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Abstract: The common methods used for grain-size analysis have their own deficiencies and limi-
tations in terms of explaining the genesis of grain-size components. In this study, the end-member
modeling analysis method is applied to multi-mode grain-size distributions of core sediment from
Anguli-nuur lake to help to understand the sediment provenance, transport processes and sedimen-
tary environment. Four optimal end-members are unmixed, and three transport-deposition processes
are revealed, including the runoff, wave and aeolian processes. The humidity index synthesized
by the runoff and aeolian end-members in the core sediment is used to reconstruct the humidity
variability in the East Asian monsoonal domain since the last deglaciation. Our record shows that the
patterns of humidity variability are coincidentally linked with the monsoonal precipitation index
from the same core and stalagmite record in southern China. The Holocene optimum is identified in
early and middle Holocene. In addition, a series of millennial- and multi-centennial-scale dry events
documented in our record are well correlated with the ice-rafted debris events in the North Atlantic.
The results reveal that the grain-size record from Anguli-nuur lake is sensitive in response to moisture
variability in northern China.

Keywords: grain-size distribution; last deglaciation; northern China; Anguli-nuur lake; Asian monsoon

1. Introduction

The grain-size distribution of lake sediments, which serves as a traditional proxy in
paleoclimatic research, provides rich information about regional precipitation, lake-level
fluctuations, dust-storm history and glacial advance-retreat processes [1–4]. The grain-size
data of lake surficial sediment, such as mean size and standard deviation, could help people
estimate sediment provenance, transport processes and sedimentary environments [5].
The common means for grain-size analysis include the traditional statistics method, the
standard deviation partition method and the modern process method. The traditional
statistics method usually provides descriptive statistics, such as the mean, median, kurtosis
and skewness of grain-size distributions, which are probably biased for multi-mode and
asymmetrical grain-size distributions [6,7]. The standard deviation partition method
regards the size classes whose fractions have the highest variability as the environmentally
sensitive components. These components are interpreted as indicators of regional humidity
or drought and are associated with climate changes [8,9]. The modern process method
establishes the relationship between the grain-size components of lake surface sediments
and the specific sedimentary environment. Then, the identified components are applied to
core sediments to reveal rich paleohydrological information for lakes [10,11].

In recent years, end-member (EM) modeling analysis for grain-size distributions has
frequently been used in paleoclimatic and paleoenvironmental reconstruction [3,6,12,13].
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This method can extract the independent transport-deposition EMs, with each EM repre-
senting a specific sedimentary process [7,14–16]. In Lake Zabinskie, Poland, decomposition
of grain-size distributions with the EM method allows for the recognition of relative changes
in the deposition of allochthonous (mineral) and autochthonous (carbonates, (hydr) oxides)
components [17]. In this study, we present a well-dated grain-size record using end-member
modeling analysis (EMMA) from Anguli-nuur lake in northern China to reconstruct the
humidity variability in the Asian monsoonal domain since the last deglaciation. Based
on the comparison with the precipitation proxy index in the same core, as well as the
stalagmite records in southern China, and the ice-rafted debris events (i.e., Bond events) in
the North Atlantic, we evaluate the grain-size record of Anguli-nuur lake in response to
the moisture variability in northern China since the last deglaciation.

2. Materials and Methods
2.1. Study Area

Anguli-nuur lake (41◦18′ N~41◦24′ N, 114◦20′ E~114◦27′ E, 1315 m a.s.l.) is an inland
saline lake located in the northern limit of the Asian summer monsoon (Figure 1a). The
lake region is dominated by the Asian monsoon system, which is characterized by a warm-
wet summer monsoon with precipitation from the Pacific Ocean in the southeast and a
cold-dry winter monsoon from Siberia and Mongolia in the northwest [18]. Thus, this
area is highly sensitive to climatic and environmental changes. The lake lies in a semi-arid
region, which is approximately 120 km from the southern part of the Otindag Sandy Land
of the Inner Mongolian Plateau (Figure 1b). The Heishui River from the east and Santai
River from the south are the two main rivers that feed the lake (Figure 1c). The closed lake
had a water surface area of 47.6 km2, with a length of 11.6 km, a width of 4.1 km and an
average depth of 2.5 m recorded in 1986 [19]. Because of the two artificial reservoirs that
were built, the catchment area of Anguli-nuur lake shrank from 3495.0 km2 to 722.4 km2

