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• Volcanic bedrock-peat interaction is a
main driver of enhanced trophy.

• Northern Chinese deserts and Gobi are
main REE providers of natural origin.

• Industrial impact is signed by a decrease
in 206Pb/207Pb, ˸εNd and Gd enrichment.

• Anthropogenic particles have been de-
tected since 1960s.
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Geochemical shifts triggered by surface runoff and atmospheric fallout in a Chinese peatland were investigated
by using Pb, Sr, and Nd, REE and by SEMmineralogical analysis. Motianling peatland (Northeast China) is located
at 1670m a.s.l., near the China–Mongolia border. Based on division of profile into two phases of different trophy,
the total∑REE value determined for the minerotrophic part of the profile (from 62 to 46 cm) varied from 67 to
31mg·kg−1 andmineralogical analysis revealed the occurrence ofweathered volcanic rocks, supported by a high
εNd value (−3.26). After the transition from minerotrophic to more ombrotrophic conditions, the peatland be-
came independent of the local bedrock weathering, which was manifested by a much lower concentration of
REE (7–20 mg·kg−1) and lower εNd values (−7.37;−8.11). Moreover, PAAS-normalized pattern of REE distri-
bution in the bottom part revealed the highest Eu/Eu* value (1.24), as well as a slight enrichment in Eu. The an-
thropogenic effect was visible from 1964, during which period the spheroidal aluminosilicate particles (SAP),
produced by coal-fired power-plant activity, appeared for the first time, followed by an abrupt decrease in
206Pb/207Pb isotopic signature to 1.167. The dimensions of SAP (~1.5 μm), as well as the time of first appearance,
indicated long-range transport. The REE ratios obtained in this study are characteristic of the eolian deposition
signature, which is like the Gobi and northern Chinese deserts. The anthropogenic activity was manifested by a
slight enrichment in Gd during reduced delivery of natural dust. Both, North Chinese and Asian part of the
Russian industry supply anthropogenic dust. Topography, wind direction, and patterns of precipitation, as well
as the initial phases of Asian industrial development, are the most important drivers promoting the deposition
of chemical elements.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Arid areas in Central Asia are important sources of dust throughout
the world. They contribute to the regional and local soils of China (Sun
et al., 2001) and other Asian countries (Miyazaki et al., 2016). The signa-
ture of the arid areas has also been evidenced in Greenland (Biscaye
et al., 1997; Bory et al., 2003, 2014), North America (McKendry et al.,
2007; Sassen, 2002; DeBell et al., 2004; Zdanowicz et al., 2006), and
Europe (Grousset et al., 2003). Asia adds dust from industrial sources,
e.g., fossil fuels combustion and ore exploitation and processing, with
distinguishable centers in Russia (Purvis et al., 2004; Nikitina and
Kotov, 1999) and China (Kurokawa et al., 2013; Van Der et al., 2017;
Wan et al., 2020). The Chinese anthropogenic signature was detected
in Japan (Mukai et al., 1994) and the North Pacific (Gallon et al.,
2011), while the Russian one in Nordic countries (Nikitina and Kotov,
1999). Complex wind circulation is critical in assessing the source
of aerosols in central Asia (Wang et al., 2011; Wang et al., 2015;
Herzschuh et al., 2019). Still, the highest amount of dust is carried
by westerlies or winter monsoon, characterized by higher wind
speed compared to summer monsoon, whose influence on dust de-
position seems insignificant (Lee and Sohn, 2009; Lee and Kim,
2012; Zhang et al., 2021). Moreover, the distance from dust sources
to areas of deposition, which decreased exponentially, are an im-
portant factor affecting the final signature of dust (Nakano et al.,
2004).

The anthropogenic and natural, local, and distant dust emitters can
be evaluated by a broad set of methods, from conventional like
macroelement analysis and corresponding enrichment factors (Shotyk
et al., 2002; Kylander et al., 2006) tomore sophisticated like isotopic sys-
tems. Lead, Sr, and Nd radiogenic isotopes are considered as powerful
tools to reconstruct the provenance of long-range transported dust de-
posited in environmental archives (e.g., Grousset and Biscaye, 2005;
Kamenov et al., 2009; Cheng and Hu, 2010; Le Roux et al., 2012; Fagel
et al., 2014). The immobility and utility of these systems are well
established. Among the radiogenic isotopes, lead isotopes arewidely uti-
lized to distinguish natural (Shotyk et al., 1998a, 1998b; Bollhöfer and
Rosman, 2001; Schleicher et al., 2020) and anthropogenic sources of
dust (Mukai et al., 1993, 1994, 2001; Erel et al., 1997; Shotyk et al.,
1997; Shotyk et al., 1998a, 1998b; Kylander et al., 2006; Geagea et al.,
2007, 2008; De Vleeschouwer et al., 2009; Fiałkiewicz-Kozieł et al.,
2018; Fiałkiewicz-Kozieł et al., 2020). 87Sr and 86Sr as well 143Nd/144Nd
are mainly used to track natural processes like the arid areas dust emis-
sion and deposition (Biscaye et al., 1997; Nakano et al., 2004, 2005;
Grousset and Biscaye, 2005; Sapkota, 2006). Nd isotope studies have re-
ported Sahara as the dominant source of natural dust for Western
Europe (Le Roux et al., 2012; Fagel et al., 2014). Recently, an increasing
role of Sr and Nd isotopes in determining anthropogenic impact is ob-
served. Kamenov et al. (2009) determined 87Sr/86Sr and 143Nd/144Nd
to assess the impact of anthropogenic activity in salt marsh and ob-
served that the radiogenity of the systemdecreased due to some anthro-
pogenic activities. Geagea et al. (2007, 2008) established Sr and Nd
isotopic signatures of atmospheric aerosols of anthropogenic origin in
France. Li et al. (2009) used Nd and Sr to establish the natural and an-
thropogenic sources of East Asian dust. Similarly, in their study on a Si-
berian peatland, Fiałkiewicz-Kozieł et al. (2016) noted that after 1950
the radiogenity of Nd and Sr isotopes decreased probably due to
human activity.

