
HAL Id: hal-04453934
https://hal.science/hal-04453934

Submitted on 17 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Lithological controls on lake water biogeochemistry in
Maritime Antarctica

Nazlı Olgun, Ufuk Tarı, Nurgül Balcı, Şafak Altunkaynak, Işıl Gürarslan,
Sevil Deniz Yakan, Frederic Thalasso, María Soledad Astorga-España, Léa

Cabrol, Céline Lavergne, et al.

To cite this version:
Nazlı Olgun, Ufuk Tarı, Nurgül Balcı, Şafak Altunkaynak, Işıl Gürarslan, et al.. Lithological controls
on lake water biogeochemistry in Maritime Antarctica. Science of the Total Environment, 2023, 912,
�10.1016/j.scitotenv.2023.168562�. �hal-04453934�

https://hal.science/hal-04453934
https://hal.archives-ouvertes.fr


 
 
 
 
 

 

Lithological controls on lake water biogeochemistry in Maritime Antarctica  

Nazlı  Olgun a,*,  Ufuk  Tarı b,  Nurgül  Balcı c,  Ş afak  Altunkaynak b,  Işıl  Gürarslan b, 
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HIGHLIGHTS 
 

• Biogeochemical properties of lakes, ponds and one stream in Maritime Antarctica were characterized. 

• Significant differences in terms of phytoplankton populations were observed in the Fildes Peninsula and Ardley Islands 

• P-limitation is very likely in lakes  in King George Island 

• Input of N, P, Si and Fe from sediments, soils and rocks were shown by the leaching experiments. 
• Climate warming can increase in  input of bio-relevant elements from the lithology into the lakes 
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A B S T R A C T   
 

Although the Antarctic lakes are of great importance for the climate and the carbon cycle, the lithological in- fluences on the input of elements 
that are necessary for phytoplankton in lakes have so far been insufficiently investigated. To address this issue, we analyzed phytoplankton cell 
concentrations and chemical compositions of water samples from lakes, ponds and a stream on Fildes and Ardley Islands of King George Island 
in the South Shetland Archipelago. Furthermore, lake sediments, as well as soil and rock samples collected from the littoral zone were analyzed 
for their mineralogical/petrographic composition and pollutant contents of polycyclic aro- matic hydrocarbons (PAHs). In addition, leaching 
experiments were carried out to with the lithologic samples to investigate the possible changes in pH, alkalinity, macronutrients (N, P, Si), 
micronutrients (e.g. Fe, Zn, Cu, Mn), anions (S, F, Br), and other cations (e.g. Na, K, Mg, Ca, Al, Ti, V, Cr, Co, Ni, As, Se, Pb, Sb, Mo, Ag, Cd, Sn, 
Ba, Tl, B). Our results showed that phytoplankton levels varied between 15 and 206 cells/mL. Chlorophyll-a concentrations showed high 

correlations with NH4, NO3. The low levels of PO4 (<0.001 mg/L) indicated a possible P-limitation in the studied lakes. The composition of 

rock samples ranged from basalt to trachybasalt with variable major oXide (e.g. SiO2, Na2O and K2O) contents and consist mainly quartz, albite, 

calcite, dolomite and zeolite minerals. The concentrations of total PAHs were below the toXic threshold levels (9.55–131.25 ng g—1 dw). Leaching 

experiments with lithologic samples indicated major increase in pH (up to 9.77 ± 0.02) and nutrients, especially PO4 (1.03 ± 0.04 mg/L), 

indicating a strong P-fertilization impact in increased melting scenarios. Whereas, toXic elements such as Pb, Cu, Cd, Al and As were also 
released from  the lithology, which may  reduce the phytoplankton growth. 

 
 

 



 

 

 

1. Introduction 

Antarctica is a unique environment with the coldest and driest climate on Earth. The prospects for the future of Antarctica indicate that more and 
more new land areas will be exposed due to the melting, thinning and retreat of glaciers (Rintoul et al., 2018). Annual mean temperatures in West 
Antarctica and Antarctic Peninsula region  have 
increased by around 3 ◦C since the 1950s and 87 % of the glaciers began 
to retreat due to melting (Kunz et al., 2012; Schofield et al., 2010; Turner et al., 2005). As a result of increased ice melting, Antarctic freshwater 
systems experience rapid expansion and change in their biogeochemistry. 

The primary productivity of lakes in particular can play a critical role in climate relevant gases such as carbon dioXide (CO2) and methane (CH4) into 
the atmosphere (West et al., 2015). It is estimated that around 
6–16 % of natural global methane (CH4) comes from the lakes (Bast- 
viken et al., 2004; Borrel et al., 2011). The marine lakes on King George Island, on the other hand, are dominated by autotrophs and serve as a sink 
for atmospheric carbon dioXide (Thalasso et al., 2022). Chlorophyll- a (chl-a), the pigment produced by phytoplankton, is often used as an indicator of 
aquatic primary productivity. The Chl-a concentration in the lakes of the maritime Antarctic quadrupled between 1980 and 1996 on Signy Island 
(Qayle et al., 2002). On the contrary, phytoplankton deficiency in lakes of the McMurdo Dry Valley was reported previously (Priscu, 1995). 
However, the reasons for the remarkable changes in phytoplankton production in Antarctic lakes are not yet fully under- stood. Which 
geochemical parameters influence the phytoplankton levels in Antarctic marine lakes? Can nutrients and other elements related to lithology play 
an important role compared to faunal, atmo- spheric and anthropogenic sources in the region? 

The lithology of Antarctica consists mainly of volcanic rocks (Bir- 
kenmajer and Zastawniak, 1989; Gao et al., 2018; Hawkes, 1961; Machado et al., 2005). EXposed lithology dominated by volcanic rocks is susceptible to 
chemical weathering, which can affect water chemistry in catchments. Melt waters and rainwaters that interact with rocks and soils profoundly impact 
the elemental composition of the inflow waters to the lakes (Raiswell, 1984). Lake sediments can also interact with the lake waters via re-suspension 
and leaching, thus providing bio-relevant elements like nutrients (N, P, Si) and other metals such as Fe, Mg, and Mn (El Bilali et al., 2002). 

The inflow of river water is one of the main factors influencing the geochemistry of the lake during the ice-free period in the region (Alfonso et al., 
2015; Malandrino et al., 2009), and to a lesser extent atmospheric input  (Préndez  and  Carrasco,  2003).  In  addition,  the  local  fauna  also plays a role 
in ornithogenic soil formation under the influence of birds in the form of guano, feathers, and eggshells in the Antarctic (Emslie et al., 2014). Moreover, 
the soil structure is also affected by the sea-salt aerosols and therefore characterized as salty soil (Hall et al., 1993). 

In this study, we analyzed the biogeochemical parameters of siX lakes, five ponds and one stream on the Fildes and Ardley Islands of King George 
Island, in the South Shetland Archipelago, located 120 km off the coast of the Antarctic Peninsula. Lithological samples, consisting of lake sediments, soil 
and rock samples, were examined for elemental, mineralogical/petrographic composition and leaching behavior. Possible pollution was 
investigated on the basis of the content of poly- cyclic aromatic hydrocarbons (PAHs) and heavy metals (As, Mo, Ag, Cd, Sn, Sb, Ba, Tl, B, Pb, Zn and 
Cu). 

2. Study region, samples, and methods 

2.1. Study region 

The study area is located on King George Island (62◦ 02′ S, 58◦ 21′ W), the northernmost of the South Shetland Islands in Maritime Antarctica 

(Fig. 1). King George Island is about 95 km long, 25 km wide and has an area of 1150 km2, 92 % of which is covered by Collins Glacier (Fig. 1). Ardley 
Island is connected to the Fildes Peninsula at low tide by an 
approXimately 30 m long sand barrier that allows passage between the Fildes Peninsula and Ardley Island. Ardley Island is an Antarctic Sanc- 
tuary (ASPA 150) with important colonies of gentoo penguins, Adela penguins and chinstrap penguins. The vegetation in the study region 
consists only of lichens and mosses (Yogui and Sericano, 2008). The annual number of freeze-thaw cycles on the Fildes Peninsula is 120 to 122 
(Schmid et al., 2017). The meltwater from snow, ice, and glaciers influences the hydrological system in the study region. The study region is also 
one of the most populated regions in Antarctica as Fildes Penin- sula hosts five scientific research bases and Ardley Island hosts one shelter-type 
station (Fig. 1). 

The land surface area of Fildes and Ardley mainly consists of volcanic rocks consisting of lavas, dikes, and associated pyroclastic rocks along with 
the shoreface deposits (Fig. 1). Fildes Peninsula lithology is composed of basalt, basalt-andesitic lavas, volcanic breccia, agglom- erate, 
conglomerate and volcanic tuff deposits (Fig. 1). Ardley Island is mainly covered with pyroclastic rocks of fragmented basaltic andesite, andesitic 
lava along with volcanic breccia, tuff, and fossil intercalated volcanic sediments (Fig. 1). The geology and paleoclimatology of the King George 
Island were described previously (Birkenmajer and Zas- tawniak, 1989; Gao et al., 2018; Hawkes, 1961; Machado et al., 2005). The ages of the 
volcanic rocks in the study region have been determined 
as late Paleocene (59 Ma) – Middle Eocene (43–42 Ma) (Fensterseifer 
et al., 1988; Pankhurst and Smellie, 1983; Smellie et al., 1984; Soliani et al., 1988). 