in 1959. The lake has been completely desiccated since 2004, and the present basin surface
is covered by white-colored saline efflorescence in winter. The annual mean temperature
from 1981 to 2010 was 3.6 ◦C, and the mean monthly temperatures in January and July were
−14.6 ◦C and 19.2 ◦C, respectively (Figure 1d). The annual mean precipitation is 383 mm,
with 64% concentrated during June–August, which is one-fifth to one-quarter times the
amount of the annual potential evaporation. From March to May, the monthly mean wind
velocity usually exceeds 4 m/s, which transports dust into the lake [20].
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Figure 1. (a) Map of the study region in China. EASM is the East Asian summer monsoon, EAWM is
the East Asian winter monsoon, and ISM is the India summer monsoon. The modern Asian summer
monsoon limit is shown by the dashed green line. (b) Map of the Anguli-nuur lake region and the
Otindag Sandy Land. (c) Map of the location of core AGL-2010. (d) Monthly mean precipitation,
temperature, and wind velocity for the Zhangbei County meteorological station from 1981 to 2010
(http://data.cma.cn/ (accessed on 10 November 2021).

2.2. Core AGL-2010

In the autumn of 2010, a 38 m long sediment core, designated AGL-2010, was extracted
from the center part of Anguli-nuur lake, using a modified XY-1B corer made in China
(Figure 1c). The top part (0–60 cm) of core AGL-2010 was cut into 1 cm subsamples with the
remaining part cut into 2 cm subsamples for laboratory analyses. In this paper, the upper
21.5 m, with reliable dates, was used for grain-size analysis. The base and upper parts of
the sediments were composed of a grayish-yellow clayey silt and a grayish-green clay. The
middle parts of the sediments consisted of a grayish and black clay. The core sediments
contained abundant saline minerals, such as the stable mirabilite layers at 19.5–18.1 m,
gypsum and bloedite crystals at 18.1–15.0 m and fine gaylussite crystals at 10.0–7.0 m
(Figure 2) [21].
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2.3. Age-Depth Model

The age sequence is established by thirteen AMS 14C dates, including two plant mate-
rial dates, six charcoal dates and five sedimentary total organic carbon (TOC) dates (Table 1).
The age of each subsample is established using the Bacon 2.2 program in R software [22]
(Figure 2a). The δ13C of the two plant materials are −10.2‰ and −10.7‰, respectively
(Table 1), and the TOC/TN ratios from Anguli-nuur lake sediments typically exceed 10 [21],
which indicates that the plant materials originate from terrestrial plants [23,24]. Charcoal is
a product of vegetation fires and is usually not affected by carbon reservoir effects. Three
TOC dates fall on the smooth age-depth line established using the plant material and
charcoal dates, suggesting that these layers are less affected by the carbon reservoir effects.
However, two older TOC dates at depths of 2.1 m and 6.1 m are rejected by the smooth
age–depth line, suggesting that these two layers may be influenced by the old carbon effect.
Thus, the age sequence of core AGL-2010 is relatively reliable, with an age of approximately
16.0 cal ka BP at the bottom. The sediment accumulation rates in the core are in the range
of 17.8 to 293.2 cm/ka, with an average of 134.4 cm/ka (Figure 2b). This rate has become
markedly slower during the past 3.0 cal ka BP, which is similar to the previous conclusion
reported for Anguli-nuur lake [18]. It was also found that the higher percentages of silt
(68.7%) in the upper 100 cm are in agreement with the lower sedimentation rate (Figure 3).

Table 1. AMS 14C ages and calendar ages obtained for core AGL-2010.

Lab ID Depth
(cm)

Dated
Material

14C Age
(a BP)

δ13C
(‰)

Calibrated Age
(cal. a BP) (±2σ)

NZA 37124 49 TOC 2640 ± 20 −24.0 2744–2776
NZA 37144 211 TOC 4363 ± 25 −24.7 4858–4975
NZA 57912 241 Charcoal 3651 ± 21 −25.4 3897–3998
NZA 57913 411 Charcoal 4376 ± 20 −25.5 4866–4975
NZA 36953 611 TOC 5835 ± 25 −25.4 6601–6731
NZA 59224 880 Charcoal 4918 ± 52 −25.3 5582–5748
NZA 36954 1085 TOC 6296 ± 25 −25.6 7170–7266
NZA 50810 1238 TOC 7593 ± 31 −23.6 8357–8429
NZA 59157 1377 Charcoal 8891 ± 33 −25.4 9905–10,171
NZA 59770 1458 Charcoal 8250 ± 31 −24.8 9121–9322
NZA 57914 1627 Charcoal 11,965 ± 44 −19.0 13,712–13,999
NZA 58787 1627 Plant material 11,393 ± 43 −10.2 13,125–13,321
NZA 58788 1837 Plant material 12,314 ± 48 −10.7 14,074–14,624

2.4. Grain-Size Analysis

For grain-size analyses, 428 samples were pretreated with 10% H2O2 to remove organic
matter and with 10% HCl to remove carbonates; the subsamples were then dispersed with
10 mL of 0.05 M (NaPO3)6 on an ultrasonic vibrator for 10 min. Grain-size distributions
between 0.01 and 3000 µm were measured using a Malvern Mastersizer 3000 laser grain-size
analyzer at Capital Normal University, Beijing, China.

