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Lakes and glaciers are widely distributed on the Tibetan Plateau and are linked via
hydrological processes. They are experiencing rapid changes due to global warming,
but their relationships during the Holocene are less well known due to limited coupled
geological records. Here, we analyzed the δ13C-VPDB and δ18O-VPDB values and ion content
of calcite and aragonite in a 407-cm-long sediment core from Guozha Co, a closed basin
on the northwestern Tibetan Plateau supplied by glacial meltwater, in order to understand
how the lake responded to glacier changes during the Holocene. Our results indicate
that the glacial meltwater lowered the lake’s temperature and the δ18Olake water and
δ18Oendogenic + authigenic carbonate values and diluted the ion concentrations in the lake water.
Three stages of evolution, 8.7–4.0, 4.0–1.5, and 1.5 kyr BP to present, are distinguished
based on the decrease in glacial meltwater recharge. Guozha Co has been a closed basin
since at least 8.7 kyr BP, and it has changed from a fresh water lake during 8.7–1.5 kyr BP
to a brackish lake from 1.5 kyr BP to present due to several climate events. The famous
4.2 kyr BP cold event was identified in the core at 4.0 kyr BP, while warm events occurred
at 6.2, 3.9, 2.2, 0.9, and 0.4 kyr BP. Both glaciers and lakes in this area are controlled by
climate, but they exhibit opposite changes, that is, glaciers retreat and lakes expand, and
vice versa. Our results provide an accurate interpretation of the cold events based on
carbonate minerals and carbon–oxygen isotopes in glacial meltwater–recharged lake
sediments.
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HIGHLIGHTS

• Guozha Co has been a closed basin since at least 8.7 kyr BP,
based on the high correlation coefficient noted between
δ13C-VPDB and δ18O-VPDB for calcite.

• Climatic change is reflected in the influence of glacial
meltwater on the lake water temperature and the oxygen
isotopic values.

• Three stages (8.7–4.0, 4.0–1.5, and 1.5 kyr BP to present)
can be distinguished based on the decrease in glacial
meltwater recharge.

• The lake changed from a fresh lake during 8.7–1.5 kyr BP to
a brackish lake from 1.5 kyr BP to present.

INTRODUCTION

Lakes and glaciers are widely distributed on the Tibetan Plateau (TP)
(Yao et al., 2019), which is particularly sensitive to climatic changes
and is currently experiencing significant warming (Chen et al., 2015).
With climate warming, numerous glaciers on the TP are shrinking.
These shrinkages have different temporal–spatial features (Yao et al.,
2012) and make different contributions to lake expansions (Yang
et al., 2017). On the northwestern TP, which is an extremely cold and
dry area of the Eurasian continent (Zheng, 1996), the maintenance
or expansion of lakes is mainly supported by glacial meltwater under
conditions of severely low precipitation (e.g., 61.6 mm/yr) and when
there are huge differences between precipitation and evaporation
(e.g., 1,361 mm/yr) (Qiao and Zhu, 2019). However, several studies
have reported that the glaciers on the northwestern TP are relatively
stable, even perform advancing. This so-called Karakoram anomaly
(Bolch et al., 2012; Kääb et al., 2012) is contradictory to the
expansion of lakes in this area that have mainly been supplied by
glacial meltwater in the recent years. Present-day lake water balance
studies are important because they reveal the essential relationships
between glaciers and lakes. Proxies in ice cores provide detailed
climatic records for long geological periods (Thompson, 2000), but
they contain less direct indicators of the glaciermovement.Moraines
are direct relics of glacial movement (Owen and Dortch, 2014), but
due to their discontinuities and reformation following their
deposition, continuous glacial movements are not well recorded
(Xu and Yi, 2017).

The δ18O and δ13C values for aragonite and calcite (if
autogenous) in lacustrine sediments are controlled by the isotopic
composition and temperature of the lake water (Leng and Marshall,
2004; Horton et al., 2016). Thus, calcite and aragonite and their
isotopic compositions (δ18O and δ13C) in lake sediments are widely
used to investigate past changes in temperature and the δ18O of lake
water, as well as the paleoenvironmental and paleoclimatic changes
(Talbot, 1990; Leng and Marshall, 2004; Henderson et al., 2010;
Deocampo and Tactikos, 2010; Hren and Sheldon, 2012; Bernasconi
and McKenzie, 2013; Wang et al., 2013; He et al., 2016; and
references therein). These proxies may indicate the degree of
closure of a lake and may contain signals of glacial meltwater
linked with glacier movement. In order to understand how a lake
responded to glacier changes, we used a 407-cm-long sediment core
to examine the relationship between the glaciers and lake changes.

The core was drilled at Guozha Co on the northwestern TP, which is
directly supplied by glacial meltwater from the Western Kunlun
Mountains.

STUDY AREA

Guozha Co is a semi-closed lake located on the southern slope of
the West Kunlun Mountains (Figures 1A,B). The lake is
surrounded by bedrock slopes with undeveloped lake shore
terraces (Li et al., 1991). The bedrock of the lake basin is
primarily composed of clastic, metamorphic, and igneous
rocks, mainly consisting of conglomerate, sandstone, siltstone,
mudstone, limestone, shale, pyroclastic rock, granite, gneiss,
diabase, and ophiolite (Bureau of Geology and Mineral
resources of Xizang Autonomous Regions, 1993). The lake has
an area of 248 km2 with a maximum depth of 149.5 m and
situated at an altitude of 5,080 m above sea level (asl) (Qiao
et al., 2017). There are 62 glaciers in the catchment with a total
glacier area of 544 km2 (Li et al., 1993), the meltwater of these
glaciers contributed the local hydrology of the lake.When the lake
level is high, the lake water flows into Aksai Chin Lake via a
channel in the western section (Figure 1). As the fresh glacial
meltwater enters the lake through rivers in the east and north
sections, the present lake’s salinity exhibits spatial differences
(Figure 1C; Table 1). Due to the high altitude, the lake region is
characterized by cold and thin air with strong solar radiation and
large temperature differences (Li et al., 1991; Yao et al., 2013).
According to the China Meteorological Forcing Dataset, the
mean annual precipitation and mean annual temperature were
90 mm and −12.9°C, respectively, from 1979 to 2013 (Qiao et al.,
2017). The observed temperature of the surface water was 4.17°C
in September 2015. Due to the low temperature and low amount
of precipitation, the lake basin only contains sparsely distributed
desert vegetation.

