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Abstract: This study presents results for trace elements (TEs) and rare earth elements (REEs) in five pit lakes lo-
cated within the Muskau Arch, one of the largest regions in Central and Eastern Europe affected by acid mine 
drainage (AMD). Concentrations of TEs (Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Rb, Sb, Sc, 
Se, Th, Tl, U, V, Zn) and REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were determined using 
inductively coupled plasma triple quadrupole mass spectrometry (ICP-QQQ-MS). The highest concentrations 
were recorded for Fe (0.14–156.9 mg/L), which was the dominant TE in all pit lakes except MA1, where Al was 
dominant. PCA indicated that TEs such as Al, Be, Co, Fe, Li, Mn, Ni, Rb, Sc, Th, and Zn were strongly associated 
with pit lakes affected by AMD. Two subgroups were identified: (1) Be, Co, Ni, and Zn, which correlated with Al 
and low pH, and (2) Fe, Mn, Li, Rb, and Th, which correlated with slightly higher pH and anoxic and more reduc-
ing conditions. The toxicity analysis of TEs revealed substantial variation among the pit lakes (from extreme to 
low toxicity) and indicated that the most important TEs contributing to water toxicity were Al, Mn, Zn, and Ba. 
Total REE concentrations ranged from 0.15 µg/L to 149.3 µg/L, with by far the highest values recorded in MA2, 
and their concentrations were strongly influenced by pH. The pit lakes generally exhibited LREE (including La 
to Eu) enrichment, as well as a weaker MREE (including Sm to Dy) enrichment. Positive Gd anomalies were 
identified at all sampling points. Additionally, positive Eu anomalies were observed in all pit lakes except MA2, 
which was the most strongly affected by AMD, and positive Tb anomalies were recorded primarily in samples 
influenced by AMD.

Keywords: acid pit lake, lignite pit lake, acid mine drainage, LREE enrichment, meromictic pit lake, neutralized 
pit lakes

INTRODUCTION

Pit lakes, depending on the reclamation strat-
egy adopted or its absence, as well as the local 
geological structure, can develop highly diverse 

ecosystems (e.g., Parshley & Bowell 2003, España 
et al. 2008, Geller 2013, Marszelewski et al. 2017, 
Chudy et  al. 2021, Szafarczyk & Gawałkiewicz 
2023, Śniady et al. 2024a, 2024b). One of the great-
est threats to the water environment associated 
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with mining and the formation of pit lakes around 
the world is acid mine drainage (AMD) (Gawor 
& Lutyńska 2015, Rezaie & Anderson 2020, Lund 
&  Blanchette 2023). The primary cause of AMD 
is the oxidation of metal sulfides (e.g., pyrite and 
marcasite), which readily oxidize upon contact 
with oxygen from infiltrating and atmospheric wa-
ters (Akcil & Koldas 2006). The resulting sulfuric 
acid production initiates a series of chemical reac-
tions, leading to e.g. exceptionally low pH levels in 
the water, high sulfate (SO4

2−) and iron (Fe) content. 
Additionally, other trace elements (TEs) and rare 
earth elements (REEs), often regarded as a distinct 
subgroup due to their coherent geochemical be-
havior and characteristic fractionation patterns in 
natural waters, can also reach very high concentra-
tions in AMD-affected waters (Blowes et al. 2014, 
Migaszewski & Gałuszka 2015, León et  al. 2021). 
Their study not only enhances the understanding 
of TE and REE geochemistry in acidic post-mining  
environments but also, as highlighted by León 
et al. (2021), may have potential economic signifi-
cance at exceptionally high concentrations. 

However, exceptionally low pH and high con-
centrations of TEs in the waters of such pit lakes 
represent a significant limiting factor for the de-
velopment of aquatic organisms and vegetation 
(Hogsden & Harding 2012, Roccotiello et  al. 
2015). Additionally, depending on the region and 
the resource, AMD and mining-related pollution 
may also pose a threat to human health (e.g., Si-
mate 2021, Vesković et al. 2023). In areas affected 
by water shortages, it presents a major challenge 
to achieving the United Nations’ Sustainable De-
velopment Goal 6 (Broadhurst 2019, Adeniyi et al. 
2022). From a  European perspective, the prima-
ry concern should be the environmental risks, as 
well as the potential hazards for tourists visiting 
acid lakes, which often have an attractive appear-
ance (e.g., Chudy et al. 2021). Nevertheless, these 
threats have driven the development of research 
on the toxic effects of AMD-impacted waters 
worldwide (e.g., Singovszka et  al. 2017, Fernán-
dez et al. 2018, Atangana & Oberholster 2021, Luo 
et al. 2022). It should also be emphasized that tox-
ic concentrations of TEs in mining areas are not 
only detected in waters of pit lakes but are also 
commonly found in soils (e.g., Yu et al. 2024) and 

fly ashes (Slavković-Beškoski et al. 2024), further 
contributing to the overall toxicity risks in such 
regions.

An example of a region where acidic pit lakes 
with high touristic attractiveness occur is the 
Muskau Arch, which is considered one of the larg-
est areas affected by AMD in Central and East-
ern Europe (Gąsiorowski et al. 2021) and has been 
included in the UNESCO Global Geoparks list 
since 2011 (Koźma & Migoń 2024). This region 
is referred to as an “anthropogenic lakeland” due 
to the presence of over 100 lakes formed after the 
mining of lignite and, to a lesser extent, clays and 
sands (Jędrczak 1992, Koźma 2016). These lakes 
originated from mining operations conducted 
from the second half of the 19th century until 
1974, when the last mine, “Babina,” was closed 
(Jędrczak 1992). Following the cessation of min-
ing, the pit typically became directly inundated 
by groundwater and precipitation, which facilitat-
ed the development of AMD (Pukacz et al. 2018).

The chemical composition of the resulting pit 
lakes is influenced by factors such as age, origin, 
hydrological and geological conditions, as well as 
the presence of natural or artificial neutralization 
processes (Lutyńska & Labus 2015, Sienkiewicz & 
Gąsiorowski 2016, Pukacz et  al. 2018, Oszkinis- 
Golon et al. 2020, Gąsiorowski et al. 2021). Addi-
tionally, at least four pit lakes have been identi-
fied as meromictic (Oszkinis-Golon et  al. 2020), 
meaning their waters do not fully mix (Boehrer 
& Schultze 2006). This phenomenon is relatively 
common among AMD-impacted pit lakes (Boeh-
rer & Schultze 2006, Schultze et  al. 2017). These 
factors collectively contribute to the high geo-
chemical variability observed across pit lakes in 
this region (Pukacz et  al. 2018, Oszkinis-Golon 
et al. 2020, Gąsiorowski et al. 2021).

