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Abstract: Lake Qinghai is sensitive to climatic changes because of its pivotal location between
mid-latitude Westerlies and the low-latitude East Asian monsoon. An 18.6 m long drilling core (1Fs)
from Lake Qinghai provides new information on the hydroclimatic dynamics since the last glacial
period. Here, we present the results of bulk mineral assemblages of this core. X-ray diffraction
(XRD) results showed that the bulk minerals of the core sediments consist of major clastic minerals
(e.g., quartz, feldspar, muscovite), carbonates (e.g., calcite, aragonite, dolomite), and minor clay
minerals (e.g., chlorite). Quartz as an exogenous detrital mineral in lake sediments, its abundance is
related to lake level changes resulting from regional climate changes via fluvial/aeolian transportation.
Aragonite was precipitated from water solutions or chemical alteration of pre-existing minerals or
biogenic mediation, closely related to lake hydroclimate change. Mineral assemblages revealed
remarkable stepwise hydroclimatic changes. High quartz content and low calcite without aragonite
suggested a cold-wet climate condition under predominant westerlies during the last glacial period
from 35 to 25.3 ka. Afterward, quartz decreased and aragonite occasionally appeared, indicating an
unstable hydroclimatic condition during the last deglaciation. Since the Early Holocene (11.9–8.2 ka),
predominant minerals shifted from terrigenous quartz to authigenic carbonates, suggesting an
increasing lake level, possibly due to intensified Asian summer monsoon with increased effective
moisture. Aragonite became the primary carbonate mineral, implying a warming and humid
hydroclimate environment with a relatively higher lake-level. During the Middle Holocene
(8.2–4.2 ka), aragonite showed a decreasing trend indicating a higher lake level with weak evaporation.
During the Late Holocene since 4.2 ka, there were lower quartz and aragonite, suggesting a deep lake
with a weak summer monsoon. Our quartz and carbonate minerals record provided essential clues to
reconstruct hydroclimate change in Lake Qinghai since the last glacial period.

Keywords: bulk mineral; quartz; aragonite; carbonate; the last glacial period; Holocene; hydroclimate;
Lake Qinghai

1. Introduction

Lake Qinghai, located on the Northeast Tibetan Plateau, is situated in the sensitive semi-arid
zone between the Asian Summer Monsoon (ASM) -controlled and the Westerlies-influenced areas
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of Asia. Due to its unique geological/geographic settings, Lake Qinghai has become an excellent,
world-class site for geoscientific research [1–6]. Over the past thirty years, environmental and
climatic reconstructions have been conducted in Lake Qinghai based on various lake sediment
cores [1,7–12] and outcrops sections nearby [13–18], and mainly focused on the Holocene climate
changes. However, because of the uncertainties of the chronologies and the multiplicity of the proxies
used, the impacts of orbital and millennial-scale climate fluctuations in this region are not fully
understood. There are different viewpoints regarding hydroclimate in Lake Qinghai since the last
glaciation. The interplay of the Westerlies and the ASM inferred from various physical, geochemical,
and stable isotopic proxies are often inconsistent. For example, total organic carbon (TOC), grain size,
element geochemistry studies suggested Lake Qinghai was characterized by the wettest climate and
high lake level during the Early Holocene under the strongest ASM [1,19,20], but optically stimulated
luminescence (OSL)-based geomorphic investigations and TOC δ13C values, ostracod Sr/Ca ratios and
Ruppia seeds indicated that it experienced a relatively dry and low lake level under a weak ASM in the
Early Holocene [21–23]. Mineralogical composition and particularly carbonate phases are valuable
paleoenvironmental proxies. Content of minerals e.g., quartz [24], dolomite [25], and the ratio of
minerals such as amphibole/epidote ratio [18] have been used to reflect the intensity of near-surface
wind (i.e., below 10 m) in Central Asia. However, owing to various sources and complexity of minerals
in lake sediments, how to decipher and interpret mineral-bearing environmental information has
been a contentious issue for a long time. By now, there are only a few mineral reports on the Lake
Qinghai sediments [5,22,26,27]. Although previous studies [5,26,28] indicated that the various minerals
showed the potential as indicators of climatic variations, the formation mechanism of magnetic mineral,
clay mineral, and carbonate minerals of Lake Qinghai and their paleoenvironmental implication is still
not well understood. The periodical change of mineral composition can reflect the climatic cycles and
lake level fluctuations [22,29,30]. The authigenic carbonate minerals in lake sediments can provide
useful hydroclimate information in a closed-basin lake [23,31].

