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The measurement of trace elements in Antarctic snow is crucial for understanding historical atmospheric
geochemical changes and circulation patterns. However, studies on their spatial distributions remain lim-
ited, particularly those evaluating multiple metals across several snowpits, making interpretation chal-
lenging. This study investigates the distributions and sources of trace elements—including Cd, Ba, Pb,
U, Bi, V, Mn, Fe, Cu, Zn, and As—across four snowpits in the Lambert Glacier Basin, East Antarctica. The
trace elements exhibit site-, element-, and season-dependent variations, with higher concentrations
observed at inland sites. In contrast, d18O and ion concentrations decrease with increasing distance from
the coast and elevation, underscoring the influence of marine emissions. Crustal sources primarily con-
tributed to Ba, U, V, Mn, and Fe, while non-crustal sources predominantly contributed to Cd, Bi, Zn, Pb,
Cu, and As. Positive matrix factorization (PMF) analysis indicates that trace element concentrations in
Pits 2 and 3 are influenced by both crustal and non-crustal sources, while Pit 4 reflects a mixed-source
influence. Pit 1 (coastal site) also indicates the mixed sources with influence of a highly dynamic marine
climate and environment. The PMF results reveal similarities in emission sources and atmospheric trans-
port patterns across the snowpits, facilitating a more comprehensive interpretation of longer ice core
records. Overall, this study provides valuable insights into trace element distributions and enhances
our understanding of past environmental and climatic conditions.
© 2025 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antarctica is regarded as one of the most pristine environments,
making the study of trace elements in Antarctic snow crucial for
understanding historical changes in atmospheric geochemical
composition and circulation patterns (Gabrielli et al., 2010; Hong
et al., 2013). Therefore, identifying the transport and deposition
patterns of trace elements in Antarctic snow, along with their local,
regional, and global sources, is essential. To date, several studies
have reported various emission sources of trace elements, includ-
ing crustal dust, marine aerosols, volcanic activity, and anthro-
pogenic influences (Barbante et al., 1998; Van de Velde et al.,
2005; Dixon et al., 2013; Sayyed, 2014; Shi et al., 2015;
Marchant et al., 2017; Jiang et al., 2018; Liu et al., 2021). While
the emission intensity of trace elements is primarily driven by
wind strength (Gabrielli et al., 2009; Hong et al., 2013; Tuohy
et al., 2015; Zheng et al., 2021), atmospheric circulation also plays
a pivotal role in their transport and deposition (Fischer et al.,
2017).

Lambert Glacier, the largest outlet glacier in Antarctica, is a key
site for studying ice sheet dynamics and climate change (Tang
et al., 2020). Numerous studies have examined the spatial distribu-
tion of various trace elements in surface snow samples along the
transect from Lambert Glacier to the Dome A site (Li et al., 2014;
Li et al., 2016; Jiang et al., 2018; Du et al., 2019; Herath et al.,
2024). These studies suggest that trace element concentrations in
the region are influenced by multiple potential sources and trans-
porting air masses. Local atmospheric transport is considered more
significant for ice core climate signals in this area than large-scale
or global circulation patterns (Xiao et al., 2004). Additionally,
g).
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substantial regional variations in trace element distribution have
been observed near the Lambert Glacier Basin (Xiao et al., 2004).
These variations are controlled by the sources, transport pathways,
and deposition patterns of the elements rather than the region’s
proximity to the coast or altitude (Jiang et al., 2018). However,
source apportionment remains challenging, as previous studies
have highlighted the complexity and inconsistency in results due
to significant variations in precipitation over the open ocean (Shi
et al., 2015), aerosols (Xu et al., 2019), surface snow (Jiang et al.,
2018; Herath et al., 2024), and topsoil (Xu et al., 2020).

Liu et al. (2021) assessed the temporal variations in the distri-
bution of 14 trace elements in a snowpit at Dome A, while Hur
et al. (2007) examined the seasonal distributions of 11 trace ele-
ments in a single snowpit at Lambert Glacier. However, no study
has yet focused on the spatial variations and sources of various
Fig. 1. Map indicating the locations of the four snow pits near Zhongshan Research Stat
This map is generated using the QGIS software using datasets obtained from the Quantar
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Location and sampling data of the four snow pits.

Pit 1

Latitude (S) 69° 31′14″
Longitude (E) 76° 17′ 33″
Altitude (m) 529
Distance to coast (km) ∼ 50
Sampling date January 2002
Depth (cm) 125
Number of samples 25
Annual mean snow accumulation in snow depth (cm) 46.25 ± 19.45
Period (number of full years) 1999–2002

(2)

