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ABSTRACT

In this study, the concentrations of total mercury (THg) and ions deposited in the surface snow and snow pits

in the eastern Antarctic along the 29th inland route of the Chinese National Antarctic Research Expedition

were analysed. The THg concentrations in the surface snow ranged from 0.22 to 8.29 ng/L and elevated

concentrations were detected in the inland regions of higher altitudes (3000�4000m). The spatial distribution

of the THg in the snow pits showed greater inland concentrations with mean concentrations of B0.2�1.33 ng/L.
The THg concentrations in the coastal snow pit (29-A) showed higher concentrations in the summer snow

layers than in the winter snow layers. The THg records from the two inland snow pits (29-K and 29-L) spanned

decades and indicated elevated THg concentrations between the late 1970s and early 1980s and during the mid-

1990s. The temporal variations of THg in the Antarctic snow layers were consistent with anthropogenic

emissions around the world. In addition, the Pinatubo volcanic eruption was the primary contributor to the

1992 THg peak that was observed in the inland snow pits.
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1. Introduction

Mercury (Hg) is a trace metal pollutant of global concern

because of its relatively long atmospheric residence time

(approximately 1 yr) (Dommergue et al., 2010) and its

potential to form highly toxic methylmercury, which can

bioaccumulate in the aquatic food chain (Schuster et al.,

2002; Mann et al., 2005). Both natural and anthropogenic

sources contribute to the presence of mercury in the

environment. Land surface (soil degassing) and ocean

evasion are the main natural sources of Hg, while fossil

fuel combustion and medical waste incineration are the

largest anthropogenic sources (Mann et al., 2005). The

dominant form ofHg in the atmosphere is gaseous elemental

mercury (GEM, Hg8), which is relatively inert and can be

transported long distances prior to chemical transformation.

Consequently, elemental Hg has a global environmental

influence. Once the mercury is chemically or photochemi-

cally oxidised to reactive gaseous mercury (RGM) and/or
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particle-associated mercury (PM) (Lindberg et al., 2001),

it is highly water-soluble and undergoes enhanced deposition

via wet and dry processes.

Determining the spatial and temporal patterns of atmos-

pheric mercury deposition is important because the atmos-

phere is the main pathway for the dispersion of this toxic

metal (Fitzgerald and Clarkson, 1991; Boutron et al., 1998).

In the Arctic, atmospheric mercury depletion events

(AMDEs) gained attention in the 1990s (Schroeder et al.,

1998). These events commonly occurred during the spring in

the polar coastal environments and were caused by photo-

chemically initiated oxidation reactions that involved

marine halogens (Lu et al., 2001; Lindberg et al., 2002; Skov

et al., 2004) that transform GEM to RGM and PM (Faı̈n

et al., 2008). The deposition of oxidised mercury results in a

greater total mercury (THg) concentration in the snow and

subsequently contributes to the contamination of the aqua-

tic reservoir during snowmelt (Faı̈n et al., 2008). Modern

measurements combined with historical records from lake

sediments and peats suggest that a three-fold increase in

mercury deposition has occurred since pre-industrial times

(Engstrom and Swain, 1997; Lamborg et al., 2002). In

contrast to the sediment-core records, Schuster et al.

detected a 20-fold increase in Hg (II) deposition following

pre-industrial times (before 1840) through the mid-1980s

based on an ice core from the Freemont Glacier (Wyoming,

USA) (Schuster et al., 2002). Upon analysing the four

decades from 1949 to 1989, central Greenland was found to

exhibit elevated mercury concentrations beginning in the

late 1940s and ranging to the mid-1960s (Boutron et al.,

1998). The main anthropogenic inputs fromNorth America,

Asia and Europe were linked specifically to coal burning

and solid waste incineration (Boutron et al., 1998). At low

latitudes, several attempts have been made to monitor the

spatiotemporal variations of toxic metals in snow and ice,

especially in the headwater regions of many large rivers (e.g.,

the highlands in western China) (Loewen et al., 2007; Huang

et al., 2012; Zhang et al., 2012). The spatial distribution

pattern of mercury in the glaciers located in western China

had higher concentrations in the north, where higher atmos-

pheric particulate numbers were measured simultaneously

(Loewen et al., 2007; Zhang et al., 2012). Lower concentra-

tions were observed during the summer (or monsoon

season) than during the winter (or non-monsoon season)

(Huang et al., 2012; Zhang et al., 2012). Antarctica is the

most remote continent and is usually perceived as an

isolated, hostile place and as a symbol of the last great

wilderness untouched by humans. However, as in other

remote regions, Antarctica is unable to escape the impacts of

long-range pollutant transport due to increasing human

activities on other continents (Durnford and Dastoor, 2011;

Pfaffhuber et al., 2012).