Series of long sediment cores recovered by the Lake Qinghai Drilling project funded by the
International Continental Scientific Drilling Program (ICDP) and the Chinese government provides
a unique opportunity to gain new insight into climate and environmental changes in Lake Qinghai.
An 18.6 m long core at site 1 is dated back to the last glacial period. Multiple physicochemical
and paleontological proxies e.g., magnetism, grain size, TOC, Ostracod δ18O values, geochemistry,
and biomarkers of this core have been reported in previous studies [1,19,20,27,30,32]. Based on bulk
mineralogical results of the sediments and with comparison to other multi-proxies, this study aims to
investigate hydroclimatic changes since the last glacial period.

2. General Settings

Lake Qinghai (36◦32′–37◦15′ N, 99◦36′–100◦47′ E, elevation 3194 m), a hydrologically closed
drainage system, is situated on the northeastern Tibetan Plateau (Figure 1). It is the largest inland
brackish lake (the average salinity is 15.5 g/L, pH = 9) in China with a catchment area of 29,660 km2.
The average water depth of the lake is 21.0 m, with a water volume of 7.16 × 1010 m3. Water level and
lake area have decreased markedly since the 1900s, but increased since 2004, and reached 4476 km2 in
2017 [33]. The lake is mainly recharged by six large rivers and many small creeks, with the Buha River
contributing ∼50% of total annual runoff [8], about three times over the northeastern Shaliu River [19].
Glacial meltwater from the surrounding mountains only accounts for 0.3% of the total inflow to the
lake [34]. The water of Lake Qinghai is mainly composed of sodium, magnesium, potassium, chlorine,
carbonate, and sulfate ions, and which is originated from the Buha River (>50%), the atmospheric
deposition (7.4–44%), and groundwater input (3.7–4.7%) [34]. The Ca2+ in the lake water is very limited
and the carbonate is saturated, and lake sediment consisted of silty clay and authigenic carbonates
(aragonite and calcite) [19,31,35].
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major feeding rivers (modified from [4]).* ISM: Indian summer monsoon EASM: East Asian Summer 
Monsoon EAWM: East Asian Winter Monsoon. 

Figure 1. (a) Locations of Lake Qinghai and the western potential dust sources (Tibetan Plateau,
Qaidam Basin, Tarim Basin, and Junggar Basin). (b) The bathymetric map of Lake Qinghai and its
major feeding rivers (modified from [4]). ISM: Indian summer monsoon EASM: East Asian Summer
Monsoon EAWM: East Asian Winter Monsoon.

Lake Qinghai basin consists of predominantly late Paleozoic marine limestone and sandstones,
Triassic granite, Mesozoic diorite, and granodiorite with minor late Cambrian phyllite and gneiss.
Loess and frozen soil are widely distributed around the lake and strongly influence the lake
hydrochemistry within the catchment and material loads. Lake Qinghai is tectonically subdivided
into two nearly equal subbasins by an NNW-trending piggy-back horst [36]. Lake Qinghai sediments
mainly consist of detrital materials of riverine and/or aeolian origins and authigenic precipitations [4].

The climate in Lake Qinghai is characterized by a typical semi-arid inland temperate continental
climate with strong seasonality, mainly influenced by East Asian Monsoon (EAM), Indian summer
monsoon (ISM), and middle-latitude westerly atmospheric circulation (Figure 1a). At present, the East
Asian Summer Monsoon (EASM) circulation reaches this region in summer, while the Westerlies
dominate in winter, resulting in a clear seasonality of precipitation. The mean annual temperature in
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Lake Qinghai Basin varies between 0.9 and 2.7 ◦C, and the mean annual precipitation is ~380 mm,
with more than 65% occurring in summer, while the potential annual evaporation is up to 1000 mm at
the lake surface [10].

3. Materials and Methods

Six cores (named from 1A to 1G) at site 1 (36◦48′40.7′′ N, 100◦08′13.5′′ E, 3194 m) were extracted
from the depocenter of the southwestern sub-basin of Lake Qinghai using the GLAD 800 drilling
system [36]. Site 1 is located 4.7 km south to Haixingshan Island and with a 24.71 m water depth.
The composited 18.6 m long core of lacustrine sediment (1Fs) (Figure 2) was mainly from the core
1F and a small part from the core 1A based on the correlations of lithological and proxy data [1].
Accelerator mass spectrometry (AMS)-14C dating of 65 samples including 52 total organic carbon
(TOC), 6 Ruppia maritima seeds (from 4.16 to 4.97 m), and 7 plant remains samples (from 6.70 to 8.38 m)
were measured at the AMS Laboratory in Institute of Earth Environment, Chinese Academy of Sciences
(IEECAS), Xi’an, Republic of China, and NSF-Arizona AMS Laboratory, University of Arizona, Tucson,
AZ, USA [1,37]. However, there are eight anomalous age points because of the incorporation of this old
carbon from meltwater during early deglaciation. The remaining 57 dates were used to establish the
age model for 1Fs after calibration using CALIB 510 and CALPAL2007 by piecewise linear regression.
This age model suggested that the sediment core spans nearly ~32 ka (cal. kyr BP) [1,37]. For details,
please see references [1,37] how to carry out 14C dating, data analysis, and old carbon correction.
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However, this piecewise linear regression age model does not consider the error range of the
dated 14C age, a Bayesian age-depth model can provide more realistic precision estimates for the
geochronology of sediments [38]. A bayesian age model based on the 52 AMS 14C dates (Table 1) was
established for the 1Fs core (Figure 3) with the BACON 2.2 program [39,40]. All radiocarbon dates were
calibrated to calendar years (i.e., cal kyr BP, hereafter ka) using the IntCal13 (Northern Hemisphere
terrestrial calibration) [40] in the Bacon code, cc = 1. We set the parameters to their default values:
accumulation (acc.) shape = 1.5 for the gamma distribution; memory (mem.) mean = 0.7 and
mem.strength = 4 for the beta distribution. The mean accumulation rate was changed to 20 y cm−1

