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Heavy metal imprints in Antarctic snow from 
research and tourism
 

Raúl R. Cordero    1,2, Sarah Feron    1  , Avni Malhotra3, Alessandro Damiani    4, 
Minghu Ding    5, Francisco Fernandoy    6, Juan A. Alfonso7, Belkis Garcia7, 
Juan M. Carrera    7, Pedro Llanillo8, Paul Wachter    9, Jaime Pizarro    2  , 
Elise Roumeas    1, Edgardo Sepúlveda10, Jose Jorquera2, Chenghao Wang    11,12, 
Jorge Carrasco    13, Zutao Ouyang    14, Pedro Oyola15, Maarten Loonen    1, 
Anne Beaulieu    1, Jacob Dana16, Alia L. Khan    16,17, Gino Casassa13,18 & 
Choong-Min Kang    19

Antarctica, long regarded as one of the last pristine environments on Earth, 
is increasingly affected by human activity. As tourism surges and scientific 
operations expand, air pollution from local emissions is raising new 
environmental concerns. Here we analyse surface snow samples collected 
along a ~2,000-km transect, from the South Shetland Islands (62° S) to the 
Ellsworth Mountains (79° S), to map the geochemical fingerprints of aerosol 
deposition. We identify distinct spatial patterns shaped by crustal, marine, 
biogenic and anthropogenic sources. Notably, we detect heavy metal imprints 
in the snow chemistry of the northern Antarctic Peninsula, where major 
research stations are concentrated and marine tourism traffic is most intense. 
Our findings shed light on the extent of the impacts from energy-intensive local 
activities in Antarctica, underscoring the need for enhanced environmental 
monitoring and sustainable management strategies in this fragile region.

The Antarctic continent, often perceived as a pristine wilderness, is 
increasingly under environmental pressure from growing human 
activities (Fig. 1). This pressure is particularly intense in the Antarctic  
Peninsula, the fastest-warming region on the continent1 and the busiest 
area for marine traffic2 (Fig. 1a,b). According to data from the International 
Association of Antarctica Tour Operators (IAATO)3, over 120,000 visi-
tors travelled with IAATO members to the region during the 2023–2024  
season, most of them aboard a fleet of 93 vessels (Fig. 1c). The Antarctic 
Peninsula also hosts about half of the research facilities on the continent 

(Supplementary Fig. 1). Data from the Council of Managers of National 
Antarctic Programs4 indicate that 114 research facilities are actively in 
use within the Antarctic Treaty area, with a combined accommodation 
capacity of over 5,000 beds for scientists and staff (Fig. 1d).

While essential for science and global outreach, the increasing 
human presence in Antarctica raises concerns about pollutants from 
fossil fuel combustion, including those from ships, aircraft, vehicles 
and supporting infrastructure (for example, refs. 5–8). Fuel combus-
tion emissions vary with engine type, load and fuel specifications but 
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extensive survey of Antarctic snow at 16 sites (Fig. 2a and Table 1) along a 
transect of approximately 2,000 km, encompassing all major Antarctic 
tourist hotspots. The majority of sampling sites were located on the 
Antarctic Peninsula and surrounding archipelagos, broadly reflecting 
typical tourist routes. Most cruises visit the South Shetland Islands and 
the Palmer Archipelago, as well as smaller islands off the Antarctic Pen-
insula such as Cuverville (64° S), Petermann (65° S) and Detaille (67° S). 
Our southernmost sampling site was the Ellsworth Mountains (79° S), 
which have also become a popular tourism destination.

Using X-ray fluorescence (XRF) spectrometry, we measured the 
elemental concentrations of insoluble particles (>0.4 μm) in 55 surface 
snow samples (0–20 cm depth) collected over four consecutive sum-
mer seasons (2016–2017 to 2019–2020). To assess the influence of local 
sources on representative areas, we deliberately avoided sampling at 
sites near legacy pollutants37. Instead, sampling sites were strategically 
selected to be hundreds of metres (and, whenever possible, several kilo-
metres) away from obvious aerosol sources such as research stations, 
tourist shore landing sites, roads, airfields, penguin colonies and wild-
life nesting areas. Our measurements allowed us to test the hypothesis 
that the footprint of energy-intensive local activities extends beyond 
heavily impacted sites near century-old research facilities.

Results
Geographical patterns
XRF spectrometry was used to measure the concentrations of 48 ele-
ments, with only 27 found to be above the detection limits (Supple-
mentary Table 1). Principal component (PC) analysis (PCA) applied to 
these measurements revealed distinct geographical patterns and the 
interplay of crustal, marine, biogenic and anthropogenic contributions 

are known to include particles containing metalloid and metal elements 
such as Cr, Ni, Cu, Zn and Pb (ref. 9). In vulnerable ecosystems, the 
accumulation of heavy metals poses risks to microbial communities, 
primary producers and higher trophic levels through bioaccumulation 
and potential biomagnification10–12. The contamination of soil and 
marine environments near older Antarctic research stations has been 
well documented (for example, refs. 13–15). However, due to sparse 
ground-based atmospheric measurements (for example, refs. 16,17), 
air pollution from local sources in Antarctica remains poorly studied.

Antarctic snow chemistry offers valuable insights into the impact 
of human activities on the continent18. Snow has the unique property 
of collecting atmospheric aerosols, making its composition a direct 
indicator of air quality19–22. Long-range atmospheric transport plays 
a role in delivering trace elements to the continent’s vast interior, far 
from any local sources. For example, dust from South America23 and 
anthropogenically enriched particulate matter from Australia24 have 
been found in Antarctic snow and ice. However, the strong westerly 
winds that encircle Antarctica limit meridional airborne transport25,26, 
keeping background levels of these elements very low (on the order of 
parts per trillion or picograms per gram)27–31. By contrast, snow samples 
collected near research facilities often exhibit heavy metal concentra-
tions several orders of magnitude higher32–35, highlighting the environ-
mental impact of energy-intensive research activities. Less attention 
has been given to the environmental effects of the tourist industry.

