic and lithogenic grains
(Terry and Chilingar, 1955). An additional 15 samples were taken
from depths identified to contain diatoms and prepared for diatom
analysis following the standard procedure (Battarbee et al., 2001).
Diatom slides were prepared on a hot plate using Naphrax
mounting medium. A minimum of 300 (and up to 400) diatom
valves were counted in each sample using a Zeiss AXIO Scope.A1
light microscope with a Plan-Apochromat 100 � /1.4 Oil Ph3
objective at 1000�magnification for the calculation of the benthic/
planktonic ratio (Stevens et al., 2006;Wang et al., 2011). Forty three
pollen samples were prepared with adding one tablet of Lycopo-
dium spores (batch-number: 3862, spores: 20848) to each pollen
sample after sample weighing for pollen concentrations
(Stockmarr, 1971). At least 300 pollen grains were counted per
sample at 400x magnification.

3.2.6. Grain-size analysis
54 original samples were treated with hydrogen peroxide

(H2O2) for five weeks to remove organic matter. Samples were then
homogenised using an elution shaker for 24 h and split into eight
subsamples. At least three subsamples were analysed providing
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nine individual measurements using a Malvern Mastersizer 3000
laser diffraction particle analyser. Five additional surface sediment
samples were collected from different depositional settings (River
channel, channel pond, river delta, lacustrine, shore; Supplement
Fig. 2). Intervals of 2 mme63 mm, 63 to 2 mm and finer than 2 mm,
were used to define the percentages of sand, silt and clay, respec-
tively. The geometric method of moments mean grain size was
retrieved using GRADISTAT software (Blott and Pye, 2001).
3.2.7. Statistics
To identify intercorrelated sediment geochemical and sedi-

mentological variables, Pearson correlation analysis was performed
on selected variables using the Corrplot package (Wei and Simko,
2017) within the R environment (R Core Team, 2019). Only corre-
lations with p-values less than 0.001 are coloured within the
resulting correlation matrix to reduce the false discovery rate to
below 5% (Biskaborn et al., 2019; Colquhoun, 2014) (Appendix
Fig. 1). Lithological units (LUs) were defined using stratigraphically
constrained incremental sum of squares cluster analysis (CONISS)
applied to high-resolution XRF data after computation of the
dissimilarity matrix and aided by visual identification of major
sedimentological boundaries (Grimm, 1987). Six major LUs (I-VI)
are identified. LUII is subdivided into three subunits due to small
scale variations (IIa,b,c). LUs were correlated with acoustic units
delineated from acoustic transects taken at the core location. In
order to investigate the principal variations in geochemical and
sedimentological data amongst lithological units, principal
component analyses (PCA) were run on normalised and centred
data using prcomp in R. PCA biplots were plotted with 68% proba-
bility ellipsoids for each identified cluster. In order to provide some
measure of uncertainty regarding obtained proxies, 95% confidence
intervals were calculated for grain-size, sediment biogeochemical
and mineralogical datasets. Two coarse basal-sand samples were
excluded from statistical analyses due to extreme values relative to
overlying fine-grained limnic sediment.
4. Results

4.1. Acoustic stratigraphy

Sediment infill was imaged to acoustic basement within all
Fig. 3. (a) Core lithology, acoustic record, bulk density and water content from core EN18208
calibrated radiocarbon ages. XRF correlation tie-point radiocarbon ages from proximal cor
(Andreev et al., unpublished data).

6

acoustic profiles (Fig. 2aec). Sediments are well-stratified with
strong reflectors and observed to drape over bathymetric structures
allowing many reflectors to be traced throughout the basin.
Acoustic transect nine follows the lake axis (AeB) and provides a
profile of whole basin stratigraphy (Fig. 2a). Acoustic transect six
(CeD) includes stratigraphy within the shallow outflow region.
Acoustic transect 10 passes the core location (EeF) and is used
alongside physicochemical variables to delineate acoustic units
(AU5-AU1) (Fig. 3a) (Supplement table 3).

AU5 represents the bottommost acoustic unit and includes the
basal sand synonymous with LUVI. A lower boundary to AU5 is not
observed but a discontinuous upper boundary of variable ampli-
tude and undulating topography is seen. Evidence of channels are
seen within AU5 that affect the subsequent depositional pattern
(Fig. 2a, Supplement Fig. 3). Large bathymetric structures within
AU5 include a bathymetric high dividing the lake into north-
eastern and south-western sub-basins, and basement structures
in the shallow outflow region. AU4, representing LUV, comprises
continuous-discontinuous sub-horizontal reflectors occasionally
seen to onlap onto AU5 (Fig. 2c). AU4 is present throughout and is
thickest within the south-western basin. AU3 represents LUIV and
corresponds with higher water content and lower bulk density
with reflectors of variable amplitude. AU2 consists of strong
amplitude, continuous sub-horizontal reflectors and includes LUIII
and LUII. AU1 constitutes recent sedimentation represented by LUI
and demonstrates continuous-discontinuous reflectors more vari-
able in amplitude than those in AU2. In general, lacustrine deposits
within AU4e2 are present throughout the basin. Some variability in
the distribution of AU2 and AU1 is observed at shallow water
depths (<10 m) manifested by thinning and pinching out of re-
flectors of AU1 onto AU2 (Fig. 2c). Evidence of erosional truncation
of AU2 is apparent in the outflow region with thinner deposits
relating to AU1 deposited unconformably on top (Fig. 2b). The
thickness of the sediment package is variable reaching 30 m in the
deepest regions of the south-western basin but reduces to <10 m
with distance from the lake inflows and towards the outflow
(Fig. 2a).
4.2. Age-depth model

An “old carbon” reservoir effect of 1721 ± 28 14C yr BP was
from lake Ilirney. (b) Age-depth model constructed for core EN18208 from 21 OSL and
e 16-KP-01-L02 are shown for independent validation during MIS2 and the Holocene
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determined from dated surface sediments (0e0.5 cm). We assume
this effect remained constant through time, and thus subtracted
this age from down-core radiocarbon dates before calibration.
Reservoir corrected and Intcal13 calibrated ages together with OSL
show a maximum age of 53.4 (±4.5) ka BP within the basal sand.
The resulting age-depth model was based on four OSL and 17
radiocarbon dates (Fig. 3b). A high agreement between 14C dates
and an OSL date at 165.5 cm validate an effective model for the
Holocene and late glacial. Moreover, the close fit between 14C and
OSL dates from 755 cm to the core base support an effective model
for the lowermost core. 14C measurements between 282 and
755 cm returned older ages than OSL dates particularly between
375 and 494.5 cm. This disparity may be partially attributed to the
redeposition of “old carbon” from the catchment (Gromig et al.,
2019). The loworganic content of the lake sediment (sect. 4.3.1) and
lack of macrofossils available for dating may also contribute to this
(Lozhkin et al., 2016; Müller et al., 2010). Using the same mea-
surement technique as applied in this study, OSL samples from
El’gygytgyn also yielded large age underestimates attributed to
saturation effects (Zander and Hilgers, 2013). Although the ex-
pected absorbed doses were very large (>200 Gy) and age un-
derestimates increased with depth.

Additional support for our age model during MIS2 is garnered
from XRF-based correlation with a14C dated palynological record
from Ilirney (16-KP-01-L02) (Andreev et al., unpublished
data)(Fig. 3b). The similarity of our age-model to that of a similar
age glacial lake within the Verkhoyansk mountains of Yakutia
provides additional support from 50 ka BP to the present
(Diekmann et al., 2016). To negate radiocarbon and OSL date dif-
ferences, dates between 282 and 755 cm were not included in the
age-depth model calculations. Based on the age model, the mean
temporal resolution between samples for sediment biogeochemical
analyses is 422 yrs. Sedimentation rates were highest within LUIV
and LUIII (0.81 yr�1) and within LUI (0.11 yr�1). LUV and LUII had
the lowest sedimentation rates of 0.097 and 0.099 yr�1,
respectively.