In past decades, many researchers have investigated the

spatiotemporal distribution of mercury in the snow and

atmosphere in Antarctica (Vandal et al., 1993; Brooks et al.,

2008a; Jitaru et al., 2009; Han et al., 2011; Dommergue

et al., 2012; Pfaffhuber et al., 2012; Han et al., 2014). Brooks

et al. reported preliminary mercury observations at the

South Pole (Brooks et al., 2008a). In this case, oxidised

mercury (e.g. RGM and fine particulate mercury) was

present at higher concentrations (100�1000 pg m�3) in the

near-surface air. These concentrations were strongly corre-

lated with the vertical mixing rates and showed rapid surface

deposition. The spatial distribution of the total THg along

the traverse from the coastal region of the Dronning

Maud Land to the interior highland regions showed

elevated THg concentrations in the polar plateau regions

(Han et al., 2011). In addition, the history of atmospheric

mercury deposition over longer time scales (past decades to

tens of thousands years) has also been determined in

Antarctica (Vandal et al., 1993; Boutron et al., 1998;

Schuster et al., 2002). However, insufficient data are

available from Antarctica to study the spatial distribution,

the temporal variations and the potential source regions of

mercury and the exchanges of mercury between the snow

and atmosphere (Durnford and Dastoor, 2011), especially

for the interior highland regions (Han et al., 2011).

Here, we present observations of the spatial distribution

of THg on a transect route from Zhongshan Station to

Dome A in the interior of eastern Antarctica. Thirteen

snow pits were excavated along the route. The records

obtained from the pits provide us with the opportunity to

understand the spatial distribution of THg from the coast

to Dome A and the seasonal variations of THg during past

decades. Moreover, this study provided us with an oppor-

tunity to understand mercury cycling over the Antarctic

region and to compare and analyse these results with

previous observations in a synthesised form.

2. Experimental section

2.1. Study area

The field expedition of the 29th Chinese National Antarctic

ResearchExpedition started atZhongshan Station (69837? 31S,
76837?22E) and reached the Chinese interior research site

(Kunlun station), which is located at the highest point of

eastern Antarctica, and Dome A (80825?01S, 77806?58E)
(Xiao et al., 2008; Ren et al., 2010; Ding et al., 2011) between

December 2012 and January 2013 (Fig. 1). The expedition

route covered a distance of 1248km, and the altitude increased

from sea level at the Zhongshan Station to 4093m atDomeA.

The details of the geographic information of the route

and the snow accumulation are listed in Table 1 and have

been presented by others (Hou et al., 2007; Xiao et al., 2008;
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Ding et al., 2011). Along the route, the coastal region (0�
520 km) showed a strong decrease in accumulation with

increasing altitude andwith increasing distance from the coast.

The mid-section (520�1128 km) showed lower accumulation

with the highest standard deviation. This finding may be

associated with wind-driven processes and/or the unique

topography of this region. The region of Dome A (1128�
1248 km) had the lowest accumulation and corresponded to

the highest elevation and the farthest distance from the ocean

(Ding et al., 2011). A special precipitation style (diamond

dust, clear sky precipitation) dominated the snowfall in this

region (Hou et al., 2007).

2.2. Snow sampling

During the 29th Chinese National Antarctic Research

Expedition in 2012�2013, 13 snow pits were made along

the inland route and 585 snow samples were collected. The

details of the snow pit sites are shown in Table 1. On the back

traverse route, 181 surface snow samples were taken evenly

along the route, of which 66 were selected for mercury

analysis (supplementary Table S1) and 115 were selected for

other ion analysis (Fig. 1). For all samples, 250ml Nalgene

LDPE wide mouth bottles were used; all bottles were

thoroughly cleaned using acid and a strict cleaning proce-

dure (Hong et al., 2000; Liu et al., 2011) at the State Key

Laboratory of Cryospheric Sciences (SKLCS) in Lanzhou

before double sealing in acid-cleaned LDPE bags. All of the

sampling tools, including plastic scrapers and knives, were

pre-cleaned before leaving for the fieldwork. For the snow

pit, another 20-cm profile was peeled off with clean scrapers

after the digging step. All of the samples were taken by

pushing the bottles into the wall of the snow pits. In two

cases, sample collection was conducted using the ‘Clean

Hands�Dirty Hands’ protocol described in our previous

work (Zhang et al., 2012). Details regarding the cleaning and

sample handling protocols can be found in the relevant

references (Loewen et al., 2007; Huang et al., 2012; Zhang

et al., 2012). The surface snow samples were collected by

vertically pushing the sampling bottles into the snow surface,

usually at a depth of more than 5 cm. All of the samples were

double sealed with clean bags and stored in the dark in clean

boxes. All of the samples were transported back to SKLCS

while frozen (5108C) and were stored in a dark refrigerator

(�188C) until further processing.

