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Abstract

Organic carbon burial in lake sediments plays a crucial role in understanding the terrestrial carbon cycle. Sayram Lake (Xinjiang,
China), located in the Tianshan Mountains of arid Central Asia, provides a unique opportunity to investigate the mechanisms govern-
ing organic carbon burial in deep lakes over the past millennia. With the source apportionment based on n-alkanes, the carbon burial
pattern in the Tianshan Mountains over the past millennium was reconstructed using an integrated framework of Bayesian change-
point detection and wavelet analysis. The organic carbon burial rate (OCBR) in Sayram Lake was characterized by the coexistence
of periodicity and stages, with a significant power peak within the 40-90-year period range and the strongest signal occurring at
approximately the 60-year period. Sediment grain size played a relatively minor role in the carbon burial process in Sayram Lake.
The OCBR has been at a low level and has shown a decreasing trend since the Little Ice Age, which differs significantly from the
trends observed in lakes within global inland basins. The influence of lake environmental system evolution and climate change on
organic carbon burial was assessed using regional climate change datasets, which provided new data and insights into the mechanisms
governing carbon burial in deep-water lakes within arid mountain ecosystems.
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Introduction

Research on the carbon cycle is of significant scientific impor-
tance for enhancing our understanding of the functioning mecha-
nisms of the Earth’s system, addressing global environmental
changes, and ensuring sustainable development of human society
(Falkowski et al., 2000). Lakes are key components of terrestrial
ecosystems and constitute a significant carbon pool (Bar-On et al.,
2025). Inland waters bury carbon more efficiently than oceans
because a higher fraction of sedimented organic carbon (OC)
escapes mineralization and remains in sediments (Mendonga ef al.,
2017). Lake carbon reservoirs play a crucial role in preserving the
global carbon balance and alleviating the impacts of climate change
(Tranvik et al., 2009).

Understanding the driving mechanisms of past carbon burial
holds significant scientific value for comprehending the multi-scale
functioning of the Earth system (Bradley et al., 2003; Jones et al.,
2001) and helps improve predictions of carbon pool changes under
future global-change scenarios (Hiilse ef al., 2017; Lan et al.,
2020b; Shi et al., 2021). The burial of organic carbon in lakes has
become a key area of research (Luo et al., 2025; Quanliang et al.,
2024; Zhou et al., 2025a; Zhou et al., 2025b). Global carbon burial
in lakes has significantly increased, with the carbon burial rate in
lakes within tropical forests and grassland biomes quadrupling over
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the past century (Anderson et al., 2020). Numerous studies have
explored carbon sequestration in arid regions (Einsele et al., 2001;
Fang et al., 2023; Lan et al., 2015; Stallard, 1998; Xu et al., 2013;
Zhang et al., 2017), with a particular focus on large shallow plain
lakes in arid areas of Central Asia (Feng et al., 2021; Liu et al.,
2021; Xie et al., 2015; Yu et al., 2015). However, marked hetero-
geneity in the rates of organic carbon burial has been observed
across diverse geographical regions (Mendonga et al., 2017), and
there is a lack of research on deep mountain lakes in arid Central
Asia. This research gap constrains the accurate global assessment of
carbon burial magnitudes and the holistic identification of factors
influencing organic carbon preservation.

Research on Sayram Lake spans multiple disciplines and has
significantly advanced our understanding of past environmental and
climatic changes. For instance, grain-size data have revealed aco-
lian activity history over the past century (Ma et al., 2015), whereas
multi-proxy analyses have reconstructed regional environmental
and lake dynamics over the last 200 years (Liu et al, 2014).
Paleoclimate studies span multiple timescales, including Holocene
vegetation evolution (Jiang et al., 2013), climatic events since the
last glacial period (Jiang et al., 2019), a continuous increase in
Holocene precipitation in northwestern China inferred from black
carbon 8"C records (Jiang et al., 2020), and abrupt cooling in
Central Asia since the early Little Ice Age, as indicated by alkenone
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proxies (Yao et al., 2020). Beyond climate reconstruction, geochem-
ical investigations have traced the history and sources of heavy
metal pollution over the past 200 years (Zeng et al., 2014), providing
novel insights into recent human activities through sedimentary
records of Polycyclic Aromatic Hydrocarbons (Shen et al., 2018).
Sediment mineralogy has further revealed the nonbiological origin
of Holocene primary dolomite in the lake (Cheng et al, 2021).
Microbiological studies have characterized bacterial community
composition (Shao et al., 2023b; Shao et al., 2023c), compared
planktonic and sedimentary bacterial diversity in summer (Fang et
al., 2015), examined the presence and diversity of Atribacteria in
sediment cores (Shao et al., 2023a), and reported shifts in bacterial
communities within lake ecosystems (Hu et al., 2025). Collectively,
these studies demonstrate the utility of Sayram Lake sediments as
valuable archives of both natural environmental change and anthro-
pogenic impact.

