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A B S T R A C T

A 64-cm long sediment core from Zolotoe Lake (51◦51′28.74″N, 80◦15′59.16″E), situated in the Kulunda Plain in 
the West Siberian Lowland of Russia, has been dated with Accelerator Mass Spectrometry (AMS) 14C (37 dates), 
210Pb and 137Cs (upper 19 cm) methods, providing a continuous record since ca 1800 cal yr BP. The comparisons 
of paired 14C ages of A- and ABA-treated sedimentary total organic carbon (TOC) from 20 horizons indicate that 
old carbon influence (OCI) existed on some ABA-treated samples due to uptake of dissolved CO2 in the lake 
water. Combining sedimentary feature, mineralogy, geochemical proxies and pollen assemblages, we recon
structed detailed environmental changes since 200 CE. The acid-leachable (0.5N HCl, AL) elements and Aqua 
Regia open dissolution (AR) elements measured by ICP-OES were discussed for deciphering lake chemistry and 
terrestrial input. In the Zolotoe Lake core, AL Ca/K instead of Sr/Ca and Mg/Ca is an indicator of lake salinity, 
with higher ratio reflecting higher salinity; and vice versa. AL Al/Ti is positively correlated with surface runoff. 
AL Mn/Fe and Mn/Al (rather than AL U/Al) are proxies for redox conditions with higher ratio pointing more oxic 
conditions. During Roman Warm Period (RWP, 200-400 CE) warming and wet conditions were prevailing. Cold 
and wet climates occurred during Dark Ages Cold Period (DACP, 450-800 CE). Many lakes in the Volchikhinsky 
lake system might be connected at that time to form a large lake. During the Medieval Climate Anomaly (MCA, 
900-1300 CE), warm and relatively wet conditions prevailed in the interval 900-1200 CE; but from 1200 to 1300 
CE climate was warmer and drier. Colder and drier conditions coincided with the early Little Ice Age (LIA) (1400- 
1750 CE), but the late LIA (1750-1850 CE) climate was cold and wet. The large Volchikhinsky Lake became a 
lake system with separated small lakes around 1600 CE. The Current Warm Period (CWP, 1850 CE-present), 
warming trend is documented in the lake sediments coinciding well with regional instrumental records. The 
Zolotoe Lake sediments reflect strong human impact since 1950 CE.
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1. Introduction

Paleoclimate and paleoenvironmental changes during the Late Ho
locene in the Northern Hemisphere are very important information for 
evaluating the current global warming and its forcing factors. High- 
resolution multi-proxy records from well-dated lake sediments are 
essential for reconstructing such changes (Chappell, 1999; Smol and 
Cumming, 2000; Chen et al., 2006; Hausmann et al., 2011; Lan et al., 
2018; Blyakharchuk et al., 2020; Misra et al., 2025). Although paleo
environmental reconstructions based on lake records are rather abun
dant in southern Siberia (e.g., Blyakharchuk et al., 2004, 2007, 2008, 
2017, 2020; Khazina, 2006; Andreev et al., 2007; Kalugin et al., 2007, 
2013; Rudaya and Li, 2013; Rudaya et al., 2012, 2016; Ryabogina et al., 
2019; Bezrukova et al., 2023, 2025; Misra et al., 2025), high-resolution 
reconstructions with reliable chronology are still limited. Information 
on climate and environmental conditions during the last 2000 years is 
critical for understanding the baseline of natural climate variability, 
contextualizing modern climate change, evaluating climate models, and 
understanding how human societies respond to environmental pressures 
(Wuebbles et al., 2017). For reconstruction of climate and environ
mental conditions over the past 2000 years using lake records in this vast 
territory, two major difficulties are often encountered: (1) lack of 
high-resolution AMS 14C dating and (2) weak understanding of 
geochemical proxies in lake systems because of pretreatments and 
analytical methods of lake sediments. Scattered dating points in a 
sediment sequence not only result in large uncertainties in chronology of 
the lake records, but also obscure the reliability of 14C dates affected by 
old carbon influence (OCI) because of dissolved CO2 uptake from lake 
water and reworking events in sedimentary sequences (Shore et al., 
1995). For instance, Blyakharchuk et al. (2020) published 48 AMS 14C 
dates from an 82-cm core collected in the fresh Manzherok Lake in a 
forest–steppe zone on the western piedmonts of the Altai Mountains. 
Many 14C dates of the rich TOC contained OCI due to uptake of dissolved 
CO2 from the lake water. Those dissolved CO2 might come from 
decomposition of old organic matters and CH4 degassing. Therefore, a 
better chronological construction must exclude those OCI-effected 14C 
dates. For saline lakes, 14C dating is more problematic (Zhou et al., 
2021). Misra et al. (2025) reported 35 AMS 14C dates from a 30-cm 
gravity core retrieved from Shira Lake (Republic of Khakassia, Russia). 
Although the OCI effect from carbonates can be largely eliminated by 
acid treatment, many 14C dates on TOC appeared significantly older due 
to uptake of dissolved CO2 during the photosynthesis of organic carbon 
formation. In addition to the detailed study of peat 14C dating (Misra 
et al., 2024), our previous studies call for cautions on 14C chronology 
which depends on a few 14C dates on TOC in lake sediments. Since ac
curate chronology of a lake record is an essential foundation for 
high-resolution paleoenvironmental reconstruction, more well-dated 
lake records are certainly needed over the Russian territory.

In Russia, many lake records are based on biological proxies such as 
pollen, diatom, chironomid and Cladocera (e.g. Frolova and Nigma
tullin, 2019; Frolova et al., 2022; Nigmatullin et al., 2022; Niga
matzyanova et al., 2024; Nazarova et al., 2025), while a much lower 
number of lake records use elemental analyses determined by either 
X-ray Fluorescence (XRF), or Inductively Coupled Plasma (ICP) and 
ICP-Optical Emission Spectrometry (OES) measurements on Aqua Regia 
+ microwave digested solution (Bertrand et al., 2024). The elemental 
contents through the above analyses contain large contributions from 
detrital materials which do not reflect lake chemistry (Blyakharchuk 
et al., 2020; Li et al., 2022; Misra et al., 2025). Instead, weak acid (<1N 
HCl) leachable elements which are dissolved from carbonates, authi
genic minerals and adsorption phases can provide information of lake 
chemistry (Li et al., 2000, 2004; Misra et al., 2025). Therefore, the weak 
acid-leachable elements should be used for deciphering lake chemistry 
change even though the analytical procedure requires more time and 
work.

Pollen records also show some complications as many arboreal taxa 

pollen (AP) grains are able to be transported for long distances (hun
dreds of kilometers), and thus, reflect regional vegetation. In contrast, 
non-arboreal pollen (NAP) grains are originated mainly from local 
vegetation and better reflect local vegetation cover (El-Moslimany, 
1990; Broström et al., 2008; Gaillard et al., 2008; Lu et al., 2022). 
Studies of the relationship between pollen assemblages and climatic 
conditions in dry regions demonstrate that AP content has a positive 
relationship with mean annual precipitation (MAP), whereas herb pol
len ratio Artemisia/Chenopodiaceae (A/C) is positively linked to MAP, 
but Artemisia/Cyperaceae (A/Cy) ratio has a positive relationship with 
mean annual temperature (MAT) (Herzschuh, 2007; Qin et al., 2015; Li 
et al., 2016a; Zhang and Feng, 2018; Cui et al., 2019; Lü et al., 2020; 
Welc et al., 2021; van Vugt et al., 2022; Shichi et al., 2023; Ma et al., 
2024). However, changes in wind systems could also affect the pollen 
source, consequently influence the AP/NAP ratio (e.g., Lü et al., 2020). 
Both temperature and precipitation can influence Artemisia and Cyper
aceae abundances. So, does an increased Artemisia/Cyperaceae (A/Cy) 
ratio reflect a MAT or MAP increase? Similarly, considering wind di
rection change, does an AP/NAP increase (or decrease) represent higher 
MAP or lower MAT shift? Hence, although pollen record is an important 
tool in reconstruction of paleoenvironmental conditions, multiple 
influencing factors such as temperature, precipitation, wind direc
tion/speed and sedimentary process may complicate the interpretation 
of climate and environmental conditions if only depending on pollen 
records. Therefore, comparisons among instrumental records, 
geochemical records and pollen records from the same area especially 
from the same lake record can help interpreting pollen assemblages.

While temperature is mainly controlled by variations in solar energy 
and its influx to the earth and tends to vary in the same direction over 
large regions, changes in precipitation towards wetter/drier conditions 
can vary spatially within the same region depending on geographic 
settings and atmospheric-oceanic circulations (Chu et al., 2012; Neukom 
et al., 2019; Tang et al., 2025). RWP, DACP, MCA, LIA, and CWP are 
significant climate phases within the past 2000 years (Mann et al., 2009; 
Lamb, 2011; Helama et al., 2017; Shi et al., 2021). The RWP, MCA and 
CWP were warm periods, while the DACP and LIA were cold periods. 
However, the moisture conditions in the study area did not agree with 
warm/wet and cold/dry patterns (Chen et al., 2015; Blyakharchuk et al., 
2017). Thus, what was the precipitation pattern and what was the 
forcing factor of moisture conditions in the study area during those 
warm and cold periods?

This paper presents multi-proxy records from a well-dated 64-cm 
long core from Zolotoe Lake located in the West Siberian Plain 
(Russia). The dating methods involve 210Pb, 137Cs and AMS 14C. The 
proxy records include TOC, TN, C/N, 0.5N HCl leachable (AL) and Aqua 
Regia dissolution (AR) elemental concentrations measured by ICP-OES, 
pollen assemblages, and mineral compositions measured by X-ray 
Diffraction (XRD) and Scanning Electron Microscope (SEM). AMS 14C 
ages on acid (A-) and acid-base-acid (ABA-) treated sedimentary TOC are 
used not only to provide a reliable chronology of the core over the past 
1800 years, but also to uncover the old carbon influence (OCI) on some 
14C ages. Comparisons of AL and AR elements allow us to understand 
their geochemical meanings and applications in paleoclimate and 
paleoenvironmental reconstructions using lake sediments. The pollen 
record is compared with changes in the lake chemistry under different 
climatic conditions as well as with the instrumental weather records to 
illustrate the relationships of AP/NAP and A/Cy ratios to climatic con
ditions in terms of MAT and MAP. Finally, this study describes climatic 
conditions, vegetation coverage, and human activity during the RWP, 
DACP, MCA, LIA and CWP.