2

trace elements across multiple snowpits in this region. The episo-
dic and site-dependent nature of trace element distributions com-
plicates such evaluations (Hur et al., 2007; Hong et al., 2012;
Kakareka et al., 2020; Nyamgerel et al., 2024). Moreover, research
on the spatial distribution of trace elements across Antarctica
remains limited due to the continent’s vastness. Therefore, further
efforts to investigate the spatial distributions and sources of trace
elements in Antarctica are crucial. In response, this study examines
the spatial distributions and sources of various elements — includ-
ing Al, V, Mn, Fe, Cu, As, Cd, Ba, Pb, Bi, and U — alongside water iso-
topes (d18O) and major ions in four snowpits (Pits 1 – 4) located in
the Lambert Glacier region, covering a two- to four-year period.
Samples were collected along a traverse from Zhongshan Research
Station to Dome A, spanning approximately 450 km from the coast.
The regional distribution of these trace elements was analyzed, and
ion, East Antarctica. Dome A and Vostok ice core sites are marked using green dots.
ctica3 project (Matsuoka et al., 2021). (For interpretation of the references to colour

Pit 2 Pit 3 Pit 4

70° 50′ 07″ 72° 00′ 49″ 73° 15′ 00″
77° 04′ 29″ 77° 55′ 38″ 75° 29′ 59″
1850 2390 2215
∼190 ∼330 ∼450
January 2002 December 2002 December 2002
230 170 255
47 34 51
59.17 ± 21.26 44.17 ± 11.27 51.88 ± 2.39
1998–2002
(3)

1999–2002
(3)

1997–2002
(4)
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potential source contributions were quantified to refine source
apportionment. These findings offer valuable insights into the
atmospheric distribution of these elements, supporting paleocli-
matic studies based on longer ice core records.
2. Materials and methods

2.1. Study area and sampling

The Lambert Glacier, located in East Antarctica and facing the
southern Indian Ocean, includes the Amery Ice Shelf, a floating
ice formation in Prydz Bay (Fricker et al., 2002). Four snowpits
were excavated on the eastern side (Princess Elizabeth Land) of
the Lambert Glacier (Fig. 1). The mean annual surface air temper-
ature at the weather station, which is located 160 km from the
coast, is −25.6 °C (Du et al., 2020). Data from the weather station
Fig. 2. Depth profiles of d18O and major ion concentrations in the four snow pits. Horiz
season.

3

network, which extends from the coast of Prydz Bay to Dome A,
indicate substantial diurnal variations in wind speed in the coastal
region, with predominant wind directions from the north and east
(Ding et al., 2022). Wind speeds are notably higher in winter than
in summer (Tang et al., 2020; Ding et al., 2022). Oceanic moisture
transport primarily affects the eastern side of the Lambert Glacier
Basin, where local atmospheric circulation also plays a crucial role
(Xiao et al., 2004). The annual mean snow accumulation rates on
the eastern side of the Lambert Glacier Basin ranged from 131.4
to 153.3 kg m−2 a–1 between 1940 and 1997, with the moisture
supply assumed to originate from the southern Indian Ocean
(Xiao et al., 2004). In the four snow pits examined in this study,
snow accumulation rates ranged from 45.83 to 60.83 cm in snow
depth (Table 1).

During the 2001/2002 Chinese Antarctic Research Expedition,
snowpits were excavated at various elevations and distances from
the coast. Pit 1 was located 50 km inland, while the remaining pits
ontal dash lines denote the maxima of d18O values, indicating the austral summer
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Fig. 3. Comparison of the trace element, MSA, and Na+ concentrations, as well as
d18O values, in the snowpits during the period 1999–2002. Snow pits are ordered
based on their distance from the coast. The horizontal axis corresponds to the
increasing depths in the snowpits.

4

were excavated at intervals of 120 to 140 km (Fig. 1 and Table 1).
To prevent contamination, snow sampling was conducted with
strict precautions. Field personnel wore cleanroom garments and
polyethylene gloves and used acid-cleaned plastic shovels. Addi-
tionally, acid-cleaned ultraclean low-density polyethylene (LDPE)
scrapers were used to remove approximately 10 cm of surface
snow. Snow samples were collected continuously at 5-cm intervals
by horizontally inserting an ultraclean cylindrical Teflon container
(5 cm in diameter and 35 cm in length) into the snow. The col-
lected snow was then transferred into ultraclean 500 mL LDPE bot-
tles. All sampling equipment was meticulously cleaned following
the protocol outlined by Hong et al. (2000a). The sample bottles
were double-sealed in acid-cleaned LDPE bags and kept frozen
until analysis.

2.2. Chemical analysis

Trace elements in the snow samples were analyzed at the
Department of Environmental Sciences in Venice using inductively
coupled plasma sector field mass spectrometry (ICP-SFMS) with an
Element 2 instrument from Thermo Electron Corporation (Bremen,
Germany). Sample handling and measurement procedures fol-
lowed those outlined by Planchon et al. (2002). Aluminum (Al)
and other major ions in the snow samples were analyzed at the
Korea Polar Research Institute (KOPRI). For Al analysis, the snow
samples underwent pre-concentration through non-boiling evapo-
ration treatment (Görlach and Boutron, 1990) and were analyzed
using graphite furnace atomic absorption spectrometry with a Per-
kin Elmer 4110ZL instrument equipped with a Zeeman background
corrector (Hong et al., 2000b). Oxygen isotope (d18O) measure-
ments were conducted at the Korea Basic Science Institute using
isotopic ratio mass spectrometry, achieving an analytical repro-
ducibility of 0.1‰ (Lee et al., 2003). Meanwhile, Na, Cl, methane-
sulfonic acid (MSA), SO4

2–, and NO3
– were measured by ion

chromatography at KOPRI using Dionex columns (AS 11 for anions
and CS 14 for cations). The analytical precision for these ions ran-
ged from 5% to 10% (Hur et al., 2007). The snowpits were dated
based on seasonal peaks of d18O, MSA, and NO3

–, following the
methodology recommended by Hur et al. (2007) and illustrated
in Fig. 2. The age of each sample was determined by linear interpo-
lation between consecutive d18O peaks. Due to the absence of den-
sity measurement data, snow accumulation values are reported in
terms of snow depth (cm) (Table 1).

