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Abstract

A multi-proxy record of Holocene and late-Pleistocene aeolian mineral dust is reconstructed using a combination of geochemical (trace elements),
mineralogical and grain-size analyses on cores from the Hani peatland in north-eastern (NE) China. The dust record displays a sharp increase in dust
deposition during the late Holocene in comparison to the rest of the Holocene. This trend is in line with climatic records from the Chinese dust source
regions and their downwind areas, which generally show an increase in aridity and aeolian activity during the late Holocene. The larger part of the Chinese
dust source regions experienced a gradual increase in effective moisture and vegetation cover reaching maxima during the middle Holocene (6.0-8.0
kyr cal. BP) co-occurring with the minima in dust deposition in Hani. These changes in the dust source regions are likely to have been modulated by the
variations in the East Asian summer monsoon (EASM), which is the principal mechanism controlling climate in the region. The intensified EASM during the
middle Holocene is also likely to have resulted in a sediment recharge at the margin of the Chinese drylands providing additional material and enhancing
the atmospheric dust load after the late-Holocene aridification of the region. Combined together, these changes promoted a remobilization of dust
sources increasing the amount of material available for transport by the East Asian winter monsoon (EAWM) and the Westerlies. Human activities might
also have played a role in the increased dust emissions during the late Holocene, but further research is needed to assess the extent of those impacts at
a regional level.
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summer monsoon (EASM) and is influenced by the interplay
between different circulation patterns, mainly the East Asian mon-
soon (both the EASM and the East Asian winter monsoon
(EAWM)) system and the Westerlies. Mineral dust particles from
various sources have the potential to be mobilized and trans-
ported by these different wind systems. The Siberian High (SH;

Introduction

Mineral dust plays a significant role on the global climate sys-
tem, affecting the radiative balance as cloud nuclei, on the chem-
ical composition of the atmosphere and on the marine and
terrestrial biogeochemical cycles by supplying nutrients (Harri-
son et al., 2001; Maher et al., 2010; Shoenfelt et al., 2018). Not
only mineral dust affects climate, but its emission, transport and
deposition are also a function of climatic and environmental
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changes (Lambert et al., 2008; Mabher et al., 2010). Palaco-dust
records are windows through which these interactions can be
observed and understood. Palaco-dust archives have been used
as indicators of changes in air mass circulation (Ferrat et al.,
2012b), wind strength/intensity (De Jong et al., 2007; Fabregas
Valcarce et al., 2003; Filipsson et al., 2011), climate variability
(Delmonte et al., 2010; deMenocal et al., 2000) and aridity (Marx
et al., 2009; Petherick et al., 2009).

The deserts of northern China are among the largest dust source
regions on Earth and account for up to 70% of the total Asian
(Zhang et al., 2003) and ~25% of the total global (Ginoux et al.,
2004) dust emissions to the atmosphere, respectively. North-east-
ern (NE) China lies at the northernmost margin of the East Asian
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controlling the intensity of the EAWM) and the Westerlies are the
two main circulation systems controlling Asian dust transport, the
former is considered to control dust transport in the lower atmo-
sphere (<3000 m), while the later controls long-range transport at
high altitudes (<5000 m; An et al., 1990; Sun et al., 2001; Zhang
etal., 1997). This region is therefore a key, yet overlooked, area for
the reconstruction of past dust dynamics and their relationship
with climate variability and environmental processes.

Peatlands are important palacoenvironmental and palaeocli-
matic archives which offer a wide range of proxies (geochemical,
biological and physical) and chronologies extending as far back as
the late Pleistocene. This potentially allows the investigation of the
interactions between dust and past environmental and climatic
conditions/processes at various time and spatial scales (De Vlee-
schouwer et al., 2014a; Ferrat et al., 2012a, 2012b; Kylander et al.,
2007, Pratte et al., 2017; Shotyk et al., 2001; Vanneste et al., 2016;
Weiss et al., 2002b). While atmospheric dust studies have mainly
focused on ombrotrophic peatlands (i.e. atmospherically fed only),
a growing number of studies have shown that minerotrophic peat-
lands can be used as records of atmospheric deposition of litho-
genic elements (Ferrat et al., 2012a, 2012b; Kylander et al., 2007,
Weiss et al., 2002b). Peat deposits are widespread in NE China,
but have been largely overlooked in dust research, in spite of the
relative proximity of some of the largest global dust sources (Bao
etal., 2012; Ferrat et al., 2012a, 2012b; Li et al., 2017).

The aim of this work is to make a palacoclimatic reconstruction
of dust deposition over the last 14.5 kyr at Hani peatland in NE
China. Combining physical (ash content, bulk density, grain size
and mineralogy) and chemical (trace elements) proxies, the spe-
cific objectives of this study are to (1) establish the validity of the
Hani peatland as a record of atmospheric mineral dust deposition,
(2) quantify the dust accumulation rate (AR) and determine the
chronology of the dust events, (3) attempt a preliminary source
identification of the mineral particles deposited to this site and (4)
reconstruct the paloeoclimatic changes occurring in the region and
link them to potential climatic events and controlling factors.

Material and methods
Study site and sampling

The Hani peatland (42°13'N, 126°31'E; 900 m a.s.l.; 18 km?) is a
percolation mire located in the Jilin Province, NE China (Figure 1).
It lies in the Longgang volcanic field (LGVF) and is surrounded by
numerous volcanic cones, covered by pyroclastic deposits, and
crater lakes. The local lithology is mainly composed of alkali
basalts, tholeiitic basalts, trachyte and pyroclastic materials of
Quaternary age overlying the Archean migmatic group, part of the
North China Craton (Bureau of Geology and Mineral Resource of
Jilin Province, 1988). The Hani peatland developed by the terres-
trialization of a barrier lake that formed after the damming of the
Hani River following a volcanic eruption during the latter part of
the late Pleistocene (Qiao, 1993). The regional vegetation is com-
posed of a temperate broad leaf-conifer mixed forest. The open areas
of the peatland are dominated by Carex lasiocarpa and C. limosa,
while the hummocks are mainly composed of Sphagnum fuscum
and S. magellanicum along with Betula fructicosa and Potentilla
fructicosa (Bu et al., 2013; Schroder et al., 2007).

The study area is under a monsoonal climate, characterized by
long dry/cold winters, dominated by air masses from the Asian
interior, and short moist/cool summers, under the influence of
south-easterly winds from the Western Pacific. The region
receives mean annual precipitations of around 775 mm most of
which (>80%) falls between May and September via the EASM
(Schettler et al., 2006b). The mean annual temperature is 3.4°C,
with monthly averages ranging between —18.1°C and 20.7°C
(Schettler et al., 2006b). The EAWM and Westerly winds strongly
affect the region during winter and especially spring (Chu et al.,

2009) when the breakdown of the SH creates cold fronts (Roe,
2009), that is, conditions favourable for the occurrence of dust
storms in spring (Chu et al., 2009; Zhu et al., 2013).

