

[image: Cover]



RESEARCH ARTICLE

Distribution and contamination assessment of heavy metals in soils and sediments from the Fildes Peninsula and Ardley Island in King George Island, Antarctica

Jing Lin1,2, A.B.M. Sadique Rayhan2,3, Yun Wang4, Zhai Wu4, Yan Lin4, Hongwei Ke4, Tianyao Li4, Kai Chen2,3,4 & Minggang Cai2,3,4

1Laboratory of Marine Isotopic Technology and Environmental Risk Assessment, Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China
2Fujian Provincial Key Laboratory for Coastal Ecology and Environmental Studies, Xiamen University, Xiamen, China
3Coastal and Ocean Management Institute, Xiamen University, Xiamen, China
4College of Ocean and Earth Science, Xiamen University, Xiamen, China

(Published 27 December 2021)

Abstract

Concentrations of heavy metals (Cu, Pb, Zn, Cd and Cr) in surface soils and sediments collected in 2008 from 37 sampling sites in the Fildes Peninsula and Ardley Island were detected by atomic absorption spectrometry. The total contents of Cu, Pb, Zn, Cd and Cr ranged, respectively, from 61.36 to 562.2 mg/kg, 0.52 to 1.95 mg/kg, 54.61 to 577.9 mg/kg, 0.04 to 3.76 mg/kg and 6.83 to 25.9 mg/kg in soils and from 58.55 to 498.3 mg/kg, 0.60 to 2.51 mg/kg, 56.22 to 345.9 mg/kg, 0.07 to 5.77 mg/kg and 7.76 to 39.5 mg/kg in sediments. The geo-accumulation index and the pollution load index were calculated to evaluate the environmental effects of heavy metal pollutants, Cu, Zn and Cd, in the study area. Soils and sediments from Ardley Island were found to be moderately polluted with the studied metals. Pearson’s correlation analysis and principal component analysis were applied to assess the distribution pattern and potential source of heavy metals. The results suggest that Cu, Zn and Cd in the study area originated from both the lithogenic sources and penguin guano, while Pb and Cr were probably derived from lithogenic sources.

Keywords
 Trace element content; pollution assessment; penguin guano; multivariate statistical analysis; bio-transport of metals

Correspondence
 Kai Chen, 4221 Xiangan South Road, Xiamen 361102, China. E-mail: kchen@xmu.edu.cn

Abbreviations
ASPA: Antarctic Specially Protected Area
PLI: pollution load index

Polar Research 2021. © 2021 J. Lin et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Citation: Polar Research 2021, 40, 5270, http://dx.doi.org/10.33265/polar.v40.5270

Introduction

The persistence, potential toxicity and bioaccumulation of heavy metals make them the most important contaminants in the environment (Kaushik et al. 2009; Yang et al. 2009). Heavy metals can be adsorbed to the particulate matter in aquatic systems and will finally accumulate in sediments (Wang et al. 2015; Chen et al. 2018). However, the remobilization of heavy metals from surface sediments can cause contamination of the surrounding waters (Yuan et al. 2004). Sediments, therefore, play an important role as both sinks and potential secondary sources of heavy metals in aquatic ecosystems, and it is particularly important to explore the heavy metal contents in the surface sediments (Zhang et al. 2016).

Considered as the last great wilderness, Antarctica is the most isolated and remote continent on this planet. However, this does not protect Antarctica from the deleterious impacts of pollution. Contaminants from lower latitudes can reach the polar regions through atmospheric transport, current transport and even animal activities (Majer et al. 2014; Chu et al. 2019). Increasing human activities in Antarctica have caused several environmental pollution problems after the International Geophysical Year (1957–58), mainly near scientific stations (Santos et al. 2005). King George Island, the largest island in the South Shetlands Islands, has a high density of scientific stations, especially on the Fildes Peninsula, where six scientific stations have been established between 1968 and 1994 (Amaro et al. 2015; Bueno et al. 2018). In addition, the recent increase in the number of tourists to Antarctica has caused widespread environmental concerns (Kariminia et al. 2013).