To address the research gap regarding carbon burial in alpine
lakes and its influencing factors in the arid regions of Central Asia,
this study established a high-resolution sequence of organic carbon
burial fluxes in the deep-lake sediments of Sayram Lake over the
past millennium, using an age-depth model constrained by radiocar-
bon dating. Based on this reconstruction, the temporal variability of
organic carbon burial will be systematically analyzed using an inte-
grated framework combining Bayesian change-point detection and
wavelet analysis. To further elucidate the underlying driving mech-
anisms, this study will employ n-alkane-based source apportionment
to identify the origins of sedimentary organic matter and integrated
regional paleoclimate records to examine how lake environmental
system evolution and climatic forcing influence organic carbon bur-
ial dynamics. Collectively, these results provide new data and mech-
anistic insights into the carbon burial processes of deep-water lakes
in mountain ecosystems within arid regions.

METHODS
Geographical setting

The Tianshan Mountains, often referred to as the Water Tower of
Central Asia (Fan ef al., 2020; He et al., 2015), stretch over 2,500
km from east to west and are located in the heart of the Eurasian con-
tinent. They are one of the major areas of modern glacier distribution
in China (Cai et al., 2021; Wang et al., 2011). Sayram Lake is locat-
ed in a intermontane depression basin in the western Tianshan
Mountains (Fig. 1).

According to a previous study (Harris et al., 2020), the Sayram
Lake Basin experiences a temperate continental climate, with an
average temperature of 1.1°C, annual evaporation of 550 mm, and
precipitation of 385.9 mm. The basin is subject to the influence of
the westerly wind belt, with westerly winds constantly present in the
lake area throughout the year. Rainwater and groundwater are pri-
mary sources of lake water replenishment. The Sayram Lake Basin
is characterized by a pronounced vertical zonation. The alpine ice
and snow belt, which dominates at elevations above 3800 m, transi-
tions into a sparse alpine vegetation belt, which gradually shifts to an
alpine meadow belt at elevations ranging from 3800 to 2800 m. At
lower elevations (2800-2400 m), the landscape features subalpine
grassland meadows, whereas at lower elevations (2400-2150 m), the
vegetation transitions to mountain meadow grasslands. Finally, the
lakeshore area is characterized by desert grassland. Sayram Lake is
28 km in length from east to west and 21 km in width from north to
south. Its surface area is 462 km? and its catchment area is 1,408 km?
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(Wu et al., 2014). The maximum of water depth was 99 m, and the
total storage capacity was 261 x 108 m3(Wu et al., 2014). The freez-
ing period typically occurs in October, and the thawing process com-
mences in the first half of May of the following year.

Sampling and laboratory analysis

According to a bathymetric survey (Wu et al., 2014), a location
characterized by a relatively stable sedimentary environment and a
water depth of 90 m was identified as the site for sediment core col-
lection. During the ice-covered period in February 2023, a sediment
core (44°39'18.06"N, 81°06'34.76" E, SLM, 66 cm) was collected
from the center of Sayram Lake using a Uwitec gravity corer
(UWITEC Ltd., Mondsee, Austria) equipped with a sampling tube
with a diameter of 60 mm (Fig. 2a).

