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Abstract: Coal mining in Upper Bavaria ended in the 1960s and the mines were flooded.
This study investigates the mining-influenced water and its environmental implications
in the Hausham Mine, one of many unmonitored coal mines in the region and along the
northern edge of the Molasse zone in Austria, Germany and Switzerland. Water and solid
samples were collected in the vicinity of the discharge area within a waste rock pile and
downstream of a nearby lake. The samples were subjected to chemical and isotopic analysis,
with a focus on the potential for natural attenuation. The mine waste discharge has high
initial concentrations of calcium, sulfate, and iron, and elevated concentrations of nickel,
zinc, and strontium. These element concentrations are significantly reduced along the
flow path so that the water is environmentally safe for discharge into the Loidlsee. The
reduced contaminant levels are related to the formation of secondary iron precipitates and
associated sorption processes, the formation of secondary calcium carbonates, and mixing
with another groundwater source. The results indicate that the carbonate-dominated
sediments of the Molasse zone contribute substantially to the natural remediation of a
potential environmental problem.

Keywords: abandoned coal mines; Molasse zone; mining-influenced water; natural
attenuation; Upper Bavaria

1. Introduction
In the northern Alpine foreland, there are numerous lignite deposits in the Molasse

Basin of Austria [1,2], southern Germany [3], and Switzerland [4]. Coal mining in Upper
Bavaria, the focus of this study, was documented as early as the 16th century [5]. Mining
continued until the 1960s, when further exploitation became economically unfeasible. The
mines were closed and flooded. As was common in comparable coalfields at the time, no
further attention was paid to mine water quality, and little is known about the environ-
mental impact of the former mines. In recent decades, questions about mine water quality
became an essential part of post-mining research, as evidenced by numerous studies [6–9].
It is well known that water quality might be influenced for decades after mining operations
and can cause substantial environmental problems [10,11]. The environmental risks of coal
mine drainage to surface and groundwater systems have been documented in numerous
cases worldwide [12–14]. Depending on the mineralogical composition of the host rock
and thus on the geological setting of the deposit, mine drainage may be acidic or neutral
to alkaline [15]. Acid mine waters are produced by the contact of water and oxygen with
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sulfides in the absence of buffering minerals. Circumneutral or alkaline mine waters occur
where buffering minerals dominate the hydrochemical processes [16]. Negative impacts on
water chemistry are often associated with acidification [17] and acid mine drainage is often
an environmental concern in regions where sulfide ores have been mined [18,19]. Sulfides
are also components of coal [20], and coal mine drainage around the world can contain
problematic levels of harmful elements [8]. Mining itself disturbs the hanging wall rock
sequence and exposes the rock to air, water, and microorganisms. In addition, all mined
material can be a source of acidity once exposed to supergene processes. As a result, a
number of studies have focused on the environmental influence of mine waste [21–23]. The
remediation and prevention of environmental impacts associated with mining has become
an important area of research [24,25], and a thriving sector of current mining technology.

Wolkersdorfer and Bantele carried out the first detailed investigations of mining-
influenced water (MIW) in the Upper Bavarian Pechkohlenmulde (pitch coal basin) [26].
One of the adits investigated in their study was the so-called Wasserstollen in Hausham.
The water chemistry was characterized by a relatively high electrical conductivity of
3474 µS/cm and elevated concentrations of arsenic, nickel, and zinc. Following these
results, the aim of the current study is to evaluate the evolution of the MIW chemistry
along the flow path between the mouth of the tunnel and the receiving lake Loidlsee. We
want to understand whether this previously unmonitored mine water situation poses an
environmental hazard or whether the geological situation is such that acid mine drainage is
attenuated, and other problematic substances are also retained in the deposit area. The case
study shows if and under what circumstances natural attenuation is sufficient to mitigate
the risk of mining-related environmental hazards.

Field work was conducted in the summer of 2020. A coupled elemental and isotopic
approach was used to reconstruct the origin and chemical evolution of the mine water.
Water samples were collected along the mine water flow path and from surface waters in
the immediate vicinity. In addition, solid samples of secondary mineral phases, sediments,
and mine waste along the surface flow path were analyzed. Major and trace element
compositions of solutions, solids, and water isotope ratios of 34S/32S and 18O/16O in
sulfate and 18O/16O, 2H/1H of H2O were analyzed.