2.2. Sampling strategy 

SiX lakes, five ponds and one stream on the Fildes Peninsula and Ardley Island on King George Island were surveyed (Table 1). Water, sediment, soil 
and rock samples were collected to assess the potential effects of the surrounding lithology on the biogeochemistry of the lakes. Samples were collected 
during fieldwork between February 12 and March 7, 2017 (Fig. 2). All research activities were conducted in careful compliance with the environmental 
guidelines for field research in Antarctica established by the Scientific Committee on Antarctic Research (SCAR). Permits for sampling and sample 
transportation were granted by the Instituto Antarctica Chileno (INACH). 

Water samples: The bottles used for water sampling in the field were 
 



 

 

 

cleaned with acid, rinsed with distilled water in the laboratory and 
rinsed three times with the sample water before sampling in the field. 
The water samples were then filled into sterile plastic containers and 
stored in the Escudero base in a dark and cool place. The water samples 
for the composition of dissolved anions and cations were filtered 
through polycarbonate filters with a pore size of 0.45 μm (Millipore©). 
For the cation analyses, nitric acid was added to the water samples to 
reduce the pH value below 2 (pH < 2, 1 μL 15 % HNO3 per mL sample). 

Sediment, soil and rock samples: The lake sediment sample from the 
center of Lake Kitiesh (L2) was collected from the lake bottom using an 
Ekman dredge, while the other lake sediments, soils and rocks were 
collected from the littoral zone of the lakes. For PAH analyses, a small 
portion (2–5 g) of selected sediment and soil samples from the Kitiesh 
Lake region (L2) in Fildes and OP2 in Ardley Island were wrapped in 
aluminum foil and stored in the ultra-freezers. The rock samples were 
collected by hand from the outcropping volcanic rocks or from the 
littoral zone of the investigated lakes (Fig. 1). A rock sample from the 
Flat Top peninsula, located southwest of the Fildes, was also collected 
(Fig. 1). Depending on the analysis, selected rock samples were used for 
petrographic, mineralogical and elemental analyses and for determining 
the composition of the lava (Supplementary Table S1). 

2.3. Phytoplankton cell count 

For the analysis of phytoplankton cells, the water samples were 
treated with Merck® Lugol's iodine solution (containing potassium io- 
dide and iodine) for preservation and then coated with aluminum foil to 
avoid sunlight. The water samples were stored in a dark and cool place 
until analysis. Phytoplankton cell counting was carried out using surface 
water samples from Kitiesh Lake (L2) and OP2. The water sample from 
Kitiesh Lake was taken from the center of the lake, while the water 
sample from OP2 was taken from the shore. For the cell count deter- 
mination of phytoplankton, the water samples were concentrated by 
sedimentation of 5 L water sample and back-suction method. The 
phytoplankton  species   were  counted  according  to  Utermöhl  (1958) 
using an Accu-Scope inverted microscope (Olympus) (Utermöhl, 1958). 

2.4. Lake water ion concentration analyses 

Lake  water  of  dissolved  nutrients  NH4
+,  NO—

2 ,  NO—
3 ,  PO3

4
— and  vola- 

tiles SO4
2—, Cl—, F—, Br— were measured by ion chromatography (DIONEX 

Model: 3000 DUAL ICS). The concentrations of dissolved metals and 
other cations Na+, K+, Mg2+, Ca2+, Al3+, Si4+, P3+, Ti4+, V5+, Cr6+, 
Mn4+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, As3+, Se6+, Pb2+, Sb5+, Mo+6, Ag+, 
Cd2+, Sn2+, Ba2+, Tl3+ and B3+ were measured by Inductively Coupled 
Plasma - Mass Spectrometer (ICP-MS) following the TS EN ISO 17294-2 
method by using an Agilent 7500ce ICP-MS. Spectrally pure Argon gas 
(% 99.998) was used with a flow rate of 15 L min—1. The standards and 
the diluted samples were prepared using ultra-pure water with 18 MΩ/ 
cm. Repeat measurements were performed in every ten samples. 
EXternal calibrations were done for each sample and Li, Sc, Ge, In, and Bi 
elements were used for internal calibrations. The detection limits of 
elements in ICP-MS analyses were 0.001 mg/L. 

Physicochemical parameters including lake water pH, temperature, 
conductivity, total dissolved solids (TDS), and salinities were measured 
in the field by a Hanna HI 9828 portable multi-parameter probe (Tha- 
lasso et al., 2022). Alkalinities were determined from carbonate and 
bicarbonate concentrations that were measured by titration method. 
Lake water chl-a concentrations were determined spectrophotometri- 
cally by 95 % acetone filter pigment extraction method, using a Shi- 
madzu UV Mini 1240 spectrophotometer at the Chilean Escudero Base 
described previously in Thalasso et al., 2022 (Table 2). 

2.5. Mineralogy, petrography, and element concentration analyses 

The mineralogical composition of seven pulverized samples (Kit-Sed, T
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Table 2 
Physicochemical properties, chlorophyll-a concentrations, phytoplankton cell count, alkalinity, nutrients, and other elements of the lakes, streams, and ponds. 1Dis. O2, 
dissolved oXygen, Cond., conductivity, TDS, total dissolved solids, and chl-a data were presented in Thalasso et al., 2022, except for the Babylon stream. Detection 

 

(West) 

 
Temp. ( C) 

Salinity (PSU)1 

TDS (mg/L)1 

Chl-a (μg/L)1
 

Phytoplankton (cells mL—1) 

3 

5.25 
 

0.04 0.10 – 0.05 0.10 0.03 0.05 0.03 0.02 0.05 0.03 0.12 
48 104 – 58 103 38 56 34 18 50 28 128 

0.29 1.35 – 0.31 0.35 0.50 1.46 0.77 0.50 0.79 2.64 6.92 

– 15 – – – – – – – – – 206 

 
 
 

4 

 
4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Kit-Soil-SE, Kit-R1-S1, Kit-R-N3, OP2-Sed, AR-R1, AR-R2) was deter- 
mined with the Bruker D8 Advance X-Ray Diffraction (XRD) instrument, 
using a Cu Kα radiation source, at ITU-JAL X-Ray Laboratory. Analyses 
were performed within a 4-72o 2θ angle interval, with a step size of 
0.019o   and a speed of 0.2 s/step. Evaluations were made using the 
Bruker DIFFRAC.SUITE Software EVA Module. Petrographical identifi- 
cations of eight representative volcanic rock thin sections from three 
different localities were done to understand the compositional and 
textural/structural properties of Fildes and Ardley Volcanites that 
dominate most of King George Island. 

The representative samples of lava and pyroclastic rock were 
collected from Kitiesh Lake to the north, Ardley Island to the east and 
Flat Top Peninsula to the west of the Fildes Peninsula of King George 
Island. The rock samples were categorised into major groups and thin 
sections of the selected rock samples of volcanic origin were prepared 

for microscopic analysis. The rock samples were crushed with a hy- 
draulic press and a jaw crusher and finally pulverized with a Retsch disc 
vibrating mill for mineralogical and geochemical analyses. 

The element concentrations of the lake sediment, soil and rock 
samples were analyzed at ACME Laboratories by coupled ICP-MS/ES 
and XRF methods using the lithium borate melt (ACME LF 2000 pack- 
age) and presented as major oXides and trace elements. The samples 
were dried and pulverized using an agate mortar. 

 
2.6. Polycyclic Aromatic Hydrocarbons (PAHs) measurements 

The concentrations of polycyclic aromatic hydrocarbons (PAHs) in 
the sediment and soil samples from Lake Kitiesh and OP2 were packed in 
aluminum foil and stored in an ultra -freezer at     80 ◦C until analysis. 
EPA method 3550C was used for the extraction process (EPA, 2007). 

limits were 0.001 mg/L for IC and ICP-MS analyses. 

L1 
(Uruguay) 

L2 
(Kitiesh) 

Bab. L3 L4 
(Langer) 

L5 L6 P1 P2 P3 OP1 OP2 

pH1 7.40 7.23 – 8.50 8.03 7.82 7.95 8.80 9.18 8.44 8.56 8.48 
Dis. O1 87.5 % 88.7 % – 97.0 % 89.7 % 84.1 % 97.4 % 100.0 % 100.0 % 93.1 % 98.1 % 100.0 % 2 

◦ 1 

Cond. (μS/cm) 1 95 

2.52 
208 

– 
– 

0.88 
115 

1.74 
206 

2.01 
75 

1.51 
111 

5.51 
68 

3.28 
37 

5.21 
100 

5.14 
57 

0.97 
256 

 

CO2— (mg/L) 1 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
HCO—

3   (mg/L) 1  15.50 20.50 – 19.50 31.00 18.50 31.50 19.50 16.50 23.50 21.50 34.50 
NH+

4   (mg/L) 1 <0.001 0.03 <0.001 <0.001 0.18 <0.001 0.00 <0.001 <0.001 <0.001 <0.001 1.09 
NO—