2.3. Sample analysis

Before analysis, approximately 50ml of each snow sample

(approximately 20ml of liquid sample) was aliquoted

and transferred into clean polypropylene BD Falcon†

(VWR) tubes that were spiked with 100 mL of BV-III grade

Fig. 1. Sampling sites along the transect from Zhongshan Station to Dome A. Thirteen snow pit samples were collected during the inland

journey and the details of the geographic and sampling information can be found in Table 1. The blue circles and red points correspond to

the locations where surface snow samples were collected on the return trip and were then used for mercury and major ion analysis.
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(CMOS) HCl (Beihua Chemical, China). The remaining

sample fractions were used for the ion and stable hydrogen

and oxygen isotope analyses. After melting in a clean room

(1000-class for the room and 100-class for the operating

chamber), 8 ml BrCl was added to each sample. After the

processing procedure, all of the samples were stored in clean,

dark boxes for more than 6 hours before analysis. The

samples were analysed using cold vapour atomic fluores-

cence spectroscopy (CVAFS) on a Tekran 2600 mercury

analyzer according to US EPA Method 1631 (Zhang et al.,

2012). The detection limit of the method was B0.2 ng L�1.

TheORMS-2 (30.692.3 ng/L) andORMS-3 (12.691.1ng/L,

National Research Council of Canada) certified reference

materials were used for quality control and were within 5%

of their certified values. Three unopened sampling bottles

were used as field blanks and were brought to the field with

the other bottles (Han et al., 2014). In the lab, the empty

bottles were filled with deionised water and analysed

following the same procedure as that used for the other

samples (no THg was detected). In addition, the THg

concentrations in some samples (approximately 13%) were

too low for detection, suggesting that negligible contamina-

tion was introduced during the sampling procedure.

The Na�, NH4
�, K� and Mg2� cation concentrations

were determined using a Dionex ISC 3000 ion chromato-

graph with an IonPac CS12A column, 20mM MSA

(methanesulphonic acid) eluent and CSRS suppressor. The

Cl�, Br�, NO�3 and SO2�
4 anions and the HCOO� and

CH3COO� acids were analysed using aDionex ISC3000 ion

chromatograph with an IonPac AS11-HC column, 25mM

KOH eluent and ASRS suppressor. The analytical detection

limits, which were defined as three times the standard

deviation of the baseline noise (Toom-Sauntry and Barrie,

2002) were approximately 0.58 ng/g for Na�, 0.19 ng/g

for NH4
�, 0.19 ng/g for K�, 0.19 ng/g for Mg2� , 0.75 ng/g

for Cl�, 0.07 ng/g for Br�, 0.95 ng/g for NO�3 , 0.57 ng/g for

Table 1. Geographic and sampling information with the mean THg concentrations for the 13 snow pits along the transect from

Zhongshan Station to Dome A

Sampling

sites Location

Altitude

(m)

Distance

(km)

THg concentrationa

(ng/L)

Depth

(cm)

Accumulation

(kg m�2

yr�1)b Nc Sampling date

29-A 69842?39.5ƒS
76828?43ƒE

832 40 0.3290.39 [0.14

(0.09, 0.38)]

200 268.0 8 16 December 2012

29-B 70830?11.9ƒS
76849?36.5ƒE

1597 130 0.3190.40 [0.23

(0.14, 0.31)]

200 138.5 20 17 December 2012

29-C 71811?12.7ƒS
77821?52.2ƒE

2074 210 0.1490.11 [0.12

(0.05, 0.18)]

150 172.0 20 18 December 2012

29-D 71858?42.8ƒS
77856?45.3ƒE

2351 300 0.4090.39 [0.34

(0.19, 0.43)]

200 121.6 20 20 December 2012

29-E 72851?27.2ƒS
77822?31.9ƒE

2514 400 0.2790.16 [0.27

(0.15, 0.35)]

200 94.6 20 21 December 2012

29-F 73826?7.1ƒS
76859?20.7ƒE

2551 466 0.2590.18 [0.21

(0.11, 0.33)]

200 120.6 20 22 December 2012

29-G 73854?52.7ƒS
76859?15.6ƒE

2631 520 0.1390.17 [0.09

(0.03, 0.16)]

300 54.7 60 24 December 2012

29-H 75827?0.7ƒS
76853?42.6ƒE

2799 690 0.4290.10 [0.40

(0.38, 0.43)]

100 29.7 10 26 December 2012

29-I 76820?45.2ƒS
77802?14.4ƒE

2830 792 0.5090.42 [0.32

(0.23, 0.57)]

200 62.2 20 28 December 2012

29-J 77812?2.7ƒS
76858?3.7ƒE

2967 886 0.6290.50 [0.51

(0.26, 0.81)]