A number of studies have investigated heavy metal pollution in several environmental matrices in Antarctica (e.g., Wolff et al. 1999; Sheppard et al. 2000; Planchon et al. 2002; Webster et al. 2003; Santos et al. 2005; Santos et al. 2006; Chaparro et al. 2007; Huang et al. 2014; Trevizani et al. 2016). Heavy metal concentrations in soils and lake sediments have been reported from the Fildes Peninsula and Ardley Island, a small island close off King George Island (Lu et al. 2012; Amaro et al. 2015; Bueno et al. 2018). These studies particularly focused on heavy metals near the scientific stations. Surveys carried out in different years will improve our understanding of the cumulative environmental and anthropogenic changes occurring there.

This study reported here aimed to determine and evaluate the levels of Cu, Pb, Zn, Cd and Cr in samples of soils and coastal sediments collected in 2008 from the Fildes Peninsula and Ardley Island, and to consider their possible sources. Nearly all of the areas that are affected by bird and human activities on the Fildes Peninsula and Ardley Island were sampled in this study.

Materials and methods

Study sites

The Fildes Peninsula, in south-western King George Island, is the second-largest ice-free coastal area (29 km2) during summer in the South Shetland Islands of Antarctica. The climate here is cold, moist and maritime, with a mean annual air temperature of –2.2°C and about 630 mm in annual precipitation (Michel et al. 2014). The soil from the Fildes Peninsula consists mostly of weathered volcanic rocks, especially andesitic basalts (Li et al. 1992). ASPA No. 125 was designated to protect two geologically important sites on the peninsula (Peter et al. 2008).

Ardley Island (62°12’0”S, 58°54’0”W) is 2 km in length and 1.5 km in width, and is connected to the Fildes Peninsula by a 400-m long isthmus, exposed during low tides (Michel et al. 2014). Ardley Island hosts one of the largest breeding gentoo penguin (Pygoscelis papua) colonies in the Antarctic, alongside Adélie (P. adeliae) and chinstrap (P. antarcticus) penguins (Roberts et al. 2017). Because of its diverse community of birds and terrestrial plants, Ardley Island has been designated ASPA No. 150 for intensive research studies; however, it also includes a visitor zone (Peter et al. 2008).

Sampling strategy

A total of 37 sampling sites (Fig. 1) were selected in the study areas during the 25th Scientific Antarctic Expedition of China in December 2008. Twenty-six soil samples were collected from the Fildes Peninsula (A-2–A-4, T-1–T-3, T-5–T-13 and S-2–S-9) and Ardley Island (A-5–A-7). Eleven coastal sediment samples were collected from Maxwell Bay (A-1) and the Great Wall Bay (S-1, S-10–S-14, A-8–A-11).

Fig. 1 Map of sampling sites in the Fildes Peninsula and Ardley Island. The extent of the penguin breeding area is taken from Roberts et al. (2017).
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Soil samples (top 10 cm) were taken with a plastic spatula, while surface sediment samples (top 2 cm) were taken from the Van Veen grab sampler with a plastic scoop. The collected samples were stored in acid-washed polyethylene bags, and then transported to the laboratory and frozen at –18°C before further analysis.

Sample analysis

After freeze-drying for at least 24 hours, sediment samples were divided into two sub-samples, one for the grain size study and the other for the heavy metal analysis. Particle-size distribution was determined by a Laser Mastersizer 2000. Other sub-samples were powdered and homogenized with an agate mortar to pass through a 180-mesh sieve (80 μm) for metal analysis. For each of the powdered samples, 0.1 g was digested with a mixture of HNO3 and HClO4, using the method described by Cai et al. (2011). Samples were then analysed by flame atomic absorption spectrometry for Zn and by graphite furnace atomic absorption spectrometry for Cu, Cd, Pb and Cr (SOLAAR M6, Thermo Scientific Co.).

Milli-Q water was used throughout the study. All glassware, plasticware, pipette tips and polytetrafluoroethylene vessels were soaked in HNO3 solution (1:3 v/v) for at least 48 hours and rinsed with Milli-Q water before use. Quality assurance and quality control were assessed using method blanks, duplicate samples and standard reference material (GBW07314) in triplicate. The results for the selected metals are shown in Table 1. The recoveries obtained in the standard reference material ranged from 92 to 116%. The relative standard deviation (%), indicating the precision of duplicate samples, ranged from 1.13 to 5.28%.