Rare earth elements (REE) are conservative lithogenic elements
used to track the provenance of natural sources (e.g., Kylander et al.,
2007; Shotyk et al., 2002; Ferrat et al., 2012b; Le Roux et al., 2012;
Fagel et al., 2014; Vanneste et al., 2016; Pratte et al., 2017; Pratte et al.,
2020). Recent studies showed the influence of industrial activity linked
with coal combustion on REE enrichment in an environmental record,
pointing out the utility of REE to trace anthropogenic sources, but only
in areas located in the vicinity of industrial centers (Fiałkiewicz-Kozieł
et al., 2020).
2

Peatlands are crucial archives of past environmental changes
(Shotyk, 1988; Bindler, 2006) and have been broadly used to assess
local, regional and global patterns of naturally or anthropogenically in-
duced dust deposition (Kylander et al., 2006). Many studies were car-
ried out for tracing dust sources and transport patterns in China
(Biscaye et al., 1997; Sun et al., 2001; Grousset and Biscaye, 2005;
Chen et al., 2007), but only a few focused on peatlands (Bao et al.,
2012; Ferrat et al., 2012a, 2012b; Bao et al., 2019; Cong et al., 2019;
Pratte et al., 2020).

The Motianling peatland is in the most northern part of China that
belongs to a moderate, cold climate with the domination of westerlies.
The pattern of elements deposition is expected to be different compar-
ing with eastern or southern regions of China. Many orographic barriers
(e.g., Tian Shan and Altai range) effectively block the long-range
transport fromKazakhstan or thewestern part of Russia to the peatland.
On the other hand, industrial centers located near the China–Mongolia-
Russia border may contribute to deposition of substantial amounts of
trace elements.

Herein this study, we analyzed Motianling, a mountain peatland lo-
cated in Aershan in Great Hinggan Mountains, Northeast (NE) China.
This peatland has a well-established trophy status and was previously
studied to assess the levels of Pb and Hg pollution and dust deposition
(Bao et al., 2010, 2015; Pratte et al., 2018). The influence of dust epi-
sodes onMotianlingwas reported earlier, usingmacroelements concen-
tration (Bao et al., 2012). While Al, Ca, Fe, Mn, V and Ti are good
indicators of enhanced dust delivery, we broadened the set of ana-
lytical methods and used REE, Sr, Nd, and Pb isotopes, and per-
formed a detailed mineralogical analysis to understand the
geochemical development of the peatland and to distinguish the
sources of dust in mountain areas of NE China. We hypothesized
that Motianling, as a mountain peatland, nowadays fed mainly by
atmospheric sources, located on northern slope of mountain,
what successfully isolates from the major southern and eastern
Chinese industrial centers, serves as an exceptional model to inves-
tigate long-range transport and assess global aerosol input before
the great Chinese economic boost.

This study aimed to trace the geochemical evolution of peat, charac-
terized by a significant shift from minerotrophic conditions to more
ombrotrophic ones. We assessed the patterns of distribution of REE ele-
ments and the Nd and Sr isotopic composition of the peat and distin-
guished the possible sources of deposited dust by using the REE,
mineralogical, and isotopic signatures.

2. Study site and methods

2.1. Study site

Motianling (also known as Gaoshan) is the highest peak (1712ma.s.l.)
in the volcanic AershanMountains (46°39′–47°39′N, 119°28′–121°23′ E).
It is located on thewestern side of themiddle section of theGreat Hinggan
Mountains, near the boundary between China and Mongolia (Fig. 1). The
peak formed during the Holocene period and belongs to Stromboli
eruption type. The last eruption was in 1990 ± 100 BP. The local geology
is dominated byHolocene andPleistocene alkali-olivine basaltic and scoria
cover over Jurassic volcanic-plutonic rocks. The Mesozoic basement faults
formed northeastern-trending fragile fracture zones, that controlled the
eruption and distribution of volcanoes and ultimately affected the
distribution and morphology of surface volcanic cones (Bai et al., 2005).
In May 2017, UNESCO approved Aershan National Geopark as be a world
geological park. The geomorphology of the Aershan area is mainly
characterized by volcanic cones, lava flows, lava platforms, crater- and
volcanic barrier lakes, and hundreds of volcanic hills.