200 88.0 80 29 December 2012

29-K 77859?51.1ƒS
77806?42.2ƒE

3169 976 0.6990.73 [0.53

(0.30, 0.85)]

200 33.3 80 30 December 2012

29-L 79805?57.1ƒS
76859?42.9ƒE

3757 1100 1.3391.09 [1.04

(0.57, 1.65)]

250 25.4 100 2 January 2013

29-M 80822?00ƒS
77821?11ƒE

4093 1248 0.3690.32 [0.26

(0.19, 0.45)]

300 23.5 100 5 January 2013

aMean concentrations represent the arithmetic mean THg concentrations of the snow pits (mean values 91s), while the numbers in the

following brackets represent the median concentrations.
bAccumulation is the mean value of each snow pit and was calculated based on the dating results.
cN represents the total number of the samples collected from each snow pit.
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SO2�
4 , 0.06 ng/g for HCOO� and 0.24 ng/g for CH3COO�.

The analytical precision and accuracy of these concentra-

tions was better than 10%.

The D and 18O compositions in all of the samples were

analysed using a Liquid-Water Isotope Analyzer (DLT

100, Los Gatos, USA) based on Off-axis Integrated Cavity

Output Spectroscopy (OA-ICOS) at the SKLCS. The

isotopic ratios were expressed per mil (�) relative to

Vienna Standard Mean Ocean Water (V-SMOW). The

accuracies of the dD and d18O were 90.6 � and 90.2 �,

respectively.

3. Results and discussions

3.1. THg in the surface snow

The determined THg concentrations for all 66 of the

surface snow samples along the traverse from Zhongshan

Station to Dome A ranged from 0.22 to 8.29 ng/L (ppt)

(with an average value of 1.5991.89 ng/L (n�66, 1s),
and median, lower and upper percentiles (25% and 75%) of

0.83 ng/L, 0.51 ng/L and 1.57 ng/L, respectively) (Fig. 2 and

supplementary Table S1). In general, the surface snow THg

concentrations along the expedition transects in eastern

Antarctica agreed well with those reported from another

expedition routes in Dronning Maud Land [B0.4�10.8 ng/
L (n�44)] (Han et al., 2011) and were comparable with

those from South Victoria Land [0.4�1.5 ng/L (n�5)]

(Sheppard et al., 1991) and Summit in Greenland [B0.

05�2.0ng/L (n�56)] (Boutron et al., 1998). However, the

values recorded in our study were significantly lower than

those recorded in the Antarctic coastal sea ice regions [near

McMurdo, 40�430 ng/L (n�24)] (Brooks et al., 2008a). In

addition, our values were lower than the mean values on

the transect from Dome C to Dumont d’Urville (4.2�194.
4 ng L�1, with a mean value of 47.0 ng L�1) (Dommergue

et al., 2012). The proximity of the sea ice edge and

McMurdo Station and the influence of the Mt. Erebus

volcanic eruption potentially resulted in the high THg

concentrations in Brooks’ samples (Brooks et al., 2008a).

However, no certified reason was provided for the high

mercury concentrations in the samples that were collected

during the logistical trial from Dome C and Dumont

d’Urville (Dommergue et al., 2012). The occasional deposi-

tion of highly oxidised mercury potentially caused the high

THg concentrations in the surface snow near Dome C and

the South Pole (Brooks et al., 2008a; Dommergue et al.,

2012). Otherwise, Hg-rich drifting snow cannot be ruled

out (Brooks et al., 2008a).

Spatially, the THg concentrations in the surface snow

were approximately five-fold higher in the interior highland

regions [�3000m a.s.l., 4.7492.12 ng/L, (n�13, 1s)] than
in the regions with lower elevations [0.8090.49 ng/L,

(n�53, 1s)] along the expedition route. The spatial

distribution pattern agreed well with Han’s results, which

covered a traverse route from Syowa station to Dome F in

Dronning Maud Land (Han et al., 2011). Both data series

showed elevated values in the inland regions with high

altitudes, implying that different transport pathways or

depositional mechanisms play important roles in the

deposition of THg in different regions of Antarctica.