Two cores, Hani-1 (42°13'25.0"N, 126°31'02.0"E; 830-cm
long) and Hani-3 (42°13'27.0"N, 126°31'11.0"E; 960-cm long)
were retrieved from the deepest part, determined by depth prob-
ing, of the peatland in October 2012. A monolith was cut (10 X 10
cm width) to sample the upper 50 cm of the Hani-1 core and a
Belarusian peat corer with 5-cm diameter was used to collect
deeper sections of both cores. The cores were wrapped in plastic
film, transferred into PVC tubes and stored in a freezer (—20°C).
In the laboratory, the cores were sliced fresh at 1-cm intervals for
the first 50 cm and at 2-cm intervals for the rest of the cores. The
edges of each subsample were trimmed away, to avoid any con-
tamination from the coring process. The thickness of each slice
was then measured again to evaluate the loss from the slicing and
correct the mid-point depth of each sample.

Age—depth model

The chronological control of the cores is based on *C AMS dates.
Whenever possible, only aboveground plant macrofossils (mainly
Sphagnum stems, Carex seeds and Ericaceae leaves) were selected
based on a protocol developed by Mauquoy et al. (2004), in order
to ensure a better accuracy of dates (Table 1). In some samples,
bulk peat material was dated as insufficient material was found. A
total of 15 samples (3 for Hani-1 and 12 for Hani-3) were submit-
ted to the Beta Analytic facility (Florida, US) for AMS radio-
carbon dating. The radiocarbon dates were calibrated using the
InterCall3 Northern Hemisphere terrestrial calibration curve
(Reimer et al., 2013) integrated in the BACON package (Blaauw
and Christen, 2011). The model was constrained with the surface
sample of the cores corresponding to the age of sampling (2012 CE).
A composite age-model was reconstructed by aligning Hani-1 and
Hani-3 cores based on the obtained radiocarbon ages and the ash
content.

Bulk density, ash content and grain-size analyses

The bulk density of the samples was obtained by subsequently
weighting a subsample fresh and after freeze-drying. The ash con-
tent, used as a surrogate of the mineral matter content, was mea-
sured on the same subsamples by loss-on-ignition, that is,
combusting at 550°C for 6 h to remove all the organic matter
(Chambers et al., 2011). Prior to analysis, a selection of ash sam-
ples (135), resulting from the ash content analyses, were submit-
ted to a 1M HCI treatment to remove carbonates and sulphates
formed during the ashing process. While thermal combustion is
an effective way of removing organic matter, grain aggregates
may form during the process depending on sample lithology and
mineral content (Murray, 2002). The grain-size distribution was
determined by laser diffraction on the acid-insoluble inorganic
fraction of bulk samples using a laser-optical particle size analy-
ser (Malvern Masterizer-2000, Nanjing Institute of Geography
and Limnology, Chinese Academy of Sciences (NIGLAS, China)),
after the addition of 10 mL 0.05 mol L-! sodium hexametaphos-
phate (NaPO;) and being subjected to a short ultrasound treatment
(5 min) to separate particles. The grain-size distribution of the
samples was characterized by 75 size classes. The instrument has
arange of 0.02-2000 um and an accuracy of <3% from repeated
measurement errors.

Mineralogical analyses

X-ray diffraction (XRD) analyses were performed at NIGLAS,
using a Malvern Panalytical XRD system (X’Pert?> Powder) to
determine the mineralogy of the ash fraction of selected samples
(n = 30). Combustion of peat samples at temperature greater
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Figure I. (a) Location of the study region in China and relative location of the records discussed in the manuscript: (1) Lake Tuolekule

(An etal., 201 1), (2) Lake Qinghai (Shen et al., 2005), (3) Hongyuan peatland (Ferrat et al., 2012a, 2012b), (4) Lake Dahai (Xiao et al., 2004),

(5) Lake Xiarinur (Xu et al.,2018), (6) Lake Hulun (Wen et al.,2010) and (7) Lake Dali (Goldsmith et al.,2017). Deserts and stabilized dune
fields of China: Taklamakan (TK), Gurbantunggut (GT), Qaidam (QD), Badain Jaran (BJ), Tengger (TG), Mu Us (MU) deserts; Chinese Loess
Plateau (CLP); Ongin Daga (OD), Hulun Buir (HB), Horqgin (HQ) and Songnen (SN) dune fields. Red dashed line: approximative modern limit

of arid China; blue dashed line: approximative modern limit of semi-arid China. (b) Geological map of the study area (modified from Gu et al.
(2015) and Commission for the Compilation of the Geological Map of China (1990); (c) location of the Hani peatland and of the records in the
LGVF discussed in the text: Lake Sihailongwan (SHL; Schettler et al., 2006b), Gushantun (GST; Li et al., 2017). Grey dots: location of cities and
towns in each panel. The topographic map was created with QGIS® using gridded xyz data from the SRTM_30PLUS VI | global database (Becker
et al.,, 2009). (d) Satellite image of the Hani peatland (source: Google Earth) showing the location of Hani-1 and Hani-3 cores (white dots) and

of a core from Li et al. (2017) (yellow dot).

than 450°C has been shown to be the most effective method for
removing organic matter for XRD analyses, with minimal altera-
tion of the mineralogy, except for clays (Sjostrom et al., 2019).
Prior to analysis, the samples were washed with water to remove
the soluble salts (Sjostrom et al., 2019). The step scanning size
was from 10° to 70° with a step size of 0.02° and counting time
of 2 s per steps.

Major and trace elements analyses

A total of 350 samples in Hani-1 and 220 in Hani-3 were pro-
cessed for elemental geochemistry. Samples were freeze-dried
and powdered using an agate mortar and pestle. For Hani-1, about
200 mg of dried peat powder was placed in Teflon® vessels (50 mL),
and 3 mL of HNO; and 1 mL of HF was added to them. Then
the vessels were closed and placed in an Acid Digestion Bomb
(ADB; placed inside a steel jacket). Then the ADB were placed in

an oven for 48 h at 180°C. After cooling down the ADB, the solu-
tions were evaporated to near dryness on a hotplate. Then, the
remaining solution were diluted with 2% HNO; and transferred to
centrifuge tubes. For Hani-3 as well as the <63 um fraction of
local soils, approximately 100 mg of powdered samples were acid
digested until complete dissolution, using a series of steps (HNO,
+ HF, then H,0,) in Savillex® beakers on a hot plate following
De Vleeschouwer et al. (2014b). Selected major (Na, Mg, Al, K,
Ca, Fe and Mn) and trace (Ti, Sr, Rb, Zr, Sc, Ba, Y, Cs, REE
and Th) element measurements were completed on an Agilent
Technologies 7500ce Q-ICP-MS at Observatoire Midi-Pyrénées
in Toulouse, France as well as NIGLAS, in Nanjing in 2018 (also
using an Agilent Technologies 7500ce Q-ICP-MS) for core
Hani-3 and in Guiyang, in 2013 (ELAN DRC-e Q-ICP-MS) for
core Hani-1. The analytical performance was assessed using
reference materials: GBW-07603 (bush leaves and twigs),
GBW-07358 (stream sediments), NIST SRM 1515 (apple leaves)
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Table I. Results of '“C AMS measurements, calibrated age ranges and description of samples.

