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Abstract: Peatlands are ideal archives that are widely usedeconstruct
historical Hg accumulation around the world. Howewkecomposition of peat soils
leads to Hg enrichment or depletion in peat prefiléo evaluate the impact of peat
decomposition on historical Hg accumulation recprals7800-year peat sequence
from the Shenjiadian peatland (SJD-2, SanjiangnPlaortheast China) was selected
in this study. Based on the degree of peat huntificaand a generalized additive
model (GAM), Hg accumulation rates (Hg ARs) wereorestructed and calibrated
from the middle Holocene onward. The results shothed the Hg concentrations in
the SJD-2 peat profile ranged from 11.9 to 55.3grigand that the Hg AR ranged
from 0.4 to 7.0ug m2yr: these values for both parameters were lower thain
corresponding values observed in other peatlandsundr the world. Peat
decomposition led to Hg depletion in peat soilsdame extent, and the GAM could be
used to evaluate the impact of peat decompositiorhistorical Hg ARs in peat
sequences based on the degree of peat humifiGimicalibration of Hg ARs. Before
the Industrial Revolution, anthropogenic Hg sourcassed the calibrated Hg ARSs in
the SJD-2 peat profile to slightly increase arod3@0 cal. yr BP. Similar to other
regions around the world, the calibrated Hg AR lo@ $anjiang Plain also obviously
increased from 3 to Bg m 2yr ‘after global Hg emissions began to increase during
the Industrial Revolution.

Keywords: Mercury; Peat decomposition; Generaliaéditive model; Northeast

China

1. Introduction

Mercury (Hg), which is an important trace elemevas widely used in metallurgy
and human activities several thousand years agturdasources of Hg include
volcanic activity, forest fires, natural weatheringnd soil emissions, whereas
anthropogenic sources of Hg include fossil-fuel bastion, industrial manufacturing,
mining and smelting (Azoury et al., 2013; Pirronieak, 2010). The raw material of
mercury ores and other metal minerals present gunie smelting have caused large

amounts of gaseous mercury to be released intatthesphere (Mighall et al., 2002).
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With the development of metal smelting, Hg produbgchuman activities continued
to increase around the world from the Bronze Ageéolndustrial Age (Drexler et al.,
2016). Over large regions of the globe, human-edlaig emissions have increased
relative to natural sources since the IndustriatdRgion, in the middle of the 18th
century (Elbaz-Poulichet et al., 2011; Mast et 2010). With the development of
industry and mining, increases in anthropogenic gigduction became the major
factor causing Hg accumulation rates (Hg ARS) itura ecosystems to markedly
increase after the Industrial Revolution (Coreltaak, 2017; Farmer et al., 2009).
Gaseous elemental Hg can be maintained in the ptmeos for approximately 1 year
and can be widely transferred on a hemispheriegdaartinez-Cortizas et al., 1999).
Because of the atmospheric circulation and longntein time of Hg in atmosphere,
large amounts of Hg produced from anthropogeniacesuhad exerted a serious
influence on Hg deposition globally, and high Hg#A&tnce the Industrial Revolution
have been widely reported in many regions arouedwbrld (Corella et al., 2017;
Daga et al., 2016; Elbaz-Poulichet et al., 2011).

In China, the earliest mining or smelting acti\stiean be traced back to the Xia
Dynasty in 2100 BC-1700 BC. The Iron Age began Igye@00 years later in
northeastern China than in the center of China, taedlifestyles of local residents
began to be influenced by Chinese culture fromraeéfthina during the Qin Dynasty
(approximately 200 BC) (Xue et al., 1991). Histatitlg ARs increased in several
regions around the world when iron tools becameelyidsed for human activities (Li
et al.,, 2016; Martinez Cortizas et al., 2016). Hoere few studies have focused on
historical Hg ARs in northeast China; thus, thatiehship between regional human
activities and historical Hg accumulation in noekeChina is still unclear. Historical
variations in Hg ARs over the last several thousarfdyears can be observed using a
number of types of environmental archives (e.de Isediments, peatlands) (Drexler
et al.,, 2016; Mast et al., 2010). Similar to otheosystems, peatlands are an
important environmental archive that are widelytriisited around the world (Yu et
al., 2010). Due to the anaerobic environment otlaeds and their ability to receive

dust via atmospheric deposition, trace elements dmposited and restored in
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peatlands (Martini et al., 2007). Thus, peatlanalgeehbeen widely used to reconstruct
the historical deposition fluxes of trace elementprevious studies (Bao et al., 2016;
Bao et al., 2012; Ohlson et al., 2006).

In addition to Hg deposition, previous works havaggested that Hg
concentrations in peatlands are also affected bydiégree of peat decomposition
(Biester et al., 2003; Zaccone et al., 2009). lalso difficult for most age-depth
models to consider and modify the influence of pedatomposition on peat
accumulation rates (Blaauw and Christen, 2011).sTipeat decomposition means
that the historical Hg ARs reconstructed based eat ccumulation rates and Hg
concentrations may not directly reflect histori¢dd) deposition. To decrease the
impact of peat decomposition on the results of Hgj r&construction, the C/N mass
ratio has been successfully used to evaluate theedef peat decomposition and to
calibrate the reconstructed results of historicglARs in previous studies (Biester et
al., 2003). However, the mass ratio of C/N canmoeimployed to evaluate the degree
of peat decomposition based on the characteristicsganic matter and might affect
the calibrated Hg ARs. Similar to the mass ratio @N, the degree of peat
humification is influenced by the characteristiéoayanic matter and is widely used
as another indicator to evaluate the degree ofgmmimposition in peatlands (Biester
et al., 2014). Nevertheless, few studies have et the calibration of historical
Hg ARs through peat decomposition indicators othan the mass ratio of C/N.