The SLM core samples were collected at 1.0 cm intervals and
stored in plastic bags at 4°C for subsequent analysis. The dry density
of the samples was calculated after drying at a low temperature.
Bulk organic carbon from the columnar sediments was dated using
14C analysis at the Beta AMS!4C Laboratory in the United States.
Because no plant debris or remains were found in the core, bulk
organic carbon samples were selected for 14C dating. All AMS14C
ages were calibrated using the INTCAL20 database with rbacon
(https://CRAN.R-project.org/package=rbacon).

Subsamples of dried sediment were analyzed for 210Pb, 226Ra,
and 137Cs using direct gamma spectrometry with an Ortec HPGe
GWL series, a well-type coaxial, low-background, and intrinsic ger-
manium detector (Wu et al., 2004). Preparation, treatment, and geo-
chemical analyses were conducted at the State Key Laboratory of
Lake Science and Environment, Chinese Academy of Sciences.

The sediment particle size index was measured using a BET-
TERSIZER (BT-9300SE) laser grain size analyzer. The measure-
ment range of the instrument was 0.1-1000 um, and the accuracy
and repeatability errors were <1% (national standard D50 devia-
tion). The specific experimental procedure was as follows: 0.2 g
unground sediment samples were weighed and transferred to a
beaker. Subsequently, 10 mL of hydrogen peroxide (H,0,) at a
concentration of 10% was added. The beaker was then heated to
eliminate the organic matter. To eliminate carbonate impurities, 10
mL of 10% hydrochloric acid (HCl) was added. This step was
completed after heating the mixture in the absence of bubbles.
After the reaction was complete, deionized water was added to the
beaker, which was left undisturbed for 12 h. The clear upper layer
of the liquid was subsequently removed, and 10 mL of a 0.05 mol
L-! sodium hexametaphosphate ((NaPOs)e) solution was added to
it. The mixture was then subjected to ultrasonic vibration for 10-15
min to ensure complete dissolution. Finally, the apparatus was
placed in a machine for particle size testing. The experiment was
repeated thrice for each specimen, and the results were calculated
as the mean of three replicates.

TOC and TN were analyzed at the Institute of Earth
Environment, Chinese Academy of Sciences. The samples were
dried, ground, and passed through a 200-mesh sieve.
Measurements were conducted using a soil TOC cube elemental
analyzer (Elementar Analysensysteme GmbH, Langenselbold,
Germany) in accordance with the international standard method
(DIN 19539). A quality control method was employed to assess the
blank background value and standard samples of loess and calcium
carbonate, with a detection limit of 20 ppm and a standard devia-
tion of less than 0.1%. The molar ratio of carbon to nitrogen (C:N)
was determined from the total organic carbon (TOC) and total

nitrogen (TN) content.
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Fig 1. a) Location of Sayram Lake in the Tianshan Mountains (Mts) of Central Asia, with the background of the distribution of global arid
lands (Zomer et al., 2022); b) regional geomorphology of the SRTM 90m Digital Elevation database (Jarvis et al., 2008).
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Stable organic carbon isotopes (6!13C) were measured using a
Finnegan MAT 251 Stable Isotope Mass Spectrometer (Thermo
Finnigan, Waltham, MA, USA). A precise volume of the sample to
be measured was transferred into a 100-mL beaker, followed by
the addition of 5% dilute HCI. This process was performed to facil-
itate carbonate removal. After a 24-h reaction, distilled water was
added to the beaker, which was left to stand overnight. The sample
was then rinsed to neutrality by pumping out the upper layer of
water, and the rinsing process was repeated four to five times. The
specimen was combined with copper oxide, platinum wire, and
copper wire inside a quartz amphora. Amalgamation was initially
introduced into the vacuum line, followed by vacuum fusion seal-
ing. The specimen was placed in a muffle furnace at 850°C for 2.5