The arid and semiarid areas (35°–50° N and 75°–125° E) in North
China make up 30% of the Chinese land and have mean annual precipi-
tation of less than 400 mm. Motianling is located at the transition zone
between the semiarid and subhumid areas and is affected by mineral



Fig. 1.Map of study site in the global context of Asian industrial development and geographical drivers of dust deposition. Power plants in China and Russiawere taken fromGlobal power
plants database (2018).
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particles carried by the Westerly jet from deserts and drylands (Fig. 1).
A cold-temperate climate zonewith a terrestrial monsoon dominates in
the region, with a mean annual temperature of −2.7 °C and mean an-
nual precipitation of 391 mm (Bao et al., 2012). The major routes
through which cold air comes from Siberia in the north to China are
the northwestern, northern, and northeastern tracks (Fig. 1). The north-
western cold air intrusion is also an important carrier of eolian dust
originating from eastern Mongolia, and the areas affected by this dust
storm-inducing system could span eastern Mongolia, Northeast (NE)
China, Korea, and Japan (Liu et al., 2003; Jeong et al., 2014).

The peatland analyzed in this study is situated on a north-facing
slope of Motianling Mountain. It has an area of approximately
0.50 km2, and is located at an elevation of about 1712 m a.s.l. The
peatland is underlain by the permafrost of the basalt weathering crust.
The top part of the peatland predominantly consists of mosses
(e.g., Sphagnum acutifolium and Sphagnum girgensohnii), ericaceous
shrubs (e.g., Ledum palustre var. angustum and Vaccinium uliginosum),
and a sparse pine cover (Pinus pumila) (Bao et al., 2012).

Peat profile from Motianling peatland (MP1) (47°22′13″ N, 120°39′
08″ E) was collected in October 2008. Large block (15 × 15 × 64 cm3)
was dug up and then sectioned at 1- or 2-cm intervals to avoid core dis-
ruption. All peat samples were stored in polyethylene bags until they
were subjected to laboratory analyses. The physical properties of the
samples were determined and are described elsewhere (Bao et al.,
2010). MP1 was characterized by well-defined minerotrophic peat
within a depth range of 46–62 cm, whereas the ash content and bulk
density systematically decreased toward the top of the profile thus hav-
ing more of an ombrotrophic status.

2.2. Chronology

The chronology was assessed using 210Pb and 137Cs according to Bao
et al. (2010). Briefly, approximately 1 cm (first 10 cm) and 2 cm-long
dry samples were measured for a total 210Pb, 226Ra, and 137Cs using a
low-background γ-ray spectrometer equipped with a high-pure Ge
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semiconductor (ORTEC Instruments Ltd., USA). The measurement was
performed at the State Key Laboratory of Lake Science and Environment,
Nanjing Institute of Geography and Limnology, Chinese Academy of Sci-
ences. The radioactivity levels of 210Pb were determined based on
gamma emissions at 46.5 keV, and that of 226Ra were determined with
295- and 352-keV γ-rays emitted by its daughter nuclide 214Pb after
3weeks of storage in sealed containers to allow radioactive equilibrium.
In the case of 137Cs, the radioactivity levels were measured with a 662-
keV photo peak. The absolute efficiency of the detectors was calibrated
using the standard sources and sediment samples of known activity
provided by the China Institute of Atomic Energy. Counting times of
137Cs and 210Pb were typically in the range of 50,000–86,000 s, which
ensured a measurement precision of between ca. ±5% and ± 10% at
95% confidence level. Supported 210Pb in each sample was assumed to
be in equilibrium within situ 226Ra, while the activity of unsupported
210Pb was determined from the difference between the total 210Pb and
supported 210Pb activity.

2.3. Pb and Pb stable isotopes

The Pb content of MP1 was determined by atomic emission spec-
troscopy with inductively coupled plasma (Shimadzu Corporation,
Japan) after digestion with an acid mixture (HNO3, HClO4, and HF),
and the data are reported elsewhere (Bao et al., 2010). The Pb isotopes
were measured by quadrupole inductively coupled plasma mass
spectrometry (Q-ICP-MS 7700×; Agilent Technologies, Santa Clara, CA,
USA), and the data are reported elsewhere (Bao et al., 2015).

2.4. REE and Sc

Peat samples were dried at 105 °C in a vacuum drier and burned at
550 °C overnight prior to acid digestion in Teflon Savillex® beakers
(UAM). First, the samples were treated with 65% HNO3 and 45% HF for
48 h at 130 °C and then slowly evaporated (55 °C) and treated with ox-
ygen peroxide to remove the organic matter. Finally, the samples were
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digested in concentratedHCl for 24 h at 90 °C, evaporated, and dissolved
in dilute HNO3. The total concentrations of Sc and REE were measured
by inductively coupled plasma mass spectrometry (UAM). NCS ZC
73018 (Citrus leaves) were used to validate measurements. Details are
provided in Suppl. 2. REE concentrations were normalized to post-
Archean Australian shale (PAAS; Taylor and McLennan, 1985) as de-
scribed by Kylander et al. (2007); Zhang et al. (2009); Ferrat et al.
(2011, 2012a, 2012b); Fagel et al. (2014); Pratte et al. (2017, 2020).

2.5. Analysis of Nd and Sr isotopes

To trace the sources of atmospheric dust, 143Nd/144Nd and 87Sr/86Sr
values were determined. Briefly, about 300 mg of peat powder was
burned at 550 °C overnight, and the ash obtained was dissolved on a
hot plate (~100 °C for 3 days) in closed perfluoroalkoxy vials using amix-
ture of concentrated hydrofluoric acid and nitric acid (4:1). Miniaturized
chromatographic techniques described by Pin et al. (1994) were utilized
for the separation of Nd and Sr, with some modifications in column size
and reagent concentrations according to Dopieralska (2003). Strontium
was loaded with a TaCl5 activator on a single Re filament, whereas Nd
was measured in a Re double-filament configuration. The instrumental
drift was controlled by the AMES standard and NBS 987. The εNd value
was calculated using the following standard formula: εNd sample =
(143Nd/144Nd sample− 0.512638 / 0.512638) ∗ 10000, where 0.512638
is the chondritic uniform reservoir. Isotopic ratiosweremeasured by ther-
mal ionization mass spectrometry (Finnigan MAT-261; UAM Poznań).