The focus of prior research on the contamination footprint (as 
defined by Brooks et al.36), primarily around heavily impacted sites 
in the immediate vicinity of research facilities, has left a gap in under-
standing the broader spatial patterns of environmentally consequential 
trace metals across Antarctica. To address this gap, we conducted an 

a

0.1 1 10 100 103 104 105

Marine tra�ic density (ships km–2 yr–1)

←
South Am

erica

An
ta

rc
tic

 P
en

in
su

la

70° W

62° S

b

65° S

60° W

1904 1934 1964 1994 2024

10

30

50

70

1
2
3
4
5

Year

N
um

be
r o

f s
ta

tio
ns

N
um

ber of beds (10
3)

2011/
2012

2015/
2016

2019/
2020

2023/
2024

30

50

70

Season

Seaborne
tourism

Ships and yachts
Number of operators

10

c

d

40

70

100

130
Total per season
Cruise only (no landings)

To
ur

is
ts

 (1
03 )

Fig. 1 | Antarctic tourism quickly rebounded after the SARS-CoV-2 pandemic. 
a, A density map of marine traffic over the period January 2015 to February 2021. 
Most visitors travelling to Antarctica with the IAATO embark on ships to cruise 
the Antarctic Peninsula. According to data from IMF’s World Seaborne Trade 
monitoring system60, marine traffic is considerably more intense around the 
northern Antarctic Peninsula. b, A tourist vessel in Maxwell Bay, King George 
Island. IAATO now includes over 50 operators, with a fleet of 93 vessels (including 
9 large cruise ships) that collectively registered 569 departures during the 
2023–2024 season3. In addition, 787 visitors engaged in deep-field and air-based 
Antarctic tourism during the same season, with about half of them staying at 

Union Glacier Camp70. c, The number of tourists, IAATO operators and IAATO 
vessels from the 2011–2012 season onwards. The number of tourists visiting 
Antarctica has quadrupled over the past decade. Approximately a quarter of 
Antarctic tourists travel on cruise-only vessels (that is, carrying more than 500 
passengers). d, The number of research facilities from 1903 onwards. There are 
currently 114 research facilities in Antarctica (including seasonal facilities)4. 
Approximately half of these research facilities are located in the Antarctic 
Peninsula4. Plots were generated using Python’s Matplotlib library (version 
3.4.3)71. Photograph taken by the authors.
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to Antarctic snow chemistry (Fig. 2, Supplementary Fig. 2 and Supple-
mentary Tables 2–5). The first two PCs (PC1 and PC2) explained about 
61% of the total variance and were influenced by elements associated 
with marine aerosols (for example, Na, Mg and Ca), crustal sources (for 
example, Al, Si, Fe, Ti, Y and Zr), biogenic and non-sea-salt contribu-
tions (for example, P and S) and potential anthropogenic markers (for 
example, Ni, Pb, Cu, Cr and Zn).

The contributions of crustal dust and sea salt were coupled across 
the study area. The PC loadings plot (Fig. 2b) suggests a positive correla-
tion between elements associated with marine aerosols (for example, 
Na and Mg) and crustal sources (for example, Al, Si, Fe, Ti, Y and Zr). 
These elements strongly contributed to PC1, reflecting its association 
with sea salt aerosols and dust inputs. The coupling between crustal 
dust and sea salt is not surprising, as both are wind-driven aerosols.

The concentration of anthropogenic markers showed little to 
no correlation with natural aerosols, such as crustal dust or sea-salt 
particles. The PC loadings plot (Fig. 2b) highlights that anthropogenic 
markers (for example, Ni, Pb, Cu, Cr and Zn) and elements associated 
with biological or secondary processes (for example, P and S) exhib-
ited weak or negligible correlations with marine salts (for example, Na 
and Mg) and crustal elements (for example, Al, Si, Fe, Ti, Y and Zr). The 
strong contribution of metals commonly linked to fossil fuel pollution 
(for example, Ni, Pb, Cu, Cr and Zn) to PC2 underscores its association 
with anthropogenic inputs. The decoupling of anthropogenic markers 
from crustal dust and sea-salt particles suggests that PC2 is influenced 
by local sources (related to marine traffic and research facilities).

Elemental concentrations across the study area exhibited distinct 
elemental profiles, suggesting four clusters among the sampling sites 

(Fig. 2c and Supplementary Fig. 3). PC1 separates the data into three 
clusters (A, B and C), reflecting differences in the concentrations of sea 
salt aerosols and crustal dust. As shown in Fig. 3a and Supplementary 
Table 5, concentrations of elements associated with marine aerosols 
(for example, Na and Mg) and crustal sources (for example, Al, Si, Fe, 
Ti, Y and Zr) differed considerably across these clusters, with cluster A 
showing the highest concentrations, followed by clusters B and C. PC2 
identifies a fourth cluster (D), characterized by prominent biogenic and 
non-sea-salt contributions. Samples taken in Doumer Island (cluster 
D) exhibited concentrations of P (an element associated with biogenic 
and non-sea-salt inputs) one order of magnitude higher than those in 
clusters A, B and C (Fig. 3a and Supplementary Table 5).

While concentrations of anthropogenic markers were generally 
comparable (within the same order of magnitude) across the identified 
clusters (Fig. 3a), we found north–south differences in metal concentra-
tions consistent with expectations. As shown in Supplementary Table 5, 
the concentrations of elements associated with fossil fuel combustion 
(for example, Ni, Pb, Cu, Cr and Zn) were slightly higher in the north-
ernmost sites (clusters A and B) compared with the southernmost sites 
(cluster C). Correspondingly, Supplementary Table 1 shows that the 
highest heavy metal concentrations were found at northern locations 
such as Admiralty Bay (site 1) and Hope Bay (site 10), both situated near 
major research stations and along busy marine routes.