2. Study area

The study area is located in the southern part of West Siberia, Russia, 
spanning approximately 600 km from east to west and about 400 km 
from north to south. This region lies between two distinct terrain types: 
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the West Siberian Plain and the Altai-Sayan foothills of the Salair and 
Altai Mountains. The mountainous areas are situated to the east and 
southeast of the plains. The western and central regions feature the Ob 
Plateau, with an average elevation of 250–260 m above sea level (a.s.l.), 

the Biysk-Chumysh Highlands, and the Kulunda Plain, which has an 
average elevation of approximately 400 m a.s.l. Altai Krai encompasses 
nearly all of Russia's natural landscapes, including steppe, forest steppe, 
boreal forest, and mountainous regions (Fig. 1). The study area is 

Fig. 1. Location map of the study area and Zolotoe Lake. A. A sketch map of Altai Krai is on the top. The dark red area in the sketch map denotes the Volchikhinsky 
district which contains Zolotoe Lake in the south. A photo of Zolotoe Lake is shown on the middle right. The sediment core site is located in the center of the lake. B. A 
satellite photo of the study area downloaded from Google Map shows Zolotoe Lake (red star) and its surrounding area. Farmland, playas and lakes can be seen. The 
dark green area reflects the Kasmalinsky and Barnaul ribbon forests in low hills.
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centered in the Kulunda Plain which is characterized by its flat, low- 
lying topography formed by Quaternary sediments and glacial de
posits. Due to ancient glacial events, erosion and meltwater deposition, 
this area contains many lakes including the Volchikhinsky lake system. 
Since the 1930s CE, large areas were converted to farmlands in the flat 
zones (Andreenkov, 2021). The Volchikhinsky lake system includes 
several dozen reservoirs (lakes) located in ancient drainage depressions 
and surrounded by ribbon pine forests at the confluence of the Kasma
linsky and Barnaul ribbon forests which are a narrow belt of low hills 
lining from southwest to northeast (Fig. 1B). The lakes of recreational 
significance include Bychye, Zolotoe, Domashnee, Valovoye, Maralye, 
Beloe, and Gorkoye. The area has also many playas, which may be 
remnants of former lakes. Under wet climate conditions, those playas 
and lakes might be connected to each other.

Zolotoe Lake (51◦51′28.74″N, 80◦15′59.16″E) is situated in the rib
bon forest of the Kulunda Plain within the West Siberian Lowland of 
Russia (Fig. 1). This shallow lake covers an area of 3.8 km2 at an 
elevation of 207 m a.s.l. (Bykov et al., 2023). The region is characterized 
by a continental climate with long, cold and relatively dry winters from 
November to March and temperatures ranging from − 40 to +1 ◦C. The 
summers are short and relatively warm with temperatures between +16 
and + 33 ◦C from June to August. Spring (April to May) is characterized 
by temperatures ranging from +3 to +21 ◦C, while autumn spans from 
September to October, with temperatures between − 5 and +23 ◦C. The 
winter season, marked by ice cover on Volchikhinsky District lakes, 
typically lasts from late October to late March (Bykov et al., 2023). 
Barnaul Meteorological Station is the nearest weather station and has 
the longest temperature record (since 1838 CE) and precipitation record 
(since 1966 CE). In this study, the weather data are ended at 2016 CE. 
Based on the air temperature from 1838 to 2016 CE and precipitation 
from 1966 to 2016 CE, the MAT and MAP are 1.3oC and 426 mm/yr, 
respectively. Fig. S1 shows the mean monthly air temperature and 

precipitation.
The vegetation surrounding the lake is diverse. Pinus sylvestris, Pop

ulus, Betula alba, Salix, Crataegus, Rosa, and Viburnum grow in the direct 
vicinity of the lake (Dirin et al., 2017). The northern coast is occupied by 
a pine forest, while the coastal areas are covered with halophytic and 
hydrophytic vegetation. The main plant communities in the study area 
are coastal zone habitats (such as reed-cattail formations), fescue 
steppes, shrubby grass-forb meadow steppes, halophytic salt marsh 
vegetation, shrubland, sedge-aspen forests, and dry-steppe sedge pine 
forests (Skaldina and Slizh, 2018). The lake is actively used for recrea
tional purposes (Dirin et al., 2017).

3. Methods

3.1. Field work and subsampling

A 64-cm long core (22-Al-03A) was collected using a Russian cylin
drical core sampler with a vacuum seal “Taifun” (diameter 82 mm, 
length 120 cm) from the center of Zolotoe Lake in 2022 by a team from 
Kazan Federal University (KFU) and V.S. Sobolev Institute of Geology 
and Mineralogy of the Siberian Branch of the Russian Academy of Sci
ences, Russia. In the field, the core was split into three slides for 
observation, description and subsampling. Based on the texture and 
color, the core can be classified into four sections: 64-52 cm, grey clay; 
52-37 cm, dark grey mud; 37-21 cm, coarse brown mud; and 21-0 cm, 
soapy fine brown mud (Fig. 2). The core was subsampled in the field at 2 
cm intervals for high-resolution paleoclimate studies. The subsamples 
were sealed in plastic bags and stored at 4 ◦C in a refrigerator for further 
studies. At KFU, the samples were freeze-dried and divided into aliquots 
for AMS 14C dating, gamma spectrometry, and both geochemical and 
biological analyses. According to the geochemical proxies, texture and 
color of the core, six zones were identified with the sedimentation rates 

Fig. 2. Photograph and description of the core 22-Al-03A. The picture was taken in the field after the core was cut in three pieces. The white oval circles in the 
picture indicate the plant remains in the core. Zones are determined by features of the sediments, geochemistry and pollen assemblages. The red star denotes the 
depth of the 137Cs peak which reflects the deposition at 1963/64 CE. Ages and sedimentation rates are determined by 210Pb, 137Cs and AMS 14C dating.
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listed in Fig. 2.

3.2. Gamma dating (210Pb and 137Cs)

The activities of radionuclides 210Pb, 238U, 226Ra, 214Pb, 232Th, 137Cs 
and 40K in the sediments were measured by using an ORTEC low- 
background semiconductor gamma spectrometer at the NTUAMS labo
ratory, Department of Geoscience, National Taiwan University (NTU), 
Taiwan. The freeze-dried samples, weighing between 1.13 g and 5.26 g, 
were ground to a particle size of less than 63 μm and placed in a 6-cm 
diameter container for gamma counting following Li et al. (2019, 
2022) and Misra et al. (2025). The supported 210Pb activity was deter
mined using the activity of 226Ra, as measured via 214Pb activity at 353 
keV. Excess 210Pb activity was calculated by subtracting the supported 
210Pb activity from the total 210Pb activity. The precision of gamma 
counting was within ±5% at the 95% confidence level. The 210Pb 
chronology was established using the constant flux model (Appleby and 
Oldfield, 1992). In the 137Cs profile, the peak depth reflects the 
maximum fallout from the global atmospheric thermonuclear weapon 
tests in the year of 1963 CE (Hardy, 1971; Ritchie et al., 1973).

3.3. AMS 14C dating

AMS 14C dating was performed at the NTUAMS Lab using a 1.0 MV 
Tandetron Model 4110 BO AMS following the description of Li et al. 
(2022). The best materials in lake sediments for 14C dating are terrestrial 
plant remains deposited in the sediments. However, the studied core 
lacks such plant macrofossils. As shown in Fig. 2, plant remains were not 
found below 20 cm core depth. Two aquatic plant remains appeared on 
the upper 20 cm (Fig. 2), but the upper one was a 10-cm long aquatic 
grass with no specific depth and the lower one was ignored during 
subsampling. Thus, the 14C dating of this study was carried out on the 
TOC in the sediments. In order to eliminate the influence of inorganic 
carbon (carbonates) and mobilized organic acid (such as humic and 
fulvic acids), sediment samples need to go through pre-treatments: 
either acid (A) or acid-base-acid (ABA) methods. Although 14C dating 
on lake sediments has commonly used ABA pretreatment to remove 
carbonates and organic acids, our previous studies have shown that the 
14C ages of the same TOC sample may have significant differences for A- 
and ABA-treated fractions (Blyakharchuk et al., 2020; Misra et al., 2024, 
2025). In some cases, the 14C age of ABA-treated sample is significantly 
older than that of the A-treated sample from the same sedimentary TOC, 
due to uptake of dissolved CO2 from the lake water during the photo
synthesis of aquatic plants. Thus, we carried out AMS 14C dating on both 
A- and ABA-treated TOC from the same samples in 18 horizons. A total of 
38 AMS 14C dates were obtained for 20 horizons of the core, divided into 
two treatment groups following the instructions of Misra et al. (2024, 
2025). The first group was conducted in May 2024, involving 18 0.5N 
HCl (A-) treated samples. The second group was carried out in July 
2024, involving 20 Acid-Base-Acid (ABA-) samples. The ABA treatment 
was following the procedure outlined by Brock et al. (2010). The 
extraction of CO2 and graphitization of all treated samples were per
formed by a homemade semiautomatic graphitization device (Shen 
et al., 2024). The measured 14C/12C and 13C/12C ratios by the AMS for 
standards (OXII), background (BKG) and samples were used for 14C age 
calculation including δ13C fractionation (Li et al., 2022). The 14C ages 
were calibrated with IntCal20 calibration curve (Reimer et al., 2020). 
All calibrated 14C ages in the study are expressed as cal yr BP (i.e. 
calibrated years before the present, fixed at 1950 CE by convention).

3.4. Elemental analysis (EA) of organic matter

About 300 mg of original sample was weighed for acid leaching, AMS 
14C dating and organic matter analyses as all three analyses need to 
separate organic and inorganic carbons (see Section 3.5). Approximately 
20 mg of each acid-leached sample was accurately weighed, placed into 

a small tin cup, and loaded into an auto-sampler. Total organic carbon 
(TOC) and nitrogen (TN) were quantified by using a Thermo Scientific 
Flash 2000 Elemental Analyzer (EA) at the NTUAMS Lab. The sample 
was combusted in a quartz tube with O2 at 950 ◦C. The resulting gases 
then reacted with tungsten oxide, which provided additional oxygen as a 
catalyst to ensure complete combustion and prevent the formation of 
non-volatile sulfates. The gases were subsequently reduced by reacting 
with electrolytic copper at 600oC in the second quartz tube. The 
elemental analyzer was calibrated using a 2,5-Bis (5-tert-butyl-2-ben
zoxazol-2-yl) thiophene (BBOT) standard, which was measured after 
every five samples to ensure precision in the results.

3.5. Elemental concentrations measured by ICP-OES

A total of 32 core samples for both 0.5N HCl leaching fraction (AL) 
and Aqua Regia dissolution fraction (AR) were analyzed. For the AL 
sample analysis, ~300 mg of each original samples were weighted and 
placed into a 50-ml centrifuge tube and leached with 15 ml of 0.5N HCl 
solution. This procedure effectively removes inorganic carbon (primar
ily carbonate impurities) and adsorbed oxides from the particle surfaces, 
while preserving the organic components and detrital phases within the 
sediments. The AL elements are considered to represent the active 
fraction, reflecting the chemical conditions and productivity in the 
water column (Li et al., 2000, 2004, 2022). Following centrifugation, 
the acid solution was adjusted to a final volume of 50 ml using a volu
metric flask. The resulting solution was then analyzed using a Perki
nElmer (PE) Optima 8000DV Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES) at the NTUAMS Laboratory. The solid 
residue was oven dried and weighed for calculation of the acid leach 
weight loss (ALWL% = (Ws − Wr) × 100/Ws, Ws and Wr are weight of 
sample and residue, respectively).