h for oxidation. The produced carbon dioxide (CO,) was collected
and purified using a liquid nitrogen cold trap. CO, was then ana-
lyzed for carbon isotopes using a mass spectrometer (MS). The
613C value of CO, was measured using an MAT-251 mass spec-
trometer. Notably, the analytical error of this process was consis-
tently maintained below 0.05%o. The results were expressed in
terms of PDB standards. Quality control: The precision of the car-
bon isotope analysis of national standard furnace black
(GBWO04407) was determined to be better than +0.1%.. A Delta
Plus stable isotope mass spectrometer (Thermo Finnigan) was used
to analyze the organic nitrogen isotopes (6!5N).The EA-IRMS
online system was used to oxidize, reduce, and convert the nitro-
gen in the samples to nitrogen gas, which was subsequently direct-
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Fig. 2. a) Sediment core sampling site in Sayram Lake; b) age-depth model construction; c) core sediment grain size distribution and dry den-
sity across sediment core layers; d) specific activities of 137Cs; e) specific activities of excess 210Pb (210Pbex), 226Ra, and total 210Pb (210PbT).
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ed to the mass spectrometer for nitrogen isotope analysis. Quality
control: the analytical accuracy of the international standard
TAEA-NO; (KNO3) was greater than +0.3%o for §15N.

The n-alkanes were analyzed using a GC/MS system
(7890A/5975C; Agilent Technologies, Santa Clara, CA, USA) with
a DB-5ms Ultra Inert column (30 m % 0.25 mm x 0.25 mm; Agilent
Technologies) for chromatographic separation of the samples. The
samples were then dried, ground, and passed through a 200-mesh
sieve. A soil sample weighing 2 g was added to a dichloromethane:
methanol solution (9:1) and sonicated for 30 min. The mixture was
filtered, and the process was repeated thrice. The addition of an
appropriate amount of copper wire to the solution was necessary to
remove sulfur from the sample. Following this step, the sample
underwent nitrogen blowdown and was left to dry completely. The
sample was dissolved in a minimal amount of n-hexane, transferred
to a silica gel column for filtration, and eluted from the column using
n-hexane. The samples were then left to stand and air dried. The
sample was subsequently stabilized using 200-microliter toluene
solution and measured using the designated apparatus. Quality con-
trol measures involved the use of known concentrations of n-alkane
standard solutions during machine testing and repetition of sample
determinations. The resultant relative error was consistently main-
tained at below 10%.

Data processing and statistical methods

The burial flux of organic carbon quantifies the organic carbon
buried per unit area and time and is calculated as OCBR = OCD x S
% 104, where OCD = pgy x TOC. Where OCAR represents the
organic carbon burial flux. For ease of regional comparison, the
units were expressed as g m2 a-l. Organic carbon density (OCD)
indicates the absolute amount of organic carbon in a specific layer
unit volume (g cm-?). The sedimentation rate (S) was measured in
cm a-!, and the total organic carbon (TOC) content was expressed as
a percentage. g, Which represents the mass of dry sediment per
unit volume (g cm=), was calculated as py, = T/V. Here, T denotes
the dry weight of the sediment at various depths (g), and V is the cor-
responding original sediment volume (cm?).

Continuous wavelet analysis, implemented using the Python
package “easyclimate” (https://zenodo.org/doi/10.5281/zenodo.
10279567), has been extensively used to analyze the periodicity of
time-series data (Lorenzo-Lacruz et al., 2022; Wang et al., 2022).
This study utilized cross-wavelet transform (XWT) and wavelet
coherence (WTC) analyses to examine the multiscale dependency
between the two variables using the Python package “pyleoclim”
(Khider et al., 2022). Cross-wavelet analysis combines the advan-
tages of wavelet transform in time-frequency analysis, enabling the

simultaneous examination of the relationship between two time-
series variables in the time and frequency domains (Liu et al.,
2024; Zhou et al., 2022). It decomposes time series into different
frequency scales through wavelet transform and then analyzes the
correlation, phase relationship, etc., between variables at each
scale, thereby revealing the dependency between variables at dif-
ferent time scales.

The mutation, seasonality, and trend Bayesian Estimator
(BEAST) algorithm (Zhao et al., 2019) was used for detection based
on time-series information. Bayesian change point analysis in the R
package «Rbeast» was used to identify possible change points and
estimate their occurrence probabilities.