Aluminum (Al) is commonly used as a proxy for the continental
crust (Rhodes et al., 2011; Schwanck et al., 2017; Liu et al., 2021).
Therefore, the crustal enrichment factor (EFc)—which represents
the concentration ratio of each element relative to Al, normalized
to the same ratio in the upper continental crust (Wedepohl,
1995)—was used to assess the contribution of crustal dust to the
measured trace element concentrations. EFc values below 10 indi-
cate a crustal source, while values above 10 suggest alternative
sources (Han et al., 2020). Additionally, EFc values were calculated
for select elements (Pb, Mn, Fe, Cu, Zn) based on their ratios in the
local mineral composition of the Larsemann Hills (Shi et al., 2018).
The contribution of marine sea-salt spray (EFm) was determined
using measured Na+ concentrations at the same depth resolution,
along with metal/Na+ ratios obtained from surface ocean water
(Lide, 2005). Volcanic contributions were assumed to be minimal
in these short elemental records due to their tentative nature
and the associated substantial uncertainties (Hur et al., 2007).

Pearson’s correlation analysis was conducted to explore rela-
tionships between trace elements. Additionally, principal compo-
nent analysis (PCA) was performed using JMP® statistical
software to examine correlations and common variability within
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the snowpit records (Nyamgerel et al., 2020). To further analyze
the contributions of potential sources to trace element concentra-
tions, positive matrix factorization (PMF) was applied using EPA
PMF 5.0 software (https://www.epa.gov/air-research/positive-
matrix-factorization-model-environmental-data-analyses) (Norris
et al., 2014). PMF is a multivariate factor analysis tool that decom-
poses a matrix of speciated sample data into two submatrices: fac-
tor contributions (source contributions) and factor profiles (source
types) (Ito et al., 2004; Rodenburg et al., 2014; Taghvaee et al.,
2018; Yang et al., 2024). Compared to PCA, PMF generally offers
greater stability and robustness in identifying source profiles and
quantifying their contributions (Cesari et al., 2016; Liu et al.,
2022). In this study, PMF analysis was conducted using 2–6 factors
and 20 base runs for the input data of each snowpit, with valida-
tion through recommended bootstrap runs (100 runs) (Norris
et al., 2014). The base run outputs were accepted if bootstrap map-
ping was available for more than 80% of the factors (Norris et al.,
2014; Taghvaee et al., 2018). Based on the results, two factors were
selected for Pits 2 and 3, while three factors were chosen for Pits 1
and 4.
Fig. 4. PCA plots (PC1 vs PC2) for the four snow pits. Total variances are indicated
on each axis.
3. Results and discussion

3.1. Distributions of d18O values, ions, and trace elements

The statistical summary of d18O and ions is shown in Supple-
mentary Data Table S1. The mean d18O values show a gradual
depletion with increasing elevation and distance from the coast
(Fig. 3). Pit 3 exhibits the lowest mean d18O value (–37.36‰), with
a substantial difference of 13.4‰ between the minimum and
maximum values, which can be attributed to its higher elevation
compared to the other pits. In contrast, ion concentrations are sig-
nificantly higher in Pit 1, reflecting its proximity to the coast. These
patterns are consistent with findings from a previous study (Huang
et al., 2021). A gradual decrease in mean MSA concentrations is
observed with increasing distance from the coast. Notably, the
mean concentrations of non-sea-salt sulfates (nssSO4

2–) are partic-
ularly high in Pits 2, 3, and 4, with Pit 4 displaying nssSO4

2– levels
comparable to those recorded at transect locations approximately
400–500 km inland (Du et al., 2019). Inland sites (Pits 2, 3, and
4) exhibit similar concentrations of sea salt ions (Na+, Ca2+, K+,
Mg2+, Cl–, and NO3

–), though Pit 3 shows slightly higher concentra-
tions of Ca2+, K+, Mg2+, Cl–, and NO3

–. Correlation analysis (results
not shown) for Pit 1 reveals a positive correlation between d18O
values and MSA and nssSO4

2– concentrations, suggesting that their
abundance increases during warmer periods. However, this corre-
lation is not observed in Pits 2, 3, and 4, indicating that Pit 1 (a
coastal site) is predominantly influenced by oceanic air masses,
while the other sites are likely affected by a mixture of oceanic
and continental air masses.