2   (mg/L) 1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
NO—

3   (mg/L) 1  0.06 0.01 0.02 0.03 0.11 0.08 0.21 <0.001 0.02 0.47 0.01 3.12 
PO3— (mg/L) 1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Si (mg/L) 8.57 6.76 7.93 5.93 10.56 7.25 11.21 7.00 5.05 10.15 12.76 17.80 
SO2— (mg/L) 2.77 6.61 3.05 5.27 45.35 2.03 3.19 2.58 1.16 3.11 2.27 9.86 
Cl (mg/L) 23.18 37.16 22.49 36.64 37.30 19.63 28.67 19.08 9.96 30.17 14.86 78.29 
F (mg/L) 0.01 0.01 0.00 <0.001 <0.001 <0.001 0.01 0.01 <0.001 0.03 0.01 0.13 
Br (mg/L) 0.09 0.05 0.07 0.07 0.12 0.08 0.11 0.04 0.04 0.09 0.05 0.26 
Na (mg/L) 12.44 16.73 10.53 14.78 25.12 9.97 14.55 10.33 6.04 15.11 9.62 29.97 
K (mg/L) 0.27 0.60 0.29 0.44 1.14 0.29 0.62 0.30 0.21 0.49 0.25 1.87 
Mg (mg/L) 1.00 2.17 1.21 2.08 2.15 1.43 2.25 1.34 0.57 1.86 0.97 5.84 
Ca (mg/L) 0.90 4.88 3.06 5.15 14.61 3.47 5.36 1.62 0.75 3.22 1.36 9.25 
Fe (μg/L) 39.54 36.20 52.90 52.50 51.62 39.23 40.82 39.39 40.22 65.96 183.60 100.88 
Se (μg/L) 41.56 44.73 90.97 59.28 57.13 52.28 51.60 48.16 40.75 46.03 35.28 57.20 
Cu (μg/L) 14.76 14.31 20.79 13.98 13.27 13.72 13.52 16.37 14.86 15.34 42.74 13.96 
Al (μg/L) 2.94 8.92 3.61 11.49 2.48 1.24 3.57 4.18 6.98 21.26 87.79 20.72 
Ti (μg/L) 2.28 11.50 18.27 12.88 38.23 7.68 12.54 3.99 1.99 7.87 4.27 22.14 
Zn (μg/L) 5.02 1.71 3.53 3.24 6.06 1.02 0.99 1.52 4.02 14.41 9.70 1.37 
V (μg/L) 0.77 0.64 4.31 0.37 1.54 0.53 0.86 0.82 0.77 2.14 2.08 2.66 
P (μg/L) 1.53 <1 4.27 <1 2.21 <1 <1 <1 1.38 6.34 9.08 76.15 
Cr (μg/L) 0.86 0.92 10.06 1.33 1.08 0.51 0.86 0.71 0.61 0.91 0.66 1.52 
Mn (μg/L) <1 <1 <1 <1 <1 <1 <1 1.33 <1 3.69 9.88 22.62 
Ni (μg/L) <1 <1 1.02 <1 1.85 <1 <1 <1 <1 <1 <1 1.29 
As (μg/L) <1 <1 <1 <1 1.28 <1 <1 <1 <1 <1 <1 <1 
Pb (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 3.96 <1 
Sb (μg/L) <1 1.54 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Co (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Mo (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Ag (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Cd (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Sn (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Ba (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Tl (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

B (μg/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
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± ± 

± ± 

± ± ± 

± ± ± 

ApproXimately 2–5 g of the wet sediment was weighed and miXed with 
anhydrous sodium sulfate (previously heated at 500 ◦C for 5 h) until the 

Geomicrobiology-Biogeochemistry Laboratory following the protocols 
provided by the test kits. Hach test kits based on the range of concen- 

miXture became a free-flowing powder. The miXture was then trans- trations   were;   0.01–2.0   mg/L   for   NH+
4     (Hach   Code   #2668000), 

ferred to a glass vial and 9–10 dimethylanthracene was sprinkled into 
the miXture as a surrogate standard. The extraction was carried out in 
triplicate using an acetone/hexane miXture. The extract (96 mL) was 
concentrated to a volume of about 1–2 mL. 

EPA method 3630C was used for the cleaning process (EPA, 1996). In 
the purification step, a silica gel column was plugged with a small 
amount of glass wool, filled and emptied with DCM (dichloromethane) 
before use. The column was then filled with 10 g of silica gel (previously 
heated at 130 ◦C for 16 h) and topped up with approXimately 1 cm of 
anhydrous sodium sulphate. Subsequently, 40 mL of hexane was poured 
in and drained at a rate of 2 mL min-1. The extracted sample was 
transferred to the column and then the column was eluted with 25 mL of 
hexane and discarded. The aromatic fraction was removed by eluting the 
column with a 25 mL hexane: DCM (3:2) miXture was eluted. Then the 
concentrated extract was transferred to a 1 mL HPLC vial and 100 μL 
dimethylformamide was added as a keeper solvent. The extract was 
evaporated to dryness under a gentle stream of purified nitrogen gas and 
then made up to 1 mL with acetonitrile. 

Fifteen PAHs were selected as priority pollutants (see Table 4). The 
PAH compounds were separated using a ZORBAX Eclipse PAH column 
(3.0    250 mm, 5 μm) with a guard column (4.6    12.5 mm, 5 μm) and 
analyzed by high performance liquid chromatography (HPLC) with a 
fluorescence detector (FLD). The column temperature was 25 ◦C and the 
injection volume was 10 μL. The flow rate of the mobile phase was 
0.850 mL/min. A single excitation wavelength (260 nm) and multiple 
emission wavelengths (352, 420, 460, 495 nm) were used for the ana- 
lyses. The elution gradient was programmed as water: acetonitrile 60:40 
at 0–17 min; 0:100 at 17–25 min; 60:40 at 27–30 min. 

The method was applied to spiked blanks (standards spiked in sol- 
vent) and a standard reference material from the National Institute of 
Standards and Technology (NIST) (SRM-1941b). The recoveries of the 
PAHs in SRM-1941b were between 67 % and 108 % of the certified 
values, with the exception of four of them (120 % for chrysene and 
benzo(b)fluoranthene; 173 % for dibenzo(a,h)anthracene; 131 % for 
benzo(ghi)perylene). The detection limits were between 0.01 and 0.05 
μg/L, except for chrysene and benzo(ghi)perylene (0.5 μg/L), dibenzo(a, 
h)anthracene (2.5 μg/L) and indeno(123-cd)pyrene (1 μg/L). 

2.7. Leaching experiments 

Leaching experiments were conducted on the lake sediment, soil and 
rock samples to understand the mobilization of elements from the lake 
sediments and surrounding lithology into the water. Five samples, 
including two lake sediments (Kit-Sed, OP2-Sed), one soil (Kit-Soil-SE) 
and two rocks (Kit-R-S1, AR-R2) from Fildes and Ardley were used for 
the experiments. Prior to the experiments, the sediment, soil and rock 
samples were dried at 80 ◦C and ground to powder using an agate 
mortar. The leaching experiments were carried out with the ground 
samples in vitro in ultrapure water. 

EXperiments were performed in 50 mL sterile centrifuge tubes with a 
pulp density of 1:100 (g/L), by miXing 0.3 mg of the samples in 30 mL of 
water. EXperiments were run for 1 h, 1 day, 1 week, and 2 weeks. The 
sample-solvent miXtures were rotated during the experiments using a 
Stuart STR4 Rotator Drive in the cold room (4 ◦C) of the ITU MOBGAM 
laboratories. The pH of the ultrapure water was measured prior to the 
experiments (approXimately pH 5.48) and later the pH of the leachates 
was measured at the end of each experiment using a WTW InoLab pH 
meter. The samples were then centrifuged for 10 min at 6 ◦C and 4500 
rpm at the end of the leaching experiments and the leachates were 
filtered using 0.2 μm syringe filters. 

The  concentrations  of  dissolved  NH4
+,  NO—

2 ,  NO—
3 ,  PO3

4
—,  SO2

4
—,  Cl— 

and F— in the leachate solutions were measured spectrophotometrically 
by     using     a     Hach     DR2800     spectrophotometer     at     the     ITU 

0.001–0.3  mg/L  for  NO—
2   (Hach  Code  #2107169), 0.01–10.0  mg/L  for 

NO—
3    (Hach  Code  #2106169),  0.01–2.5  mg/L  for  PO3

4
—  (Hach  Code 

#2106069),    0.01–70.0    mg/L    for    SO2
4

—   (Hach    Code    #2106769), 
0.01–2.0 mg/L for Cl— (Hach Code #2105569), 0.01–2.0 mg/L for F— 
(Hach Code #2506025). Standard deviations in leaching experiments 
were calculated based on replicate measurements. 

The alkalinity of the leachate was expressed as the sum of the con- 
centrations of carbonate (CO2

3
—) and bicarbonate (HCO—

3 ) determined by 
titration according to the standard method SM 2320 using 0.01 N sul- 
phuric acid and methyl orange. The concentrations of Br- were measured 
by IC and the concentrations of dissolved cations including Si, Na, Ca, K, 
Mg, Fe, Al, Mn, Sr, Ti, Ni, Cd, Zn, Cu, Ba, V, Mo, Co, As, B, Cr, Pb, Sb, Li 
and Be in the leachates were measured by ICP-MS as described in Section 
2.4. 

3. Results 

3.1. Phytoplankton cell numbers 

The total concentration of phytoplankton cells was 15 cells/mL in 
Lake Kitiesh (L2) and 206 cells/mL in the water sample OP2. The 
phytoplankton cell concentrations were in agreement with the 
chlorophyll-a values, with higher chlorophyll-a concentrations found in 
OP2 compared to Kitiesh Lake (Table 2). Analysis of phytoplankton 
species showed that the phytoplankton community was dominated by 
pennate diatoms, which were mainly 2–20 μm in size. In addition, a 
dinoflagellate species Dissodinium sp. was found in Lake Kitiesh. 