according to information available from calibrated 14C dates (1773 cm thickness; ∼33.6 ka) (Figure 3).
The result of Bayesian age-model indicate the bottom age at 18.6 m in depth can extend to 34.5 ka
(Figures 3 and 4), which is 2.5 kyr older than previous piecewise linear regressions age [1,37].
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Figure 3. Bayesian age-depth model of the 1Fs core (weighted mean age, dotted red line), overlaying the
calibrated distributions of individual 14C ages (blue), with 95% probability intervals (gray shaded area).
The three small panels show the prior information: time series of the log-posterior for the subsampled
Markov Chain Monte Carlo (MCMC), prior (green), and posterior (gray) for accumulation rate (yr/cm).
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Table 1. Age Data from 1Fs Core of Lake Qinghai [1] Used to Establish Age-Depth Model.

Lab Code Depth (cm) Date Material
Measured 14C Age

(yr BP)
Calibrated Age

(Cal yr BP)

14C Age Error Lower Upper Median

AA78739 1 TOC 30 30 30 140 60
AA78740 5 TOC 200 35 80 310 180
XA2718 8 TOC 1210 40 1060 1260 1140
XA1748 9 TOC 1430 30 1290 1380 1330
XA2730 21 TOC 1550 20 1390 1520 1470
XA2771 44 TOC 1220 40 1060 1270 1150
XA2770 62 TOC 1780 40 1570 1820 1700
XA2769 83 TOC 2000 40 1870 2060 1950
XA2721 86 TOC 2310 30 2190 2360 2340
XA2711 104 TOC 2180 20 2130 2310 2240
XA2768 128 TOC 2470 40 2360 2710 2560
XA2766 171 TOC 3565 40 3720 3970 3865
XA2713 194 TOC 3740 20 3990 4220 4110
XA2765 215 TOC 4340 40 4840 5040 4920
XA2764 238 TOC 4380 40 4860 5050 4940
XA2763 257 TOC 4990 50 5610 5890 5720
XA2700 282 TOC 5570 20 6310 6400 6350

AA77753 * 284 TOC 5708 40 6380 6620 6498
XA2762 316 TOC 6270 40 7030 7270 7210
XA2759 344 TOC 6780 55 7520 7720 7630
XA2758 368 TOC 7510 40 8200 8400 8335
XA2716 391 TOC 8450 30 9440 9530 9485
XA2757 412 TOC 8600 50 9500 9680 9560

XA1756 * 413 TOC 8580 45 9485 9665 9540
AA77711 416 seed 8540 50 9470 9580 9520
XA2756 434 TOC 9430 50 10,520 11,060 10,660

AA77712 454 seed 9280 50 10,280 10,580 10,460
XA2755 455 TOC 9370 50 10,430 10,720 10,590

AA77760 456 TOC 9410 60 10,430 11,060 10,640
XA3200 463 TOC 10,235 30 11,830 12,080 11,990

XA1586 * 475 seed 9720 47 10,917 11,230 11,148
AA78019 477 TOC 9755 60 10,880 11,270 11,190
XA2701 480 TOC 9900 45 11,210 11,590 11,290

AA77761 481 TOC 9890 50 11,200 11,600 11,290
XA3195 485 TOC 10,290 30 11,840 12,230 12,070
XA3194 490 TOC 10,310 30 11,990 12,350 12,100
XA1752 497 seed 11,020 35 12,880 13,050 12,940
XA2754 514 TOC 11,280 60 13,080 13,270 13,170
XA3210 521 TOC 11,510 30 13,270 13,430 13,350
XA3226 572 TOC 12,630 40 14,670 15,130 14,910
XA2752 577 TOC 12,230 50 13,920 14,250 14,090