4.3. Physicochemical sediment composition

4.3.1. Sediment biogeochemical and redox proxies
Core EN18208 demonstrates very low values for Br (mean�4.8),

TC (mean 0.67%), TOC (mean 0.59%) and TOC/TN (mean 5) at all
depths reaching maximum values only within LUI (Fig. 4b). The
lowest values of Br, TC, TOC and TOC/TN occur in LUVI
(1076.5e1055 cm), LUV (1055-880 cm) and within LUII particularly
in LUIIc (376- 300 cm), LUIIb (300-244 cm) and within the lower
part of LUIIa prior to a sharp increase in values from 230 cm to-
wards the LUIIa/LUI transition. Two prominent minima represented
most clearly by extremely low values of TC occur within LUV at
950 cm (0.241%) andwithin the uppermost part of LUIIb at 247.5 cm
(0.242%). Moderate values of organic proxies prevail in LUIV (880-
642 cm) following dramatic increases in Br and TC prior to the LUV/
LUIV boundary and are accompanied by the appearance of lami-
nations denoted by peaks in Fe and Mn in geochemical data.
Moderate and stable TOC and TC values are observed in the lower
part of LUIII (642-376 cm) which, after a plateau between 561.5 and
501.5 cm, decline towards the LUIII/LUII transition. Br values
decline consistently across LUIII. Except for a small reversal in Br
values at 128 cm, values of all organic proxies within LUI
(178.5e0 cm) increase steadily towards the sediment surface and
Fe and Mn laminations reappear (Fig. 5) (Supplement Fig. 4). The
mean time interval between laminations in LUI is 567 yr with a
range of 1412 yr.

Mn/Fe values are generally variable within the core but are
highest within LUI and the uppermost part of LUIV (729-642 cm).
7

The lowest values are found within LUV with two minima at
1051 cm (�4.20) and 910 cm (e 4.19). Persistently low values
predominate most of LUIV until 729 cm. Low values occur
throughout LUII but particularly in LUIIc and at the LUIII/LUII
transition. LUIII demonstrates moderate values that decline to-
wards the LUIII/LUII transition. In LUI, Mn/Fe values increase to-
wards the sediment surface but are interrupted by a reversal
synchronously with Br at 128 cm.

4.3.2. Grain-size and mineralogical proxies
SEM-EDS analysis shows a dominance of sediment components

rich in O, Si and Al with minor K, Na, Ca and Fe (Fig. 6a). Mean
geometric grain-size varies between 195.5 mm and 2.41 mm and is
highest within the basal sand of LUVI. Grain-sizes are coarser at the
base of LUV and throughout LUIV and LUI. The finest grain-sizes
occur within LUV and LUII and particularly within LUIIc and the
lower part of LUIIa. Pronounced grain-size minima within LUV
(931.5 cm) and LUII (351.5 cm and 231.5 cm) are coincident with
clay maxima and minima in silt contents. LUIII demonstrates
moderate to low grain-size values that fine towards the LUIII/LUII
transition accompanying decreasing sand contents. LUIIb also
shows moderate to low grain-size values marked by increased silt
and decreased clay. SEM-EDS analysis of a sample from LUIIb
(253.5 cm) shows the presence of a coarse, sub-angular, striated
quartz-grain (Fig. 6a and b). Dramatic increases in grain-size occur
from 911.5 cm to the LUV/LUIV boundary and within the upper part
of LUIIa above 211.5 cm to the LUII/LUI transition. Variations in
grain-size are tracked closely by variations in XRF ratios of Zr/Rb, Si/
Al and K/Ti. Generally high values of Zr/Rb and Si/Al relate to
coarser silt and sand dominated sediments and higher values of K/
Ti with finer, clay-dominated material. XRD-derived core miner-
alogy shows that Feldspar/TI ratios were highest within the basal
sand of LUVI and within LUV, LUII and to an extent within LUIII.
Lower values were found predominantly within LUIV and LUI. XRF-
derived Ca varies alongside Plagioclase-feldspar/TI, whereas K/Ti
ratio values can be seen to covary with K-feldspar/TI values. Quartz/
TI ratio values are overall higher within LUIV and LUI and to a lesser
extent within LUIIb and the upper part of LUIII and are low within
LUVI, LUV and LUIIc and LUIIa. No carbonate was found within XRD
or SEM-EDS samples analysed.

4.4. Bioproxies

Diatom percentages and total pollen concentrations showmajor
shifts throughout EN18208. Diatoms are absent from samples in
LUV and pollen concentrations are very low (<3000 grains g�1),
reaching extremely low values between 931 and 920 cm (Fig. 7).
Samples from LUIV show increasing pollen concentrations, attain-
ing very high values (40000 grains g�1) at 782 cm. Diatom per-
centages in LUIV are up to 50%with large, abundant planktonic taxa
seen within SEM samples (Fig. 6c). Benthic/planktonic ratios for
LUIV are low (0.13e0.003) reflecting the dominance of planktonic
taxa. In the upper part of LUIV, pollen concentrations decline and
the benthic/planktonic ratio remains low with almost a disap-
pearance of diatoms close to the LUIV/LUIII transition. Pollen con-
centrations reduce to low values in LUIII, (<5000 grains g�1)
especially at the LUIII/LUII transition (<2000 grains g�1) and remain
low throughout LUII. Concentrations vary in LUIIc with marginal
increases to around 3000 grains g�1 towards the mid-upper sec-
tion. Consistent values persist throughout LUIIb before decreasing
to extremely low values (<2000 grains g�1) in LUIIa. Pollen con-
centrations from the uppermost part of LUIIa and LUI were not
calculated in core EN18208. The pollen record from a proximal 2016
Ilirney core (16-KP-01-L02), however, provides vegetation and
palaeoclimatic information (Andreev et al., unpublished data) and



Fig. 4. Selected sediment-geochemical and sedimentological variables in core EN18208. a) Grain-size proxies b) Organic proxies along with smear slide estimated diatom per-
centages. c) Mineralogical proxies. ALR ¼ additive log ratio; CLR ¼ centre-log ratio; TI ¼ total sum of main mineral intensities. 95% confidence limits are shown alongside selected
sedimentological variables (grey bands).
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Fig. 5. Line-scan image of Lithological unit 1 (LU1) laminations of lake Ilirney core EN18208 alongside centre-log ratio (CLR) transformed Fe, Mn and additive-log ratio (ALR)
transformed Mn/Fe XRF profiles.

Fig. 6. (a) SEM image of a quartz grain from 253.5 cm of Lithological unit (LUII) II. (b) Quartz grain demonstrating striations and evidence of glacial abrasion. EDS analysis confirms
the grain as exclusively silica dominated and hence a quartz grain. (c) Planktonic diatoms preserved within LUIV. (d) Abundant diatoms were found within LUI.
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is considered in the subsequent discussion. Diatoms remain absent
throughout LUIIc,b and the majority of IIa and only appear again at
the top of LUIIa returning to prominence within LUI with per-
centage abundances reaching up to 60% relative to other biogenic
9

and lithogenic grains present within smear slides. Benthic/plank-
tonic diatom ratios within LUI are higher than observed for LUIV
with values between 0.15 and 0.43.



