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Abstract: The impacts of human activities on Zoige peatlands are poorly documented. We determined
the concentrations and accumulation rates of As and Hg in a 2!°Pb-dated peat profile collected
from this area and analyzed the correlations between accumulation rates of both As and Hg and
other physicochemical properties. To reconstruct recent conditions of As and Hg, we analyzed
peat sediments of Re’er Dam peatland in Zoige using ?!°Pb and !¥’Cs dating technologies. The
concentrations of total As (86.38 to 174.21 ug kg_l) and Hg (7.30 to 32.13 ug kg_l) in the peat
profile clearly increased after the first industrial revolution. From AD 1824 to AD 2010, the average
accumulation rates were 129.77 g m~—2 yr*1 for As and 18.24 g m—2 yr*1 for Hg. Based on
our results, anthropogenic emissions significantly affected the atmospheric fluxes of As and Hg
throughout the past 200 years, and As was also likely to be affected by other factors than atmospheric
deposition, which needs further identification by future studies. The historical variations in As and
Hg concentrations in Re’er Dam peatland in Zoige mirror the industrial development of China.

Keywords: atmospheric deposition; As; Hg; 210Pb; 137Cs; accumulation rate; anthropogenic sources

1. Introduction

Arsenic (As) and mercury (Hg) are two widely occurring contaminants with high
toxicity, persistence, and mobility [1,2]. Natural sources of As and Hg include black
shales, young sediments with low flushing rates, gold mineralization, mantle degassing,
and geothermal processes [3-5], whereas anthropogenic sources include mining, coal
burning, animal husbandry, pesticides, arsenic-containing waste, and mercury-containing
waste [6-8].

Several pathways can lead to As and Hg accumulation in soil, such as local waste
disposal from domestic and industrial activities, plant uptake, long-range transport of
Hg via atmospheric circulation, and deposition by precipitation and/or aerosols, some of
which are affected by human activities [9-12]. Previous studies have shown that peat is a
good medium to absorb and complex Hg, mainly in organic matter-rich, anoxic, and acidic
environments [13,14]. This makes peatlands excellent archives for studies on the atmo-
spheric deposition of environmental pollutants [15-19]. Studies have further highlighted
the post-depositional mobility and diagenetic alteration of As and Hg [1,6,20,21].

The 2!°Pb and !¥Cs dating methods can provide high-resolution chronologies for
over a century of sediment formation [22], facilitating the evaluation of recent deposi-
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tion fluxes of atmospheric As and Hg in peat profiles. Using this method, investigations
of the deposition history of As and Hg in peatlands have been widely used in the past
few decades [21,23-26]. However, these studies mainly focused on European peatlands,
whereas little information is available about the atmospheric As or Hg fluxes of peatlands
in China [27,28]. Zoige peatlands, located on the north-eastern margin of the Qinghai-Tibet
Plateau, are some of the largest peat distribution areas in China; however, the biogeochemi-
cal processes are still unclear. Despite enhanced human activities in this area since the early
1960s, the environmental impacts of these activities are poorly documented. By establishing
an accurate chronology for a peat profile, in this study, we estimated high-resolution atmo-
spheric As and Hg deposition records since the first industrial revolution and analyzed
the anthropogenic contributions to peat sediments. We also investigated the relationships
between the physicochemical properties of peat and the deposition of As and Hg.

2. Materials and Methods
2.1. Study Site

The Zoige Plateau, located in the north-western part of Sichuan Province, China, cov-
ers an area of 20,000 km? (100°26'-103°15' E, 31°55'-34°39" N, Figure 1). Geographically,
it is a subsidence area formed via the intensive Quaternary uplift on the north-eastern
Qinghai-Tibet Plateau (Figure 1a), surrounded by alpine mountains [29], at an eleva-
tion from 3000 to 4000 m above sea level (MASL). The White River and the Black River,
two tributaries of the upper Yellow River, flow across this area. The climate is characterized
as a sub-humid temperate continental monsoon climate with long and cold winters. Mean
annual precipitation is between 650 and 760 mm, concentrated from June to September.
Mean annual temperature is —0.7-1.1 °C, with the lowest monthly mean temperature
(—10.7 °C) in January and the highest (10.9 °C) in July. The growing season lasts for
150 days (daily mean temperature >5 °C). The distinctive climatic conditions on the Zoige
Plateau impede the decomposition of plant residues, thus accelerating the formation and
accumulation of peat [30]. Peatlands on the Zoige Plateau (which are typical alpine peat-
lands) cover an area of 4605 km?, making them some of the largest alpine peatlands in the
world [31,32]. Peat sedimentation started in the late Pleistocene for an average thickness of
1.39 m and a maximum of up to 10 m [33,34].
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Figure 1. Maps of the study area showing the five main counties (red circles) and the sampling site
(red triangle) on the Zoige Plateau (b) on the Qinghai-Tibet Plateau (a). Different colors represent
different altitudes.