In this study, we selected"4C-dated profile (SJD-2) (Zhang et al., 2014) frdra t
Shenjiadian peatland (Sanjiang Plain, northeash&hior the determination of Hg
concentrations and estimation of historical Hg ARer the past 7800 years on the
Sanjiang Plain, northeast China. The degree of p@aification and the mass ratio of
C/N were selected as two indicators for evaluatioih the degree of peat
decomposition in the SJD-2 peat profile. Based ogerneralized additive model
(GAM), historical Hg ARs were calibrated based atested peat decomposition
indicators in this study. Combining the calibratdd ARs with regional potential
natural or anthropogenic Hg sources, the histotitglsources and Hg ARs of the

Sanjiang Plain (northeast China) were revealedlRjirthis paper provides some data
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on Hg ARs and Hg concentrations in the peatlandsdheast China.

2. Materials and methods
2.1. Siteand sampling

The SJD-2 peat profile was sampled in the Shemjrad(N46°34%64";
E130°3%4") peatland in Sanjiang Plain, Northeast China (Flg. Detailed
information about the Shenjiadian peatlands cafobed in Zhang et al. (2014). The
studied site is located in the valley zone betwgkangguangcai ridge and Wanda
Mountain, which has an annual mean temperature.4f°@ and an annual mean
precipitation of 550 mm. In March 2010, the SJD&ecwas collected by peat
digging (Zhang et al., 2014). The profile was rezred to a depth of 195 cm and
sliced into sections that were 1 cm thick. Thisfilgacomprises silt sediments below
160 cm and peat above this depth. Samples wereefdded (at -40 °C and a
pressure of approximately 50 bar) for one weeky there then milled (using an agate

mortar and pestle) and homogenized.

2.2. Hg analysis

For Hg analysis, we measured all samples in theupp cm, one of every two
samples between 11-90 cm, and one of every fivgplesnibelow 90 cm. A total of 73
samples were analyzed in this study. Total Hg coimagons were determined in
freeze-dried samples using a DMA-80 mercury analykélestone, Italy). One of
every ten samples was analyzed in duplicate asitnatpoand two standard reference
materials (M2 and M3) of the moss Pleurozium sobriefsteinnes et al., 1997) were
run within each set of samples. The quantificationit was 0.01 ng @ and the mean
recoveries were 70% = 2.1% and 93% = 4.8%, respytiThe differences between

duplicates ranged from 4% to 9%, with a mean vafug3%.

2.3. Bulk density, LOI, N, and degree of peat humification
To determine peat bulk density, peat cylinders veeied at 105 °C to a constant

weight. The dry weight and known volume of the peglinders were used to
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calculate their bulk density. Loss on ignition (DOkas determined by burning
approximately 0.5 g of dry peat at 550 °C for @uhg the ash contents are the residual
materials left after LOI analysi§he carbon (C) concentrations were calculated from
LOI (i.e., multiplying the organic matter content ©.5) (Lamarre et al., 2012). Total
nitrogen (TN) was determined throughS®0, - K,;SO, - CuSQ - Se digestion in a
Continuous Flow Chemical Analyzer, and the meamvery were 97 - 103%. The
degree of peat humification was estimated by periiog colorimetry on peat alkaline
extracts (Chambers et al., 2011). Prior to peatitication analysis, the dry peat
samples were milled to particle sizes that werellemidnan 18Qum. A total of 0.125 g

of each peat sample was treated with 8% NaOH sol 60 ml, 90 °C) for 1 h. Each
mixture was filtered and transferred to a 100-rakll that was then filled with pure
water. Then, the solutions were diluted with equplire water and measured using a
UV-2500 visible spectrophotometer at a 540-nm weavgih. The absorbance values
of the solutions were characterized by their degfggeat humification (Vorren et al.,

2012).

2.4. Chronology
To establish an age-depth model, eight samples wexeared following the

protocol described by Zhou et al. (Zhou et al., 20@nd they were measured by
acceleration mass spectrometry (AMS) in the Xi'arcélerator Mass Spectrometry
laboratory (Zhang et al., 2014). Their radiocarla@ges were calibrated to calendar
ages using the CALIB Rev.7.0.1 softw#8tuiver and Reimer, 2006) (Table 1). The
chronology of the sequence was calculated usingtibéc-spline method based on
the 8 calibrated calendar age values, and thetsesuthe age-depth model and peat
accumulation rates were shown in previous studiésafg et al., 2014; Zhang et al.,

2017).

2.5. Generalized additive model

Generalized additive models (GAMs) are regressiatets where smoothing
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splines are used instead of linear coefficientsciwrariates (Hastie & Tibshirani,
1990). This approach has been found to be partlgudéfective at handling complex,
non-linear behaviors associated with ecological amdronmental research (Gao et
al., 2014b; Pearce et al., 2011). The additive hadehe context of a concentration

time series, can be written in the form (Hastie i&shirani, 1990):

n

log(y;) = Z si(xi)* + &

i=1
where y is the Hg AR in the ith sample(s;) is the smoothing function of the ith

value of covariate j, n is the total number of aist@s, and; is the ith residual with

2

var(g) =c°, which is assumed to be gamma distributed. Smogthinctions are

developed through a combination of model selectama automatic smoothing
parameter selection using penalized regressiomespliwhich optimize the fit and
attempt to minimize the number of dimensions inrttaeel (Wood, 2011). The choice
of the smoothing parameters is made through réstricnaximum likelihood, and
95% confidence intervals are estimated using an ngigonal Bayesian method
(Wood, 2011). This analysis was conducted usinggae’ modeling function in the

R environment for statistical computing with thekage ‘mgcv’ (Team, 2015).