Sample Depth (cm)  Laboratory number '“Cage (BP) 2o range (yr cal. BP) Material dated

HANII B8 60.5 BETA-49981 | 270 = 30 152-435 Bulk sample

HANII DI7  183.0 BETA-499312 1850 = 30 1715-1865 Bulk sample

HANII J21 491.0 BETA-499813 7410 = 30 8178-8323 Bulk sample

HANI3 B7 56.9 BETA-499800 450 = 30 471-536 Sphagnum spp. stems/leaves
HANI3 C22 1226 BETA-499801 1020 = 30 803-1042 Sphagnum spp. stems, Carex seeds
HANI3 D25 1773 BETA-499802 1710 = 30 1553-1699 Brown mosses

HANI3 E6 2115 BETA-499804 2350 *+ 30 2324-2464 Sphagnum spp. stems

HANI3 GI2 3228 BETA-499805 4080 = 30  4445-4806 Carex seeds

HANI3 110 4183 BETA-499806 4540 = 30 5053-5314 Sphagnum spp. stems, Carex seeds
HANI3 J21 490.8 BETA-499807 7340 = 30 8033-8276 Carex seeds

HANI3 L20  589.0 BETA-499808 8560 + 30 9495-9550 Ericaceae leaves, seeds

HANI3 M21  643.0 BETA-499809

9270 =30 10,297-10,598

Sphagnum spp. stems, Ericaceae leaves, brown mosses stems

HANI3 OIl  722.0 BETA-435994 10,260 = 30 11,831-12,144 Bulk sample
HANI3 Q20 840.0 BETA-435995 11,430 = 30 13,181-13,358 Bulk sample
HANI3 S20 939.0 BETA-499810 12,280 = 40  14,041-14,456 Leaves, seeds, conifer needles
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Figure 2. Lithostratigraphy of the Hani-| and Hani-3 cores. Depth records of ash content, bulk density and concentrations of selected

elements in Hani-1 (black curves) and Hani-3 (red curves).

and NIST SRM 1547 (peach leaves). Replicate analyses were gen-
erally within 10% of each other. The blanks for all elements con-
sidered here are <0.01%.

Statistical analyses

A principal component analysis (PCA) was performed on the ele-
ment ARs using SPSS 21.0.0 software to help identify the sources
and processes affecting the distribution of the chemical elements
in both peat profiles. A PCA reduces the dimension of a data set
and explain as much variability as possible with fewer compo-
nents (Jolliffe, 2002; Reimann et al., 2008). The PCA was exe-
cuted in correlation mode on previously log transformed (log,,)
and standardized (z-scores) data to avoid scaling effects, using a
varimax rotation which is a fixed orthogonal rotation that maxi-
mizes the loadings of the variables on the components (Eriksson
et al., 1999). The z-scores were calculated as (X; — X,,,)/ X,
where X; is the variable (i.e. concentration of the element), while
X,ve and X, are the series average. A hierarchal clustering analy-
sis (HCA) was applied to the grain size data set using the classes
as variables in SPSS 21.0.0. The HCA was used to group together

samples with similar grain-size distributions.

Results
Core stratigraphy, bulk density and ash content

The stratigraphy, ash content, bulk densities and elemental con-
centrations of the peat cores are shown in Figure 2. The plant
matter is generally well preserved; however, some variations
between darker more humified peat and paler less humified peat
is observed. The plant composition is generally dominated by
sedges with Sphagnum spp. present in various proportions. In
Hani-1, from 0 to 21 cm, fresh undecomposed peat is found.
From 21 to 100 cm, the peat is yellowish and poorly humified. A
more humified and brown peat is found between 100 and 589 cm
interspersed with a mineral layer around 180 c¢cm and a thick less
humified pale brown peat containing well preserved plants at
290-330 cm. There is a prominent mineral-rich layer (containing
coarse sands and clay) from 589 to 639 cm. In the deeper section
between 639 and 830 cm, the peat is darker and very humified. In
Hani-3, the peat is moderately humified, light brown and con-
tains well preserved plants remain between 50 and 180 cm,
where a mineral-rich layer is found at 180—185 cm. From 185 to
600 cm, the peat composition is rather uniform being brown and
more humified. Between 600 and 931 cm, the peat is mainly dark
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Figure 3. Age—depth models for Hani peatland constructed using
the BACON software (Blaauw and Christen, 201 1).The grey areas
encompass all possible age—depth models while the dotted grey
lines indicate the 95% confidence intervals.The orange and dark
blue line corresponds to the weighted mean age of each modelled
sample for Hani-1 and Hani-3, respectively. Orange (Hani-1) and
blue (Hani-3) symbols represent the calendar age distribution of the
14C AMS dates.

brown, characterized by a greater degree of humification and
contains distinct mineral-rich layers at 645-649, 683—-691 and
723-729 cm. Below 930 cm, the core is composed of silt-rich
grey lake sediments.

The bulk density of the peat in Hani-1 and Hani-3 cores ranges
between 0.02 and 0.66 g cm™ and 0.05 and 0.28 g cm™ in Hani-1
and Hani-3, respectively (Figure 2). Hani-1 displays mineral-rich
layers with values of 0.23-0.34 g cm™3 between 502 and 489 cm,
0.48-0.58 g cm™ from 571-578 cm and 0.26-0.66 g cm™3 at 601
622 cm of depth. Comparatively, mineral-rich layers in Hani-3
(centred around 647, 685, 727, 759 and 180.5 cm) do not display
greater bulk densities.

The ash content varies between 2% and 85% in Hani-1, while
it ranges between 5% and 58% in Hani-3 (Figure 2). Hani-1 dis-
plays a sharp increase in ash content reaching up to 85% between
583 and 639 cm, within the mineral-rich layer. Peaks in ash con-
tent values (32-50%) are observed between 600 and 800 cm of
depth as well as at 180.5 cm (58%) in Hani-3. The ash content is
lower and more stable between 200 and 600 cm in both cores,
averaging 19 * 4% and 21 = 4% in Hani-1 and Hani-3, respec-
tively. Both cores also display an increase in ash content from 100
cm towards the surface reaching up to 40%.

Age—depth model

The Hani-1 and Hani-3 cores display very similar ages and age—
depth models (Table 1 and Figure 3) between 60 and 490 cm.
Samples from the bottom of Hani-1 (deeper than 500 cm) core
were not available (lost during transfer between Guiyang and
Nanjing) for radiocarbon dating, so only the section of 500-930 cm
from Hani-3 was used in the reconstruction of that part of the
age—depth model and of the dust record. The composite age model
(Figure 3) shows that AR is relatively constant from peat initiation
at 930-490 cm of depth averaging 0.07 cm yr~!, decreasing to 0.03
cm yr! between 490 and 410 cm (Figure 3). From 410 to 180 cm,
the AR is 0.06 cm yr!' and then increases around 0.08 cm yr!
from 180 cm towards the top.

Grain size and mineralogy

The mean particle size in the Hani record ranges between 11.6
and 257 um with an average of 18.6 pm, while the median grain
size range is 10—18.7 um (average: 10.5 = 1.9 um). The samples
are dominated by silt-size particles (4-63 um), but clay (<2 um)
and sand (>63 pm) particles are present in various proportions in
every samples (Figure 4). However, the fact that the samples were
submitted to loss-on-ignition prior to analysis might have resulted
in a compaction of the clays, which means the clay fraction might
be underrepresented. The cluster analysis identified three different
clusters with distinct enough grain-size distributions (Figure 4).
As all samples display a main mode in the silt fraction, the separa-
tion of the three clusters is mainly based on the presence of differ-
ent modes (unimodal, bimodal and polymodal) in the grain-size
distribution. Cluster 1 (n = 74; composed of three subgroups)
represents samples with relatively unimodal grain-size distribu-
tions. Cluster 2 (n = 35; two subgroups) corresponds to samples
presenting a fine subpopulation (<1 um) in their distribution. The
distinction of the two subgroups is mainly based on the amplitude
of the main mode. Cluster 3 (n = 26; five subgroups) includes
samples displaying a coarse subpopulation (=100 um). The sepa-
ration of the subgroups in cluster 3 is mainly based on the sand
and clay content.