3.2. Factors influencing the THg concentrations in the

surface snow along the transect

Many factors influenced the variation of the THg concen-

trations in the snow layers, including the distance from

the ocean (Han et al., 2011; Dommergue et al., 2012),

temperature (Brooks et al., 2008a; Douglas et al., 2008),

photochemical reactions associated with solar radiation

(Brooks et al., 2008a), different precipitation styles (Dou-

glas et al., 2008) and accumulation (Han et al., 2011). In

this section, we analyse the possible factors of influence

based on the THg concentrations in the surface snow along

the transect. The distributions of the ions (Na�, Cl�,

Mg2� , Br�, NO�3 , SO
2�
4 , HCOO�, CH3COO�, etc.) and

stable water isotopes (dD, d18O and D-excess) indicated

distinct distributions in the coastal and interior regions,

with a dividing line located between approximately 600 km

and 2700m above sea level [Student’s t-test, 95% con-

fidence level (Han et al., 2011)] (Fig. 2). The sea salt

enrichment factors [defined as the mass ratios of the

species/Na� in the snow pit samples divided by those in

the standard ocean water (Toom-Sauntry and Barrie, 2002;

Weller et al., 2008)] of the selected ions (Cl�, Br�, SO2�
4 )

indicated distinct characteristics in the different sections

with higher values in the inland section than the coastal

section (Fig. 3). This finding implied that different sources

or transporting mechanisms were responsible for deposi-

tion in the different regions (Han et al., 2014).

Correlations among the THg and major ions in the

surface snow were first analysed in two regions. Significant

correlations were observed among the sea salt ions (Na�,

Cl�, Mg2� ) in the coastal regions, implying that the

surrounding ocean was a major contributor to deposition

(Wolff et al., 2003). However, the THg concentrations do

not show any significant correlations with the sea salt ions

and the other physical indices (altitude, distance inland, air

temperature, density, accumulation, etc.), except for snow

temperature (�0.44, P�0.03, N�34). A consistent de-

creasing trend in the THg concentrations occurred over a

short distance (0�210 km) from the sea ice region and was

potentially associated with the decreased supply of marine

halogens for the photo-oxidation of GEM (Poulain et al.,

2007; Brooks et al., 2008a; Han et al., 2011). However, the
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weak correlations between the THg concentrations and the

other variables in the initial 600 km transect suggested that

many other factors are important for their distribution.

First, the nearest sampling site is located 30 km from the

coast (622m above sea level). Hence, none of our samples

were truly coastal samples. Additionally, although the

direct input of sea salt decreases inland, the deposited

halogens could be recycled (Han et al., 2011). Second, the

accumulation changes significantly in this region; thus,

similar sampling depths may represent different time

intervals. Third, quick basal ice movement to the Lambert

Glacier Basin (Cui et al., 2010) and greater wind velocity

can be found in this area (Ma et al., 2010). Intensive snow

drifting can significantly alter the initial deposition of Hg in

the surface snow (Li et al., 2014).

Significant correlations were observed between THg

concentrations and the other variables (altitude, distance

inland, temperature, water stable isotopes, etc.) in the

interior section (600�1248 km). The Br� concentration was

weakly correlated (0.33, P�0.053, N�25) with THg,

which was partially attributed to the limited amount

of data. No significant correlations were found between

THg concentrations and accumulation (�0.28, P�0.128,

N�32), suggesting that accumulation slightly influenced

the THg distribution. D-excess was a useful indicator for

monitoring the moisture sources (Xiao et al., 2013). In

previous research, it was noted that the moisture source

region for the Dome A area lies 46948S of the South

Indian Ocean (Wang et al., 2012). The significant correla-

tions between the THg concentrations and the D-excess,

altitude and distance inland (0.73, 0.82, 0.79 for the three

variables, respectively, with PB0.01 and N�32 for all)

potentially indicate that the lower latitudes were important

source regions for Hg deposition in the interior region. The

significant negative correlations between the THg and the

temperature indices (�0.83, �0.76, �0.63 for air tem-

perature, snow temperature and dD, respectively, PB0.01

and N�32) may show that temperature significantly

influenced the deposition of THg. This influence could be

achieved via the two following mechanisms. First, colder

temperatures can prevent the photoreduction of deposited

oxidised mercury into GEM, which would be emitted into

the atmosphere (Douglas et al., 2008; Brooks et al., 2008a).

Second, the lower temperatures in the higher altitude

regions were helpful for forming diamond dust, surface

hoar and frost flower, which are important carriers of

mercury (Douglas et al., 2008; Hou et al., 2007). Pristine

diamond dust ice crystals are usually observed with sizes

B150 mm and consist of thick plates/short columns, columns

and plates that are expected to grow by vapour diffu-

sion after heterogeneous nucleation (Bacon et al., 2003).

Because of the extremely low accumulation rate in the

Antarctic interior, clear sky precipitation accounts for a

large fraction of the total precipitation (Bromwich, 1988).

Because of the unique precipitation and the weak wind in

the Dome A region, a needle ice crystal layer develops on

the snow surface. This type of unique topographic feature

can only be observed in the Antarctic inland sites (Hou

et al., 2007). Douglas et al. noted that mercury was

enriched on the surfaces of the ice crystals, which had

higher specific surface areas (Douglas et al., 2008). The

kinetic crystals that grow from the vapour phase, including

surface hoar, frost flower and diamond dust, yield mercury

concentrations that are typically 2�10 times greater than

those reported for snow deposited during AMDEs (ap-

proximately 80 ng/L) (Douglas et al., 2008). The long-range

transport and vertical precipitation of mercury in diamond

dust from the stratosphere could be a major source of THg

on the inner Plateau (Han et al., 2011).