2. Materials and Methods
2.1. Study Area and Geological Setting

The study area is located in Bavaria, southern Germany, in the Molasse Basin, which
extends between the Danube in the north and the Alps in the south. The basin is divided
into the northern autochthonous foreland Molasse and the southern allochthonous folded
Molasse zone. The sediments are the result of two transgression cycles of the Parathethys
during the Oligocene and Miocene [27]. At that time, the climate was tropical with an
average annual temperature of 20 ◦C and annual precipitation of 1600 to 1800 mm [28].
The region was characterized by alluvial fans with shallow water conditions and sea
level fluctuations. In the transition zone between freshwater and marine sedimentation,
organic sediments were deposited in great thickness and rapidly buried under younger
sediments [29]. This led to optimal conditions for the formation of lignite deposits, known
as pitch coal because of its luster. During the Alpine orogeny, the southernmost part of
the molasse sediments was transported northwards and folded into syn- and anticlines
running parallel to the northern edge of the Alps in an east–west direction [27]. During the
progressive folding of the Alpine orogeny, the coal seams were buried deep under younger
molasse sediments and their degree of coalification increased [30]. Today, the coal-bearing
strata of the Bavarian pitch coal field are found in several synclines along the northern edge
of the Alps between the Lech and Inn rivers [3].
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The Hausham mine is located in the catchment area of the Leitzach and Mangfall rivers
in the eastern part of the Upper Bavarian lignite mining area. The coal seams belong to the
stratigraphically deepest units of the folded Molasse zone [31] and are interbedded with
sandstones, marls, siltstones, claystones, and conglomerates. The sedimentary composition
is dominated by carbonate components due to its origin in the Northern Calcareous Alps.
Lignite contains five to seven percent sulfur, one-third of which is pyrite-bound [32].

During the mining, the excavated material was deposited on a mountain peak, the
Brentenspitz. The resulting dump collapsed in the 1950s and buried Hausham colliery’s
water gallery. For this reason, there is currently no clearly identifiable mine water out-
let. Water flows out of the dump and forms a small channel along the east side of the
landslide material. Emerging mine water flows into the Loidlsee. This lake is the result
of the damming of the east–west running Tiefenbach north of Hausham colliery by the
landslide [33].

The data presented in this study were generated from samples collected at discharge
points in the waste rock pile (MW 10 and MW 11), along the watercourse in the waste rock
pile (MW 1 to MW 9), and at springs and watercourses in the Tiefenbach catchment not
directly affected by mining (S 1, S 2, Li 1). Figure 1a shows the position of the study area in
southern Germany (Upper Bavaria). The geological map and sampling sites are shown in
Figure 1b, coordinates and further information about the hydrological connectivity between
sampling points are given in Supplement Table S5_stations. Figure 1c,d shows sinter
terraces in the lower part of the outcrop and iron ochre near the gallery. The delineation
of the dump material was taken from the digital elevation model and verified during the
field survey.
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Scientific GmbH, Vienna, Austria). Chemical analyses of trace elements (Ag, Al, Ba, Bi, Fe, 
Ga, In, Li, Mn, Ni, Si, Sr, Zn, and As) were performed by ICP-OES (Perking Elmer OP-
TIMA 8300 DV) (Perkim Elmer, Inc., Waltham, USA) with analytical precision better than 
±5% based on replicate analyses of selected samples (n = 2). Data interpretation and visu-
alization were performed using AquaChem 12.0 software [35]. The hydrochemical code 
PHREEQC [36], as an integrated tool in AquaChem 12.0 [35], was used to calculate satu-
ration indices (SIs). For data processing, the thermodynamic database phreeqC.dat based 
on the ion dissociation theory [37] was integrated into AquaChem. 