For the AR sample analysis, approximately 100 mg of original sam
ples from each depth were precisely weighed and subsequently digested 
with Aqua Regia, a mixture of concentrated acids in a 1:3 ratio (1 ml of 
HNO3 + 3 ml of HCl). The dissolution process was conducted in a 100 ml 
glass beaker which was heated on a hot plate under 90oC overnight. The 
residue in the beaker was dissolved with 15 ml 4N HNO3 and transferred 
into a 50-ml centrifuge tube. After centrifuging, the supernatant was 
transferred into a 50-ml volumetric flask. The solid in the centrifuge 
tube was then washed with de-ionized water (DIW) and centrifuged 
again. The supernatant was combined into the volumetric flask. This 
washing procedure was repeated one more time. Finally, DIW was added 
to the combined solution up to the 50-ml mark of the volumetric flask. 
The solid residue was dried in oven and weighed for calculation of 
weight loss by the dissolution (Aqua Regia digestion weight loss, ADWL 
%). The solution was then analyzed for selected elements, similar to 
those measured for the AL elements, using ICP-OES at the NTUAMS Lab.

Twenty-one elements (Al, Ba, Ca, Cr, Cu, Fe, Ga, K, Mg, Mn, Mo, Na, 
Ni, P, Pb, Rb, Si, Sr, Ti, U, Zn) were analyzed by the ICP-OES at the 
NTUAMS Lab. Elemental concentrations measured by the ICP-OES were 
determined by using standard curves derived from various concentra
tions of standard solutions. The correlation coefficient (R2) of the 
intensity-concentration relationship for each element was typically 
greater than 0.995. The measurement uncertainty was approximately 
0.2% at a concentration level of 1 mg/L (ppm).

3.6. Pollen analysis

Pollen samples, each consisting of 0.8-1.2 g of the dry sediment, were 
treated for pollen analysis according to Fægri and Iversen (1989). One 
Lycopodium clavatum spore tablet was added to each sample to calculate 
pollen and spore concentration (Stockmarr, 1971). Microscopic analysis 
was carried out under a magnification of × 400. A minimum of 350 
pollen grains per sample were counted.

The total pollen sum used for determination of relative frequencies 
includes terrestrial pollen. Stratigraphic zonation of the pollen data was 
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performed using CONISS (Grimm, 1987). Tilia/TiliaGraph software 
version 3.0.1 (Grimm, 2004) was used for the calculation of percentages 
and for drawing the pollen diagram. As the focus of this study is on the 
major features of the vegetation changes, not all identified species were 
plotted in the pollen diagram.

3.7. Mineral analysis by X-ray diffraction (XRD)

A total of nine samples from the core were selected for investigating 
mineralogical composition. The selection of the XRD samples is mainly 
based on changes in the lithological, color and density of the core shown 
in Fig. 2. The analysis was conducted by using X-ray diffraction (XRD) 
with a D2 instrument at the Institute of Mineral Resources Engineering, 
National Taipei University of Technology (NTUT). The instrument was 
equipped with a scintillation NaI photomultiplier and a preamplifier. 
Approximately 50 mg of each sample was finely ground to a particle size 
smaller than 270 mesh. A suitable amount of the powdered sample was 
placed in a small circle at the center of the holder, and its surface was 
leveled to eliminate any excess powder. The operating conditions were 
as follows: rated outputs of 3000 V and 4 kW; a Cu-target tube voltage of 
50 kV; a Ni filter current of 40 mA; two theta angles ranging from 10◦ to 
70◦; and a scan speed of 2.00◦/min. The XRD system was connected to a 
computer system for data diffraction and measurement. Data analysis 
was performed using Jade software.

3.8. Scanning Electron Microscope (SEM) measurements

The same 9 samples as for XRD analysis were also measured by a 
JSM-6510 Scanning Electron Microscope (SEM) at the SEM Lab of 
NTUT. The facility provides SEM imaging and chemical composition 
analysis determined by energy-dispersive X-ray spectroscopy (EDX). The 
SEM was operated under the following conditions: acceleration voltage 
of 15 kV, current of 10 nA, acquisition time of 60 s, and spot size of 50 
μm. The chemical composition of the sediments was analyzed by 
examining EDX peaks. The sediment samples were coated with gold 
using a JFC-1600 Auto Fine Coater. In addition, SEM measurements 
were also performed by Sobolev Institute of Geology and Mineralogy, 
SBRAS, which provided some mineral compositions of the sediments.

4. Results

4.1. 210Pb and 137Cs dating results

Table S1 in the supplement materials lists the results of measured 
radionuclides by gamma spectrometry. The measured 210Pb activity is 
significantly higher than that of 226Ra (i.e., supported 210Pb) throughout 
the core, indicating that 226Ra in the sediments is depleted (i.e., 210Pb 
and 226Ra are not in secular equilibrium) mainly due to 222Rn degassing. 
This phenomenon is quite common in lake sediments. Figure. 3A shows 
that the total 210Pb activity above 19 cm depth follows an exponential 
decay trend. Using the excess 210Pb profile (total 210Pb minus supported 
210Pb activity), an exponential fitting yields the slope of − 0.146 (R2 =

0.84) which results in an average sedimentation rate of 0.213 cm/yr 
(Fig. 3A) (Appleby and Oldfield, 1992). This constant initial excess 210Pb 
implies the following conditions: (1) a constant deposition rate of fallout 
210Pb (both constant initial excess 210Pb activity and linear sedimenta
tion rate); (2) immobility of 210Pb within the sediment column (Appleby, 
2000; Saulnier-Talbot et al., 2009). The fitting result strongly depends 
on the ending point of excess 210Pb activity (the lowest point in the 
profile) and fitting coefficient (R2). The higher the R2, the smaller the 
uncertainty will be. With R2 = 0.84, the reliability of the 210Pb dating 
should be reinforced by additional proxies, such as 137Cs.

137Cs is an artificial and anthropogenic radionuclide generated by 
nuclear bomb tests and nuclear power plants, with a half-life of 30.2 
years (Hardy, 1971; Ritchie et al., 1973; Michel et al., 2002). Fig. 3B 
shows that the 137Cs peak occurred at 13 cm depth (sample 12-14 cm) 
corresponding to the year of 1963 CE (Hardy, 1971; Ritchie et al., 1973). 
Using the two known age depths: the coring year of 2022 CE at 0 cm 
depth and 1963 CE at 13 cm depth, a linear sedimentation rate for the 
upper 13 cm is estimated to be 0.22 cm/yr (Fig. 3B). This 137Cs-esti
mated linear sedimentation rate (0.22 cm/yr) agrees well with the 
210Pb-estimated sedimentation rate (0.213 cm/yr). However, the sedi
mentation rate estimated by 137Cs is more certain than that of 
210Pb-estimated due to the clear and outstanding 137Cs peak. Thus, we 
can use 0.22 cm/yr to determine the ages for the sediments in the upper 
13 cm. The ages for the upper 13 cm are listed in the last column of 
Table S1.

4.2. AMS 14C dating results

Table 1 lists 38 AMS 14C dates for the sedimentary TOC from 20 

Fig. 3. Gamma dating results. (A) 210Pb profile. The excess 210Pb is the total 210Pb activity after subtracting the 226Ra activity. An exponential fitting of the excess 
210Pb yields a linear sedimentation rate (SR) of 0.213 cm/yr (B) 137Cs profile. The sharp 137Cs peak at 12-14 cm depth (middle depth is 13 cm) points the age of 1963 
CE. A linear sedimentation rate of 0.22 cm/yr can be obtained for the upper 13 cm sediments.
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horizons of 22-Al-03A core. Amongst the 38 14C dates, the age of 22-Al- 
03A 34-36 cm ABA (EAAMS-510) does not conform (perhaps the anal
ysis failed due to leakage to the atmosphere), and was not retained in the 
age model developed for this study (Table 1). Fig. 4A plots the rest 37 

14C dates. Three observations can be made. (1) The values of pMC 
(percent modern carbon) above 18 cm depth are >100%, which means 
that the samples contain nuclear bomb 14C and younger than 1950 CE 
(Hua et al., 2022). (2) The highest pMC is around 13 cm depth (sample 

Table 1 
AMS14C results of samples from 22-Al-03A core. All Lab codes have a EAAMS prefix. All sample IDs have a 22-Al-03A prefix. All sediment samples have been treated 
with either acid (A) or acid-base-acid (ABA) process. pMC stands for percent of modern14C. The last column lists the age used for Bacon model marked with Y.

Lab Code Sample ID Depth (cm) pMC (%) Conventional14C Age (yr BP) Calibrated14C Age (Cal yr BP) Bacon model

401 _0-2 cm A 1 105.50 ± 0.66 − 430 ± 50 modern Y
497 _0-2 ABA 1 105.76 ± 0.77 − 450 ± 58 modern Y
402 _2-4 cm A 3 108.05 ± 0.65 − 622 ± 48 modern Y
498 _2-4 ABA 3 106.42 ± 0.85 − 500 ± 64 modern N
403 _4-6 cm A 5 106.81 ± 0.90 − 529 ± 68 modern Y
499 _4-6 ABA 5 108.89 ± 0.69 − 684 ± 51 modern N
404 _6-8 cm A 7 108.51 ± 0.79 − 656 ± 58 modern Y
500 _6-8 ABA 7 102.55 ± 0.80 − 202 ± 63 modern N
405 _8-10 cm A 9 109.32 ± 0.61 − 716 ± 45 modern Y
501 _8-10 ABA 9 107.50 ± 0.92 − 581 ± 68 modern Y

− 406 _10-12 cm A 11 109.40 ± 0.79 − 722 ± 58 modern N
502 _10-12 ABA 11 108.74 ± 0.56 − 673 ± 41 modern Y
383 _12-14 cm A 13 107.87 ± 0.75 − 609 ± 56 modern N
503 _12-14 ABA 13 109.97 ± 0.68 − 763 ± 49 modern Y
407 _14-16 cm A 15 101.01 ± 0.84 − 81 ± 67 modern Y
504 _14-16 ABA 15 107.37 ± 0.68 − 571 ± 51 modern N
408 _16-18 cm A 17 101.22 ± 0.63 − 98 ± 50 modern Y
505 _16-18 ABA 17 98.41 ± 0.62 128 ± 51 80 ± 75 N
409 _18-20 cm A 19 98.98 ± 0.75 82 ± 61 modern Y
506 _18-20 ABA 19 95.37 ± 0.72 381 ± 61 415 ± 105 N
384 _22-24 cm A 23 98.03 ± 0.79 160 ± 65 145 ± 145 Y
507 _22-24 ABA 23 96.77 ± 0.54 264 ± 45 365 ± 100 N
508 _26-28 ABA 27 94.93 ± 0.56 418 ± 47 480 ± 55 N
385 _30-32 cm A 31 95.58 ± 0.67 363 ± 56 410 ± 100 Y
509 _30-32 ABA 31 93.00 ± 0.69 583 ± 60 590 ± 70 N
410 _34-36 cm A 35 93.41 ± 0.81 548 ± 70 580 ± 85 Y
510 _34-36 ABA 35 100.30 ± 0.55 − 24 ± 44 modern ​
386 _40-42 cm A 41 89.71 ± 0.69 872 ± 62 765 ± 80 Y
511 _40-42 ABA 41 90.78 ± 0.73 777 ± 65 715 ± 85 Y
411 _44-46 cm A 45 87.96 ± 0.56 1031 ± 51 980 ± 80 Y
512 _44-46 ABA 45 86.93 ± 0.50 1125 ± 46 1045 ± 90 Y
387 _50-52 cm A 51 83.40 ± 0.69 1458 ± 66 1455 ± 25 Y
513 _50-52 ABA 51 80.49 ± 0.81 1743 ± 81 1670 ± 160 N
412 _54-56 cm A 55 81.49 ± 0.54 1645 ± 53 1515 ± 115 Y
514 _54-56 ABA 55 81.71 ± 0.71 1622 ± 70 1495 ± 135 Y
515 _60-62 ABA 61 79.56 ± 0.68 1837 ± 69 1735 ± 165 N
388 _62-64 cm A 63 80.01 ± 0.58 1792 ± 58 1690 ± 135 Y
516 _62-64 ABA 63 79.44 ± 0.71 1849 ± 71 1760 ± 175 Y