MATERIALS AND METHODS

Li et al. (2021) used the δ18Ocarbonate data from another core
(GZHC 2014-1, 304.5-cm long) to quantitatively estimate the
Holocene variations in the glacier meltwater in Guozha Co, but
they did not discuss the influences of glacial meltwater on the
chemical characteristics of the lake water and mineral
precipitation in the lake. In addition, core GZHC 2014-1 was
collected from a steep underwater slope in the southwestern part
of the lake where the lake water is less influenced by the glacial
meltwater (Figure 1C), and the sediments (including carbonate)
are largely controlled by terrestrial debris input.

To more extensively determine the glacial meltwater’s
influence, using the core sediment and proxy data (carbonate
minerals, δ18O and δ13C, and geochemical characteristics of
carbonates), this study is focusing on the evolution of the
lake’s status and the impact of glacial fluctuation on Guozha
Co lake. In 2015, a 407-cm-long sediment core (GZLC15-1,
35°01′8.18″ N, 81°03′37.25″ E; 5,080 m asl; Figure 1) was
retrieved from the center of Guozha Co using a piston corer.
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The water depth at the drilling site was about 88.3 m. The core
contained continuous lacustrine accumulation of silt clay with
carbonates. The sediment core was kept intact in the
polycarbonate (PC) tube that was used for the core collection
while it was transported to the laboratory, where it was sliced at 1-
cm intervals. All of the samples were stored at 4–6°C.

Sediment Dating and the Depth–Age Model
The 407-cm-long core was dated using 14C radioactivity. The
samples were collected at different depths and each sample was
divided into two parts for bulk organic carbon dating (Dorg) and
bulk inorganic carbon dating (Din). A total of 21 effective dates
were obtained (Table 2). InCal13 software was applied to convert

FIGURE 1 | (A) Location of Guozha Co and the other lakes referred to in this study. TK-Taklimakan Desert. A: Bangong Co; B: Taruo Co; C: Buro Co; D: Lingge Co;
E: Selin Co; F: Qinghai Lake; (B) Relative positions between Guozha Co and glacier; (C) Isobath map showing sampling sites of surface lake water(blue number), the
cores GZLC15-1, this study and the core GZHC2014-1 by Li et al. (2021).

TABLE 1 | Salinity, pH, ion concentrations (ppm), and temperature (°C) of Guozha Co water

Location pH Salinity
(g/L)

CO3
2− HCO3

− Cl− SO4
2− Ca2+ Mg2+ K+ Na+ Mg/Ca

(molar)
Temperature

(°C)
References

Center 8.29 3.83 92.26 860 1,348 221 2.57 123 112 1,080 47.9 Li et al.
(1993)Southeast 8.94 2.46 86.49 776 1,180 238 6.51 113.4 96 960 17.5

Site ① 9.08 3.32 4.34 This study
Site ② 9.11 3.28 4.25
Site ③ 9.08 3.24 1,667 198 19.2 154 82 989 8.02 4.64
Site ④ 9.08 3.19 4.86
Site ⑤ 9.06 3.21 5.03
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the conventional radiocarbon age to the calendar age (yr BP)
(Reimer et al., 2013) and to draw a chrono-depth diagram
(Figure 2A). The sample analysis was done at the Beta
Analytic Radiocarbon Dating Laboratory in the United States.

Environmental Proxies
A total of 44 samples were air dried and ground into fine powder
before the various mineral types were identified using an X-ray
diffractometer (XRD) (a Rigaku D/MAX-2000, Cu, Kα1,

1.5406 Å, 40 kV, 40 mA, 3–65°, step 0.01°, 10°/min). The
minerals were identified by the peak areas. The measurements
were conducted at the Micro Structure Analytical Laboratory
(MSAL), Peking University, in compliance with the Chinese oil
and gas industry standard SY/T 5163-2010.

A total of 82 samples were collected at 5-cm intervals to
determine their carbonate Ca and Mg contents. Approximately
0.2 g of each sample was placed in a 15-ml polyethylene
centrifuge tube with 10 ml of ultra-pure water to leach the

TABLE 2 | Conventional 14C dating and calibration ages for core GZLC15-1 from Guozha Co

Depth
(cm)

Dorg

(con
yr BP)

Error Din

(con
yr BP)

Error Dorg

(cal
yr BP)

Error Din

(cal
yr BP)

Error Age effect
(yr)

Age (cal
yr BP)

1 16,500 50 7,870 30 19,892 204 8,679 91 8,744 −65
70 20,620 60 13,640 40 24,828 311 16,450

(reversed)
205 -

110 17,210 50 9,420 - 20,760 188 10,650 - 1,906
150 15,630 40 - - 18,872 107 - - -
180 17,730 50 11,460 30 21,470 240 13,313 89 4,569
260 17,360 60 12,060 30 20,945 234 13,907 133 5,163
310 17,760 50 12,850 40 21,521 232 15,352 193 6,608
335 14,850 40 13,760 40 17,767 168 16,632

(reversed)
238 -

360 16,830 40 13,400 40 20,295 187 16,114 170 7,370
395 15,670 40 13,770 40 18,907 112 16,650 238 7,906
407 17,960 50 12,880 40 21,749 191 15,392

(reversed)
193 -

FIGURE 2 | (A) Changes in the bulk organic carbon and inorganic carbon calibrated 14C dates and inorganic carbon age–depth curves with the authigenic
carbonate effect removed. (B) Diagram of age-depth after removing carbon reservoir effect.
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soluble ions from the pore water. Then, these samples were mixed
using a vortex shaker, allowed to stand for 24 h at room
temperature, and centrifuged, after which the liquid
supernatant was extracted. Then, 10 ml of 1 M acetic acid
(HAc) was added, and the samples were allowed to stand at
room temperature for 24 h, with occasional shaking. Finally, the
solid residues were separated by centrifugation, and the liquid
supernatant was collected and analyzed. The Ca and Mg
concentrations were determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES) at the
Institute of Tibetan Plateau Research, Chinese Academy of
Sciences (CAS).