The isotope values of the waters were analyzed by wavelength-scanned cavity ring-
down spectroscopy (WS-CRDS) using a Picarro L1102-i system (Picarro, Inc., Santa Clara, 
Canada). The analytical procedure of the WS-CRDS measurements is similar to the 
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Figure 1. (a) Location of the Hausham mining area in Upper Bavaria on the northern edge of
the folded Molasse zone. (b) Geological map of the study area with the collapsed spoil heap, the
Loidlsee, the Tiefenbach catchment area and the water sampling points. Geology based on [34]
(c) calcareous sinter under the grass on the mine dump. (d) Iron ochres in the vicinity of the MW 11
mine water outlet.
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2.2. Sampling and Analysis

Based on the field survey and the digital elevation model, a 1:10,000 scale geological–
hydrogeological map was prepared showing the location of springs and mine water outlets.
Fourteen water samples were taken in August 2020. Electrical conductivity, dissolved
oxygen, temperature, and pH were measured with a WTW 350i ProfiLine Multi 3320 mul-
tiparameter handheld meter (Xylam Analytics GmbH, Weilheim, Germany) (probes: EC
TetraCon 325, pH SenTix 41, O2 CellOx 325). Oxygen and pH sensors were calibrated in
the field immediately prior to measurements. All samples were filtered through 0.45 µm
regenerated cellulose filters and stored in gas-tight Duran glass bottles (150 mL) for alka-
linity measurements and 125 mL HDPE Nalgene bottles (rinsed three times with sample
water) for chemical analyses. Samples for cation analyses were acidified to pH ≈ 2 with
concentrated HNO3 (Merck ultrapure) (Merck KGaA, Darmstadt, Germany). Samples were
placed in a cooler, transported to the laboratory, and stored refrigerated.

Alkalinity was measured by potentiometric titration with HCl 0.01N (Titroline 5000)
(Mettler-Toledo GmbH, Vienna, Austria) one day after sampling at the hydrogeology
laboratory of the Paris Lodron University of Salzburg, Austria. Ion chromatography and
ICP-OES measurements were performed at the Graz University of Technology, Austria.
Concentrations of dissolved cations (Na+, K+, Mg2+, Ca2+) and anions (Cl−, NO3−, SO4

2−,
and Br−) were determined by ion chromatography using a Dionex ICS-3000 (ThermoFisher
Scientific GmbH, Vienna, Austria). Chemical analyses of trace elements (Ag, Al, Ba, Bi,
Fe, Ga, In, Li, Mn, Ni, Si, Sr, Zn, and As) were performed by ICP-OES (Perking Elmer
OPTIMA 8300 DV) (Perkim Elmer, Inc., Waltham, USA) with analytical precision better
than ±5% based on replicate analyses of selected samples (n = 2). Data interpretation and
visualization were performed using AquaChem 12.0 software [35]. The hydrochemical
code PHREEQC [36], as an integrated tool in AquaChem 12.0 [35], was used to calculate
saturation indices (SIs). For data processing, the thermodynamic database phreeqC.dat
based on the ion dissociation theory [37] was integrated into AquaChem.

The isotope values of the waters were analyzed by wavelength-scanned cavity ring-
down spectroscopy (WS-CRDS) using a Picarro L1102-i system (Picarro, Inc., Santa Clara,
Canada). The analytical procedure of the WS-CRDS measurements is similar to the method
described by the authors of [38]. Typical analytical precisions (1 σ) are ±1 ‰ for δ2H and
±0.08 ‰ for δ18O, and values are referenced to the Vienna standard mean ocean water (V-
SMOW) standard. Analysis of 34S/32S ratios in sulfate was performed at Imprint Analytics
GmbH (Neutal, Austria) (applied methods: 03.001EA-IRMS (05-2022) for δ34S, 03.002
HTO-IRMS (04-2018) for δ18O). 18O/16O ratios were determined by the same laboratory
using a Hekatech TCEA coupled to the NU Horizon IRMS. Isotopic analyses of sulfur and
oxygen in sulfate and hydrogen and oxygen in water are reported in δ notation relative to a
standard (VCDT for sulfate, V-SMOW for oxygen and hydrogen).