 
3.2. Lake water ion composition 

The ion concentrations measured in the water samples are shown in 
Table 2. The standard deviations of the ion concentrations in the lake 
water were calculated on the basis of two replicate measurements of the 
water sample from Kitiesh. Accordingly, the standard deviations for the 
IC measurements were NH+

4 0.01 mg/ L, —, SO2
4

— 0.03 mg/ L, Cl— 

0.07 mg/ L, F— 0.01 mg/ L, and Br— 0.02 mg L— (NO2
—, NO3

—, PO4
3— 

were below the detection limits). And the standard deviations of the ICP- 
MS measurements were: Na+ 0.28 mg/ L, K+ 0.03 mg/ L, Mg2+ 
0.06 mg/ L, Ca2+ 0.17 mg/ L, Al3+ 1.63 μg/ L, and below 1 μg/ L for 
Si4+, P3+, Ti4+, V5+, Cr6+, Mn4+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, As3+, 
Se6+, Pb2+, Sb5+, Mo+6, Ag+, Cd2+, Sn2+, Ba2+, Tl3+, B3+. 

The  concentration  of  dissolved  sulfate  (SO2
4

—)  was  highest  in  L4 
(45.35 mg/L), while it ranged from 1.16 mg/L to 6.61 mg/L in the other 
lakes and ponds. The highest concentrations of chlorine (Cl—) were 
measured in OP2 (78.29 μg/L), while they ranged from 9.96 to 37.30 
mg/L in the other samples. The concentrations of fluorine (F—) and 
bromine (Br—) ranged between <0.01–0.13 mg/L and 0.04–0.26 mg/L, 
respectively, and the highest concentrations were measured in OP2. 
Dissolved silica (Si) concentrations ranged from 5.05 to 17.80 mg/L, 
with the highest concentration measured in OP2. Higher concentrations 
of sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca) were 
also found in L4 and OP2. Accordingly, the range of concentrations of Na 
was 6.04–29.97 mg/L, K was 0.21–1.87 mg/L, Mg was 0.57–5.84 mg/L, 
and Ca was 0.90–14.61 mg/L. 

The concentrations of iron (Fe) were relatively higher in the organic 
ponds OP1 (183.6 μg/L) and OP2 (100.88 μg/L). Higher selenium (Se), 
copper (Cu), and chromium (Cr) concentrations were found in the 
Babylon stream water, 20.79 μg/L, 10.06 μg/L, and 90.97 μg/L. In the 
water samples, the values for aluminum (Al) ranged from 1.24 to 87.79 
μg/L (highest in OP1), titanium (Ti) 1.99–22.14 μg/L (highest in L4), 

zinc (Zn) 0.99–6.6 μg/L (highest in L4) and vanadium (V) 0.53–2.66 μg/ 
L (highest in OP2). 

The concentrations of dissolved (P) were below the detection limit in 



 

 

 

L2, L3, L5, L6 and P1 and varied considerably, with the highest con- 
centration found in OP2 (76.15 μg/L), and ranging from 1.38 to 9.08 μg/ 
L in the other samples. Some of the cations could be detected only in a 
few water samples. Manganese (Mn), for example, was detected in four 
water samples, with higher concentrations in OP2. The Mn concentra- 
tion in P1 was 1.33 μg/L, P3 was 3.69 μg/L, OP1 was 9.88 μg/L and OP2 
was 22.62 μg/L. The concentration of nickel (Ni) was also only measured 
in three samples: Babylon (1.02 μg/L), L4 (1.85 μg/L) and OP2 (1.29 μg/ 
L). Arsenic (As) was only measured in L4 (1.28 μg/L), lead (Pb) was only 
detected in OP1 (3.96 μg/L) and antimony (Sb) only in L2 (1.54 μg/L). 
Cobalt (Co), molybdenum (Mo), silver (Ag), cadmium (Cd), tin (Sb), 
antimony (Sn), barium (Ba), thallium (Tl) and boron (B) were below the 
detection limit of 1 μg/L in all lakes and ponds (Table 2). 

Rock samples from different locations showed similar compositions 
with different petrographic textural properties. Three different plagio- 
clase generations were identified in the lavas of all compositions: 1) 
anhedral, corroded crystals with sieve textures, 2) euhedral-subhedral 
non-corroded clean crystals, and 3) microcrystals/microlites. Both cli- 
nopyroXene and orthopyroXene coexist with olivine as mafic pheno- 
crysts within the basaltic lavas. All lava samples displayed hemi 
crystalline porphyritic texture. The groundmass of these lavas was 
microlithic. Microlithic matriX was pilotaxitic, intersertal, or trachytic in 
character. Some of the samples, especially basalts, showed also vesicular 
and amygdaloidal textures; where the vesicle-filling minerals consisted 
of chalcedony/cristobalite, zeolite, and calcite (Supplementary Fig. S1a, 
b; Fig. S2c, d). A cumulophyric texture formed from plagioclase and 
pyroXene   clusters was also   observed   in the lavas   (Supplementary 

3.3. Mineral composition 

Twenty different minerals were found in the XRD measurements 
(Table 3). Quartz and albite were the most common minerals found in 
most samples. Calcite and dolomite as well as the clay minerals mont- 
morillonite, kaolinite, illite and smectite were most abundant in the 
samples from and near Lake Kitiesh. Alteration product minerals such as 
the zeolites, chabazite and faujasite were also found in the samples. 
Sample AR-R2 from Ardley Island had the greatest variety of minerals, 
enriched in quartz, clay minerals (e.g. montmorillonite), zeolites (e.g. 
chabazite, faujasite), metal oXides (e.g. magnanite) and hydrous metal 
oXides (e.g. birnesite) (Table 3). 

3.4. Petrography of rock samples 

The samples collected in the Kitiesh Lake littoral zone and near Flat 
Top Peninsula consisted mainly of basalt, basaltic andesitic and basaltic 
trachyandesitic lavas, whereas the samples from Ardley Island consisted 
mainly of pyroclastic rocks formed from volcanic breccias and ag- 
glomerates associated with andesitic-basaltic   and   andesitic   lavas 
(Fig. 2). The basaltic lavas contained a modal composition of 80–85 % 
plagioclase (labradorite-bytownite), 7–10 % orthopyroXene, 3–5 % cli- 
nopyroXene, 1–5 % olivine and 1–2 % opaque mineral, while basaltic 
andesites and basaltic trachyandesites had 75–80 % plagioclase (ande- 
sine-labradorite), 5–10 % orthopyroXene and 5–7 % clinopyroXene, 
accompanied by sanidine phenocrysts (1–15 %) in basaltic 
trachyandesites. 

 
Table 3 

Fig. S1c, d). Some pyroXene crystals displayed twinning, and enclose 
plagioclase crystals forming poikilitic textures (Supplementary Fig. S1e, 
f). 

The observations on thin sections showed that most of the rock 
samples from Kitiesh had gone through alteration, which affected both 
the minerals and the groundmass Fig. 2. In most of the samples, calci- 
tization, sericitization, epidotization, and opacitization could be 
observed. Plagioclase phenocrystals were altered to calcite and sericite. 
PyroXene crystals were mostly altered to chlorite, epidote, and calcite. 
Alteration products of olivine in basaltic rocks were chlorite, serpentine 
and iddingsite, and iron oXides. Some pyroXenes and olivine crystals were 
pseudomorphed by calcite or opaque mineral. 

Volcanic breccias (flow breccias) and agglomerates found predomi- 
nantly on Ardley Island consisted of basaltic, andesitic and andesitic lava 
fragments. The fragments in the volcanic breccias are angular/sub- 
angular in shape and up to 2 cm in size. Agglomerates were formed 
from rounded lava and pyroclastic fragments within the ash matriX. 
Flow breccias were formed from andesitic-basaltic andesitic lava frag- 
ments found in a hyalopilitic lava groundmass of similar composition 
(Supplementary Fig. S2 e, f). Opacitization was widespread in the mafic 
phenocrysts and matriX. 

3.5. Element concentrations in the sediment, soil, and rock samples 

The element compositions, mean detection limits and standard de- 
viations for the ICP-MS analyses are listed in the supplementary 
Table S2. The SiO2 contents in the sediment and soil ranged from 45.8 to 

Mineralogical composition (XRD) of sediment, soil, and rock samples from Fildes Peninsula and Ardley Island. * Kit-Sed, Kit-Soil-SE, Kit-R-S1, OP2-Sed and Ar-R2 were 
used in the leaching experiments. 

 
 

Montmorillonite (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2•n(H2O) + + + 
Kaolinite Al2Si2O5(OH)4 + + 
I˙llite K0.65Al2.0(Al0.65Si3.35O10)(OH) + 
Smectite (Montmorillonite) (Ca, Mg)+

0.33  Al2Si3.67 A 0.33 O10OH 2 + 
Albite (Feldspar) Na(AlSi3O8) + + + + + + 
Calcite Ca(CO3) + + + + + 
Dolomite Ca,Mg(CO3)2 + + 
Augite (PyroXene) 
Diopside (PyroXene) 

(Si, Al)₂O₆ + 
MgCaSi2O6 + + 

Olivine (Mg, Fe)2SiO4 + 
Aluminum Calcium 

Sodium Silicate Hydrate 
CacoXenite 

(Aluminum Phosphate) 

AlCaNaO4Si+2⋅H2O + 

Fe3+24Al(PO4)17O6(OH)12⋅17(H2O) 

Chabazite (Zeolite) (K2,Ca,Na2,Sr,Mg)2[Al2Si4O12]2⋅12H2O + 
Faujasite (Zeolite) (Na₂,Ca,Mg) 3.5 [Al₇Si₁₇O₄₈] + 
Birnesite (Mn4+,Mn3+)2O4⋅1.5H2O + 
Manganite (Bi,Ca)MnO3 + 
Serpentine (Mg,Fe,Ni, Mn,Zn)2–3(Si,Al,Fe)2O5(OH)4 + 
Sodalite Na8(Al6Si6O24)Cl2 + 
Biotite K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2 + 