Natural contributions
Crustal dust dominates the loadings across the sampling sites. Ti/Zr  
ratios of 18–40, observed for each of the four clusters (Fig. 3b and 
Supplementary Table 6), indicate a crustal or natural mineral dust 
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Fig. 2 | Snow chemistry across our sampling sites exhibit both natural and 
anthropogenic markers. a, Snow sampling sites. Colours represent the clusters 
identified by applying PCA to the element concentrations in Supplementary 
Table 1. Sampling was conducted at 16 sites, marked by consecutive numbers. We 
sampled across the South Shetland Islands (King George Island, Robert Island, 
Greenwich Island, Half Moon Island, Livingston Island and Deception Island) and 
the Palmer Archipelago (Trinity Island and Doumer Island), along or near the west 
coast of the Peninsula (Prime Head, Hope Bay, Charlotte Bay, Cuverville Island, 
Petermann Island and Detaille Island) and at deep-field points in the Ellsworth 
Mountains (Union Glacier). Refer to Table 1 for details. b, PC loadings showing 
contributions to the first two PCs (PC1 and PC2). The loadings are also provided 
in Supplementary Table 2. PC1 and PC2 explain 61% of the total variance. Colours 

represent likely sources: purple for elements typically associated with marine 
aerosols, brown for crustal sources, green for possible biogenic or non-sea-salt 
contributions and black for potential anthropogenic markers. c, PC scores. Points 
close to each other represent sampling sites with similar elemental profiles. The 
distribution suggests 4 potential clusters among the 16 sampling sites (identified 
by consecutive numbers). The first two PCs (PC1 and PC2) explained about 61% 
of the total variance and were influenced by elements associated with marine 
aerosols, crustal sources, biogenic and non-sea-salt contributions, and potential 
anthropogenic markers. Colours for the sites match those in a. The plot in a was 
created using Python’s Matplotlib library (version 3.4.3)71, while plots in b and c 
were generated using Mathematica version 12 (ref. 54).
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origin, with contributions from slightly weathered rocks and minimal 
chemical fractionation. K/Rb ratios of 200–600, observed across our 
sampling sites (Fig. 3b and Supplementary Table 6), are also consistent 
with values found in continental crust and terrestrial dust. Moderate 

Si/Al and Si/Ti ratios (Fig. 3b and Supplementary Table 6) further 
confirm the influence of terrestrial dust and crustal material, as well 
as moderate weathering processes. Comparable Si/Al ratios (within 
the same order of magnitude) have also been reported in samples 

Table 1 | Sampling sites

Site Point Latitude (°) Longitude (°) Season Details

(1) Admiralty Bay Arctowski Station −62.1203 −58.6453 19/20

Our fieldwork on King George Island encompassed several 
sampling points on Collins Glacier (that blankets roughly 75% of 
the island) as well as two of its three principal bays: Maxwell Bay 
and Admiralty Bay.
King George Island is the largest in the South Shetland archipelago 
and hosts research stations from nine countries and one of 
Antarctica’s most active airfields.
During the 2023–2024 season, around 5% of all visitors travelling 
with IAATO-affiliated operators to Antarctica used King George 
Island as a flight hub, often combining air travel with cruises.

(2) Collins Glacier

Collins A −62.1673 −58.8547 17/18

Dome −62.1686 −58.8753 19/20

Collins B −62.1698 −58.8586 16/17

Collins C −62.1691 −58.8555 19/20

Artigas Station −62.1833 −58.8844 19/20

(3) Maxwell Bay

Escudero Station −62.2028 −58.9608 16/17

Ardley −62.2167 −58.9333 16/17

Great Wall Station −62.2238 −58.9635 17/18

(4) Robert Island Coppermine Peninsula −62.3786 −59.7119 16/17 We conducted our sampling on the island’s west side, an area 
characterized by a variety of terrestrial fauna and a rich bird 
population. The island also hosts a seasonally occupied  
research refuge.

(5) Greenwich Island Prat Station −62.4798 −59.6434 19/20 This island hosts large penguin colonies and is also the site of two 
research stations. Sampling was carried out approximately 1 km 
west of one of these stations.

(6) Half Moon Half Moon Bay −62.5956 −59.9122 18/19 This small island is a popular stop on Antarctic cruise routes, home 
to Weddell and elephant seals, as well as penguin colonies. It also 
features an Argentine station that operates intermittently.

(7) Livingston Island

Walker Bay A −62.6364 −60.6008 19/20 Sampling was carried out near Hannah Point, a well-known tourist 
landing site renowned for its rich biodiversity, including some of 
the most diverse wildlife in the Antarctic Peninsula. The island 
is also home to research stations. At its western edge lies Byers 
Peninsula, a sizable ice-free area spanning 6,062 ha, which serves 
as a potential source of dust.

Walker Bay B −62.6362 −60.6010 19/20

(8) Deception Island

Mount Pond −62.9656 −60.5522 19/20 This horseshoe-shaped island is a well-known tourist destination 
and is home to research stations operated by Argentina and 
Spain. During the summer, much of the island becomes ice-free. 
Sampling took place along the southwestern coast and near the 
Spanish research station.

G. de Castilla Station −62.9768 −60.6691 18/19

(9) Prime Head O’Higgins Station −63.3225 −57.8970 18/19 Sampling took place near the permanently occupied Chilean 
research station, situated close to the northernmost tip of the 
peninsula.

(10) Hope Bay Esperanza Station −63.4078 −56.9911 19/20 Sampling took place a few kilometres from a major year-round 
Argentinian station that has been operational since the early 1950s.

(11) Trinity Island

Mikkelsen Harbor A −63.8967 −60.8025 18/19 Sampling took place near the southernmost point of the island, 
a popular landing site for cruise tourists visiting Antarctica. The 
island is also home to a small refuge, originally established by the 
Argentine Navy in the 1950s.

Mikkelsen Harbor B −63.9133 −60.8150 19/20

(12) Cuverville Island Northern Shore −64.6803 −62.6194 16/17 Sampling was conducted along the northern coastline of the 
Island, which is known for its historic remains (from the whaling 
era) and penguin colonies.

(13) Doumer Island

Yelcho Station A −64.8761 −63.5783 19/20
Sampling was conducted near the local research station. Marine 
wildlife around the island includes seals, penguins and seabirds. 
Major algal fields are often frequent.