The semi-quantitative estimates of the mineral composition
of the ash samples are shown in Table 2. The XRD analyses on
the selected core samples show that quartz is the dominant min-
eral in most samples along with phyllosilicates, plagioclase and
K-feldspars (Figure 4). A few samples display greater amounts of
plagioclase feldspars, especially at 180.5, 182.7 (1700-1760 cal.
BP) and 635.0 cm of depth, where they exceed quartz.

Elemental concentrations and PCA analysis

The lithogenic elements display similar concentration patterns
between themselves (Figure 2). Although different digestion meth-
ods were used, apart from the mineral layers in Hani-1, the two
cores show very similar elemental concentrations. Concentrations
of lithogenic elements in both cores are slightly higher below 600
cm of depth and are generally at their lowest level between 600
and 400 cm. Both cores also display a peak in the concentration of
most elements, apart from Cs and Rb, around 180 cm.

The results of the PCA analyses are shown in Figure 5. In both
cores, two principal components (PC) were extracted, explaining
92.4% and 96.0% of the total variance of Hani-1 (12 chemical
elements) and Hani-3 (30 chemical elements), respectively. The
first PCs account for 68.0% and 60.8% of variance in Hani-1 (Na,
Li, Al, Rb, Ba, Ti, Mg, Zr, K) and Hani-3 (REE (except Eu), Cs,
Rb, Y, Sc, Al, Th, K and Mg), respectively. PC2 explains 24.4%
of the total variance in Hani-1 (Ca, Sr, Fe) and 35.2% in Hani-3
(Ca, Sr, Ti, Zr, Na, Eu, Ba and Fe). The fractionation of the com-
munality, that is, the variance of each element AR explained by
the extracted components, is shown in Figure 5. The discrepan-
cies between the PCA results of Hani-1 and Hani-3 are because of
a combination of factors. The fact that Ca-AR, Sr-AR and Fe-AR
load on a separate PC in Hani-1 is explained by the inclusion of
the first 50 cm of the core in the analysis. The Ca, Sr and Fe dis-
play a sharp increase in concentrations between 10 and 30 cm
(Figure 2). Furthermore, the large mineral layer in Hani-1 is likely
driving a large part of the variance of the other elements. If these
two sections of Hani-1 core are removed, Ti, Na and Zr load on
the same PC as Ca and Sr suggesting similar controlling factor as
in Hani-3. Another factor to consider is the fact that the majority
of the elements loading on PC1 in Hani-3 core were not analysed
in Hani-1, namely, REEs and Cs. This likely means that REEs
along with some other lithogenic elements (Y, Cs, Rb, Sc and Al)
are controlled by different underlying processes than the other
elements.
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Figure 4. Grain-size distributions of the mineral fraction in Hani
samples obtained from the clustering analysis ((a) Cluster 1,

(b) Cluster 2 and (c) Cluster 3). Each grain-size distribution

pattern corresponds to a representative sample selected from

the subgroups composing each cluster. Comparison with the
distribution of present-day dust samples from (I) passive dust
collectors in the Changbai Mountains (average; Li et al., 2017),

(2) dust sample from a dust event collected on snow in 2002 in the
Longgang region (Chu et al., 2009) and (3) sediment sample selected
from a sediment core in lake Sihailongwan (Chu et al., 2009).

Dust flux

As mentioned in section ‘Age—depth model’, given the similarity
of the radiocarbon ages, ash contents and the lithogenic element
concentrations in Hani-1 and Hani-3 cores, a composite dust
record was reconstructed. The dust AR, that is, dust flux (g m™
yr1), was calculated using the sum of REE (excluding Eu, as it
displays high loading factors on PC2) applying the following for-
mula (Shotyk et al., 2002): ([(XREE] /[ZREE]cc) X 6 X PAR

sample’

Table 2. Mineralogical composition of selected samples.

Depth Quartz K- Plagioclase Phyllo- Pyroxene
(cm) Feldspar  Feldspar silicate

58.2 ooe . . .

64.7 o . . .

104.0 oo tr . oo

126.5 oo tr . o

162.7 see tr . o

180.5 . . e . .
182.7 . . e . .
2284 oee . . .

241.0 o . . .

284. . . . .

336.7 . . . o

382.5 ee . . .

408.2 o tr . o

463.0 . . . e

507.0 oo o tr oo

579.0 . . . e

603.0 . . . .

613.0 . . . .

635.0 . . . . tr
645.0 ooe . . .

685.0 ooe . . o

723.0 oo o o . tr
759.0 s . . .

803.0 see tr . v

847.0 . . . .

873.0 oee tr . .

911.0 . . . .

917.0 ses tr . o

931.0 ses tr . o

947.0 oo . . .

987.0 see tr oo ve

eee: >50%; *: 20—50%; *: 5-20%; tr: <5%.

X 10000, where [ZREE],,,. is the sum of REE concentrations in
a sample, [ZREE] is the sum of REE concentrations in the
upper continental crust (143.0 mg kg™'; Wedepohl, 1995), ¢ is the
sample’s bulk density (g cm™3) and PAR is the peat accumulation
rate (cm yr!). REEs were selected on the basis that they behave
conservatively and show the highest loading on PC1 (Figure 5).
Different elements and references will yield very similar trends
and timing, but different estimates of dust ARs (Kylander et al.,
2016; Shotyk et al., 2002). For this reason, the dust flux was also
reconstructed using Ti as its high loading on PC2 in Hani-3 and
PCI in Hani-1 (Figure 5) suggests that local sources contribute
significatively to its record at times (Figure 6b and c). The top
500-cm dust flux reconstruction (last 8 kyr cal. BP) is based on an
average of Ti concentrations in Hani-1 and Hani-3, while the bot-
tom 500 cm (8-14.5 kyr cal. BP) is based on Hani-3 core only.
The section composed of lake sediment is not reconstructed in
terms of dust deposition as it was probably dominated by runoff
that is likely to have overprinted the atmospheric dust signal. If we
exclude the lake sediments, Hani peatland represents a 14.5-kyr
record of mineral dust deposition. Between 14.5 and 12.0 kyr cal.
BP, the dust flux, based on ZREE, oscillates around 25 g m=2 yr!
and displays a peak centred around 11.8 kyr cal. BP (Figure 6b).
From 11.7 until 8.0 kyr cal. BP, dust deposition shows a gradually
decreasing pattern from 35 to 10 g m2 yr ! interspersed with a few
small peaks. The lowest dust deposition rates are observed between
8.0 and 6.0 kyr cal. BP averaging 6.3 = 1.3 g m™2 yr . The dust flux
increases sharply around 5.7 kyr cal. BP reaching a peak of 35 g
m~2 yr ! ataround 5.1 kyr cal. BP. Between 4.5 and 2.2 kyr cal. BP,
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Figure 5. Fractionation of the communality of the accumulation
rate of each element after extraction by principal component
analysis for (a) Hani-I (top PCA including top 50 cm and mineral
layer; bottom: PCA excluding top 50 cm and mineral layer) and (b)
Hani-3 (the communality corresponds to the total variance of an
element explained by the extracted components).

dust deposition remains relatively stable averaging 20.7 = 4.7 g
m~2yr~!. The dust flux increases again after 2.0 kyr cal. BP display-
ing high variability with values between 368 (1.8 kyr cal. BP) and
15 gm 2 yr!. The dust flux, based on Ti, displays very similar tim-
ing and generally closely matches the dust flux values from XREE.
A few peaks, showing higher values than for the ZREE-based flux,
are present before 12.0 kyr cal. BP, with values over 50 g m=2 yr!,
and especially around 1.7 kyr cal. BP, reaching 420 g m2 yr~!.