Mineral Formula Kit- 
Sed* 

Kit- 
Soil-SE* 

Kit-R- 
S1* 

Kit-R- 
N3 

OP2- 
Sed* 

AR- 
R1 

AR- 
R2* 

Quartz SiO2 + + + + + + + 
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52.98 ± 0.1 %, with lower values in the Kitiesh samples. The Al2O3 
content ranged from 16.19 to 19.80 ± 0.08 %, with the lowest values 
found in the Ardley Island OP2 sample. The weight percentages of Fe2O3 
ranged from 7.92 to 9.69 ± 0.00 % (mean 7.80 %), MgO from 4.38 to 
4.45 ± 0.03 % (mean 4.08 %), CaO from 3.06 to 6.94 ± 0.03 % (mean 
5.31 %), Na2O from 1.61 to 3.73 ± 0.03 % (mean 5.51 %), K2O from 
0.40 to 1.21 ± 0.01 % (mean 0.71 %), TiO2 in the range of 0.70–1.63 ± 
0.00 % (mean 0.9 %), P2O5 in the range of 0.09–1.00 ± 0.01 % (mean 
0.24 %), MnO in the range of 0.13–0.016 ± 0.00 % (mean 0.13 %) and 
Cr2O3 in the range of 0.004–0.007     0.0028 % (mean 0.05 %) in sedi- 
ment and soil samples. 

The sediment and soil samples from Kitiesh generally had lower 
contents of SiO2 and Na2O (Table 6). The highest K2O content was found 
in the P2-Sed. OP2-Sed from Ardley Island had higher weight percent- 
ages of CaO, TiO2 and P2O5. The differences in MnO content between the 
samples were negligible (standard deviation of 0.02 %). The total 
organic carbon (TOT/C) values in the sediments and soils ranged from 
0.17 % to 1.51 %, with the highest levels found in the Kit-Sed and OP2- 
Sed. Total sulfur (TOT/S) was higher in Kit-Sed, L4-Sed and OP2-Sed 
(0.14 %, 0.12 % and 0.17 %, respectively) and ranged between 0.02 
and 0.17 % for all samples (Supplementary Table S2). 

The abundant trace elements in sediment and soil samples were: Sr 
(319–552 ± 1.6 ppm), V (188–263 ± 1.6 ppm), W (<0.5–252.3 ± 0.07 
ppm), Ba (121–262 ± 4.24 ppm), Zr (63.2–163.4 ± 1.2 ppm) and Co 
(26.8–55.1 0.4 ppm). The concentrations of Sc, Ni, Ce, Ga, Y, and Nd 
ranged between 7.4 ppm and 27.0 ppm (standard deviations ranging 

0.00–4.24 ppm; Table S2), while lower concentrations of La, Rb, Dy, 
Sm, Pr, and Hf ranged between 1.4 ppm and 13.4 ppm (Table S2). 
Concentrations of Yb, Er, Th, Eu, Cs, Tm, Lu, and Ta were below 2 ppm. 
Be and Sn detected only in Kit-Sed (Be and Sn 2 ± 0.2 ppm), L6-Sed (Be 2 
± 0.2 ppm), and OP2-Sed samples (Sn 2 ± 0.2 ppm). 

In the rock samples, the contents of SiO2 ranged 48.59–50.82 ± 0.1 
%, Al2O3 ranged 18.82–21.29 ± 0.08 %, MgO ranged 2.76–4.30 ± 0.03 
%, CaO ranged 7.54–1 2.14 ± 0.03 %, Na2O 2.62–5.05 ± 0.03 %, K2O 
ranged 0.18–0.97    0.01 % % (Table S2). 

The geochemical findings were consistent with the petrographic re- 
sults. Large Ion Lithopile (LILE) elements were enriched in all samples 
concerning High Field   Strength   Elements   (HFSE)   (Supplementary 
Fig. S3a). Also, Light Rare Earth Elements (LREE) were enriched in all 
samples compared to the Heavy Rare Earth Elements (HREE) 

(Supplementary Fig. S3a). Lava geochemistry was determined by using 
the four selected samples with relatively low loss of ignition (LOI), 
which were Kit-R-S1, Kit-R-SE2, Kit-R-N4, and Kit-R-E1 (Table S2). By 
using the total alkali (Na2O K2O) versus silica (SiO2) content of the 
samples, the composition of the lava was plotted in the TAS-Diagram 
showing that the samples were basalt and trachy-basalt in composition 
(Fig. 3). 

 
3.6. PAHs 

The total PAHs in the samples ranged between 9.55 and 131.25 ng 
g—1 dry weight (dw), where the generally highest values belonged to 
Bab-Sed and Kit-Soil-NW (Table 4). Due to the limited amount of sample 
material, standard deviations for PAH measurements were calculated 
based only on replicate samples of Kit-sed samples (n     2); Naphthalene 
(12.32       0.16 ng g—1 dw), Pyrene (0.09       0.07 ng g—1 dw), Chrysene 
(1.25       0.07 ng g—1 dw), and Benzo(ghi)perylene (0.39       0.23 ng g—1 

dw). The lowest total PAHs belonged to the sample collected inside the 
Kitiesh Lake, Kit-Sed (   10 m) (Table 4). Phenanthrene (Phe) was found 
as the dominant PAH, especially in the sediment sample of Babylon 
stream and Kit-Soil-NW and Kit-Soil-SE samples. Naphthalene (Nap) was 
found in all samples except for the Kit-Soil-NE sample. The concentra- 
tions of Fluorene (Fl) were higher in Bab-Sed, Kit-Soil-NW, and Kit-Soil- 
SE. The levels of Benzo(a)pyrene (Bap), Fluorene (Fl), and Naphthalene 
(Nap) were comparatively higher in the Bab-Sed sample. 

 
3.7. Leachate pH, anion and cation concentrations 

In Fig. 4, the changes in pH, anions and cations in the leaching ex- 
periments were plotted against the contact times of the sample with the 
water: t0 0-h, t1 1-h, t2 24-h, t3 168-h (1-week) and t4 336-h (2-
weeks). Also, the maximum leached amounts of elements (Si, Al, Fe, Mg, 
Ca, Na, K, Ti, P, Mn, Cr, S, Ba, Ni, Co, Sr) were compared with the element 
content in the samples in Table 6. 

The pH values in the experiments generally increased in 1-h and fell 
below the initial level in 1-week (pH 4.2 and pH 4.9, respectively) and 
gradually increased in the 2-weeks experiments (Fig. 4). The highest pH 
values above 9 were found in the leaching tests with the rock samples 
(Fig. 4). The pH in Kit-R-S1 in the 1-h experiments were average 9.55 ± 
0.07 and AR-R2 in the 1-h experiments were pH average 9.77 ± 0.02. pH 

 

 

 
values in the Kit-Sed in the 2-week experiments were average 7.75 ± 
0.78, Kit-Soil in the 2-week experiments were 8.4 ± 0.42 (Fig. 4). The 
concentrations of CO3

—, Li, Be, Se, and Sn in the leachates were below the 

measurement limits. Total alkalinities were inferred from the bicar- 
bonate  (HCO—

3 ),  which  increased  up  to  90.25  ± 0.94  mg/L  from  the 
initial  level  of  ultrapure  water  of  6.5  mg/L.  The  HCO—

3    values  were 
higher in the experiments with the all the rock samples and at lower levels 
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in the sediment and soil samples from Kitiesh Lake (Fig. 4). 
The highest rates of fiXed nitrogen were released in the form of NH+

4 
from Kit-Soil-SE and OP2-Sed (1.81 ± 0.00 mg/L, 0.62 ± 0.04 mg/L, 
respectively). The NH+

4   values were reduced below the initial values of 
DI  water  in  the  2-week  experiments.  NO—

3   was  also  released  into  the 
water in all experiments, with the highest input from the Kit-Sed and Kit- 
Soil-SE (0.97      0.01 mg/L, 0.54      0.01 mg/L, respectively). NO—

3   con- 
centrations were increased in all samples, then gradually decreased 
except for the OP2 (0.4      0.01 mg/L). On the other hand, NO—

3   release 
from the rock samples Kit-R-S1 and AR-R-2 remained stable after the 
initial increase (Fig. 4). The values of the other nitrogen component 
nitrite (NO—

2 ) were below the detection limit, except for Kit-Sed and Kit- 
Soil-SE (0.32 0.03 mg/L, and 0.92 0.04 mg/L, respectively). 

Phosphate (PO3
4

—) was released in all samples. The highest phosphate 
was released from OP2 (1.03 0.04 mg/L). Phosphate input from the 
samples generally increased in the 1-h and 24-h experiments and 
decreased thereafter. The lowest PO3

4
— release was observed in the Kit- 

Soil.  Sulphate  (SO4
2—)  was  the  anion  that  was  released  the  most  in  the 

leaching experiments, reaching a value of 23.50 2.12 mg/L in OP2 in 
the 24-h experiment. The highest barium (Ba) values were found in the 
Kit-Sed 1-h experiments at 20.39 ± 0.51 μg/L and in the OP2-Sed at 
11.68    3.6 μg/L. 