Fig. 4. AMS 14C dating results and chronology of the core 22-Al-03A. (A) Measured (uncalibrated) 14C ages of the sedimentary TOC. Most of the samples contain 
paired ages of 0.5 N HCl acid (A-) treated and acid-base-acid (ABA-) treated fractions. The * symbol denotes the ages which were affected by the old carbon influence, 
so they were not used for chronology construction. (B) Bacon age-depth model of the core 22-Al-03A. The modelled chronology above 19 cm depth is incorrect based 
on 14C ages. Instead, the chronology for the upper 19 cm part is determined by the sedimentation rates from 210Pb and 137Cs dating.
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12-14 cm), agreeing with the 137Cs peak very well. This result confirms 
that the upper 13 cm have a mean sedimentation rate of 0.22 cm/yr and 
that the 14-16 cm and 16-18 cm layers must have been deposited after 
1950 CE. Assuming an age of 1950 CE is for the 18-cm depth, the 
sedimentation rate between 14 cm and 18 cm depths should be 0.3 
cm/yr, indicating that a strong increase in sedimentation rate occurred 
during this period. (3) Below 18 cm depth, the ABA-treated ages are 
either the same as (within the uncertainty) or older than their paired 
A-treated ages, indicating old carbon influence (OCI) on the ABA-treated 
fraction 14C age (Misra et al., 2024). The lake chemistry varied with time 
under climatic changes and anthropogenic influences. In periods when 
lake alkalinity and salinity are high, dissolved CO2 increases in the lake 
water, and the reservoir effect of the lake might be increased. Organic 
matters such as algae and submerged aquatic plants may use the dis
solved CO2 to form humin through photosynthesis (Cook et al., 1998; 
Chen et al., 2021; Misra et al., 2024, 2025). Under such a circumstance, 
the A-treated sample is considered more reliable than the ABA-treated 
sample because carbonate and fulvic acid (regarded as secondary mo
bile products after sediment deposition) can be removed by 0.5N HCl 
treatment, leaving humic acid and humin for dating which are thought 
to more accurately reflect the time of the organic matter formation 
(Cook et al., 1998; Ascough, 2014; Misra et al., 2024, 2025). In contrast, 
ABA treatment will remove carbonate, fulvic acid and humic acid, and 
leave humin alone for dating (Brock et al., 2010), so that its 14C age 
demonstrates more reservoir effect (Misra et al., 2024, 2025). The 
ABA-treated 14C ages at 12-14 cm and 14-16 cm depths were younger 
than their paired A-treated 14C ages (Fig. 4A and Table 1) which was 
opposite to the OCI mentioned above. In fact, this phenomenon exists in 
the peat study of Misra et al. (2024). Near the nuclear bomb 14C peak 
time, the 14C/12C ratio of dissolved CO2 in lake water may be higher 
than that of surface runoff, depending on the 14C activity of the 
decomposed organic carbon. For instance, the pore water CH4 in peat
lands was enriched in 14C relative to the peats at the same depth horizon 
during the post-bomb period (Aravena et al., 1993; Charman et al., 
1994; Chanton et al., 1995). Compared to the 14C age of Carex leaf from 
the same ABA-treated samples, younger 14C ages in the Carex roots 
appeared in the post-bomb interval, but older 14C ages in the Carex roots 
existed in the pre-bomb interval, indicating uptake of dissolved CO2 
from peat water (Misra et al., 2024). Zolotoe Lake is a shallow and 
organic carbon rich lake, and contains abundant aquatic plants.

In summary, the AMS 14C dating results show: (1) the nuclear bomb 
14C signal is recorded in the sedimentary TOC above 19 cm (sample 18- 
20 cm) depth with the 1963 CE peak at 13 cm (sample 12-14 cm) depth. 
The calibrated 14C age of sample 18-20 cm is close to 1950 CE; (2) 
Reservoir effect can cause OCI in TOC due to uptake of dissolved CO2 by 
aquatic plants and algae when the lake had high salinity and alkalinity. 
ABA-treated 14C age is generally older than its paired A-treated 14C age 
due to removal of humic acid except close to the nuclear bomb 14C peak. 
Most of the A-treated and ABA-treated pairs have the same 14C age 
within uncertainty, reflecting no OCI on those ages. In total, 14 14C ages 
were retained to develop the age model using the Bacon programme 
(Table 1).

4.3. Chronology of the core

With the gamma dating and AMS 14C dating results, we are able to 
establish a robust chronology of the 22-Al-03A core. According to 210Pb 
and 137Cs dating results, a sedimentation rate of 0.22 cm/yr has been 
obtained. Based on this rate, the calculated ages of 17 cm (sample 16-18 
cm) and 19 cm depth (sample 18-20 cm) should be 1949 CE and 1906 
CE, respectively, which means that these two layers should be deposited 
before 1950 CE with no nuclear bomb 14C signal. However, our AMS 14C 
measurements do not agree with this estimation (Table 1). Previous 
studies have found that both 210Pb and 137Cs in lake sediments may 
experience a post-depositional mobilization especially in acidic water 
(Rowan et al., 1992; Le Roux and Marshall, 2011; Baskaran et al., 2017; 

Li et al., 2019; Misra et al., 2024). But, as described in Section 4.2, the 
peak of 14C activity appeared in 12-14 cm depth, strongly agreeing with 
the 137Cs peak. Therefore, 137Cs peak downward shift did not occur in 
this core. Hence, the 0.22 cm/yr sedimentation rate can only apply to 
the layers above 12-14 cm depth (i.e., after 1963 CE). Nevertheless, the 
chronology of the sediments below the 137Cs peak must be determined 
by 14C dating. As mentioned in Section 4.2, the calibrated 14C age of 
A-treated sample 18-20 cm is close to 1950 CE (Table 1). Using 1963 CE 
at 13 cm and 1950 CE at 19 cm depths, a sedimentation rate of 0.856 
cm/yr is obtained, which is much higher than the average rate after 
1963 CE. This high sedimentation rate is the result of human activity due 
to the development of farmland around the lake (Andreenkov, 2021). 
But, the development of farmland in this area started in the 1930s ac
cording to the historical documents, which suggests that the calculated 
sedimentation rate of 0.856 cm/yr may not be accurate. Therefore, a 
more practical approach is to use the available 14C dates for establishing 
a chronology and combine them with the gamma dating results. To this 
aim, the Bacon age-modelling software (Blaauw and Christen, 2011) was 
used to develop an age-depth (Table 1, Fig. 4B). However, a couple of 
problems are apparent in the modelled results: (1) the modelled ages not 
only disagree with the 137Cs dating results but also remain unchanged 
between the 5 cm and 15 cm. depths (thick black line in Fig. 4B); (2) the 
modelled ages for the depths between 13 cm and 20 cm are older than 
excepted. For example, the Bacon mean ages for depths of 16-18 cm and 
18-20 cm were 35 cal yr BP (1915 CE) and 79 cal yr BP (1871 CE), 
respectively. However, both layers contain nuclear bomb 14C signal 
(after 1950 CE). To solve the first problem, we use the sedimentation 
rate (0.22 cm/yr) obtained from 137Cs and the nuclear bomb 14C signal 
results for the upper 13 cm part. The Bacon mean age of 14-16 cm depth 
is − 8 cal yr BP (1958 CE) which is very reasonable. If we artificially set 
up the age of 18-20 cm depth as 1950 CE, there would be sedimentation 
gap between 19 cm and 21 cm depths. Currently, we do not have evi
dence for supporting this change. Thus, we decided to adopt the Bacon 
mean age below 15 cm depth (thick black line in Fig. 4B). The core 
covers a continuously depositional history since 200 CE (1760 cal yr BP 
to the present).

4.4. TOC and TN results measured by EA

A total of 32 acid (0.5N HCl) leached samples were measured for 
TOC and TN in the sediments by EA. Variations of TOC, TN and C/N are 
plotted in Fig. 5. The average and standard deviation (n = 32) of TOC 
and TN are 17.1 ± 5.0% and 1.4 ± 0.5%, respectively. The TOC and TN 
values have a strongly positive correlation (R2 = 0.92), indicating the 
two elements have the same source. The lake sediments contain rela
tively high organic carbon, ranging from 9.64% to 24.52%, which is 
much higher than soil TOC (normally <5%), implying that the lake 
productivity has been relatively high. The atomic C/N ratio has an 
average of 12.6 ± 1.7 (n = 32), ranging from 9.23 to 15.75. Fig. 5c and 
d shows the variations of TOC, TN and C/N. General increasing trends in 
TOC and TN but decreasing trend in C/N can be observed from the 
bottom (early time) to the top (modern time) of the core.

4.5. Elemental results measured by ICP-OES

As aforementioned, 0.5N HCl leaching fraction (AL) contains ele
ments that are dissolved from carbonates, dissolvable oxides (e.g., 
Al2O3, MnO2, Fe2O3, Fe3O4, etc.), particle and porewater absorptions. 
Unlike elemental contents measured by XRF, or ICP-OES/ICPMS mea
surement of the solutions treated by total dissolution of microwave 
digestion (close digestion) and Aqua Regia dissolution (open digestion), 
those AL elements can sensitively reflect lake chemistry changes under 
the influences of varying factors such as changes in productivity, redox 
conditions, pH, temperature, salinity, surface runoff. On the other hand, 
Aqua Regia (AR) dissolved elements account for >80% of the measured 
elements in the sediments (Engstrom and Wright, 1984; Koinig et al., 
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2003; Smrzka et al., 2019). Those elements come not only from authi
genic minerals (such as carbonates and oxides) in the lake but also from 
terrestrial inputs including detritus. Thus, the AR elements should have 
higher concentrations than those of AL elements in the same sample, the 

formers contain more information about the input of terrestrial mate
rials to the lake. In this study, we have conducted analyses of elemental 
concentrations in both AL and AR fractions from the same sediment 
sample. All the AL and AR elements of each sample were separated runs 

Fig. 5. Elemental profiles which show major variations in lake chemistry and productivity. Note that different elements have different units. The core is subdivided 
into six zones based on sedimentary features, geochemical proxies and pollen assemblages.

Fig. 6. Elemental profiles which reflect surface runoff and pollution to the lake. Note that different elements have different units.
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from original sediment samples and were the absolute concentration in 
dry sediments (mg/kg). Here, we shall compare the elements of the AL 
solution and AR solution from the same samples.