Yelcho Station B −64.8775 −63.5831 19/20

Yelcho Station C −64.8779 −63.5824 19/20

(14) Petermann Island Groussac Refuge −65.1758 −64.1361 18/19 This small island is a popular stop for Antarctic cruises due to its 
scenic views and wildlife, which includes large colonies of gentoo 
penguins.

(15) Detaille Island Station W −66.8687 −66.7833 16/17 We collected samples near the unoccupied UK station established 
in the 1950s. The site is visited by small expedition cruise ships.

(16) Ellsworth Mountains

Union Glacier A −79.7669 −82.9144 16/17 This area features a blue-ice runway and two seasonal camps 
that provide expedition logistics and guided tours. Sampling was 
conducted at two points situated more than 5 km east of a blue-ice 
runway and less than 1 km from designated landing areas for 
ski-equipped aircraft.

Union Glacier B −79.7625 −82.9603 18/19

In some cases, a sampling site encompassed several sampling points, spaced a few hundred metres apart.
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from glaciers on James Ross Island in the northeastern Antarctic 
Peninsula38. While long-range transport from Patagonia cannot be 
ruled out39, Antarctica itself also contains vast potential dust sources 
(Supplementary Fig. 4).

Ice-free areas appear to be key sources of dust and crustal mate-
rial, even for deep-field sites. In the northern Antarctic Peninsula, 
for example, the Ulu Peninsula covers approximately 312 km2 and is 
ice-free during the summer. Similarly, about half of Deception Island 
(around 17 km2), the southwestern tip of King George Island (about 
30 km2; Supplementary Fig. 5) and the Byers Peninsula (around 60 km2), 
located at the western extremity of Livingston Island, are all notable 
ice-free regions. The presence of these ice-free areas probably explains 
why sites in clusters A and B exhibited the highest concentrations of 
elements associated with crustal sources (for example, Al, Si, Fe, Ti, Y 
and Zr) (Fig. 3a). Farther south, the ice-free summits of the Ellsworth 
Mountains (Supplementary Fig. 6) were probably the primary source 
of dust and crustal material found in the snow samples collected at our 
southernmost sampling site, Union Glacier (79° S).

Although most sampling sites were coastal, marine salt particu-
lates did not dominate the aerosol loadings. The concentration of 
Na, a primary marker of sea salt, was generally much lower than the 
concentrations of elements associated with crustal sources, such as 
Al, Si, Fe and Ti (Fig. 3a). The relatively low concentration of Na in the 
insoluble fraction of particulate matter in our samples may be due to 
its solubility. By contrast, elements such as Al, Si, Fe and Ti are largely 
insoluble. Due to the relatively low concentration of Na, we found that 
Na/K and Na/Mg ratios were well below 1 at all sampling sites, except 
for Doumer Island. Nevertheless, we also found moderate S/Na ratios, 
which indicate marine aerosol influence. Sulfur in marine aerosols is 
often present as sulfate particles, which form through the nucleation 

of sulfur-containing gases or the condensation of these gases onto 
preexisting particles (for example, ref. 40).

Marine-enriched aerosols (that is, phytoplankton and sea spray) 
and biogenic sources (that is, penguins, seals and snow organisms) 
played a considerable role in the chemistry of our samples, especially 
those taken on Doumer Island (cluster D). The moderate values of Ca/
Sr and Ca/K ratios (Fig. 3b and Supplementary Table 6) suggest the 
presence of marine aerosols with possible biogenic sulfur influences, 
including those from marine organisms such as phytoplankton, across 
the sampling sites. Comparable Ca/Sr and Ca/K ratios have also been 
reported in snow collected elsewhere in the northeastern Antarctic 
Peninsula38. An additional biogenic source, specifically snow algae 
(Supplementary Fig. 7), probably influenced the elemental composi-
tion of samples on Doumer Island. Relative to other clusters, cluster 
D exhibits a combination of elevated P/Al, P/Ti, K/Si and K/Al ratios 
(Fig. 3b and Supplementary Table 6), consistent with the influence 
of snow algae, which could explain the enrichment of P and K relative 
to typical crustal markers such as Al, Si and Ti. The presence of algal 
biomass would not be particularly surprising, as algae thrive in coastal 
areas, which are nutrient-rich environments41,42.

Anthropogenic markers
The concentrations of anthropogenic markers across our sampling 
sites significantly exceeded background levels (Supplementary 
Fig. 8). Background concentrations of heavy metals in snow on the 
Antarctic Peninsula were established in the 1980s. Wolff and Peel28 
reported average concentrations of approximately 2 pg g−1 Cu, 3 pg g−1 
Zn and 6 pg g−1 Pb in surface samples taken on Spaatz Island and the 
southern Palmer Plateau. Leal et al.29 reported average concentra-
tions of approximately 10 pg g−1 Cr, 3 pg g−1 Ni and 10 pg g−1 Pb in fresh 
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Fig. 3 | Metal concentrations at the sampling sites exceeded the background 
levels. a, Box plots showing the concentrations in snow samples, grouped by 
clusters (n indicates the number of samples per cluster). In each box plot, the 
central line represents the median, while the edges of the box indicate the 25th 
and 75th percentiles. Whiskers extend to the minimum and maximum values, 
excluding outliers. b, Geochemical proxies or ratios of element concentrations 
averaged by cluster. The colours represent different clusters. Ratios are also 
presented in Supplementary Table 6. c, Box plots showing EFs derived from 

element concentrations in Supplementary Table 1 (n indicates the number 
of sites). In each box plot, the central line represents the median, while the 
edges of the box indicate the 25th and 75th percentiles. Whiskers extend to the 
minimum and maximum values, excluding outliers. EF values greater than 10 
indicate contributions from anthropogenic sources. EF values for heavy metals 
commonly associated with fossil fuel pollution, such as Pb, Cu and Zn, were 
consistently above 10 across all sampling sites. Plots were created using Python’s 
Matplotlib library (version 3.4.3)71.
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snow samples taken nearly two decades ago at Admiralty Bay, King 
George Island. Comparable Pb concentrations were also measured by  
Hong et al.30 about two decades ago at Collins Dome on King George 
Island. Measurements by Leal et al.29 and by Hong et al.30 are relevant 
because they were conducted well before the recent tourism boom, yet 
at a time when the island already hosted nearly a dozen research facili-
ties4. Relative to these values, we found that Pb, Ni and Cr concentrations 
across our sampling sites were, on average, tenfold higher, while Cu and 
Zn concentrations were, on average, two orders of magnitude higher.