The highest zinc (Zn) levels observed in the experiments were 54.92 
7.53 μg/L in Kit-Sed. The increase in copper (Cu) concentrations 

showed a relatively more regular profile compared to Zn (Fig. 4). The 
highest Cu value in the experiments was 25.36 ± 4.25 μg/L (Kit-R-S1), 
cobalt (Co) 12.35 ± 0.56 μg/L (AR-R2), vanadium (V) 14.49 ± 68 μg/L 
(OP2-Sed). Kit-Sed sample showed a high release of arsenic (As) (9.16 ± 
5.91 μg/L). Lead (Pb) was released in all leaching experiments. Pb 
release ranged from 1.12 to 2.17      0.39 μg/L with the highest values in 
the Kitiesh samples (Fig. 4). Chromium (Cr) and antimony (Sb) were 
only leached from the Ardley Island samples. 

4. Discussion 

4.1. Lake pH and alkalinity  

Changes in pH can affect phytoplankton community structure in 
Antarctic marine lakes on the Fildes Peninsula and Ardley Island. The 
results of the leaching experiments with sediment, soil and rock samples 
showed a general trend of increasing pH by up to 4 pH units to pH 
values up to 9.7, except for the one-week experiments with Kit-Sed and 
Kit-Soil (Fig. 4). The increase in pH in the lakes was also evidenced by 
the ob- servations. For example, the average pH of five lakes on the 
Fildes Peninsula (of L2, L3 and L5 as common lakes) averaged 6.0      0.1 
based on measurements in 1998 (Perendez and Carrasco, 2003). While 
the measured pH values in 2017 in this study averaged 8.2      0.6 (Table 
2). An increase in ice melt and liquid precipitation in the region could 
cause the leaching of basic rocks of basalt and trachy-basalt, which 
affects the pH of the lakes. The alkalinity in the leaching experiments, 

which can be derived from the HCO—
3   concentrations, also increased 

(Fig. 4). 
The changes in pH and alkalinity could also be due to the dissolution 

of carbonates in the form of calcite and dolomite minerals, which were 
abundant in the samples (Table 3) and reflected in an increase in Ca and 
Mg in the leachates (Fig. 4). With global warming and increasing liquid 
precipitation in the summer season, lakes in the region may 
become 
more alkaline. For example, the region experienced relatively high 
precipitation in January, February and March 2017 (> 3 mm), with the 
largest precipitation event occurring in January (https://rp5.ru/). The 
potential increase in pH may be mitigated to some extent by the increase 
in atmospheric CO2 concentration, which is known to acidify the 
aquatic 
environment through the formation of carbonic acid (H2CO3) (Caldeira 
and Wickett, 2003). 

4.2. Macronutrients N, P, and Si 

The Pearson correlation between the dissolved elements and other 
characteristics of the lakes is shown in Table 5. High positive correla- 

tions were found between the chl-a concentrations and NO—
3 , NH+

4 , F, P, 
and Mn (Table 5). Based on the chl-a levels, the studied lakes ranged 
from ultra-oligotrophic to mesotrophic as lakes L1–6 and ponds P1–3 
had low chl-a concentrations (<1.5 μg/ L), while organic ponds OP1 and 

OP2 had chl-a concentrations >2.5 μg/L (Table 2). In addition, the 
number of phytoplankton cells in OP2 (206.4 cells/L) was significantly 
higher than in L2 (14.8 cells/L). OP2 was also the lake with the highest 
chlorophyll-a  levels  (Table  2).  The  fiXed  nitrogen  species  NO—

3 ,  NO—
2 , 

NH+
4 

,  and PO4
3— together with Si are the most important macronutrients 

necessary for phytoplankton growth. Primary production in lakes is 
generally considered to be P-limited, while N-limitation is more com- 
mon  in  ocean  waters  (Wetzel,  2001).  Dissolved  NO—

3   in  the  lake  water 
samples  ranged  from  0.001  to  3.12  mg/L,  dissolved  NO—

2    was  below 
detection,  dissolved  NH+

4   ranged  <0.001–0.18  mg/L,  and  dissolved  Si 
ranged  from  5.05  to  17.80  mg/L  (Table  2).  PO3

4
—  concentrations  were 

below the detection limit of 0.001 mg/L in all samples, indicating a 
possible P-limitation in the lakes studied. A significant release of PO3

4
—



  
 

 

—

—

correlation with the chlorophyll-a concentrations (R2 = 0.85; Table 5). 
However, a negative correlation was found between the SiO2 content 
(%) in the samples and the leached amount of into the water (Table 6). 
Si-release in leaching experiments showed a significant difference be- 
tween the Fildes and Ardley samples (Fig. 4). The release of Si from 
Kitiesh samples was higher compared to Ardley samples. The dissolved 
Si in the lakes is probably dominated by the lithology due to natural rock 
weathering of Si-bearing rocks. 

The dissolution rate of volcanic rocks at low temperatures and high 
pH levels is relatively low compared to acidic and warmer conditions 
(Wolff-Boenisch   et   al.,   2004).   The   air   temperatures   in   the   Fildes 
Peninsula in January–December 2017 varied between   5.6 and 2.1 ◦C 
(https://rp5.ru/Weather_at_weather_stations_of_Chile). The air temper- 
ature in the austral summer period (December–March) was 1.3 ◦C on 
average, varying from     0.1 to 2.1 ◦C (https://rp5.ru/Weather_at_weat 
her_stations_of_Chile). Although the experiments were carried out at 
low temperatures (4 ◦C, characteristic of the summer period in the re- 
gion) an array of elements were released into the water. 

The mineralogical and petrographic findings indicate alteration in 
the region, as it contains basaltic minerals such as augite and diopside as 
well as zeolite and clay. The initial rapid release of elements in the 1-h 
experiments may be associated with salt encrustation resulting from the 
periodic melting and freezing cycles that can produce precipitates 
(Skidmore et al., 2010). Zeolite minerals were also present in the sam- 
ples, which may indicate hydrothermal weathering was active in the 
region in the past. The presence of clay minerals indicates low-grade 
chemical alteration in the environment. 

Ornithogenic soils are soils formed under the influence of birds in the 
form of guano, feathers and eggshells (Emslie et al., 2014). Ornithogenic 
soils and penguin droppings can provide nutrients such as nitrate, nitrite 
and ammonium, which can influence phytoplankton in the region's 
hydrological system. In addition, seabird guano is known to increase 
phytoplankton growth (Shatova et al., 2016; Shatova et al., 2017). 
Ornithogenic effects are expected to be stronger in the Ardley Peninsula, 
which is an Antarctic Special Protection area and is a breeding area for 
colonies of Adelia penguins (Pygoscelis adeliae), chinstrap penguins 
(P. antarctica) and Gentoo penguins (Pygoscelis papau). Other seabirds 
like the giant petrels (Macronectes giganteus) and storm petrels (Oceanites 
oceanicus, Fregetta tropica) are also abundant in the study area. 

The  water  sample  from  OP2  at  Ardley  Island  had  the  highest  NH+
4 

and NO—
3   concentrations and also the highest chl-a values of 6.92 μg/L 

(0.29–2.64 μg/L; among the other samples) (Table 2). Phytoplankton 
cell count showed that OP2 was  more phytoplankton-rich with a cell 
count of 206.4 cells/mL which is significantly higher compared to the L2 
with 15 cells/mL (Table 2). In the leaching experiments, the OP2 sedi- 
ment released higher amounts of nutrients compared to the other sam- 
ples. The accumulation of heavy metals in OP2 was also confirmed by 
the release of Sb and Cd from the Ardley Island samples (Fig. 4). Our 
results suggest that the soil chemistry of Ardley Island is likely domi- 
nated by ornithogenic effects. 

4.3. Micronutrients Fe, Zn, Cu, Mn, and other trace metals 

In addition to the traditional nutrients N, P and Si, elements in micro- 
concentrations involved in enzymatic activities may also play an 
important role in the primary production of the lake. In the water 
samples from the lakes, ponds and streams of Fildes and Ardley Penin- 

sulas we found a correlation between chl-a and NH4
+, NO—

3 , F, P, Mn, Mg, 
Si. (Table 5). Synergistic interactions can lead to the limitation of several 
elements, known as co-limitation. N, P and Fe are the most important co- 
limiting nutrients in lakes (Havens and Twiss, 2007). For example, when 
the level of dissolved PO4

3— in water are low, i.e. when P limitation oc- 
curs, phytoplankton can convert P to its biologically useful form, PO3

4
—, 

with the alkaline phosphatase enzyme it develops on its surface 
(González-Gil et al., 1998). 

Fe, an important micronutrient, was also released from all the T
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Table 6 
Element contents in the samples and the amounts leached to the water. Also shown is the R2: coefficient of determination content versus leached amounts. 