Fig. 7. Total pollen concentrations vs principal component analysis (PCA) axis 1 scores of physicochemical variables plotted with the benthic/planktonic diatom ratio and inferred
productivity changes from presented proxies.
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4.5. Correlation analysis and ordination of physicochemical
sediment variables

Bivariate Pearson correlation analysis allows the identification
of intrinsically linked geochemical and sedimentological variables
in core EN18208 (Appendix Fig. 1). Br covaries with organic pro-
ductivity proxies (TC, TOC, TOC/TN) with a highly significant Pear-
son’s correlation (p < 0.001) coefficient with TOC (r 0.82), TC (r 0.8)
and TOC/TN ratio (r 0.78). The Mn/Fe ratio similarly correlates with
organic proxies particularly with TOC (r 0.73). Zr demonstrates a
correlation with coarse silt (r 0.51), whereas Ti correlates with very
fine silt (r 0.48). K correlates significantly with clay (r 0.82) and to a
lesser degree with K-feldspar (r 0.39). Al also correlates with clay (r
0.79). Zr/Rb and Si/Al ratios covary with mean geometric grain size
(Zr/Rb r 0.49, Si/Al r 0.53) and Si/Al with the total silt content (r
0.77). The K/Ti ratio on the other hand, correlates with clay (r 0.5)
and K-feldspar (r 0.51). Ca correlates with plagioclase feldspar (r
0.63), Sr (r 0.52), very fine-silt (r 0.83) and clay (r 0.57). Ordination
of physicochemical sediment variables shows clustering of proxies
that agrees with observed down core variations and correlation
analysis and shows grouping of data according to LU (Figs. 7 and 8).
The first two PCA axes together explain 60.6% of total variance.
Variance in the first eigenvector is controlled chiefly by variations
in grain-size and organic productivity proxies: mean geometric
grain-size, Zr/Rb, coarse silt, medium silt, Br, TOC, TC and TOC/TN
are negatively correlated with clay, very fine silt, and elements and
10
minerals associated with fine-grained fractions (Al, K, Ca, Ti,
plagioclase and K-feldspar/TI, K/Ti). The second eigenvector is
influenced by the coarsest grain-size fractions (fine-sand, sand) in
the positive directionwhich are negatively correlated with fine-silt.
LUII, LUIII and LUV show overlapping ellipsoids in the negative PCA
axis 1 direction associated with fine-grain sizes and low values of
productivity proxies. Samples from LUIII are mainly concentrated
between very-fine silt to fine silt. Samples from LUII generally plot
between very fine-silt and clay fractions and associated elements
and minerals. LUV shows similarities to LUII although large scatter
exists between samples. LUI is well defined in the positive PCA axis
1 direction with variance controlled by higher organic productivity
and grain-size proxies. LUIV lies in the positive PCA axis 2 direction
with variance controlled by coarse sediment (sand and coarse silts)
and Zr. The biplot is divided into “higher and lower productivity”
sections for discussion.
5. Discussion

5.1. Reliability of XRF-derived sediment geochemical proxies

XRF-based geochemical proxies (Fig. 4) are shown via statistical
analyses (Fig. 8, appendix Fig. 1) to effectively represent sedimen-
tological variability exhibited at Ilirney. The significant correlation
between Br and organic productivity proxies affirms Br as a high-
resolution proxy of organic productivity in lacustrine sediments



Fig. 8. PCA biplot of physicochemical variables from EN18208. Ellipsoids of 68% probability are plotted for variables within each lithological unit (LU). LUIV and LUI that plot to the
right are associated with higher productivity environmental conditions of varying degree. LUII, LUIII, LUV show common traits of more deteriorated environmental conditions.
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(Biskaborn et al., 2013; Fedotov et al., 2012; Flood et al., 2016;
Heinecke et al., 2017; Kalugin et al., 2007; Ziegler et al., 2008). Zr is
related to the minerogenic input of resistant minerals deposited
alongside coarse silt and sand (Cuven et al., 2010; Marshall et al.,
2011). Zr here is correlated with coarse silt and reinforces this
interpretation. K and Al have been used as proxies for variations in
clay within lacustrine sediments (Clift et al., 2014; Cuven et al.,
2010) and both show significant correlations with clay here. Mod-
erate correlation between K and K-feldspar/TI implies that K-feld-
spar contributes also to the response of K variability. Fe distribution
is associated with changes in organic productivity proxies and is
concentrated within FeeMn laminations from LUIV and LUI.
Plagioclase feldspars contain Ca and hence the correlationwith XRF
derived Ca and the absence of carbonate suggests Ca represents
variations in plagioclase feldspar. Sr can be exchanged with Ca
within the crystal structure of plagioclase feldspars, plausibly
indicated by the correlation between Ca and Sr (Biskaborn et al.,
2013; Kalugin et al., 2007). Zr/Rb and Si/Al ratios have been sug-
gested as effective proxies of grain-size variability in lacustrine
sediments (Biskaborn et al., 2019a; Chawchai et al., 2016; Th€ole
et al., 2019) and correlate with mean grain-size here. Si/Al must,
however, be viewed critically as Si can be clastic and biogenic in
origin being present in quartz and other silicate minerals and being
a component of diatom frustules in the form of biogenic opal
(Biskaborn et al., 2019b). Si/Al has also been used in studies as a
proxy for biogenic silica (Peinerud, 2000). As abundant diatoms
occur within LUIV and LUI, Si/Al may be responding to a mixed
source related to grain-size and diatoms. A more thorough, quan-
titative study of diatoms is required to untangle this signal and is
beyond the scope of this study. Moreover, Si and Al are particularly
sensitive to variations in core water content (Tjallingii et al., 2007).
K/Ti has been considered a useful proxy of physical vs chemical
weathering, variations in clastic input of potassium-containing
minerals including K-feldspar and as a proxy for grain-size (clay)
variability within siliciclastic sediments (Arnaud et al., 2012;
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Bouchard et al., 2011; Diekmann et al., 2008; Lenz et al., 2016).
Significant correlation between K/Ti, K-feldspar and clay and the
predominance of high K/Ti during intervals of deteriorated envi-
ronment suggests the usefulness of K/Ti as a proxy for weathering,
clay and feldspar input here. Mn/Fe has been used as a proxy for
redox conditions in lacustrine settings (Heinecke et al., 2017;
Naeher et al., 2013; Pattan, 1993). Higher Mn/Fe values are used to
infer increasingly oxic conditions because Mn is more readily
reduced under anoxic conditions than Fe (Balistrieri et al., 1992;
Loizeau et al., 2001; Wersin et al., 1991).
5.2. Sediment biogeochemical and sedimentological proxies

TOC in lake sediments represents the stability between organic
matter degradation, allochthonous input and autochthonous pro-
duction (Meyers and Teranes, 2005). The TOC/TN ratio is widely
interpreted as a proxy of the source of organic matter deposited
(Meyers and Lallier-Verg�es, 1999). Values above 18 are interpreted
as organic matter sourced from vascular plants within the catch-
ment, while values between 10 and 4 indicate predominantly
autochthonous algal contribution. TOC/TN ratios from EN18208
reflect productivity mostly driven by lake internal processes. As
TOC is very low in Ilirney sediments with no macrophyte remains
observed within EN18208, the contribution of catchment organic
material is likely very low.