The concentration ranges of trace elements (Supplementary
Data Table S2) observed in this study are comparable to those
reported in previous studies conducted in this region (Jiang et al.,
2018; Du et al., 2019; Du et al., 2020) and other locations in East
Antarctica, such as Law Dome, Coats Land, and Dome A
(Planchon et al., 2002; Vallelonga et al., 2004; Liu et al., 2021).
Notably, the concentrations of As in the snowpits are significantly
higher than those observed in surface snow samples (Jiang et al.,
2018), suggesting contributions from anthropogenic sources,
including human activities at scientific stations and long-range
atmospheric transport (Herath et al., 2024). No consistent trend
is observed in the mean concentrations of trace elements with
increasing distance from the coast or elevation. However, Pit 3
exhibits the highest concentrations of Cd, Ba, Mn, Fe, Cu, Zn, and
As, while Pit 4 displays the second-highest concentrations of Cd,
5

Mn, Fe, and Zn. These findings suggest that inland sites experience
relatively higher metal deposition, consistent with the elevated
concentrations of As, Cd, Fe, Mn, Pb, Zn, and V observed in surface
snow samples (Herath et al., 2024). The increased elemental con-
centrations at inland locations may be attributed to differences
in atmospheric transport mechanisms at each site, with additional
contributions from local ice-free areas such as Vestfold Hills and
Larsemann Hills.

Fig. 3 illustrates the concentration trends of trace elements
between 1999 and 2002. Although no clear trend is apparent with
increasing distance from the coast or changes in elevation, distinct
patterns for individual metals are evident at each site. Notably,
only Bi and As concentrations show a slight increasing trend. While
a previous study reported an increase in lead (Pb) concentrations in
surface snow samples collected along the traverse from Zhongshan
Station to Dome A within 450 km of the coast (Du et al., 2019), no
such trend was observed in the present study. The previous study
also reported sporadic variations in vanadium (V) and cadmium
(Cd) concentrations in the collected snow samples (Du et al.,
2019). The discrepancies between the results of the two studies
are attributed to their different study locations and the substantial
variations in trace element distributions (Hur et al., 2007; Hong
et al., 2012).

https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses
https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses
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The monthly mean concentrations of the trace elements for the
period 1999–2002 were estimated (but not shown). In Pit 2, posi-
tive correlations among these concentrations suggest seasonally
consistent transport patterns from potential sources. This assump-
tion also applies to Pit 3, where positive correlations are observed
among the concentrations of most elements, except for U and As.
Conversely, Pits 1 and 4 appear to have multiple sources with dis-
tinct transport patterns. The seasonal mean concentrations of the
trace elements are summarized in Supplementary Data Table S3.
In Pit 1, the concentrations of most elements (except for U, Bi,
and As) are elevated during the austral spring (SON), whereas in
Pit 3, high elemental concentrations (except for Mn and Fe) are
observed during the austral winter (JJA). Pit 2 also displays ele-
vated concentrations during JJA, SON, and the austral summer
(DJF), while Pit 4 records high elemental concentrations during
Table 2
Correlation matrix of the trace elements found in the snow pits. Higher (r > 0.4) values ar

Cd Ba Pb U Bi

Pit 1
Cd 1.00
Ba 0.39 1.00
Pb 0.36 0.98 1.00

U −0.09 −0.10 −0.24 1.00
Bi 0.13 −0.06 −0.10 0.09 1.00
V 0.21 0.27 0.13 0.40 0.34

Mn 0.42 0.63 0.57 0.08 0.19

Fe 0.33 0.61 0.57 −0.01 0.18

Cu 0.22 0.13 0.11 0.27 0.05
Zn 0.45 0.95 0.97 −0.32 −0.15
As 0.14 −0.11 −0.20 0.72 0.31

Pit 2
Cd 1.00
Ba 0.54 1.00

Pb 0.60 0.72 1.00

U 0.55 0.63 0.72 1.00

Bi 0.64 0.57 0.73 0.78 1.00

V 0.15 0.40 0.16 0.00 0.04

Mn 0.55 0.80 0.72 0.70 0.75
Fe 0.41 0.70 0.61 0.50 0.61
Cu 0.07 0.21 0.37 0.49 0.37

Zn 0.34 0.63 0.54 0.23 0.14

As 0.52 0.34 0.49 0.54 0.81
Pit 3
Cd 1.00
Ba 0.67 1.00

Pb 0.45 0.89 1.00

U 0.22 0.38 0.30 1.00

Bi 0.63 0.55 0.47 0.47 1.00

V 0.20 0.61 0.57 0.70 0.41
Mn 0.29 0.84 0.81 0.23 0.29

Fe 0.25 0.82 0.81 0.22 0.27

Cu 0.77 0.66 0.50 0.16 0.37

Zn 0.79 0.90 0.85 0.29 0.55
As 0.51 0.27 0.15 0.03 0.65
Pit 4
Cd 1.00
Ba 0.19 1.00
Pb 0.33 0.59 1.00

U 0.19 0.74 0.55 1.00

Bi 0.18 0.49 0.70 0.52 1.00

V 0.19 0.75 0.61 0.74 0.58
Mn 0.15 0.76 0.60 0.73 0.57
Fe −0.02 0.41 0.27 0.42 0.22