A total of 44 bulk sediment samples were selected for
carbonate δ13C and δ18O analyses, and three of these samples
were sieved with a 400-mesh sieve (38-μmmesh) to compare the
results of the bulk samples with fine particles. The samples were
reacted with 100% phosphoric acid in reaction vessels for at least
half an hour at 70°C to liberate the CO2 gas, and then, the carbon
and oxygen isotopes of the CO2 were analyzed using an
IsoPrime100 gas source stable isotope ratio mass spectrometer
equipped with a MultiPrep system at the Institute of Earth
Environment, CAS. The δ18O and δ13C values were
normalized to the recommended values for international
reference standards NBS-19 and SLAP. All of the δ18O and
δ13C values have been reported in δ notation relative to
Vienna Pee Dee Belemnite (VPDB). The standard results
showed that the precision of the δ18O-VPDB and δ13C-VPDB

analysis was better than 0.08 and 0.06‰ (2σ), respectively.
The δ18Ocalcite and δ18Oaragonite values were calculated using

the following equation (Wang et al., 2008):

δ18Obulk carbonate� δ18Ocalcite × a + δ18Oaragonite × b,

where a and b are the proportions of calcite and aragonite to the
bulk carbonate (a + b � 1), respectively. Generally, the δ18O of
aragonite is about 0.6‰ more positive than that of calcite under
the same conditions (Land, 1980; Grossman and Ku, 1986; Abell
and Williams, 1989), that is, δ18Ocalcite + 0.6‰ � δ18Oaragonite.

RESULTS

Sediment Dating
Generally, the bulk organic carbon is a mixture carbon from
terrestrial plants, aquatic plants, and topsoil organics. Terrestrial
plant carbon is related to the atmospheric CO2 during plant
growth; aquatic plant carbon utilizes the CO2 dissolved in the
water; and the topsoil organic carbon is related to the soil
formation process. The atmospheric CO2 is generally constant.
The CO2 in the water comes from the atmospheric CO2 and is
also released from clastic carbonates during their dissolution.

Terrestrial plant carbon comes from the assimilation of
atmospheric CO2 during the growth process, and exhibits
obvious decay after a long period of burial. The relatively stable
dating data for the bulk organic carbon from the bottom to the top of
the GZLC15-1 core indicate that terrestrial organic carbon
contributed less to the bulk organic carbon dating. In the arid/

cold climatic condition, the soil formation processes are weak,
resulting in less supply of topsoil organic carbon. Therefore, the
bulk organic carbon dating data (Dorg) of the GZLC15-1 core should
be predominately influenced by the aquatic plant carbon. However,
aquatic plants that used dissolved CO2 in the water also did not
change the stability of the bulk organic carbon dating data from the
bottom to the top of the core. This indicates that the dissolvedCO2 in
the lake water, although used by aquatic plants found at different
burial depths (different burial times), was from the same period and
less influenced by atmospheric CO2 of the sedimentary period. In
particular, the oldest date was around 20,000 years BP, which
coincides with the Last Glacial Maximum (LGM), implying that
CO2 that was frozen and trapped in the glaciers during the LGM
came into the lake with glacial meltwater.

The 14C ages of the bulk organic carbon did not increase with
depth. Therefore, the 14C dates of the inorganic carbon, which are
also related to the CO2 dissolved in the lake, were considered
when constructing the age sequence. As can be seen from
Figure 2A, the inorganic carbon dates (Din) gradually decrease
from bottom to top, indicating that a rational sequence exists
between the inorganic carbon dates (Din) and the depositional
depth. The inorganic carbon in the lake sediments is a mixture of
authigenic carbonate and clastic carbonate. As the isotopes of
fine-grained (<38 μm) carbonates are similar to those of the bulk
carbonate, the bulk carbonate is concluded to be authigenic (see
section “Origin of carbonate minerals and δ18O-VPDB and
δ13C-VPDB”) based on the balance of Ca2+ in the equation
2HCO3

− � CaCO3 + CO2 + H2O. Fontes et al. (1996)
discussed the formation of lake authigenic calcite in Bangong
Co, which is located in the same area as Guozha Co, and
concluded that the authigenic calcite was mostly formed under
the influence of dissolved carbonate from the basin’s surface soil
and the CO2 released from deep fractures in the fault zones. It was
further concluded that the CO2 released from the deep fracture in
the fault zones was roughly similar to the atmospheric CO2 at the
time. However, despite the extreme drought in the Guozha Co
basin, the limited surface water produced by precipitation can still
form carbonates in the surface soil, and thus, the surface soil
contains atmospheric CO2 information. After the carbonates in
the surface soil are transported into the lake by the glacial
meltwater, groundwater, and atmospheric precipitation, the
carbon isotopes of these carbonates reflect the characteristics
of the atmospheric CO2 during its deposition into the lake. The
deposition age can be obtained if the authigenic carbonate age
effect (only using water CO2) is removed from the inorganic
carbon age results.

As we do not know the ratio of the surface soil carbonate to the
lake water authigenic carbonate, it is simply assumed that the
difference between the calendar age of the top layer of inorganic
carbon and its actual age (1 year before sampling) is the age effect.
Thus, the age effect can be eliminated by subtracting the age effect
from the bulk inorganic carbon age of each depth. Based on this
calculation, we constructed an age sequence for the entire core
and plotted the core’s depth–age curve (Figure 2B). The
correlation between age and depth was obtained via quadratic
multiphase fitting of the data, and the age corresponding to each
depth was calculated.
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Mineralogical Features
Two types of carbonate minerals were identified using X-ray
diffraction. Calcite is the main carbonate phase, and it is
continuous in the core with contents of 6−22% (average
14.5%; Figure 3). However, the aragonite is only present in
the top part of the core (0–110 cm; until 1.5 kyr BP), and
ranges between 4% and 12%. The minimum concentration
(4%) of aragonite is observed at around 0.9 kyr BP. The
MgCO3 concentration of the calcite is less than 1%, indicating
that it is low-Mg calcite. The calcite content shifts dramatically at
a depth of 190 cm (4.0 kyr BP), after which it exhibits a decreasing
trend. Dolomite is a minor component, accounting for less than
5% (Table 3).