AA77765 605 TOC 12,010 60 13,750 14,000 13,870
AA78823 901 TOC 18,820 130 22,130 22,590 22,360
XA3229 1162 TOC 21,680 70 25,370 26,420 25,880
XA3963 1189 TOC 21,190 70 25,390 26,000 25,570
XA2777 1323 TOC 22,620 100 26,960 27,730 27,370
XA2705 1363 TOC 23,900 90 28,380 29,150 28,730
XA2776 1425 TOC 23,350 160 27,910 28,330 28,130
XA2775 1473 TOC 22,810 100 27,070 27,880 27,540

AA77785 1550 TOC 27,250 335 31,690 32,200 31,940
XA2774 1574 TOC 26,330 150 30,810 31,510 31,210

AA77790 1773 TOC 28,670 300 32,665 33,605 33,150

* Average values of 2–3 samples.
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Figure 4. Lithology, water content, magnetic susceptibility, and carbon dates for 1Fs core (The accelerator
mass spectrometry (AMS) 14C data are from An et al., (2012) [1] and Zhou et al., (2014) [37]).

Magnetic susceptibility was measured at 2.5-cm intervals on the whole core using a GEOTEK
Multi-Sensor Core Logger (MSCL) in the onshore lab. The susceptibility reading was recorded
as volume-normalized susceptibility in units of 10−6 SI. Water content is defined as the percent
proportion of the loss mass at 105 ◦C oven to total wet sediment. A total of 367 bulk samples were
collected at a 5 cm interval for the identification of bulk mineral compositions. The air-dried sediments
were ground by hand with an agate mortar and pestle to about 300 mesh size (<40 µm), then the
powder was scanned from 5◦ to 45◦ (2θ) with a Philips X’pert Pro (PW3071) X-ray diffractometer
using 40 mA, 40 kV generator settings, and 1.540598 Å CuKa radiation. Minerals were identified
with reference to patterns in the Powder Diffraction File (PDF 2004) using Panalytical Highscore
software (ver. 1.0e) (Almelo, The Netherlands) and based on mineral Relative Intensity Ratios (RIR),
and the Levenberg-Marquardt (LM) method of qualitative analysis was also applied to compute
the contents [41,42]. The bulk chemistry of samples was determined by X-ray fluorescence analyses
(Axios advanced, PW4400). The above experiment was conducted in the State Key Laboratory of
Loess and Quaternary Geology, IEECAS. The other physical-chemical proxies are from the published
literature [1,8,20].

4. Results

4.1. Lithostratigraphic Units

Core 1F was divided into three lithostratigraphic units (Figure 4) based on the correlations
of multi-proxies e.g., color, grain size, the abundance in calcium carbonate and organic carbon [1].
The upper 5.0 m is mainly composed of dark gray to light brown lacustrine silt clay or clay with
obviously laminated sediments (Figure 2). It has the highest water content (average 48.5%) with
an upward increasing upward trend and lowest magnetic susceptibility (<3 × 10−6 SI) (Figure 4).
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The middle unit (5.0–9.0 m) consists of gray and grayish-yellow silty clay with silt layers (Figure 2).
Amplitudes of variation of water content and magnetic susceptibility are greater, indicating an unstable
hydroclimate environment. There are three peaks in the curve of water content, but only one peak of
magnetic susceptibility at 8 m in depth (Figure 4). Light brown and gray silty clay, with loess-like silt and
fine sand layers, are present in the lower part (9.0–18.6 m) of the core (Figure 2). This lithostratigraphic
subdivision generally is consistent with the change of water contents. Water contents show a general
increasing trend from the bottom to the top (Figure 4), the average water content increase from 19.2% in
the lower parts to 48.6% in the upper part. However, it differs from magnetic susceptibility, which has
an upward stepwise declining trend with a peak at the depths from 15.5 m to 18 m (Figure 4).