To date, most studies on pit lakes in the Mus-
kau Arch have focused primarily on the concen-
trations of Al, Fe, and Mn  – well-documented and 
commonly associated with AMD (e.g., Lutyńska 
& Labus 2015, Pukacz et al. 2018, Sienkiewicz & 
Gąsiorowski 2018, Gąsiorowski et  al. 2021). Fur-
thermore, Sienkiewicz and Gąsiorowski (2017) 
reported surface water concentrations of Al, Mn, 
Ni, Fe, and Zn in 69 pit lakes. More comprehen-
sive analyses have so far been limited to individual 
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lakes, e.g., studies by Sienkiewicz et al. (2023) on 
TEs and Sekudewicz et al. (2024) on heavy met-
als. Results for REEs have been presented only in 
a single study (Bauerek et al. 2019), which includ-
ed five pit lakes, although solely based on surface 
water samples. Therefore, the present study aims 
to expand the research on the concentrations of 
a broad range of TEs (Ag, Al, As, Ba, Be, Bi, Cd, 
Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Rb, Sb, Sc, Se, 
Th, Tl, U, V, Zn) as well as REEs (La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in pit lake 
waters within the Muskau Arch.

The specific objectives of this study are: (1) to 
describe the distribution and geochemistry of TEs 
and REEs in the waters of selected lakes on the 
Muskau Arch; (2) to assess the potential toxicity of 
TEs in pit lake waters using selected indices; and 
(3) to identify anomalies of the detected REEs.

MATERIALS AND METHODS

Study area
The Muskau Arch encompasses a  glaciotectonic 
deformation zone in the shape of a horseshoe, ex-
tending across the Lower Lusatia region (Germa-
ny) and Lower Silesia (Poland). In its central part, 
it is divided into the German and Polish sections 
by the Lusatian Neisse River. The geology of this 
area primarily consists of Paleogene and Neogene 
deposits, including lignite, clay, and sand sed-
iments (Koźma 2016). This study focuses on the 
Polish section of the Muskau Arch (Fig. 1). To de-
scribe the geochemical behavior of TEs and REEs 
in the waters of pit lakes on the Muskau Arch, five 
pit lakes were selected with different origins, ages 
and genesis (Table 1, Fig. 1), as well as differing in 
the presence of artificial or natural neutralization. 

Fig. 1. Location of studied pit lakes (A), position of Muskau Arch in Poland (B) and photo of studied pit lakes MA1 (C) and MA2 (D)
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Three of them (named thereafter MA2, MA3, 
MA4) are meromictic. Two of them (MA2 and 
MA3) were not artificially neutralized, and strat-
ification in them was enhanced by the influx of 
highly mineralized groundwater (Gąsiorowski 
et  al. 2021). The vertical pH differences in these 
pit lakes are likely due to oxygen consumption 
in the bottom zone caused by organic matter de-
composition and Fe reduction, which has led to 
an increase in pH (Gąsiorowski et al. 2021). MA4 
was probably limed and wastewater fertilization 
in the 1980s and 1990s, which led to its eutro-
phication (Jachimko & Kasprzak 2011). Mero-
mixia in that pit lake, probably developed due to 
groundwater inflows affected by AMD in the past 
from a nearby pit lake with a shared aquifer (Ja-
chimko & Kasprzak 2011, Sienkiewicz & Gąsio-
rowski 2019). 

Table 1
Characteristics of the studied pit lakes on the Muskau Arch 

Param-
eter

Lake number

MA1 MA2 MA3 MA4 MA5

Age 
[years]* 56 56 94 120 124

Area 
[ha]* 2.63 17.87 6.53 1.84 2.87

Max. 
depth 
[m]

9.7 21.0 15.7 9.1 3.1

Origin* lignite, 
clay lignite clay lignite lignite, 

clay

Genesis* open-
cut

open-
cut

open-
cut

sink 
hole

sink 
hole, 
open-

cut

* After Pukacz et al. (2018), updated.

Depending on the study, the MA1 was charac-
terized as dimictic or polymictic and showed slow 
natural neutralization (Jędrczak 1992, 1996, Naj
bar & Jędrczak 1998, Oszkinis-Golon et al. 2020), 
which has not yet exceeded a 4.5 pH, the effect of 
rapid degradation of an acidic unique ecosystem 
(Brugam & Lusk 1986). Lake MA5 is relatively 
shallow and old, and it may have been acidified 
in the past, as indicated by its origin. However, it 

probably became neutralized as a result of liming 
and being fertilized with wastewater in the 1980s 
and 1990s (Oszkinis-Golon et al. 2020). Thus, this 
lake may be an example of a neutralized pit lake 
with a common operating condition used by peo-
ple. In addition, these pit lakes differ in terms of 
their geological structure, as illustrated in detail 
in Figure 2.

Samples collection
Sample collection took place on August 29–30, 
2023. Three vertical profile samples were taken 
from each pit lake (surface, transitional, bottom), 
except for MA5 where two samples were taken 
due to the shallow depth. A Water Sampler USB 
50015 (UWITEC GmbH, Mondsee, Austria) was 
used for this purpose. Water samples of 500 mL 
were collected in polyethylene bottles (HDPE) 
by Nalgene®. Samples used for chemical analyses 
were fixed in situ. The samples for major ion anal-
yses were treated with chloroform to prevent the 
growth of microorganisms and to maintain a sta-
ble ionic composition, and, for TEs and REEs test-
ing, were treated with HNO3 (Merck, Darmstadt, 
Germany). After collection, the samples were tak-
en to a chemical laboratory in a mobile refriger-
ator at a  temperature of 4°C ±2.5°C. Additional-
ly, in situ measurements of basic water parameters 
such as pH, temperature, optical dissolved oxygen 
(ODO), electrical conductivity, and redox poten-
tial (Eh) were conducted. A ProDSS Multiparam-
eter Digital Water Quality Meter by YSI (Ohio, 
USA) was used for this purpose.