Metal concentrations measured across the Antarctic Peninsula 
were well above those in unimpacted regions of the continent (Sup-
plementary Fig. 8). Dixon et al.31 provided a baseline of trace element 
concentrations across extensive regions of Antarctica (excluding 
the Antarctic Peninsula). For metals, Dixon et al.31 reported average 
concentrations of approximately 8 pg g−1 Cr, 14 pg g−1 Mn, 12 pg g−1 
Sr and 6 pg g−1 Pb in surface samples. Comparable Pb concentrations 
have been measured in surface snow sampled upwind of the research 
facilities (clear area) near the South Pole33, in snow pit samples from 
unimpacted Roosevelt Island in the Ross Sea region27, in snow from 
Dome C sampled over the period 2010–201724 and along the transect 
from Zhongshan Station to Dome A43. Relative to these values, we found 
that Pb, Cr and Sr concentrations across our sampling sites were, on 
average, tenfold higher, while Mn concentrations were, on average, 
two orders of magnitude higher.

The application of enrichment factor (EF) analysis to XRF meas-
urements led to moderate EF values (generally above 10) for heavy 
metals, particularly Pb, Cu and Zn, across our sampling sites (Fig. 3c 
and Supplementary Table 7). As noted by Veysseyre et al.44, EF values 
between 0.1 and 10 suggest that an element primarily originates from 
natural sources, such as rocks and dust, while EF values greater than 10 
indicate contributions from additional sources. While most element 
concentrations in the snow sampled during our study aligned with 
average upper-crustal ratios, as shown in Fig. 3c and Supplementary 
Table 7, the EF values for heavy metals typically linked to fossil fuel pol-
lution (Pb, Cu and Zn) were consistently close or higher than 10 across 
all sampling sites, including Union Glacier (79° S), our southernmost 
sampling site. The generator powering at least one of the two seasonally 
occupied camps, the heavy aircraft utilizing the blue-ice runway and 
the ski-equipped planes (Supplementary Fig. 6) are likely contribu-
tors to the heavy metals detected in the surface snow sampled at this 
increasingly popular deep-field destination.

Although our sampling sites are polluted, the concentrations 
of toxic elements such as As, Cd and Se were found to be minor. The 
average concentrations measured for these elements were well below 
the detection limit of XRF spectrometry, which is why these concentra-
tions are not shown in Fig. 3 and Supplementary Table 1. Concentra-
tions considerably higher, detectable by XRF spectrometry, have been 
measured elsewhere in Antarctica. Notably, significant concentrations 
of Cd have been found in surface snow near the research station at 
Dome Concordia32, presumably from anthropogenic sources. Similarly, 
significant concentrations of Cd and As have been measured in surface 
snow sampled near research facilities at the South Pole33. Furthermore, 
significant concentrations of Cd, As and Se have been measured in 
surface snow from Ingrid Christensen Coast, near research stations 
such as Progress (Russia), Zhongshan (China) and Bharati (India) in East 
Antarctica34. By comparison, the concentrations across our sampling 
sites were probably several orders of magnitude lower. These differ-
ences were expected, as we avoided sampling at heavily impacted sites 
too close to research stations or areas affected by legacy pollutants.

Surface snow across our sampling sites was generally cleaner than 
that sampled close to research facilities in the Antarctic Peninsula and 
elsewhere. Surface snow from the Vecherny Oasis, near the Belarusian 
Antarctic Station in East Antarctica, reported average concentrations 
over the summer period of 2012–2018 of approximately 1 ng g−1 Cu, 
16 ng g−1 Zn and 0.2 ng g−1 Pb (ref. 35). Average concentrations in surface 

snow from Ingrid Christensen Coast, near research stations like Pro-
gress (Russia), Zhongshan (China) and Bharati (India) in East Antarctica, 
are similarly high: 2 ng g−1 Cu, 5 ng g−1 Zn and 0.4 ng g−1 Pb (ref. 34). Rela-
tive to these figures, we found that Cu, Zn and Pb concentrations across 
our sampling sites were, on average, one order of magnitude lower. 
Again, these differences were expected, as we deliberately avoided 
sampling at heavily impacted sites, targeted by previous studies.

Meridional gradient
Natural aerosols, such as crustal dust and sea-salt particles, decreased 
in concentration towards the south. While crustal dust dominates the 
loadings across all sampling sites, the concentrations of elements asso-
ciated with crustal sources (for example, Al, Si, Fe, Ti and Y) show a 
significant decline with increasing latitude on the Antarctic Peninsula 
(Fig. 4a). A similar trend is observed for elements linked to marine aero-
sols, such as Na, Mg and Ca (Fig. 4a). The decrease in concentrations 
toward the south of key markers for crustal material (for example, Al, 
as shown in Fig. 4b, left) was expected, as ice-free areas, presumably 
the main source of crustal dust, become less prominent further south. 
Likewise, the reduction in Na concentrations (Fig. 4b, centre) can be 
attributed to the weakening of surface winds at higher latitudes (Sup-
plementary Fig. 9), which may limit the transport of sea-salt particles. 
Because our sampling took place in late summer, it is unlikely that sea 
ice had a relevant influence on the observed spatial distribution of 
natural aerosols.

In the Antarctic Peninsula, elements associated with biogenic and 
non-sea-salt sources (for example, P) generally showed higher concen-
trations at our sampling sites on Doumer Island (~65° S) compared with 
King George Island (~62° S) (Supplementary Fig. 10). The higher con-
centrations observed on Doumer Island can probably be attributed to 
biogenic sources such as snow algae, organisms that grow on snow and 
ice, produce organic matter and influence the elemental composition 
through their metabolic activity. Gray et al.41 mapped algal fields across 
the Antarctic Peninsula and showed that the number of individual algal 
blooms increases progressively southward from 62° S, peaking around 
65° S, before decreasing further south. This pattern is consistent with 
changes in environmental conditions favourable to biological activity 
at these latitudes. Although temperatures are lower at 65° S than at 
62° S, the increased availability of sunlight in this region supports algal 
growth. As shown in Supplementary Fig. 11, a decrease in cloud cover 
results in higher downwelling shortwave irradiance at Doumer Island 
(65° S) compared with King George Island (62° S), further enhancing 
conditions for algal growth.