3. Results
3.1. Total nitrogen, massratio of C/N and degree of peat humification

The total nitrogen (TN) content, mass ratio of CAdd degree of peat
humification in the SJD-2 peat profile are showrfig. 2c-e. The concentrations of
TN were low at the surface (0-12 cm) and bottonml {285 cm) of the profile, which
yielded TN concentrations ranging from 2.2-7.2 mg gnd 0.8-7.1 mg g
respectively. Between 13 and 170 cm, the TN comaBobs fluctuated between 15
and 25 mg g. The variations in LOI were similar to those in Tahd the LOI values

fluctuated approximately 60% in the middle of theapprofile (5 - 165 cm). At the



194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

bottom of the profile, LOI markedly decreased tosel to 10%.

The carbon concentrations determined in this situdge calculated from LOI.
Based on carbon concentrations and TN concentsttbe mass ratios of C/N were
calculated and are shown in Fig. 2e. In the SJ2& profile, the mass ratio of C/N
ranged from 10 to 30, and low mass ratios of C/Meweund in the upper layers. The
mass ratio of C/N was approximately 25 in the butiayers (lower than 100 cm),
which was slightly higher than that in the uppeyels, of approximately 20. The
degree of humification exhibited similar variativands to the mass ratio of C/N. The
degree of humification was also low (i.e., lowearthl5%) in the upper layers and
increased with increasing depth. The highest véie9%) was found at a depth of

97-98 cm (Fig. 2f); then, the degree of humificataecreased with increasing depth.

3.2. Hg concentrations and accumulation rates

The average concentration of Hg was 25.1+10.3 iy §he maximum
concentration existed in the surface layers (itee,ca. 3 cm layer; 55.3 ng'yy and
the minimum value appeared at ca. 50 cm (11.9 Ag(Big. 3). Hg concentrations
sharply decreased in the surface peat layers,renéigy concentrations in the deeper
peat layers (ca. 20 cm) were lower than 20 tigAs the depth of the peat layers
increased from 10 to 80 cm, the Hg concentratiameimsed from 10 to 20 ng'g
From 80 cm to the bottom, the Hg concentration sitbalight fluctuations between
20 and 30 ng g.

The peat accumulation rates in SJD-2 were calalilbtsed on the age-depth
model and dry bulk density (Fig. 2a). The Hg ARgeah from 0.5 to 7.0g m 2 yr %,
with an average value of 2.2 + Jug m 2 yr *. From the surface layers to 15 cm, the
Hg AR decreased from 7.0 to 249 m 2 yr . Between 15 and 80 cm, the Hg ARs
were low (1.0 - 2.qug m 2 yr') and exhibited no obvious fluctuations. An obvious
peak of the Hg AR appeared approximately 95 cm,thadighest Hg AR was 618
m 2 yr *, which occurred at 94 cm. From 100 cm to the oftihe Hg ARs fluctuated

and were slightly higher than those in the middlthe peat profile (15 — 80 cm).
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4. Discussion
4.1. Mercury concentrations and accumulation rates

The range of mercury concentrations in the SJD&a2 peofile (11.9 — 55.3 ng
was lower than those reported for other peatlandaearby regions or at similar
latitudes. For example, in the ombrotrophic peatlatong the nearby Hongqi River
in the Small Hinggan Mountains in northeast Chwvagt of the Sanjiang Plain), the
maximum recorded mercury concentration was 574.4 hgnd a major increase in
the mercury concentration occurred from 9 cm to $keface, with an average
mercury concentration of 111.3 + 64.7 ri§jig deeper soils (Tang et al., 2012). In the
middle of China (i.e., the Dajiuhu peatland), thg €bncentrations in surface peat
soils range from 100-595 ng'¢Li et al., 2016) (Table 2), which is much highkarn
those in the SJD-2 peat profile in northeast Chiflae Hg concentrations in the
SJD-2 peat profile were also lower than those eiopeatlands around the world. In
the surface layers of peat soils that accumulafest 4750 AD in particular, Hg
concentrations are obviously increased around tbedwto values of even higher
than 100 ng §(Allan et al., 2013). Based on these Hg concemtnatithe ecological
risk of Hg pollution in the SJD-2 peat profile isiah lower in other peatlands around
the world.

The elements that accumulate at the bottoms of jreéites can be regarded as
being influenced by few anthropogenic factors aad be used to determine the
historical accumulation rates of natural elemebtzga et al., 2016; Gao et al., 2014a).
In the SJD-2 peat profile, lower Hg ARs were foumdhe bottom layers of peat soils
that accumulated before 2000 cal. yr BP (rangingf.4 to 4.4ig m 2y (Table 2).
The low Hg ARs in the SJD-2 peat profile were samilo those reported from other
sites before 1500 AD, such as the Pyenean (Eurape)Belgium (Europe) sites,
where the Hg ARs were 1.5 — 2.5 and 1.3 —2.4n 2yr %, respectively (Enrico et al.,
2017). A natural Hg AR of approximatelyuty m 2yr ! has been reported in peatland
in Greenland (Europe) from before 1750 AD (PérezhiRuez et al., 2018), and the
Hg AR ranges from 1.0 — 1g m ?yrtin Peru (SoutiAmerica) (Beal et al., 2014).