Figs. 5 and 6 show the variations of selected elemental concentra
tions. We have calculated the average values of ALWL% and ARWL% as 
well as the average percentages of each measured element in AL phase 
vs. AR phase. The calculated results are listed in Table S2. Based on the 
measured 32 samples, the average acid leach weight loss (ALWL) and 
Aqua Regia dissolution weight loss (ADWL) are 60.4 ± 5.7% and 72.9 ±
3.1%, respectively (Table S2), indicating high carbonate content of the 
sediments as 60% of the samples can be dissolved by 0.5N HCl. The 
sediments contain ~27% detritus which cannot be dissolved by Aqua 
Regia. Those undissolved residues are mainly quartz and clay minerals 
such as Illite and Talc. XRD analysis of the samples will show these AR 
undissolved minerals in the next section.

The average concentrations of the 32 AL samples have the order of 
AL Ca (122,630 mg/kg) > Mg (68,900) > Si (4680) > Fe (2882) > Sr 
(1872) > Al (1264) > P (655) > K (640) > Na (450) > Pb (412) > Ba 
(373) > Mn (352) > Cu (40) > Zn (21) > Rb (19) > Ti (18) >U (14) > Ga 
(4.3) > Ni (2.7) > Cr (2.3) > Mo (1.3). Ca and Mg are the two highest 
elements in the AL fraction. Ca, Mg and Sr are earth alkaline elements, 
and precipitate with carbonates in natural water when pH reaches >7, 
agreeing with the high ALWL value. Fig. 5a displays good co-variance 
between ALWL and Ca + Mg (R2 = 0.73). However, AL Ca and AL Mg 

do not have an apparent correlation (R2 = − 0.4) (Fig. 5b), implying 
carbonate minerals such as calcite (CaCO3) and dolomite (MgCa(CO3)2) 
were dominant in different periods.

The average concentrations of the 32 AR samples are in the order of 
AR Ca (145,973 mg/kg) > Mg (61,940) > Al (7466) > Fe (7348) > Sr 
(2293) > Si (1565) > P (1427) > K (1116) > Na (697) > Ba (464) > Mn 
(401) > Ti (299) > Pb (189) > Cu (71) > Rb (64) > Zn (36) > Ni (33) >
Ga(29) > U (28) > Cr (24) > Mo (7.6). Using AL and AR concentrations, 
we can calculate the AL/AR ratios for each element of the samples 
(Table S2). The AL and AR ratio listed in Table S2 should not exceed 
100% because Aqua Regia is a much stronger acid than 0.5N HCl. The 
AL/AR ratio of Si and Pb are greater than 100%, indicating these two 
elements were partially lost during the AR dissolution. Although no HF 
was added during the AR digestion, SiF4 could form during the digestion 
because F existed in the sediments such as Thomsenolite 
(NaCaAlF6⋅H2O), Karasugite (SrCaAl(F, OH)7) and Polylithionite 
(KLi2Al(Si4O10)(F, OH)2). Since our microwave digestor was broken, the 
open AR dissolution under 95oC overnight could allow SiF4 degassing 
and causing Si loss. Pb, on the other hand, could form volatile com
pounds during the digestion under high temperature and prolonged 
heating. The AL/AR ratio of Mg is 110 ± 11% which is close to 100% 
within the uncertainty. This ~100% ratio indicates that most of Mg 
comes from carbonates. No Mg loss occurred during the AR digestion. 
However, as the concentration of Mg is quite high and oversaturated for 

Fig. 7. Identified mineralogical compositions of the sediments from nine layers in Core 22-Al-03A using XRD analyses. These nine layers involve all zones except 
Zone III. Note that the peak height of minerals in each spectrum represent relative intensity, not the absolute content. The comparison of the peak height of other 
minerals with the quartz in a certain spectrum reflects the relative contents of the mineral in the sample.
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the ICP-OES, the sample solution was diluted 20 times. The uncertainty 
of the analysis was probably increased due to the dilution. In a word, the 
AR Si and AR Pb are not reliable due to their loss during the AR 
digestion.

4.6. Mineral compositions of the lake sediments determined by XRD and 
SEM

Nine horizons (4-6, 8-10, 14-16, 24-26, 28-30, 30-32, 44-46, 50-52 
and 58-60 cm) from the core were selected for XRD and SEM analyses. 
Fig. 7 shows the XRD spectra. The chemical compositions of the 9 
samples are listed in Table S3, and the SEM micrographs are shown in 
Fig. S3 in the supplement materials. The identified minerals are classi
fied into 12 groups according to Dana's classification (Gaines et al., 
1997) as: Carbonates including Calcite, Calcite Mg-rich, Ankerite (CaFe 
(CO3)2), Dolomite, Kutnohorite (Ca(Mn,Mg,Fe)(CO3)2), and Hunite 
(CaMg3(CO3)4); Clay minerals including Talc, Illite, and Kaolinite; Ha
lides including Thomsenolite and Karasugite; Hydroxides including 
Meixnerite; Organics including Mellite; Oxides including Quartz; Sul
fates including Gypsum and Anhydrite; Silicates including 
Polylithionite.

The SEM imagines shown in Fig. S3 exhibit calcite, Mg-calcite and 
dolomite crystals, supporting that carbonates are dominant minerals 
measured by XRD. In addition, the chemical compositions measured by 
EDX-SEM listed in Table S3 agree with Ca and Mg concentrations 
determined by ICP-OES not only in relative contents but also in variation 
trends (Fig. S4). While the elemental concentrations determined by ICP- 
OES provide high-resolution changes in the lake chemistry (AL fraction 
related: pH, salinity, alkalinity and redox conditions) and productivity 
(organic proxies) as well as in terrestrial input (AL fraction related: 
detrital input), mineral compositions of the nine horizons determined by 
XRD give insights on sedimentary changes.

4.7. Pollen results

Palynomorphs in lake sediments include tree, shrub and herb pollen 

taxa, as well as remains of algae, fungi and invertebrate, which reflect 
past climatic conditions such as air temperature, precipitation, atmo
spheric circulation and solar activity, as well as human influences on 
vegetation cover, sedimentary input and farmland development 
(Bennett and Willis, 2001). The selected major pollen taxa are presented 
on Fig. 8. The revealed pollen assemblages were subdivided into four 
pollen zones (PZ).

PZ I (64-45 cm, ~200-960 CE) was characterized by the predomi
nance of AP, although NAP (mainly Amaranthaceae) demonstrates a 
gradual increase in the upper part of the zone (52-45 cm). The pollen 
concentration was low (up to 3 × 105 grains/g) at the bottom part of the 
zone, but it increased sharply (up to 13 × 105 grains/g, 48-46 cm) in the 
upper part of the zone. Among non-pollen palynomorphs (NPP), there 
was a rise in the content of saprotrophic and coprophilous fungal spores 
in the upper part of the zone with a simultaneous decrease in green algae 
remains (Pediastrum).

PZ II (45-35 cm, ~960-1350 CE) showed a sharp increase in Arte
misia, Poaceae pollen percentages, and in pollen concentration (up to 
4.0x105 grains/g), while Amaranthaceae pollen contents decreased. The 
contents of Pediastrum remains were higher in this zone than the PZ I.

Pollen concentration increased in PZ III (35-21 cm, ~1350-1820 CE) 
up to 13.2 × 105 grains/g. In the upper part of the zone, Pinus and 
Amaranthaceae pollen percentages decreased, while the contents of 
Artemisia rose. The lower part of the zone Pediastrum remain contents 
sharply increased (with maximum value in 28 cm), while saprotrophic, 
coprophilous fungal spore contents declined in the upper part of the 
zone.

PZ IV (21-0 cm, ~1820-2022 CE). This zone is notable for the in
crease in pollen concentrations (up to 16 × 105 grains/g) accompanied 
by a change in the dominant pollen taxa. The Pinus pollen percentages 
decrease, while the Betula sect. Albae-type pollen contents gradually 
increase. Among herbaceous pollen taxa Artemisia (maximum value at 
18 cm), Amaranthaceae, Cyperaceae (maximum value at 14 cm), and 
Poaceae are most abundant. Generally, NAP contents reach 59%, while 
the AP contents decrease to 41%. In the middle part of the zone (14-10 
cm), there is a peak in the saprotrophic, coprophilous and parasitic 

Fig. 8. A pollen diagram of the core 22-Al-03A with selected palynomorphs and its comparison with geochemical zones. The pollen zones are divided by the black 
dashed lines. The last column on the right side shows the six geochemical zones which are separated by the red dashed lines. The red star denotes the depth of the 
137Cs peak which reflects the deposition at 1963/64 CE. AL Ca/K representing lake salinity and climatic episodes are added on the right side for comparison. RWP, 
DACP, MCA, LIA and CWP denote Roman Warm Period, Dark Ages Cold Period, Medieval Climate Anomaly, Little Ice Age and Current Warm Period, respectively.
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fungal spores. The presence of Pediastrum remains gradually decreases 
upwards.

5. Discussion

5.1. Geochemical variations and zones based on elemental and mineral 
analyses

Organic matter in lake sediments is an important indicator of lake 
productivity and carbon source. The TOC, TN and C/N of lake sediments 
are paleoclimatic and paleoenvironmental proxies, as they are functions 
of lake productivity, oxidation condition and surface runoff (Kaushal 
and Binford, 1999; Perdue and Koprivnjak, 2007; Gälman et al., 2008; 
Kasper et al., 2013; Lone et al., 2018; Han et al., 2022; Misra et al., 
2025). In general, higher lake productivity, reduced condition (lower 
redox value) and lower surface runoff will result in higher TOC and TN 
but lower C/N ratio. TOC in lake sediments can come from organic 
composition of both plants and organisms, while TN under natural 
condition is mainly from organisms formed in lake water, so that higher 
TN but lower C/N indicate more organic matter generated in the lake (Li 
et al., 2016b; Dong et al., 2018). In addition, high surface runoff would 
bring more terrestrial materials which have higher C/N of organic 
matter into the lake sediments, resulting in higher C/N. Furthermore, 
wet climates produce higher runoff which lead to decrease in nutrient 
concentration and productivity in lake water (Yang et al., 2021). Lower 
redox condition is in favor of organic preservation. Using the variations 
of TOC, TN and C/N shown in Fig. 5c and d, we are able to interpret the 
lake productivity and exogenous/endogenous organic matter (OM), 
with higher TOC and TN but lower C/N ratio indicating higher lake 
productivity in the lake, and vice versa. Low TOC and TN with relatively 
high C/N below 49 cm depth (before 850 CE) reflect low lake produc
tivity and high surface runoff (more exogenous OM) under cold and wet 
conditions (Fig. 5c and d). The TOC and TN continuously increased from 
850 CE to their maximum values until 1750 CE, then slightly decreased 
to 1964 CE. Both TOC and TN had a sudden and strong drop at 
1990-1991 CE, which might indicate an event associated with human 
activity. Following this event, both TOC and TN have sharp increasing 
trends. The lake productivity referred by the increased TOC and TN 
trends between 850 and 1750 CE could not be simply explained by 
temperature or precipitation alone because both warm (MWA) and cold 
(LIA) conditions were involved in this period. On the other hand, C/N 
was significantly lowered between 1200 and 1300 CE, then continuously 
dropped from 1870 CE. In order to understand the lake history, 
elemental geochemistry should be used.