RESULTS

Age-depth model in sedimentology

The radiocarbon age of the top 1 cm layer was 2210 + 30 BP
(uncorrected for the 613C isotope fractionation). The underlying lay-
ers at 11 cm, 18 cm, 32 cm, 39 cm, 46 cm, 54 cm, and 66 cm depth
yielded ages of 2410 = 30 BP, 2600 = 30 BP, 2880 + 30 BP, 2910 +
30 BP, 3240 + 30 BP, 3510 + 30 BP, and 3650 + 30 BP, respectively
(Tab. 1). By comparing the age of the 0-1 cm layer with the sampling
time of 2023 AD, a significant carbon pool age was found. This car-
bon reservoir age was then applied to all sedimentary layers to estab-
lish a complete chronological framework for the Sayram Lake SLM
core. The sedimentary core, extending to a depth of 65-66 cm, dates
back to approximately 285 AD, providing a comprehensive record
of climate and environmental changes in the Tianshan region over
the past 1700 years (Fig. 2b).

To further validate the radiocarbon-based chronology, additional
dating analyses were performed. The specific activity of 137Cs was
measured, and the variation curve exhibited a peak value of 168.80
Bq kg ! at a depth of 4 cm. According to relevant studies, the peak
in western China corresponds to the global nuclear testing peak in
1963-1964 AD (Lan et al., 2020a). Radiocarbon dating of carbon
reservoir-calibrated sediments from Sayram Lake indicated that the
4 cm layer dates to 1950 AD, and the 3 cm layer to 1973 AD, reflect-
ing a relative consistency between the 137Cs and 14C ages. However,
the 137Cs activity at a depth of 10 cm was 2.0 Bq kg-! (Fig. 2d). If
this layer was independently dated to 1954 AD, it would have sig-
nificantly diverged from the 14C age of 1847 AD. Nonetheless, the
analysis suggests a more probable explanation: vertical migration of
137Cs could cause significant discrepancies in the dating of the layers
where it appears, except for the maximum !37Cs value. The activities
of total 210Pb (219PbT) and 226Ra are shown in Fig. 2e, and the excess

Tab. 1. Parameter table for the rbacon package with calibration curve for 14C dates: cc=1 for IntCal20 (northern hemisphere terrestrial).

1)) Age Error Depth cc
SS1 2210 30 1 1
S11 2410 30 11 1
S18 2600 30 18 1
S32 2880 30 32 1
S39 2910 30 39 1
S46 3240 30 46 1
S54 3510 30 54 1
S66 3650 30 66 1
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210Pb activity (210Pbex=210PbT-226Ra) exhibited an approximately
exponentially decreasing trend with depth. Based on the exponential
distribution of excess 219Pb specific activity (Fig. 2e), the age of the
9 cm layer was estimated to be approximately 1845 AD. This is con-
sistent with the median age of 9 cm obtained from 14C dating (1847
AD), further supporting the reliability of 14C ages. However, a
notable difference exists between the peak ages of 1944 AD for
210Pb and 137Cs at 4 cm depth, indicating that a comprehensive ana-
lytical comparison of the age-depth model is necessary.
Nevertheless, overall, the peak age of 137Cs and depth-balanced age
of 210Pb were more consistent with the 14C age.

Organic proxy indicators, grain size
and dry density for Sayram lake sediments

Fig. 2c illustrates the variations in clay (<4 um), fine silt (4-16
um), medium silt (16-32 um), coarse silt (32-64 pum), and sand (>64
um) within the sedimentary core. The clay content (<4 wm) ranges
from approximately 3.35% to 15.21%. Generally, it showed a
decreasing trend with increasing depth, especially at shallower