2.5. End-Member Modeling Analysis

The original multi-mode grain-size data of core AGL-2010 were transferred into un-
mixed EMs using the EMMA method [15]. This method can extract genetically meaningful
EM distributions and their scores from the whole core sediment. Then, each EM can be in-
terpreted in terms of sediment provenance, transport processes, sedimentary environment
and potential information about environmental and climatic changes [15].
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3. Results

Core AGL-2010 is mainly composed of clay and silt, with average percentages of
28.4% and 61.7%, respectively (Figure 3). Based on the feature of grain-size compositions and
distribution in each interval, we divided the core sediment into five units (Figures 3 and 4).
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Unit A (21.5–19.75 m): the sand fraction accounts for an average of 35.8% (Figure 3),
and the grain-size distribution shows a major mode between 100 and 400 µm (Figure 4a).
Unit B (19.75–15.21 m): the silt fraction (63.7%) predominates this unit, and the median size
fluctuates frequently and significantly (Figure 3). The multi-mode distribution characterizes
this unit, with most subsamples possessing a mode grain size of approximately 4 µm, while
a few subsamples have additional peaks between 30 µm and 60 µm (Figure 4b). Unit C
(15.21–10.1 m): the clay (38.4%) reaches the maximum percentage, and the average median
size is 5.9 µm (Figure 3). Meanwhile, this unit features a relatively uniform grain-size
distribution with a mode size of approximately 4 µm (Figure 4c). Unit D (10.1–1.0 m):
the percentage of silt fraction and median size values increase gradually (Figure 3). In
addition, two mode grain-size distributions are exhibited in this unit, with most subsamples
possessing a mode at 4 µm similar to that seen in Unit C and a few subsamples have a
mode at 40 µm (Figure 4d). Unit E (1.0–0 m): this unit is dominated by the silt fraction
(68.7%) (Figure 3), and the grain-size distribution is marked by a relatively uniform narrow
peak at approximately 8 µm (Figure 4e). Obviously, the above five units show different
grain-size distribution characteristics, which indicates that they experienced different
sedimentary modes in different climatic conditions. A detailed discussion is presented in
Section 4.2. Almost all of the grain-size distributions for core AGL-2010 were revealed to
have a super-fine mode size of 0.7 µm (Figure 4), which may represent the background
level of atmospheric aerosols in the arid region of northwestern China [25].

The different transport-deposition processes are unmixed by the EMMA method from the
multi-mode grain-size distributions in core AGL-2010 [15]. The coefficient of determination
(R2) and mean angular deviation (θ) are calculated to identify the minimal numbers of
EMs. Relatively higher R2 and lower θ values suggest a better statistical fit [15]. When an
EM number = 4, both R2 (96.3%) and θ (7.3◦) are turning slightly, implying that the 4-number
model possibly satisfies the minimum required EM number in core AGL-2010 (Figure 5).
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4. Discussion
4.1. Implication of End-members in Anguli-Nuur Lake

In semi-arid and arid regions, seasonal runoffs with low discharge usually transport
finer suspended particles, such as clay, to the central part of a lake, especially in a shallow
and flat basin [12,26,27]. The grain-size distribution of EM1, which has a major mode at
3.6 µm, explains 41.7% of the total EM variance (Table 2; Figure 4f). This mode size is
similar to that of the suspended component C2, in Hulun Lake [26] and Dali Lake [28].
These three lakes are all inland lakes, with a shallow flat basin and are all located in the
northern limit of the Asian summer monsoon. Therefore, it suggests that EM1 probably
represents the suspended component from fluvial and alluvial processes, which reaches a
longer distance and accumulates under high lake levels and calm water conditions [3,6].

Table 2. Characteristics of the four EMs extracted from core AGL-2010. For the curves of each EM,
see Figure 4f.