For the 21 elements analyzed by ICP-OES, they can be classified into 
several groups: (1) earth alkaline elements (Ca, Mg and Sr) are mainly in 
carbonates; (2) alkaline metal elements (K and Na); (3) detrital elements 
(Al, Si, Ti, Ba); (4) oxide elements (Fe, Mn); (5) heavy metal elements 
(Cu, Ni, Zn, Cr, Ga, Pb); (6) trace metal elements (U, Rb, Mo); and (7) 
biogenic element (P). The AL fraction concentration of the elements 
reflects its authigenic origin which is strongly affected by lake water 
chemistry, temperature, pH and redox conditions, whereas the AR 
fraction concentration of the elements indicates total concentration 
including both authigenic origin and terrestrial input. Based on the AL 
and AR concentration variations of the samples (Figs. 5 and 6), we shall 
discuss changes in the lake chemistry and input materials throughout 
the core.

In Figs. 5 and 6, the selected major geochemical proxies (TOC, TN, C/ 
N, AL and AR elements) were plotted against chronology. Based on the 
geochemical variations, six zones can be classified as follow.

Zone I (64-52 cm, ~200-570 CE): the sediment was grey-blue clay 
without plant remains. The lowest TOC and TN but highest C/N, lowest 
acid-leachable (AL) Fe and Mn but highest AL Mg and Na reflected high 
terrestrial surface runoff due to glacier melting and low lake produc
tivity in cold and fresh lake water. Although Mg was the highest in this 
zone, Mg came chiefly from dolomite which normally forms in high pH, 

warm and saline water such as marine environment. Thus, the high 
dolomite and Mg probably reflected weathering of bedrock in the study 
area. When the lake had low salinity, pH and productivity, low calcite 
percentages and low Ca concentrations were recorded. Fe and Mn stay in 
water under anoxic conditions, but precipitate as oxides in the sediments 
under oxic conditions. Hence, this zone revealed a fresh lake with low 
productivity and inputs of cold water under a wet climate.

Zone II (52-41 cm, ~570-1170 CE) can be subdivided in two sub
zones: IIa (52-45 cm, 570-960 CE) and IIb (45-41 cm, ~960-1170 CE). In 
Zone IIa, the color of the lake sediment became darker with more 
organic carbon (OC) produced in the lake. The lake productivity was still 
low in the fresh and oxic conditions shown by the lowest AL Sr but 
highest AL Fe under a warm and wet climate. In Zone IIb, strongly 
increased lake productivity and lower redox conditions shown by 
elevated TOC, TN, AL Sr and reduced AL Fe, corresponded to the warm 
climate of MCA.

Zone III (41-31 cm, ~1170-1500 CE): the lake became very pro
ductive with high salinity and oxic conditions shown by increased TOC, 
TN, AL P, AL Fe and Mn, AL Ca and Sr, but decreased C/N, perhaps under 
both climatic and anthropogenic influences. The color of the sediments 
turned to brown.

Zone IV (31-27 cm, ~1500-1640 CE): a sudden drop occurred in 
most geochemical proxies except AL Zn and organic matter probably 
corresponding to the cold climate during the beginning of the Little Ice 
Age (LIA). Carbonate precipitation in the cold water was reduced 
significantly. However, high lake productivity as indicated by TOC, TN 
and pollen results occurred during the warm season.

Zone V (27-13 cm, ~1640-1963 CE): the lake had very high pro
ductivity, salinity and alkalinity reflected by high values of TOC, TN, AL 
Ca, AL Sr, AL Fe and AL Mn. The lake chemistry and productivity during 
this period may have been strongly affected by human activities. At 
around 1958 CE the lake's chemistry and sedimentation was strongly 
influenced by human impact.

Zone VI (13-0 cm, ~1963-2022 CE): the sedimentation rate 
increased from <0.043 cm/yr in previous zones to 0.223 cm/yr in this 
zone due to farmland development near the lake (Fig. 1B–Andreenkov, 
2021). From the 1960s until the 1980s, sharp decreases in AL Sr, Ca, Si, 
Fe and Mn concentrations were recorded. In contrast, strong increases 
occurred in Al, Ni and Zn concentrations, which might be related to 
pollution. Around 1991 CE, there was a sharp large drop in TOC and TN. 
Based on C/N, the organic matters are mainly generated inside the lake. 
This historic event was documented by local authorities. After 1991 CE, 
the lake recovered and stabilized to its modern status, i.e. a high pro
ductive and alkaline lake with anoxic conditions. The AL Pb concen
trations in the core sediments are one order of magnitude higher than 
what is generally reported from lake sediments, which may be attributed 
to the high Pb background in the rocks of this area.

The mineral contents of the sediments generally agree with the 
elemental results of the core. Quartz and many clay minerals are present 
in the sediments, so that the residue of the AR open digestion is close to 
27% (ADWL = 72.9%). Calcite and dolomite are major carbonates in the 
sediments, supporting high AL Ca, Mg and Sr. Dolomite, that is normally 
precipitated in high pH and saline water, appeared only in the depths 
below 44 cm (Fig. 7A and B). However, the lake was relatively fresh (low 
AL Ca) and had low productivity (low TOC) reflecting terrestrial input, 
so that the dolomite might came from surface runoff, which is supported 
by the highest C/N. The high terrestrial input is also supported by Pol
ylithionite (K(Li2Al)Si4O10F2) which is visible only in Fig. 7A and B. On 
the other hand, calcite (Mg-rich) became clearly the dominant mineral 
in the sediments above the depth of 46 cm (Fig. 7C–I), indicating 
authigenic carbonate precipitated in the lake water. Anhydrite (CaSO4) 
appeared only in the sample at 44-46 cm depth (Fig. 7C), implying 
warming and oxic (agreeing with the highest AL Fe) lake water. Mellite 
(also called Honeystone, Al2C6(COO)6⋅16H2O) and Thomsenolite 
(NaCaAlF6⋅H2O) had highest abundance (Fig. 7D). Mellite is a rare, 
naturally occurring organic mineral compound and Thomsenolite can be 
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converted from Cryolite (Na3AlF6) which is formed under cold tem
perature. Therefore, high contents of Mellite and Thomsenolite indi
cated that the lake water could be cold and organic rich corresponding 
to the beginning of the LIA. Accompanying Calcite and Mg-rich Calcite 
deposition, Ankerite (Fe- and Mn-dolomite) and Huntite (CaMg3(CO3)4) 
became visible in the spectrum in Fig. 7D. This phenomenon may be 
explained by that increased solubility of Calcite in the cold water led to 
replacement of Ca with Mg, Fe and Mn in the carbonates. Kaolinite and 
Illite are clay minerals and come from detritus carried by surface runoff 
into the lake. In Fig. 7E and F, the spectra did not show Kaolinite in the 
period of 1550~1700 CE, probably reflecting that the weathering con
ditions were not in favor of Kaolinite. After 1958 CE, Kaolinite input to 
the lake was attributed to both climatic and human impacts.

5.2. Vegetation changes

Changes in pollen spectra reflecting vegetation and climatic changes 
in the study area over the past 1800 years can be interpreted as follow. 
Pine forest existed around the lake in the period 200-570 CE. Treeless 
vegetation with numerous amaranths was less common. Climate con
ditions were relatively cold.

Pollen spectra accumulated between 570 and 960 CE reflect that the 
pine forest around the lake was retreating somewhat and open herb 
communities with amaranth plants showed maximum distribution 
around 660 CE. Pediastrum content was the lowest, which may point to 
the disappearance of shallow water habitats in the lake. The climate 
during this period became somewhat drier.

Pollen spectra from the sediments accumulated between 960 and 
1350 CE revealed changes in steppe communities as wormwood and 
Poaceae taxa became more widespread, while participation of ama
ranths decreased. These changes reflect that climatic conditions were 
slightly more humid during this time interval coinciding with the MCA.

Forest and steppe communities dominated around the lake between 
1350 and 1730 CE. The lower amounts of amaranth pollen in the sedi
ments document a reduction of amaranth in the local vegetation 
pointing towards increased moisture.

The uppermost pollen assemblages document that pine forest 
retreated and herb communities with wormwood and amaranth were 
developed around the lake during the last 160 years. These changes and 
spread of birch from 1860 CE were probably due to anthropogenic in
fluence. The climatic conditions became warmer and drier. Sapro
trophic, coprophilous and parasitic fungal spores in the sediments 
peaked between 1958 and 1970 CE indicating further anthropogenic 
impact on the study area during the agrarian reforms (Andreenkov, 
2021; Fedorova and Manchenko, 2022).

5.3. Combing elemental geochemical, mineralogical and pollen records of 
the core

The above classification and description about the pollen zonation 
have some discrepancies from the geochemical zones (Fig. 8). The 
possible explanation is that geochemical changes in the lake occurred 
much faster and more sensitively to climatic changes, while changes in 
local vegetation reflected in pollen spectra show some delay. Therefore, 
the changes in the lake chemistry reflected by the geochemical zones 
better reflect change in climatic conditions than changes of local 
vegetation.

We added geochemical zones to pollen zonation on Fig. 8 for com
parison. PZ I covers Zone I and most of Zone II; PZ II includes the upper 
part of Zones IIb and lower part of Zone III; PZ III includes the upper part 
of Zone III, Zone IV and lower part of Zone V; and PZ IV involves the late 
half of Zone V and Zone VI (Fig. 8). The pollen zonation was determined 
by many pollen taxa and classified by computer software. It is notable 
that pollen zonation has a decadal-to-centennial time-leg in comparison 
to the geochemical zonation. However, there are some changes in major 
pollen taxa contents which were not identified into the pollen zonation. 

For instance, the low part (62-52 cm) of PZ I was significantly different 
from the upper part (52-35 cm) of PZ I in terms of AP/NAP, Amar
anthaceae and fungal spore percentages, as well as in pollen concen
tration. It is likely that the pollen assemblage between the geochemical 
Zones I and II could not be differentiated in the CONISS zonation. Below 
we point out the major features of pollen records with climate signifi
cance in each geochemical zone (Fig. 8).

In Zone I, the AP/NAP was the highest, but Artemisia/Cyperaceae (A/ 
Cy) ratio was the lowest (Fig. 8), indicating that the climatic conditions 
were rather cold and wet that agree well with fresh water and cold lake 
conditions reflected by low bioproductivity and by geochemical proxies.

In Zone IIa, the AP/NAP ratio decreased, while pollen concentration 
significantly increased. Amaranthaceae pollen contents are maximal and 
contents of Pediastrum remains are minimal in this zone. These changes 
in pollen assemblages indicated that the climatic conditions were 
warmer and drier than those in Zone I, but cooler and wetter than the 
modern climate. The geochemical proxies in Zone IIa zone also suggest a 
lake with low salinity, productivity, redox conditions (low oxic) and 
with reduced surface runoff. In Zone IIb which coincides with the MCA, 
the pollen assemblages showed increased lake productivity (increased 
presence of Pediastrum remains) under a warmer (increased Artemisia/ 
Cyperaceae)/drier (decreased AP/NAP) climate. The AP/NAP ratio 
(Fig. 8) is relatively constant through Zones III and IV, but slightly 
higher than that during Zone II and significantly lower than that during 
Zones IV and V, reflecting the regional MAP was the highest in Zone I, 
dropped to a lower but unstable level in Zone II, then slightly elevated to 
a stable level in Zones III and IV, and further declined to relative stable 
level in Zones V and VI. Based on the AP/NAP, we may assume that the 
regional MAP over the past 1800 years shows a decreasing trend. On the 
other hand, the A/Cy ratio (Fig. 8) shows an increasing trend from Zone I 
toward to Zone VI, reflecting the MAT increasing trend over the past 
1800 years. The major differences in pollen assemblages between Zone 
III and Zone IV are the highest contents of Pediastrum remains in Zone IV 
(~1500-1640 CE, early LIA).