4.2. Bulk Mineral Composition

XRD analysis with Highscore software showed that the bulk minerals in 1Fs sediments consist of
clastic minerals (e.g., quartz, feldspar, muscovite), carbonates (e.g., calcite, aragonite, dolomite),
and minor clay minerals (e.g., chlorite) (Figure 5). Quartz and carbonates are predominant minerals in
the sediments, their contents variations are employed to understand wind/hydrodynamic, lake salinity,
and lake temperature, which is ultimately related to climatic and palaeoenvironmental changes.
The predominant mineralogical components of the 1Fs lacustrine sediments change from quartz to
aragonite from the lower to the upper. Carbonate minerals of bottom sediments are mostly composed
of calcite and dolomite without aragonite, but aragonite predominates in the upper 5 m sediments.
According to the above stepwise variation characteristics, we divide the curves into three stages (I-II)
at the depths of 11.5 m and 5 m (Figure 6), although no significant lithological transition around 11.5 m
in depth was observed. This boundary is also not clear in magnetic susceptibility (Figure 4) but is
evident in the grain size record [1,20].Minerals 2020, 10, x 9 of 19 
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Figure 5. Representative XRD patterns of 1Fs core. Arg: Aragonite; Cal: Calcite; Dol: Dolomite;
Chl: Chlorite; Ill: Illite; Qtz: Quartz; PI: Plagioclase; Ms: Muscovite; Crn: Corundum; Hbl: Hornblende;
LG: Lateglacial; LGM: Last Glacial Maximum.
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Stage I from 35 ka to 25.3 ka is involved in late Marine Isotope Stage (MIS) 3 and Early MIS2.
Stage II is spanning from 25.3 ka to 12.9 ka (11.5–5 m in depth), including Last Glacial Maximum (LGM)
and Lateglacial. Stage III from 11.6 ka to present (the upper 5 m) is the Holocene. Quartz content
shows a general stepwise decreasing trend from an average at 50% in stage III to 10% in stage I,
but the total contents of carbonate minerals reach the lowest value in stage II. The composition of
carbonate has experienced significant change, that is, calcite is the dominant minerals during stage III,
but the predominant carbonate mineral is calcite during stage I. The dolomite in this core is minor
with relatively low concentration. It is worthy to note that (1) The variation trend of calcite content
is like that of quartz (Figure 6), which could mean similar detrital source; (2) Predominant minerals
shift from detrital quartz to authigenic carbonate mineral (main aragonite) from stage I to stage III.
(3) These three stepwise changes are different to the previous lithologic strata and indicators.

5. Discussion

5.1. Hydroclimatic Significance of Minerals

Previous studies [9,19,30,31,43] documented that the mineral composition of lake sediments is
closely related to the catchment rock, hydrology, and climate changes and that our results also prove
this. We found that the variations of contents and types of minerals in this core could be used to
reconstruct the hydroclimate changes history. In terms of origin, minerals in the lake sediments
can be classified into 2 types: exogenous mineral and endogenous (authigenic) minerals [9,30,31].
Exogenous minerals are detrital matter transported by surface runoff, wind and glacier transport,
shore erosion, composition, and content related to catchment rocks, weathering and transporting
processes, and climate condition. The authigenic minerals mainly reflect the chemical precipitation and
biological states and their changes in the lake system [7,30,31]. Atmospheric dust and lake’s authigenic
carbonate play a significant role in modern lacustrine sediments in Lake Qinghai [44,45], among which
the contribution of the authigenic carbonate was about 22% [45]. The lake water salinity [19] and
the chemistry of brines [46] and pore water [47] in the closed endorheic lake affect the authigenic
mineral fabric, precipitation and transition [7,12,31]. Intense evaporation (3–4 times greater than
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precipitation) in the semiarid area could cause lake water salinization because of the enrichment
of Na+, Mg2+, Cl−, and HCO3

− [19]. The supersaturated lake water is helpful to precipitation of
authigenic carbonates (aragonite dominance) to the lake floor. Water type (runoff, meltwater, and/or
groundwater) plays an important role in the development of the different mineral phases. Therefore,
the mineralogical properties of the lake can provide valuable information for the reconstruction of the
hydroclimatic environment.

5.1.1. Quartz

The physical and chemical properties of quartz are extremely stable in the supergene environment
and show low sensitivities to weathering and post sedimentary environments, but it can provide
important source information [48,49]. Quartz is the most common exogenous detrital mineral in lake
sediments. Quartz in lacustrine sediments has two potential sources, i.e., aeolian and hydromorphic
(e.g., fluvial, meltwater transport) [24,50]. The quartz content in the lake deposit center is related
to many factors e.g., riverine runoff, lake hydrology condition (here mainly related to lake level,
water depth, and volume)and local climate condition [51,52]. Generally, a higher percentage of quartz
suggests more exogenous materials transported by strong hydrological dynamics or intensified wind
related to climate change. The runoff flowing into the lake determines the total quartz input carried by
the river into the lake. The quartz content and grain size in the lake center are related to the distance
from the shoreline especially to the mouth of the river [51–53]. Weak hydrological dynamic and
long-distance transportation make the input materials especially coarse and heavy fractions difficult
to reach the lake center, resulting in a decrease in the available materials supply including quartz.
In other words, large water volume is unfavorable to accept more quartz. The concentration of the
quartz is low, if the lake is deeper, the deposit of quartz in the center of the lake is less. Grain size
distribution curves [1,20], geochemistry [44], lithological and micromorphological features [31,50],
and suggested that the main components of sediments are replaced aeolian by fluvial or lacustrine
sediments from late Pleistocene to Holocene.