Cu 0.26 0.43 0.41 0.20 0.28

Zn 0.14 0.10 0.11 −0.16 −0.06
As 0.40 0.43 0.68 0.51 0.71

6

DJF. These patterns indicate that the concentrations of the trace
elements in Pits 2 and 3 likely increased during the austral winter,
suggesting similar atmospheric transport mechanisms. This is con-
sistent with the windy conditions typically experienced in this
region during the winter (Allison, 1998; Tang et al., 2020; Ding
et al., 2022). However, establishing consistent seasonal variation
trends in trace element concentrations is challenging due to occa-
sional peaks occurring in different seasons (Hur et al., 2007). These
peaks can be sensitive to various factors, including precipitation
type and post-depositional effects (Tuohy et al., 2015; Nyamgerel
et al., 2024). Post-depositional effects, such as snow redistribution,
wind-driven blowing, and ablation, are substantial (Ding et al.,
2011) and can affect trace element concentrations (Tuohy et al.,
2015). In particular, the redistribution and removal of snow layers
during strong storm events can significantly alter (or smooth) the
e highlighted in bold and underlined.

V Mn Fe Cu Zn As

1.00

0.61 1.00

0.50 0.68 1.00

0.30 0.15 0.18 1.00
0.12 0.51 0.50 0.04 1.00

0.30 −0.05 0.13 0.33 −0.28 1.00

1.00

0.36 1.00

0.31 0.78 1.00

−0.05 0.31 0.41 1.00

0.39 0.35 0.25 0.07 1.00

0.14 0.53 0.39 0.20 −0.03 1.00

1.00

0.58 1.00

0.58 0.99 1.00

0.36 0.47 0.45 1.00

0.48 0.65 0.63 0.77 1.00

−0.01 0.08 0.07 0.29 0.29 1.00

1.00

0.94 1.00

0.55 0.53 1.00

0.30 0.32 0.30 1.00

−0.14 −0.12 −0.11 0.55 1.00

0.57 0.52 0.29 0.24 −0.13 1.00
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original trace element concentrations (Fortner et al., 2011; Tuohy
et al., 2015). In the study area, winter snow layers are particularly
susceptible to these wind-driven effects (Ding et al., 2022), and the
accumulation rate may also be relatively high during this period
(Tuohy et al., 2015). However, as mentioned above, this assump-
tion is not straightforward for all snow pits, indicating disparities
during the release, transport, deposition, and accumulation of trace
elements.

The PCA results for isotopes, ions, and trace elements in each
snowpit are summarized in Supplementary Data Table S4–S7. Pits
2 and 3 exhibit similar variable clustering patterns in the principal
0 13 0
4

0 0 0

10 0
0 8 0

8 0 0

0
0 7 0

0 18

0
0 12 0

0 28

0

0 0
0 38

Table 3
Sample counts expressed as a percentage of the total number (n) of samples of each elem
samples during the period 1999–2002. Larger values are highlighted in bold.

Pit 1

EFc Cd Ba Pb U Bi

<10 0 96
10–100 0 4 96 88
100–1000 92 96
>1000 8 0 4 0 0
Pit 2
EFc Cd Ba Pb U Bi
<10 14 100 0 86 0
10–100 0 0 50 14 0
100–1000 50 0 50 0 50
>1000 36 0 0 0 50
Pit 3
EFc Cd Ba Pb U Bi
<10 0 100 4 60 0
10–100 0 0 60 40 4
100–1000 44 0 36 0 44
>1000 56 0 0 0 52
Pit 4
EFc Cd Ba Pb U Bi
<10 0 100 4 90 0
10–100 0 0 88
100–1000 92 92
>1000 8 0 0 0 8

Table 4
Sample counts expressed as a percentage of the total number (n) of samples of each elem
samples during the period 1999–2002. Larger values are highlighted in bold.

Pit 1

EFm Cd Ba Pb U Bi

<10 0 92 0 100 25
10–100 88 75
100–1000 13 0 25 0 0
>1000 0 0 75 0 0
Pit 2
EFm Cd Ba Pb U Bi
<10 14 0 0 93
10–100 0 79
100–1000 68 21 0 0 82
>1000 18 0 100
Pit 3
EFm Cd Ba Pb U Bi
<10 0 0 0 88
10–100 0 52
100–1000 60 44 0 0 72
>1000 40 4 100
Pit 4
EFm Cd Ba Pb U Bi
<10 0 0 0 54
10–100 0 38 0 46 0
100–1000 46 62 62
>1000 54 0 100
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components (PCs), whereas Pits 1 and 4 display distinct patterns.
In Pit 1, all ions (except MSA) cluster in PC1 alongside U, As, V,
and Zn. Meanwhile, most other elements are classified in PC 2,
indicating the dominant influence of oceanic air masses. Con-
versely, in Pits 2 and 3, d18O, ions (except for MSA and nssSO4

2–),
and most trace elements cluster in PC1, suggesting similar air mass
sources in these locations. In Pit 4, an inland site, trace elements
and some ions (except MSA, nssSO4

2−, and NO3
−) cluster in PC1, indi-

cating potential differences in sources at this site. Overall, accord-
ing to these PCA results, oceanic sources dominate in Pit 1, while
other sources, such as continental influences, affect Pits 2, 3, and
0 4 0
0 4 0 46
0 0 0

