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Abstract 

Lichen and mosses are extensively used as very effective and sensitive biomonitoring media. Since these species are the 

most widespread vegetation in Antarctica, they are ideally suited for sensitive environmental monitoring. A collection 

of lichens and mosses from Livingston Island (14 locations), King George Island (4 locations) and from beaches of the 

Beagle Channel (3 locations) were investigated by mineral magnetic methods. The aim of the study was to test the 

environmental quality at the Antarctic islands where human activities occur at the scientific research stations. Magnetic 

measurements involved magnetic susceptibility, isothermal remanent magnetization, step-wise acquisition of isothermal 

remanence for identification of magnetic minerals. Magnetic susceptibility measurements showed that light lichens 

generally show lower magnetic enhancement, while dark lichens and mosses have higher susceptibility values. Based 

on the obtained linear relationship between magnetic susceptibility of vegetation species and respective soil/sediment at 

each location, it was concluded that magnetic enhancement of lichens and mosses is mainly due to substrate take-up and 

not to anthropogenic air pollution.  
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Резюме 
Лишеите и мъховете са често използвани за целите на биомониторинга на качеството на околната среда. Тези 

растителни видове са най-широко разпространени в Антарктика и често се използват като чувствителни 

пасивни колектори за мониторинг на антропогенното замърсяване. Изследвана е колекция от лишеи и мъхове 

от остров Ливингстън (14 локации), остров Кинг Джордж (4 локации) и крайбрежието на канала Бигъл (3 

локации) чрез използване на магнитни методи. Целта на изследванията е да се установи качеството на околната 

среда на Антарктическите острови Ливингстън и Конг Джордж, където ежегодно има човешка дейност на 

научните бази. Магнитните изследвания включват: магнитна възприемчивост, изотермична остатъчна 

намагнитеност и стъпково придобиване на изотермична намагнитеност за идентифициране на магнитните 

минерали. Резултатите от измерванията на магнитната възприемчивост покават, че светлите лишеи имат ниска 

магнитна възприемчивост, докато тъмно оцветените лишеи и мъховете са с по-висока възприемчивост. На 

базата на получената права линеийна връзка между магнитната възприемчивост на растителните проби и на 

положната скала/почва в съответната точка на опробване, е направен изводът, че магнитното обогатяване на 

лишеите и мъховете се дължи на извличане на окиси на желязото от подложния субстрат, а не на отлагане на 

замърсители от въздуха.   
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Introduction 
 

The Antarctic zone is defined geographically as all lands and adjoining ice shelves located south of latitude 

60°. The Antarctic Peninsula as a part of the Maritime Antarctica has a warmer climate than the interior 

Antarctic continent (Fig. 1a). Wider territories are therefore ice-free and milder climatic conditions (e.g. 

higher mean annual temperatures and larger volume of free running water) are advantageous for vegetation 

growth.  Nevertheless, the dominant terrestrial vegetation in Antarctic Peninsula consists mostly of lichens 

and mosses (Câmara et al., 2020). Lichens are nature's first plants to penetrate into the ice-free areas and 

successfully adapt in extreme environmental conditions (Olech, 2002).  In the terrestrial ecosystem of 

Antarctica lichens constitute diverse, abundant, and important flora which is the most widespread and cover 

big ice-free coastal areas (Søhting et al., 2004;  Otero et al., 2013).  

King George Island and Livingston Island are the two largest islands of the South Shetlands group. King 

George Island is the largest one which is located about 120 km from the Antarctic continent. The island is 

positioned between 61°50' and 62°15'S latitude and longitudes 57°30' and 59°01' (Fig. 1b). The plant cover 

of King George Island is largely dominated by lichens (Olech, 2002) and lichen-moss associations (Victoria 

et al., 2006).  

Livingston Island is located between 62° 27′ and 62° 48′ S, and 59° 45′ and 61° 15′ W (Fig. 1b). Most of the 

island’s surface is covered by ice and only some zones of Byers Peninsula and Hurd Peninsula are ice-free 

and vegetated. Byers Peninsula occupying the western part of Livingston Island is the largest de-glaciated 

terrestrial area in the South Shetlands (Palacios et al., 2020).   