Halogen radicals (e.g. Br�, BrO� and Cl�) are impor-

tant activators for the oxidation of atmospheric GEM

(Goodsite et al., 2004; Faı̈n et al., 2008). Although halogen

radicals are concentrated near sea ice regions, long-range

transport and sea salt recycling appear to supply marine

halogens to even the inland Plateau (Han et al., 2011).

Scavenging of reactive gases (such as HBr, HNO3 and

HONO) by the high surface area of the ice crystals may

result in the high values in inland Antarctica (Toom-

Sauntry and Barrie, 2002). In addition, elevated nitrate

concentrations were observed in the interior regions of

eastern Antarctica and were highly correlated (0.63,

PB0.01, N�32) with the THg concentrations in the sur-

face snow. In the interior regions of the Antarctic ice sheet,

nitrate mainly originated from NOx production in the

stratosphere and from tropospheric lightning (Wagenbach

et al., 1998; Röthlisberger et al., 2000; Li et al., 2013).
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Fig. 3. The distribution of the sea salt enrichment factors of

selected ions (Cl�, K�, Mg2� , Br�, SO2�
4 ) in the surface snow

samples collected in different sections (coastal section between

30�600km and inland section between 600�1248km) of the transect

from Zhongshan Station to Dome A.
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Otherwise, the production of NOx from N2 dissociation

above the stratopause, which is strongly modulated by

solar radiation, contributes to the Antarctic NO�3 budget

(Legrand and Kirchner, 1990). The production of the THg

and nitrate in snow was connected with solar radiation, and

the special scavenging pathway may play a role in these

significant correlations.

3.3. THg in snow pits

The THg concentrations in the snow pit samples were

between B0.2 and 5.09 ng/L (n�558), and the mean

concentrations for all of the snow pits varied from

0.1390.17 ng/L to 1.3391.09 ng/L (n�13). The mean

snow pit concentrations were similar to (or lower than)

the surface snow sample concentrations (Fig. 2). Two

factors potentially accounted for this difference. 1) The

first factor is the difference between the sampling dates.

Surface snow samples were collected between 24 January

and 11 February 2013, 3�5 weeks later than the maximum

solar elevation and during the peak annual mercury

production in Antarctica (Brooks et al., 2008a). The

snow pit samples were collected between 16 December

2012 and 5 January 2013 (Table 1). In this case, increasing

GEM concentrations were detected in the atmosphere but

the peak value had not been reached (Brooks et al., 2008a).

In the austral summer, GEM is actively converted to its

oxidised form of Hg(II) when solar irradiation is suffi-

ciently strong to produce Br� from the photolysis of Br2
(Faı̈n et al., 2008). The following mechanism was poten-

tially involved in the greater THg content in the surface

snow samples (Goodsite et al., 2004).

Hg� þ Br� ! HgBr � ðR1Þ

HgBr � þBr� ! HgBr2 ðR2Þ

2) Post-depositional effects. After deposition, Hg depletion

in the snowwas potentially caused by a rapid snow-to-air Hg

transfer resulting from the photoinduced reduction ofHg(II)

to volatile Hg8 (Lalonde et al., 2002) that was released into

the atmosphere as GEM. Furthermore, the sublimation-,

ablation- and drifting-inducedmass loss of snowmay reduce

the THg concentrations in the snow layers (Zhang et al.,

2012). Field observations have suggested that newly depos-

ited mercury during snowfall decreased by an average of

54% within 24 hours after deposition (Lalonde et al., 2002).

In this study, the mean THg concentrations remaining in the

snow pits accounted for approximately 28% of the mean

values in the surface snow samples, implying that an even

larger portion of the deposited THg was released into the

atmosphere. Similar to the surface snow samples, the mean

THg concentrations in the snow pits were higher in the

interior regions [0.7490.79 ng/L (n�390)] than near the

coast [0.2390.26 ng/L (n�172)]. Otherwise, for all of the

snow pits, the arithmetic mean concentrations were greater

than the median concentrations, which indicated that the

mean was significantly influenced by episodic high concen-

trations (Table 1) (Pfaffhuber et al., 2012).