0 0 4

0 0 0
0 0 0 4 0

0 0 0

0 0 0 4

0 0 0
0 0 5

0 0 0 25 0

8 4

0 0 0 0 0 4
0 0 0 0 0

0

0 0 0 0 0 0
0 0 0 0 0

28 0 0 0 0
0

0 0 0 0 0 0

0 0 0 23 46
0

ent, categorized by the range of the crustal enrichment factor (EFc) in the snow pit

V Mn Fe Cu Zn As

100 96 100
88 0

54 4 67
0 0 0 0 4 33

V Mn Fe Cu Zn As
96 100 100
4 0 0 11 46 0

86 54 11
86

V Mn Fe Cu Zn As
100 84 84
0 16 12 12 0 0
0 0 4 84 32 20

68 80

V Mn Fe Cu Zn As
100 100 95

69 58 0
0 0 0 31 42 64
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4. By separating the trace elements from isotopes and ions, the PCA
plot effectively illustrates the differences among snow pits, partic-
ularly highlighting the distinctions between Pits 1 and 4 (Fig. 4).

According to the correlation analysis of the trace elements, the
concentration of Ba, a representative crustal-sourced element, cor-
relates with the concentrations of most metals in Pits 2, 3, and 4
(Table 2). This suggests similarities in the sources, transport mech-
anisms, and depositional patterns of trace elements across these
inland snow pits. In contrast, Pit 1 exhibits distinct correlation
trends, indicating the dominant influence of oceanic air masses
(Table 2). Notably, several elements in Pits 1 (U, Bi, V, Cu, and
As), 2 (V, Cu, Zn, and As), 3 (U, Bi, and As), and 4 (Cd, Cu, Zn, and
As) show no clear correlations, suggesting the presence of various
sources for these elements.
Fig. 5. Temporal variations in the crustal enrichment factor

8

3.2. Source identification of trace elements

3.2.1. Crustal and marine enrichment
The topography of the Lambert Glacier Basin plays a crucial role

in controlling the katabatic wind regime and surface climatic con-
ditions (Allison, 1998). Poleward-moving air masses are believed
to dominate the eastern side of the Lambert Glacier Basin (Xiao
et al., 2004), which is characterized by relatively steep slopes and
strong winds (>10 m s−1) based on observations from 1982 to
1996 (Allison, 1998). Air mass trajectories for the inland Dome A
site from 1950 to 2016 identify the South Atlantic and South Indian
Ocean sectors as the dominant sources of these air masses (Liu
et al., 2021). During winter, trajectory data from 2012 to 2016 indi-
cate the dominance of slower-moving oceanic air masses (Liu et al.,
s (EFc) of the snow pits during the period 1999–2002.
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Fig. 6. Percentage contributions of each metal in the factor profiles derived from
the PMF analysis of the trace elements in the snow pits from 1999 to 2002.
2019). Meanwhile, faster-moving air mass trajectories are
observed during summer, covering a broad coastal area of East
Antarctica (Liu et al., 2019). To identify the potential sources of
trace elements, analyses were conducted on the selected snow pits
from 1999 to 2002. In this analysis, trace elements were catego-
rized based on their crustal (EFc) and marine (EFm) enrichment fac-
tors. Tables 3 and 4 provide details of these factors for all metals.

Temporal variations in the EFc values of non-crustal elements
(Cd, Bi, Zn, Pb, Cu, and As) and crustal elements (Ba, U, V, Mn,
and Fe) are illustrated in Fig. 5. Each snowpit exhibits distinct tem-
poral trends for these metals, with no clear correlation to distance
from the coast. A predominant contribution from crustal sources is
evident for Ba, U (except in Pit 1), V, Mn, and Fe across all snowpits,
as indicated by their low EFc values (EFc < 10). Additionally, the
crustal contribution of U is significant in Pits 2, 3, and 4 (inland
sites), whereas Pit 1 shows slightly elevated EFc values, suggesting
mixed contributions from multiple sources at this site (Fig. 5).

Notably, the EFc values for Cd, Pb, Bi, Cu, Zn, and As exceed 10,
indicating significant non-crustal contributions to these elements
in all snowpits. Pits 2 and 3, in particular, exhibit relatively higher
EFc values, suggesting a dominant influence of non-crustal sources
at these sites. A highly enriched As (EFc > 1000) is observed across
all snowpits, while similarly elevated EFc values for Cd and Bi
(EFc > 1000) are detected in Pits 2 and 3 (Fig. 5). Additionally, the
EFc values for Zn in Pits 3 and 4 are substantially higher than those
in Pits 1 and 2.