The natural Hg ARs measured in the SJD-2 peatlprofere higher than those as
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these sites. However, the natural Hg ARs in theubajpeatland (before 3000 cal. yr
BP), which is located in the middle of China, rafigen 0.5 to 12.g m 2yr * and are
higher than those in the SJD-2 peat profile (lalet2016). In addition, the Hg ARs in
the SJD-2 peat profile were also much lower tharsehobserved in several sites in
France (Europe) and Patagonia (South America), evttex Hg ARs were more than
10 ug m2yr* before the Industrial Age (Daga et al., 2016; EiBaulichet et al.,
2011). The one of the important potential factsrshiat the natural Hg sources (e.g.,
forest fires, natural weathering) may major infloed by climate characteristics and
the location of studied regions. The similar lat@uand climate characteristics in
northeast China with other selected regions aratledworld cause the major Hg
natural sources in these regions are similar, wbiteious different with middle and
southern regions of China. Overall, the Hg ARs amtimeast China were lower than
those in the middle and southern regions of Chnthvaeere similar to the average Hg
ARs around the world when the major sources of legewatural sources.

Comparing the Hg ARs during different periods ie 8JD-2 peat profile reveals
that the anthropogenic sources of Hg began toenfla the Hg ARs on the Sanjiang
Plain around 2000 cal. yr BP, when the Iron Agetsthin northeast China (Tarasov et
al., 2006). After 2000 cal. yr BP, the Hg ARs or Banjiang Plain increased from 1.0
to 7.0ug m2yr . The Hg AR in the SJD-2 peat profile recorded miyithe Industrial
Revolution was approximately ig m?yr*, and the maximum Hg AR occurred
around 100 cal. yr BP, which was far lower thansthobserved in other sites around
the world (Table 2). The maximum Hg AR in the SJpe&at profile occurred in the
1800s A.D., together with high global Hg productidaring the Industrial Age.
However, in recent years, the Hg AR decreasedapdm “yr *and exhibited trends
that were slightly different than the historical R variation trends observed at
other sites during this period. In South America, ARs range from 3.4 — 5,0y m 2
yr'!in lake sediments in Peru corresponding to the @nwhich anthropogenic Hg
began to influence Hg accumulation (post-1800 A.Blg ARs in Patagonia range
from 10 to 26ug m 2yr * during this period (Hermanns & Biester, 2013; Dagal.,
2016). In addition to these two sites, the Hg ARmast sites are higher than 19
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m 2yr*or even higher than 1Q@y m2yr *, which are both values that are obviously
higher than the Hg ARs in the SJD-2 peat profi@rirnortheast China (Table 2).
Because there are more than 1000 kilometers betteeisanjiang Plain and the
middle of China, which is the cultural and industaenter of China, the development
of the economy and industry on the Sanjiang Platuoed much more slowly than
in other regions in China (Li and Yuan, 1996). &vflecal anthropogenic Hg sources
around the Sanjiang Plain are responsible for mbshe anthropogenic Hg in the
SJD-2 peat profile, while additional Hg from otheegions arrives through
atmospheric transmission. Thus, Hg ARs in the Sji2& profile started to increase
together when global Hg production started to iasee Both natural and
anthropogenic Hg AR (especially anthropogenic Hg) AiRthe SJD-2 peat profile
were lower than in other regions. The low Hg ARd &w Hg concentrations in the
SJD-2 peat profile cause the ecological risk ofgatution in the SJD-2 peat profile

to be much lower than those observed in other geaddl around the world.

4.2. Geochemical characteristics of peat soilsin the SID-2 peat profile

To determine the basic geochemical characterisacel decomposition
conditions of peat soils in the SJD-2 peat profilalk density, LOI, and TN were
selected to reveal basic geochemical charactesjstibile the mass ratio of C/N and
the degree of peat humification were selected tduate decomposition conditions in
this study. The scatter plot and correlation ceoefhts between these five indicators
were plotted with the ‘chart.Correlation’ functian the R environment with the
‘PerformanceAnalytics’ package (Peterson and @&r4) and are shown in Fig. 3.

Geochemical indicators, such as LOl/ash contem, lwa used to distinguish
between minerotrophic and ombrotrophic peatland3l in the SIJD-2 peat profile
ranged from 6% to 85%, with an average value ofr@pmately 66%. The ash
content is the residual material that remains afi®t analysis; the average ash
content of these samples was approximately 34%.hidie ash content in the peat
clearly identified it as being minerotrophic beaausmbrotrophic peat usually

contains much lower ash contents (5-20%) (Shot9R6). Thus, the SID-2 peatland



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

could be identified as a minerotrophic peatlande Tulk density values of most
samples were approximately 0.2 gfciim addition, in a few bottom samples, the bulk
density ranged from 0.5 to 1.0 giifFig. 2). With an increasing bulk density, LOI,
TN and the degree of peat humification all decréade contrast to these three
indicators, the mass ratio of C/N decreased wherbthk density increased from 0.1
to 0.3 g/cm, after which it increased markedly. LOI was fouade highly positively
correlated with TN and the degree of peat humificaaind negatively correlated with
bulk density (Fig. 3). However, there was no sigaifit difference between LOI and
the mass ratio of C/N. The mass ratio of C/N wdsg significantly different than TN,
and there was a weak negative correlation betwé¢radd the mass ratio of C/N
(-0.32, P<0.01). Similar to LOI, the degree of platnification was also highly
positively correlated with TN and negatively coateld with bulk density.