Solids from stream sediments, sinter terraces, iron ochres, and dump material were
collected directly from the surface as single or mixed samples using a hand shovel. The
elemental composition of the solids (n = 5) was analyzed using an “S4 Pioneer” X-ray
fluorescence microscope (BrukerAXS, Billerica, USA). This instrument is equipped with a
4 kW X-ray tube, with the major elements measured at reduced power. Counting times
were chosen so that the double standard deviation was less than 1% (relative) for SiO2

and Al2O3, and less than 5% (relative) for the elements containing 1–10%. At low element
contents (<10 mg/kg), the measurement error is typically 1–3 mg/kg. At levels around
1000 mg/kg, the errors are 50 mg/kg maximum, but for many trace elements they are much
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lower. Trace element concentrations have been interpreted using the geo-accumulation
index approach [39,40] using the following equation:

Igeo = ln[wi/(1.5 × Bi)] (1)

Igeo: geo-accumulation index [40],
wi: measured mass fraction of chemical elements in the solids [mg/kg],
Bi global geochemical background [mg/kg] [41].
The evaluation of results is done according to the classification in Table 1.

Table 1. Geo-accumulation index classification. The geo-accumulation index (Igeo) represents the
extent of enrichment of a parameter compared to the global average according to Turekian and
Wedepohl [41].The index class is the numerical description of the extent of contamination [39,40].

I Geo Index Class Contamination Intensity

>5 6 very strong
>4–5 5 strong to very strong
>3–4 4 strong
>2–3 3 moderate to strong
>1–2 2 moderate
>0–1 1 uncontaminated to moderate
<0 0 uncontaminated

Leaching experiments (n = 4) were performed with material collected as composite
samples from the waste rock material, carbonate sinters, and iron ochres with a grain
size <32 mm in a 1:10 weight ratio with deionized water. Samples were shaken at one
rotation per minute for 24 h prior to filtration and acidification for analysis. The eluate
was analyzed by IC (major elements) and IC-OES (trace elements) according to the water
analysis methods described above.

3. Results and Discussion
3.1. Geological and Hydrogeological Setting

A 1:10,000 scale map of the project area was prepared based on field observations
and the digital elevation model [42]. The map in Figure 1b shows the delineation of the
stockpile and its surroundings. The dump material covers an area of 314,230 m2. The main
surface water bodies are the Loidlsee and the Tiefenbach stream. A small stream flows
towards the Loidlsee on the eastern side of the stockpile. This watercourse collects all
diffuse water outlets and channels from the landslide area. From the presumed level of
the buried “Wasserstollen” downwards, numerous small channels flow over the dump,
sometimes seeping into the ground and emerging again. Iron ochre deposits have formed
where the water first reaches the surface (Figure 1c). Further downstream a network
of small channels, massive carbonate precipitation, and sinter terrace formation can be
observed (Figure 1d). In addition to two apparent initial mine water outflows in the upper
part of the dump (MW 10 and MW 11), a lateral inflow (Li 1) was identified to the east of
the pile. The Tiefenbach catchment was sampled to its head spring approximately 1 km
east of Loidlsee, and the spring (S 2) was included in the sampling program as a local
reference. An additional spring (S 1) was mapped and sampled in the Tiefenbach ditch to
the west (i.e., orographically below) of the dump. Solid samples for geochemical analysis
were collected at stations MW 2, MW 6, MW 11, and Li 1. Stream sediments were collected
as a composite sample from the entire stream between MW 11 and MW 1. Samples for
eluate analysis were collected as composite samples from the waste rock pile material as
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well as from various calcareous sinter and iron ochre deposits throughout the waste rock
pile area.

3.2. Hydrochemical Characterization

Chemical and isotope data of all water samples are provided as Supplemental Material
(Table S1_solutions), and an overview of the most important results is shown in Table 2.
According to the local geology, the chemical composition of the local waters is mostly
determined by calcium carbonate dissolution, which is consistent with the average chemical
composition of the region according to a study by Wagner et al. [43]. Based on their origin
and chemical signature, the waters were classified into the following four groups (Figure 2):
(1) local reference waters, (2) lateral inflow, (3) mining influenced waters along the flow
path, and (4) waters directly discharged from the adit.
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Figure 2. Major element composition of (1) local reference waters with Ca-HCO3 dominated compo-
sition (green rectangles; S 1–S 2); (2) lateral inflow with Ca-HCO3-SO4 water type (light blue triangle;
Li 1); (3) mining influenced waters along the flow path (dark blue symbols; MW 1–MW 9); and
(4) Ca-SO4 waters directly from the adit (red symbols; MW 10–MW 11). The Piper plot shows the
percentage distribution and allows the waters to assign to the specific water types according to [44].