Geochemistry, δ18O-VPDB and δ13C-VPDB
Calcium is the main element in carbonate minerals, and the Ca
content of the core ranges between 39.1 and 148.4 mg/g. Mg and
Sr are minor elements that enter the carbonate mineral lattice to
replace Ca, and their contents are 2.8−8.9 mg/g and
0.16−2.16 mg/g, respectively. Ca and Mg have similar curves at
8.7−4.0 kyr BP, and Ca and Sr have similar curves after 1.5 kyr BP.
The Mg/Ca molar ratios are less than 0.16 (Figure 4). The K and
Na curves are similar to those of Ca, Mg, and Sr after 4.0 kyr BP.
The Na content increases with decreasing depth. Peaks in the
element concentrations occur at 6.7, 6.2, 4.5, and 2.2 kyr BP, but
they are not always consistent with those of the carbonate
minerals (Figure 4).

At depths of 407−110 cm (8.7–1.5 kyr BP), calcite is the only
carbonate mineral. The δ18Ocalcite values range from −5.79‰ to
−1.87‰, while the δ13Ccalcite values range from 5.53‰ to 4.36‰.
Little change was noted in the δ18O-VPDB and δ13C-VPDB values
during 8.7–4.0 kyr BP, but the values of both distinctly increased
during 4.0–1.5 kyr BP. After 1.5 kyr BP, the carbonate minerals
consisted of calcite and aragonite. The δ18Ocalcite+aragonite values

ranged from −6.39‰ to −1.43‰, while the δ13Ccalcite+aragonite

values ranged from 3.98 to 6.34‰. The values of both δ18O-VPDB

and δ13C-VPDB increased gradually and then shift dramatically
from 4.0 to 0.9 kyr BP (Figure 3).

DISCUSSION

Origin of Carbonate Minerals and δ18O-VPDB
and δ13C-VPDB
Regardless of the lake water type, the first minerals to precipitate
from water are alkaline earth carbonates, and their sequence is
calcite followed by argonite and then dolomite. These carbonate
minerals are also formed by the diagenetic action of the pore
water during postdepositional processes and even during syn-
depositional diagenesis (Hardie et al., 1985;Warren, 1989). As the
pore water is basically captured lake water, it is impossible to
distinguish between the authigenic and endogenic carbonates.

Lacustrine aragonite is authigenic and/or endogenic because it
is a metastable mineral and is never found in ancient carbonate
rocks. Lacustrine aragonite is generally found in saline or
brackish lakes (Fontes et al., 1996; Digerfeldt et al., 2000;
Landmanna et al., 2002; Shapley et al., 2005; Murphy et al.,
2014). In the process of seawater evaporation, aragonite begins to
precipitate when the solution reaches 2–3 times the concentration
of seawater (Warren, 1989). Therefore, the presence of aragonite
generally suggests that the lake water was brackish during the
depositional period. In the core, aragonite is only present in the
upper 110 cm (1.5 kyr BP), with a content of less than 12%
(Table 3). This indicates that the Guozha Co water became
brackish at least 1.5 kyr BP ago according to the classification
of lakes based on salinity (fresh lake: salinity <1 g/L; brackish:
1–35 g/L; saline lake: 35–50 g/L; salt/salar lake: >50 g/L; Zheng
et al., 2002).

FIGURE 3 | Overview of the ages and multiple proxies for core GZLC15-1, showing the changes in the sedimentary environment and climate since 8.7 kyr BP.
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Dolomite is common in ancient carbonates and is rare in
Holocene sediments. As it is an evaporative mineral, laboratory
experiments have shown that it is not able to precipitate in fresh
water at Earth surface temperatures without bacterial mediation
(Warren, 2000). It is very likely that the dolomite present in the
section of the core deposited during the fresh water stage, that is,
from the bottom (8.7 kyr BP) to 110 cm (1.5 kyr BP), was detrital
and was transported by water from the surrounding catchment,
most likely from the adjacent TK desert. Since the dolomite
concentration was <5% in the core sediment, the bulk carbonates
composition are dominantly controlled by the calcite.

At high altitudes, the wind contribution to sediments can
usually not be ignored. In the Guozha Co sediments, the fine
grain size (less than 38 µm) is dominant (Li et al., 2021), while the
<75 µm fraction from the Chinese desert is less than 8% (Rao

et al., 2009). This indicates that the amount of fine grains from
the adjacent TK desert may be very small or trace, and the
detrital sediments in Guozha Co are mainly from the local
weathering of rocks and were transported by river water
and wind.

There are three hypotheses regarding the formation of calcite:
(1) chemical precipitation; (2) detrital sources; and (3) biological
origin (Fontes et al., 1996; Digerfeldt et al., 2000; Landmanna
et al., 2002; Shapley et al., 2005; Liu et al., 2009; Murphy et al.,
2014; McCormack et al., 2019). The amount of calcite debris
mainly depends on the chemical weathering and wind
contribution. In the dry and cold climate of the Guozha Co
area, the mean annual precipitation and temperature from 1979
to 2013 were 90 mm and −12.9°C, respectively (Qiao et al., 2017),
which suggests that the intensity of chemical weathering in the

TABLE 3 | Mineral content (%) and isotopic composition (‰VPDB)

Depth (cm) Calcite Aragonite Dolomite δ18O-bulk δ13C-bulk δ18O-calcite δ18O-aragonite