Our sampling site (Figure 1b) was located in the Re’er Dam peatland (445 km?), the
only lacustrine plain peatland on the Zoige Plateau, with an average thickness of peat
layer of 1.50 m [31]. Vegetation coverage is approximately 95%; the dominant species
are Carex muliensis Hand.-Mazz., Kobresia tibetica S. R. Zhang, Polygonum amphibium (L.) S. E.
Gray, Potentilla anserine L., Elymus nutans Griseb., and Poa annua L. This area exhibits a large
number of fossil river courses with poor drainage due to the uplift of the Qinghai-Tibet
Plateau, which provides an adequate condition for peatland development. In addition,
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precipitation and aboveground water are the main water sources, whereas chemical sources
are mainly rainfall due to element deficiency condition [31,35].

2.2. Sample Collection and Preparation

Using a stainless-steel knife sampler, we dug a peat hole (about 50 x 50 x 50 cm?) in
August 2014 at 33°55' 08”N, 102°52'08"E, 3434 MASL. The profile contained continuous
deposition layers of peat and large amounts of undecomposed plant residues. Based on
the color and grain parameters, the peat profile consisted of three sections: grassroot layer
(upper 4 cm): 80% of plant tissues with intensive roots, humus layer (4-14 cm): dark brown
loam with many roots, and peat layer (14-50 cm depth): dark brown to black clay with
few roots.

Peat samples were collected by sectioning the profile into 1-cm intervals, using a
stainless—steel band in situ. The obtained slices were packed into polyethylene plastic zip-
lock bags, brought to the laboratory, and stored frozen at —80 °C. Before analyzing, part of
the peat sample was air-dried at room temperature, and large roots were removed manually.
Samples were sieved through a 0.150-mm mesh and homogenized. Every 1-cm slice was
both used for peat dating and soil property analysis.

2.3. Physical and Chemical Analyses

The pH was measured using an acidity meter (Sartorius PB-10, Goéttingen, Germany)
with a water to soil ratio of 4:1 (M/V). Mass water content (WAT, %) and dry bulk density
(DBD, g cm~3) were determined through weighing a volumetric subsample of each fresh
slice before and after drying at 105 °C overnight. The WAT was calculated from the mass
difference, and DBD was obtained from the stable weight and the known volume [36].
Total carbon content (TC), total organic carbon content (TOC), and total nitrogen content
(TN) were determined using the Elementar Vario MICRO cube elemental analyzer, and the
C/N ratio was calculated as the ratio of TC to TN. The TC, TOC, and TN measurements
were calibrated by periodic analysis of a certified brown soil reference material [GBW07401
(GSS-1), Institute of Geophysical and Geochemical Exploration, Langfang, China], with an
error <1%. Peat samples were digested in NaOH (8%), and subsequently, the degree of peat
humification (HUM) was measured by UV-absorbance values of the alkaline extraction
liquid with a spectrophotometer detector (UV-2500, Shimadzu Corporation, Japan) at
wavelengths of 540 and 400 nm [37].

2.4. Total As and Hg Analysis

For the digestion of total Hg and As, we adopted the method described in Bao [38].
First, 500 mg of the sample was placed into a 50-mL conical flask, and a small amount of
water (2-3 mL) was added to generate a slurry. Subsequently, 10 mL of double-diluted
aqua regia (mixed solution of 38.1% GR HCl and 65% GR HNOj, 3:1) was added, and the
flask was covered with a short-handled filter cup and heated in a boiling water bath for 2 h
to digest the organic matter. During this period, the flask was shaken 2-3 times to ensure
complete reaction. Finally, the solution was transferred into a 25-mL volumetric flask after
cooling, diluted with deionized water to the 25-mL mark, and kept overnight until analysis.
We used an AFS-8230 dual-channel atomic fluorescence spectrophotometer (Beijing Jitian
Instrument Co., Ltd., Beijing, China) to determine the concentrations of As and Hg in
the solution; accuracy (>90%) was checked with duplicate testing, and the recoveries for
standard materials were satisfactory with this protocol, within 90-110%.