Previous studies showed that changes in the taxonomic composition 
of Pediastrum can be used as an indicator for temperature change 
(Turner et al., 2016; Xiang et al., 2021), and Pediastrum body size is also 
a function of water temperature due to longer and faster growth in 
warmer water (Huang et al., 2023). Unfortunately, in this study, we 
have only Pediastrum abundance without information of taxonomic 
composition and body size of Pediastrum. Assuming that the Pediastrum 
abundance in Fig. 8 is related to the lake water temperature, salinity and 
nutrient concentration (Xiang et al., 2021 and references therein), we 
may discuss the significance of Pediastrum abundance. In Fig. 8, AL Ca/K 
variation is added for representing lake salinity change with warm/cold 
climatic episodes on the right side. It seems that Pediastrum abundance 
correspond to higher lake salinity and nutrient concentration (higher 
lake TOC) but not to higher water temperature. For instance, during cold 
LIA the Pediastrum abundance was high. Generally, cold climate could 
result in low lake productivity and salinity, however, the geochemical 
proxies indicate that the lake productivity and salinity was not low with 
high AL Ca/K ratio and TOC% (Figs. 5 and 8). Thus, the controlling 
factor for the lake productivity and salinity might not be water tem
perature. If the climatic conditions during the cold LIA were dry, the lake 
body became smaller with less surface runoff, the lake salinity and 
nutrient concentration could increase to generate moderate lake pro
ductivity during the warm season. Therefore, the climatic conditions 
during the LIA should be cold and dry.

We may summarize that changes in the pollen assemblages demon
strate a decadal-to-centennial time lag compared to the changes in the 
geochemical curves, as the geochemical proxies are more sensitive to 
local climatic changes. Nevertheless, many fluctuations in the revealed 
pollen assemblages agree well with the geochemical features of the lake 
sediments. Hence, the geochemical proxies are favorable to reconstruct 
rapid climatic change on local scale, whereas the pollen proxies are 
better for vegetation reconstruction under regional scale, with NAP and 
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algae abundance reflecting mainly local environments.

5.4. Paleoclimate and paleoenvironment over the past 1800 years based 
on the Zolotoe record

The 22-Al-03A core record from Zolotoe Lake covers the past 1800 
years, which include three warm periods (RWP, MCA and CWP) and two 
cold periods (DACP and LIA). It is worth mentioning that temperatures 
recorded in Europe during the period 450-800 CE were particularly cold, 
so that the period was named the Dark Age cold Period in the literature. 
In China, however, many records indicated warm and wet climate 
conditions during 550-780 CE (e.g., Ge et al., 2017). The pollen-based 
temperature reconstruction from Lake Teletskoye (51◦35′N, 87◦40′E) 
in Russian Altai, also indicates relatively warm conditions during 750 to 
550 CE (1.4-1.2 cal yr BP) (Rudaya et al., 2016). Hence, temperature 
during part of the DACP (550-780 CE) was not particularly cold. 
Nevertheless, based on the sedimentary feature, geochemical proxy, 
pollen assemblages and mineral composition of the lake sediments, we 
can evaluate how these global climatic intervals were recorded in the 
study area.

Fig. 9 shows the main variations of the sedimentary, geochemical 
and pollen proxies with depths, ages and zones. The sedimentation rate 
(SR) was below 0.05 cm/yr prior to 1958 CE, then rose to 0.3 cm/yr. 
This sudden SR increase is caused by human activity, due to more 
intensive farmland development since the 1930s (Andreenkov, 2021). In 
Fig. 9a, variations of TOC and C/N indicate lake productivity and exo
genous/endogenous carbon source, with higher TOC and C/N reflecting 
higher productivity and higher exogenous/endogenous ratio, and vice 
versa (Meyers and Ishiwatari, 1993; Bridgham and Richardson, 2003). 
Unlike Figs. 5 and 6, Fig. 9 shows some elemental ratios instead of 
elemental concentrations against ages, as the elemental ratios are more 

robust indicators than concentrations, as these can be affected by min
eral contents from terrestrial inputs that obscure the influence of lake 
chemistry.

Fig. 9b exhibits the variations of AL Sr/Ca, AL Ca/K and AL Al/Ti. In 
general, Sr/Ca, Mg/Ca and Ca/K ratios are often used for indication of 
lake salinity change, with higher Sr/Ca, Mg/Ca and Ca/K reflecting 
higher lake salinity; and vice versa (Li et al., 2000, 2004; C.J. Zhang 
et al., 2020a,b; Misra et al., 2025). Because aragonite, Mg-calcite and 
dolomite indicate high pH, temperature and water salinity, higher Sr/Ca 
and Mg/Ca indicate higher salinity. However, when dolomite and 
Mg-calcite come from terrestrial input, then Sr/Ca and Mg/Ca ratios 
may not reflect the lake chemistry. On the other hand, Ca/K can serve as 
an indicator of lake salinity due to CaCO3 precipitation when salinity 
increases. In general, higher Ca/K indicates higher salinity 
(Barjaktarovic and Bendell-Young, 2002; Liang et al., 2024). If all three 
ratios of Sr/Ca, Mg/Ca and Ca/K in Zolotoe Lake sediments represent 
salinity change, then they would have similar trends. However, AL Sr/Ca 
has opposite trends with AL Ca/K in Fig. 9b. The correlation between AL 
Sr/Ca and AL Mg/Ca is quite strong (R2 = 0.89) in Core 22-Al-03A, 
indicating both Sr/Ca and Mg/Ca ratios are controlled by the carbon
ate minerals which are influenced by terrestrial input. The XRD results 
shown in Fig. 7 illustrated that the dolomite in the deeper layer in the 
core came from surface runoff. Therefore, Sr/Ca and Mg/Ca ratios in the 
core could not be indicator of the lake salinity. In fact, Sr/Ca has a 
similar trend with AL Al/Ti in Fig. 9b, the latter is an indicator of 
terrestrial input. Higher Al/Ti ratios generally suggest increased surface 
runoff and sediment transport into the lake, while lower Al/Ti ratios 
may indicate periods of reduced runoff or sediment input. Although both 
Al and Ti are considered terrigenous (originated from land rather than 
the lake itself), Ti tends to be preferentially removed from sediments 
compared to Al, so that sediments transported by surface runoff and 

Fig. 9. A summary figure with the sediment photo, sedimentation rate, geochemical zone and major geochemical proxies, major pollen zone and proxies. (a) TOC 
and C/N; (b) AL Sr/Ca, AL Ca/K and AL Al/Ti; (c) AL U/Al, AL Mn/Al and AL Mn/Fe; (d) AP/NAP, A/Cy (Artemisia/Cyperaceae) and A/A (Artemisia/Amaranthaceae).
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deposited in the lake will show a higher Al/Ti ratio than the original 
source material due to the preferential removal of Ti (Bertrand et al., 
2024). Thus, the AL Sr/Ca and Mg/Ca ratios in the 22-Al-03A core do not 
reflect salinity change; they are function of surface runoff, with lower 
ratios indicating lower surface runoff similar to the AL Al/Ti ratio 
(Fig. 9b). In contrast, Ca/K in the core is an indicator of the lake salinity, 
with higher ratio reflecting higher salinity.

The variations of AL Mn/Fe, AL Mn/Al and AL U/Al are shown on 
Fig. 9c. All three ratios were considered as indicators of redox condi
tions, with higher Mn/Fe and Mn/Al ratios and lower U/Al ratio 
reflecting more oxic (oxygen-rich) conditions (Scholtysik et al., 2022; 
He et al., 2023; Swanson et al., 2023). In Fig. 9c, all three ratios have 
similar trends, and the correlation between AL Mn/Al and AL U/Al is 
quite high (R2 = 0.79). The positive correlation between AL Mn/Al and 
AL U/Al points out that AL U/Al in the core should not be an indicator of 
redox conditions because higher AL Mn/Al reflects more oxic conditions 
whereas higher AL U/Al implies more anoxic conditions. In fact, in Core 
22-Al-03A the average AL Mn is 352 ± 94 mg/kg which is much higher 
than that of AL U (14 ± 2 mg/kg), and the average AL/AR Mn is 87.1 ±
13.9%. This means that most Mn in the sediments is dissolved by 0.5N 
HCl, and the Mn is mainly in authigenic minerals (e.g., MnCO3, MnO2) 
formed in the lake. U (VI) is likely scavenging with Mn minerals in the 
lake. Besides, Al2O3 may precipitate prior to MnO2 when the lake pH 
increases, so that both Mn and U co-precipitate with Al2O3, leading the 
positive correlation between AL Mn/Al and AL U/Al. Hence, in Zolotoe 
Lake AL Mn/Al may be a function of redox conditions and pH, with 
higher Mn/Al reflecting higher pH and more oxic conditions; whereas 
AL Mn/Fe is more sensitive to redox conditions, with higher ratio 
indicating more oxic conditions.

Fig. 9d plots the profiles of AP/NAP, A/Cy (Artemisia/Cyperaceae) 
and A/A (Artemisia/Amaranthaceae) throughout the core. As mentioned 
earlier, AP/NAP may have positive relationship with MAP, and A/Cy 
and A/A may have positive relationship with MAT. By comparison with 
the A/A variation, the A/Cy variation is much larger and more sensitive 
to climatic changes. The A/Cy values during the LIA were higher than 
those during the earlier periods. This observation does not agree with 
the positive relationship with MAT. Thus, the A/Cy must be influenced 
by other factors. The A/Cy variation trend was similar to the trends of 
TOC and AL Ca/K before 1820 CE, implying that increased salinity of the 
lake would provide higher lake productivity and more Artemisia content; 
and vice versa. Human impact after 1820 CE might disrupt this rela
tionship. A reasonable explanation of the positive relationship among A/ 
Cy, salinity (AL Ca/K) and productivity (TOC%) is that reduced input 
water (decreases in AL Al/Ti and AL Sr/Ca) under dry climate would 
elevate lake salinity and nutrient concentration due to evaporation, so 
that lake productivity was enhanced. Therefore, A/Cy ratio should be 
also affected by moisture conditions beside air temperature. Fig. S5
shows the comparison of A/Cy with the air temperature and precipita
tion recorded in Barnaul Meteorological Station since 1838 CE. The 
comparison illustrates that higher A/Cy ratio corresponded to higher 
precipitation on decadal or shorter time scales. The long-term temper
ature increasing trend since 1830s is not clearly shown in A/Cy trend. 
Thus, hydroclimatic condition should be a factor to influence A/Cy ratio 
in lake sediments.