1 9 8 3 −2.92 5.51 −3.20 −2.60
10 8 7 5 −1.61 6.13 −1.89 −1.29
20 9 10 4 −1.54 6.18 −1.86 −1.26
30 6 6 3 −3.53 5.15 −3.83 −3.23
40 7 7 4 −2.94 5.16 −3.24 −2.64
50 7 7 4 −1.95 5.86 −2.25 −1.65
60 9 12 3 −1.43 6.08 −1.77 −1.17
70 6 4 3 −6.39 3.98 −6.63 −6.03
80 8 9 4 −1.92 5.94 −2.24 −1.64
90 9 11 3 −1.59 6.15 −1.92 −1.32
100 8 11 4 −1.52 6.34 −1.87 −1.27
110 8 12 4 −1.80 6.26 −2.16 −1.56
120 13 4 −2.73 5.44 −−2.73
130 9 3 −3.60 5.53 −3.6
140 13 2 −2.26 5.23 −2.26
150 14 3 −2.12 5.25 −2.12
160 13 4 −2.48 5.40 −2.48
170 11 4 −3.05 5.17 −3.05
180 9 3 −4.41 4.57 -4.41
190 17 3 −1.87 5.41 −1.87
200 16 3 −3.55 4.96 −3.55
210 17 3 −4.05 5.05 −4.05
220 17 3 −3.66 4.85 −3.66
230 18 5 −4.27 4.75 −4.27
240 16 3 −4.48 4.72 −4.48
250 20 3 −3.69 5.00 −3.69
260 22 3 −4.41 5.00 −4.41
270 18 4 −4.26 4.67 -4.26
280 19 4 −4.21 4.73 −4.21
290 18 4 −4.51 4.40 −4.51
300 16 3 −4.82 4.37 −4.82
310 16 3 −4.51 4.49 −4.51
320 20 4 −5.79 4.38 −5.79
330 17 3 −4.85 4.45 −4.85
340 19 4 −4.69 4.41 −4.69
350 21 4 −5.12 4.29 −5.12
360 22 3 −4.95 4.36 −4.95
370 21 4 −4.65 4.46 −4.65
380 19 3 −4.72 4.54 −4.72
390 19 3 −4.83 4.45 −4.83
400 20 3 −4.47 4.56 −4.47
405 18 3 −4.54 4.53 -4.54
406 19 3 −4.34 4.66 −4.34
407 17 4 −4.95 4.53 −4.95
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lake basin was very weak and thus the clastic calcite content of the
lake sediments should be low.

Biological shells such as ostracod shells normally weigh only
a few micrograms and are only a minor component of lacustrine
sediments (Liu et al., 2009; McCormack et al., 2019). Therefore,
most of the calcite in the lake sediments must have been

produced by chemical precipitation, and the bulk carbonate
is mainly authigenic.

The isotopic composition of the bulk carbonate in the upper
110 cm may contain a contribution from both aragonite and
calcite, while only calcite contributes to the isotopic composition
of the bulk carbonate at depths of 110–407 cm. Although the
δ18O-VPDB and δ13C-VPDB values of the calcite may contain
contributions from chemical, minor detrital, and biological
(mainly ostracods) calcite in the core, the detrital carbonate
and the “vital offsets” from the ostracods have little influence
on the isotopic composition of bulk calcite in cold–dry regions.
This is due to the following reasons: 1) The δ18O values of calcite
with a biological origin, such as ostracod shells, are close to those
of inorganic calcite, and they mainly reflect the isotopic variations
of the water in the lake sediments, with a mean offset of +1.3‰
(Liu et al., 2009; Guo et al., 2016; Börner et al., 2017). Thus, the
“vital offsets” from ostracods have little influence on the oxygen
isotopes of bulk carbonate as they only weigh a few micrograms;
and 2) the δ18O values of the fine-grained carbonate (considered
to be authigenic) in this study are close to those of the bulk
carbonate and the correlation between δ18O-VPDB and δ13C-VPDB
is linear (Table 4; Figures 5, 6). The δ18O-VPDB values of the fine-
grained carbonate are only 0.49‰, 0.6‰, and 1.57‰ more
positive than the bulk carbonate values at depths of 330, 150,

FIGURE 4 | Plot of ion content versus age showing the changes in the sedimentary environment and climate since 8.7 kyr BP.

TABLE 4 | Isotopic comparisons of bulk and fine-grained carbonates (‰VPDB)

Depth (cm) Calcite in bulk Aragonite in bulk δ18O-bulk δ13C-bulk δ18O-fine grain δ13C-fine grain Δ δ18O(fine grain-bulk)

70 6 4 −6.39 3.98 −4.82 4.69 1.57
150 14 −2.12 5.25 −1.63 5.49 0.49
330 17 −4.85 4.45 −4.25 4.9 0.6

FIGURE 5 | Comparison of the δ18O (‰VPDB) and δ13C (‰VPDB)
values of the fine-grained and bulk carbonates in core GZLC15-1 from
Guozha Co.
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and 70 cm, respectively (Table 4). The most positive value of
1.57‰ at a depth of 70 cm is due to the presence of aragonite
because under the same conditions, the δ18O of aragonite is
about 0.6‰ more positive than that of calcite (Land, 1980;
Grossman and Ku, 1986; Abell and Williams, 1989). These
facts suggest that the isotopic compositions of the bulk and
fine-grained carbonate were both controlled by the isotopic
composition of the lake water. However, not all fine-grained
carbonates are authigenic/endogenic. This is why many studies
have used the isotopic composition of the bulk carbonate to
trace paleoenvironmental changes in lakes (Keatings et al.,
2002; Liu et al., 2009; Wünnemann et al., 2018; McCormack
et al., 2019).