Grain-size analysis can be used to interpret sedimentological
processes occurring within the catchment and lake (Prins and
Weltje, 1999). It has, however, been widely discussed that grain-
size variations may not be representative of a single sedimentary
process, but can result frommixing of various sources and transport
processes (Heinecke et al., 2017). Increased grain-size recorded
within LUIV and LUI are represented by the highest contributions of
sand and coarse silt grade material that likely represent deposition
in a heterogeneous environment with sediment of mixed source
(Dietze et al., 2011). Grain-size variations within these lithological
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units thus could be interpreted to represent increased energy of
sediment transport and clastic input possibly via enhanced local
fluvial pathways. This may have resulted from the expansion of the
catchment drainage area and development of fluvial systems
associated with the disappearance of catchment glaciers following
glaciation. Significant influence from on-shore processes could also
contribute to the signal and may result from the erosion of coarser
shoreline sediments through enhanced wave activity and storms
during extended phases of reduced lake ice cover leading to sedi-
ment reworking and redistribution (Asikainen et al., 2007;
Vologina et al., 2003). The effect of wave activity is observed today
by the reworking of coastal sediments and the generation of coastal
berms at lake Ilirney and at lake El’gygytgyn and may play a large
role in the redistribution of coarse material throughout the basin
(Juschus et al., 2011; Federov et al., 2019). Surface samples collected
from the southern lake shore and northern fluvial inflows show
similar grain-size characteristics to samples derived from LUIV and
LUI that supports these interpretations (Supplement, Fig. 2). It is
also plausible that Aeolian deposition can lead to enhanced depo-
sition of coarse material to the basin during times of reduced lake
ice cover (Wang et al., 2015).

Reduced grain-size and increased clay within LUV, LUIIc and
LUIIa likely corresponds to low-energy hemipelagic deposition
under extended lake ice cover and shares similarities with grain-
size distribution three (GSD3) from Lake El’gygytgyn sediments
also purported to represent deposition beneath an extended lake-
surface ice layer during cold intervals (Asikainen et al., 2007).
Enhanced clay deposition may also relate to rock flour input
derived from glacial melt, as has been observed at Tibetan glacial
lake sites (Wang et al., 2015). Lithological units possessing
increased grain-size may also contain signals relating to diatoms
present within the sediment, particularly considering that these
units predominate at depths where diatoms are most commonly
found within smear slides.

5.3. Reconstruction of Late Quaternary palaeoenvironments at Lake
Ilirney

5.3.1. Origin of the ilirney basin during MIS4
Lake Ilirney lies on a south-west to north-east trending struc-

tural feature that passes through the Anadyr Mountains to the
north, representing a major fault (Zhuravlev et al., 1999)(Fig. 1).
Though tectonics played an initial role in the establishment of a
weak zone permitting the formation of the basin, the aseismic
nature of much of the Chukotka interior suggests a limited role in
basin development during the Late Quaternary (Fujita et al., 2002).
The lowermost Ilirney sediments (LUVI, AU5) identified from
acoustic transects and coring are dated to 53.4 (±4.5) ka BP rep-
resenting coarse-grained, moderately sorted, sand and gravel de-
posits. High feldspar relative to quartz, Ca and K/Ti point to
deposition of immature material derived from weathering of
proximal quartzofeldspathic igneous lithologies from the Anadyr
Mountains. Structures within AU5 show similarities to deposits
from other glacial lake systems (Lebas et al., 2019) and are inter-
preted here to represent channels andmoraines, suggesting a high-
energy, dynamic depositional setting corresponding to a glacial-
fluvial environment (Fig. 9a). Acoustic penetration within basal
sediments was limited with only the upper surface being traced
effectively. Terminal moraine deposits at elevations comparable to
Ilirney have been observed within the vicinity (Fig. 1a) (Zhuravlev
et al., 1999). Satellite and aerial photography in combination with
geomorphological fieldmapping of glacial features across Chukotka
has suggested that glaciers during MIS4 were considerably more
extensive than during MIS2, with studies suggesting that Chukotka
was up to 40% covered by ice (Elias and Brigham-Grette, 2013;
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Glushkova, 2011; Heiser and Roush, 2001; Stauch and Gualtieri,
2008). Geomorphological evidence of moraines to the west of
El’gygytgyn indicates that glacial advance during MIS4 was sub-
stantial with valley glaciers extending several tens of kilometres
from the Anadyr Mountains (Melles et al., 2005). Additional sup-
port for a prominent MIS4 glaciation comes from cosmogenic
dating of boulders within moraine deposits from the Alaska Range,
Brooks Range and Ahklun Mountains (eastern Beringia), which
suggest maximum glacial advance 60e50 ka and stabilisation at 52
ka, in agreement with ages from the Ilirney basal sand (Briner and
Kaufman, 2008). 36Cl and 14C dating of moraines from the Koryak
Mountains of southern Chukotka suggested that preserved mo-
raines >30 ka were likely formed as part of glacial advances during
MIS4 (Brigham-Grette et al., 2003). Similar basal sand deposits
from former glacial lake Billyakh (65�160N, 126�440E) within the
Verkhoyansk Mountains, Yakutia have been used to infer the
presence of glacial catchment conditions prior to 50 ka BP during
MIS4, which resulted in non- lacustrine deposition (Diekmann
et al., 2016). During the earliest phase of the Ilirney sediment re-
cord we infer the presence of glacial conditions and a valley glacier
within the Ilirney catchment at 53.4 (±4.5) ka BP associated with
the MIS4 glaciation, leading to the deposition of highly minero-
genic, glaciofluvial outwash deposits throughout the basin (Fig. 9a).
Channel structures recorded in acoustic profiles, are evidence of
fluvial systems draining the glacier front that were subsequently
infilled with postglacial lacustrine sediment (drape) during lake
basin evolution (Johnson et al., 1982; Stewart and Lonergan, 2011).
5.3.2. Initiation of lacustrine deposition during MIS3
Initiation of lacustrine deposition is reflected by a major phys-

icochemical changeover at the LUVI/LUV transition and by the
appearance of reflectors of AU4 (Fig. 2c) dated to 51.8 (±4.1) ka BP.
Lake initiation was likely connected to the commencement of
retreat of the MIS4 glacier (Fig. 9b). The initial lake was likely
shallow with considerable clastic sediment input as shown by high
mean grain-size, modest clay and higher sand contributions along
with high values of clastic input proxies (Zr). These proxies likely
document locally sourced fluvial or near-shore clastic input into the
shallow lake derived from melt of the glacier front (Dietze et al.,
2012). Following an initial shallow phase, increasing clay and
decreased grain-size mirrored by XRF proxies (Zr/Rb and K/Ti) may
indicate lake deepening. Observation of AU4 in the shallow outflow
region supports this and shows that lacustrine deposition in LUV
likely became basin-wide with sufficient water-depth to permit
contiguous deposition (Fig. 9b). A lack of diatoms and low Br, TC
and immeasurable TOC show that within-lake conditions during
this time limited bioproductivity. Low local catchment vegetation
productivity during this phase is evidenced by very low pollen
concentrations.

A quasi-permanent ice layer was likely present on the surface of
Lake Ilirney during LUV deposition, as has been reported for
El’gygytgyn during phases of cold climate (Asikainen et al., 2007;
Melles et al., 2007). This reduced wind-induced currents and lake
mixing processes at depth within the water-column thereby
allowing the development of lake stratification and suboxic con-
ditions at the sediment-water interface. This may have led to low
Mn/Fe values that were prevalent throughout LUV, particularly
during the onset of lacustrine conditions and around 36.2 (±2.6) ka
BP (Davison, 1993). Decreasing Mn/Fe values, however may also
support deep water, but this effect is inseparable from variations
thatmay result from stratification under quasi-permanent ice cover
(Brown et al., 2000; Naeher et al., 2013).