The changes in runoff and lake hydrology finally were determined by climatic conditions.
The warm-wet climate is helpful to the growth of watershed vegetation, which can buffer physical
erosion, due to which visibly increases clay content, at the same time, the warm-wet climate can
promote chemical weathering, and biological processes, which can be one of the main causes of finer
fraction sediments (clay). All these factors may cause a decrease in the percentage of quartz content;
therefore, quartz content is low under warm-wet conditions. On the one hand, the cold-dry climate
with relatively weak chemical weathering and intense physical weathering increase the proportion
of quartz in the clastic minerals. At the same time, the lake water level is lower [8,23], and the river
mouth is nearer to the center of the lake. Additionally, the wind will transport more dust into the
lake [44]. Generally speaking, the climate is cold and dry, and the content of detrital quartz in the
rivers is high. Although the amount of quartz brought into the lake by water is relatively small in the
wet season, more quartz can enter the center of the lake because the lake is shallow, and the amount of
quartz brought into the lake by wind is also high. Therefore, high quartz content corresponds to the
shallow lake, cold and dry climatic conditions, while lower quartz content corresponds to deep lake,
warm and wet climate.

5.1.2. Carbonate Minerals

Origin of carbonates in lacustrine sediments is usually explained by detrital (allogenic) genesis
(e.g., clastic input and aeolian supply) as well as by endogenic precipitation including concentration
through evaporation and biogenic mediation or authigenic (precipitated from water solutions or
chemical alteration of pre-existing minerals) [43,54]. The Ca2+ concentrations in modern lake water are
much low (~11 ppm) than those in major input rivers e.g., the Buha River (~56–70 ppm) around lake
Qinghai. In contrast, total dissolved inorganic carbon concentration is relatively high (~291 ppm) [34].
Ti is heavy and not soluble, and Ca is more active than Ti. We assumed that the Ti concentration is
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relatively stable (its source rock did not change during such a short period), the carbonate chemistry of
the lake is calcium-limited, indicating that carbonate precipitation in the sediments closely relates to
Ca2+ delivered by river runoff. Therefore, the Ca/Ti ratio in the Qinghai Lake core can be used as an
indicator of river runoff [55]. Carbonate content in recent sediments covaries with the observed water
discharge of the Buha River, which in turn relates to precipitation. Modern process studies indicate
the predominant carbonate minerals in the lacustrine detrital sediments and suspended matter from
riverine water is calcite in low concentrations [19,22]. Increased carbonate-rich dust fallout during
springtime may facilitate more calcite precipitation. The variation similarity between calcite and
quartz suggests that they have the same source, calcite is allochthonous input. However, it cannot
exclude the contributions of authigenic calcite and dolomite because of the enhancement of biochemical
precipitation and increasing of brine salinity.

Carbonate content is particularly sensitive to climate change because their dissolution,
migration, and leaching loss are strongly influenced by precipitation, temperature, and CO2

concentration [22,43,56]. Carbonate content in the Lake Qinghai sediments was used as an indicator of
river runoff. Furthermore, it is further interpreted as indicators of the strength of the Asian summer
monsoon. Warm and wet intervals, associated with increased monsoon strength, are indicated
by high carbonate [55]. During interglacial periods, strong Asia summer monsoon increased
meteoric precipitation but also higher evaporation rates in summer. Enhanced evaporation rates
and possibly high productivity within the stratified surface water eventually leads to carbonate
supersaturation and due to the high Mg/Ca ratio of the lake water, aragonite precipitation. In contrast,
during colder or cooling glacials/stadials, the peak runoff (due to meltwater) would occur later in
the year, summer surface water stratification would be decreased or shorter, and productivity likely
lower. Aragonite precipitation might have been reduced. Yu and Kelts [23] considered that carbonate
minerals from both Holocene sediment cores and modern taps are autochthonously formed in the
lake. Our results also showed aragonite is the predominant carbonate mineral in Holocene sediments
(Figure 5). Aragonite is widespread in lacustrine sediments and suspended matter of Lake Qinghai,
it is often tacitly assumed to be authigenic, precipitates in high Mg/Ca lake water [22,57]. The high
content of aragonite reflects a warm and humid environment while a low content of aragonite reflects
a cold and dry climate in Lake Qinghai [22,30].

5.2. Stepwise Hydroclimate Dynamics Since the Last Glacial Period

Nowadays, the hydroclimate at Lake Qinghai is mainly affected by the convergence of the
middle-latitude Westerlies and Asian monsoon (Figure 1). Quaternary loess and alluvial/lacustrine
sediments cover about one-fifth of the whole Lake Qinghai catchment [29,46]. The previous investigation
on color, grain size, geochemistry, and morphology of sediments [1,6,19,20] suggested abundant aeolian
components (dust input) in core sediments. For example, grain-size distribution patterns of the lower
sediments in core 1Fs are similar to typical aeolian loess [20]. However, the upper sediments have more
hydromorphic components. Lister et al. [12] described yellow-brown sediments in core 14B entering
Lake Qinghai as underwater loess deposition during the Holocene. These available sedimentological
records help us to study the relationship between dust input and lacustrine precipitates with the
regional hydroclimate dynamics. WI (Westerlies Index) and SMI (Summer Monsoon Index) proxies
suggest that the Westerlies gradually weakened since the last glacial period while the ASM climate
intensified since at LGM, especially after 11.9 ka (Figure 7). Moreover, the minerals records indicate
three stepwise hydroclimate changes (stage I to stage III) over the last 35 ka.