Chemical analysis
Water samples were analyzed for their cations 
(Na+, K+, Ca2+ and Mg2+) and anions (Cl− and SO4

2−) 
using a Metrohm ion chromatograph (IC), mod-
el 881 Compact IC Pro (Metrohm, Switzerland). 
During IC assays, standard solutions from Merck 
(Merck, Darmstadt, Germany) and CPAchem 
(C.P.A. Ltd., Stara Zagora, Bulgaria) were used. 
The mobile phase for cations and anions was pre-
pared using Fluka reagents (Sigma-Aldrich, Stein-
heim, Switzerland). Alkalinity was measured by 
in situ titration with HCl (0.1 N) using methyl or-
ange as an indicator. As a quality control measure, 
the ionic error balance was calculated. The calcu-
lated error did not exceed ±3%.

https://journals.agh.edu.pl/geol
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Fig. 2. Geological structure of the areas around the studied pit lakes. The geological data are based on the Detailed Geological 
Map of Poland in scale 1:50,000 (Bartczak & Gancarz 1998)
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Concentrations of TEs (Ag, Al, As, Ba, Be, Bi, 
Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Rb, Sb, Sc, 
Se, Th, Tl, U, V, Zn) and REEs (La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were de-
termined by inductively coupled plasma triple 
quadrupole mass spectrometry (ICP-QQQ-MS 
8800 Triple Quad, Agilent Technologies, Tokyo, 
Japan). Assays using the ICP-QQQ-MS technique 
were performed using calibration curves obtained 
from the diluted stock multi-element standard at 
100 µg/mL (VHG Labs, Manchester, NH, USA). 
The operating parameters of the ICP-QQQ-MS 
instrument and the analytical procedures are de-
scribed in the works of Siepak and Sojka (2017), 
Siepak et al. (2020), and Mikoda et al. (2024). All 
reagents used were ultrapure, and water was deion-
ized to a resistivity of 18.2 MΩ·cm in a Direct-Q®  
UV3 Ultrapure Water System apparatus (Milli-
pore, France). The analytical quality control was 
verified by the analysis of certified reference mate-
rials, i.e., SRM 1640a (National Institute of Stan-
dards and Technology, Gaithersburg, MD, USA), 
SPS-SW2 (Spectra pure Standards As, Oslo, Nor-
way), RAIN-97, and PERADE-09 (Environment 
Canada). High compliance with reference values 
was found.

Statistical analysis
To identify the sources and assess the geochemical 
behavior, a chemometric approach based on prin-
cipal component analysis (PCA) was applied to 
the obtained TE and REE data (Onjia et al. 2022). 
For this purpose, the data were first centered log- 
ratio (clr) transformed and then standardized. 
Additionally, the PCA included basic physico- 
chemical parameters of water as additional vari-
ables: pH, Eh, electrical conductivity, tempera-
ture, and ODO. The analysis was conducted using 
the vegan package version 2.6–6.1 (Oksanen et al. 
2024). The results were visualized as biplots using 
the ggvegan package version 0.1.999 (Simpson & 
Oksanen 2023). All analyses were performed us-
ing R version 4.3.0 (R Core Team 2023).

Trace metal toxicity assessment
The trace metal toxicity load (TMTL) was applied 
to quantify toxic TE concentrations in the pit lakes 
of the Muskau Arch and to assess their poten-
tial impact on human health (Saha & Paul 2019, 

Yakovlev et  al. 2022). TMTL is determined by 
multiplying the studied content of trace elements 
in water (Ci) by their total hazard score (HISi) as-
signed by the Substance Priority List prepared by 
the Agency for Toxic Substances and Disease Reg-
istry (ATSDR 2022). It is calculated according to 
Equation (1):

TMTL HIS
n

i i
i

C
=

= ×∑
1

	 (1)

This allowed us to consider the toxicity of all 
the trace elements examined, with the exception of 
Bi, Fe, Li, Mo, Rb, and Tl. These elements were not 
included in the ATSDR (2022) list, and therefore 
it is assumed that they do not exhibit significant 
toxicity at concentrations typically found in natu-
ral waters. A scale following Yakovlev et al. (2022) 
was adopted for quality assessment using TMTL: 
0–100  – low toxicity; 100–300  – moderate toxici-
ty; 300–500  – high toxicity; 500–1,000  – very high 
toxicity, and above 1,000  – extremely high toxicity.

The trace metal evaluation index (TMEI) (Śnia-
dy et al. 2024a) was used to present direct exceed-
ances of metal concentrations in water according to 
the standards of the Regulation of the Minister of 
Infrastructure for surface waters (Rozporządzenie 
2021). It is expressed as the ratio of the monitored 
metal concentration (TMconc) to its maximum per-
missible concentration (TMMPC). It was therefore 
calculated for Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, 
Mo, Ni, Pb, Sb, Tl, V, Zn according Equation (2):

conc

MPC

TMTMEI
TM

n

i=

=∑
1

	 (2)

For the purpose of assessing trace metal con-
tamination, 1.0 was used as a threshold value. Re-
sults above 1.0 indicate poor lake condition and 
results below 1.0 indicate good lake condition in 
terms of trace metals included in the analysis.

REE division, normalization,  
and anomaly calculation 
For the purposes of data analysis, the rare earth el-
ements (REEs) were divided into two conventional 
subgroups: (1) light REEs (LREEs) including ele-
ments from La to Eu, and (2) heavy REEs (HREEs) 
including elements from Gd to Lu (Migaszewski 
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et  al. 2016). Additionally, a  third subgroup, the 
middle REEs (MREEs), was distinguished, com-
prising elements from Sm to Dy (Grawunder et al. 
2014, Bauerek et al. 2019). 

To eliminate the REEs “zigzag” pattern and 
perform further calculations, normalization to 
the NASC (North American Shale Composite) 
standard (Haskin et al. 1968, Gromet et al. 1984) 
was applied. To examine the depletion or enrich-
ment of REE subgroups, ratios of LaNASC/YbNASC, 
LaNASC/SmNASC and SmNASC/YbNASC were calcu-
lated, where the subgroups are represented by: 
LREE (La), MREE (Sm), and HREE (Yb) respec-
tively (Migaszewski et al. 2016). Ratio values be-
low 0.8 indicate depletion, whereas those above 
1.2 indicate enrichment of the respective REE 
subgroup (Grawunder et al. 2014).

Anomalies were also calculated for the most 
commonly selected REEs: Ce/CeNASC, Eu/EuNASC, 
Gd/GdNASC, and Tb/TbNASC. The formula proposed 
by Bau and Dulski (1996) was used for this pur-
pose, as expressed by:

( )
NASC

NASC NASC NASC

CeCe
Ce . La . Pr

=
+0 5 0 5

	 (3)

where CeNASC represents the background concen-
tration, whereas LaNASC and PrNASC are the NASC- 
normalized La and Pr concentrations, respectively.