 


Table 1 Measured and certified values of metal contents in standard reference material.


	Element
	Limit of detection (μg/L)
	Measured value (μg/g)
	Assigned value (μg/g)
	RSDa (%)





	Cu
	0.10
	36.15 ± 1.15
	32 ± 2
	3.17



	Pb
	0.19
	59.06 ± 2.10
	61 ± 2
	3.56



	Zn
	1.58
	116.12 ± 1.31
	100 ± 8
	1.13



	Cd
	0.02
	0.23 ± 0.01
	0.25 ± 0.02
	2.47



	Cr
	0.62
	67.70 ± 3.57
	67 ± 3
	5.28



	aRelative standard deviation.





Assessment of sediment contamination

Geo-accumulation index (Igeo). The widely applied geo-accumulation index (Igeo) is used to evaluate the heavy metal contamination status of sediments in a water body (Müller 1969). It is calculated by the following equation:
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where Cn is the measured metal concentration (n), Bn is the concentration of metal in the geochemical background (n), and 1.5 is the background matrix correlation factor of the lithogenic and anthropogenic influences (Hakanson 1980; Sheppard et al. 2000). The geo-accumulation index can be divided into seven classes from class 0 to class 6: Igeo values of ≤ 0 suggest unpolluted, 0 < Igeo ≤ 1 indicates unpolluted to moderately polluted, 1 < Igeo ≤ 2 suggests moderately polluted, Igeo values of 2–3 represent moderately to heavily polluted, 3 < Igeo ≤ 4 suggests heavily polluted, 4 < Igeo ≤ 5 demonstrates heavily to extremely polluted and values exceeding 5 indicate severely polluted (Müller 1979).

PLI. PLI provides a simple and reliable way to assess the polymetallic contamination of sediment (Tomlinson et al. 1980), which is calculated by the following equation:
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where CF is the contamination factor and n is the number of analysed metals. CF is the ratio obtained by dividing the content of each metal in sediment by the background value that was developed by Hakanson (1980). According to Tomlinson et al. (1980), PLI > 1 indicates the presence of polymetallic pollution, while there is no metal pollution when PLI < 1.

In this study, the background values of heavy metals on the Fildes Peninsula are adopted from Lu et al. (2012), which was determined by the method of relative cumulative frequency. The background concentrations of Cu, Pb, Zn, Cd and Cr were 89.45, 5.44, 51.41, 0.09 and 22.56 mg/kg, respectively.

Multivariate statistical analyses

We applied Pearson’s correlation analysis to determine the relationships among all the selected heavy metals and particle-size distribution. A two-tailed p value of < 0.05 was considered to be statistically significant. Principal component analysis was used to discriminate the potential sources of heavy metals based on the similarities of their chemical properties. Principal component analysis was applied with Kaiser-Meyer-Olkin and Bartlett’s sphericity tests and was performed on the correlation matrix of normalized variables. To extract significant principal components and to further reduce the contribution of variables with minor significance, principal components were subjected to varimax rotation.

All statistical analyses were performed with IBM® SPSS® 25.0 software for Windows and Origin 2021.

Results and discussion

Particle-size analysis

Coarse sand (>250 μm), fine sand (63–250 μm), silt (4–63 μm) and clay (<4 μm) fractions in soils and sediments of the Fildes Peninsula and Ardley Island ranged from 0 to 44.9%, 14.5 to 58.3%, 14.5 to 72.2% and 0.39 to 18.1%, respectively (Table 2). Particle-size distributions varied greatly among the studied sites, with silt and fine sand being the predominant fractions in soils and sediments (Fig. 2). The clay fractions of surface soils and sediments were relatively low in the study area, which is consistent with a study by Michel et al. (2014) that reported low clay content in soils from the Fildes Peninsula and Ardley Island.

 


Table 2 Particle-size fraction (%) and heavy metal concentrations (mg/kg) in this study.