Increased duration of ice cover at the lake surface would have
also affected the deposition of clastic material via hemipelagic



Fig. 9. (a)e(f) Palaeogeographic scenarios during the development of lake Ilirney since 53.4 ka BP to present.
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settling with deposition likely only being facilitated at the lake ice
margins and/or through cracks in the ice layer during summer
(Asikainen et al., 2007; Melles et al., 2007). Settling from suspen-
sion was a dominant mechanism of sedimentation as represented
by high clay contribution. Reduced deposition of coarser material
due to reduced fluvial clastic influx via lake inflows was likely
hindered by the absence of an active layer in the catchment
(Asikainen et al., 2007; Priscu et al., 1998). Redistribution of
shoreline sediments was also likely hampered through reduced
wave-activity under the lake ice cover. Reduced sedimentation
rates during this period likely contributed to the absence of FeeMn
13
laminations in the sediments as redox layers need to be buried to
prevent dissolution under anoxic conditions (Labuhn et al., 2018;
Odegaard et al., 2003; Prokopenko et al., 2001). Physicochemical
proxies verify cold, deteriorated environmental conditions with
high physical weathering, evidenced by very high K/Ti values by 37
(±3) ka BP, associated with increased minerogenic input of feld-
spars within the clay and very fine silt fraction. Increased feldspars
relative to decreased quartz within fine sediment (<2 mm) has been
attributed to glacial abrasion in sediments derived from the Norris
Glacier, Alaska (Nesbitt and Young, 1996). Glacial rock flour at Lake
Owens, California, consisted chiefly of clay-sized, feldspar-enriched
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material derived from intense physical weathering by catchment
glaciers (Bischoff et al., 1997). A similar mechanism may have
existed at Ilirney whereby fine-clastic components were derived
from physical weathering of abundant, feldspar-rich lithologies by
the glacier. This is supported by the high bulk density of sediments
within LUV typical of glacigenic suspended load (Fig. 3a) (Bakke
et al., 2005). The input of nutrient poor rock flour from a glacier
in addition to the existence of a quasi-permanent ice layer would
have contributed to poor conditions for organic productivity in the
lake (Benson et al., 1998; Karl�en, 1981; Melles et al., 2007; Smol,
1988).

The onset of lacustrine conditions at Ilirney is consistent with
regional inferences of the onset of the MIS3 interstadial. Sedi-
mentological and biological evidence from Lake Billyakh
(Diekmann et al., 2016), suggests a similar timing to Ilirney for the
onset of lacustrine conditions, starting from 50 ka BP. Catchment
conditions surrounding Billyakh during initial lacustrine develop-
ment (50e40 ka BP) were interpreted as been continually influ-
enced by the proximal glaciers within the catchment (Diekmann
et al., 2016). Evidence from Yedoma sites from Arctic Yakutia
agree with the timing of the onset of the early MIS3 Interstadial
between 50 and 48 ka BP (Wetterich et al., 2014). Despite the onset
of the early MIS3 Interstadial, local palaeoenvironmental condi-
tions within the Ilirney basin remained harsh and unfavourable for
catchment and within-lake bioproductivity, particularly between
38.7 (±3.7) and 36.2 (±2.6) ka BP. This matches the timing of cold
climate phases from early MIS3 records preserved within Alaskan
Yedoma deposits (Itkillik River, Fox Tunnel), river bluff deposits
(Epiguruk) and lake sediments from Lake Joe (Anderson and
Lozhkin, 2001; Lapointe et al., 2017 and references therein).
These records suggest that cold environmental conditions persisted
until 35e36 ka BP. In addition, middleelate Pleistocene glacial
advances from the Brooks Range and Kigluaik Mountains, Alaska
preserved within the Itkillik I stage have been interpreted as gla-
ciations prevailing, in the case of the Itkillik IB stage until ~35 ka BP
before deglaciation (Hamilton, 2001; Hamilton et al., 1986).
Anderson and Lozhkin (2001) implied environmental conditions
approaching glacial conditions in northwestern Alaska 40e35 ka
BP. Palynological data from Lake Alut (60�80N,152�190E) in southern
Chukotka have suggested cold and dry climate conditions persisted
until ~41 ka BP during MIS3 before giving way to warmer inter-
stadial “optimum” conditions thereafter (Lozhkin, 2002). Sedi-
ments from LUV at Ilirney thus represent lacustrine development
and deepening under cold, low productivity environmental con-
ditions affected by the presence of a catchment glacier during the
early MIS3.
Fig. 10. (a) Image of a probable lake-terrace at Ilirney. The strike of the shoreline is
shown by the dashed yellow line. (b) Image of beach gravel, pebbles and sand that
constitutes the terrace. (c) Simple model of the lake-level high-stand compared with
the modern level. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
5.3.3. Evidence for a MIS3 lake highestand
A major transition is evidenced by dramatic changes in proxies

beginning 36.2 (±2.6) ka BP. Increases in grain-size, Zr/Rb, Si/Al, silt
and sand, alongwith Br, TC and TOC in the uppermost LUV and LUIV
suggest a transition to more favourable environmental conditions
(Figs. 7, 8 and 9c). TOC/TN ratios of below 7.5 indicate lake bio-
productivity was driven by internal lake dynamics (Meyers and
Teranes, 2005). Abundant planktonic diatoms led to low benthic/
planktonic diatom ratios throughout LUIV implying high lake levels
during this time with limited habitat availability for benthic taxa
(Heinsalu et al., 2007; Wang et al., 2011; Wolin and Stone, 2010).
Lake-level reconstructions from El’gygytgyn have been used to
imply that lake levels were high following MIS4 leading to the
formation of a lacustrine terrace 9e11 m above the current lake-
level (Fedorov et al., 2019; Glushkova and Smirnov, 2007).
Though the timing of the lake highestand was not effectively
constrained due to the lack of a reliable age model at El’gygytgyn,
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high lake levels represented favourable conditions that occurred
during MIS3 (Juschus et al., 2011). Sediments from Lake Billyakh
show evidence for a MIS3 deep-lake stage 40e30 ka BP associated
with abundant planktonic diatoms and high sedimentation rates
(0.62 mm/yr�1) linked to increased runoff, possibly due to
enhanced deglaciation (Diekmann et al., 2016). A similar scenario
may be inferred at Ilirney within LUIV, where high lake levels likely
followed enhanced glacial retreat following the previous phase.
Deep lacustrine conditions are supported by low Mn/Fe values
indicating suboxic sediment conditions (Heinecke et al., 2017). A
possible lake terrace 15 m above the current lake level on the
northern shoreline, consisting of sub-rounded gravel and pebbles
(Fig. 10), may support a lake highestand.

Pollen concentration variations imply changes in catchment
vegetation productivity across the LUV/LUIV transition and within
LUIV (Andreev et al., unpublished data; Peros and Gajewski, 2008;
Wetterich et al., 2014). Increasing pollen concentrations from LUV
to LUIV suggest increased productivity from catchment vegetation
that culminated ~33e30.8 ka BP.

Prominent, but occasionally discontinuous, sub-horizontal re-
flectors within AU3 across the entire lake basin corroborate prev-
alent lacustrine deposition under deep-water conditions. The
occasional discontinuity and variable amplitude of reflectors may
be related to variations in bulk density within LUIV (Fig. 3a)
(Anselmetti et al., 2009). Similar deposits to AU3 have been found
during seismic profiling at Lake Levinson-Lessing on the Taymyr
Peninsula and were used to infer increased sedimentation under
conditions of enhanced fluvial deposition that led to increased
deposition of turbidite sediments within a lacustrine setting (Lebas
et al., 2019). A thin sand layer recorded at 884 cm (34.6 (±2) ka BP)
may provide evidence of a turbidite-like deposit based on similar-
ities to turbidites recorded within the El’gygytgyn sediment core
record (Juschus et al., 2009).