The degree of peat humification and the mass @HtiG/N are widely used to
evaluate peat decomposition in peat soils (Biesteal., 2014; Broder et al., 2012).
The mass ratio of C/N can also be used to evatatson loss in peatlands, as a low
mass ratio of C/N reflects more carbon loss inatlped (Biester et al., 2003). In the
SJD-2 peat profile, there is no significant diffeze between the degree of peat
humification and the mass ratio of C/N. When thessnaatio of C/N decreased from
27 to 22, the degree of peat humification incredsmd 40% to 45%. In addition, the
degree of peat humification fluctuated around 45%envthe mass ratio of C/N
decreased from 22 to 18. With more carbon lossrooguin other peat layers, the
mass ratio of C/N was lower than 18, and the degfepeat humification also
decreased obviously. With an increasing degreeeatt plecomposition (reflecting
more carbon loss), the variation of the degree et phumification (which first
increased and then decreased) indicated that thegiorship between peat
decomposition and the degree of peat humificatias wot directly linear and was
similar to the relationship between Hg and peabdgmwsition. In Hg accumulation,
carbon loss in peat layers leads to more Hg acaiioal in peat soils, and Hg ARs
can be calibrated by the mass ratio of C/N (Biestal., 2003). Hg may also be lost

with a high degree of carbon loss in peat layerd,the mass ratio of C/N may not be
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suitable for calibrating Hg ARs in this type of psaquence. A low degree of carbon
loss causes the degree of peat humification teas®, and an opposite trend appears
between a high degree of carbon loss and the defjeat humification. Because of
the similar trends of Hg and the degree of peat ificetion during peat
decomposition, the degree of peat humification raaly as a better indicator for
calibrating Hg ARs in peat profile.

Because different climate characteristics lead tiberént degrees of peat
decomposition in peat sequences, several previdudies have reconstructed
historical climate change based on the degree af pemification, which can be
regarded as an indirect proxy (Vorren et al., 204/2ng et al., 2010). Some results
have shown that a warm and wet climate may resulailow degree of peat
humification (Ma et al., 2009), whereas other stgdniave obtained opposite results
(Wang et al.,, 2010). Based on the relationship betwthe degree of peat
humification and peat decomposition previously dssed, we can hypothesize an
explanation for the opposite results obtained iavimus studies. Warm and wet
climate characteristics could accelerate peat dposition and increase the degree of
peat humification; however, high peat decomposittan lead to more carbon loss
and decrease the degree of peat humification ih grediles. The different stages of
peat decomposition may lead to different resultasvben different peat profiles.
Because the degree of peat humification increasddtreen decreased with a decrease
in the mass ratio of C/N in the SJD-2 peat profites degree of carbon loss in the
SJD-2 peat profile could not be interpreted basethe degree of peat humification,
and the degree of peat humification could not bgleyed to reconstruct historical
regional climate characteristics directly. Thusg ttegree of peat humification in the
SJD-2 peat profile could be only used to evalubtedegree of peat humification in

the peat profile and to calibrate Hg ARs in thetgmafile in this study.

4.3. Influence of peat decomposition on accumulated Hg
The ratio of C/N and the degree of humification &m® indicators that are

widely used to evaluate peat decomposition (Biestted., 2014; Broder et al., 2012).
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The above discussion indicates that there is alinear correlation between the mass
ratio of C/N and the degree of peat humificatiortie SJD-2 peat profile and that
these two indicators can be used to reflect theede@f peat decomposition in
peatlands under different conditions. Thus, botltheke indicators were selected for
the GAMSs. In addition, based on the Akaike inforimatcriterion (AIC) test, the final
models were obtained using the model based on freseneters showing the lowest
AIC value. The final model, which explained 69.3%twe observed deviance, can be

written as follows:
log(Hg AR) =s(time)+s(degree of humification)

No other refinements resulted in any significanpiavement to the models, and
the results obtained with the GAM are shown in BigTime (F=8.16, P<0.001) and
the degree of humification (F=3.94, P<0.05) wenenfbto have significant effects on
the Hg AR. Similar to the hypothesis that the degoé peat humification is better
than mass ratio of C/N for calibrating Hg ARs, (BAM showed the same results and
divided the impact of peat decomposition on Hg ARt relationships of the Hg AR
with peat decomposition and accumulation time drews in Fig. 4a. With an
increasing degree of peat humification, the immdqieat decomposition on Hg ARs
was negative, and a high degree of peat humificatiogether with increased peat
decomposition, caused some Hg loss in peat soills datreased the Hg AR. In
contrast, when the degree of peat humificationgased from 30% to 50%, there was
no clearly decreasing trend of Hg, and the Hg ARsewnot influenced by peat
decomposition when the degree of peat humificatias lower than 30%. With an
increasing degree of peat decomposition, the negatipact on Hg ARs meant that
Hg was lost along with the total mass loss whenddggree of humification increased
from 10% to 30%, which indicated that Hg conceira in peatland may not be
influenced by peat decomposition. However, whendagree of peat humification
increased from 30% to 60%, the effect on total Hg stable; thus, Hg concentrations
may increase with the total loss of peat mass.

To decrease the influence of peat decompositionHgNnAR, we predicted
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historical Hg ARs with the same degree of humifamatusing the GAM. Compared

with the original degree of peat humification, thegree of peat humification in the
prediction model was the same in all peat layes ramged from 10% to 60%; the
results are shown in Fig. 5. When the degree ofifieation increased from 10% to

30%, Hg ARs decreased markedly. In contrast, thex®no obvious decreasing trend
in Hg ARs when the degree of humification increasech 30% to 60% before 4000

cal. yr BP. From 4000 cal. yr BP to the presenniae obvious decreasing trend of
Hg ARs appeared as the predicted degree of huridficancreased from 10% to 30%,
while no obvious decreasing trend of Hg ARs appkarkeen the degree of predicted
humification increased from 30% to 60%. During tlperiod, the degree of

humification in the SJD-2 peat profile was highleart 30%. Similar to the previous
discussion, peat decomposition could not have catiseloss of Hg in these layers,
and the Hg ARs were mainly influenced by Hg depasituring this period.