	Site
	
	Clay
	Silt
	Fine sand
	Coarse sand
	Cu
	Pb
	Zn
	Cd
	Cr





	Fildes Peninsula soil samples
	S-2
	2.49
	26.8
	58.3
	12.3
	157.4
	1.11
	126.8
	0.13
	13.4



	S-3
	4.02
	30.0
	45.7
	20.2
	203.7
	1.66
	134.0
	0.21
	15.6



	S-4
	4.33
	29.7
	28.8
	37.2
	197.0
	1.25
	140.3
	0.14
	14.9



	S-5
	5.29
	36.5
	41.4
	16.8
	192.9
	1.32
	123.7
	0.18
	10.2



	S-6
	5.33
	40.3
	39.8
	14.6
	168.8
	1.03
	148.1
	0.28
	17.1



	S-7
	3.18
	24.7
	46.7
	25.3
	160.7
	1.39
	135.4
	0.12
	16.1



	S-8
	3.53
	42.8
	35.4
	18.2
	192.9
	1.95
	155.6
	0.24
	16.6



	S-9
	4.56
	47.3
	40.2
	7.99
	96.06
	0.52
	70.06
	0.08
	6.83



	T-1
	7.96
	51.8
	33.2
	7.05
	208.1
	1.24
	280.2
	0.08
	10.4



	T-2
	12.6
	64.0
	22.4
	0.90
	312.2
	1.43
	133.6
	0.08
	11.7



	T-3
	8.99
	58.9
	28.6
	3.55
	104.4
	0.89
	73.41
	0.06
	12.1



	T-5
	12.4
	60.9
	24.8
	1.88
	166.6
	0.85
	108.3
	0.05
	10.2



	T-6
	18.1
	66.1
	15.6
	0.20
	121.9
	0.89
	94.45
	0.07
	10.1



	T-7
	12.1
	59.4
	26.1
	2.46
	145.5
	1.33
	82.49
	0.06
	10.2



	T-8
	13.2
	69.7
	17.2
	0.00
	159.9
	0.90
	90.13
	0.06
	10.8



	T-9
	8.36
	52.4
	35.2
	3.99
	151.9
	0.86
	88.34
	0.06
	14.8



	T-10
	12.1
	68.8
	18.1
	1.02
	169.0
	0.98
	101.1
	0.04
	22.9



	T-11
	2.75
	34.2
	43.8
	19.2
	132.0
	1.36
	99.78
	0.13
	9.98



	T-12
	9.55
	56.6
	29.3
	4.54
	166.0
	0.53
	80.65
	0.04
	25.9



	T-13
	13.4
	72.2
	14.5
	0.00
	137.6
	0.99
	102.1
	0.13
	11.3



	A-2
	10.6
	57.1
	27.5
	4.84
	61.36
	0.86
	54.61
	0.06
	18.2



	A-3
	11.7
	53.8
	30.1
	4.43
	78.53
	1.10
	58.52
	0.05
	12.5



	A-4
	11.0
	71.1
	16.8
	1.14
	98.39
	1.31
	72.54
	0.06
	9.65



	Ardley Island soil samples
	A-5
	12.7
	65.5
	17.3
	4.53
	256.9
	1.61
	77.68
	0.14
	23.9



	A-6
	1.20
	23.4
	44.3
	31.1
	562.2
	nda
	577.9
	3.76
	7.85



	A-7
	9.32
	55.3
	31.0
	4.45
	209.8
	0.97
	127.2
	0.45
	18.8



	Ardley Island sediment samples
	A-9
	0.76
	17.6
	37.0
	44.7
	68.41
	0.95
	74.11
	0.25
	8.59



	A-11
	2.87
	36.3
	44.1
	16.8
	69.64
	2.51
	109.6
	0.16
	11.6



	A-1
	4.46
	47.4
	42.2
	5.88
	187.4
	1.65
	72.87
	0.07
	39.5



	A-8
	16.4
	66.9
	15.7
	0.95
	160.4
	2.11
	114.7
	0.09
	18.0



	A-10
	4.52
	39.1
	43.9
	12.6
	58.55
	0.60
	62.23
	0.33
	12.7



	S-1
	0.71
	25.1
	37.4
	36.9
	131.1
	1.29
	119.7
	0.67
	11.0



	S-10
	1.76
	27.0
	45.6
	25.6
	498.3
	1.89
	345.9
	5.77
	21.5



	S-11
	0.49
	14.5
	40.1
	44.9
	153.8
	0.70
	243.2
	2.36
	10.1



	S-12
	0.39
	19.7
	50.7
	29.3
	270.3
	1.75
	56.22
	0.25
	7.76



	S-13
	0.96
	18.6
	44.6
	35.9
	116.9
	1.51
	137.4
	0.91
	11.9



	S-14
	1.77
	29.1
	43.1
	25.9
	80.81
	1.25
	96.58
	0.54
	10.0



	aNo data.