For Eu/EuNASC, Gd/GdNASC, and Tb/TbNASC, 
modified formulas were applied due to the pres-
ence of pronounced Eu, Gd and Tb anomalies 
(Migaszewski et al. 2016, Bauerek et al. 2019):

( )
NASC

NASC NASC NASC

EuEu
Eu . Sm . Dy

=
+0 5 0 5

	 (4)

( )
NASC

NASC NASC NASC

GdGd
Gd . Sm . Dy

=
+0 5 0 5

	 (5)

( )
NASC

NASC NASC NASC

TbTb
Tb . Sm . Dy

=
+0 5 0 5

	 (6)

where Eu/Gd/TbNASC represents background con-
centrations, whereas SmNASC and DyNASC are the 
NASC-normalized Sm and Dy concentrations, re-
spectively.

RESULTS

Basic physico-chemical parameters
The analyzed pit lakes exhibited significant vari-
ability in physico-chemical parameters depending 
on the parameters assessed. Only pit lake MA1 
showed no substantial changes in parameter val-
ues along the vertical profile. In contrast, MA2, 
MA3, and MA4 displayed pronounced stratifica-
tion of the measured parameters, whereas MA5, 
due to its shallow depth, exhibited a slight decrease 
in most parameters with increasing depth. Acidic 
pH values were recorded in pit lakes MA2, MA3, 
and MA1, with surface values of 2.58, 2.92, and 
4.07, respectively. With increasing depth, the pH 
in MA2 and MA3 significantly increased, reach-
ing 4.77 and 6.46 near the bottom, respectively 
(Fig. 3A). The pH of MA4 and MA5 was slightly 
alkaline, ranging from 7.09 to 7.86.

Surface water temperature across the pit lakes 
ranged from 20.6°C to 22.6°C. A  distinct ther-
mal stratification was observed in MA2, MA3, 
and MA4, characterized by a  temperature de-
cline between 3 m and 6 m. Below 6 m, tempera-
ture stabilization was evident in these pit lakes 
(Fig.  3B). MA1 and MA5 exhibited a  generally 
stable temperature profile, although MA5 showed 
a typical slight temperature decrease with depth  
(Fig. 3B).

In pit lake MA1, ODO remained stable through-
out the water column, except for a  measurement 
taken near the bottom, while MA5 showed a linear 
decline in ODO with depth (Fig. 3C). MA2, MA3, 
and MA4 exhibited clear stratification, with MA4 
showing a marked ODO decline between 3 m and 
5 m. In contrast, MA2 and MA3 displayed a sud-
den increase in ODO at a depth of 5 m, followed by 
a subsequent decline (Fig. 3C).

The highest electrical conductivity was re-
corded in MA2, increasing from 2,078.0 µS/cm 
at the surface to 3,313.3 µS/cm at the bottom. 
MA3 showed a gradual increase in electrical con-
ductivity, with distinct rises at 9 m and near the 
bottom, reaching a  maximum of 2,170.3 µS/cm. 
The other pit lakes exhibited relatively uniform 
electrical conductivity throughout the water col-
umn (Fig. 3D), except for MA4, where electrical 
conductivity sharply increased near the bottom, 
reaching 778.2 µS/cm.
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Redox potential (Eh) exhibited pronounced 
stratification in MA2, MA3, and MA4, with sub-
stantial variability in values (Fig. 3E). MA1 and 
MA5 showed lower variability, with only a notice-
able Eh decrease near the bottom in MA5 (Fig. 3E).

Major ions
Based on the analysis of major ions, the pit lakes 
studied can be categorized into two distinct groups. 
In MA1, MA2, and MA3, the dominant anion was 
SO4

2− (Fig. 4), with the highest concentrations re-
corded in MA2, ranging from 1,176.9 mg/L at the 

surface to 1,705.3 mg/L at the bottom. Similar SO4
2− 

concentrations were observed in MA3 at the bot-
tom (1,282.2 mg/L), but its surface concentration 
was significantly lower at 369.5 mg/L. Pit Lake MA1 
exhibited generally lower concentrations of major 
ions, with SO4

2− levels ranging between 109.7 mg/L 
and 111.8 mg/L. The Cl− concentrations in MA1, 
MA2, and MA3 did not exceed 13.5 mg/L, while 
HCO₃− levels remained below 18.3 mg/L. The dom-
inant cation in these pit lakes was Ca2+, which 
reached particularly high concentrations in MA2 
and MA3, ranging from 121.8 mg/L to 309.4 mg/L. 

Fig. 3. The basic physical and chemical parameters for the studied pit lakes on the Muskau Arch: A) pH; B) temperature; C) op-
tical dissolved oxygen (ODO); D) electrical conductivity; E) redox potential (Eh)
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In contrast, MA1 had lower Ca2+ concentra-
tions, between 23.8 mg/L and 24.2 mg/L. The con-
centrations of other cations in MA1, MA2, and 
MA3 ranged as follows: Mg2+ from 11.0 mg/L to 
42.3 mg/L, Na+ from 3.60 mg/L to 6.06 mg/L, and 
K– from 3.80 mg/L to 15.1 mg/L. 

Pit lakes MA4 and MA5 exhibited similar Ca2+ 
and HCO₃− concentrations (Fig. 4), with ranges 
of 26.4–39.9 mg/L and 61–122 mg/L, respective-
ly. MA5 was characterized by higher concentra-
tions of Mg2+, Na+, and K+, as well as elevated levels 
of Cl− and SO4

2−. Additionally, it should be noted 
that MA4 was the only pit lake that exhibited pro-
nounced vertical variability in major ion compo-
sition (Fig. 4).

TE concentrations,  
spatial and vertical variability,  
and PCA relationships 
In general, pit lake MA2 exhibited the highest 
concentrations of TEs, with Fe levels (character-
istic of AMD influence) reaching 317.2 mg/L. Ad-
ditionally, pit lake MA3 also displayed exception-
ally high TE concentrations, with surface values 
of 13.5 mg/L and bottom concentrations reaching 
284.1 mg/L. In pit lake MA4, only the monimo-
limnion exhibited very high Fe concentrations, 
reaching 40.4 mg/L, while surface levels were sig-
nificantly lower at 1.33 mg/L. The remaining two 
pit lakes (MA1 and MA5) recorded Fe concentra-
tions ranging from 0.14 mg/L to 0.36 mg/L. 