Decreased clay implies fine-grained depositional settling from
suspension under quasi-permanent lake ice cover and probable
rock flour input fromproximal glacial abrasion became significantly
less dominant. Instead, a reduced duration of lake ice cover was
likely with longer ice-free summers, as has been inferred from
El’gygytgyn sediments during MIS3 (Asikainen et al., 2007; Melles
et al., 2007; Minyuk et al., 2007). The glacier present during the
deposition of LUVI and LUV likely retreated to higher elevations or
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disappeared completely (Fig. 9c). Increased grain-size, reinforces
potentially mixed sources of clastic input including intensified
wave-driven shoreline erosion, enhanced fluvial and local aeolian
input during extended ice-free summers (Dietze et al., 2012;
Vandenberghe, 2013; Wang et al., 2015). Decreasing K/Ti, feldspars
and increased quartz support diminishing physical weathering and
rock flour input and increased grain-size. Increased quartz during
LUIV may relate to increased input of fluvial or aeolian sediment.
Detrital quartz input has been shown to be a useful proxy for
increased fluvial or aeolian transport due to its resistance to
weathering relative to feldspars and thus over representation in
mature transported material (Dean, 1997; Yamada, 2004). Stable,
lowMn/Fe values suggest that, despite increased prevalence of ice-
free summers, the sediment was suboxic with water column
stratification, at least during the early part of LUIV until 30.7 (±0.5)
ka BP (Cohen, 2003; Heinecke et al., 2017). Observance of thermal
stratification during 2018 (Supplement, Fig. 1) following surface
ice-layer break-up during summer shows that stratification can
exist under extended summer ice-free conditions. Stratification
was postulated for the MIS3 deep-lake stage at Lake Billyakh on the
basis of increased Znwithin sediments (Diekmann et al., 2016). The
most prominent visual feature of the transition to LUIV sediments
is the appearance of FeeMn laminations. High Fe within lamina-
tions corresponds with pyrite (FeS2), confirmed by the observance
of arsenopyrite (FeAsS) within XRD samples and by colour change
of laminations during core opening resulting from oxidation
(Labuhn et al., 2018). The origin of FeeMn laminations has been
discussed by several authors. Iron-sulphide bands deposited within
the Great Lakes and in sediments deposited along the southern
coast of Finland have been interpreted as evidence of hypoxic to
anoxic bottom water or sediment conditions resulting from inten-
sified thermal stratification under ameliorated climate (Odegaard
et al., 2003; Pitk€anen et al., 2001). Gromig et al. (2019) observed
similar FeeMn laminations within Lake Ladoga sediments, which
represent preserved redox layers resulting from enhanced
allochthonous and/or autochthonous organic matter that led to
suboxic conditions in near-surface sediments. Redox laminations
thus support the interpretation of suboxic conditions at the
sediment-water interface. The sporadic appearance of vivianite
concretions within LUIV, a further proxy of suboxic sediment
conditions, that is often associated with organic material, may
reinforce this hypothesis (Asikainen et al., 2007; Labuhn et al.,
2018; Rothe et al., 2016). Vivianite however may also form during
post-depositional secondary diagenetic processes and therefore
may not be contemporaneous with the sediment water interface
conditions at the time of deposition (Rothe et al., 2016). Enhanced
clastic input could also have contributed to the burial and preser-
vation of laminations before dissolution could occur, as was likely
the case during intervals of reduced productivity (Prokopenko
et al., 2001).

Variations in PCA axis 1 scores (Figs. 7 and 8) within LUV sup-
port environmental improvement, chiefly observed in proxies for
enhanced clastic sediment input and within-lake organic produc-
tivity that encapsulate a more productive palaeoenvironment
following the preceding comparably unfavourable conditions. Evi-
dence for climatic improvement during the MIS3 Interstadial is
recorded across Beringia from lake sediment and Yedoma deposits.
Multiproxy palaeobotanical and sedimentological studies from
eastern Beringia indicate enhanced environmental conditions that
commenced ~35 ka BP. This includes lacustrine pollen records from
Joe Lake, Alaska (Anderson et al., 1994) where a transition from cold
conditions during MIS3 to warmer and wetter conditions begun
~35 ka BP, synchronous with river exposure data from the nearby
Epiguruk site (Hamilton and Ashley, 1993). The accretion of
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palaeosols recorded at the Itkillik river, Alaska following the Itkillik
IB glacial advance agrees with this timing of the onset of favourable
conditions (~35 ka BP) and lasted until the start of the last glacial
maximum (Hamilton, 2001; Hamilton et al., 1986). Recent insights
from Alaskan Yedoma deposits support warm MIS3 interstadial
conditions ~36e30 ka BP (Lapointe et al., 2017). On the other hand,
palynological records from western Beringia suggests improved
MIS3 interstadial conditions may have already occurred beginning
50 ka BP following the MIS4 glaciation although some regions such
as surrounding Lake Alut did not display improved conditions until
after ~41 ka BP (Lozhkin and Anderson, 2011). Yedoma deposits
from the Lena delta region in northern Yakutia imply MIS3 inter-
stadial optimum conditions existed between 40 and 32 ka BP
(Schirrmeister et al., 2002; Wetterich et al., 2014, 2008 and refer-
ences therein). The timing of a MIS3 interstadial optimum has,
however, been said to represent “its own set of mysteries” man-
ifested by spatial and temporally variable palaeoclimatic trends
over about 20 000 yr (Lozhkin and Anderson, 2011). Despite large
chronological uncertainties associated with dating organically
poor, lacustrine sediments in Chukotka (Anderson et al., 2010;
Anderson and Lozhkin, 2001,
2015,bib_Anderson_and_Lozhkin_2015,bib_Anderson_and_
Lozhkin_2001; Colman et al., 1996; Lozhkin et al., 2007; Lozhkin
and Anderson, 2011), proxies here support the presence of a lake
high-stand coincident with the timing of improved MIS3 intersta-
dial conditions beginning 36.2 (±2.6) ka BP.

5.3.4. Post MIS3 interstadial optimum transitional environment
Decreasing PCA axis 1 scores controlled predominantly by grain-

size proxies from LUIV to LUIII and by increases in Ca, plagioclase
feldspar, clay and disappearance of diatoms and reduced pollen
concentrations indicate progression to an increasingly unfav-
ourable environment for productivity from 30 (±0.6) ka BP. The PCA
biplot (Fig. 8) shows that LUIII represents a transitional phase be-
tween the full periglacialeglacial conditions of MIS2 and the pre-
ceding interstadial optimum environment. Reflectors within AU2
are high amplitude and continuous throughout the basin indicating
basin-wide deposition under deep-water conditions (Lebas et al.,
2019). An increased duration of lake ice cover in addition to
reduced activeelayer thickness relative to the interstadial optimum
may have led to increased dominance of finer-grained, hemipelagic
sediment represented by grain-size proxies (Asikainen et al., 2007).
Increased but highly variable Mn/Fe implies variable oxygenation
with progressively reduced conditions towards the end of LUIII by
27.9 (±0.8) ka BP. The absence of FeeMn laminations signifies
unfavourable conditions for their generation and/or preservation.
Continued sporadic appearance of vivianitemay imply intermittent
reducing conditions at the sediment surface (Nealson, 1997).
Catchment glaciers may have already begun to regrow or extend
from mountain cirques within the upper catchment during this
phase leading to some reworking of catchment material that may
provide one possible explanation for the observation of mixed ages
predominantly found within LUIII.