2.5. Age Dating Using *!°Pb and 13 Cs

Samples (5 g) for total 2!%Pb and 3’Cs activity determination were dried at 105 °C
for 12 h and analyzed at the State Key Laboratory of Lake Science and Environment,
Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, using a
low-background y-ray spectrometer with a high-purity Ge gamma spectrometry system
(EG&G ORTEC, HPGe GWL-120-15). Radioactivity levels of 21°Pb (half-life of 22.3 years)
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were determined via gamma emission at 46.5 keV, whereas those of '3’Cs (half-life
of 30.2 years) were measured with the 662-keV photo peak. Standard sources and sediment
samples of known activity were provided by the China Institute of Atomic Energy and used
to calibrate the absolute efficiencies of the detectors. Counting times of '*’Cs and ?!°Pb
were typically in the range of 50,000-86,000 s, with a measurement error between +5
and +10% at a 95% confidence level. Unsupported 2!9Pb arising from atmospheric fallout
was determined from the difference between total 2'’Pb and supported *'°Pb activity,
which was used to calculate the chronology [39].

2.6. Calculations of As and Hg Chronology and Accumulation Rates

The 21°Pb—chronology of the peat profile was determined according to Equation (1)
with the application of the constant rate of the supply model (CRS) [22], assuming that the
supply of 21%Pb to the peatland is dominated by atmospheric fallout:

-1, AO)

T=A"In A (1)
where T is the age of each 1-cm peat layer (yr), A(0) represents the total unsupported
210Pp activities (219Pbey, Bq cm™2), A(h) represents the unsupported 210pp activities under
the depth of h cm (*19Pbyy, Bq cm~2), and A is the radioactive decay constant of 210pp
(A=0.031yr 1.

The peat sedimentation rate (PSR, cm yr~—!) was calculated based on depth & (cm),
and peat age was inferred by 2!°Pb (Equation (2)) [22,39]. The validity of peat dating was
checked against the '*’Cs activity profile as an independent time stratigraphic, using the
following equation:

PSR=6/T 2

The accumulation rates of As (RAAs) and Hg (RAHg) (g m~2 yr~!) were calculated
for each piece (1 cm apart) by PSR (cm yr~!), DBD (g m~3), and the concentrations of As
and Hg (ug kg~ ! dry weight soil), respectively, using the equations below; 10° is a unit
conversion constant:

RAAs = PSRx DBD x As x 10° (3)

RAHg = PSR x DBD x Hg x 10° 4)

The correlations between the accumulation rates of both As and Hg and the basic
physicochemical properties, as well as the humification degree, were also analyzed.

3. Results
3.1. Physicochemical Properties

We measured high levels of mass water (112.17% on average) and total organic carbon
(83.09 mg g’l) in this peat profile (Table 1 and Table S4). The pH value (6.58 on average)
indicated weak acidic conditions. Both DBD (0.28 g cm 3 on average) and C/N (14.64 on
average) increased slightly with depth. The UV-absorption showed an average humification
degree of 33.71% (400 nm) or 24.06% (540 nm).

Table 1. Physical and chemical properties of peat soils, including mass water content (WAT), pH, dry bulk density (DBD),
total organic carbon content (TOC), total nitrogen content (TN), and the ratio of total carbon to total nitrogen (C/N), in
different layers of the peat profile.

Depth

WAT DBD TOC TN

L H
ayer (cm) (%) P (g cm—3) (mg g1 (mgg1) CN
Gr?;;rec;(’ts 0-4 114.48 6.75 0.24 84.62 11.74 13.78
Humus layer 4-14 120.83 6.56 0.26 95.17 12.05 14.01
Peat layer 14-30 106.18 6.55 0.29 75.16 9.57 15.24
. Average 112.17 6.58 0.28 83.09 10.68 14.64

Note: All values were calculated as averages based on every 1-cm soil fraction of the corresponding layers. TOC and TN were based on dry
soil mass. For details on TN, TC, and TOC, see Table S4 in the Supplementary Material.
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3.2. Peat Chronology