Fig. 2 The particle-size distributions of sampling sites in the Fildes Peninsula and Ardley Island.
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Concentrations of heavy metals

The concentrations of heavy metals from different areas of the Fildes Peninsula and Ardley Island are shown in Table 2. The concentrations of Cu, Pb, Zn, Cd and Cr in soils and sediments were in the range of 58.55–562.2 mg/kg (average 173.2 ± 104.3 mg/kg), 0.52–2.51 mg/kg (average 1.24 ± 0.45 mg/kg), 54.61–577.9 mg/kg (average 128.9 ± 96.9 mg/kg), 0.04–5.77 mg/kg (average 0.49 ± 1.14 mg/kg) and 6.83–39.5 mg/kg (average 14.2 ± 6.3 mg/kg), respectively.

Compared with the Earth’s crust values (Wedepohl 1995), the concentrations of Cu, Zn and Cd in the Fildes Peninsula and Ardley Island found in this study were significantly higher, except for Cd in Fildes Peninsula soils (Table 3). The concentrations of Cu, Zn and Cd in soils from the Fildes Peninsula found in this study were lower than those in human-affected soils (Abakumov et al. 2017). Compared to pristine areas in the Antarctic (Ahn et al. 1996; Santos et al. 2006; Chaparro et al. 2007; Lu et al. 2012; Amaro et al. 2015; Abakumov et al. 2017), the concentrations of Cu, Zn and Cd in soils and sediments from the Fildes Peninsula and Ardley Island were higher, with the exception of Cd levels in Fildes Peninsula soils. In other words, our sampling sites on the Fildes Peninsula were affected by Zn and Cu (Ribeiro et al. 2011; Trevizani et al. 2016), and the Ardley Island sediments were affected by Zn, Cu and Cd.

 


Table 3 Comparison of heavy metal concentrations in sediments and soils from different areas in the Antarctic (mean ± SD, mg/kg).


	
	Location
	Cu
	Pb
	Zn
	Cd
	Cr





	Soil
	Fildes Peninsulaa
	155.8 ± 52.7
	1.12 ± 0.34
	111.1 ± 47.0
	0.10 ± 0.07
	13.5 ± 4.5



	Ardley Islanda
	343.0 ± 191.3
	1.29 ± 0.45
	260.9 ± 275.6
	1.45 ± 2.01
	16.8 ± 8.2



	Ardley Islandb
	30 ± 6
	23 ± 3
	104 ± 7
	0.28 ± 0.04
	



	Fildes Peninsulac
	122.30 ± 32.12
	15.87 ± 13.49
	58.69 ± 9.36
	0.17 ± 0.08
	31.95 ± 13.82



	Fildes Peninsula: human-affected soilsd
	186.33 ± 36.00
	203.16 ± 49.91
	134.67 ± 26.50
	0.44 ± 0.22
	



	Fildes Peninsula: pristine soilsd
	65.00 ± 13.00
	5.96 ± 1.50
	42.10 ± 8.48
	0.25 ± 0.13
	



	Marambio Station, Seymour Islande
	6.1
	10.2
	36
	<0.8
	22



	Sediment
	Maxwell Bay and Great Wall Baya
	163.2 ± 127.7
	1.47 ± 0.59
	130.2 ± 88.2
	1.04 ± 1.70
	14.8 ± 9.1



	Collins Harborf
	77
	8.7
	69
	0.22
	7.6



	Ferraz Stationg
	67
	5.5
	52
	
	35



	Rocks
	Global averageh
	25
	14.8
	65
	0.10
	126



	aThis study. bAmaro et al. (2015). cLu et al. (2012). dAbakumov et al. (2017). eChaparro et al. (2007). fAhn et al. (1996). gSantos et al. (2006). hWedepohl (1995).