Fig. 4. Piper chart for major ions in the waters of the studied pit lakes on the Muskau Arch
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Notably, MA1 was the only pit lake where Fe 
was not the dominant TE; instead, the highest con-
centrations were recorded for Al, with a maximum 
of 0.5 mg/L. Compared to the other pit lakes, MA1 
and MA2 showed significant enrichment in Co, Ni, 
Zn, Be, and Mn. Only in the monimolimnion of 
MA3 did Zn and Mn reach comparable concentra-
tions. Additionally, MA2 exhibited exceptionally 
low Ba concentrations compared to the other pit 
lakes, whereas As levels were the highest in MA2 
and MA5. The mixolimnion of MA2 also displayed 
markedly elevated concentrations of Sc, Cr, Cd, Ag, 
Se, Th, and U, significantly exceeding the values re-
corded in the other pit lakes. In detail, the results 

for TEs are shown in Figure 5 and Table S1 (avail-
able online as a supplementary file to the article).

PCA for TE identified two main components 
influencing the distribution of TE in water sam-
ples. PC1 and PC2 account for 42.8% and 22% of 
the variance, respectively (Fig. 6). A group of ele-
ments, including Al, Be, Co, Fe, Li, Mn, Ni, Rb, Sc, 
Zn and to a lesser extent Th, is negatively correlat-
ed with PC1. Within this group, a distinct separa-
tion into two subgroups is observed: the first sub-
group (Al, Be, Co, Ni, Zn) is strongly negatively 
correlated with PC2, while the second subgroup 
(Fe, Li, Mn, Rb, Sc, and to a  lesser extent Th) is 
strongly positively correlated with PC2. 

Fig. 5. Concentrations of trace elements (TEs) in pit lakes on the Muskau Arch

https://journals.agh.edu.pl/geol
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The first subgroup (Al, Be, Co, Ni, Zn) is locat-
ed in the same region as the mixolimnion sam-
ple from Lake MA2 and samples from pit lake 
MA1 and is characterized by a  moderate posi-
tive correlation with Eh. The second subgroup 
(Fe, Li, Mn, Rb, Sc, Th) is located in the same re-
gion as samples with noticeably higher pH from 
the chemocline and monimolimnion of pit lakes 
MA2 and MA3, and is characterized by a  posi-
tive correlation with electrical conductivity and 
a  negative correlation with ODO, temperature, 

and Eh. Additionally, Tl exhibits a strong negative 
correlation with PC2 and correlates with pit lake 
MA1. The set of elements including As, Bi, Cr, Cu, 
and V generally show correlations among them-
selves and are characteristic of the pit lake MA4 
and also shows a strong positive correlation with 
pH. Se, Pb, and U display a strong positive correla-
tion with PC1 and samples from pit lake MA5. It 
should also be noted that Cd, Mo, and Sb distinct-
ly stand out from the other samples and are posi-
tively correlated with PC1.

Fig. 6. PCA biplot for trace elements (TEs) and their correlations with basic physico-chemical water parameters: pH, Eh, tem-
perature (Temp), electrical conductivity (Cond), and optical dissolved oxygen (ODO)
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Trace metal toxicity assessment

The highest metal toxicity, expressed using TMTL, 
was recorded in pit lake MA2 (Table 2). These val-
ues exceed the threshold for extreme contamination 
by about 15 times, ranging from 14,498 to 15,171. 
Pit lake MA1 has a very high TMTL result, with 
slight vertical variability, and values ranging from 
771 to 775. Pit lake MA3 indicates extreme toxic-
ity throughout the profile. In MA3, TMTL values 
are lowest at the surface (1,384) and increase with 
depth, reaching 4,375 in the monimolimnion. Pit 
lake MA4 has moderate and low metal toxicity in 
the mixolimnion and chemocline, respectively, 
but reaches extreme toxicity in the monimolimni-
on with a TMTL of 1,195. Lake MA5 has moderate 
TMTL values throughout its profile, with the high-
est value of 239 at the bottom. The primary contrib-
utors to the TMTL values were elevated concentra-
tions of Al, Mn, and Zn, and additionally Ba in all 
pit lakes except MA2. In pit lakes MA1 and MA2, 
the high TMTL values were further influenced by 
elevated Co and Ni concentrations, whereas in MA5 
they were driven solely by Ni.

The TMEI, based on values set by Regulation 
of the Minister of Infrastructure (Rozporządzenie 
2021), indicates that all pit lakes exceed the stan-
dards (Table 2). 

Pit lake MA2 has the highest TMEI, exceed-
ing the standards by over 100 times. Lake MA1 
also significantly exceeds the TMEI standards, by 
more than 15 times. Although MA3 has higher 
TMTL values than MA1, its TMEI values are low-
er, ranging from 3 to 5. Lake MA4 shows a gradual 
increase in TMEI with depth, with values of 2, 4, 
and 5 from the surface to the bottom. Lake MA5 
has a TMEI of 4 at the surface and 7 at the bottom.

REE concentrations,  
spatial and vertical variability,  
and PCA relationships 
Lake MA2 exhibits the highest REE concentra-
tion, with a  value of 149.27 µg/L at the surface, 
decreasing to 59.6 µg/L at the bottom. Lake MA1 
shows slightly higher REE values compared to the 
other lakes, ranging from 5.72 µg/L to 5.46 µg/L 
(Table 3). The remaining lakes have significantly 
lower REE concentrations. Similar to MA2, Lake 
MA3 has the highest REE concentration at the 
surface (1.65 µg/L), which decreases with depth to 
0.96 µg/L in the chemocline and 0.15 µg/L in the 
monimolimnion. Lake MA4, however, shows the 
highest values in the monimolimnion at 1.99 µg/L, 
decreasing to 0.22 µg/L in the chemocline and 
0.45 µg/L in the mixolimnion. The pit lake MA5 
has the lowest overall REE concentrations, rang-
ing from 0.45 µg/L to 0.51 µg/L. In detail, the re-
sults for REEs are shown in Table S2 (available on-
line as a supplementary file to the article).

All of the lakes, except for the bottom sam-
ple from MA3, exhibit a LREE enrichment rela-
tive to HREE (Table 3). LREE enrichment relati- 
ve to MREE (expressed by the LaNASC/SmNASC ra-
tio) was found in pit lakes MA1, MA2, chemo-
cline of MA3, monimolimnion of MA4 and 
surface sample of MA5. The most pronounced 
LREE enrichment is observed in the chemocline 
and monimolimnion of MA2, as well as in the 
chemocline of MA3 and the monimolimnion of 
MA4. The sample from the monimolimnion 
of MA3 is the only one to show LREE and MREE 
depletion. Additionally, lakes MA2, MA3, MA4, 
and MA5 exhibit MREE enrichment, with the 
exception of the mentioned sample from MA3 
and the deepest sample from MA4 (Table 3). The 
highest MREE enrichment is found in the mix-
olimnion of MA4. 