During stage, I (35–25.3 ka), silty clay with loess-like silt and fine sand layers dominate the lake
sediments (Figure 2), characterized by low water content (Figure 4) and high quartz (Figures 6 and 7f)
and calcite concentrations (Figure 6), and also the peak of magnetic susceptibility (Figure 4).
As mentioned above that the quartz and calcite are exogenous detrital minerals transported by
wind or fluvial, but Summer Monsoon Index (SMI) suggests that the ASM is very weak, and its front
rarely penetrated sufficiently northwest to reach Lake Qinghai [1]. There is no enough moisture
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to form monsoonal precipitation. While Westerlies climate index (WI, the flux of >25 µm fraction)
indicated that the mid-latitude strong Westerlies climate with larger variability dominated the Lake
Qinghai area during the last glacial period (Figure 7h), which could transport more dust into the
lake. Talbot and Kelts [58] considered that calcite is easy to be formed under the condition of low
temperature and little evaporation of lake water. No aragonite (Figures 6 and 7a) and abundant calcite
(Figure 6) suggested the lower productivity of lake and weak evaporation under cooler and arid
climate from late MIS3 (35 to 26 ka) to early MIS2 (26–18 ka), which is generally coincident with mean
effective moisture in the Asian monsoon margin [59]. Ca/Ti ratio in Lake Qinghai sediments is closely
related to river runoff [55], the low Ca/Ti platform (Figure 7b) suggests less river runoff. The weak
runoff and dry climate also support that the sediments have abundant dust materials provided by
Westerlies during the glacial/stadial period. Dominant ostracod species Ilyocypris bradyi (Figure 7i)
with low δ18O values in this core during the last glacial period showed that Lake Qinghai was small
in size or even consisted of several playa lakes [8]. This climate and hydrologic environment are
favorable to produce coarser dust (Figure 7g), which provides stable aeolian materials to the lake.
The grain size distribution of loess-like sediments in the lower part is similar to that of modern dust
and aeolian loess [1], indicating that the sediment during this period came from aeolian dust. All the
above results suggest that Lake Qinghai had a shallow water level even desiccated during this period,
and its sediments were predominated by aeolian dust deposition under a dry glacial condition with
weak summer monsoon and strong westerlies.

During stage II (25.3–11.9 ka), corresponding to the middle unit (11.65–5 m) of core 1Fs, the lithology
shifts to grayish-yellow silty clay with silt layers. It is noted that aragonite precipitation has three
peaks around 21 ka, 19 ka, and the Bølling-Allerød (B/A) (15.2–13.4 ka), but aragonite content showed
near-zero levels around the Younger Dryas (YD, 13.1–12.2 ka) (Figure 7a). Generally, calcium becomes
the key-limiting element in Lake Qinghai, where any available Ca2+ (and Sr2+) from rivers would
be rapidly removed by precipitation of authigenic carbonates [34]. Thus, aragonite precipitation
during 21 ka and 19 ka would be attributable to high latitude Melt Water Pulse (MWP) events during
MIS 2 stage [11]. The seasonal meltwater also caused lower ostracod δ18O values during the LGM
and early Lateglacial period [8]. The relatively stable mineral compositions were interrupted by
the riverine Ca2+ and Sr2+ input derived from the catchment weathering, which was interpreted
to be a crucial hydrological event or the melting of frozen soil surrounding the lake. During the
Lateglacial period, the lake did not desiccate completely and was occupied occasionally by shallow
water [32]. Dust deposits dominated between 26 ka and 12.6 ka (YD), possibly linked to prevailing
westerly winds [1,19,59–62]. These fluctuations reveal the alternations between aeolian and riverine
inputs under unstable transitional conditions during the deglaciation. These large-amplitude climate
change correlated well with changes in the speleothem δ18O records [63–65] and loess deposits in the
westerlies-dominated Ili Basin [25,66].