Local ice-free areas near the Lambert Glacier Basin significantly
influence the distribution of trace elements in the selected snow
pits. Mineralogical studies have shown high concentrations of Pb,
Th, and U in nearby locations, such as the Larsemann Hills
(Gasparon and Matschullat, 2006), where anthropogenic pollution
in the topsoils is minimal (Shi et al., 2018). To distinguish the con-
tribution of local crustal sources, enrichment factor (EFc) values
were calculated for Pb, Mn, Fe, Cu, and Zn using the local mineral
composition in the Larsemann Hills (Shi et al., 2018). Crustal con-
tributions were dominant for most samples (>84.00% of the total
count) of Mn and Fe, which had low EFc values (EFc < 10), whereas
non-crustal sources were dominant for Pb, Cu, and Zn (>92.31% of
the total count), which had high EFc values (EFc > 10). This suggests
mixed contributions from both local and remote crustal sources
(Du et al., 2018; Herath et al., 2024), along with distinct transport
and deposition characteristics at each snow pit location. Previous
studies have reported anthropogenic contributions to the concen-
trations of Pb, As, Cd, and Cu (Hur et al., 2007; Jiang et al., 2018;
Xu et al., 2020; Liu et al., 2021), which is consistent with the results
of the present study. Notably, the primary anthropogenic contribu-
tions in the study region originate from activities in Australia,
South America, and South Africa (Planchon et al., 2002; Du et al.,
2018; Herath et al., 2024), as well as from local Antarctic research
stations (Herath et al., 2024). The substantial and inconsistent vari-
ations observed in EFc values can be attributed to the complex
characteristics of the source, transport pathway, and deposition
pattern in the study region, as similarly reported for Pb, As, and
Cu (Jiang et al., 2018). These characteristics may include the mixing
of air masses (marine and continental), post-depositional effects
(such as snow redistribution and wind-driven blowing), and depo-
sition types (wet and dry deposition) (Ding et al., 2011; Jiang et al.,
2018).

In Pit 1, the EFc values of U, Bi, Cu, and As show no correlations
with those of other elements. Similarly, in Pit 2, no correlations are
observed among the EFc values of V, Cu, and Zn. In Pit 3, several ele-
ments, including Cd, Pb, U, Bi, V, Cu, and As, exhibit distinct tempo-
ral variations. In Pit 4, no correlations are observed among the EFc
values of most trace elements. These observations suggest that the
snowpits experience distinct temporal variations, mixed contribu-
tions from various sources, and complex atmospheric circulation
9

patterns. Meanwhile, the EFc values of trace elements indicate that
Ba, U, and V in Pit 1 originate from marine sources (EFc < 10)
(Table 4). Across Pits 2, 3, and 4, U consistently exhibits low EFc
values (EFc < 10), which is consistent with previous research indi-
cating that U predominantly originates from sea-salt aerosols in
Antarctic snow and ice (Henderson et al., 2006). The distribution
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of trace elements in coastal oceans is dynamic and complex
(Bruland and Lohan, 2003). Both sea salt (oceanic sources) and
local dust from ice-free areas contribute substantially to trace ele-
ment concentrations in regions within 0–100 km of the coast (Du
et al., 2019). Overall, the coastal region of the study site is consid-
ered to be influenced by mixed sources, including cyclonic activi-
Table 5
Percentage contributions (%) of each metal in the factor profiles derived from the PMF an

Pit 1 Pit 2

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2

Cd 30.30 34.81 34.88 28.38 71.62
Ba 35.07 16.69 48.25 75.81 24.19
Pb 50.30 23.15 26.54 28.75 71.25
U 0.00 23.44 76.56 22.08 77.92
Bi 12.30 82.93 4.77 23.15 76.85
V 26.52 23.63 49.85 32.76 67.24
Mn 46.64 19.77 33.60 82.48 17.52
Fe 30.43 27.81 41.76 78.56 21.44
Cu 44.94 25.37 29.69 2.40 97.60
Zn 63.80 13.56 22.64 30.15 69.85
As 4.62 60.87 34.52 0.00 100.00

Fig. 7. Comparison of the temporal variation trends of

10
ties (marine) along the coast and katabatic winds (continental)
(Jiang et al., 2018). Inland sites, on the other hand, are likely influ-
enced by air masses carrying mineral dust and anthropogenic pol-
lutants from low-latitude areas (e.g., Australia and South Africa)
(Du et al., 2019). These observations are consistent with the find-
ings of the present study, which examined snow pits.
alysis of the four snow pits.

Pit 3 Pit 4

Factor 1 Factor 2 Factor 1 Factor 2 Factor 3

33.75 66.25 37.82 9.50 52.68
59.28 40.72 21.75 47.90 30.35
49.68 50.32 0.00 15.46 84.54
2.51 97.49 44.33 23.46 32.21
4.81 95.19 3.67 20.62 75.71

36.91 63.09 16.31 61.35 22.34
42.60 57.40 7.96 64.83 27.21
58.43 41.57 21.75 78.25 0.00
50.38 49.62 43.33 14.85 41.81
63.18 36.82 86.30 0.17 13.53
0.00 100.00 46.56 12.82 40.62

the PMF factors (standardized) for the snow pits.
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3.2.2. Source contributions
To quantify the source contributions detailed in Section 3.2.1,

positive matrix factorization (PMF) analysis was performed on
the trace element concentrations observed between 1999 and
2002. Fig. 6 and Table 5 show the percentage contributions of each
metal in the snow pits, categorized by the identified sources.