The δ18Ocarbonate is dependent on the oxygen isotopic
composition of the water (δ18Owater) and the temperature at
which the carbonate minerals formed. It is a function of water
temperature (Twater) and follows the temperature-dependent
fractionation equation: Twater (°C) � 13.8–4.58× (δ18Ocarbonate− δ18
Owater) + 0.08× (δ18Ocarbonate− δ18Owater)

2 (Kim and O’Neil, 1997;
Leng and Marshall, 2004). The influence of dolomite on the
δ18Ocarbonate values can be ignored because CO2 is generally released
from dolomite at 90°C, but in this study, the δ18Ocarbonate was examined

at 70°C. In the upper 110 cm, the δ18Ocarbonate values resulted from the
mixing of the calcite and aragonite oxygen isotopic compositions. The
fractionation factors of the inorganic calcite αcalcite-water and aragonite
αaragonite-water values are different, and under the same conditions,
δ18Oaragonite is enriched relative to δ18Ocalcite (Land, 1980; Grossman
and Ku, 1986; Abell and Williams, 1989). Regardless of their
fractionation factors, both the δ18Ocalcite and δ18Oaragonite values are
dependent upon the δ18Owater and the Twater. A high Twater under warm
conditions contributes to a high δ18Ocarbonate (i.e.,

18O enrichment).
However, the recharge of glacial meltwater with very negative δ18O
values and a low temperature can decrease the temperature of the lake
water and the δ18Olake water and δ18Ocarbonate values at the same time.
Glacialmelting occurs underwarmclimate conditions.AsGuozhaCo is
a glacialmelt recharge lake, the lowδ18Ocarbonate values of coreGZLC15-
1may represent a large amount of recharge by glacial water and awarm
climate. This is further supported by the presence of similar trends in the
δ18Ocarbonate of core GZLC15-1 and the δ18O of an ice core (Figure 7)
from the Guliya Ice Cape, the glacial meltwater of which directly
supplies Guozha Co (Figure 1).

The δ18O of glacial meltwater is also a sensitive proxy for
temperature and climatic change (Yao et al., 2013; Yu et al., 2016;
Thompson et al., 2018), and it is very negative compared with
δ18Ocarbonate in lacustrine sediments. In addition to temperature,
the latter is mainly controlled by the ratio of the water input to
output, that is, evaporation and precipitation plus glacial
meltwater. Consequently, the δ18Ocarbonate oscillations in core
GZLC15-1 are not always consistent with the δ18O records of the
Guliya ice core (Figure 7).

Carbonate Elements and Glacial Effects
The chemical components of the lake water are the most crucial
factors controlling the authigenic and/or endogenic carbonate
mineral precipitation. A dry climate will increase the soluble ion
concentrations in lake water, while glacial meltwater will reduce
the soluble ion concentrations. Ca is the main element in
carbonates, and it has an ionic radius similar to the ionic radii
of Mg and Sr. Due to the different crystal structures of calcite and
aragonite, the Ca in calcite is often replaced by Mg and Sr, while
the Ca in aragonite is often replaced by Sr. This is why the
correlation coefficients between Ca and Sr are high throughout
the core, while a high coefficient between Ca and Mg is only
evident during 8.7–1.5 kyr BP (Figure 8) when calcite was the
dominant carbonate mineral, and there was no aragonite. In the
inorganic precipitation of carbonates, when theMg concentration
in the lake water becomes high, calcite formation is inhibited and
aragonite precipitation increases (Shapley et al., 2005;
Rivadeneyra et al., 2006; Li et al., 2009). Thus, the correlation
coefficient between Ca and Mg decreased from 8.7 to 4.0 kyr BP
(R2 � 0.8607) to 4.0–1.5 kyr BP (R2 � 0.7703) and from 1.5 kyr BP
to present (R2 � 0.0149; Figure 8). This may be due to the
increasing Mg concentration in the lake water as well as the
presence of both calcite and aragonite during the last stage. These
effects resulted from a dry climate and the reduced recharge from
glacial meltwater.

Similarly, the changes noted in the correlation coefficient
between Ca and Na (Figure 8) indicate that the Na content is
related to the calcite content in the core. Unlike Mg and Sr, Na is

FIGURE 6 | Comparison of the δ18O (‰VPDB) and δ13C (‰VPDB)
values from (A)GuozhaCo and other lakes (B) from different stages in Guozha
Co. The δ18O and δ13C data for Nam Co are from Li et al. (2012), and the data
for the other lakes are from Talbot (1990).
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more sensitive to changes in salinity. The increasing Na content
indicates that the climate gradually became dry, and the recharge
from glacial meltwater gradually decreased after 8.7 kyr BP. The
Na content was very low (even zero) during 8.7–4.0 kyr BP
(Figure 4), which may be due to the glacial meltwater. During
this period, the correlation coefficient between Ca and K was also
low and similar to that between Ca and Na. This indicates that K
content was also mainly related to the calcite content. However,
the K and Na curves depict different trends, and the K content is
higher than the Na content (Figure 4). It is well known that in
nature, the K content of water is lower than that of Na. It is
difficult to judge the effect of climate and glacial meltwater on the
K content of carbonates and lake water. One possible reason for
this is that some of the K came from the acid dissolution of clay
minerals, although we used acetic acid (HAc, weak acid).

Lake Status and Glacial Effects
Guozha Co has been a closed basin since at least 8.7 kyr BP, based
on the high correlation coefficient noted between δ18O-VPDB and
δ13C-VPDB values (R2 � 0.89; Figure 6). In the δ18O–δ13C plot, all
of the data are distributed within the same quadrant, as similar to
other closed lakes, such as Nam Co and Great Salt Lake
(Figure 6A). In general, the relation between δ18O and δ13C
show weak/insignificant correlation for the carbonates in open
lakes, whereas in the closed basins, it shows a strong correlation
(Talbot, 1990; Liu et al., 2001). This is because, the water in open
lakes flows rapidly and has a short residence time, and as a result,
the δ18O-VPDB and δ13C-VPDB values of the lake water reflect the

isotopic characteristics of the inflowing water, including
meltwater, groundwater and rain water, which are affected by
different factors. However, in closed lakes, the residence time of
the water is long, and evaporation plays a controlling role in the
lake water’s composition. Moreover, closed lakes contain large
amounts of algae, which preferentially absorb lighter carbon,
resulting in enriched δ13C values (Kelts, 1988).