Unsupported 2!°Pb activities showed an exponential decay trend with soil depth,
reaching negligible concentrations at 30 cm (Figure 2). For this reason, the results for
the 30-50-cm peat section are not discussed. Continuous chronologies from AD 1824
to AD 2011 were reconstructed through the CRS model (Table S5). Based on the chronolo-
gies, the calculated average rate of peat growth was 0.16 cm yr~! (n = 30), and the PAR
was estimated as 0.095 g cm 2 yr~! (n = 30). The '*Cs records showed more than two
distinct peaks (Figure 2). The major '3’Cs peak at 8 cm was the AD 1986 marker, according
to the widespread fallout of '¥Cs in the Northern Hemisphere after the Chernobyl reactor
accident [40]. The older peak at 13 cm was identified as a record of the global fallout
maximum in AD 1963 due to atmospheric testing of nuclear weapons [41].
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Figure 2. Unsupported 210Pp (a) and 1%7Cs (b) activities in the peat profile. The blue circles indicate
two representative radioactive incidents: the peaks indicating nuclear tests at 13 cm in 1963 and the
Chernobyl incident at 8 cm in 1986.

3.3. Concentrations of As and Hg

The concentration of As ranged between 86.38 and 174.21 ug kg !, which is con-
siderably higher than that of Hg (Figure 3), with obvious fluctuations; there was a re-
markable peak at around AD 2000. Concentrations of other elements were shown in
Figures S1 and S2.

The concentration of Hg showed a generally increasing trend from the deeper part of
the profile to the surface, ranging from 6.40 to 32.13 pug kg ~!. Three periods were recognized
from this profile. During the first period from AD 1824 to AD 1889, the Hg concentration
remained relatively stable, with an average value of 7.64 ug kg~! (n = 3). In the second
period, during AD 1889 to AD 1970, the Hg concentration increased first and then decreased,
with an average value of 11.91 ug kg ! (n = 11). In the final period, starting in AD 1970, the
Hg level strongly increased, reaching an average value of 25.09 jig kg ! (n = 16). Similar to
As, the greatest Hg concentration was also found at around AD 2000.

3.4. Accumulation Rates of As and Hg

From AD 1824 to AD 2010, the average accumulation rate was 129.77 pg m =2 yr—!
for As and 18.24 pg m~2 yr~! for Hg (Figure 4). In general, the accumulation rate of As
was considerably higher than that of Hg, similar to the concentration. Notable increases
were found in the accumulation rates of both As and Hg in the peat profile after the first
industrial revolution. Before AD 1900, the As and Hg accumulation rates were relatively
steady with average fluxes of 58.18 and 4.01 ug m~2 yr—!, respectively (n = 3). In the
following few decades, both accumulation rates increased continuously.
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The largest increases of the accumulation rates of both As and Hg occurred dur-
ing AD 1980-1990, leading to a maximum in AD 1990 of 146.97 and 22.30 pg m 2 yr— !,
respectively (n = 5), almost twice to fivefold higher than those before AD 1900.

3.5. Accumulation Rates of As and Hg in Relation to Peat Physicochemical Properties

The relationships among As, Hg, and soil physicochemical properties were examined
using correlation analysis (Figure 5). Based on the results, there was a positive relationship
between the accumulation rates of As and Hg, whereas negative relationships were found
between Hg and C/N and between Hg and DBD. However, pH, TC, and TN were positively
correlated with Hg. No significant correlations were found between the accumulation rates
of As and other physicochemical properties, except for negative relationships between As
and C/N and between As and DBD.
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Figure 5. Correlation analysis between accumulation rates of As and Hg and other soil physicochem-
ical properties, respectively. Blue and red indicate positive and negative correlations, respectively.
The depths of the colors indicate correlation coefficients with either higher (darker) or lower (lighter)
values. Shapes more elliptical or round represent lower or higher values of the significance level of p,
respectively. The cross (x) represents the significance level p > 0.05. PH, C.N, DBD, WAT, TOC, TC,
TN, Hg, and As represent pH, the ratio of total carbon content to total nitrogen content, dry bulk
density, mass water content, total organic carbon content, total carbon content, total nitrogen content,
and accumulation rates of Hg and As, respectively.