In summary, increasing the degree of peat humifinarom 10% to 30% easily
led to Hg loss in the peatland, and the GAM cowddubed to decrease the influence
of peat decomposition on Hg ARs. Based on the G#&M,Hg ARs in peat profiles
could be predicted and calibrated with the sameedegf peat decomposition (i.e.,
the same degree of peat humification). Histori@lations in the Hg ARs calibrated
by the GAM with the same degree of peat decompmositould be regarded as the

actual historical variations in Hg deposition flgxe

4.4, Potential sourcesof Hg in the SID-2 peat profile

Based on the GAM analysis, Hg is easily lost whée tlegree of peat
humification increases from 10% to 30% and remaiearly stable when the degree
of peat humification increases from 30% to 60%. €idering the range of the degree
of peat humification in the SJD-2 peat profile, thg ARs predicted with the same
degree of peat humification (30%, boundary betwwam conditions) were used to
reflect regional historical deposition in this sgudio evaluate the influence of
potential Hg sources on Hg ARs in the SJD-2 prphistorical population data from

Heilongjiang Province (Li & Yuan, 1996), data omnjgerature (average chain length
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of n-alkanes, ACL-ALK) and precipitation (propontiaf aqueous biomarkers, Paq)
indicators reconstructed based on biomarkers onStngiang Plain (Zhang et al.,

2017), temperature data reconstructed from pollenlingbo Lake (west of the

Sanjiang Plain) (Li et al., 2011), wildfire frequsndata reconstructed based on
charcoal on the Sanjiang Plain (Zhang et al., 2043 East Asian summer monsoon
data reconstructed from stalagmit® valuesn the Dongge cave (Wang et al., 2005)
were used as indicators of historical climate andhéin activities, to evaluate the
influence of potential Hg sources on Hg depositiothe SJD-2 peat profile (Fig. 6).

The first peak values of calibrated Hg ARs appe#@m@u 3800 to 2700 cal. yr BP
during the last 8000 years. Fires increase the emurations of atmospheric
carbonaceous particulate matter and atmosphericumer(Crutzen et al., 1990;
Lavous et al., 2000). Atmospheric mercury is infloed by fires and, thus, exhibits
good relationships with both the frequency andnsity of fires (Wang et al., 2010;
Cordeiro et al., 2002). Because intensive anthrepmgactivities began to influence
the Sanjiang Plain around 1200 cal. yr BP (Congl.e2016), the frequency of fires
was mainly influenced by regional climate charast@ms before 1200 cal. yr BP.
Based on lipid biomarkers and grain-size recordsSiD-2, the climate on the
Sanjiang Plain was cold and wet from 6000 to 4080 gr BP under the strong
summer monsoon, before shifting to warmer and d@oaditions after 4000 cal. yr BP
(Zhang et al., 2017). The SJD-2 peat profile reedrd transformation from a shallow
lake to peatland around 4000 cal. yr BP ( Zhanglet2014; Zhang et al., 2017).
Several periods with high frequencies of fires rded in the Honghe peatland on the
Sanjiang Plain occurred around 2700 and 800 caBR/(Zhang et al., 2015). The
high frequency of natural fires from 3800 yr to @7€al. yr BP may be the major
reason that the Hg ARs increased tpug?m‘zyr‘1 during this period.

The amount of Hg produced by human activities durthe Iron Age was
obviously greater than that produced during thenBecAge, which led the Hg ARs to
increase around the world during the Iron Age (& Cortizas et al., 2013;
Martinez Cortizas et al., 2016). The Iron Age beganound 2200 cal. yr BP in

northeast China, nearly 700 years after it begathenmiddle of China and Europe
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(Tarasov et al., 2006). After 2200 cal. yr BP, plopulation around the Sanjiang Plain
also started to increase (Li and Yuan, 1996), dreihcreasing human activities
caused more Hg to accumulate in the natural ecasysthe Hg AR on the Sanjiang
Plain started to increase during the Iron Age, andbvious peak appeared around
1300 cal. yr BP; the calibrated Hg AR increasedhéarly 4pg m?yr* during this
period. The climate of the Sanjiang Plain was ward dry around 1500 cal. yr BP,
which caused fires to occur more easily during tesiod (Li et al., 2011). One
famous war occurred on the Sanjiang Plain arour@8 32 BP, and the black carbon
deposits and diagnostic ratios of polycyclic aramétydrocarbons (PAHS) in two
wetlands in the eastern region of the SanjiangnPh@re also shown to have been
obviously changed by regional human activities miyithis period (Cong et al., 2016).
The increasing human activities around the SanjRliagh and the widespread use of
iron tools in northeast China caused anthropogeaigces of Hg to increase after
2200 cal. yr BP. Thus, the increasing human amwitand warm/dry climate
characteristics around 1300 cal. yr BP causeddhbrated Hg ARs to be higher than
those in surrounding periods (i.e. g m 2yr ™).