The relatively high concentrations of Zn and Cu could be associated with a mineralogical origin where basalt–andesite rocks predominate (Bueno et al. 2018). Another reasonable explanation is that penguins transport heavy metals in Antarctic coastal areas (Santamans et al. 2017). Over 10 000 penguins live on Ardley Island during the breeding season, producing about 139 tonnes of faeces rich in heavy metals (Wang et al. 2007; Roberts et al. 2017; Fig. 1). Celis et al. (2015) found that gentoo penguins transfer bio-accumulated metals into terrestrial ecosystems via excreta. In this study, higher concentrations of Zn, Cu and Cd were found at site A-6, located in the penguin nesting area, whereas lower levels were observed at sites A-5 and A-7, which were beyond the penguin nesting area (Fig. 4). This suggests that penguins transfer a large quantity of heavy elements from the ocean to the island. There were no significant differences in Cr and Pb values among the sampling sites on the Fildes Peninsula and Ardley Island (Figs. 3, 4). As the distribution patterns of Cr and Pb were uniform and much lower than those in pristine areas (Lu et al. 2012; Abakumov et al. 2017), they are considered not to be affected by human influences and could be related to lithogenic inputs in this study area (Azhari et al. 2016).

Fig. 3 The distribution of heavy metals in soils on the Fildes Peninsula.
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Fig. 4 The distribution of metals in soils and sediments on Ardley Island.
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Pollution assessment

Geo-accumulation index. Igeo values of heavy metals in soils and sediments from the Fildes Peninsula and Ardley Island are presented in Table 4. The Igeo values of Cu and Zn in soils from the Fildes Peninsula were lower than 1.0, indicating that this area was “unpolluted to moderately polluted” by these two metals. The soils from Ardley Island were found to be “moderately polluted,” with Cu and Zn (1 < Igeo ≤ 2), and “moderately to heavily polluted,” with Cd (2.20 ± 2.41). Igeo values of metals in sediments suggested that the study area was “unpolluted to moderately polluted” by Zn and “moderately polluted” by Cd. In contrast, the average geo-accumulation indexes of Pb and Cr were both less than zero, indicating an unpolluted level.

 


Table 4 Geo-accumulation indexes and PLI in soils and sediments from the Fildes Peninsula and Ardley Island.


	Sample type (number of samples)
	
	Igeo
	PLI



	Cu
	Pb
	Zn
	Cd
	Cr





	Soil, Fildes Peninsula (n = 23)
	mean
	0.13
	−2.93
	0.43
	−0.61
	−1.39
	0.85



	SDa
	0.51
	0.46
	0.53
	0.83
	0.44
	0.23



	Soil, Ardley Island (n = 3)
	mean
	1.22
	−2.71
	1.21
	2.20
	−1.15
	1.25



	SDa
	0.75
	0.52
	1.51
	2.41
	0.85
	0.13



	Sediment (n = 11)
	mean
	−0.02
	−2.59
	0.53
	1.67
	−1.37
	1.32



	SDa
	0.94
	0.65
	0.81
	1.93
	0.68
	0.87



	aStandard deviation.





PLI. Soils from the Fildes Peninsula were calculated with a mean PLI of 0.85, which means no pollution (Table 4). In contrast, the mean PLIs of soils and coastal sediments from Ardley Island were both more than 1, suggesting that the area was moderately polluted by metals.

Multivariate statistical analyses

Pearson’s correlation analysis. Heavy metals in soils showed no significant correlation with the particle-size distribution (Table 5). This was unexpected as heavy metals have generally been found to be associated with the fine-grain fraction in sediments (Chen et al. 2016). The same result was also observed near Artigas Base and Ferraz Station (Santos et al. 2005; Bueno et al. 2018), also located on King George Island, indicating that heavy metal concentrations in soils and sediments cannot be interpreted simply by a change in grain size.

 


Table 5 The results of Pearson’s correlation analysis between heavy metals and particle size. Boldface indicates statistical significance at the < 0.05 level (two-tailed); italics indicate significance at the < 0.01 level (two-tailed).