Discussion

Trophic status of the peat and major processes
controlling the geochemical signal

The trophic status of a peatland might affect how inorganic con-
stituents are archived in a geochemical record. The ash content in
Hani averages 24-26% in both cores, in agreement with values
found in other Chinese peatlands (>10-25%; Bao et al., 2010;
Ferrat et al., 2012a, 2012b; Wei et al., 2012) but higher than values
typically found in ombrotrophic peats (generally <5%; Sapkota
et al.,, 2007; Shotyk et al., 1998; Tolonen, 1984; Weiss et al.,
2002a). Such high ash contents combined with the fact the Hani
peatland is Carex-dominated, generally indicative of mineral-rich
conditions, are usually typical of a minerotrophic nature. How-
ever, given the relative close proximity of some of the largest
global dust sources, peatlands of the region receive greater dust
deposition which, therefore, results in greater ash contents (Ferrat
et al., 2012b; Pratte et al., 2018). Pore-water electrical conductivity
in the section of the peatland where the cores were collected is
low (45-93 uS), suggesting very limited dissolved materials,

-
O
o
(2]
s
T
B
o
1S
=
x
=
=
=
[2]
3
o
6
5
S 4
& 3
) 2
w1
0
-1 —
€
3
c 3
T o
T N
O ®
= c
©
g S
o
o
=)
w
=
>
w
(2]
2
£
Q
S
[
S
©
[
]
c
o
B
©
T 4

T T 7717 7 1T 7T 7T ™1
0 2 4 6 8 10 12 14
kyr cal BP

Figure 6. (a) Factor score (FS) of PCI| on Hani-3 core, (b) dust
flux based on XREE (brown) and Ti (blue), (c) factor score of PC2
on Hani-3, (d) median grain-size, (e) Eu/Eu* anomaly normalized to
the Post-Archean Australian Shale (Eu/Eupasg), (f) (La/Yb)pans ratio
in the mineral fraction of the Hani peat record and (g) fraction of
locally-derived particles based on Eu/Eu*.

while the pH (4.2-5.1) and C/N ratios (18-29) are indicative of
mesotrophic to oligotrophic conditions (Schroder et al., 2007).
Calcium and strontium concentrations have been extensively
been used as trophic indicators in peat (Shotyk, 1997; Steinmann
and Shotyk, 1997). Ca and Sr concentrations display a slight
increase with depth, which could indicate vertical migration fol-
lowing mineral dissolution. However, values increase less than
twofold from 0.27 = 0.08% and 45.9 = 15.3 ng g*! for Ca and Sr,
respectively, between 25 and 650 cm to 0.57 = 0.23% and 87.9 =
27.9 pug g below 650 cm, which is far lower than the 3- to 16-fold
increase observed in some minerotrophic peatlands (Pratte et al.,
2017; Steinmann and Shotyk, 1997). Taken together, this evidence
suggests that mineral dissolution and element remobilization is
limited in Hani peatland and hence it can be used as a geochemical
dust archive.

The PCAs were performed in order to identify chemical ele-
ments displaying similar behaviour and hence being controlled by
the same processes. The fact that when including the top 50 cm of
Hani-1 core, Ca-AR, Sr-AR and Fe-AR load on a different com-
ponent (Figure 5; PC2) suggests that they are partially affected by
diagenetic processes, such as changes in redox conditions and
vertical migration (Steinmann and Shotyk, 1997). However, for
the second PCA analysis on Hani-1 and the one on Hani-3, other
elements load on the same PC, namely, Na, Ti, Zr and Mg ARs in
Hani-1 and Ti, Na, Zr, Eu and Ba ARs on Hani-3. This is indica-
tive that other processes are affecting the geochemical record of
these elements, including Ca and Sr. Local rocks and deposits are
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Figure 7. (a) La-Th-Sc and (b) Zr-Th-Sc ternary diagrams based on data from the Hani-3 core. Potential source areas: deserts (squares):
Taklamakan (Jiang and Yang, 2019), Qaidam (Zhang et al., 2018), Badain Jaran (Zhang et al., 2018), Gurbantunggut (Zhang et al.,2018) and
Ordos (i.e. Mu Us and Hobg; Rao et al., 201 |; Zhang et al., 2018); dune fields (triangles): Ongin Daga (Xie et al.,2019; Zhang et al.,2018),
Hulun Buir, Horqin and Songnen (Xie et al., 2017); Chinese Loess Plateau (Ferrat et al.,, 201 I); Harbin Loess (Xie et al.,2017) and dust storm
(Xie and Chi, 2016).The green area represents the fine fraction of Chinese Deserts, dune fields and loess (Hao et al.,2010; Zhang et al.,2018).
Local soils and scoria samples are from this study. Composition of the PAAS and UCC are from Taylor and McLennan (1985); LGVF basalts

from Chen et al. (2007).

of volcanic origin and rich in plagioclase feldspars (enriched in
Na (albite) and Ca (anorthite) and Eu) and contain pyroxenes
(such as Ti-rich augite) and olivine (rich in Mg). Zircons, heavy
minerals, are the main host of Zr in soils and its derived products
(i.e. atmospheric dust), are found in coarser particles, and there-
fore generally settle closer to the source area (Martinez Cortizas
et al., 2002; Schuetz, 1989; Taboada et al., 2006). Thus, changes
in PC2 of Hani-3 (and PC1 of the second PCA on Hani-1) are
considered to be indicative of inputs from locally derived parti-
cles (Figure 6¢). REE along with other lithogenic elements (Y, Al,
Sc, Th, Rb) load on a different PC, namely, PC1, and this means
that they are controlled by a different process. The immobility of
REE in peat deposits is now well established (Aubert et al., 2006;
Krachler et al., 2003; Kylander et al., 2007, 2013; Pratte et al.,
2017; Vanneste et al., 2016). Numerous studies suggest that for
the most part, REEs are found in the finer fractions (Gaiero et al.,
2004; Gallet et al., 1996, 1998; Weber et al., 1998). The same
feature was observed for Th in atmospheric dust, which is
enriched in the clay-sized particles (Castillo et al., 2008; McGee
etal., 2016; Muhs et al., 2007). This PC is interpreted to represent
longer-range atmospheric mineral dust inputs.