EMs Mode Size (µm) Variance (%) Component Interpretation

EM1 3.6 41.7 Runoff suspension component
EM2 8.7 31.7 Storm-driven waves component
EM3 35.3 22.7 Aeolian suspension component
EM4 127.0 3.9 Nearshore aeolian saltation sand

The EM2 has a mode at 8.7 µm, which explains 31.7% of the total variance (Table 2;
Figure 4f). EMs 2 and 1 show an obviously negative correlation (r = −0.503, p = 0.01,
n = 428), suggesting EM2 and EM1 represent different transport-deposition dynamics.
When EM2 predominates the variance, EM1 is weak and the lake level is low. Anguli-nuur
Lake has a shallow flat basin. The size of a lake would decrease rapidly when the depth of
a lake becomes shallower under drier climate conditions. In this condition, the offshore
distance of the core site was shorter than before, and the coarser particles suspended by
storm-driven wave processes would be transported from the shoreline to the center of lake
more easily. Thus, we infer that EM2 probably represents the suspended component from
shoreline materials that have been transported to the depocenter by storm-driven wave
processes, especially when the offshore distance to the core site was short.

In the Anguli-nuur lake region, runoff is thought to be insufficient to transport coarse
particles to the central part of the lake [29]. In contrast, the northwest wind prevails during
winter and spring in the lake region. The highest speed is 28 m/s, and the average wind
velocity exceeds 10.8 m/s for 50–70 days/year [20]; this wind velocity is high enough to
transport aeolian dust into the lake [30]. The EM3 has a major mode at 35.3 µm and explains
22.7% of the total variance (Table 2; Figure 4f). The typical loess in China, e.g., Malan loess
in Xi’an and Yulin, have similar characteristics to grain-size distribution [31]. The grain-size
distributions of EM3 resemble those of the dominant suspended components of typical loess
deposits [31–33], suggesting that EM3 is probably from the Sandy Land in the northwest
and is transported by the aeolian suspension process.

EM4, the coarsest, has a major mode size of 127.0 µm and explains only 3.9% of the
total EM variance (Table 2; Figure 4f); however, it is extremely centralized at the bottom of
core AGL-2010 (Figure 6). EM4 might represent the dune component blown onto lake ice
from nearshore areas by aeolian saltation processes in winter and spring [6]; this material
then accumulates on the lake bottom when the ice melts.
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4.2. Reconstruction of Dry-Wet Changes since the Last Deglaciation

Based on the AMS 14C dating and the grain-size analysis of the core sediment of
Anguli-nuur lake, the dry-wet changes in northern China since the last deglaciation can be
classified into the following five stages (Figure 6).

Stage I (21.5–19.75 m, 16.0–15.0 cal ka BP): The score of EM1 is low, which shows the
runoff was weak. The score of EM4 is the highest and the median size reaches the highest
values with an average of 62 µm in the whole sequence, which clearly indicates that the
aeolian sand dominated this stage (Figure 6). Based on these data, it can be inferred that a
weak summer monsoon and extremely dry conditions with an active aeolian sand activity
occurred at this stage.

Stage II (19.75–15.21 m, 15.0–11.5 cal ka BP): EM1 and EM3 alternately dominate this
stage, and the median size fluctuates frequently and significantly, which indicates that the
climate alternated between dry and wet, with frequent and abrupt fluctuations (Figure 6).

Stage III (15.21–10.1 m, 11.5–6.9 cal ka BP): The finest EM1 explains 63.3% of the variance,
and the average median size is 5.9 µm with the smallest fluctuations (Figure 6). Therefore,
wet conditions and high lake levels probably occurred in the early and middle Holocene.

Stage IV (10.1–1.0 m, 6.9–3.1 cal ka BP): EM1 gradually decreases, while EM3 and
median size values gradually increase with greater fluctuations (Figure 6). According to
these, the climate conditions were gradually turning to drought.

Stage V (1.0–0 m, 3.1–0 cal ka BP): EM1 further decreases and EM2 rapidly increases,
explaining 61.7% of the variance (Figure 6). Therefore, the climate conditions were probably
drier in the late Holocene. In addition, this stage exhibits an extremely low accumulation
rate, with an average of 17 cm/ka (Figure 2b). Thus, we infer that the particles were mainly
from the shoreline and were eroded by storm-driven waves. This process possibly occurred
when the lake depth became shallower under drier climate conditions, with the size of the
lake decreasing rapidly. In this condition, the offshore distance of the core site was shorter
than before, and the coarser particles suspended by storm-driven wave processes could
have been transported from the shoreline to the center of the lake more easily.