AP/NAP variations shown in Fig. 9d exhibits a general decreasing 
trend: 2.8-5.4 between 200 and 540 CE, 1.4-2.1 - during ~610-1070 CE, 
1.1-2.7 - during ~1070-1700 CE and 0.7-1.1 - during ~1700-2022 CE. If 
the AP/NAP had positive correlation with MAP, the trend would mean 
that climate conditions became drier starting from 200 CE. However, 
other proxies do not confirm this. Thus, AP/NAP ratio should be affected 
by some other factors besides the precipitation. It is also notable that the 
AP/NAP was the highest in Zone I (Fig. 8), although the pollen con
centration was the lowest. In general, the wetter climate conditions are 
favorable for vegetation development, which would be reflected in the 
higher pollen concentration. The geochemical proxies in Zone I support 
the cooler and wetter conditions, reflected by the lowest TOC, low 

salinity (AL Ca/Ka), high surface runoff (AL Al/Ti) and low oxic con
ditions. However, the NAP contents increased significantly after 600 CE 
as reflected by the reduced AP/NAP ratio and this coincided with a 
period of lower salinity, pH, temperature and nutrient level in the lake. 
From this, we deduct that the AP/NAP ratio in the Zolotoe Lake pollen 
record cannot be considered as a reliable MAP indicator.

Combining sedimentary feature, geochemical proxies, pollen as
semblages, mineral information, we can reconstruct climatic conditions 
in the study area over the past 1800 years. The lake had low productivity 
(low TOC), low salinity (low AL Ca/K), low oxic condition (low AL Mn/ 
Al and AL Mn/Fe), but high surface runoff (high AL Al/Ti, AL Sr/Ca, C/N 
ratios) under cooler and wetter climate conditions during ~200-800 CE. 
However, the Ca/K was slightly increased during the RWP (~200-400 
CE), reflecting an increase in the lake salinity probably under the drier 
and warmer climate. The warming condition could have caused glacier 
melting and lead to increased inputs of cold and fresh water to the lake. 
According to previous studies on glaciers in the Russian Alai Mountains, 
three glacier advances were recorded over the Holocene: Akkem Stage 
(4900–4200 yr BP), Historical Stage (2300–1700 yr BP) and LIA or Aktru 
Stage (13th–19th centuries). During the RWP (ca. 250 BCE–400 CE), 
MCA (ca. 950–1250 CE) and CWP (1800 CE–present), the Altai glaciers 
retreated, especially after 1950 CE (Agatova et al., 2012; Solomina et al., 
2016; Ganyushkin et al., 2022).

The geochemical proxies (Figs. 6 and 9) point to the cooler and 
wetter climatic conditions during the DACP (~450-800 CE), and the 
minimum abundance of Pediastrum also indicated low salinity and 
nutrient concentration. But, the strong decreases in AP/NAP and C/N 
during the DACP reflected that not only aquatic plants were developed 
surrounding and inside the lake, but also a retreat of forest occurred in 
the area. The climatic conditions in the study area became warmer and 
relatively wetter as reflected by increases in TOC, AL Ca/K, AL Mn/Al, 
AL Mn/Fe, AP/NAP ratio increase in pollen concentration, and stable C/ 
N at high level between ~850 and 1200 CE. Higher temperatures elevate 
the lake productivity, salinity and oxic conditions.

The climate conditions during MCA (~900-1300 CE) in the study 
area was probably not as wet as during the RWP and DACP. At the end of 
MCA (~1200-1300 CE), the climate became warm and drier.

From 1300 to 1800 CE, the major features of the Zolotoe Lake 
environment were increasing salinity and bioproductivity, low surface 
runoff (minimum runoff shown by AL Al/Ti curves), maximum oxic 
condition, and increased A/Cy and A/A. The revealed changes were 
attributed to drier, but not to warmer climatic conditions during this 
period. When evaporation is higher than precipitation during the cold 
intervals like the LIA, elevated nutrient concentration caused by evap
oration would result in high lake productivity. Our reconstruction co
incides well with the temperature record in Barnaul Meteorological 
Station since 1838 CE and demonstrates that temperature during the LIA 
was about 3-4oC colder than the present (Fig. S2). We assume that cli
matic conditions in the study area during the LIA were colder and drier 
than modern ones.

Another scenario could have happened in Zolotoe Lake in relation 
with the evolution of the Volchikhinsky lake system (Fig. 1). During the 
RWP and DACP, wetter climate resulted in a large lake system con
necting the lake bodies in the Volchikhinsky lake system. The lake water 
was cold and fresh with low bioproductivity. Since the MCA, warmer 
climate caused stronger evaporation and reduced the water volume in 
the Volchikhinsky lake system. The drier climate conditions during the 
LIA have further caused the disappearance of the large lake system. Most 
likely, the Volchikhinsky lake system changed to a number of smaller 
lake bodies around 1600 CE as the lake sediments demonstrate increased 
TOC, maximum in salinity and oxic conditions, increased A/Cy and A/A, 
and decreased AP/NAP. Probably, after 1600 CE, Zolotoe Lake became 
an isolated water body, more sensitive to climatic changes and human 
influences.

Zolotoe Lake sediments accumulated between 1750 and 1950 CE 
show the decreases in TOC (productivity), salinity (AL Ca/K), oxic 
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conditions (AL Mn/Al and AL Mn/Fe) and increased surface runoff (AL 
Al/Ti). Human impact would not cause such geochemical shifts. The 
revealed changes suggest that the climatic condition was wetter during 
this interval. Higher aquatic plants and lake algae led to drop in C/N. 
After 1950 CE, the strong increase in the sedimentation rate (about 7 
times) marks strong increase of human impact. However, climate in
fluence on the proxies from the sediment core can also be documented in 
this interval by the peak of AL Al/Ti around 1973 CE, A/Cy peaks 
around 1973 CE and 1990 CE, the TOC trough around 1990 CE. These 
features might correspond to the high rainfall in the two intervals (Fig. 9
and S5).

5.5. Significance of the Zolotoe record in the regional context

Although Holocene paleoclimate records in Altai region including 
from the Russian, Chinese, Mongolian and Kazakh sides are abundant (e. 
g., Blyakharchuk et al., 2007, 2020; Liu et al., 2008; Rudaya et al., 2012, 
2016; Jiang et al., 2013; Wang and Feng, 2013; Zhang et al., 2016;
Huang et al., 2018; Karachurina et al., 2023), high-resolution records 
with robust chronology and multi-proxy for the past 2000 years are very 
limited. The Zolotoe Lake record from this study indicates that wet cli
mates were prevailing during the RWP (warm/wet) and DACP (cold/
wet), and cold/dry climates were dominant in the early LIA 
(~1400-1750 CE) but at the end of LIA (1750-1850 CE) climates turned 
cold/wet. During the MCA, climatic conditions were relatively wet (not 
as wet as during the RWP and DACP) in the period of 900-1200 CE, but 
became warm and drier at the end of MCA (~1200-1300 CE). Hence, a 
warm (or cold) climate is not necessary accompanied with a wet (or dry) 
climate. As mentioned earlier, temperature change may shift toward the 
same direction over large regions, whereas precipitation may vary to
wards different conditions, wetter/drier, at different locations within 
the same region. In comparison with other paleorecords in the Altai 
region, the temperature conditions agreed well in the entire region 
(Agatova et al., 2012; Rudaya et al., 2016; Babich et al., 2023 and ref
erences therein). On the other hand, moderate wet climate during the 
MCA and dry climate during the LIA were also found in the Manzherok 
Lake record (about 110 km east of Zolotoe Lake) (Blyakharchuk et al., 
2017, 2020). However, Lake Teletskoye (about 150 km east of Zolotoe 
Lake) did not show a dry LIA (Rudaya et al., 2016). Thus, moisture 
condition reconstructed from different lakes in the same region may be 
influenced by the geographic settings, sensitivity and sediment input. Of 
course, comparison of paleorecords in different locations requests robust 
chronology, high-resolution, and good understanding of different 
proxies. Hence, in order to obtain accurate regional climate conditions 
and their forcing factors over the past 2000 years, more high-resolution 
records with robust chronology are needed.

6. Conclusions

The 210Pb, 137Cs and AMS 14C datings of the 64-cm gravity core from 
Zolotoe Lake provide excellent chronology of the depositional history 
continuously spanning the past 1800 years. Comparison of paired AMS 
14C dates of both acid-treated and acid-base-acid treated TOC samples 
from 20 horizons allows us to eliminate old carbon influence on some 
ABA treated samples due to uptake of dissolved CO2 in the lake water.

In the Zolotoe Lake sediments, Sr/Ca and Mg/Ca values are not in
dicators of salinity because the source of Sr and Mg came from mainly 
carbonate minerals which were strongly affected by terrestrial input. AL 
Ca/K, on the other hand, is an indicator of salinity with higher ratio 
reflecting higher salinity due to CaCO3 precipitation under higher pH 
and salinity. AL Al/Ti is a proxy of surface runoff with higher ratio 
reflecting higher surface runoff. AL Mn/Fe and Mn/Al are functions of 
redox conditions with higher ratio indicating more oxic conditions. AL 
U/Al is strongly positively correlated with AL Mn/Al due to scavenging 
with MnO2 and Al2O3 precipitation, so that U/Al is not an indicator of 
redox conditions. AP development indicates cold and wet conditions 

compared to NAP, but NAP has also positive relationship with rainfall. 
Therefore, higher AP/NAP ratio reflects cold and wet climates, but lower 
AP/NAP ratio does not necessary reflect cold/dry or warm/dry condi
tions. Similarly, A/Cy and A/A ratios can also be influenced by hydro
climatic conditions, so that the relationship between these ratios and 
temperature is not necessarily positive. Pediastrum abundance in the 
Zolotoe Lake sediments has a positive relationship with lake salinity and 
nutrient concentration, but not MAT. Hence, using the above 
geochemical and pollen ratios in lake sediments requires detailed 
evaluation.

Combining the geochemical proxies (TOC-productivity, AL Ca/K- 
salinity, AL Al/Ti-surface runoff, AL Mn/Fe-redox, etc.) and pollen 
proxies (AP/NAP and A/Cy ratios) of the core 22-Al-03A, the climatic 
conditions in the study area over the past 1800 years can be estimated as 
follow: (1) during the RWP (~200-400 CE) relatively warm and wet 
conditions were prevailing, Zolotoe Lake was fresh, oxic with low pro
ductivity and high surface runoff; (2) cooler and wetter climate condi
tions occurred during the DACP (~450-800 CE) and resulted in the 
lowest salinity and low productivity in Zolotoe Lake. The lakes in the 
Volchikhinsky lake system might have been connected at that time 
forming a large lake; (3) warmer conditions probably occurred during 
the entire MCA interval (~900-1300 CE). Relatively wet conditions 
occurred during most of the MCA, but between 1200 and 1300 CE 
climate was drier. Climate was colder and drier during the early LIA 
(~1400-1750 CE). The large lake evolved into the modern Volchikhin
sky lake system with separated lakes around 1600 CE. At the end of the 
LIA (1750-1850 CE) the climate was colder and wetter. Generally, 
wetter conditions in the study area existed between 1750 and 1950 CE. 
With the CWP (~1850-2020 CE), a warming trend is documented by 
both the instrumental record and the lake record. The Zolotoe Lake 
sediments document strong human impact since 1950 CE.
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