 

 
 

Figure 1.  Location map: Antarctic continent (a) and location of South Shetland Islands (b). 

 

 

Lichens and mosses are widely utilized in environmental studies as sensitive bio-indicators for the quality of 

the environment (Wolterbeek, 2002). The lichens and mosses lack roots in contrast to higher plants. This is 

supposed to be a favorable condition for pollution monitoring, because it allows the assumption to be done 

that their mineral content arises as a result of the entrapment of metal-rich particulates from aerial sources 

and not by take-up from the substratum. However, mineral uptake or other contributions from the substrate 

may occur as well (Wolterbeek, 2002). Lichens and mosses are mostly used as biomonitor plants for 

atmospheric trace elements, radionuclides, deposition of nitrogen and acidity, atmospheric polycyclic 

aromatic hydrocarbons (PAHs), gaseous pollutants such as SO2, NO2, HF, or O3 (Wolterbeek, 2002 and 

references therein).  

Environmental magnetism studies focused on anthropogenic pollution monitoring and evaluation also utilize 

different vegetation species as favorable media for application of magnetometric method in assessment of 

air-borne atmospheric pollution (Jordanova et al., 2003; Vuković et al., 2015; Hofman et al., 2017). Lichens 

are also considered and used as suitable biomagnetic monitors mainly of traffic pollution which capture 

particulate matter from the air (Chaparro et al., 2013; Gómez et al., 2021). Magnetic enhancement of 

a)  b) 
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lichens/mosses from pollution is due to the fact that anthropogenic emissions from various sources very often 

contain strongly magnetic Fe-containing particles which are entrapped in the vegetation tissue. 

The aim of the present study was to investigate the origin of the magnetism of a set of lichen and mosses 

collected from pristine areas of the Antarctic Peninsula and to test the hypothesis of recent anthropogenic 

pollution in Antarctic zones by human’s activities. 

 

Samples and methods 
 

A collection of lichens and mosses was gathered during the 2008 and 2009 summer seasons from Livingston 

Island (14 locations), King George Island (4 locations) and from beaches of the Beagle Channel (at the 

southern tip of South America). For the purposes of our magnetic study, lichen species were roughly 

categorized as “light lichen”, “black (or dark) lichen”. Specialized studies classify light lichens as part of 

Usnea from the Neuropogon group (Seymour et al., 2007), with most widespread occurrence of U. 

antarctica and U. aurantiaco-atra in the study area. Black (dark) lichens in most cases could be related to 

Himantormia lugubris (Sancho et al., 2020). Mosses are described as Polytrichastrum alpinum, Pohlia 

cruda, Sanionia georgico-uncinata, Syntrichia filaris (Culicov et al., 2017).  Depending on the locations, 

from one and the same site samples from light lichens, black lichens and moss were taken separately. 

Soil/sediment samples from few locations at King George and Livingston Islands were also gathered.  

Detailed list and description of the collection is given in Table 1. Sampling locations are identified by their 

respective GPS coordinates (Table 2). 

 

 
Figure 2. Black and light lichens from site P1. 

 

 
Figure 3. Moss and light lichens from site P3. 
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Figure 4. Light and dark lichens from site BGL-1. 

 

 

 
Table 1. Description of samples from lichens, mosses and sediments/soil from Antarctic islands. Mass-specific 

magnetic susceptibility () and isothermal remanent magnetization (IRM) are shown in the last two columns. 