Table 2
Results of TE toxicity assessment in pit lakes waters using 
TMEI and TMTL

Lake 
num-

ber

Depth 
[m] TMEI

TMEI 
qual-

ity
TMTL TMTL 

toxicity

MA1
0 17

po
or

 la
ke

 c
on

di
tio

n

775
very high5 16 774

9 16 771

MA2
0 104 14,652

extremely9 115 15,171
21 107 14,498

MA3
0 5 1,384

extremely9 3 2,351
15 3 4,375

MA4
0 2 109 moderate
4 4 93 low
8 5 1,195 extremely

MA5
0 4 169

moderate
3 7 239
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Fig. 8. PCA biplot for rare earth elements (REEs) and their correlations with basic physico-chemical water parameters: pH, Eh, 
temperature (Temp), electrical conductivity (Cond), and optical dissolved oxygen (ODO)

Fig. 7. NASC-normalized REE pattern for pit lakes on the Muskau Arch

https://journals.agh.edu.pl/geol
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Among the studied REE anomalies, all lakes 
exhibited a  positive Gd anomaly, and a  positive 
Eu anomaly was observed in all lakes except MA2 
(Table 3). Positive Gd anomalies were relatively 
consistent across all lakes. However, Eu anoma-
lies were exceptionally high in lakes MA3, MA4, 
and MA5. Positive Tb anomalies were observed in 
all samples except those from lake MA5 and the 
surface sample of MA4. Similar to Gd anomalies, 
Tb anomalies were relatively consistent, ranging 
from 1.34 to 2.59. Positive Ce anomalies were only 
found in two bottom samples from lakes MA4 and 
MA5. The REE pattern for the analyzed pit lakes is 
shown in Figure 7.

PCA for REE identified two main components, 
PC1 and PC2, which explain 52.4% and 21% of the 
variance, respectively (Fig. 8). The group of ele-
ments Ce, Gd, La, Nd, and Pr shows a strong nega-
tive correlation with PC1 and correlates with sam-
ples from pit lake MA2. This group shows weak 
correlations with Eh, electrical conductivity, and 
ODO. Sm and Dy also exhibit a negative correla-
tion with PC1, but unlike Ce, Gd, La, Nd, and Pr, 
they show a positive correlation with PC2. Addi-
tionally, Sm and Dy correlate with points of high-
er pH. Eu and Lu demonstrate a  strong positive 
correlation with PC1, although Lu shows a slight-
ly smaller correlation with PC2 compared to Eu. 
Eu is the only element that shows a strong positive 
correlation with pH. The group consisting of most 
HREE including Er, Ho, Tb, Tm, and Yb exhibits 
a positive correlation with PC1 and a negative cor-
relation with PC2. This group also shows a nega-
tive correlation with pH in relation to PC2.

DISCUSSION

Due to its unique character in Central and East-
ern Europe and its high environmental variabil-
ity, the Muskau Arch has been the subject of nu-
merous studies (e.g., Jędrczak 1992, 1996, Najbar 
& Jędrczak 1998, Jachimko & Kasprzak 2011, 
Sienkiewicz & Gąsiorowski 2016, 2017, 2018, 2019, 
Pukacz et al. 2018, Bauerek et al. 2019, Oszkinis- 
Golon et  al. 2020, Gąsiorowski et  al. 2021, 
Sekudewicz et al. 2024). The ongoing neutraliza-
tion of pit lakes (Sienkiewicz & Gąsiorowski 2016, 
Oszkinis-Golon et al. 2020), the establishment of 

the UNESCO Global Geopark (Koźma & Migoń 
2024) and information on human use of pit lakes 
(Pukacz et  al. 2018, Sienkiewicz & Gąsiorow-
ski 2019) have created a dual imperative: on one 
hand, the need to advance research on the unique 
ecosystems that have developed in this area be-
fore they undergo degradation, and on the oth-
er hand, an increased necessity to assess poten-
tial toxicity risks for individuals utilizing these 
pit lakes. TEs and REEs in acidic pit lake envi-
ronments affected by AMD are complex and in-
triguing subjects of study due to the substantial 
variability between lakes, which results primarily 
from differences in geological structure, reclama-
tion strategies, and human impact (Blowes et al. 
2014). Consequently, pit lakes can exhibit very 
different TE and REE patterns among themselves 
even within a small area, as is the case with the 
Muskau Arch (Sienkiewicz & Gąsiorowski 2017, 
Bauerek et al. 2019, Gąsiorowski et al. 2021). The 
diversity of the studied pit lakes was further sup-
ported by the analysis of basic physico-chemical 
parameters and major ions. In particular, the ma-
jor ion composition revealed a clear division into 
two groups (Fig. 4): the first includes MA1, MA2, 
and MA3, which are characteristic of AMD- 
affected lakes (Jędrczak 1992), whereas the sec-
ond group, comprising MA4 and MA5, exhib-
its features more typical of neutralized lakes 
(Jędrczak 1992, Pukacz et al. 2018).

Trace elements distribution and toxicity
PCA suggests that Al, Be, Co, Ni, Zn, Fe, Li, Rb, 
Sc, Mn, and Th show the strongest correlation 
with pit lakes severely affected by AMD, with 
Al, Co, Fe, Mn, Ni, and Zn being most typical 
for AMD (Blowes et  al. 2014). Among these el-
ements, two subgroups can be distinguished. 
The first group (Al, Be, Co, Ni, Zn) includes Al 
and correlates with points characterized by low 
pH, which suggests high mobility of these ele-
ments under acidic conditions. This relationship 
is further emphasized by the negative correla-
tion of pH with this group of TEs in the PCA 
(Fig. 6), as well as by their generally positive cor-
relation with Eh. The second subgroup (Fe, Mn, 
Li, Rb, Th) comprises Mn and Fe and correlates 
with deeper sampling points characterized by 
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higher  pH in pit lakes. It  also shows a  negative 
correlation with ODO and Eh, indicating their 
association with increased solubility under an-
oxic and more reducing conditions (Gąsiorowski 
et al. 2021). These groups are therefore likely dif-
ferentiated based on the rate at which elements 
undergo sorption or precipitation into sediment 
due to changes in the physico-chemical parame-
ters of the water (Takeno 2005). Detailed attempts 
to describe these relationships for selected TEs 
have been undertaken, for example, by Lee et al. 
(2002). However, such studies should be extended 
in the future to a larger sample of pit lakes within 
the Muskau Arch. It is also worth noting that Tl 
shows a strong correlation with the waters of lake 
MA1, which may be attributed to the local char-
acteristics of the deposit (Koźma 2016, Koźma & 
Migoń 2024). The study conducted by Cánovas 
et al. (2022) confirms the association of Tl with 
AMD and its mobility under acidic pH. Addi-
tionally, it should be emphasized that the PCA in-
dicated a strong positive correlation of Tl with Eh 
and a negative correlation with pH (Fig. 6), which 
is typical for acidic conditions and contributes to 
the high mobility of Tl (Zhuang & Song 2021). 