2.6. Mineralogy

Major crystalline inorganic phases in the peat samples were identi-
fied using X-ray powder diffraction (XRD). The samples were subjected
to thermal combustion at 495 °C to efficiently remove organic matter
(Sjöström et al., 2019). Additionally, high-ash samples were analyzed
without any pretreatment, and selected samples were combusted at
550 °C to identify clayminerals. Analyseswere performed at theUniver-
sity of Silesia using a PANalytical X'Pert PRO PW 3040/60 X-ray diffrac-
tometer equipped with an Ni-filtered Co Kα source radiation (λ =
1.789010 Å) and X'Celerator detector. The content of mineral phases
was determined using the Rietveld method. The variable degree of
structural order/disorder (illite) and differences in peak position and in-
tensity (chlorite) observed for clay minerals between row and ther-
mally treated samples made the results semiquantitative.

Individual dust particles were analyzed using scanning electron mi-
croscopy (SEM; University of Silesia). Briefly, a small portion of each
sample was mounted on an aluminum specimen stub and coated with
carbon before the examination. A backscattered electron detector of
SEM-FEI Quanta 250 coupled to an energy-dispersive X-ray analyzing
system was used at an accelerating voltage of 15 kV and a working dis-
tance of 10 mm.

3. Results

3.1. Chronology

The chronology data are provided elsewhere (Bao et al., 2010, 2012).
In this study, we briefly stated that the unsupported 210Pb activity expo-
nentially decreased with depth and became constant at depths ranging
from 58 to 64 cm, which is consistent with the equilibrium depth of
total 210Pb and supported 210Pb. According to the age-depth relation-
ships of peat cores derived based on the CRS model, the sediments in
the MP1 spanned a period of about 135 years.

3.2. Peat mineralogy

The results showed the presence of common rock-forming silicate
and aluminosilicates: quartz, feldspars (e.g., albite and microcline),
4

clay minerals (e.g., illite, chlorite), one mineral from the pyroxene
group (augite), and an amphibole (hornblende). In addition, a small
amount of hematite was identified in two bottom samples. The occur-
rence of ~12% of augite, with a decreasing content toward the top of
the peat profile, was used as a criterion to differentiate between the bot-
tom (46–64 cm) and high-ash (36–73%) minerotrophic peat and the
upper layers with a lower ash content (5.3–19%). Augite was found
below the detection limit, starting from 46 cm.

Clay minerals were present throughout the profile. Illite was found
to be themost abundant (up to 30%) in the bottom and uppermost sam-
ples, with a lower content (10–15%) at a depth interval of 25–46 cm. In
contrast to illite, which is thermally stable up to 550 °C (Sjöström et al.,
2019), chlorite, present in low amounts (1–4%), was confirmed by com-
paring the thermally pretreated samples with untreated ones. The 001
and 002 peaks of chlorite (Fe clinochlore and/or chamosite) occurred
at 14.05–14.25 Å and 7.06–7.10 Å, respectively, for untreated samples
and samples burnt at 495 °C. Further thermal treatment at 550 °C causes
a shift in the 001 peak to 13.86–13.98 Å and destruction of the 002 peak
(Suppl. 1), which is in accordance with a process observed for pure Mg
chamosite by Lempart et al. (2018). The occurrence of kaolinite, in a
meager amount, could not be excluded as the 001 peak of the mineral
that appeared at 7.18 Å also diminished due to thermal treatment. A
small peak at 8.40–8.42 Å, interpreted as 110 of hornblende, was seen
in all samples (Suppl. 1). Quartz and feldspars were the minerals pre-
dominantly found, which contributed equally to the crystalline part de-
termined by XRD.

SEM was utilized to determine the amorphous constituents,
weathering state of mineral particles, and mutual relations among the
inorganic particles. Firstly, no formation of secondary mineral phases
was observed in both the minerotrophic and ombrotrophic parts of
the profile. Secondly, the aluminosilicates showed no weathering fea-
tures characteristic of dissolution in a peat bog (Franzén, 2006). An ex-
ample of euhedral unweathered augite crystal aggregate is shown in
Fig. 2.

SEM analyses revealed the presence of two types of aluminosilicate
glass particles. Large volcanic glass shards (up to 200 μm) were ob-
served only in the high-ash part of the profile (Fig. 2). Anthropogenic
spheroidal aluminosilicate particles (SAP), in a small number per sam-
ple, were observed starting from 36 cm upward. These particles had a
much higher Al/Si ratio than the volcanic glass and were extremely
small, measuring between 0.3 and 4.8 μm, with a mean diameter of
1.5 μm (n = 45). Single porous and rounded but irregular aluminosili-
cate particles appeared in the uppermost part of the profile, which
were slightly larger than SAP (Fig. 2). Tar spherules with a diameter of
~10 μm were identified at a depth of 36–40 cm (Fig. 2).