4. Discussion
4.1. Peat Chronology

We found a significant discrepancy between peat chronostratigraphic dates deter-
mined by the 2!°Pb dating CRS model and the '3”Cs time marker, with the result of the
latter decades (ca. 30 years in our study) earlier than that of the former [42]. Based on
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previous studies, 13Cs is a typical anthropogenic radionuclide that has been released
into the atmosphere since nuclear weapon invention and testing. Figure 2 shows three
significant time points for 1¥Cs release (1952 yr—20 cm, beginning of extensive nuclear
testing; 1963 yr—13 cm, peak of nuclear testing; 1986 yr—8 cm, Chernobyl incident) [43,44].
Although '%Cs showed significant trends reflecting radioactivity incidences worldwide,
previous studies indicate significant challenges when reconstructing the recent chronology
by this method, probably due to the mobility and diffusion of '3Cs, which is especially
the case in minerotrophic peatland [42,43,45,46]. Besides, the calculated peat accumulation
rate here was less than 1 cm yr~!, which is unsuitable for dating by '*’Cs in such peat-
lands [47]. In contrast, the 21°Pb dating technology is generally considered to be more stable
and precise in terms of reconstructing the peat chronology for the past 150 years [43,48].
Here, we accepted the assumptions that constant precipitation from the atmosphere is
the main source of 2!°Pb in peat sedimentation, that the post-depositional mobility of
210Pb is limited since precipitation is the main water source in this peatland, and that
the water flow below the surface can be considerably limited in this area. Besides, this
region is sparsely populated, with insignificant disturbance [49]. Therefore, the CRS
model was chosen to reconstruct the peat chronology [44,49,50]. The peat sedimenta-
tion rate (mean = 0.16 cm yr—!) derived from ?!°Pb dating for this peat profile over the
past 200 years was in accordance with the peat sedimentation rate since AD 1963, reported
for the same peatland area using '¥Cs dating [51]. The average peat sedimentation rate
of a peat profile in Ruoergai County was 0.15 cm yr~! in the past 72 years, determined
by the 21°Pb CRS model [48]. For peat cores obtained from Hongyuan County, the value
was 0.16 cm yr‘1 between AD 1851 and AD 2006, estimated by the 210pp CIC model [52].
These results were in good agreement with our findings, providing further evidence that
the chronology established from 2!°Pb dating is consistent and reliable [53].

4.2. As and Hg Accumulation Rates in Relation to Peat Physicochemical Properties

According to the results of the correlation analysis (Figure 5), the overall impacts
caused by these proxies are highly limited, especially for As. Humification had no
significant influence on the accumulation rates of both As and Hg. Bao et al. [28] and
Biester et al. [54] found similar relationships in ombrotrophic peatlands, suggesting that
the processes included in humification had little effects on As and Hg accumulation rates
in such ecosystems. However, the potential impacts caused by humification cannot be com-
pletely excluded as the values were not corrected for mineral contents [55]. No correlation
was found between As accumulation rate and TOC, which is in agreement with previous
studies [56-58]. It was clear that C/N largely affected the As and Hg accumulation rates
in this site (Figure 5). The C/N reflects peat decomposition with carbon mineralization
intensity compared to nitrogen [54], and it can be inferred that the accumulation rates of
As and Hg were significantly influenced by peat decomposition, indicating that diagenetic
processes are also important factors controlling As and Hg accumulation, whereas local
anthropogenic emissions of these two trace metals had limited impacts compared to peat
decomposition [54]. Furthermore, the correlation between As and Hg accumulation rates
provides indirect evidence that they are absorbed with similar mineral particles [54,59].
However, it cannot be completely excluded that As and Hg also bonded with organic
matter due to the richness of organic substrates in peatlands. Further studies should be
carried out to determine the dominant forms of As and Hg in such peatlands.

4.3. Concentrations of As and Hg

Similar previous studies have demonstrated that atmospheric deposition is the main
source of trace metal accumulation in soils, and human activities largely impact this pro-
cess [60,61]. The As concentrations showed a wide range, with considerable fluctuation
(Figure 3) in the study area in the past 200 years, indicating that the associated biogeo-
chemical processes were active and sensitive to climatic changes throughout history [54].
Although we observed limited influences of soil properties on As concentration, previous
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studies have identified multiple factors that can easily affect the As concentration in a soil
profile, such as mineral matter, organic sulfur, and metal-reducing bacteria [26,56,62,63].
Besides, freeze—thaw cycles also play an important role in controlling the form and con-
centration of As by altering soil characteristics [64]. This leads us to infer that As sed-
imentation in this area is possibly controlled by various biogeochemical processes, but
the predominant mediation factor remains unknown. The time intervals between each
adjacent 1-cm peat fraction in the deep layer were considerably larger than those in the
shallow layer, most likely because of the compression effect. Thus, the fluctuation of the
As concentration appeared to be much more obvious and intensive in more recent ages,
partly reflecting the disturbance from more severe human activities at local and regional
levels. Although it has recently been proposed that As mobility can be mostly constrained
in organic-matter-rich and anaerobic environments where sulfur plays a key role [62,63],
our results indicate a relatively strong mobility of As, possibly induced by climate and/or
geochemistry. For example, the period of freeze-thaw affects the release and sedimentation
of As [64], and other mineral elements and organic compounds contribute to the binding
and desorption of As [63,65,66]. Further studies identifying the processes associated with
either mobility or immobility of As are therefore urgently needed.