In Pit 2, Factor 1 shows high percentages for Ba (75.81%), Mn
(82.48%), and Fe (78.56%), indicating that these elements originate
from mineral dust. In contrast, Factor 2 exhibits high percentages
for Cd (71.62%), Pb (71.25%), U (77.92%), Bi (76.85%), Cu (97.60%),
and As (100.00%), suggesting non-crustal origins, likely anthro-
pogenic. Similarly, in Pit 3, Factor 1 shows high percentages for
Ba (59.28%), Fe (59.43%), and zinc (Zn) (63.18%), whereas Factor 2
exhibits high percentages for U (97.49%), Bi (95.19%), and As
(100.00%). Overall, the factors mentioned above indicate relatively
consistent and dominant contributions of these sources to the
trace element concentrations in Pits 2 and 3.

In Pit 4, Factor 1 shows high contributions of Cd (37.8%), U
(44.33%), Cu (43.33%), Zn (86.30%), and As (46.56%), indicating a
non-crustal source, likely a mix of anthropogenic and sea-salt
influences. Factor 3 clusters Cd (52.68%), Cu (41.81%), and As
(40.62%) with Pb (84.54%) and Bi (75.71%), further confirming a
non-crustal origin, most likely anthropogenic. In contrast, Factor
2 exhibits high contributions of Ba (47.90%), V (61.35%), Mn
(64.83%), and Fe (78.25%), suggesting a mineral dust source.

In Pit 1, Factor 1 exhibits high percentages of Pb (50.30%), Mn
(46.64%), Cu (44.94%), and Zn (63.80%). Meanwhile, Factor 2 is
dominated by Bi (82.93%) and As (60.87%), suggesting a potential
anthropogenic source. Factor 3 displays high percentages of Ba
(48.25%), U (76.56%), V (49.85%), and Fe (41.76%). Given the EFm
values of Ba, U, and V (Table 4), Factor 3 likely indicates an oceanic
source. However, it is unlikely that these elements in Pit 1 origi-
nate from a single source; instead, they are plausibly derived from
a mix of crustal and oceanic sources. Compared to the other snow-
pits, identifying sources through PMF analysis in Pit 1 was more
challenging, likely due to mixed contributions and the influence
of highly variable cyclonic activity in the ocean (Du et al., 2019;
Xu et al., 2019).

Fig. 7 illustrates the temporal variations of the factors identified
through the PMF analysis. Although these temporal variations dif-
fer among the snow pits, some similarities are observed in the fac-
tors representing non-crustal sources in Pits 1 and 2. Moreover, the
factors representing non-crustal sources in Pits 3 and 4 show con-
sistent peaks, with both pits also sharing similarities in the factors
associated with crustal sources, indicating similarities in emission
sources and atmospheric transport patterns. Variations in other
factors indicating mixed sources in Pits 1 (Factors 1 and 3) and 4
(Factor 1) probably reflect similarities in atmospheric transport
characteristics.

Therefore, our previous source identification based on PCA was
further refined by PMF analysis. This facilitated more detailed
source apportionment and provided quantitative estimates of
source contributions, leading to a better understanding of trace
element sources. The combined use of these methods provides
clearer insights (e.g., Chavent et al., 2009), as the factors derived
from the PMF analysis allow for comprehensive interpretations of
trace element distributions in ice cores. Such distributions are
often difficult to examine due to their sporadic and highly variable
nature.
4. Conclusions

This study investigated the spatial distributions and sources of
various trace elements, including Cd, Ba, Pb, U, Bi, V, Mn, Fe, Cu,
Zn, and As, within four snowpits located in the Lambert Glacier
11
Basin, East Antarctica. These snowpits were positioned at different
elevations and distances from the coast. The trace element concen-
trations exhibited site-, element-, and season-dependent varia-
tions, with notably higher concentrations observed at the inland
sites (Pits 3 and 4). Unlike d18O and ion concentrations, which
decreased with increasing distance from the coast and elevation,
trace element concentrations highlighted the significance of emis-
sion intensity from a single dominant source (marine). The results
suggest that elements such as Ba, U, V, Mn, and Fe primarily orig-
inate from crustal sources, while Cd, Bi, Zn, Pb, Cu, and As are
derived from non-crustal sources. PMF analysis further clarified
source contributions, revealing that elemental concentrations in
Pits 2 and 3 were influenced by both crustal sources (Ba, Mn, Fe,
and Zn) and non-crustal, possibly anthropogenic sources (Cd, Pb,
U, Bi, Cu, and As). Similarly, elemental concentrations in Pit 4 (an
inland site) reflected mixed contributions from both crustal and
non-crustal sources. Meanwhile, Pit 1 (a coastal site) exhibited
mixed-source influences, shaped by a highly dynamic marine cli-
mate and environment. Temporal variations in the factors derived
from PMF analysis indicated similarities in emission sources and
atmospheric transport patterns among certain snowpits, providing
a foundation for more comprehensive interpretations of trace ele-
ment distributions in longer ice core records. Overall, the findings
of this study offer valuable insights into the atmospheric distribu-
tion of trace elements and are expected to contribute to paleocli-
mate studies based on extended ice core records.
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