From 400 cal. yr BP to the present, the frequerfclires was nearly stable and
slightly decreased, which means that the amouhigtgproduced by natural fires was
nearly stable. However, the calibrated Hg AR inseebfrom 3 to §ig m yr *during
this period. Similar to the increase in global Hgguction (Allan et al., 2013;
Conaway et al., 2004), the increasing human a@sviin northeast China, together
with the rise in Hg production from anthropogentaiices, caused the calibrated Hg
AR in the SJD-2 peat profile to obviously increaBarthermore, industrial factories
began to be established in northeast China ardumd 200s AD (50 BP), and gold
mining activities in the Great Hinggan Mountaindjieh are located in the western
region of the Sanjiang Plain, also started to pcedyold in 1888 AD. Similar to other
sites around the world, the increased productiori@ffrom regional anthropogenic
sources caused the calibrated Hg AR to obvioustyease over the past several
hundred years. Thus, anthropogenic sources of Hg the major sources responsible

for increasing the calibrated Hg AR on the Sanji&tgn from 400 cal. yr BP to the
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present.

In summary, the high frequency of natural firesmir@800 to 2700 cal. yr BP
caused the historical calibrated Hg AR on the @agjiPlain to increase for the first
time during the last 8000 cal. yr BP. With the oegil population increasing and iron
tools becoming more widely used by humans, huménites began to increase the
calibrated Hg AR on the Sanjiang Plain around 2280 yr BP. Together with the
high frequency of natural fires, human activitiesiged an obvious peak period of the
calibrated Hg AR around 1300 cal. yr BP. With imgi@g human activities, the
anthropogenic sources of Hg became the major ssuofeHg and caused the

calibrated Hg AR to increase from 3 ta@ m “yr ' after 400 cal. yr BP.

5. Conclusions

In this study, the historical Hg ARs in the SJD-€approfile from the Sanjiang
Plain were reconstructed and calibrated based endédgree of peat humification
using a GAM. The Hg concentrations in the SJD-Z jpeafile ranged from 11.9 to
55.3 ng ¢, and the Hg ARs ranged from 0.4 to A@m 2yr % the values of both of
these parameters were lower than their correspgndaiues in other peatlands
around the world. Peat decomposition could havesezhiHg loss in peat soils and
influenced Hg accumulation. Based on the GAM, tlieARs modified by a unified
degree of peat humification were closer to histaridg deposition and could, thus, be
used to reconstruct the Hg deposition history peatland. There were three periods
in which the Hg ARs on the Sanjiang Plain were &igihan those in adjacent periods
(i.e., 3800 to 2700 cal. yr BP, around 1300 caBlrand from 400 cal. yr BP to the
present). Similar to other sites around the waltthropogenic sources of Hg mainly
increased during the Iron Age and gradually becmemajor sources of Hg in the
most recent several hundred years. From 400 c@dPyto the present, the increase in
anthropogenic sources of Hg caused the calibratggddR on the Sanjiang Plain to

increase from 3 to Bg m 2yr .
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Table 1. Radiocarbon dating by Accelerator Massc@pmetry of peat core SJD-2.

Depth shown from modern surface to bottom of peasjusnce. Calibrated and

conventional radiocarbon ages presented as yetoelesent (yr BP, calibrated

to 1950 A.D.). Calibrated dates indicated as mediatimated age with 95%

confidence limits. (Zhang et al., 2014).

8C (%) pMC (%) 'C Age (yr BP)
Lab.
Depth(cm) 13 Error Error “c  Error
Code 67°C pMC cal yr BP
(10) (10) Age (1o)
XA7553 27 -37.78 0.51 93.39 0.28 550 24 541+20
XA7592 60 -38.64 0.48 87.34 0.27 1088 24 100452
XA7542 84 -30.36  0.37 84.2 0.27 1381 26 1308+31
XA7543 107 -24.56 0.4 812 0.32 1673 32 157758
XA7554 126 -22.74  0.56 81.16 0.24 1677 23 1577149
XA7555 145 -34.31 0.48 80.62 0.3 1731 30 163575
XA7570 165 -30.14 0.36 64.34 0.21 3542 26 3857146
XA7571 195 -48.99 1.03 4193 047 6982 90  7816%158




Table 2. Hg concentrations and accumulation rafeR) (in peatland and lake
sediments around the world. Based on the degrexalf human activities, Hg was

defined as natural Hg or anthropogenic Hg durirfi2igint periods.

Hg Concentrations HgAR

Location Year Materials Reference
nglg ng/m’.a
.. . . ) 14-31; 0.4-4.4, 8ka to 2ka BP; )
Sanijiang Plain China, Asia Peat This study
12-55 1.0-7.0 Post 2ka BP
. . . 29-200; 0.5-12; 12ka to 3ka BP; ,
Dajiuhu China, Asia Peat Lietal, 2016
100-595 5-36 Post 3ka BP
) 31-32; 1.0-1.4; 12kato 3.5ka BP;
Peru, South America Lake Beal et al., 2014
68-70 3.4-5.0 Post 1800 AD
, _ 27-47, 8-15; 1600 to 1850 AD;
Patagonia, South America Lake (Daga et al., 2016
64-81 10-26 Post 1850 AD
) , 69-104; 30, 17ka to 5.4ka BP; (Hermanns and
Patagonia, South America Lake )
186 29 Post 5.4ka BP Biester, 2013
I . 50-150; 180; Pre 1800 AD; i
California, North America Tidal marsh  Conaway et al., 2004
500-1200 560-10000  Post 1800 AD
_ 35-46; 1.3-2.4; Pre-1750AD;
Belgium, Europe Peat Allan et al., 2013
29-1130 8.3-137 Post 1750AD
) 22-100; 20-80; Pre 1300 AD; (Martinez-Cortizas et
Spanish, Europe Peat
100-436 80-440 Post 1300 AD al., 1999
38-218; 1.5-2.5; 10kato 1500 AD; _
Pyenean, Europe Peat Enrico et al., 201)7
50-238 6.0-40 Post 1750 AD
9-60 <1 Pre 1750 AD; (Pérez-Rodriguez et
Greenland, Europe Peat
47-297 1-9.3 Post 1750 AD al., 2019
20-129 3.3-115 Pre 1750 AD; (Elbaz-Poulichet et al.,
France, Europe Lake

36-577 41-462 Post 1750 AD 2011
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Figure Captions

Figure 1. Location of Shenjiadian (SID-2) peatland.