The concentration of Hg was relatively low and stable in the study area before AD 1900,
which is consistent with the findings of a previous study [23], showing a clear increase in
recent years. Unlike As, Hg is much more sensitive to global anthropogenic sources due to
complete cycling with various processes, containing emission to and deposition from the
atmosphere [67-69]. According to a previous study, anthropogenic sources can be identical
to natural sources of Hg in the atmosphere [23]. The sharp increase since around 1960
is probably related to anthropogenic emissions of Hg. During early industrialization in
Europe and North America, the effects were only small, and Hg in peat mainly originated
from natural sources. With the acceleration of industrialization in Europe and North
America since AD 1900, the influence of the Western Industrial Revolution gradually
became more profound, leading to significant increases in Hg concentrations in peat. The
emission of Hg in Europe and North America probably improved the Hg concentration in
ambient air in the study area through long-range transportation in the atmosphere [23]. In
our study, the Hg concentrations in the shallower peat layers showed a significant increase
at around AD 2000 (Figure 3) compared to those in the deeper peat layers. So far, no
natural geochemical process has been described to explain this phenomenon. Therefore,
we conclude that it reflects the increasing rate of atmospheric Hg deposition caused by
human activities directly and/or indirectly.

4.4. Accumulation Rates of As and Hg

The atmospheric Hg accumulation rate in AD 1824 (4.1 pg m—2 yr’l) was comparable
to the assumed pre-industrial Hg values obtained from the peatlands in the Greater Khin-
gan Mountains (7.2 4= 0.9 pg m~2 yr~!), the Lesser Khingan Mountains (5.7 ug m =2 yr—1),
and the Belgian Hautes Fagnes Plateau (1.8 & 1 pg m~2 yr~1) [19,28,70]. The Hg accu-
mulation rate was relatively constant before AD 1950 but significantly increased between
AD 1970 and 1990, which is comparable to that of some lake sediments on the Qinghai-
Tibet Plateau [71].

The major peak of As and Hg accumulation rates near surface layers of Re’er Dam
peatland (around 2000) occurred 20 years later than those in north-eastern China [28,70]
and 40 years later than those in Europe and North America [72], suggesting that regional
industrial development has a huge impact on As and Hg accumulation. We also observed
that industrial development had a hysteretic effect on As and Hg accumulation, which may
be explained by the development sequence. Early developed regions, such as the west and
north-eastern China, discharged massive amounts of pollutants that carried As and Hg into
the atmosphere, distributing them globally via long-distance transport, and then slowly
deposited to the environment in the area such as Zoige Plateau [69,73]. Furthermore, this
is an expansion process for these contaminants from industrialized areas to undisturbed
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regions (such as Re’er Dam peatland) over time via atmospheric circulation, deposition, and
re-emission processes [69]. Therefore, together with relatively late industrial development,
the peak of accumulation rates of As and Hg in peatlands on Zoige Plateau can be decades
later than that in early-developed regions.

In contrast to the 2!Pb and '3”Cs activities in peatlands, As and Hg accumulation
rates can reflect the industrial development at local or regional scales, and peak delays can
be attributed to delays in industrial development and/or long-range transport combined
with atmosphere deposition of Hg from other areas of China (such as north-eastern China
and Chongging, with early industrial development) [23,74]. The 21°Pb and 37Cs activities
mirror the atmospheric deposition of radioactive elements and human activities at a global
level, with comparatively constant and rapid responses [43,44]. Using a combination of
these elements, together with dating information, enabled us to reconstruct the different
kinds of effects and corresponding ages of peat on local, region, and global scales.