Based on the mean THg concentration that was calcula-

ted from the snow pits in the interior plateau (above 3000m,

29-K, 29-L and 29-M are included) and the mean accumula-

tions that were inferred from the snow pits (Table 1), the

annual mean buried concentration of mercury in the

Antarctic polar plateau was roughly estimated for the past

three to four decades (�5 million km2) as 0.1490.03 metric

tons. This value was significantly lower than Brooks’ value,

which was based on snow pits at the South Pole (�60 metric

tons) (Brooks et al., 2008a). This deviation resulted from the

higher mean THg concentrations that were sequestered in

Brooks’ snow pits. However, the three snow pits that were

excavated by Brooks were all located near the South Pole

Station. The snowpack covered a significantly larger area

(Table 1) in our study. Thus, it was hypothesised that more

sites should be included to assess the deposition of THg

across such a large area. Regarding the Antarctic ice sheet,

the THg concentrations in all 13 snow pits along the transect

were used to estimate the total THg deposition. The annual

mean amount of sequesteredmercury in the past 3 or 4 yrwas

calculated as the sum of the annual deposition in the regions

with different altitudes and was 0.5590.11 metric tons. Based

on the THg concentrations in the surface snow (5 cm) along the

traverse, the amount of deposited THg during the austral

summer (November�February) was 0.9890.81 metric tons

on the Antarctic polar plateau (3000�4000m) and was

1.7991.27 metric tons for the entire Antarctic ice sheet.

Thus, approximately 86% of the THg deposited during the

austral summer was emitted back into the atmosphere in the

high polar plateau area. For all of Antarctica, this value was

approximately 69%.

3.4. Temporal variations of the THg and possible

sources

Seasonal variations of marine compounds were preferen-

tially adopted for dating the snow pit profiles. In addition,

snow accumulation and historical data (Ding et al., 2011)

were used to ensure the dating accuracy. The fingerprints of

the Pinatubo eruption occurred in 1991 and were recorded

in snow pits 29-L and 29-M. These fingerprints provided us

with a certified dating signature corresponding to 1992

(Traufetter et al., 2004; Castellano et al., 2005; Ren et al.,

2010; Cole-Dai et al., 2000). Because of the different annual

accumulations at different sites, the spanning periods of

the snow pits varied from approximately 3 yr at the coast

(29-A) to approximately 45 yr in the interior region of
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Dome A (29-M). In this section, one coastal (29-A) and two

inland snow pits (29-K and 29-L) were selected to study the

temporal variations of the THg concentrations and the

possible influencing factors.

3.4.1. 29-A. Based on the dating results with seasonal

variations of the sea salt and sulphate ions, a 3-yr duration

(2010�2012) was obtained (Fig. 4). Although the calculated

mean annual accumulation rate was 268 kg m�2 yr�1, no

previous monitoring results were given for this site. In

addition, this value was consistent with another coastal site

(LGB69, 286.3 kg m�2 yr�1) on the same expedition route.

The THg concentrations were greater in the summer snow

layers than in the winter snow layers (dD showed higher

and lower values, respectively). The production of RGM

was associated with solar irradiation and mainly occurred

during the sunlit period (Zhang et al., 2012). Typically, the

sunlit period in Antarctica lasts from September to March,

and the solar elevation reaches its maximum in December

(Brooks et al., 2008a). Otherwise, the higher concentrations

of Br� that occurred in the austral summer snow layers

(not shown here) may be responsible for the higher THg

values (Lalonde et al., 2002). The THg in the snow pit

peaked at the surface and decreased rapidly with depth in

the sunlit zone (e.g. first 0�15 cm). Below a depth of

approximately 25 cm, the THg concentration was less

variable, with concentrations of approximately 0.2ng L�1

(Brooks et al., 2008a). No significant correlation was found

between the THg and the sea salt ions (Fig. 4). A similar

variation trend was found between THg and sulphate. The

sulphate concentrations are always higher in the summer

when the sea ice area is lower and when more DMS is

emitted into the atmosphere (Sun et al., 2002 and Welch

et al., 1993; Becagli et al., 2009). The only AMDE in the

Antarctic was detected at the McMurdo station on the

coast. The increase in the snow pack mercury levels are

related to mercury depletion events at locations near

marine snowpack and ice containing sea salt. The McMur-

do event was similar to the event that was reported at Alert

Canada (Schroeder et al., 1998; Lu et al., 2001) at Barrow,

Alaska (Brooks et al., 2008a). However, because of the low

sampling resolution (25 cm) and the distance from the sea

ice edge (40 km), no atmospheric mercury deposition event

was detected in the 29-A snow pit.

3.4.2. 29-K and 29-L. THg concentration records of

longer duration were obtained from the two interior snow

pits. Specifically, 24 (1989�2012) and 37 (1976�2012) years
of concentration records were obtained from the 29-K and

29-L snow pits, respectively (Fig. 4). Many studies of THg

concentrations in snow and ice around the world cover this

period (Boutron et al., 1998; Faı̈n et al., 2009; Han et al.,
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the total mercury concentrations represent 1s of instrument precision.
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2014; Zheng et al., 2014). Between the 1970s and 1980s,

higher THg values were recorded in the Summit snow

layers (Greenland) (Faı̈n et al., 2009). This trend was

consistent with the worldwide production of mercury and

the anthropogenic emissions of mercury into the atmos-

phere (USGS, 2006). Next, the THg concentrations in the

Upper Fremont Glacier ice core showed a decreasing trend

(Schuster et al., 2002), and a similar trend was found in the

Summit snow layers (Faı̈n et al., 2009) and the two sites in

the Canadian High Arctic, the Agassiz Ice Cap and the Mt.