 

sample description 
 

vegetation/soil 
 

(x10-8 m3/kg) 

IRM 2T 

10-6Am2/kg 

King George Island 

Kj-1 Chilean base Escudero black moss on andesite 198.80  

Kj-2a 800m east from Bellingshausen black moss 398.69  

Kj-2b  light lichen 41.63  

Kj-2    soil/sediment 1559.04  

Kj-3    light green moss 456.58  

Kj-3a    sand, volcanics 1198.80  

Kj-4    light lichen 0.57  

Kj4a    black lichen 142.27  

Livingston Island 

PN-1 Pico Napier summit  light lichen -0.83  

BB-1 Bulgarian Antarctic Base light lichen -1.70 774.32 

P1 Papagala   moss  153.25  

P1a    light lichen -0.47  

P1b    black lichen 44.95 1436.48 

P1c    dark lichen 1.74  

P2    moss  225.21 39014.3 

P2a    black lichen 7.15 8676.21 

P2b    light lichen -1.71  

P3    light lichen 0.46 1154.61 

P3a    moss  186.39 21286.98 

KK-1 Krumov kamuk  light lichen  5.94 552.62 

M1a    black lichen  34.29  

M1 south from Moores peak dark lichen 0.83 105.07 
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M2    light lichen -0.39  

M2a    black lichen 11.76  

M3    light lichen 1.36  

L09-1 Punta Hesperides, diorites black moss 94.39 14308.61 

L09-1a    light lichen -0.64  

L09-2 Punta Hesperides, diorites light lichen 26.14  

L09-2a    black lichen 134.79 18319.84 

L09-2b    rock  671.32  

L09-3 Todorini buzi  light lichen -0.03  

L09-3a    black moss 112.64 19134.79 

L09-4    dark lichen 21.64 1800.56 

Beagle Channel 

BGL-1    lichen on tree -0.14  

BGL-1a    dark lichen on tree 2.48  

BGL-2    lichen  1.31  

BGL-2a    dark lichen on tree 2.31  

BGL-2b    moss on tree 6.26  

BGL-3 sea side, sand  lichen on sands -0.70 21.07 

 

 

Table 2. GPS coordinates of the sampling locations, altitude and general lithology 

 

 LATITUDE LONGITUDE Elevation 

(m a.s.l.) 

Lithology 

sample deg min sec deg min sec   

King George Island 

Kj-1 62 12 6.2 58 57 42.5 ~5 volcanites 

Kj-2 62 13 52.8 58 56 40.4 ~5 volcanites 

Livingston Island 

PN-1 62 67 13.3 60 32 52.5 320 Miers Bluff Formation 

sediments (MBF) 

BB-1 62 38 31.1 60 21 55.6 20 MBF 

P1 62 38 50.1 60 21 31.1 165 MBF 

P2 62 38 48.6 60 21 25.0 120 MBF 

P3 62 38 44.6 60 21 37.4 80 MBF 

KK-1       208 MBF 

M1 62 41 4.8 60 21 54.9 300 volcanites 

M2 62 41 31.8 60 21 20.6 300 volcanites 

M3 62 41 24.5 60 21 28.6 300 volcanites 

L09-1 62 38 35.2 60 22 20.0 40 Hesperides Point Pluton 

L09-2 62 38 49.1 60 22 13.0 60 Hesperides Point Pluton 

L09-3 62 38 53.1 60 22 15.7 20 MBF 

L09-4 62 38 57.5 60 22 7.2 20 MBF 

Beagle Channel 

BGL-1 60 44 02 39 18 8.94 0 metamorphosed sediments 

BGL-2 61 43 57 39 18 6.07 0 metamorphosed sediments 

BGL-3 63 43 07 39 09 6.05 0 metamorphosed sediments 
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Vegetation samples were packed in polyethylene bags and transported to Bulgaria. In the laboratory, lichens 

and mosses were carefully cleaned from all adhering rock/soil particles, air-dried and gently crushed. This 

material was packed in standard 10-cm3 cylindrical containers for measurements of magnetic susceptibility. 