Figure 2. Variation of bulk density, LOI, total nitrogen, the mass ratio of C/N, the
degree of peat humification, Hg concentrations (Hg conc.), and Hg accumulation rates
in the SID-2 peat core.

Figure 3. Correlation coefficients and scatter plots of dry density, LOI, total nitrogen
(TN), the mass ratio of C/N (C.N ratios), and the degree of peat humification
(Humification). On top, the absolute value of the correlation plus the results of the test
for an association between paired samples are indicated with stars.

Figure 4. Estimated smooth terms of Hg accumulation rates for the GAM. (a) The
smooth function of calendar years. The y-axis represents historical deposition of Hg;
(b) Smooth function of the degree of peat humification. The y-axis represents the
impact of peat humification on Hg accumulation rates. The grey shadow is the 95%
confidence interval.

Figure 5. Cdlibrated Hg accumulation rates based on peat decomposition proxies. a
Historical calibrated Hg accumulation rates (ARs) with the same degree of peat
humification (from 10 to 60%) predicted by the GAM; b historical variations in the
degree of peat humification and the mass ratio of C/N in the SID peat core; ¢
historical variationsin ash contents in the SJD-2 peat core.

Figure 6. Historical calibrated Hg accumulation rates in the SID-2 peat profiles and
their potential influencing factors. a Historica Hg accumulation rates (ARS)
calibrated by the GAM, with the degree of peat humification defined as 30%; b, warm
tree species in Jingbo Lakes, northeast China (Li et a., 2011); c, temperature (average
chain length of n-alkanes, ACL-ALK) and precipitation (proportion of agueous
biomarkers, Pag) indicators in the SID peatland reconstructed based on liquid
biomarkers (Zhang et a., 2017); d, Regional fire frequency recalculated based on
charcoal datain the Honghe peatland, north of the Sanjiang Plain (Zhang et al., 2015);
e, historical intensity of the East Asia monsoon reconstructed from DG §*°0 data
(Wang et al., 2005); f, historical population in Heillongjiang Province (summarized by
Cong et a., 2016); g, Bronze Age, Iron Age, and Industrial Age in Europe, the center



31  of Chinaand northeast China.

32
70°  80°  90° 100° 110° 120° 130° 130° 131° 132° 133° [134°
S
w
50
I
&1 o
= | o~
S
o (\?D'V
= < |
N
n
~ mm Lake
QO — River
&} Elevation
0 30 60 12E -3-200m
— " 200 1100 m
130°  131° 132° 133° 134°
33
34 Figurel
35

36

48°

47°

46°

45°

44°



0 T
40 4 L 40
80 L 80
£
=
E 120 L 120
160 A LD - 160
200 T 1 T T T 1 T T T T 17 ® T T 1 ¥y * F X ¥ T T T 200
0 4 80.0 0.5 1.00 40 80 0 10 20 300 10 20 300 30 60 20 40 600 2 4 6 8
Cal. kyr Bulk Density LOL Tatal Nitrogen .. Dcgree of Humification Hg Conc.  Hg accumulation rates
" ' = e 1 Massratio of C/N 7 og apeorh - E
B.P. gem Yo mgg /0 absorbance ngg e m” e
37
38 Figure2

39



40
41
42

20 40 60 80

20

25

Dry.Density
\
0

% %%

-0.84

-0.099

* %%

-0.81

* kK

0.89

ool

0.77

0.10

Humific?Ron

Figure 3

5 10

15 20 25

06 08

0.4

02

156 20 25

10

5

30 50

10



ACCEPTED MANUSCRIPT

< ¢
e
) P
s )
§° g
o
7 £
=
Gk Ea
=t - ~+
B O T Y B R I LU 0000 )
0 2000 400 6000 8000 10 20 30 40 50
43 Calendar Years BP

Degree of peat humification %

44  Figure4
45



46

47
48

Calibrated Hg AR

—1Hg AR - - - Hg AR Predict = = = Hum. 10% - - = Hum. 20%
= == Hum. 30% - - - Hum. 40% - == Hum. 50% - - - Hum. 60%

T
Lo
L)

T
[\
o

T
[
=

T
—
th

Degree of peat humification
% absorbance

LOI
%
w
=)

Figure5

400

800

1200 1600 2000 2400 2800 4000 6000 8000
Calendar Years B.P.

Mass ratios of C/N



49
50

£

Calibrated Hg AR
ugmyr

Warm tree
species

(a’

S N A N 0

504 (b)
401
304
204

20] ©

ACL-ALK

Fires ky' -1

DG-5'%0 Regional Fire Frequency
%0

407

0 0

million

|

Population

Europe
Middle, China

Northeast, China

Figure 6

281

'
-~

L

1@
I

|
i ol v et A e M MM

400 800 1200 1600 2000 2400

Calendar Years B.P.
Industrial Agelllll 1ron Age B Bronze Age

2800

4000 6000 8000