Heavy metal concentrations (for example, Ni, Pb, Cu, Cr and Zn) 
do not exhibit a clear meridional (north–south) gradient (Fig. 4a). This 
is because the concentrations of these potential anthropogenic mark-
ers are comparable (within the same order of magnitude) across the 
identified clusters (Fig. 3a and Supplementary Table 5). The lack of a 
clear meridional gradient in heavy metal concentrations is consistent 
with the limited meridional airborne transport and Antarctica’s isola-
tion resulting from the stronger westerlies over the Southern Ocean 
(Supplementary Fig. 9). Back-trajectory analysis, which traces the 
path of air masses backwards in time to determine their geographical 
origin, further confirms limited meridional atmospheric transport. As 
shown in Supplementary Fig. 12, while long-range transport accounts 
for background concentrations observed inland (for example, ref. 26), 
it probably plays only a minor role in contributing to the heavy metals 
detected in our samples (Supplementary Fig. 12).

The absence of a clear meridional gradient in concentrations of 
anthropogenic markers does not imply that some sites are not consid-
erably more polluted than others. For instance, Pb concentrations at 
Admiralty Bay (the northernmost sampling site) and Hope Bay (near the 
northern tip of the Peninsula) are noticeably higher than those at south-
ern Antarctic Peninsula sites, such as Detaille Island (Fig. 4b, right). This 
pattern aligns with expectations, as marine traffic (a potential source 
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of heavy metals) is considerably more intense around the northern 
Antarctic Peninsula (Fig. 1a).

Discussion
Our analysis of Antarctic snow chemistry has revealed distinct geo-
graphical patterns shaped by the interplay between crustal, marine, 
biogenic and anthropogenic contributions. Crustal dust dominates 
the elemental loadings across most sampling sites, particularly in the 
northern Antarctic Peninsula. While intercontinental transport (for 
example, ref. 39) cannot be ruled out, hundreds of square kilometres 
of ice-free areas serve as major sources of crustal dust in the northern 
Antarctic Peninsula. The observed decline in element concentrations 
associated with crustal dust towards southern latitudes probably 
reflects the reduced extent of ice-free areas and weaker wind transport.

Marine-enriched aerosols and biogenic sources play an important 
role in altering snow chemistry through nutrient cycling and the pro-
duction of organic matter. In the Antarctic Peninsula, we found notable 
spatial variations in the concentrations of elements associated with 
biogenic activity (such as P), which are broadly consistent with previous 
studies reporting spatial patterns of algal blooms (for example, ref. 41). 
These findings suggest that algal proliferation is an important factor 
influencing the geochemical composition of Antarctic snow. The fact 
that 60% of algal blooms on the Antarctic Peninsula have been found 
within 5 km of a penguin colony41 also indicates that algae are not the 
only biogenic source contributing to snow chemistry.

Concentrations of anthropogenic markers across our sampling 
sites significantly exceed background levels. Moderate EFs for heavy 
metals typically linked to fossil fuel pollution (Pb, Cu and Zn) were 
consistently found across all sampling sites, including Union Glacier 
(79° S), our southernmost sampling site. The highest concentrations 
were observed in northern sites, particularly around the South Shetland 
Islands, where dozens of research facilities are located and marine 
traffic is most intense.

Research activities in Antarctica are inherently energy intensive, 
involving the use of helicopters, watercraft, airplanes, diesel generators 

and all-terrain vehicles. The signature of these activities is now appar-
ent in Antarctic snow chemistry, beyond heavily impacted sites near 
legacy research facilities. Much of the pollution associated with these 
facilities stems from wind redeposition of legacy pollutants but also 
from historically poor waste management practices. Although waste 
management has improved since the adoption of the Protocol on 
Environmental Protection, occasional waste incineration remains a 
potential source of heavy metal emissions. This may include Pb, espe-
cially when older materials containing lead-based paints or plastics 
and rubber with Pb-based stabilizers are burned.

Marine traffic in Antarctic waters has increased rapidly in recent 
years and is probably a growing source of pollution. Several countries 
have recently invested in new polar research vessels with icebreaking 
capabilities (for example, ref. 45). In addition, around a dozen fishing 
vessels regularly operate in Subarea 48.1, along the western side of the 
Antarctic Peninsula46. Still, tourism currently accounts for the majority 
of marine traffic in the region. IAATO now includes over 50 operators, 
with a fleet of 93 vessels (including 9 large cruise ships carrying more 
than 500 passengers) that collectively registered 569 departures dur-
ing the 2023–2024 season3.

The enrichment of heavy metals in Antarctic snow, even at sites 
kilometres away from local sources, stresses the large-scale extent 
of human activities. However, the concentrations of toxic elements 
commonly linked to fossil fuel pollution, such as As, Cd and Se, were 
found to be below the detection limit of the XRF spectrometry. Thus, 
beyond heavily impacted sites very close to research stations or legacy 
pollutants (for example, refs. 13–15), ecological impacts of heavy met-
als on Antarctic biota and microbial communities at current levels are 
unlikely to be widespread. Nonetheless, these impacts remain poorly 
understood and merit further investigation.