	Metal
	Cu
	Pb
	Zn
	Cd
	Cr
	Clay
	Silt
	Fine sand
	Coarse sand





	Cu
	1
	
	
	
	
	
	
	
	



	Pb
	0.361
	1
	
	
	
	
	
	
	



	Zn
	0.798
	0.235
	1
	
	
	
	
	
	



	Cd
	0.730
	0.181
	0.784
	1
	
	
	
	
	



	Cr
	0.132
	0.171
	−0.114
	0.011
	1
	
	
	
	



	Clay
	−0.188
	−0.192
	−0.337
	−0.395
	0.109
	1
	
	
	



	Silt
	−0.201
	−0.188
	−0.367
	−0.423
	0.191
	0.934
	1
	
	



	Fine sand
	0.170
	0.181
	0.269
	0.310
	−0.060
	−0.884
	−0.860
	1
	



	Coarse sand
	0.185
	0.161
	0.374
	0.434
	−0.240
	−0.840
	−0.921
	0.603
	1





Significant positive correlations were observed among Cu, Zn and Cd, while Pb and Cr were not significantly correlated with any other metals (Table 5). The results suggested a similar biogeochemical behaviour for Cu, Zn and Cd. Santamans et al. (2017) demonstrated that greater penguin activity was associated with higher levels of certain pollutants in soils, especially Cd, Cu, As, Zn and Se.

Principal component analysis. The Kaiser–Meyer–Olkin value was 0.695, and the significance of Bartlett’s sphericity test was less than 0.01, which indicated that principal component analysis for this study was significant. All sites could be grouped into two principal components, PC1 and PC2, which account for 94.77% of the total variance (Fig. 5). PC1 and PC2 generated 78.43% and 16.34% of the variance, respectively. A positive (negative) score indicates that the influence of variables increases (decreases) along a principal component axis, and a score near 0 indicates that the influence of variables is poorly related to the principal component axis (Wang et al. 2021). We observed obtuse angles (i.e., negative correlation) between the Cu and Zn; however, Cu was significantly correlated with Zn based on Pearson’s correlation test (R = 0.798, p < 0.05; Fig. 5, Table 5). This may be an artefact of the principal component analysis used in this study, which was based on a covariance matrix, because the units of heavy metal concentration and particle size are different (Singh et al. 2005).

Fig. 5 Principal component analysis biplot of heavy metal concentrations (mg/kg) and particle-size fraction (%) at the sampling sites on the Fildes Peninsula and Ardley Island.
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The distributions of other variables—Pb, Cd, Cr, clay, silt, fine sand and coarse sand—were hardly affected by either PC1 or PC2, as they are close to the origin of coordinates. The locations (e.g., T1 and S11) on the positive side end of the Zn axis had concentrations of Zn higher than that of Cu in soils or sediments. In contrast, the locations (e.g., A5, S12 and T2) on the positive side end of the Cu axis had concentrations of Cu higher than that of Zn in soils or sediments. Considering their geographical proximity, especially T1 and T2, and S11 and S12, it seems that this difference did not originate from external factors, such as air deposition or penguin activities. We speculate that local human activities or geological features are possible sources leading to the differences found (Boutron & Wolff 1989; Lu et al. 2012); however, further study is needed to confirm this.

Conclusion

The results of this study provide an overview of selected heavy metals in samples of surface soils and coastal sediments collected in 2008 from the Fildes Peninsula and Ardley Island, Antarctica. Calculations of Igeo for soils and sediments from the Fildes Peninsula and Ardley Island showed an accumulation of Cu, Zn and Cd. PLI results demonstrated that soils and sediments on Ardley Island were moderately polluted with these metals. These areas can be considered unpolluted by Pb and Cr. The study strongly suggests that Cu, Zn and Cd in the study area originate from the lithogenic sources and penguin guano, whereas Pb and Cr probably derive from lithogenic sources alone. Seabird activities have increased the amount of Cu, Zn and Pb on Ardley Island. It is necessary to monitor the bio-transport of trace metals and their impact on the food chain of Antarctica.

When compared with other published heavy metal concentrations on the Fildes Peninsula and Ardley Island since our sampling, Cu, Zn and Cd levels in soils became higher after 2008, especially near human-affected locations, such as research stations. In the pristine soils of the area, however, Cu and Zn remained constant.
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