Magnetic susceptibility bridge KLY-2 (AGICO Ltd., Czech Republic) was used for measurements of 

volume magnetic susceptibility (k). Triple consecutive measurements were done for each sample, which 

were averaged for obtaining the final susceptibility value. Mass-specific magnetic susceptibility () was 

calculated by normalizing k to the sample’s weight. Lichen and moss samples were subjected to magnetic 

remanence measurements by preparing cubic samples of 1g vegetation material mixed with gypsum and 

small amount of water. Blank gypsum sample was used for subtraction of the matrix signal. Isothermal 

Remanent Magnetization (IRM) in a steady magnetic field of 2Tesla was induced in the cubic samples. 

Remanent magnetization was measured on Minispin rock magnetometer (Molspin Ltd., UK). Samples 

which showed not-zero IRM were subjected to step-wise acquisition of IRM. Acquisition curves were 

further processed using MaxUnMix software (Maxbauer et al., 2016) for coercivity components unmixing. 

IRM spectrum is fit by cumulative Gaussian functions (Kruiver et al., 2001). Each IRM component is 

characterized by its relative contribution to the total IRM (% contr.), the field at which half of the Saturation 

IRM is acquired (Bh), and the width of the distribution expressed through the dispersion parameter DP (one 

standard deviation of the logarithmic distribution). 

 

 

 

Results 

Mass-specific magnetic susceptibility () data for samples from the King George island (Table 1) show high 

values of  for soil and sediment samples (~1100 – 1600 10-8m3/kg), relatively strongly enhanced values 

for mosses (~200-400 10-8m3/kg) and dark lichens, and low values (0-40 10-8m3/kg) in light lichens. 

High susceptibility values in sediments and soil is logical, since the dominant lithology in the area is 

represented by volcanic rocks (Table 1). Samples from Livingston island show similar systematic in 

magnetic susceptibility between light and dark lichen species -  of light lichens is generally very low or 

negative, while  of dark lichens and mosses reaches 150 – 200 10-8m3/kg in some samples (Table 1). 

However, in contrast to sampling locations from King George Island, in Livingston island lithology is 

diverse – in some locations sediments from the Miers Bluff formation (Pimpirev et al., 2015) are dominant, 

while in other points plutonic rocks from the Hesperides Point pluton are outcropped, and still in other 

locations volcanites dominate (Table 2; Bonev et al., 2015). Magnetic susceptibility of different rock 

lithologies from Livingston Island are investigated in another study (Jordanova et al., 2008) which shows the 

following results. Sediments from Miers Bluff formation show the lowest magnetic susceptibility with 

median value median = 10.5 10-8m3/kg;  volcanites from various dykes show median = 924.6 10-8m3/kg; 

samples from different parts of the Hesperides pluton display the highest magnetic susceptibility, varying in 

a wide range between 1000 – 7000 10-8 m3/kg. Sample taken from the pluton at point L09-2 (Table 1) 

shows = 671 10-8m3/kg. All lichen samples collected from Beagle Channel show very low magnetic 

susceptibility, fluctuating around zero (Table 1). Here we do not dispose with sample from the sediments, 

but in contrast to vegetation from the Islands, these lichens were collected from fallen trees (Fig. 4).  

  

Only 13 out of 31 vegetation samples acquired measurable isothermal remanent magnetization (IRM) when 

steady field of 2 Tesla is applied to the cubic samples. As it is seen from Table 1, these are mostly samples 

from dark lichens and mosses from Livingston Island, although three samples from light lichens also show 

not-zero IRM2T in spite of their negative/close-to-zero magnetic susceptibility.  The relation between 

magnetic susceptibility and IRM2T obtained is shown in Fig. 5. As it is expected, a linear relation between 

these two parameters evidences the presence of ferromagnetic minerals in the samples. The single sample, 

deviating from this relation is sample P1b (black lichen).  

For those samples, step-wise acquisition curves of IRM were measured and analyzed for un-mixing into 

coercivity components. Representative examples are shown in Figure 6. 
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Figure 5. Magnetic susceptibility versus isothermal remanent magnetization (IRM2T) for vegetation samples. 