It is also noteworthy that PCA indicated a cor-
relation between many TEs and waters with high-
er pH. Their presence in water is probably less 
pH-dependent, as confirmed by studies that have 
shown that some TEs (such as As, Mo, Sb, Se and 
U) can be present in AMD-affected water at high 
concentrations even at neutral pH (Shevenell et al. 
1999, Nordstrom 2011). This is also confirmed by 
the results of the calculated toxicity indices (Ta-
ble 2), which showed that the toxicity of TEs was 
not directly correlated with low water pH, and 
thus with the intensity of AMD. An example of 
such a situation is the confirmed extreme toxicity 
of the monimolimnion of MA4, where the current 
pH is close to neutral. It may be suspected that the 
migration of TEs to this pit lake occurred through 
a  shared aquifer with a  nearby pit lake that had 
been affected by AMD in the past (Jachimko & 
Kasprzak 2011, Sienkiewicz & Gąsiorowski 2019). 
Additionally, it should be noted that although all 
pit lakes showed significant exceedances of TMEI, 
not all posed a  toxicological threat according to 
the calculated TMTL, which confirms the need 

for similar studies to enable objective assessment. 
A good example is the confirmed very high toxici-
ty in MA1, despite low pH and proximity to MA2, 
compared to the extreme toxicity of MA3, which 
exhibits higher pH in the lower layers. Moreover, 
it should be emphasized that some of the stud-
ied pit lakes are used by humans. MA3 is used 
as a water intake point for firefighting purposes, 
while pit lakes MA4 and MA5 are used for fishing 
(Pukacz et  al. 2018, Sienkiewicz & Gąsiorowski 
2019). It is also worth noting that the extremely 
high TMTL values were primarily driven by TEs 
typical of AMD, mainly Al, Mn, and Zn. In all 
pit lakes except MA2, Ba concentrations also had 
a  significant influence on overall toxicity. Addi-
tionally, Ni contributed to elevated toxicity in pit 
lakes MA1, MA2, and MA5, while Co played an 
important role only in MA1 and MA2. Therefore, 
when considering potential remediation strategies 
for currently utilized pit lakes, priority should be 
given to methods aimed at removing these TEs 
(Saha & Paul 2019).

Additionally, the applied toxicity assessment 
does not account for metals such as Li, Rb, and Fe, 
which are generally not considered toxic. Li and 
Rb reach concentrations too low to pose a threat 
to humans and the environment (Aral & Vecchio- 
Sadus 2008, US EPA 2016), whereas exceptionally 
high Fe concentrations, as observed in MA2, may 
have toxic effects on aquatic organisms (Cardwell 
et  al. 2023). Consequently, severe Fe contamina-
tion, when considered separately, may also con-
tribute to a  reduction in biodiversity in AMD- 
affected areas.

Furthermore, the concentrations of TEs in the 
Muskau Arch reach values comparable to those 
observed in areas undergoing progressive neu-
tralization, where pit lakes with varying pH lev-
els have been studied, such as in the Lusatian Lig-
nite District in Germany (Friese et  al. 1998) or 
post-mining metal extraction pit lakes in North-
ern Sweden (Thomas et  al. 2022). However, the 
recorded concentrations are significantly lower 
than those found in areas severely impacted by 
AMD, such as the Iberian Pyrite Belt in Spain 
(España et al. 2008). A detailed comparison with 
locations in Poland and worldwide is presented 
in Table 4.

https://journals.agh.edu.pl/geol
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REE distributions,  
NASC-normalized pattern, and anomalies

REE concentrations in the Muskau Arch exhibit 
significant variability among the studied pit lakes, 
with exceptionally high concentrations observed 
only in MA2. However, the obtained values are 
lower than those reported from other areas in Po-
land that are severely affected by AMD, such as 
the Upper Silesian Coal Basin (Bauerek et al. 2019) 
or the Wiśniówka mining area (Migaszewski et al. 
2016), as well as from sites worldwide, e.g., the San 
Telmo pit lake complex in the Iberian Pyrite Dis-
trict (Fuentes-López et al. 2022) or Mine Lake 111 
in the Lusatian Lignite District (Bozau et al. 2004) 
(Table 4). The conducted research indicates that 
the main factor controlling REE concentrations 
in the water is pH, which is consistent with other 
studies (e.g., López-González et al. 2012, Obregón- 
Castro et al. 2023). Additionally, it should be noted 
that areas affected by AMD often exhibit MREE 
enrichment (Grawunder et al. 2014), whereas the 
pit lakes in the Muskau Arch show distinct LREE 
enrichment. Similar results, also for lignite, were 
obtained by Bozau et al. (2004) in Lower Lusatia, 
Germany.

PCA of REE indicates that most LREEs (Ce, 
La, Pr, Nd) and Gd are strongly associated with 
the acidic waters of pit lake MA2. It should be em-
phasized that the distribution of REE in AMD- 
impacted waters is primarily influenced by the 
characteristics of the parent rock (Grawunder & 
Merten 2012). However, as noted by Migaszewski 
and Gałuszka (2015), no general pattern of REE 
distribution in AMD-affected waters can be estab-
lished. It is worth noting that, in contrast to LREE, 
most HREE exhibit somewhat weaker correlations 
with AMD-impacted pit lakes (Fig. 8). The weak 
correlation of this group may be related to the high 
Fe and Al concentrations in the studied pit lakes, as 
these elements tend to strongly adsorb HREE rath-
er than LREE upon precipitation (Obregón-Castro 
et al. 2023). As highlighted by the studies of Gam-
mons et al. (2005), significant REE precipitation oc-
curs when the pH rises above 6. It can therefore be 
assumed that the pronounced LREE enrichment in 
the pit lake waters of the Muskau Arch is, on the 
one hand, a consequence of the characteristics of 
the parent rock, and on the other hand, a  result 

of the preferential precipitation of HREE together 
with Al and Fe into the sediment during the neu-
tralization process.