Aggregates of clayminerals containing feldspars or quartz were also
observed, which are characteristic of the ombrotrophic part of the pro-
file. They were relatively large (20–60 μm) and irregular with rounded
edges. An example of an aggregate composed of clayminerals, feldspars,
TiO2 particles, and Fe(hydro)oxide is shown in Fig. 2.

3.3. REE patterns of distribution

The overall concentrations of REE and the normalized REE values are
reported in the supplementarymaterial (Suppl. 2). Like ash content, two
parts were established: one with an enhanced concentration from a
depth of 64 to 46 cm (1872–1946 CE) and one with a diminished con-
centration from 46 cm to upward (1954–2004 CE). Total REE concentra-
tions (∑REE) in the minerotrophic layer ranged between 31 and
67 mg·kg−1, with the highest concentrations found at 32–34 cm (1928
CE). The scandium content in theminerotrophic part of the profile varied
from1.85 to 4.95mg·kg−1, and the valueswere higher than those deter-
mined for the oligotrophic part of the profile (0.42–1.33 mg·kg−1).

Based on the PAAS-normalized REEpatterns (Fig. 3 and Suppl. 2), the
profile was divided into slightly LREE-enriched layers and HREE-
enriched layers. The two most bottom layers (62–64 cm, 1872 CE;



Fig. 2.Mineral composition of the peat core (XRD-analyzed samples are indicated in the darker colour shade); the source of the minerals (bedrock, desert, mixed) is specified. The XRD
mineral composition is accompanied by SEM images of particles representative of the peat. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

B. Fiałkiewicz-Kozieł, K. Bao and B. Smieja-Król Science of the Total Environment 807 (2022) 150481
62–60 cm, 1891 CE) showed higher HREE values, and layers dated from
the years 1928 to 1932 (50–54 cm) showed slightly lower LREE values
(Fig. 3). All the peat layers exhibited weak Eu enrichment, except for
samples dated 1977 (26–28 cm) and 1988 (14–16 cm), where PAAS-
normalized Gd value was higher than the Eu value. The topmost layer
(2004 CE) was characterized by higher∑REE compared to other layers
within the ombrotrophic part.

Dust flux (gm−2y−1) was calculated according to the formula: PAAS-
normalized∑REE x bulk density x peat accumulation rate (as described
in Shotyk, 2002; Pratte et al., 2017) separately for minerotrophic and
ombrotrophic parts of the profile (Fig. 4). It is important to note that
two samples within the depth of 40–44 cm (comp. Suppl. 2) were ex-
cluded from the final interpretation because the dust flux calculated for
this layer was unrealistically exaggerated compared to row concentra-
tions (Suppl. 2). The calculations were affected by a twofold increase in
bulk density, which might be probably due to internal processes (high
water level fluctuations) causing higher decomposition, resulting in
higher bulk density. It is proved elsewhere that peatland can restore
and, after excluding the disturbed peat parts, it is still possible to
make a complete interpretation (Fiałkiewicz-Kozieł et al., 2014,
2018; Milecka et al., 2017). In the minerotrophic part, dust flux
5

increased exponentially from 5.3 to 38,8 g·m−2·y−1 reaching the
maximum in 1928 CE, followed by an exponential decrease to
8.7 g·m−2·y−1. In turn, in the ombrotrophic part, the highest dust
flux was distinguished in 1960 CE (12.8 g·m−2·y−1), and from
1964 to 2004, there were smaller seasonal increases in the value.

3.4. Radiogenic isotope systems (Pb, Nd, and Sr)

From the Pb isotope ratios of all the investigated samples, regarding
the function of age and depth (Table 1 and Suppl. 1), we observed the
evolution from more radiogenic to less radiogenic signature of
206Pb/207Pb and from less radiogenic to more radiogenic signature of
208Pb/206Pb toward the top of the profile. In the minerotrophic part,
the isotopic signature of 206Pb/207Pb ranged between 1.1941 and
1.1854, while that of 208Pb/206Pb from 2.0783 to 2.0813. In the
ombrotrophic part, an exponential decrease in the signature of
206Pb/207Pb from 1.1868 to 1.1584 and an increase in the signature of
208Pb/206Pb from 2.0779 to 2.1156 were established.

Seven samples were measured for Nd and Sr isotopic differentiation
(Table 1). In the minerotrophic part, the 143Nd/144Nd signature ranged
from 0.512260 to 0.512471, εNd from −3.258 to −7.374, and
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87Sr/86Sr signature from 0.708880 to 0.710524. In the ombrotrophic
part, the 143Nd/144Nd signature varied from 0.512222 to 0.512369. A
shift in εNd from the value of −5.247 to −8.115 was observed, and
the values of 87Sr/86Sr signature ranged from 0.710428 to 0.710728.

4. Discussion

4.1. Bedrock–peat interaction as a driver of enhanced trophy

Motianling peatland lies on quaternary volcanic bedrock, which sig-
nificantly influenced the development and geochemical composition of
the bottom part of the peat confirmed by the occurrence of fresh tephra
shards together with augite and hematite due to the redeposition of
local volcanic ash (Fig. 2). It can be explained by the fact that during
the initial stages of peatland formation, water input andmineral matter
weremainly received from surface runoff and slopewash driven by sea-
sonal climatic variations (Bai et al., 2005; Bao et al., 2010, 2012) in addi-
tion to the atmospheric water and dust deposition.