 

 

Coercivity component analysis of IRM acquisition curves reveals the presence of three components, 

identified in all samples – low-coercivity one, medium coercivity and high-coercivity (Fig. 6). Summarized 

data on the parameters of the three components for all samples analyzed is provided in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Examples for IRM acquisition and components unmixing for moss samples from Livingstone Island. Upper 

panel shows IRM-acquisition curves, lower panel represents results from coercivity unmixing using MaxUnMix 

software (Maxbauer et al., 2016). Data points are denoted by dots; cumulative fit together with its confidence band is 

shaded in yellow. Isolated IRM components depicted by blue (comp.1), pink (comp.2) and green (comp. 3) color. For 

details, see text. 
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Table 3. Results from the IRM coercivity unmixing analysis. For each component extracted its relative share in the total 

IRM (%contr), coercivity (Bh) and the dispersion parameter (DP) is shown). 

 

 

Sample 

 

specie 

IRM comp. 1 IRM comp. 2 IRM comp. 3 

% 

contr 

Bh1 

(mT) 

DP1 

(mT) 

% 

contr 

Bh2 

(mT) 

DP2 

(mT) 

% 

contr 

Bh3 

(mT) 

DP3 

(mT) 

BB1 light lichen 27.2 23.0 2.3 65.7 115.1 2.0 7.0 269.4 1.3 

KK-1 light lichen 28.5 11.4 1.3 32.9 92.0 1.9 38.5 444.0 3.2 

L09-1 black moss 19.4 25.9 2.4 44.1 65.6 2.0 36.5 218.1 1.9 

L09-2a black lichen 15.6 26.8 2.2 41.0 70.6 2.0 43.3 191.7 1.9 

L09-3a black moss 13.8 27.7 2.2 39.5 71.5 2.0 46.7 206.6 2.1 

L09-4 dark lichen 12.7 17.9 2.0 59.0 44.6 2.0 28.2 183.6 2.1 

M1 dark lichen 3.6 10.2 2.0 48.0 34.6 2.1 48.4 148.1 2.5 

P1 moss 9.5 20.9 2.6 38.7 59.7 1.9 51.8 188.3 1.9 

P1b black lichen 12.3 18.5 2.0 51.5 53.7 1.9 36.2 210.5 1.8 

P2 moss 5.3 11.9 2.3 47.4 47.5 2.0 47.3 176.2 1.9 

P2a black lichen 7.9 16.0 1.9 43.1 51.1 2.0 49.0 177.7 1.9 

P3 light lichen 10.0 13.7 2.0 50.1 56.7 2.2 39.7 172.6 1.8 

P3a moss 13.4 14.3 2.6 36.5 51.6 1.7 50.0 169.8 1.8 

 

 

As it is evident from Table 3, the low-coercivity component is characterized by coercivity Bh1 between 11-

28.5 mT, medium coercivity component has coercivity between 47.5-115 mT, while the high-coercivity 

component Bh varies between 148-444 mT. Components IRM2 and IRM3 have similar share in the total 

IRM signal, while the low-coercivity component makes up 3-28% of the total IRM (Table 3).  

 

For several samples it was possible to compare magnetic susceptibility measured for vegetation sample and 

the soil/sediment from the same location. These include samples from King George Island, location L09-2 

from Livingston Island (Table1), and locations L09-1, P1 and L09-3 for which magnetic data for soils were 

available from a previous study (Jordanova, 2016).  The obtained relation is shown in Fig. 7. It is observed 

that magnetic susceptibility of vegetation and underlying substrate display linear relation on a logarithmic 

scale.   