Preliminary source assessment

Incompatible elements such as La, Th, Sc and Zr can be useful
tracers for source identification. These can be used to differentiate
between sources of felsic (high in La and Th) and mafic (high in
Sc) compositions (Olivarez et al., 1991; Taylor and McLennan,
1985). A ternary diagram (Figure 7a) of La, Th and Sc composi-
tion of Hani samples reflect a mixing between local mafic sources
and allochthonous felsic sources. Based on their close similarity
to Hani samples, Chinese deserts and dune fields are considered
as a general allochthonous source. However, the specific source
cannot be distinguished, which is to be expected given that they

are derived from well mixed upper continental crustal materials.
This is further evidenced by the mineralogical composition dis-
playing significant amounts of quartz and K-feldspars pointing to
a felsic source (Table 2). These minerals tend to be enriched in the
coarser fraction (>2 um) of dust and loess deposits (Ferrat et al.,
2011; Gallet et al., 1996). Although, quartz are generally found in
the sand fraction, various processes such as particle impact and
salt weathering can produce silt/clay-sized quartz particles
(Crouvi et al., 2010; Goudie et al., 1979; Smith et al., 2002). The
grain-size distributions in the Hani peat record (average median
gain size: 10.5 = 1.9 pm) are similar to those of modern dust-fall
samples collected near Hani peatland (mean grain size: 12—-17
um; Figure 4-1; Li et al., 2017), dust events in the Longgang area
in 2002 (median grain size: 6.8 um; Figure 4-2; Chu et al., 2009)
and Harbin City in 2011 (mean grain-size: 12.1 um; Xie and Chi,
2016) as well as sediments from lake Sihailongwan (Figure 4-3;
Chu et al., 2009). While the use of grain size alone to decipher the
source of mineral particles is limited by several factors (method-
ological, similar distribution produced by different processes), it
provides further indications for a mainly allochthonous origin of
the mineral particles when combined with geochemistry and min-
eralogy. Additional evidence that the mineral particles deposited
in Hani are from far-travelled desert dust is provided by the rela-
tive abundance of Zr-Sc-Th (Figure 7b). The composition of Hani
samples is close to the compositional field of the fine fraction (<5
um) of deserts, dune fields and loess of China. Concentrations of
Zr vary with particle size, that is, finer fractions of dust have
lower contents than do coarser ones (Schuetz, 1989).

The La-Th-Sc ternary diagram also shows that some samples
display a more mafic composition closer to local soils, scoria and
basalts (Figure 7a). This suggests that local source(s) also contribute
to the mineral input to Hani peatland. This is further supported by
the occurrence of positive peaks in Eu anomaly and the record of
PC2 (Figure 6¢ and e). Alkali and plagioclase feldspars typically
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have higher Eu contents but lower REE concentrations (Taylor and
McLennan, 1985). The peak in Eu anomaly around 1700 yr cal. BP
is the most positive (1.68) and displays the highest content in plagio-
clase feldspars of the record (Table 2). Although top-soils of the
region have encompassed important quantities of material from dis-
tal dust deposition (Zhao et al., 1997), they inherited the REE signa-
ture of the local basaltic rocks and typically show positive Eu
anomalies (normalized to Post-Archean Australian Shales (PAAS):
Euw/Eu*p,,s = 1.29-1.56; this study and Schettler et al., 2006a).
Scoria fall and tephra deposits, displaying positive Eu anomalies,
are also present in the vicinity of the Hani peatland and likely con-
tributed to the mineral supply (Liu et al., 2009). Samples older than
9.5 kyr displaying a positive Eu anomaly generally also show a
HREE enrichment ((La/Yb)p, 55; Figure 6f) and are often character-
ized by grain-size distributions displaying a mode in the >100 pm
fraction (Cluster 3; Figure 4c). Particles larger than 100 um are
rarely transported by suspension especially over distances such as
those necessary (>600 m) to reach the core locations and given the
heterogeneity and irregularity of the peatland vegetation. Such par-
ticles are generally transported by saltation and runoff (Tsoar and
Pye, 1987). This is evidenced by the finer main mode and less fre-
quent coarse particles of our core when compared with another core
collected at the margin of the Hani peatland (Li et al., 2017). All
these evidence points towards more frequent influxes of locally
derived minerals during the late Pleistocene and early Holocene.

A binary mixing equation, using an average Eu anomaly from
local volcanic sources (Eu/Eu* = 1.93) and from the <75 pm
fraction of deserts and dune fields (Ew/Eu* = 0.89), was used to
obtain a first estimate of local source contribution to the Hani dust
record (Figure 6 g). Local sources account for less than 10% of
the mineral input in most of the record, apart for a peak around 1.7
kyr cal. BP (66%) and between 9.7 and 10.7 kyr (11-36%) and
12.8-13.5 kyr cal. BP (10-52%). A more extensive investigation
of the sources using other REE ratios and more particularly stable
isotopes (Nd, Sr, Pb) would be needed to discriminate more pre-
cisely between local and allochthonous sources, but more impor-
tantly those allochthonous between themselves, that is, the
different deserts and dune fields.

Palaeoclimatic implications

Comparison with other climatic records in northern and NE China.
As the mineral particles deposited in Hani peatland are mainly
of allochthonous origin and derived from the deserts and dune
fields of northern China (Figure 7), the Hani record is compared
with climatic records from these regions. Dust mobilization and
transport is in general directly proportional to wind velocity and
the ratio of precipitation/potential evapotranspiration or aridity
(impacting on soil moisture and vegetation cover) in the source
region (Lancaster, 1988; Tsoar and Pye, 1987), hence our record is
compared with records of acolian intensity and moisture/aridity.

Comparison with records of aeolian activity. The Hani profile is
compared with various aeolian records from northern and NE
China, including lake records from arid/semi-arid China and
downwind of dust source areas, late Pleistocene and Holocene
loess and dune sand/palacosol records in dust source regions.
Most of these records are consistent with ours, displaying greater
aeolian activity during the late Pleistocene and late Holocene than
during the early and especially the middle Holocene.

Dust deposition during the late Pleistocene is relatively high
compared with the early and middle Holocene (Figure 8m), a fea-
ture also found in the maar lake Sihailongwan, a geochemical
record of the input of allochthonous siliciclastic material, located
12 km to the north-east of Hani (Figure 8k; Schettler et al., 2006a).
A clear peak in dust ARs (12.2-11.8 kyr cal. BP), displaying an
allochthonous felsic composition, is observed during the Younger
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Figure 8. (a) Diatom-based EAWM index from Wang et al. (2012);
(b) pollen-based EASM index from monsoonal eastern China
(Wang et al., 2010); (c) strength of the Westerlies represented by
the winter insolation gradient between 35°N and 55°N (Chen

et al.,, 2016); (d) moisture index synthesized from pollen-based
records in eastern Inner Mongolia (orange line) and arid/semi-arid
China (black line; Zhao et al., 2009); (e) lake level of Lake Dali,
Inner Mongolia (Goldsmith et al., 2017); (f) pollen-based annual
precipitation (P,) reconstruction from lake Hulun, Inner Mongolia
(Wen et al., 2010); (g) percentage of tree pollens from lakes Dahai,
Inner Mongolia (black line; Xiao et al., 2004) and Qinghai, Tibetan
Plateau (dashed green line; (Shen et al., 2005); (h) pollen-based
annual precipitation reconstruction from lake Sihailongwan (Stebich
et al.,, 2015); (i) aeolian activity index from lake Xiarinur (Xu et al.,
2018); (j) probability density of aeolian sand dates on the Chinese
Loess Plateau (Wang et al., 2014); (k) siliclastic influx (F-Al,O;) to
lake Sihailongwan, NE China (Schettler et al., 2006a); (I) grain-

size component (<37 pm) in Gushantun (green curve) peatland
(Li et al.,2017);and (m) Hani peatland non-local dust flux from
allochthonous sources (this study).