Kit-Sed Kit-Soil-SE Kit-R-S1 OP2-Sed AR-R2  R2 

Si Element content SiO2 (%) 45.80  47.24  48.64  51.90  68.93 

Leached amount Si (mg/L) 63.01 53.09 76.32 3.16 3.02 —0.73 
Al Element content Al2O3 (%) 17.75 19.80 19.06 16.19 13.00 

Leached amount Al (μg/L) 908.63 822.59 484.31 364.84 639.06 0.25 

Fe Element content Fe2O3 (%) 9.28 9.27 8.72 8.38 4.59 
Leached amount Fe (mg/L) 1.16 0.93 1.42 0.30 0.55 0.48 

Mg Element content MgO (%) 4.38 4.45 3.66 3.51 1.73 
Leached amount Mg (mg/L) 1.06 0.99 2.75 2.25 0.84 0.13 

Ca Element content CaO (%) 5.01 4.71 12.14 6.45 1.40 

Leached amount Ca (mg/L) 2.34 1.52 5.82 5.15 14.31 —0.38 
Na Element content Na2O (%) 1.61 1.78 2.62 3.73 3.50 

Leached amount Na (mg/L) 2.21 0.68 3.24 20.89 19.50 0.94 
K Element content K2O (%) 0.44 0.44 0.26 0.75 0.74 

Leached amount K (mg/L) 0.90 1.57 2.01 0.52 1.05 —0.81 
Ti Element content TiO2 (%) 0.72 0.70 0.76 1.63 0.61 

Leached amount Ti (μg/L) 27.69 15.22 23.04 35.22 49.24 —0.60 
P Element content P2O5 (%) 0.23 0.09 0.11 1.00 0.14 

Leach P2O4 (mg/L) 0.04 0.01 0.07 0.67 0.07 0.12 
Mn Element content MnO (%) 0.14 0.13 0.15 0.12 0.09 

Leached amount Mn (μg/L) 203.68 24.88 23.73 84.01 26.99 —0.17 
Cr Element content Cr2O3 (%) 0.01 0.01 0.01 0.01 0.01 

Leached amount Cr (μg/L) 0.60 0.64 0.00 3.59 3.44 —0.53 

S Element content TOT/S (%) 0.14 0.04 <0.02 0.17 0.06 
Leached amount SO4 (mg/L) 11.50 1.40 0.00 20.25 1.00 0.97 

Ba Element content Ba (ppm) 121.00 144.00 115.00 146.00 215.00 

Leached amount Ba (μg/L) 8.16 2.86 1.76 4.84 9.05 0.59 
Ni Element content Ni (ppm) 26.00 <20 39.00 <20 <20 

Leached amount Ni (μg/L) 8.09 28.79 18.74 0.82 0.25 1.00 
Co Element content Co (ppm) 30.10 26.80 41.40 55.10 22.00 

Leached amount Co (μg/L) 2.37 3.36 3.13 10.35 11.01 0.19 
Sr Element content Sr (ppm) 344.10 319.00 511.80 396.80 324.20 

Leached amount Sr (μg/L) 28.52 48.87 12.81 57.96 32.03 0.92 

 
lithologic samples during the leaching experiments. (Fig. 4) Fe release 
from the Kit-Sed and Kit-soil samples increased until the 1-week 
experiment and remained stable thereafter. Fe-release in the experi- 
ments showed a very similar pattern with Si. Other micronutrients such 
as Zn, Cu and Co were also released during the leaching experiments 
(Fig. 4). A higher release of Zn was observed in the lake sediments 
compared to soil and rock. The lake sediment samples Kit-Sed and OP2 
released higher amounts of Mn and SO4. The highest barium (Ba) con- 
centrations ranged 2.23 μg/L to 20.39 μg/L and the highest values were 
observed in the lake sediments Kit-Sed and OP2-Sed. 

Although Zn and Cu are nutritional elements, at high concentrations 
they can also have negative effects on phytoplankton. Similarly, a toXic 
suppressive effect has been observed for F. In culture experiments, F was 
found to suppress the toXic effect of Al (Ali, 2004). Mn is thought to 
reduce the cellular uptake of elements such as Zn, Cu, and Cd (Sunda and 
Huntsman, 1983; Sunda and Huntsman, 1995). Dissolved Mn in lakes 
showed a correlation with chlorophyll-a concentrations in P1, P3, OP1, 
and OP2 (Table 2). In the leaching experiments, Mn release from the 
lake sediments was higher than from the soil and rock samples. Mn- 
containing birnesite and manganite minerals may be the source of Mn 
in the leaching experiments (Table 6). In addition to minerals, bacterial 
activity may also play a role in the Mn cycle. Black radial encrustations 
observed in the rock sample AR-R2 indicate the presence of bacterial 
activity  (Fig.  2j).  However,  no  correlation  was  found  between  the 
elemental contents of S and Mn in the samples and the their release rates 
in the leaching experiments (Table 6). The high amounts of SO2

4
— and Mn 

released into the water during the leaching experiments suggested that S 
and Mn cycling and diagenetic processes also play an important role in 
the study area. 

Bacterial activity in lakes, soil and sediment can also affect dissolved 
nutrients. Total C values in the sediment and soil samples ranged from 
0.17 % to 1.51 %, while total S values ranged from <0.02 % to 0.17 % 
(Table S2). The higher carbon values were measured in the lake sedi- 
ments of Kitiesh and OP2, while the higher sulfur values were measured 

 
in the sediment samples of Kitiesh, L4 and OP2. The correlation between 
total C values  in the sediment samples and chl-a was lower than ex- 
pected (R2       0.67) (Table 5), which may be related to the loss of some of 
organic matter due to bacterial activity and its mineralization during the 
decomposition processes. 

Marine aerosols (or sea salts, sea spray) are micrometer-sized salt 
particles that are formed by the action of waves. Therefore, the soil 
structure in the maritime Antarctic is characterized as salty soil (Hall 
et al., 1993). Especially in the summer season, when the ice and snow 
cover on the lakes disappears, a higher input of nutrients from the at- 
mosphere is to be expected. High Ca, Sr, Ba and SO4 values measured in 
the water sample from OP2 indicate a higher sea salt content in the soil 
(Table 2). The high Ca content in the lake water is likely due to coupled 
effects of rock weathering and sea spray deposition. Storms in the region 
can also affect dissolved solids, conductivity, and pH values in the lakes 
(Contreras et al., 1991). L2, L4 and OP2 had high conductivity values of 
over 200 μS cm—1 (Table 2). The influence of the sea is higher in these 
lakes than in the others (Broady, 1989). Among these lakes, L4 (Langer 
Lake) has a connection to seawater through a small estuary which was 
also confirmed by the high sulfate values (45 mg/L) compared to the 
other lakes, which ranged from 1.16 mg/L to 9.86 mg/L (Table 2). L4 
and the east coast of the Fildes Peninsula and parts of Ardley Island are 
more polluted by marine salt spray. 

Lakes can be affected by pollution from the sea due to the deposition 
of sea spray. The input of seawater was reflected in the SO4 and Ca 

values, while the input of sea spray was reflected in the Na, Cl and F 
values (Table 2). Leaching experiments showed the release of Na, Ca, Sr, 
Ba, Co, Cr, Sb, and Cd in the Ardley Island samples suggesting a marine 
influence (Fig. 4). On the other hand, the Kitiesh Lake samples released 
high levels of Si, K, Al and Fe, which are terrestrial indicators (Fig. 4). 

In the studied lakes, Chl-a levels decreased with increasing distance 
from the shore and increasing altitude. At the same time, the deposition 
of sea spray is expected to be higher in lakes with low elevation that are 
close to sea level. L1 (Uruguay) is the lake closest to the Collins Glacier 



  
 

 

and has the lowest chl-a values (Fig. 1, Table 2). Lakes near glaciers tend 
to be younger in terms of outburst and may be exposed to white turbidity 
sediment pollution, referred to as ‘glacial flour or glacial milk’, which 
has detrimental effects on phytoplankton and zooplankton (Sommaruga, 
2015). Therefore, primary production is generally considered to be 
lower in the early stages of para-glacial lakes (Sommaruga, 2015). The 
low production observed in L1 (Uruguay) may therefore support para- 
glacial processes. 

4.4. Toxicity 

Heavy metals, including those that are essential micronutrients (e.g. 
Zn, Cu, etc.), are toXic to phytoplankton in high concentrations (Rai 
et al., 1981). Heavy metals such as As, Ag, Cd, Pb, Ni, Al, Cr and Sn also 
have toXic effects on phytoplankton if they are present in excessive 
quantities (Hutchinson, 1973). The negative effects of Ni on freshwater 
phytoplankton have already been reported (Spencer and Greene, 1981). 
Ni-content in the samples ranged from <20 ppm to 39 ppm and the 
highest values were found in the rock samples Kit-Sed, Bab-Sed, L4-Sed, 
L6-Sed, and Kit-R-S1 (Table S1). Due to the high Ni content in the 
samples, the source of Ni in the lakes is more likely related to lithology. 
In the lakes analyzed, the dissolved concentrations of As, Mo, Ag, Cd, Sn, 
Sb, Ba, Tl, B, and Pb (with the exception of OP1) were mostly either low 
or below the detection limit (Table 2). 

An enrichment of Zn and Cd in the lake waters of the Fildes Peninsula 
has previously been linked to the local anthropogenic pollution (Per- 
endez and Carrasco, 2003). In our leaching experiments, no Cd was 
released from the Fildes Peninsula samples, whereas a higher input of Cd 
was detected from the Ardley Island samples (highest 0.8 μg/L; Fig. 4). 
However, leaching experiments indicated a possible influence of li- 
thology on Cd enrichment. The Co, Cr and Sb dissolution in the leaching 
experiments was also significantly higher in samples from Ardley Island 
(Fig. 4). Therefore, the levels of Cd, Cr and Sb in the lakes were probably 
of lithologic origin rather than anthropogenic pollution. The heavy 
metals found in low concentrations in the leaching experiments were V, 
Mo, As, B, Cr, Pb, and Cd. Cr and Sb, on the other hand, were only 
leached from the samples from the Ardley Island (Fig. 4). The highest Cr 
values in the leachates were between 1.18 and 4.96 μg/L, Sb between 
2.67 and 3.3.74 μg/L and Cd between 0.45 and 0.75 μg/L. 

The most pronounced effects of pollution were observed in the dis- 
solved Pb levels of OP1 (Table 2). The Pb concentration in the OP1 water 
sample was 3.96 μg/L, while it was below the detection limit in all other 
lakes analyzed. OP1 is located near onshore oil tanks and may have been 
affected by petroleum contamination (Fig. 1). The release Pb was also 
detected in the leaching experiments (Fig. 4). Pb was released from all 
samples in all leaching experiments. Pb release ranged from 1.12 μg/L to 
2.17 μg/L with the highest values in the Kitiesh samples (Fig. 4). 
Therefore, the main source of Pb enrichment in OP1 could be either 
pollution from oil tanks or natural input from lithology. 