 

 
Figure 7. Relation between mass-specific magnetic susceptibility of lichen/moss samples and mass-specific magnetic 

susceptibility of soil/sediment in the same location. 
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Discussion 
Identification of magnetic minerals is an essential part of each environmental magnetic study (Thompson 

and Oldfield, 1986). In our study, this is achieved through component analysis of IRM acquisition curves 

(Figure 6, Table 3). Identification of mineral magnetic phases in mosses/lichens is done by comparison of 

coercivities obtained for the main components in vegetation samples from the Antarctic islands with data on 

synthetic/natural well characterized minerals (e.g. Egli, 2004a, b). Lowest coercivity component IRM1 

(Table 3) is linked to very fine viscous magnetite (Fe3O4) particles. IRM2 component showing coercivities 

mostly in the range (35 – 70 mT) is identified as coarser grained stable magnetite grains, while high 

coercivity component IRM3 (Table 3) could be identified as hematite (-Fe2O3). All these remanence-

carrying particles contribute significantly to magnetic susceptibility as evidenced by the linear relation 

between  and IRM2T (Fig. 5). Similar relation is reported also by Chaparro et al. (2013) for pollution study 

by utilizing lichens from Tandil city in Argentina. 

Magnetic susceptibility is a physical parameter of the matter which in natural materials integrates the bulk 

response of all its constituents (Thompson and Oldfield, 1986). Natural soils, sediments and rocks contain 

various mineral and organic parts which additively contribute to the magnetic susceptibility – e.g. clay and 

matrix minerals are usually paramagnetic, organic material and water are diamagnetic, accessory metal-

containing minerals (and mostly Fe-containing ones) possess ferromagnetic properties (Thompson and 

Oldfield, 1986). Vegetation samples, like lichens and mosses in the present study, therefore should display 

pure diamagnetic behaviour (e.g. negative values of magnetic susceptibility) if no additions of external 

(airborne or substrate-derived) metal rich particles are present in their tissue. As it is obvious from Table 1, 

light lichens from the collection in most cases have negative or near-zero magnetic susceptibility, while 

dark/black lichens and mosses generally display positive . The fact that different vegetation species from a 

given location contain various amount of the elements monitored (in this case – iron-rich ferrimagnetics) is a 

well known peculiarity in biomonitoring studies (Wolterbeek, 2002) which is due to the variations in the 

ability of each specie to capture the airborne particulates. This effect is also observed in the application of 

magnetometric method for pollution evaluation using vegetation as passive collector (Jordanova et al., 2010; 

Hofman et al., 2017). Thus, the obtained significant differences among magnetic susceptibility values 

measured for lichens and mosses from the same location are to be expected. Comparison between magnetic 

susceptibility only for mosses collected from the two islands (Table 1) shows that mosses from King George 

Island possess almost twice higher  as compared to those from Livingston. However, data for the light 

lichens do not show systematic relation.  

The problem of how to resolve the origin of the observed magnetic enhancement in vegetation samples from 

Livingston Island and King George Island is addressed by considering the data relating magnetic 

susceptibility of vegetation samples to the magnetic susceptibility of underlying substrate (Fig. 7). The 

obtained positive linear relation suggests that the magnetic enhancement of lichens and mosses is due mostly 

to take-up from the rocks/soils in the area. Mineral magnetic studies on soils and rocks from Livingston 

Island evidenced the presence of relatively big amount of iron oxides (magnetite, titanomagnetite, hematite) 

of fine and coarse grain size (Jordanova et al., 2015; Jordanova, 2016). These substrate - derived magnetic 

particles are most probably incorporated more effectively into mosses and black lichens. More detailed 

analyses are however needed to elucidate the mechanism responsible for iron oxides fixation in vegetation 

species. While not reported in other mineral magnetic investigations, such an effect is revealed in different 

geochemical studies, as summarized in Wolterbeek (2002). Therefore, it could be supposed that the areas in 

Livingston and King George Islands, as well as the beaches at Beagle Channel studied are not affected by 

anthropogenic pollution and could be still considered as pristine land. Confirmation of this conclusion 

comes also by the study of Ganeva and Yurukova (2004) on elemental content of mosses from Livingston 

Island. Similar conclusion is obtained also by geochemical study carried out on lichens and mosses from 

Livingston Island (Culicov et al., 2017). The authors performed analyses of elemental composition done by 

instrumental neutron activation and evaluation of various pollution indexes showed no traces of 

anthropogenic pollution.  
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