LH: late Holocene; MH: middle Holocene; EH: early Holocene;YD:
Younger Dryas.

Dryas (YD; Figure 8m). This increase in dust deposition is also
present in the Sihailongwan maar record. While late-Pleistocene
records of acolian activity other than loess are limited, intensified
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aeolian activity, based on grain-size fractions, was recorded in
lake sediments of arid Central Asia and Lake Qinghai during the
YD (An et al.,, 2011, 2012). Enhanced aeolian activity was also
inferred from dune records along the southern margin of the Chi-
nese desert of northern China during late Pleistocene and the YD
(Lu et al., 2013; Stauch, 2019).

Terrestrial records (lakes and peatlands) of aeolian activity
from potential dust source regions and downwind areas display a
similar pattern as Hani dust deposition during the Holocene (Fig-
ure 8i—k). The aeolian records of lake Xiarinur (Figure 8i; propor-
tion of 15-63 and >150 pum fractions; Xu et al., 2018), in the
Ongin Daga dune fields, and lake Tuolekule (mean and >63 pm
fraction; An et al., 2011), in NW China, based on the particle
grain size, both show that aeolian activity was relatively low in
the early Holocene, reached a minimum in the middle Holocene,
and increased after 6.0 kyr cal. BP. Downwind of the dust source
regions, a peat bog record of mineral dust deposition, based on
REE and Pb isotopic composition, also supports an increase in
aeolian activity during the late Holocene on the eastern Qinghai-
Tibetan Plateau (Ferrat et al., 2012a, 2012b). In NE China, lake
Sihailongwan shows a gradually decreasing trend in aeolian dust
deposition from the early to the middle Holocene (Figure 8k;
Schettler et al., 2006a, 2006b; Zhu et al., 2013), while a minima
in aeolian activity is suggested during the middle Holocene when
compared with the late Holocene by the aeolian dust fraction
(<37 um; Figure 81) in Gushantun peat record (Li et al., 2017)
and an aeolian quartz flux reconstruction on Cheju Island, in
South Korea (Lim et al., 2015).

Records of aeolian sands, implying sand mobility (i.e. increased
aeolian activity or dune expansion/build-up), and palaeosols, indi-
cating lower aeolian activity and increased vegetation cover, from
dune fields have been extensively studied in the Chinese drylands
(Li et al., 2002; Lu et al., 2013; Mason et al., 2009; Sun et al.,
2006). A compilation of OSL ages of acolian sands/palacosols in
over 150 profiles covering the entire Asian dust source regions
(see deserts and dune fields in Figure 1a) consistently suggests
increased aeolian activity (more ages from aeolian sands) during
the late Holocene (last 5 kyr) compared with the early and middle
Holocene (more ages from palacosols; 5—12 kyr; Xu et al., 2018
and references therein). This feature is also apparent across loess/
palaeosols records from the Chinese Loess Plateau, where the
highest numbers of OSL ages from acolian sands were related to
the period after 3.4 kyr (Figure 8j), indicating increased aeolian
activity in Chinese dust source regions (Porter, 2001; Wang et al.,
2014). This is also consistent with a southward migration of the
boundary of the deserts and dune fields of China from the middle
to the late Holocene (Lu et al., 2013).

Comparison with records of humidity/aridity. The Hani dust record
generally displays higher dust deposition during drier periods
reconstructed in terrestrial records from northern and NE China
(Figure 8d-h). Several climatic records (temperature and humid-
ity/precipitations) reconstruct drier or colder conditions during
the YD in northern and NE China (Fan et al., 2018; Goldsmith
et al., 2017; Stebich et al., 2009; Wang et al., 1994; Wu et al.,
2016; Zheng et al., 2017). A reconstruction of effective moisture
across the Chinese drylands, combining aeolian sand sequences
and vegetation reconstructions, suggests a more arid climate dur-
ing the late Pleistocene followed by gradually more humid condi-
tions throughout the early Holocene (Li et al., 2014).

Various records across the Chinese dust source regions sug-
gest the climate was relatively humid during the early Holocene
with a trend towards even more humid conditions into the middle
Holocene which became significantly drier during the late Holo-
cene (Chen et al., 2015; Goldsmith et al., 2017; Shen et al., 2005;
Wen et al., 2010; Xiao et al., 2004; Xu et al., 2018; Zhao et al.,
2009). These records include (1) a moisture index synthesized

from fossil-pollen records (30) across arid and semi-arid China
(Figure 8d; Zhao et al., 2009); (2) a lake-level reconstruction from
the closed lake Dali in Inner Mongolia (Figure 8e; Goldsmith
et al., 2017); (3) a pollen-based reconstruction of annual precipi-
tations from lake Hulun, NE China (Figure 8f; Wen et al., 2010).
However, some records from NE China suggest that conditions
were drier during the early Holocene than the late Holocene
(Chen et al., 2008, 2019; Stebich et al., 2015; Zheng et al., 2018)
more in agreement with observations in arid Central Asia (Chen
et al., 2016; Wang and Feng, 2013). Nevertheless, the same pat-
tern of increasing humidity towards the middle Holocene and dry-
ing during the late Holocene is present in many of these records
(Figure 8h). All these evidence consistently support that the cli-
mate gradually got more humid from the early to the middle
Holocene and subsequently became drier over the late Holocene
across the Chinese dust source regions.

Over the last 6.0 kyr cal. BP, three peaks in dust deposition
centred around 5.0, 1.5 and 0.5 kyr cal. BP are found in the Hani
record (Figure 8m). While, the earlier peak is not as ubiquitous as
those discussed above, a number of records, mostly in the eastern
part of the Chinese dust areas, suggest a shift in climate. The OSL
dating of sand/palacosol profiles from deserts of northern China
(Mu Us, Hobq, Horqin and Hulun Buir) displays a transition from
palaeosol to aeolian sands between 5.7 and 4.4 kyr BP, suggesting
a rapid drying (Li et al., 2007). In addition, lake-level and lacus-
trine pollen records display a decline in precipitation at 5.3—4.5
kyr cal. BP in Inner Mongolia (Figure 8d-f; Goldsmith et al.,
2017; Wen et al., 2010). The two following peaks broadly fit in
the general late Holocene decrease in effective moisture that is
consistently reported across arid and semi-arid China (Shen et al.,
2005; Wen et al., 2010; Xiao et al., 2004; Xu et al., 2018).

To summarize, a large proportion of the records located in the
Chinese dust areas, their downwind regions and NE China are
consistent with the Hani peatland dust deposition record indicat-
ing drier conditions and high aeolian activity during the late Holo-
cene, which suggests a relationship between aeolian activity,
aridity/effective moisture and dust deposition in the region. How-
ever, discrepancies with some records in NE China and arid Cen-
tral Asia suggest some spatial heterogeneity.