The conducted studies indicate that all pit 
lakes are characterized by positive Gd anoma-
lies, almost all by positive Tb and Eu anomalies, 
while positive Ce anomalies were present only in 
MA4 and MA5 bottom samples (Table 3). As in-
dicated by Olías et  al. (2005), Ce at low pH and 
high Fe concentrations can be characterized by 
absent or negative anomalies due to preferential 
fractionation of Ce in Fe oxyhydroxides. The posi-
tive Ce anomalies observed at the bottom of MA4 
and MA5 may result from a shift in water column 
conditions from oxidizing to reducing, which can 
lead to the remobilization of Ce (German & El-
derfield 1989). In addition, it should be noted that 
positive Tb anomalies occurred in all samples 
except pit lake MA5 and mixolimnion of MA4, 
which were not affected by AMD. It can therefore 
be assumed that Tb may serve as one of the in-
dicators of AMD in the Muskau Arch; however, 
due to the occurrence of a positive Tb anomaly in 
the chemocline of MA4, where water mixing with 
the monimolimnion is considerably limited under 
typical meromictic conditions (Boehrer & Schul-
tze 2006), this issue requires further investigation.

It should also be noted that exceptionally high 
Eu anomalies were recorded in all pit lakes except 
MA2. In pit lake MA1, Eu anomalies were positive 
but relatively moderate, reaching a maximum of 
2.25, whereas in the pit lake most strongly affect-
ed by AMD (MA2), the values ranged narrowly 
between 0.95 and 1.03 and were similar to those 
reported by Bauerek et  al. (2019), who obtained 
a value of 1.00. It is also worth noting that ground-
water in the vicinity of MA2 exhibits, similarly to 
the waters of this pit lake, strong acidity and oxi-
dizing conditions (Gontaszewska et al. 2007). The 
very high positive Eu anomalies observed in most 
neutralized pit lakes (MA3, MA4, MA5) may po-
tentially be related to their recharge by groundwa-
ter, which has a near-neutral pH (Dembiec 2010). 
Positive Eu anomalies in waters are generally in-
herited from the parent rock and are attributed to 
the preferential dissolution of feldspar minerals 
enriched in Eu (Chen et  al. 2017, Li et  al. 2025). 
The highest Eu anomalies were found in sam-
ples where Eh was the lowest, and the occurrence 
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of positive Eu anomalies under near-neutral pH 
and moderately low Eh may reflect the geochem-
ical characteristics of the parent rock (Migaszew-
ski et al. 2014, Sojka et al. 2019). It should also be 
noted that Eu in the PCA exhibited a positive cor-
relation with pH, which is not typical for REEs in 
acidic conditions (Fig. 8). However, studies con-
ducted by Migaszewski et  al. (2014) showed that 
groundwater surrounding the acidic Podwiśniów-
ka pond also exhibited positive Eu anomalies, 
similarly to the parent rock and AMD sediments. 
Due to the exceptionally high Eu anomaly values, 
the conclusions drawn require verification in fu-
ture studies, and their interpretation should be 
approached with caution.

CONCLUSION

The conducted studies on the Muskau Arch aimed 
at investigating a broad range of TEs (Ag, Al, As, 
Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, 
Rb, Sb, Sc, Se, Th, Tl, U, V, Zn) and REEs (La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in 
pit lakes of the Muskau Arch led to the following 
conclusions:
1.	 The analysis of major ions showed that the stud-

ied pit lakes can be generally divided into two 
groups. The first group consists of MA1, MA2, 
and MA3; is characteristic of AMD-affected  
waters with high SO4

2− content, reaching up 
to 1,705.3 mg/L in pit lake MA2. The second 
group, consisting of MA4 and MA5, is typical 
of neutralized waters.

2.	 The investigated pit lakes differed significant-
ly in concentrations of TEs and REEs depend-
ing on the occurrence of artificial or natural 
neutralization and, consequently, on their dif-
fering pH levels. Additionally, important fac-
tors controlling the geochemical behavior of 
TEs and REEs in water included ODO and Eh, 
as well as the complex geological structure of 
the  study area resulting from glaciotectonic 
deformation.

3.	 The pit lakes analyzed were characterized by 
high concentrations and pronounced spatial 
variability of TEs, particularly those typical of 
AMD, such as Fe, Al, Mn, and Zn. The high-
est concentrations were recorded for Fe, rang-
ing from 0.14 mg/L to 156.9 mg/L, and it was 

the dominant TE in all pit lakes except MA1, 
where Al was dominant.

4.	 PCA indicated that TEs such as Al, Be, Co, Fe, 
Li, Mn, Ni, Rb, Sc, Th, and Zn were strongly 
associated with pit lakes affected by AMD. Two 
subgroups were identified: (1) Be, Co, Ni, and 
Zn, which correlated with Al and low pH, and 
(2) Fe, Mn, Li, Rb, and Th, which correlated 
with slightly higher pH and anoxic and more 
reducing conditions.

5.	 The conducted toxicity analysis showed that 
all investigated pit lakes on the Muskau Arch 
exceeded the TMEI threshold value. However, 
not all of the pit lakes exhibited extreme toxic-
ity, as indicated by the TMTL, and this toxici-
ty was not directly related to water pH. TMTL 
indicated extreme toxicity in MA2 and MA3, 
whereas the lowest recorded toxicity (moder-
ate) was observed in MA5. The greatest vertical 
variability in toxicity was found in MA4 (rang-
ing from low to extreme), which is a  conse-
quence of the occurrence of meromixis. High 
TMTL values were primarily driven by elevat-
ed concentrations of Al, Mn and Zn, and addi-
tionally by Ba in all pit lakes except MA2.

6.	 The ΣREE concentrations in the waters showed 
substantial variability among the pit lakes, 
with MA2 exhibiting by far the highest values 
(up to 149.3 µg/L), followed by elevated concen-
trations in MA1 (up to 5.72 µg/L). In contrast, 
MA3, MA4, and MA5 were characterized by 
markedly lower ΣREE concentrations.

7.	 The pit lakes generally exhibited LREE enrich-
ment, as well as a weaker MREE enrichment rela-
tive to HREE. Positive Gd anomalies were identi-
fied at all sampling points. Additionally, positive 
Eu anomalies were observed in all pit lakes ex-
cept MA2, which was the most strongly affect-
ed by AMD, and positive Tb anomalies were re-
corded primarily in samples influenced by AMD.
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