5.3.5. Environmental deterioration during MIS2
The LUIII/LUII transition represents a change in palaeoenviron-

ment likely consistent with the establishment of periglacial-glacial
conditions during MIS2 (Fig. 9e). The transition, based on high-
resolution XRF data, is manifest by decreased grain-size and
increased physical weathering beginning 27.9 (±0.8) ka BP. Suboxic
conditions returned, and within-lake productivity remained low.
Increased feldspar input relative to quartz, with higher clay
contribution, plausibly represents rock flour input derived from the
presence of a catchment valley glacier. A return to similar paleo-
environmental conditions as those proposed for LUV is supported
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by the overlap of the LUV and LUII ellipsoids seen in the PCA biplot
(Figs. 7 and 8). Lacustrine deposition likely continued under rela-
tively deep-water conditions denoted by the continuation of
prominent acoustic reflectors throughout the basin within the
upper parts of AU2 alongside reduced grain-size (Lebas et al., 2019).
Evidence for lake-level changes at El’gygytgyn during MIS2 agrees
with the initially high lake levels suggested by Glushkova and
Smirnov (2007) based on riverine and lake terraces. Juschus et al.
(2011) inferred that lake levels were generally high during the
early MIS2 but lower thereafter, before rising rapidly at the MIS2
termination. Sedimentation at Ilirney during MIS2 is comparable to
that observed during deposition of LUV and is influenced by quasi-
permanent lake ice cover, contributing to fine-grain sizes observed
throughout LUII. Radiocarbon dating of organic matter and wood
fragments and cosmogenic surface exposure ages indicate that ice
in Chukotka during MIS2 was already at a maximum extent be-
tween 27 and 20 ka BP (Brigham-Grette et al., 2003). Similarly, ice
advanced within the Brooks Range (Alaska) around 28 ka BP
associated with the Itkillik II glaciation in eastern Beringia before
reaching maximum extent between 27 and 21 ka BP (Hamilton,
1986, 2001; Lapointe et al., 2017). Evidence for glaciation during
MIS2 within the Ilirney catchment comes from terminal moraines
present to the north-east of Lake Ilirney (Figs. 1a and 9f). Though
these moraines lack absolute age control, relative dating of mo-
raines within Chukotka suggest an origin duringMIS2 (Melles et al.,
2005). Preliminary ages of dated glacial-fluvial basal sediments
from a moraine-dammed glacial lake to the north of Ilirney confirm
catchment glaciation by̴ 28 ka BP during MIS2 (Vyse et al., un-
published data). MIS2 pollen data from lake El’gygytgyn indicates
open tundra and steppe-like communities with July temperatures
considerably less than modern (Lozhkin et al., 2007).

Evidence for local environmental variability following the
establishment of MIS2 periglacialeglacial conditions is evident
within grain-size and clastic input proxies’ 27.6 (±0.9) to 25.3 (±1)
ka BP. Grain-size increases were governed by increased silt and
decreased clay and mirrored by Zr/Rb and quartz. Moreover, K-
feldspar, K/Ti, Ca and to a lesser extent, plagioclase have increased
values in LUIIb. The explanation for this phase is complex as
regional palaeoenvironmental data do not suggest environmental
change under periglacialeglacial conditions during MIS2 (Lozhkin
et al., 2007; Lozhkin and Anderson, 2006). The available data do
not allow a full understanding of causation, however one expla-
nation may be that variations in grain-size and clastic input proxies
during this interval are related to catchment glacier dynamics. A
similar explanation was postulated for Lake Kalakuli in western
Tibet based on a similar response of physicochemical proxies and
was used to infer periods of glacial advancement and retreat (Liu
et al., 2014). This hypothesis is given support by the finding of a
coarse, sub-angular, striated quartz grain within LUIIb (Fig. 6a and
b) sediments. Striations could represent fractures produced by
mechanical abrasion beneath the catchment glacier and have been
observed in glacial sediments (Mahaney, 2011). High bulk density
of LUIIb sediments supports glacigenic sediment input (Bakke et al.,
2005).

5.3.6. The last glacial maximum (LGM) and the initiation of glacial
retreat

The LGM as reflected by physicochemical variables, pollen
concentrations and PCA axis 1 scores, likely occurred close to the
LUIIb/LUIIa transition, dated here between 25.5 (±0.9) to 21.7 (±0.7)
ka BP. The age of the LGM coincides with 36Cl dated MIS2 moraines
in Chukotka, which reveal maximum glacier extents between 26
and 11 ka (Gualtieri et al., 2000). Climate conditions at lake Ilirney
were likely cold and arid indicated by high amounts of Selaginella
rupestris spores (Andreev et al., unpublished data). Our data suggest
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that the lake-level may have generally remained high during the
LGM though we cannot rule out some lake-level lowering that may
have affected the shallower parts of the lake that resulted from
increased aridity. Local environmental conditions were dominated
by high physical weathering and glacial abrasion in the catchment,
leading to increased deposition of rock flour, as represented by
contributions of clay and high K/Ti. Within-lake bioproductivity
reached low levels, comparable with LUV. A sudden event recorded
by Si/Al and Zr/Rb at 22.5 (±0.7) ka BP suggests a short-term
depositional event, possibly related to a sudden increase in glacial
meltwater connected to the beginning of glacier destabilisation
prior to deglaciation. Suboxic sediment conditions prevailed
alongside reduced sedimentation rates and signify the presence of
a quasi-permanent ice layer.

The initiation of glacier retreat is distinguished by dramatic
changes in sediment deposition and commenced at Ilirney 20.2
(±0.8) ka BP as best observed in the high-resolution geochemical
records of grain-size and clastic input (Zr/Rb, Si/Al). Evidence for
Beringian glacial retreat from the Alaska and Ahklun ranges has
advocated commencement between 20 and 19 ka BP (Briner and
Kaufman, 2008; Hughes, 1983), whereas 36Cl dating of moraines
within the Nygchekveem valley in central Chukotka suggest onset
of deglaciation between 21.65 and 11.59 ka BP (Brigham-Grette
et al., 2003). Though records of the commencement of deglacia-
tion can vary temporally and spatially (Ehlers et al., 2018, 2011) the
commencement at Ilirney is consistent with other Beringian re-
cords. Glacial retreat led to the development of moraine-dammed,
proglacial lakes in front of the retreating ice-front within the
catchment (Figs. 1a and 9f). The development of fluvial systems
draining the retreating glaciers and proglacial lakes (Fig. 1a)
increased the contribution of sand and silt to the recorded grain-
size signal. Decreasing physical weathering and glacial abrasion
under ameliorating conditions resulted in reduced clay deposition
and likely rock flour input into the lake basin. Increased lake
ventilation due to the increasing length of the ice-free season is
postulated by steeply increasing Mn/Fe values (Fig. 4b). Rising
sedimentation rates likely contributed to the preservation of
FeeMn laminations. Within-lake bioproductivity responded to
ameliorating conditions as shown by the re-emergence of diatoms
and shifts in organic productivity proxies. Vegetation response to
deglaciation marked by increases in Betula pollen is not evident at
Ilirney and broader Chukotka until around 15 ka BP and lags behind
initial responses in lake geochemistry and sedimentology pre-
sented in this study (Andreev et al., unpublished data; Brubaker
et al., 2005; Edwards et al., 2005). Recent evidence from sedi-
mentary DNA preserved in lake sediments on Southern Baffin Is-
land support delayed vegetational responses of Betula of ~3 ka
compared to the timing of local deglaciation that was interpreted to
result from inefficient seed dispersal and vegetation migration lags
(Crump et al., 2019; Shakun et al., 2015). Moreover, recent multi-
variate analyses of pollen data from El’gygytgyn suggest that lags
between climate amelioration and vegetation following glacial
conditions can persist for several millennia (Herzschuh et al., 2016).
The rapid response of sediment-geochemical and sedimentological
proxies to deglaciation may reflect the direct reaction to the initi-
ation of glacial retreat within the catchment. The persistence of
harsh catchment conditions and the absence of significant catch-
ment landscape factors necessary for substantial vegetation
development during early deglaciation, such as limited soil devel-
opment, could have resulted in a delayed response of vegetation to
early amelioration (Engstrom and Hansen., 1985).