As Guozha Co is directly recharged by glacial meltwater, the
glacial recharge influenced not only the δ18O-VPDB and
δ13C-VPDB values of the calcite and aragonite minerals but also
influence the lake level changes. The increase of glacial meltwater
will reduce the δ18O values of carbonate minerals and cause the
lake level to rise. According to the variations in the carbonate
minerals and the coefficients between δ18O-VPDB and the calcite
content and between δ18O and δ13C, the lake level was highest
during 8.7–4.0 kyr BP and lowest from 1.5 kyr BP to present. As
most of the calcite was inorganically precipitated from the lake
water, in general, the changes in the calcite content and
δ18O-VPDB values should be consistent (Li et al., 2008,2012;
Liu et al., 2009; McCormack et al., 2019). However, there is
no correlation between calcite content and δ18O-VPDB values
during 8.7–4.0 kyr BP (R2 � 0.1), whereas the correlation has a
high coefficient during 4.0–1.5 kyr BP (R2 � 0.85) and from
1.5 kyr BP to present (R2 � 0.51; Figure 9). One possible reason
for this is that the inflow of glacial meltwater, which had more
negative δ18O-VPDB values than the lake water, was much higher
during 8.7–4.0 kyr BP and from 4.0 kyr BP to present. The inflow
of fresh meltwater is also supported by the low Na and high Ca

FIGURE 7 | Comparison of the oxygen isotopic compositions of the carbonates in core GZLC15-1 and the Guliya ice core. The δ18O data for the ice core are from
Yang et al. (2006) and Thompson et al. (2018).
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and Mg contents during 8.7–4.0 kyr BP (Figure 4). Owing to the
very low rainfall and high evaporation in the study area (Qiao
et al., 2017), the glacial meltwater is the main input to the lake,
and the glacial recharge contributed to the lake level being highest
during 8.7–4.0 kyr BP, as indicated by the core data (Figure 3).

The lake water level was lowest from 1.5 kyr BP to present
based on the presence of aragonite, which is generally precipitated
in brackish or saline lake water. The high Na content (Figure 4)
and the high correlation coefficient between δ18O-VPDB and
δ13C-VPDB (R2 � 0.95; Figure 6B) from 1.5 kyr BP to present
also suggest high evaporation, increasing lake water salinity, and a
low water level with less glacial recharge (Figure 3). Therefore,
the recharge from glacial meltwater in the aragonite stage (1.5 kyr
BP to present) was less than in the calcite stage (8.7–1.5 kyr BP).

Climatic Change and Glacial Effect
The changes in the mineral composition and element contents of
the sediment indicate that the lake water has gradually become
more concentrated since 8.7 kyr BP. Three distinct stages can be
identified, 8.7–4.0, 4.0–1.5, and from 1.5 kyr BP to present

(Figure 10), which indicate that the recharge from glacial
meltwater has continuously decreased.

Stage I (8.7–4.0 kyr BP): The climate was warm, which is
consistent with the Holocene warm optimum and the high
global temperature (Figure 11). The warm climate during
this period has also been indicated by a variety of other
land- and marine-based proxy data from all around the
world (Marcott et al., 2013). Under these warmer conditions,
the glaciers in the West Kunlun Mountains retreated, as
corroborated by the δ18O of ice core water and other climatic
proxies (Li, 1996; Thompson et al., 1997; Pang et al., 2020). As a
result, the lake’s water level rose (Figure 10) and the lake water
was fresh with low Na content (Figure 3). This suggests that
the regional glacier was affected by the Holocene climate
change, and the Tlake water was mainly controlled by climate
change and not glacial meltwater. The surface lake water
temperature results for Guozha Co also support this
conclusion. The water temperature in the eastern part of
the basin was higher than in the western part of the basin
(Table 1), despite the fact that the glacial meltwater entered the

FIGURE 8 | Correlations between the Ca and Mg, Sr, Na, and K contents of the carbonates.
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lake through the eastern part due to the direction of the
blowing wind from west to east.

The low δ18O-VPDB values and the slight increasing contents of
Ca, Mg, and Na at around 6.2 kyr BP (Figures 3, 4) were also due
to climatic change. The warm event at 6.2 kyr BP has also been
identified in cores and paleoshorelines from the glacial recharge
lakes on the TP, such as Nam Co (at around 6 kyr BP), Lingge Co
(∼6.1 kyr BP), and Bangong Co (around 6.3–6.0 kyr BP) (Frontes
et al., 1996; Gasse et al., 1996; Zhu et al., 2008; Pan et al., 2012).
Based on the abrupt increases in the sedimentary rates and high
carbonate Mg/Ca molar ratios, there may have been a warm-dry
event at 4.7 kyr BP (Figure 3). The event at 4.7 kyr BP has also
been identified in a core from Ahung Co, a lake in central Tibet
(Morrill et al., 2006).

Stage II (4.0–1.5 kyr BP): The climate was cold-dry, which is
consistent with the decreasing global temperature (Figure 10).
The cold climate during this time is well reflected by the famous
“4.2 kyr cold event”, which is considered to have marked the end
of the Holocene warm optimum (Bond et al., 1997; 2001; Xiao
et al., 2019; Mehrotra et al., 2019). This cold event has also been
recorded in other lake sediments on the TP, such as the fresh-
brackish Bangong Co in west Kunlun on the western TP
(Figure 11) based on the δ18O, δ13C, geochemistry, and grains
(Gasse et al., 1996; Wei and Gasse, 1999); Selin Co, a glacial
recharge lake on the central TP (Figure 11) based on the δ18O
and δ13C (Gu et al., 1993) and shorelines (Shi et al., 2017); and
Qinghai Lake on the eastern TP based on the δ18O and δ13C of
carbonates (Liu et al., 2003). This event was also observed in other
places in the world, such as the Indo-Gangetic Plain (dominated
by Indian Summer Monsoon [ISM]) based on the fluvial
landscapes (MacDonald, 2011; Giosan et al., 2012), and the PT
Tso Lake, Eastern Himalaya (dominated by ISM), based on pollen
and carbon isotopes (Mehrotra et al., 2019). The reconstructed
sea surface temperatures (SSTs) in the western Bay of Bengal
(dominated by ISM) also start to cool off during this stage based
on the δ18O and Mg/Ca ratio of planktonic foraminifera (Govil
and Naidu, 2011; Figure 11).