Table 2. Overview of field parameters, major ion composition, and the three most important trace
parameters. The complete analysis data set is documented in Supplement Table S1_solutions.

Sample pH Cond. Na K Mg Ca Cl SO4 HCO3 Sr Ni Zn

µS/cm mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L µmol/L µmol/L µmol/L

S 1 8.31 458 0.150 0.043 1.001 1.681 0.045 0.088 4.823 1.785 0.096 0.024
S 2 8.35 532 0.285 0.036 1.206 2.046 0.024 0.122 6.130 2.904 0.099 0.036
Li 1 7.78 1017 0.574 0.201 2.130 3.756 0.017 2.824 6.185 20.775 <0.085 0.026

MW 1 8.40 1490 2.704 0.436 2.831 4.865 0.201 5.856 5.675 36.899 <0.085 0.027
MW 2 8.27 1497 2.714 0.440 2.837 4.912 0.198 5.865 5.695 37.060 0.090 0.016
MW 3 8.12 1568 2.977 0.487 2.923 5.155 0.234 6.282 5.712 39.584 <0.085 0.027
MW 4 8.13 1458 2.553 0.422 2.799 4.801 0.186 5.615 5.747 35.177 <0.085 0.029
MW 5 8.34 1500 2.653 0.439 2.873 5.028 0.193 5.792 6.063 37.611 0.090 0.020
MW 6 8.15 1513 2.669 0.442 2.890 5.102 0.195 5.825 6.154 34.790 <0.085 0.022
MW 7 7.96 1524 2.678 0.442 2.891 5.105 0.197 5.829 6.181 36.986 <0.085 0.034
MW 8 8.15 1972 4.748 0.690 3.715 6.645 0.385 8.804 6.509 53.565 0.112 0.035
MW 9 7.99 2040 4.789 0.707 3.799 6.896 0.404 8.910 6.985 54.859 0.102 0.029

MW 10 7.38 2830 8.482 1.149 4.913 8.920 0.889 11.752 10.833 79.361 0.192 0.039
MW 11 6.90 2710 7.862 1.083 4.463 8.639 0.786 10.798 11.371 76.773 0.179 0.038
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The waters can be classified according to their calcium/magnesium ratios to obtain
information about the mineral phases and dissolution processes in the catchment area.
Figure 3a shows a clear positive correlation between calcium and magnesium with a
ratio in the range of 2:1 (a ratio of 1:1, represented by the gray dashed line in Figure 3a
would indicate pure dolomite dissolution). Although this is in good agreement with the
carbonate sediments of the molasse zone (calcite and dolomite sediments from the Northern
Calcareous Alps), the comparatively low correlation with hydrogen carbonate (Figure 3b)
indicates that other mineral dissolution processes must play a substantial role in the genesis
of the water. The ratio of 1:1, shown as gray dashed line in Figure 3b, would indicate
carbonate dissolution as the only origin of the observed water composition. A significant
increase in calcium and magnesium mineralization between reference water and mine
water and a gradual decrease in the concentrations with increasing distance from the mine
water outlets can be observed (Figure 4b). This indicates that carbonate dissolution by
circulating groundwater in the catchment is the dominant factor, but that this process must
be superimposed by another weathering process in the mine-influenced area. Evidence
for mining-related dissolution processes can be seen from the relatively weak correlation
of calcium plus magnesium vs. hydrogen carbonate (Figure 3b) and a strong correlation
of the sum of cations (calcium, magnesium, potassium, and iron) vs. sulfate (Figure 3c).
The 1:1 line in Figure 3c represents a process of sulfate dissolution. The ratio of (alkaline
earth) metals to sulfate is shifted in parallel in favor of metals, while the reference waters
are almost free of sulfate, indicating that the mining influence causes the sulfate and metal
concentrations to increase. Sulfate concentration in the mine waters could generally be
due to either evaporite or sulfide dissolution. If gypsum solutions were the determining
process, the water would have a Ca/SO4 ratio of 1:1 (represented by the gray dashed line
in Figure 4d). The calculation of pyrite-driven calcite dissolution (at a PCO2 of 10−2.5 which
is in the range of the mine waters as documented in Supplement Table S2_isotope_SI) is
plotted in Figure 3d (black dashed line). The fact that the mine waters plot on this black
dashed line demonstrates that sulfide-driven carbonate dissolution is an essential process
in the genesis of the mine waters.