5.3.7. The late glacial
Proxies of clastic input via fluvial pathways increase throughout

the late glacial and culminate in a maximum around 13.7 (±0.6) ka
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BP. During the late glacial, lake-level likely increased due to the
retreat of glaciers, recorded by the higher presence of Botryococcus
algae remains ~13 ka BP suggesting a wide availability of shallow,
shoreline habitats an extension of wide littoral habitats likely
within the extended shallow outflow region (Andreev et al., un-
published data). Lake-level rise may have been permitted by the
establishment of coastal berms that blocked the narrow (<20 m
wide) outflow river that has similarly been proposed for facilitating
lake-level high stands at lake El’gygytgyn during warm intervals
(Juschus et al., 2011; Federov et al., 2019). This was suggested to
have resulted from enhanced wave-driven sediment redistribution
towards the outflow during periods of extended ice-free summers.
Such a mechanism is plausible given the presence of modern-day
coastal berms around the lake Ilirney shoreline and at the
outflow river which partially block the channel at the northern
bank (Supplement Fig. 5). Abundant diatoms and high values of Br
imply concomitantly high bioproductivity during the late glacial.
Low K/Ti implies diminished physical weathering and reduced clay
deposition. Regional pollen data have shown that vegetation during
this time was dominated by the continued establishment of Betula
and the appearance of shrub alder (Alnus fruticosa) starting around
14e13 ka BP (Brubaker et al., 2005). Local pollen concentration
increases suggest gradually increasing pollen production during
this time (Andreev et al. unpublished data). Pollen data are inter-
preted to represent climate amelioration during the late glacial and
agree with physicochemical data presented in this study. Evidence
for an early start to amelioration prior to the Pleistocene/Holocene
boundary has been recognised within several prominent Chu-
kotkan palynological records from the Kankaren Range and Anadyr
lowlands in southern Chukotka that accompanied a̴ 7% increase in
orbitally driven insolation (Anderson and Lozhkin, 2015; Lozhkin
and Anderson, 2013, 2011; Nowaczyk et al., 2007).

High-resolution geochemical data obtained from Lake Ilirney
show no evidence of a return to glacial conditions associated with a
strongly pronounced Younger Dryas (YD) cooling. Evidence of
enhanced physical weathering and clay deposition is not found, nor
is there significant reduction of within-lake bioproductivity that
would imply colder, unfavourable conditions. A small reversal in
theMn/Fe trend alongside reducing Si/Al and Br from 12.5 (±0.5) ka
BP may indicate some local change in environmental conditions.
The magnitude of this change is however not comparable to sug-
gestions of climate cooling proposed for other records within
northern parts of Chukotka including El’gygytgyn (Andreev et al.,
2012) and Wrangel Island (Lozhkin et al., 2001). Palynological re-
cords from southern Chukotka and a lack of moraines of YD age
within the Brooks Range (eastern Beringia) provide evidence of a
subdued YD within other parts of Beringia (Anderson and Lozhkin,
2015; Ehlers et al., 2011; Hamilton, 2001). Palynological records
from eastern Yakutia also suggest a lack of a pronounced YD cooling
(Lozhkin et al., 2018). An appraisal of the cause of the reduced
prominence of the YD is beyond the scope of this study and may be
related to variable effects of local modifiers (topography, soil,
sediment disturbance) on large-scale climatic forcing between
palaeorecord sites (Kokorowski et al., 2008).

5.3.8. The holocene
A clear transition to the Holocene at ~11.7 ka BP is not observed

in most physicochemical proxies at Ilirney. The transition is marked
only by non-substantial increases in Mn/Fe, Si/Al ratios and
increased sand. A more pronounced transition is however observed
by dramatic increases in pollen concentrations observed within
core 16-KP-01-L02 (Andreev et al., unpublished data).

Holocene sediments demonstrate continuously increasing TOC
alongside Br and high diatom percentages indicating increasing
within-lake bioproductivity (Fig. 9f). Increasing TOC/TN values
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above those observed in LUIV and LUIII suggest a mixed source of
organic material with a higher contribution from terrestrial sources
towards present, though the predominant source remained algal
(Meyers and Lallier-Verg�es, 1999). Mn/Fe values increase
throughout the Holocene towards the sediment surface, probably
representing ventilation of the water column associated with pro-
longed ice-free summers due to climate amelioration. Persistently
high Zr/Rb and Si/Al alongside increased grain-size plausibly sup-
ports reduced lake ice cover with enhanced clastic input from
wave-driven shoreline erosion, fluvial and aeolian input. Prominent
FeeMn laminations imply intermittent stratification and suboxic
sediment conditions (Fig. 5) that were likely preserved by higher
sedimentation rates. Dominance of planktonic relative to benthic
diatom taxa suggests high lake-levels persisted throughout most of
the Holocene. Benthic/planktonic ratios were however higher than
those recorded during the MIS3 interstadial optimum, suggesting
that Holocene lake fluctuations did not reach levels comparable to
MIS3. Decreased summer ice cover under Interglacial conditions
may also have contributed to higher abundances of benthic diatoms
in Holocene sediments (Fritz and Anderson, 2013; Smol, 1988).
Evidence for lake-level variability during the Holocene is seen by
erosional truncation of acoustic reflectors belonging to AU2 and the
pinching out of AU1 reflectors at water depths <10 m. The occa-
sional absence of AU1 in the shallow outflow area is evidence of
subaerial exposure of older sediments with subsequent erosion.
Evidence from El’gygytgyn has suggested that lake levels during the
Holocene were initially high but decreased progressively (Fedorov
et al., 2019; Glushkova and Smirnov, 2007; Juschus et al., 2011).
Recent lake-level variability is evidenced by the absence of signif-
icant deposition of AU1 on top of sediments in shallow areas.
6. Conclusions

Studies of sediment core EN18208 provide detailed insight into
the palaeoenvironmental development at Lake Ilirney since ~53.4
ka BP. Based on the results, we derive the following conclusions:

� XRF-based sediment-geochemical proxies effectively represent
sedimentological (organic content, grain-size, mineralogy
(feldspars)) variables, elucidating their application for recon-
structing palaeoenvironmental dynamics in arctic lakes.

� Proxies recorded within lake Ilirney sediments respond to late
Quaternary climate induced lake catchment changes brought
about by changing glacial and runoff dynamics as well as
within-lake changes including climate-controlled variability in
the duration of lake ice cover.

� Data presented in this study imply that the Ilirney basin origi-
nated from glacial processes during an extensive MIS4
glaciation.

� Lake initiation commenced at 51.8 (±4.1) ka BP during MIS3 but
local environmental conditions within the catchment remained
unfavourable for bioproductivity until 36.2 (±2.6) ka BP.

� A lake highestand coinciding with the MIS3 interstadial opti-
mum as defined by Beringian Yedoma, lacustrine and river-bluff
records suggests favourable environmental conditions for
within-lake and local catchment bioproductivity with deposi-
tion in a deep-lake setting. Multiple physicochemical proxies
evidence increased clastic to the lake during this time likely
through mixed sources.

� Following a post-interstadial transitional stage of deteriorating
palaeoenvironmental conditions, a return to periglacial-glacial
conditions during MIS2 at 27.9 (±0.8) ka BP is inferred. A
prominent valley glacier was present during this time but was
not as extensive as during MIS4.
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� Glacial retreat, as recorded by dramatic shifts in sediment-
geochemical proxies, began at 20.2 (±0.8) ka BP and respon-
ded rapidly to deglaciation compared with vegetation. Glacial
retreat led to the formation of moraine-dammed glacial lakes in
the catchment.

� There is limited evidence for a pronounced Younger Dryas event
within the Ilirney records, in line with findings from other sites
across Beringia.
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