The peatland is in the humid, cold climate zone, which allows the
stabilization of the bedrock by native vegetation, resulting in a gradual
reduction in local dust emission (Le Roux and Shotyk, 2006), promoting
the development of ombrotrophic peat. Based on geomorphology, ash,
and mineral content, the distinguished evolution of peatland toward
ombrotrophic status and hydrological isolation from surface water
runoff are confirmed by the lack of the volcanogenic constituents
(e.g., augite, hematite, and volcanic glass) in the ombrotrophic part of
the profile and by increasing content of particles originating from
deserts. From 46 cm upward, the deposit is exclusively fed by air-
deposited mineral matter.

In addition, it seems that postdepositional processes are insignificant
in the minerotrophic part, as primary aluminosilicate minerals were
found to dominate in the inorganic peat fraction, while no secondary
phases or dissolution features on mineral surfaces were observed.

In agreement with the steady-state mineralogy, the REE pattern ap-
pears to remain unaffected by the peatland conditions (e.g., redox po-
tential, pH) (Figs. 3 and 4). The calculated PAAS-normalized Ce values
(minerotrophic: 1.005–1.08; ombrotrophic: 0.947–1.000) were almost
uniform throughout the whole profile (Fig. 4 and Suppl. 2). It is
known that the valence of cerium might change from Ce3+ to Ce4+
Fig. 3. PAAS normalized pattern of REE distribution in selected peat layers referred to
minerotrophic and ombrotrophic part of profile.
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during the low-temperature oxidation process (Kylander et al., 2007;
Davranche et al., 2017), which possibly might induce mobilization in
peat. Different Eu and Ce distribution patterns and other individual
REE profiles due to oxidation were observed in a Swiss peatland
(Krachler et al., 2003). The comparable Ce values through the
Motianling profile indicate lack of the redox effect on the valence of Ce.

The two most bottom layers dated 1872 CE and 1890 are character-
ized by the lowest PAAS La/Yb ratio (0.7; Fig. 4), indicating the HREE en-
richment. Accordingly, the [Eu/Eu*] values (1.22–1.24) of the two
bottoms layers (Fig. 4), were distinctly higher compared to external
sources, including Chinese loess plateau (0.91–1.05), Chinese deserts
(0.95–1.00), and Tibetan soils (0.94–0.99; Ferrat et al., 2011). Con-
versely, the values are very similar to the REE signature of basaltic
rocks, characterized by positive [Eu/Eu*] PAAS = 1.29–1.56 (Schettler
et al., 2006; Pratte et al., 2020). The εNd value (−3.26) was like
quaternary lava values (Nakano et al., 2004) (Fig. 5). The values of Pb
isotopes (206Pb/207Pb: 1.194) were typical for natural signature
(Novak et al., 2003; Sun and Zhu, 2010; Bory et al., 2014; Bao et al.,
2015). These results—combination of the highest Eu/Eu*, high εNd,
low La/Yb, and the occurrence of augite and hematite (Fig. 2)—prove
the prevailing impact of the local geology on peat geochemistry.

4.2. Delivery of desert-originated particles

Northern China and Mongolia are among the most important
sources of dust, which deliver permanently with seasonal variations in
winter temperature and cyclone frequency (Zhang et al., 1997; Sun
et al., 2001; Qian et al., 2002; Nakano et al., 2005; Wang et al., 2011).
Gobi-type deserts, sandy deserts and piedmont alluvial fan are also im-
portant contributors to Asian dust storms (Wang et al., 2015). In
Motianling, the mineral particles are observed through the whole pro-
file (Fig. 2), confirming the contribution of arid areas to the inorganic
matter of peat. Chlorite and hornblende (dark amphibole) identified
by XRD pointed out dust delivery from outside the Great Hinggan
Mountains. Studies on recent dust storms have confirmed that large
(<5–60 μm) particles of clay-coated quartz, feldspars, and clay agglom-
erates are transported over 2000 km from theGobi Desert in the east di-
rection. Dust originating fromGobi comprises illite, chlorite, quartz, and
feldspars, as well as a smaller amount of amphibole (Jeong et al., 2014).
Still, it is important to add that quartz, feldspars, and clay minerals are
significant constituents of many arid areas (Ferrat et al., 2011), so the
most distinguishable feature of Gobi signature is the occurrence of horn-
blende.

A comparison of the PAAS-normalized ratio of REE (Fig. 3) and La/Yb
ratio, Eu/Eu* anomaly, and Y/TbPAAS with the graph of dust flux gener-
ated based on PAAS-normalized∑REE (Fig. 4) allows to distinguish the
episodes of enhanced mineral matter supply from deserts in 1928 CE
(52–54 cm). The evidence obtained is also compatible with historical
data. The time interval 1925–1940 was characterized by dry or even
drought events in China (Liu et al., 2003). In the last 120 years, 1920s
was the driest decade in northern China (Wang et al., 2004; Liang
et al., 2006). Severe drought episodes were also detected in Mongolia
(Liang et al., 2003, 2006).