Elevated As and Hg concentrations and increased accumulation rates occurred as
results of the extensive drainage across Zoige peatlands in the 1970s [75]. Coincidentally,
an increased sedimentation of Hg in two forest lakes in Finland has also been reported,
most likely due to drainage manipulation [14]. Artificial drainage on the Zoige Plateau in
the 1970s doubled the area for cultivation, resulting in a rapid expansion of the livestock
number [76]. From AD 1964 to 1990, the population of Hongyuan County and Ruoergai
County also increased by 36,640 (73.62%), with intensified human disturbance to the
regional environment. The rapid socio-economic development of the Zoige Plateau was
another possible reason for the rapid accumulation of Hg and As, since the middle of the
last century, with negative impacts of road construction, vehicular traffic, tourism, fuel
combustion, and an increased frequency of forest fires [60]. Besides, alpine regions, such as
our research area, are also considered to be the main sinks of pollutants, amplifying the
effects on the accumulation rates of both As and Hg [60,61,77,78]. At a national scale, the
As accumulation rate peaked around the Chinese steelmaking movement in the late 1950s.
Several other peaks appeared after 1978, the year of the reform and opening-up in China.
In addition, the air pollution caused by coal combustion has been a common problem
since the economic reforms in the 1980s [79]. Based on these findings, the atmospheric
deposition of Hg and As is affected by global atmospheric circulation to some extent and is
susceptible to human activities. As a sink area located on the north-eastern Qinghai-Tibet
Plateau, the Zoige Plateau is at a relatively low elevation and therefore more affected by
the east Asian monsoon and less by the Indian monsoon and the westerlies.

In conclusion, the Hg and As accumulation rates were more sensitive to anthropogenic
emissions in China. There was a decrease for As and Hg accumulation rates at the sur-
face of the profile (0-4 cm), possibly resulting from the increasingly intense control on
pollutant emissions regionally and globally [80]. Similar patterns have been observed
in ombrotrophic peatlands in the Lesser Khingan Mountains [70] and the Greater Khin-
gan Mountains [28], main mountain ranges in north-eastern China, as well as the Harz
Mountains in Germany [54], indicating advances in environmental management.

Although several studies have investigated Hg deposition in peatlands in China
after the 19th century (Tables S1 and S2), As deposition has been largely neglected
(Table S3) [28,58,70,81-83]. Compared to the peatlands in north-eastern China, the As
and Hg concentrations and accumulation rates in Re’er Dam peatland are relatively low.
When compared with findings from other peatlands in the Northern Hemisphere, the
values found in our study are still relatively low. For example, the Hg concentration of
peatlands in western Ireland and Florida, USA, can reach up to hundreds pg kg~ [84,85],
whereas in a peatland in the Czech Republic, more than 1000 pg kg~! could be mea-
sured [86]. In similar studies, the Hg accumulation rate and flux in peatlands located in
Minnesota, USA, and south-central Sweden ranged from 20 to 30 pg m—2 yr’1 [87,88],
whereas peatlands in central Yukon, Canada, showed significantly higher values [20].

These substantial differences among peatlands in different regions can be explained
by differences in industrial development and other human activities, and further studies in
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this field are needed to predict the dynamics in various peatlands against the background
of a changing climate.

5. Conclusions

Our results reveal that As concentrations largely fluctuate with soil depth, whereas Hg
concentrations showed an increasing trend in recent years. Both As and Hg accumulation
rates also showed increasing trends, indicating impacts by atmosphere deposition and
human activities. The different lag times of trace metal accumulation trends for Re’er Dam
peatland and other, more developed regions, suggest different historical development levels
and human disturbances among regions, as well as the global influences of atmospheric
circulation and deposition. As studies on heavy metal accumulation in peatlands are scarce,
further experiments are needed to provide evidence on the dynamics of heavy metals and
contaminants in peatlands, especially in areas vulnerable to climate change.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1and10111241/s1: Figure S1: Main trace metal elements concentrations along peat profile;
Figure S2. Main trace metal elements concentrations and dry bulk density along peat profile; Table
S1: Concentration of Hg in peatlands in China; Table S2: Recent accumulation rate (AR) of total Hg in
peatlands in China; Table S3: Concentration of total As in peatlands in China; Table S4: TN, TC, and
TOC of every 1 cm soil layer along peat profile with triplicate samples; Table S5: 21°Pb radioactivity
specific activity degree along depth and mass depth.
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