Under these cold conditions, the glaciers in the West Kunlun
Mountains stopped retreating after 3 kyr BP, which is supported
by the 10Be ages of the moraines (Li, 1996; Pang et al., 2020; Chen
et al., 2020) and proxies from ice cores (Thompson et al., 1997;

Pang et al., 2020). Glacier advances also occurred frequently in
the North Atlantic at 4.4–4.2, 3.8–3.4, 3.3–2.8, 2.6, and
2.3–2.1 kyr BP (Solomina et al., 2015). As a result, less
meltwater entered Guozha Co and the lake level decreased
(Figure 10). Although the lake water may still have been
fresh, the increased Na content indicates that the lake water
became more concentrated (Figure 4). Decreasing rainfall was
observed in northern Australia (dominated by Australia–Indian
summer monsoon [AISM]) during 4.1–1.5 kyr BP based on the
δ18O of stalagmite from Western Australia (Denniston et al.,
2013) and southern China (Yuan et al., 2004), and the Ti/Ca ratio
of bulk lacustrine sediments in the Lombok Basin in Indonesia
(Steinke et al., 2014; Figure 11).

Similar to Stage I, the low Tlake water in Stage II was controlled
by the cold climate. The low Tlake water and the cold climate (e.g.,
low precipitation/evaporation) driving the hydrochemical
conditions (e.g., Mg/Ca ratio) influenced both the calcite
precipitation and the δ18O of the lake water. Thus, the
coefficient between the calcite content and the δ18O-VPDB
values was high (R2 � 0.85; Figure 9).

In addition to the 4.0 kyr BP cold event, warm events also
occurred at 3.9 and 2.2 kyr BP under arid-cold conditions
(Figure 3). The 2.2 kyr BP event has also been identified in
the Nam Co core based on rare earth element concentrations (Li
et al., 2011). The 3.9 kyr BP warm event was coincident with a
pronounced dry period at Nam Co around 3.7 kyr BP (Mügler
et al., 2010), and at Lake Qinghai around 3.9 kyr BP (Shen et al.,
2005).

Stage III: From 1.5 kyr BP to present, the climate was basically
dry-cold and fluctuated, with two warm events at 0.9 and 0.4 kyr
BP in the Guozha Co area (Figure 3). During this period, the
global temperature also exhibited a decreasing and fluctuating
trend (Figure 11). The deterioration and fluctuations in the
climate during the Late Holocene occurred worldwide (Bond
et al., 2001; Rasmussen et al., 2007; Zhu et al., 2009; Marcott et al.,
2013). For example, lake shrinkage and salinization has also been
observed in Nam Co during 1.4–0.8 kyr BP, and these climate
variations have been identified in cores from other glacier-fed
lakes, such as Lingge Co on the northern part of the TP based on
the paleoshorelines (Pan et al., 2012), Taro Co based on the δ18O
values of ostracod shells (Guo et al., 2016), Buruo Co based on the

FIGURE 9 | Relationships between the calcite content and δ18Ocalcite (‰VPDB) during the different periods.
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grain size and elements (Xu et al., 2019), and Selin Co based on
the shorelines (Shi et al., 2017). The climatic fluctuations in the
Late Holocene have also been observed in the western Bay of
Bengal (dominated by ISM) based on the reconstructed sea
surface temperature (Govil and Naidu, 2011) and in western
Australia based on the δ18O values of stalagmites (Denniston
et al., 2013; Figure 11).

Based on the presence of aragonite, Guozha Co became a
brackish lake at least by 1.5 kyr BP. This is consistent with the
adjacent Bangong Co, in which aragonite was found at 1.3 kyr BP
(Figure 11). Therefore, the recharge from glacial meltwater was
low, and the glacier may not have retreated. In this stage, multiple
glacier advances occurred in most regions during the Late

Holocene (Owen, 2009), including the glaciers in the West
Kunlun Mountains (Li, 1996; Thompson et al., 2018).

During the past century, the global temperature began to
increase dramatically (Figure 11; Marcott et al., 2013). The
glaciers in the West Kunlun Mountains retreated from 1976 to
2010 based on remote sensing and the expansion of the glacial
lakes on the northern slope of the West Kunlun Mountains (Li
et al., 2015). Corresponding to the glaciers retreating, a river
flowing from Guozha Co was identified by Li et al. (2021),
although the modern lake water in Guozha Co is still brackish
(Table 1). Therefore, both of the glaciers and lakes in the West
Kunlun Mountains are controlled by climatic change, but they
exhibit opposite changes.

FIGURE 10 | Comparison of (A) the temperature changes of the lake water and (B) the lake water level changes (Left axis) and the glacial recharge changes (Right
axis) during the three stages.

FIGURE 11 | Comparison of data from this study and other records. The δ18O of sediments carbonate for Bangong Co and Selin Co are from Gasse et al. (1996)
and Gu et al. (1993), respectively. The δ18O of cave carbonate for Western Australia and southern China are from Denniston et al. (2013) and Yuan et al. (2004),
respectively. Ti/Ca for Indonesia are from Steinke et al. (2014), the reconstructed SST of marine core SK218/1 from the western Bay of Bengal are from Govil and Naidu
(2011), and the aragonite data for Bangong Co are from Fontes et al. (1996). The global temperature data are from Marcott et al. (2013).
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CONCLUSION

The carbonates in the Guozha Co sediments are mainly
authigenic/endogenic calcite and aragonite. The δ18O-VPDB-
δ13C-VPDB values of the fine-grained carbonates are
slightly more positive than those of the bulk carbonate, and
both are controlled by the isotopic composition of the lake water.

Proxies for calcite content, the δ18O-VPDB and δ13C-VPDB values,
and their correlation coefficients suggest that three stages occurred
at 8.7–4.0, 4.0–1.5, and from 1.5 kyr BP to present, during which
the recharge from glacial meltwater decreased.

Guozha Co has been a closed basin since at least 8.7 kyr BP,
and it changed from a fresh lake during 8.7–1.5 kyr BP to a
brackish lake from 1.5 kyr BP to present, coincident with several
climate events, despite the fact that the glacial meltwater diluted
the ion concentrations in the lake water. The glacier and the lakes
in the West Kunlun Mountains exhibit opposite changes, but
both are controlled by climatic changes.
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