In the ombrotrophic part, the highest climatically driven dust depo-
sition was distinguished in 1960 (36–38 cm) with smaller peaks in the
upper parts of the profile. The marked shifts are similar to the 50-year
record of dust storm and dust weather for China (Qian et al., 2002; Liu
et al., 2003), which indicates the reliability of the determined dust flux
and close correlation with climatic factors (Fig. 4). The top 2004 sample
has a different REE pattern comparing to the lower parts of the
ombrotrophic part of the profile (Fig. 3). The highest number of anthro-
pogenic particles together with a large amount of fine fraction of
geogenic particles indicates the increasing role of industry as well as
the enhanced delivery of naturally originated mineral matter. The se-
vere dust storms, covering the neighboring Asian countries as well as
North America, have been noticed many times (Nakano et al., 2005).



Fig. 4.∑REE-based dust flux and selected REE ratios vs. age as well as dust storm changes in Northern China based on Liu et al. (2003).
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While the delivery of the natural particles is obvious, two distinct
groups of samples (1 group: AD1872, 1928, 1932, 1960; and 2 group:
AD1954; 1962; 2004) differingwithNd and Sr isotopic signature are ob-
served (Fig. 5). North of Northern China to Mongolia, Southern Gobi,
and Loess Plateau as well as Taklimakan desert, are characterized by a
wide variation in 87Sr/86Sr ratios (0.71105–0.73658) and εNd values
(−28.7 to −4.0) and can be divided into distinct regions based on the
different isotopic signatures (Nakano et al., 2004). εNd values and
87Sr/86Sr signature of samples of thefirst group are representative of eo-
lian deposition similar to Northern Gobi and northern Chinese deserts
(Fig. 5) and confirm, that Motianling, located at the Mongolia–China
border, is exposed to dust from western arid areas due to prevailing
northwesterly movement of air mass (Fig. 1; Sun et al., 2001; Bao
et al., 2012; Ferrat et al., 2012a, 2012b; Pratte et al., 2020; Zhang et al.,
2021). At the same time, they are distinct from the Southern Gobi
(Badain Jaran, Tengger, Ulan Buh, Hobq, Mu Us), Chinese loess plateau,
Taklimakan, and Tibetan soils (Fig. 5). Taklimakan can additionally be
excluded due to the prevailing easterly and north-easterly wind direc-
tion. The dust from there is lofted up to 5000 m and moves north and
northwest (Sun et al., 2002; Nakano et al., 2004).
Table 1
87Sr/86Sr, 143Nd/144Nd, εNd and modelled age for selected samples.

Sample 143Nd/144Nd (0) 2σ 87Sr/86Sr (0)

MP 0–1 0.512222 ±0.000015 0.710728
MP 34–36 0.512258 ±0.000012 0.710559
MP 36–38 0.512369 ±0.000014 0.710428
MP 42–44 0.512260 ±0.000013 0.709885
MP 50–52 0.512386 ±0.000010 0.710524
MP 52–54 0.512419 ±0.000012 0.710355
MP 62–64 0.512471 ±0.000011 0.708880
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The second group represents a mixed pattern (desert and human
impact) and is difficult to define isotopically using Nd and Sr. Regarding
Pb isotopes, 206Pb/207Pb and 208Pb/206Pb of eolian dust from Taklimakan
(1.19–1.203; 2.066–2.08), Inner Mongolia (1.200; 2.076), loess samples
(1.198–1.206; 2.070), and quaternary basalts from Heilongjiang
(1.09–1.15; 2.13–2.19) reported in previous studies (Peng et al., 1986;
Bi et al., 2017; Schleicher et al., 2020) are distinct from the peat isotopic
composition (Fig. 6 and Suppl. 2), indicating an additional source of the
isotopes.

4.3. Disequilibrium between natural and anthropogenic sources of dust in
ombrotrophic part of peat deposit

While the overall pattern of dust distribution in the ombrotrophic
part ofMotianling peatland is comparablewith drought events, the geo-
chemical signature of the topmost sampleswas found to bedifferent, in-
dicating an additional anthropogenic source of elements (comp. Figs. 2,
4, and 5).

Combining themineralogical and isotopic results, themost unequiv-
ocal signal linked to industrial activitywas detected in 1964. During that
2σ ℯNd 206Pb/207Pb Modelled age

±0.000010 −8.114888089 1.158 2004
±0.000012 −7.412638158 1.179 1962
±0.000009 −5.247367538 1.182 1960
±0.000010 −7.373624273 1.187 1954
±0.000012 −4.915749515 1.192 1932
±0.000011 −4.272020412 1.192 1928
±0.000010 −3.257659401 1.194 1872



Fig. 5. 87Sr/86Sr vs. εNd values of peat samples and potential sources of natural dust:
Gurbantunggut Desert, Onqin Daga Sandy Land, Hunlun Buir Sandy Land, Horqin Sandy
Land, (Chen et al., 2007); Gobi (Chen et al., 2007; Biscaye et al., 1997); Tian Shan (Liu
et al., 1994); Northern Chinese deserts, Tibetan Plateau (Li et al., 2009), Southern Gobi,
Chinese Loess Plateau, Taklimakan (Nakano et al., 2004).
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period, the first appearance of fly-ash SAP, produced during high-
temperature processes in coal-fired power plants, was observed. None-
theless, the SAP were very small (1.5 μm), compared to the particles in
other peatlands (located in Europe and Western Siberia), measured
using the same methodology (Smieja-Król and Fiałkiewicz-Kozieł,
2014; Fiałkiewicz-Kozieł et al., 2016, 2020). The appearance of SAP
was followed by a decrease in Pb isotopic signature from 1.194 in
1872 to 1.167 in 1964. The shift, also described in other case studies
from Europe (Shotyk et al., 1997; Shotyk et al., 1998a, 1998b, 2003;
De Vleeschouwer et al., 2009; Fiałkiewicz-Kozieł et al., 2018, 2020)
and America (Pratte et al., 2013; Drexler et al., 2016; Shotyk et al.,
2016), confirms the human impact. While the anthropogenic influence
is evident, the source of the anthropogenic signatures is not clear.