depths (0-10 cm), where the decline was more pronounced.
Subsequently, it fluctuated at different depths, but remained relative-
ly low overall. The fine silt content (4-16 pum) ranged from approx-
imately 26.88% to 48.7%. The content of medium silt (16-32 um)
ranged from 35.69% to 47.09%, and the fluctuation was relatively
small, showing no obvious regularity at different depths and remain-
ing within a relatively narrow range. The content range of coarse silt
(32-64 pum) was approximately 7.71-19.67%, and it fluctuated to
some extent with depth. It remains relatively stable at shallow
depths. However, the fluctuation amplitude increased with depth,
and the content was relatively high at certain depths. The sand con-
tent range (>64 pum) was 0.97%-7.48%; the overall content was rel-
atively low. No obvious change in the trend was observed during the
depth variation process, and the content fluctuations were relatively
large. The density values fluctuated significantly at the different
depths. For instance, at a depth of 24 cm, the density was relatively
high, reaching approximately 0.332 g cm-3, whereas at a depth of 9
cm, it was relatively low at approximately 0.149 g cm-* (Fig. 2c).
Fig. 3 shows that the TOC content ranged from 2.59% to 4.43%,
with an average of 3.41%. During certain periods, such as between
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Fig. 3. Organic proxy indicators, such as total organic carbon (TOC), total nitrogen (TN), stable isotopes (3!3C and 815N), and carbon-to-nitro-
gen molar ratio (C:N) in the SLM core sediment of Sayram Lake, along with the organic carbon burial rate (OCBR) across various periods.
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1880 and 1910, there was a relatively high peak followed by a
decline. The total nitrogen (TN) content varied between 0.41% and
0.73%, with an average of approximately 0.49%. 5'*C values range
from —25.81%0 to —23.32%o (mean —24.37%o), while 316N ranges
from 4.86%o to 6.46%0 (mean 5.72%o). No clear long-term covaria-
tion was observed between 6"*C and 616N. The average carbon burial
rate was approximately 3.02 g m2 a-l. ranging from a minimum of
2.07 g m2 a’l to a maximum of 5.20 g m2 a-l.

The Bayesian Estimation of Abrupt, Seasonal, and Trend
(BEAST) algorithm identified two trend change points at 450AD

and 1500 AD by dividing the record into three stages: before 450 AD
(Stage 1), 450-1500 AD (Stage II), and after 1500 AD (Stage III)
(Fig. 4a). Wavelet power spectrum analysis of organic carbon burial
density revealed a dominant periodicity in the 40-90-year band, with
a peak at approximately 60 years (Fig. 4b). This periodic signal per-
sisted throughout the past millennium, although its intensity exhibit-
ed interdecadal variations, with the strongest expression between
1300 and 1500 AD. The cone of influence (COI) and 95% confi-
dence contours are indicated by the dashed and solid black lines,
respectively.
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Source apportionment of organic carbon based
on n-alkanes

Although the simple linear correlation between TOC and TN
was weak, wavelet coherence analysis revealed a significant multi-
time-scale interdependence between the two variables, with most
periodic regions exhibiting an anti-phase (negative) relationship
(Fig. 5).Through the wavelet coherence map, the most significant
coherence period was observed to be 20-100 years (Fig. 5). The
good coherence among the signals was further demonstrated by the

time series plotted in Fig. 5. During 260-600 AD, 1000-1200 AD,
and 1350-1600 AD, the TOC and total nitrogen showed a relatively
obvious reverse change on a 20-100-year cycle. This may reflect
the variations in the proportions of terrestrial and aquatic biologi-
cal sources.

Generally, the C:N ratio of vascular land plants is relatively
high, usually between 20 and 30 or even higher (Meyers, 1994).
Agquatic organisms, such as phytoplankton, zooplankton, and aquatic
plants, typically exhibit low C:N ratios ranging from 4 to 10
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(Meyers, 1997). This ratio is a common metric for differentiating
between algal and terrestrial plant sources of sedimentary organic
matter in aquatic environments, such as lakes and coastal areas
(Douglas et al., 2022; Yuan et al., 2020; Zhao et al., 2015). The
observed mean C:N ratio was 16.49, with values ranging from 8.93
to 20.09. Therefore, terrestrial organic matter accounted for a rela-
tively large proportion of the sediment in Sayram Lake.

Research indicates that long-chain n-alkanes (n-C,; to n-Css)
with a predominance of odd carbon numbers (n-C,;, n-C,o, and n-
Cj3) are primarily derived from terrestrial higher plants. In contrast,
short-chain n-alkanes (n-Cs to n-C,;) originate from aquatic algae
and planktonic bacteria, whereas medium-chain n-alkanes (n-C,;3 to