Hg, Se and Sb are also elements that are bioaccumulated by aquatic 
organisms. Hg was below the detection limit in both lake water and lake 
sediments, while Se (35.28–90.97 μg/L) and Sb (1.54 μg/L in L2 only) 
were found in the lake water samples (Table 2). The leaching experi- 
ments showed that the source of Se and Sb was not the lithology, as these 
two elements were not released into the water. Therefore, the possible 
source of Se and Sb can be either anthropogenic or ornithogenic. 

Cl can also have negative effects on microorganisms as it disrupts the 
cell wall structure and damages the cell's DNA, which makes chlorina- 
tion a common disinfection method. In the leaching experiments with 
Kitiesh sediment and soil samples, the Cl content increased up to 2 mg/L 
in the 1-week leaching experiments (Fig. 4). The Cl increase in the ex- 
periments could also have affected the pH of the leachate and the bi- 
carbonate content through the formation of hypochlorous acid (HOCl) 
and OCl— and  H+ ions. Cl may also have  reacted with nitrogen com- 
pounds  as  the  increase  in  NO—

2   and  NO—
3   generally  coincided  with  the 

increased Cl concentrations in the experiments (Fig. 4). 

In the leaching experiments with Kitiesh sediment and soil samples, 
the Cl content increased up to 2 mg/L in the 1-week leaching experi- 
ments (Fig. 4). The Cl increase in the experiments could also have 
affected the pH of the leachate and the bicarbonate content through the 
formation of hypochlorous acid (HOCl) and OCl— and H+ ions. Cl might 
have also reacted with nitrogen compounds as the increase in NO—

2   and 
NO—

3    generally  coincided  with  the  increased  Cl  concentrations  in  the 
experiments (Fig. 4). 

PAHs are harmful to freshwater phytoplankton and are known to 
have negative effects on growth, photosynthesis and the cell membrane 
(Ben Othman et al., 2023). PAHs accumulate in all environments, 
including soils and lakes, and can be of both natural and anthropogenic 
origin. Benzo(a)pyrene (Bap) is more toXic to phytoplankton, while the 
most water-soluble naphthalene, acenaphthene and fluorene are the least 
toXic PAHs (Ben Othman et al., 2023). Total PAHs in sediment and soil 
samples from the littoral zone and interior of Lake Kitiesh and OP2 on 
Ardley Island ranged from 9.55 to 131.25 ng g—1 dry weight (dw), with 
Phenanthrene being the dominant PAH (Table 4). A previous study of 
total PAH concentrations of soil samples collected from the Fildes 
Peninsula in 2016 found lower concentrations ranging from 1.83 to 32.9 
ng g—1 dw, with Phenanthrene and Anthracene being the most prominent 
PAHs in the soil samples (Deelaman et al., 2020). PAH concentrations 
were found to be higher in the samples around Great Wall Station and 
the road network indicating an anthropogenic source of PAHs in the 
region (Deelaman et al., 2020). 

PAHs can also be delivered through long-range atmospheric trans- 
port and deposited in the remote Antarctic via wet and dry deposition. 
All types of PAHs, except Benzo(a)pyrene, were found in the snow 
samples collected in the Fildes Peninsula (Na et al., 2011). Although the 
PAH levels in the lake sediment samples were below the threshold toXic 
levels to phytoplankton of 10–1000 μg/L found in the literature (Ben 
Othman et al., 2023), their increasing accumulation with anthropogenic 
inputs in the Antarctic lakes may harm the phytoplankton. 

Penguin droppings were also analyzed for heavy metal concentra- 
tions, as heavy metals bioaccumulate and are passed on by penguins. An 
earlier sediment core study on Ardley Island showed an increase in the 
input of anthropogenic Pb through bioaccumulation in the ocean and 
subsequent deposition in lake sediments with penguin feces (Sun and 
Xie, 2001). 

5. Conclusions and recommendations 

The results of this study show that the lithology on the Fildes 
Peninsula and Ardley Island in the Maritime Antarctic has a significant 
impact on lake biogeochemistry. Leaching experiments showed that pH 
can increase with increasing chemical weathering. The input of Si, N, P, 
Fe, Zn and Co from the lake sediments, soils and rocks may have the 
potential to fertilize the lakes and increase phytoplankton production in 
the lakes of maritime Antarctica. On the other hand, releases of Pb, Cu, 
Cd, Al and As may have toXic effects on phytoplankton, which could be 
partially reduced by the Mn content in the lakes and the high Mn 
mobilization from the surrounding lithology. Our study suggests that the 
P, S and Mn cycles play an important role in the biogeochemistry of 
Antarctic lake water. With melting, more rock surfaces are exposed and 
more proglacial lakes are formed, which may indicate an increasing role 
of lake ecosystems in the C cycle, as both chemical weathering and 
photosynthesis are important for the fiXation of atmospheric CO2. In 
addition, the duration of ice cover in the winter season will decrease as 
temperatures rise. This in turn may lead to an increased leaching of el- 
ements from the lithology and an increased input of nutrients such as N, 
P, Si and Fe into the Antarctic lakes. 

CRediT authorship contribution statement 

Nazlı Olgun: Conceptualization, Methodology, Investigation, 
Writing – original draft. Ufuk Tarı: Methodology, Visualization, Writing 



  
 

 

– review & editing. Nurgül Balcı: Conceptualization, Methodology, 
Writing – review & editing. S¸ afak Altunkaynak: Investigation, Writing 
– original draft. Is¸ıl Gürarslan: Investigation, Writing – original draft. 
Sevil Deniz Yakan: Methodology, Writing – review & editing. Frederic 
Thalasso: Conceptualization, Methodology, Investigation, Writing – 
review   &   editing.   María   Soledad   Astorga-España:   Investigation, 
Writing  – review  &  editing.  Léa  Cabrol:  Methodology,  Investigation, 
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Prof.  Dr.  Burcu  Ö zsoy,  and  the  ITU-POLREC  team  for  their  logistic 
support. This study was carried out under the auspices of the Presidency 
of The Republic of Türkiye, supported by the Ministry of Industry and 
Technology, and coordinated by TÜBI˙TAK MAM Polar Research 
Institute. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.168562. 

References 

Alfonso, J.A., Vasquez, Y., Ahernandez, A.C., Mora, A., Handt, H., Sira, E., 2015. 
Geochemistry of recent lacustrine sediments from Fildes Peninsula. King George 
Island, maritime Antarctica: Antarctic Science 27 (5), 462–471. 

Ali, G., 2004. Flouride and alminium tolerance in planktonic mikroalgea: Flouride 37 (2), 
88–95. 

Bastviken, D., J, C., Pace, M., Tranvik, L., 2004. Methane emissions from lakes: 
dependence of lake characteristics, two regional assessments, and a global estimate. 
Global Biogeochem. Cycles 18, 1–12. 

Ben Othman, H., Pick, F.R., Hlaili, A.S., Leboulanger, C., 2023. Effects of polycyclic 
aromatic hydrocarbons on marine and freshwater microalgae – a review. J. Hazard. 
Mater. v, 441. 

Birkenmajer, K., Zastawniak, E., 1989. Late Cretaceous-early Tertiary floras of King 
George Island. West Antarctica: their stratigraphic distribution and palaeoclimatic 
significance: Geological Society, London, Special Publications 47, p. 277–240. 

Borrel, G., Je’ze’quel, D., Biderre-Petit, C., Morel-Desrosiers, N., Morel, J.P., Peyret, P., 
Fonty, G., Lehours, A.C., 2011. Production and consumption of methane in 
freshwater lake ecosystems. Res. Microbiol. 162, 832–847. 

 
Broady, P.A., 1989. Broadscale patterns in the distribution of aquatic and terrestiral 

vegetation at three ice-free regions on Ross Island, Antarctica. Antarct. Sci. 1, 
109–118. 

Caldeira, K., Wickett, M.E., 2003. Anthropogenic carbon and ocean pH. Nature 425, 365. 
Contreras,  M.,  Cabrera,  S.,  Montecino,  V.,  Pizarro,  G.,  1991.  Dinámica  abiótica  del  lago 
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Fig. 1.  Locations of water, sediment, soil, and rock samples from the studied lakes, ponds, and streams in the Fildes and Ardley Peninsulas in King George Island, 
South Shetland Islands, maritime Antarctica. The geologic map was based on Gao et al., 2018, Machado et al., 2005. Hydrographic elements were digitized by using 
the 1:10.000 scaled printed topography map provided by the Instituto Geografico Militar-IGM, Santiago, Chile, 2012. 

  



  
 

 

 Fig. 2. Field photographs of the studied lakes in King George 
Island taken during the field studies between 17 February and 7 March 2017; (a) Kitiesh Lake (L2), (b) Langer Lake (L4), (c) L3, (d) OP2 and (f) West Lake (L5), (g) an 
example outcrop of rock showing frost weathering cracks located southeast of Kitiesh lake, (h, i) photographs of studied rock samples from Kitiesh Lake region and (j) 
a rock sample samples in the littoral zone of OP2 from Ardley Island with green alteration surface and black radial surface encrustations. 
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Fig. 4. Results of the leaching experiments in ultra-pure water. T0 = 0, T1 = 1-h, T2: 2-h, T3 = 168-h (1 week), T4 = 336-h (2 weeks). 

 
 