Our findings underscore the urgent need to advance sustainable 
practices to mitigate the footprint of human activities in Antarctica. In 
particular, the heavy metal traces found in our snow samples highlight 
the need for enhanced air pollution monitoring. Calls for enhanced 
environmental monitoring in the region date back to the 1990s (for 
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gradient, Pb concentrations at Admiralty Bay (the northernmost sampling site) 
and Hope Bay (near the northern tip of the Peninsula) are clearly higher than 
those at more southerly sites, such as Detaille Island. Plots were created using 
Python’s Matplotlib library (version 3.4.3)71.
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example, ref. 47). More recently, Brooks et al.48 have outlined processes 
to help research station managers set objectives for reducing the impact 
of their facilities on nearby ecosystems. Tejedo et al.49 have presented a 
strategy for monitoring environmental impacts of Antarctic tourism. 
Reducing the imprints of energy-intensive human activities in Antarctica 
will require accelerating the energy transition and minimizing the use 
of fossil fuels, especially near sensitive sites. The International Maritime 
Organization’s ban on heavy fuel oil, the rapid adoption of hybrid vessels 
by the tourism industry and the voluntary implementation of a 40-km 
summertime buffer zone around the Antarctic Peninsula and the South 
Shetland Islands by krill harvesting companies50 represent meaningful 
steps forward. Nevertheless, our results show that more remains to be 
done to reduce the burdens of human activities in Antarctica.

Methods
Sampling
A total of 55 surface snow samples (collected from depths of up 
to 15–20 cm, weighing approximately 2–3 kg each) were obtained 
using a methodology applied in previous studies (for example,  
ref. 6). As annual snowfall accumulation at all sampling sites far exceeds 
15–20 cm, the snow we analysed originated from snowfall events that 
occurred in the preceding months. To ensure the representativeness 
of the sampled areas, sampling was carried out at distances, ranging 
from several hundred metres to several kilometres, from research 
infrastructure, tourist landing sites, roads, airfields, penguin colonies 
and wildlife nesting areas.

In an attempt to account for the expected variability in snow chem-
istry, we collected snow samples across multiple scales: (1) at distinct 
sites separated by tens to hundreds of kilometres, (2) at different sam-
pling points within sites, spaced a few hundred metres apart, and  
(3) during different seasons at nearby locations. A detailed description 
of all sampling sites, including geographic coordinates and the season 
of collection, is provided in Table 1. As shown in the table, snow was 
sampled at 16 sites, some of which included multiple sampling points 
spaced several hundred metres apart. Duplicate samples (approxi-
mately 1 m apart) were also taken at each of the 28 sampling points 
listed (except for the one labelled ‘Esperanza Station’).

Sampling was primarily conducted in late summer. All sampling 
points were situated in close proximity (ranging from a few metres 
to several dozen metres) to ice-free areas. This ensured a consistent 
level of exposure to crustal and dust sources across the study sites. 
One exception was Ellsworth Mountains (79° S, 766 m a.s.l.), where 
sampling took place in early summer and the nearest crustal and dust 
sources are located several kilometres away. The focus on late summer 
sampling was intended to capture aerosols deposited on the snow sur-
face during the annual peak in human activity in Antarctica. Snow that 
has persisted throughout the summer is expected to show the highest 
particulate concentrations of the season, as melting processes cause 
particles to accumulate on the surface51.

To minimize contamination, strict protocols were followed. Tyvek 
clean suits and ultraclean medical gloves were worn during sampling, 
and samples were collected using precleaned stainless-steel spatulas. 
The collected snow was placed in plastic bags, which were then sealed 
in Whirlpak bags. Snow samples were transported to the laboratory in 
Styrofoam coolers. Upon arrival, the snow was melted in glass beakers 
and then vacuum-filtered to extract insoluble particles. Filtration was 
carried out using stainless-steel funnels and 0.4-μm Nucleopore filters, 
which were subsequently stored in sterile Petri dishes. During filtra-
tion, laboratory personnel wore gloves and laboratory coats, and all 
equipment and containers were rinsed with deionized water before use.

Chemical composition
Following a methodology applied in previous studies (for example,  
ref. 21), the elemental composition of particles deposited on fil-
ter medium was analysed using an Epsilon 5 EDXRF spectrometer 

(PANalytical). The Epsilon 5 system features a high-resolution germanium 
detector, enabling precise detection of elements from sodium to lead. 
The calibration procedure at HSPH, as described by Kang et al.52, utilized 
XRF calibration standard polycarbonate films (MicroMatter). Intercom-
parison of standard films has demonstrated the high performance of the 
HSPH XRF spectrometer52. For field-collected samples (where elemental 
concentrations are generally lower), the instrument demonstrated repro-
ducibility within 15% for the majority of elements analysed52.

In this study, we found that the concentrations of 27 elements (out of 
the 48 targeted) exceeded the detection limits of the XRF spectrometry 
technique. These elements include Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Ba and Pb (Supplementary Table 1). The 
concentrations of 21 elements (Ge, As, Se, Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, Cs, 
La, Ce, Sm, Eu, Tb, W, Au, Hg and Tl) were generally under the detection 
limits. Therefore, these 21 elements were excluded from further analysis.

The concentrations measured in duplicate samples (taken approxi-
mately 1 m apart) remained within the same order of magnitude, sup-
porting the reliability and consistency of our measurements. While 
differences in elemental concentrations were observed between sam-
pling points separated by several hundred metres, or between samples 
collected in different seasons at nearby locations, these differences 
also generally remained within the same order of magnitude. Although 
relatively small, these variations were statistically significant (that is, 
they exceeded the estimated uncertainty bounds), probably reflecting 
real spatial variability in elemental abundance. Warren and Clarke53 
have reported significant spatial variability in particulate concentra-
tions over horizontal distances of just a few metres in snow samples 
collected at the South Pole. They attributed this variability to the fre-
quent occurrence of blizzards. While the snow redistribution processes 
observed at the South Pole may not be directly transferable to coastal 
environments on the Antarctic Peninsula, it is likely that blizzards also 
contribute to the observed differences in elemental concentrations 
between samples collected at the same site.

PCA
As shown in Supplementary Table 1, the differences in elemental con-
centrations observed between samples collected at different sites 
(taken dozens or hundreds of kilometres apart) were often substantial, 
sometimes exceeding an order of magnitude. Such variability provided 
valuable insights into potential sources of the measured elements.