n-C,s) originate mainly from large aquatic plants (da Silva et al.,
2008; Meyers, 1997). Different n-alkane carbon chain lengths are
associated with distinct biological sources (Lin et al., 2008) with
algae and photosynthetic bacteria predominantly utilizing nCjs,
nC,7, and nC g alkanes (Cranwell et al., 1987).Submerged and float-
ing plants generally exhibit elevated n-C,;, n-C,3, and n-C,5 alkane
levels (Ficken et al., 2000).Terrestrial vascular plants exhibit rela-
tively high proportions of n-C,7, n-C,9, and n-Cs; alkanes in their
cuticular wax (Xiao et al., 2025; Zheng et al., 2009). This study uti-
lized relevant research to comparatively analyze different sources
(Fig. 6): Cys5, Cy7, and Cyg as sources of algae and photosynthetic
bacteria; C,;, Cy3, and C,5 as sources of submerged and floating
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plants; and C,7, Cpg, and Cs; as sources of terrestrial higher plants
(Lin et al., 2008; Pu et al., 2009), and the contribution from the
source of terrestrial higher plants was calculated.

DISCUSSION

Responses of organic carbon density
to the sedimentary texture

It is generally acknowledged that clay (<4 pm) and fine silt (4-
16 um) enhance organic carbon adsorption and preservation because
of their large specific surface area and surface charge, which typical-
ly show a positive correlation with organic carbon content (Hur et
al., 2009; Kennedy et al., 2014; Yu et al., 2009). Carbon burial in
Sayram Lake sediments showed a negative correlation with clay (<4
um) and fine silt (4-16 um) (Fig. 7), suggesting differences from the
conventional mineral protection mechanism (Hemingway et al.,

2019), complicating the traditional understanding of the relationship
between carbon burial and grain size. In addition, organic carbon
density was positively correlated with medium (16-32 um) and
coarse silt (32-64 pum), suggesting that these grain sizes are pivotal
in enhancing carbon burial in the sedimentary environment of
Sayram Lake. This phenomenon, which differs from the common
relationship between grain size and organic carbon content, reflects
the hydrodynamic conditions, material sources, biological activities,
and chemical conditions that may exhibit special features. These fea-
tures result in a specific relationship between the grain size and
organic carbon density.

Responses of OCBR to regional environmental
change

Major climate oscillations, such as the El Nifio-Southern
Oscillation (ENSO), North Atlantic Oscillation (NAO), and Pacific
Decadal Oscillation (PDO), significantly regulate the multidecadal
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variability of global and regional climates by influencing atmospher-
ic and oceanic circulation (Arthun et al., 2021; Power et al., 2021).
Some studies have indicated that atmospheric oscillation indices
exhibit a significant 50-year correlation with solar radiation forcing,
suggesting that external factors, such as solar radiation and volcanic
activity, have notably influenced the 50-year variability of atmos-
pheric oscillations over the past millennium (Man and Zhou, 2011).
The carbon burial flux in the sediments of Sayram Lake exhibits sig-
nificant decadal variability. A prominent power peak was observed
within the 40-90-year period range, with the strongest signal at
approximately the 60-year period. This pattern may be influenced by
external forcing factors such as atmospheric oscillation indices.

In paleoclimatic research, the study of the characteristics and

patterns of climate and environmental change over the past thou-
sand years has always been a focus of academic attention (He et
al., 2025; White, 2025; Yu et al., 2023). Notable climate events
during this timeframe include the Medieval Warm Period, Little
Ice Age, and Current Warm Period (Ding et al., 2023; Mao et al.,
2023; Shi et al., 2021). Research on sediment in the Sayram Lake
Basin, a sub-basin of the Ebinur Lake Basin, indicates notable cli-
matic and environmental changes during the Little Ice Age (~AD
1400-1750) and the Medieval Warm Period (~AD 1100-1300) (Ma
et al., 2011). The graph shows that the variation characteristics of
carbon burial in Sayram Lake generally reflect the trend of temper-
ature changes and were not a humidity response pattern over the
past millennium (Fig. 8).
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In arid regions, moisture primarily limits terrestrial vegeta-
tion growth, whereas temperature influences vegetation type and
productivity by affecting evapotranspiration, the length of the
growing season, and other physiological processes. However, the
proportion of carbon buried in Sayram Lake sediments derived
from terrestrial plants has a certain response relationship with
temperature changes (Fig. 8). Cold conditions shorten the plant
growing season and significantly reduce terrestrial organic matter
input into lakes. Research on Sayram Lake showed that before
1500 AD (see the change point in the BEAST results), the pro-
portion of terrestrial plant sources showed a relatively weak
increasing trend and remained stable. A stable source of terrestri-
al plants indicates that the structure and coverage of terrestrial
plant communities within the Sayram Lake Basin are relatively
stable. Sayram Lake may have its own regulatory mechanism that
enables it to maintain a relatively stable source of aquatic plants,
even when external conditions change. During the late Little Ice
Age, although temperatures rose and terrestrial biological inputs
increased post-1500 AD, the overall climate remained cold. This
results in a shortened plant growth period and reduced primary
productivity. The extended ice sheet period likely restricted
aquatic plant growth and significantly reduced carbon burial dur-
ing the Little Ice Age.