From the late 1970s, China saw an industrial revolution (Cheng and
Hu, 2010;Wan et al., 2020); however, thefirst grade-firing boilers came
into use in Tianjin in NE China, followed by two other power plants built
in Harbin, only in 1905 (IEEE-PES, 2008). No SAP linked to early power
plant activity (before 1964) were detected in the peat profile. Such
large, porous aluminosilicates were determined in mountain peatland
located in central Europe (Fiałkiewicz-Kozieł et al., 2020). The Pb isoto-
pic composition of Motianling, associated with the acceleration of Chi-
nese industries, displays a dissimilarity to the coal deposits, ores, and
gasoline signatures of NE China (Fig. 6; Bi et al., 2017). A detailed
Fig. 6. 206Pb/207Pb vs. 208Pb/206Pb in peat samples and anthropogenic sources. Northern
Chinese coals were taken from Bi et al. (2017); Bejing, Ulaan Baator, Moscow values –
Bollhöfer and Rosman, 2001; Russian sources - Mukai et al., 2001.
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analysis of winds parameters and location of Motianling relative to
main industrial centers, showed that in 1960s and 1970s only three
power plants existed in the southeastern part of Heilongjiang (Fig. 1;
Suppl. 3), in cities affected by more monsoon climate regime and dom-
ination of winds from south andwest. The prevalence of western winds
and the northern boundary of summer monsoon below the Motianling
location sufficiently block the transport of pollutants from the industries
located in the southern and eastern part of China (comp. Fig. 1). This
allowed the assumption that Motianling received trace elements via
transboundary transport, and sources other than Chinese might be in-
volved before theChinese industrial boost. Thebiplot of 206Pb/207Pb ver-
sus 208Pb/206Pb (Fig. 6) suggests the transboundary transport of
anthropogenic particles from the north direction (Fig. 1 and Suppl. 2).
Delivery from the southern part of Asian Russia during the 1970s and
1980s is more possible due to the tenfold higher number of power
plants and other industrial points compared to China at that time
(Suppl. 3 and Fig. 6). According to accessible data, there was an acceler-
ation in Chinese industrial activities after 1990, when power plants
started to mushroom in the whole country (Global Power Plants
Database, 2018; Suppl. 3). The topmost layer of the peatland exhibits a
higher Pb concentration, indicating a rapid increase of power plants in
the northwestern and northeastern parts of China (Suppl. 2). However,
a low SAP concentration confirms the usage of novel technology and
emission control systems in modern power plants (Fig. 2 and Suppl. 3).

Despite the similarity between the dust flux of the peatland in this
study and the typical Asian dust weather fluctuations, the distribution
pattern of REE revealed a slight increase in PAAS-normalized Gd con-
centrations during the period 1978–1988, which could be due to the in-
dustrial contribution to the REE composition of peat (Figs. 3 and 4). Gd
enrichment is observed only in the ombrotrophic part of peat, when the
contribution of desert dust is much lesser, and the lack of enrichment in
the other peat layers of Motianling might be attributed to the excessive
natural dust input. China is themost important producer of REE, and the
largest ore deposit, Bayan Obo, is in the west of Inner Mongolia (Deng
et al., 2017). However, research conducted near the mine reveals no
Gd enrichment, and there is no evidence supporting the influence of
mining and processing on the atmospheric deposition of Gd in
Motianling. Another explanation is coal combustion with a defined Gd
anomaly, which has been established for Chinese and Far Eastern
Russian coals (Dai et al., 2016). Such Gd enrichment has been observed
in European peatlands that are located near industrial centers emitting
coal-based particles (comp. Fagel et al., 2014; Fiałkiewicz-Kozieł et al.,
2020). However, this is in contradiction with the deficient number of
fly-ash particles in the peat and needs further research.

5. Conclusions

Motianling peatland exhibits two phases of geochemical evolution,
which are strongly related to trophy status and age. REE and isotope
analyses confirmed that westerly-carried particles from northern
China and Mongolia are a prevailing source of dust deposition in the
Chinese mountain peatland. Dust flux mirrors a dramatic increase dur-
ing drought events. The anthropogenic activity in the peatland is mani-
fested by a decrease in 206Pb/207Pb and εNd values. Nonetheless, the
human impact is masked by natural desert dust, which makes the dis-
tinction between the two origins more difficult. The impact of coal-
fired power plants is reflected by the occurrence of a few micrometer-
sized fly-ash SAP, which remain small throughout the profile and points
out the prevalence of long-range transport.

In the light of the industrial database and the Pb isotopic signature, it
can be concluded that the main contributor of anthropogenic fraction
till the late 1980smight be the industrial centers located in the southern
part of Asian Russia, near the Chinese border. This is also supported by
the domination of western and northern wind direction. However, sub-
stantial development in the northern part of China also contributes to
the anthropogenic delivery of elements to the peatland.
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During limited transportation of desert particles, a slight Gd enrich-
ment is observed, which might be due to the combustion of coal with
typical Gd anomaly.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150481.
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