PCA was performed on the concentrations in Supplementary 
Table 1 to reduce dimensionality and identify patterns in the data-
set. The results are shown in Fig. 2, Supplementary Fig. 2 and Sup-
plementary Tables 2–5. Before conducting PCA, the data underwent 
preprocessing to ensure comparability and minimize biases. This 
preprocessing included normalization and standardization. Log nor-
malization was applied by calculating the natural logarithm (base e) 
of each data point to mitigate skewness and reduce the influence of 
extreme values. Subsequently, the data were standardized by subtract-
ing the mean and dividing by the standard deviation for each variable, 
ensuring that all features contributed equally to the analysis, regardless 
of their original scales.

PCA results include the PC loadings and scores, presented in Sup-
plementary Tables 2 and 3, respectively. The loadings indicate the con-
tribution of each original variable to the PCs, while the scores represent 
the transformed data in the reduced-dimensional space. In addition, 
the percentage of variance explained by each PC is summarized in 
Supplementary Table 4. The first three PCs (PC1, PC2 and PC3) col-
lectively accounted for 71% of the total variance in the concentrations 
in Supplementary Table 1. All computations were performed using 
Mathematica version 1254.

Hierarchical clustering
We applied Ward’s linkage as a criterion in the hierarchical clustering 
of our sampling sites. Ward’s method is designed to minimize the 
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variance within clusters at each step of the hierarchical merging pro-
cess. A dendrogram using Ward’s linkage is shown in Supplementary 
Fig. 3. Computations were performed using Mathematica version 1254.

Geochemical proxies
Elemental ratios derived from the measured concentrations were used 
as geochemical proxies to interpret geochemical processes and environ-
mental conditions (for example, ref. 55). The following elemental ratios 
were calculated: Sr/Ca, Mg/Ca, P/Ca, Ti/Ca, Fe/Ca, Ti/Al, Zr/Al, Ba/Al, K/Al, 
Mg/Al, Mg/K, Si/K, Ca/K, Na/K, P/Al, Si/Al, Ca/Al, Sr/Ba, Ba/Si, K/Na, Ti/Zr, 
Si/Ti, P/Ti, Rb/Sr, K/Rb, Na/Mg, Ca/Mg, Ca/Sr, S/Na, Sr/Rb, K/Si and Fe/Al. 
These ratios were selected for their geochemical relevance, as they reflect 
mineralogical composition, diagenetic alterations and environmental 
changes, including redox conditions and biological productivity. For 
example, Ti/Al and Zr/Al ratios provide insights into terrigenous inputs 
(for example, ref. 56), while Mg/Al, Ca/Al and Fe/Al ratios have been used 
to distinguish different dust sources (for example, ref. 57). The calculated 
ratios are presented in Fig. 3b and Supplementary Table 6.

Enrichment factors
To evaluate the relative contributions of anthropogenic sources, we 
used crustal EF analysis as a diagnostic tool. The EF is defined as the 
ratio of the concentration of a given element to the concentration of 
the same element derived from crustal material (for example, rocks 
or dust). This approach distinguishes contributions of natural crustal 
sources from other potential inputs. According to the classifications 
outlined by Thamban and Thakur34 and Veysseyre et al.44, EF values in 
the range of 0.1–10 suggest minimal contributions from non-crustal 
sources, while values exceeding 10 indicate inputs from additional 
sources, which may include both natural and anthropogenic contribu-
tions. Specifically, EF values between 10 and 100 indicate moderate 
enrichment, while values greater than 100 suggest substantial enrich-
ment from external sources.

For this analysis, we utilized upper continental crust composition 
data from Wedepohl58, a widely recognized reference in geochemical 
studies. Following methodologies established in prior studies (for 
example, ref. 59), element concentrations were normalized against Al, 
a stable tracer for crustal material. EF values were calculated for each 
sampling site and are presented in Supplementary Table 7. Although 
some studies (for example, ref. 23) have normalized concentrations 
against Mn instead of Al, we found that, regardless of the normalization 
approach, EF values of key anthropogenic markers remained consist-
ently high (Supplementary Table 8).

Marine traffic
Marine traffic data (Fig. 1a) comes from the IMF’s World Seaborne Trade 
monitoring system60, available at ref. 61.

Reanalysis
Surface wind speed (Supplementary Fig. 9), downwelling shortwave 
all-sky irradiance, and cloud fraction (CF) data (Supplementary Fig. 11) 
are derived from the ERA5 Atmospheric Reanalysis62, available at ref. 63.

Back-trajectory analysis
Following prior efforts (for example, ref. 6), to trace the origin of 
air masses reaching selected sampling sites, we used the HYSPLIT 
model (Hybrid Single-Particle Lagrangian Integrated Trajectory)64, 
driven by data from the Global Data Assimilation System, which pro-
vides outputs at a 1° spatial resolution and 3-h intervals65. For the 
selected sites, we computed 300-h backward trajectories for summer  
(December–January–February, DJF) days over the period 2014–2023. 
The 300-h (approximately 12.5 days) duration was chosen as it is 
sufficiently long to capture possible intercontinental aerosol trans-
port (for example, ref. 26). The resulting trajectories were grouped 
into clusters using cluster analysis based on total spatial variance66.  

The results (Supplementary Fig. 12) support the premise of this study: 
local sources dominate aerosol emissions in our study area.

Ice-free areas
Geographically cross-referenced ice-free areas in Antarctica (Supple-
mentary Fig. 4) come from Brooks67.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The XRF spectrometry concentration data are available via Zenodo 
at https://doi.org/10.5281/zenodo.15823568 (ref. 68). Surface wind 
speed, downwelling shortwave all-sky irradiance and cloud fraction 
data are available at https://cds.climate.copernicus.eu/datasets/
reanalysis-era5-single-levels-monthly-means?tab=download. Marine 
traffic data are available at https://datacatalog.worldbank.org/search/
dataset/0037580/Global-Shipping-Traffic-Density. Geographically 
cross-referenced ice-free areas in Antarctica are available at https://
data.aad.gov.au/metadata/AAS_5134_Antarctic_Disturbance_Foot-
print. Contact R.R.C. (raul.cordero@usach.cl) for inquiries and 
requests for materials. Source data are provided with this paper.

Code availability
The Mathematica code used in this study for the PCA is available via 
Zenodo at https://doi.org/10.5281/zenodo.15823599 (ref. 69).
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