In comparison with the carbon burial in the sediments of
global inland basin lakes (Li ef al., 2025) (Fig. 8), it was also
shown that deep-water lakes in arid inland mountains have sig-
nificant differences in the carbon burial flux of lake sediments.
On the same timescale as the sediments of Sayram Lake, the
average carbon burial flux of global inland basin lake sediments
is 6.04 g m-2 a-1, while the carbon burial flux of Sayram Lake
sediments is only 3.02 g m-2 a-1, which is half of the global aver-
age. In comparison, it was found that not considering deep-water
lakes in the mountains may overestimate the global inland lake
burial rate. Globally, the burial rate of organic carbon in sedi-
ments has notably increased since approximately 1400 AD.
However, the organic carbon burial flux of the Sayram Lake sed-
iments showed an overall decreasing trend.

Research on organic carbon burial and its sources in Sayram
Lake sediments has revealed that deep-water lakes in arid moun-
tain ecosystems have distinct carbon burial mechanisms. On the
one hand, the correlation between carbon burial in sediments and
fine-grained substances is not close. This relationship is of great
significance for understanding the carbon sequestration mecha-
nisms, reconstructing paleoenvironments, and evaluating the
ecological functions of lakes. For most of the past millennium,
prior to 1500 AD, the sources of organic carbon in lakes indicated
stable mountain ecosystems. Moreover, changes in primary pro-
ductivity or carbon sequestration in mountain ecosystems reflect
differences in carbon sequestration mechanisms between moun-
tain and global inland ecosystems. This also indicates that glob-
al-scale carbon sequestration research needs to consider the dif-
ferences between the various types of ecosystems.

CONCLUSIONS

This study investigated the mechanisms controlling organic
carbon burial in the deep-lake sediments of Sayram Lake in the
mountainous area of the arid Tianshan region over the past mil-
lennium. An age-depth model of the sediment core was devel-
oped using radiocarbon dating, and numerical model decomposi-
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tion was applied to analyze temporal variations in the organic
carbon burial flux. The influence of the lake environmental sys-
tem evolution and climate change on organic carbon burial was
investigated using regional climate change data.

The carbon burial pattern in the Tianshan Mountains of
Central Asia was established for the first time over the past mil-
lennia. Utilizing the Bayesian ensemble algorithm for change-
point detection and time-series decomposition, along with the
continuous wavelet transform and cross-wavelet methods, this
study thoroughly examined the characteristics of organic carbon
burial and proposed a methodological framework for analyzing
carbon burial across various time scales.

This study found that organic carbon burial in Sayram Lake
sediments was characterized by the coexistence of periodicity
and stages. There was a significant power peak within the 40-90-
year period range, with the strongest signal occurring at approx-
imately the 60-year period. The carbon burial time series was
segmented into three distinct stages: prior to 450 AD, it exhibited
a low level with an upward trend; from 450 to 1500 AD, it
showed a high level with a modest increase; and post-1500 AD,
which reflected a low level with a downward trend.

The amount of carbon buried progressively declined from the
Medieval Warm Period to the Little Ice Age. This shows a signif-
icant difference from the changing trend in the organic carbon
burial fluxes in the sediments of global inland basin lakes. This
study provides new data and insight into the carbon burial mech-
anisms of deep-water lakes in mountain ecosystems in arid
regions.
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