Oxford Ice Field (Zheng et al., 2014). The United States

Clean Air Act of 1970 and the Clean Air Amendment of

1990 were partly responsible for this reduction (Schuster

et al., 2002). In addition, simultaneous decreases in the

THg concentrations were also recorded for the Antarctic

Taylor Valley and Dome Fuji snow layers between 1987

and 1993 (Witherow and Lyons, 2008; Han et al., 2014),

implying that the anthropogenic effects on mercury pro-

duction are globally influenced. Another obvious increase

in the THg concentration occurred in the mid-1990s and

was recorded in both Arctic and Antarctic snow layers

(Rebecca et al., 2008; Zheng et al., 2014; Han et al., 2014).

This increase could be associated with a small increase in

worldwide mercury production in the mid-1990s (Pacyna

et al., 2006; USGS, 2006; Lindberg et al., 2007).

In the 29-L and 29-K snow pits, elevated THg concen-

trations were detected at the end of the 1970s and during

the 1980s (similar distribution patterns can also be found in

the 29-M snow pit, although the data are not shown here),

which may be connected with high amounts of global

mercury production and the anthropogenic emissions of

mercury into the atmosphere (Faı̈n et al., 2008, 2009).

Beginning in the 1980s and lasting until the early 1990s, a

consistently decreasing trend in THg occurred. This trend

was consistent with a decrease in global mercury produc-

tion (Faı̈n et al., 2009) and with other snow layer records

from the Arctic and Antarctica (Han et al., 2014; Zheng

et al., 2014). In addition, an elevated THg concentration

(approximately six times greater than the background

value) occurred during the early 1990s in the 29-K and

29-L snow pits. The concurrent appearance of elevated

THg contents in these two snow pits potentially resulted

from the volcanic eruption of Pinatubo (1991). Several

studies have noted that volcanic eruptions can cause ele-

vated halogen concentrations in the atmosphere (Schuster

et al., 2002; Brooks et al., 2008b; Faı̈n et al., 2009) and can

further increase mercury deposition in snow layers. Mt.

Erebus, a volcano located near Ross Sea in western

Antarctica, potentially was a secondary source of local

mercury (Brooks et al., 2008b). In addition, elevated THg

concentrations were recorded simultaneously in the mid-

1990s in the two snow pits, implying that even the most

remote regions are influenced by anthropogenic activities

(USGS, 2006). Another simultaneous increase in THg in

the two snow pits occurred during the mid-2000s. However,

the elevated concentration was lower than values recorded
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for the mid-1990s (Figs. 4 and 5). Because confident emissions

data for global mercury are lacking for this period, no further

sources for the elevated values are hypothesised.

4. Conclusions

The THg concentrations, ion concentrations and stable

water isotopes that were deposited in snow and snow layers

in the eastern Antarctic along the 29th Chinese National

Antarctic Research Expedition route during the austral

summer of 2012/2013 were analysed in this study. In the

surface snow, the THg, Br� and NO�3 concentrations

were generally greater in the inland plateau (above 3000m)

than at lower altitudes near the coast. Enhanced halogen

supply, stratospheric chemistry during the sunlit period

and scavenging by diamond dust ice crystals likely play

important roles in deposition in the inland region. Lower

mean THg concentrations were detected in the snow pits

relative to the surface snow. The post-depositional loss of

the deposited Hg from the snow layer was approximately

86% in the inland plateau area and approximately 69%

throughout Antarctica. The temporal variations of the

THg in the coastal snow pit (29-A) indicated that higher

concentrations occurred in the summer snow layers than in

the winter snow layers. This finding was consistent with the

enhanced photochemical production of reactive gas-phase

mercury that has been observed elsewhere in Antarctica

during the summer. Most of the inland plateau snow pits

(above 3000m) with multidecadal records showed elevated

THg concentrations between the late 1970s and early 1980s

and during the mid-1990s. This variation is consistent with

trends in the global emissions of mercury. The significant

increase in the THg at the beginning of the 1990s was likely

associated with the eruption of the Pinatubo volcano

(1991). Longer THg records from deeper ice cores were

analysed and could be helpful for rebuilding the longer

deposition history of mercury in the interior region

of eastern Antarctica and for studying the natural and

anthropogenic influences on mercury deposition.
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