4.3. Linking End-Members to Humidity Variability

The transport capacity of runoff is directly related to the mean annual precipitation [10,12],
that is, more monsoonal precipitation over a lake catchment leads to more fluvial suspended
particles being deposited in the depocenter of a lake. The aeolian activities are usually re-
lated to droughts, that is, more aeolian components in core sediments indicate a drier lake
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region [12,34]. Thus, we use [EM1− (EM3 + EM4)] as the humidity index (HI) of Anguli-nuur
lake, i.e., a high HI score reflects the humidity over the lake region.

The humidity variability since the last deglaciation is evaluated by the HI score
from core AGL-2010 (Figure 7a). Our reconstruction shows that the humidity variabil-
ity over the lake region experienced three periods since the last deglaciation, including:
(1) alternating dry and wet climate conditions were recorded in the last deglaciation, (2) the
humidity variability increased abruptly at the beginning of the Holocene, and the Holocene
optimum occurred in the early and middle Holocene, and (3) the climate gradually became
drier in the middle and late Holocene. Based on the TOC content of the same sediment
core (Figure 7b), the history of monsoonal precipitation since the last deglaciation was
reconstructed [21]. Our HI records based on grain size show a positive correlation with the
independent TOC records from the same core (Figure 7b, r = 0.402, p = 0.01, n = 428), and
with the δ18O values of stalagmites in monsoon-dominated southern China [35] (Figure 7c),
suggesting that the humidity variability in Anguli-nuur lake is dominated by the Asian
monsoon precipitation. The patterns of the humidity variability support the view that
insolation is the primary factor that controls the regional hydrological variations in the
Asian monsoonal domain [36].

In addition, millennial-scale dry events, such as the Oldest Dryas event and the
Younger Dryas event, are recorded by the HI (Figure 7a). A series of multi-centennial-
scale dry events are also clearly documented as having occurred at 14.0–13.6, 11.7–11.2,
10.5–10.2, 9.5–9.2, 8.6–8.2, 5.4–5.0, 4.5–4.2 and 3.6–3.1 cal ka BP; moreover, the events
at 14.0–13.6 and 8.6–8.2 cal ka BP most likely correspond to the Older Dryas and the
8.2 ka events, respectively [37,38]. Not only do most of these events correspond well with
the speleothem records in the Asian monsoonal domain [35,36], some are also more evident
in our record than in speleothem records, such as the Older Dryas and 8.2 ka events [35]
(Figure 7c). This evidence implies that the grain-size variations in the sediment of Anguli-
nuur lake might be more sensitive to changes in monsoonal precipitation because of the
large surface area and relatively shallow depth [26]. This series of dry events is well
correlated with the Bond events in the North Atlantic during the Holocene [39] (Figure 7d).
The consistencies in timing and phasing not only corroborate the validity of our age
control but also strongly suggest that the variation in moisture in northern China on
the millennial to multi-centennial scale could be directly related to changes in the North
Atlantic climate [40].
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δ18O records [35]. (d) Hematite-stained grain concentration from the North Atlantic [39]. Yellow bars
mark dry events on a multi-centennial scale in Anguli-nuur lake.
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In summary, the HI score exhibits a good correlation with the TOC content in the same
core, as well as with the stalagmite record and the Bond events. Such a good agreement
indicates that the grain-size record from Anguli-nuur lake is sensitive in response to
moisture variability in northern China.

5. Conclusions

The grain-size EMMA method is used to study the provenance, transport processes
and sedimentary environment of core sediment from Anguli-nuur lake. Our results show
that four EMs are unmixed from the multi-mode grain-size distribution and that their
scores are extracted from the whole core sediment. In terms of sedimentary dynamics, three
transport processes are revealed, including the runoff, wave and aeolian processes.

The HI synthesized by runoff and aeolian EMs in core AGL-2010 is used to reconstruct
the humidity variability since the last deglaciation. The Holocene optimum is identified in
early and middle Holocene, which is in agreement with previous conclusions from the same
core. Meanwhile, our records document a series of millennial- and multi-centennial-scale
dry events, which are well correlated with the Bond events in the North Atlantic. These
good correlations indicate that the grain-size record from Anguli-nuur lake is sensitive in
response to climate change in northern China.

Anguli-nuur lake lies about 120 km from south of the Otindag Sandy Land, Inner
Mongolia, where the northwest winds prevail in spring. In the AGL-2010 core, sand and
silt contents exceed 70%, and two robust aeolian EMs have been extracted in this study.
This provides good foundations to further explore the relationship between aeolian sand
activity and humidity changes in northern China since the last deglaciation.
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