Potential controlling factors. Asian dust emission and transport is
mainly controlled by the Westerlies and the EAWM through the
forcing of the SH (Sun et al., 2001). Modern dust storms in north-
ern China mainly occur in spring (March, April, May) during the
breakdown of the SH creating cold fronts (Roe, 2009). However,
the similarity between the different potential source areas (Figure 7a)
currently prevents the identification of a precise source and, by
extension, which system controls dust supply to Hani peatland.
Furthermore, comparing our dust deposition record with the dia-
tom-based index of the EAWM from Huguang Maar lake (Figure
8a; Wang et al., 2012), the late Holocene (middle Holocene) high
(low) dust flux occurs during a period of low (high) EAWM inten-
sity, which suggest that the Hani record is not the direct result of
the variations in EAWM.

The similarity of the Hani record with records of acolian activ-
ity and aridity/humidity from arid and semi-arid China (Figure 8),
along with the allochthonous felsic geochemical composition of
the mineral particles (Figure 7), implies that the dust supply to
Hani peatland is controlled by the climatic and environmental
changes occurring in the dust source regions of China. Changes in
aridity have widely been invoked to explain increased dust emis-
sions (Biscaye et al., 1997; Harrison et al., 2001; Rea and Leinen,
1988). Nevertheless, as discussed by Marx et al. (2018), major
dust sources, such as the deserts and dune fields across northern
China, are located in already arid environments, in which mois-
ture levels rarely inhibit dust emission. Other factors, such as veg-
etation cover, sediment recharge and wind intensity can play an
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important role on dust availability. However, some of these fac-
tors are partially controlled by moisture/precipitation levels such
as vegetation cover and sediment recharge.

Modern observations on dune mobility in northern dune fields
suggest that changes in wind strength (aeolian intensity) alone has
limited effect on the mobilization/stabilization of dunes and other
factors need to be involved (Mason et al., 2008). In arid and semi-
arid regions, vegetation is very sensitive to effective moisture (the
balance between precipitations and potential evapotranspiration;
Liu et al., 2005). The relationship is evidenced by a similar trend of
the vegetation cover reconstruction with those of humidity/aridity.
Deserts and dune field areas were reduced during the middle Holo-
cene (Dallmeyer et al., 2015; Lu et al., 2013), the eastern dune
fields (Mu Us, Onqin Daga, Hulun Buir and Horqin) being nearly
entirely covered by vegetation (Lu et al., 2013; Yang et al., 2013).

The palaeoclimatic and palacoenvironmental changes observed
in the dust source regions of China are consistent with the Holo-
cene variability of the EASM and suggest that precipitations in
arid and semi-arid China was controlled by this mechanism (Wang
et al., 2010). Most of the deserts and dune fields are located in the
marginal zone of the EASM where it plays a significant role in the
hydrological balance and effective moisture, especially in the east-
ern dune field regions (Lu et al., 2005; Winkler and Wang, 1993).
The EASM records from northern China monsoon frontal area,
including a EASM index from a meta-analysis of moisture/tem-
perature records (92) across monsoonal China (Figure 8b; Wang
et al., 2010), tree pollen from Dahai and Qinghai lakes (Figure 8g;
Shen et al., 2005; Xiao et al., 2004), reconstructed precipitations
from Lake Gonghai (Chen et al., 2015), lake levels from lake Dali
(Figure 8e; Goldsmith et al., 2017) consistently suggest that the
strength of the EASM gradually increased during early Holocene,
reaching its maximum intensity and northward extent during the
middle Holocene (6-7 kyr cal. BP) and subsequently gradually
decreased from 4-6 kyr cal. BP with a southward retreat (Dong
et al., 2018; Wang et al., 2010, 2014).

The entire desert belt experienced wetter conditions between 8
and 4 kyr depending on the regions (Yang et al., 2011). It is rea-
sonable to think that an enhanced intensity and a further northern
limit of the EASM during the middle Holocene could have
resulted in a sediment recharge along the margin of the Chinese
drylands affected by the EASM. The subsequent weakening of the
EASM and corresponding increased aridity during the late Holo-
cene would result in greater sediment availability and potentially
greater atmospheric dust loads.

The case of the YD is of particular interest. While a dust peak
is observed in the Hani record, it is not as prominent as those
observed during the late Holocene and its time span is short lived
(11.8-12.2 kyr cal. BP; Figure 8m). The EASM records consis-
tently display a weakening during the YD (An et al., 2012; Chen
et al., 2015; Dykoski et al., 2005). Assuming that the relationship
between the Hani dust record and the climatic/environmental
changes in the Chinese dust source regions still holds for the YD,
this would suggest that the region was also drier during the YD.
However, there are discrepancies among the humidity/precipita-
tion records during the YD (Goldsmith et al., 2017; Liet al., 2017;
Schettler et al., 2006b; Stebich et al., 2015; Zhou et al., 2010), so
it still unclear what controlled humidity during this period. Some
of the discrepancies might be ascribed to the fact that some of
these records are based on single proxies which encompass cli-
matic signal differently from one to another. The lower dust flux
might partially be explained by the presence of permafrost in
some regions and longer frost seasons, inhibiting dust entrain-
ment (Jin et al., 2000; Parplies et al., 2008).

To summarize, dust deposition in Hani display a close resem-
blance to the aridity/humidity and aeolian intensity records from
the Chinese dust source regions and their downwind areas. An
inverse relationship is observed where minima (maxima) in dust

deposition correspond to maxima (minima) in effective moisture/
precipitations and vegetation cover in the various proxy records.
The similarity of this pattern with the known Holocene variability
of the EASM suggests that climatic changes in the Chinese dry-
lands are controlled by this mechanism. Hence, the climatic con-
ditions created by the weakening of the EASM during the late
Holocene created conditions favourable for the mobilization of
dust by the EAWM or the Westerlies (Figure 8), which was depos-
ited in Hani peatland downwind.

Superimposed on these climatic mechanisms is the potential
influence of human activities, especially during the late Holocene.
There is increasing evidence of human occupation and activities in
Chinese drylands as early as around 7.0 kyr cal. BP, but more sig-
nificantly after 2.0 kyr cal. BP (Dodson et al., 2009; Schiiltz and
Lehmkuhl, 2009; Zhuo et al., 2013). Further research is needed to
assess the significance of anthropogenic activities on dust emis-
sions in northern China’s drylands since it is clear that this is a
factor that impacted the environment during the late Holocene
(Schiiltz and Lehmkuhl, 2009; Zhu et al., 1989; Zhuo et al., 2013).

Conclusion

Elemental concentrations, combined with mineralogy and particle
grain size, in a 9.3 m long peat section from the Hani peatland,
from the Changbai Mountains (NE China), allowed for the recon-
struction of variations in dust deposition over the late Pleistocene
and the Holocene. The dust record displays a sharp increase in
dust deposition during the late Holocene in comparison to the rest
of the Holocene, in line with climatic records from the Chinese
dust source regions and their downwind areas, which generally
record increased aridity and aeolian activity during the same
period. These changes in the dust source regions are likely to have
been modulated by the variations in the EASM, which is the prin-
cipal mechanism controlling climate in the region. Combined
together, these changes promoted a remobilization of dust sources
increasing the amount of material available for transport by the
EAWM and the Westerlies. Human activities might also have
played a role in the increased dust emissions during the late Holo-
cene, but further research is needed to assess the extent of those
impacts at a regional level.
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