During stage III (<11.9 ka), the lithology of Lake Qinghai sediments changed significantly from
aeolian-dominated facies during the LGM to lacustrine-dominated facies in the uppermost 5 m,
which is mainly composed of silty clay or clay with horizontal bedding (Figure 2). A dramatic shift
from exogenous detrital mineral to authigenic mineral occurs from the Lateglacial to the Holocene
(Figure 7), which implies the radical change of lake sediment environment and climate. During the
Holocene period, the contents of quartz, calcite keep low, and aragonite precipitate in larger abundance
(10–20%). The particle size distribution of upper 0.1 m lacustrine clayey silt of 1Fs is similar to
suspended particles of the Buha River, implying that fine sediments mainly derive from river runoff [1].
The river runoff is the primary source of lake material because of the warm and humid Holocene climate.
Ca and Sr are readily transported into Lake Qinghai in dissolved forms by rivers and subsequently
leached by precipitation of authigenic carbonates [35]. Thus, the appearance and fluctuation of
the authigenic aragonite along with clay suggests an alteration to high regional runoff and rainfall.
In addition, high-intensity evaporation and high temperature promote a large amount of aragonite
precipitation [67].
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The Holocene can still be further divided into three stages based on minerals components:
Early Holocene is characterized by fluctuating increasing aragonite (Figure 8a) and decreasing quartz
(Figure 8d), which is consistent with highly effective moisture (Figure 8b) and relatively weak
hydrodynamic condition (Figure 8d). Although Ca/Ti (Figure 8c), SMI (Figure 8b,f), and TOC flux
(Figure 8g) indicating an increasing runoff, strengthening summer monsoon (Figure 8h) and high
precipitation, respectively, but the high temperature and evaporation are favorable to form authigenic
aragonite, The enriched δ13Corg values of TOC in the 1F core (Figure 8e) indicate that the lake level
was low (less than 10 m) in the Early Holocene. The disappearance of freshwater Ostracod species
(e.g., I. bradyi) and the emergence of salty Ostracod species (e.g., L. Inopinata) also supported strong
precipitation-evaporation balances in Early Holocene (Figure 7i) [8]. The more negative value of the
oxygen isotope of ostracod indicates that the water supply is sufficient, and the climate is warm and
humid. In combination with the continuous high content of aragonite (Figure 8b), it could be speculated
that a warm and humid climate with high evaporation prevailed in the Early Holocene. The mineral
sequence calcite, Mg calcite-aragonite-dolomite as a surrogate, increases with salinity in lacustrine
sequences [58]. The greater evaporation in this region promotes the enrichment of Mg2+, and HCO3

−

in lake water [34] and aragonite precipitation directly derived from the lake water [55,68]. The Lake
Qinghai during the Early Holocene has a salty, low lake level under intensifying summer monsoon.

During the Middle Holocene (8.2–4.2 ka), the content of aragonite decreases gradually (Figure 8a)
which is consistent with most of the other proxies indicating a gradually decreasing effective moisture
(Figure 8b) and runoff (Figure 8c), reducing precipitation (Figure 8g) under weakening Asian summer
monsoon (Figure 8f,h), their changes seem to be in contradiction with the increasing lake level indicating
by negative δ13C of TOC (Figure 8e) and the evolution of Ostracod species from salty to brackish water
(Figure 7i). The quartz content (Figure 7d) has gradually increased, which may be caused by intensified
westerlies bringing more dust into the lake. Loess records nearly Lake Qinghai suggest the climate of
the Middle Holocene is gradually becoming cold and dry [13,15,16]. We contribute the decreasing
aragonite to weakening evaporation and cooling climate, which results in a high lake level.

Relative to early and Middle Holocene, the amplitude and frequency of all proxies (Figure 8)
are small, indicating a relatively stable hydroclimate environment with low effective moisture and
weak summer monsoon during the late Holocene in the Lake Qinghai area, although there are small
peaks in curves of quartz, Ca/Ti and δ13C of TOC. The temperature of the Late Holocene is relatively
low as suggested by TOC, C/N ratio [31], and long-chain alkenone [69], and the lake level is about
20 m on average higher than the Early Holocene period [31]. Cold and deep water prevents aragonite
precipitation to some extent, which causes lower mean aragonite content.
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6. Conclusions

X-Ray Diffraction results indicated that the predominant minerals of 1Fs core are quartz, aragonite,
dolomite, and calcite. Based on the characteristics of mineral assemblages, together with sedimentary
facies, we divided the 18.6 m long core into three stepwise stages at the depths of 11.65 m and 5 m,
representing three hydroclimate stages in the Lake Qinghai area. Asian Summer Monsoon circulation
was relatively weak in this region during the period from 35 ka to 25.3 ka, resulting in relatively cold
and stable climatic conditions and shallow lake level. Minerals are characterized by larger amplitude
and high-frequency fluctuations from 25.3 ka to 11.9 ka, indicating a highly variable Lateglacial period
with unstable hydroclimate. A predominant mineralogical shift from terrigenous quartz in the late
Pleistocene to authigenic carbonates in Holocene indicates increasing lake levels, possibly due to
an increase in the effective moisture balance. Since entering the Early Holocene, a warm and wet
climate began at about 11.9 ka and culminated around 8.2 ka because of enhanced summer monsoon;
the Middle Holocene climate became cooler and drier and has remained a relatively stable hydroclimate
condition since 4.2 ka.
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