The evolution of the major element concentrations along the flow path between the
mine water outflow and the inflow into the Loidlsee shows that significant changes occur
at two points. (1) After the discharge of the mine waste, CO2 degassing occurs gradually
between MW 11 and MW 8 (Figure 4a) and leads to the precipitation of calcite (Supplement
Table S3_solids). This is indicated by a decrease in calcium and hydrogen carbonate
(Figure 4b) and can be seen in the field as massive calcite sinter deposits (Figure 1d). In
addition, exposure to air results in the immediate precipitation of iron hydroxides. This is
evidenced by a significant decrease in iron concentrations from 0.05 mmol/L in MW 10 to
<0.001 mmol/L in MW 9, and by iron hydroxide precipitation only in the uppermost part
of the flow path (Figure 1c). (2) Lateral inflow (Li1) between MW 8 and MW 7 results in
mixing and thinning of the much higher mineralized MIW. The sulfate concentration also
decreases significantly between MW 10 and MW 8. Unlike the Ca-carbonates, this cannot
be explained by precipitation of mineral phases. As can be seen in the Supplement Table
S3_solids, SO3 only appears to a lesser extent in the analyzed precipitates. Figure 4c shows
that the water at each station is clearly undersaturated with respect to gypsum. Dolomite
precipitation is unlikely in the modern environment due to kinetic barriers regardless of
its saturation state [45]. The decrease in magnesium and sulfate is therefore exclusively
due to dilution with sulfate-free and lower mineralized ground or surface water. This
is particularly evident after the injection of Li 1. After mixing with Li 1, the major ion
composition of MIW remains constant until it enters the lake.
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S3_solids, SO3 only appears to a lesser extent in the analyzed precipitates. Figure 4c shows 
that the water at each station is clearly undersaturated with respect to gypsum. Dolomite 
precipitation is unlikely in the modern environment due to kinetic barriers regardless of 
its saturation state [45]. The decrease in magnesium and sulfate is therefore exclusively 
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Figure 3. Scatter plots showing the correlation between (a) Ca/Mg, (b) Ca+Mg/HCO3,
(c) Ca+Mg/SO4, and Ca/SO4. Gray lines represent the 1:1 lines, the black dashed line in (d) represents
the chemical evolution of reference water S 1 with the simultaneous dissolution of calcite and the
stepwise dissolution of pyrite at PCO2 of 10−2.5, modeled with PHREEQC.

The complete trace element composition is documented in Supplement Table
S1_solutions. Trace elements with considerable concentrations are shown again along
the flow path in Figure 4d. In agreement with the site results, iron is only measurable in
the immediate vicinity of the discharge. Strontium, nickel, and zinc concentrations also
decrease between MW 10 and MW 9. After discharge of the dump, these trace elements
are efficiently removed from the water. In the case of strontium, it can be assumed that
this is due to either strontianite precipitation or incorporation into the calcite sinter. The
chemical composition of the carbonate sinter confirms that strontium is incorporated into
the calcite deposits while nickel and zinc are probably adsorptively enriched in the stream
sediments and incorporated into iron ochres (Supplement Table S3_solids). Figure 4c shows
that strontianite is slightly supersaturated in MW 11 and MW 10 and undersaturated from
MW 9 downward. Celestite, on the other hand, is always undersaturated, i.e., there is no
strontium sulfate precipitation. Another interesting observation shown in Figure 4d is the
increase in barium between MW 10 and MW 9. Here, the concentration rises due to the
lateral inflow and shows comparatively high values in the two reference waters, and it can
be assumed that this is a local geogenic background value and not caused by mining.



Water 2025, 17, 1253 9 of 14

Water 2025, 17, x FOR PEER REVIEW 9 of 15 
 

 

particularly evident after the injection of Li 1. After mixing with Li 1, the major ion com-
position of MIW remains constant until it enters the lake. 

 

Figure 4. Hydrochemical evolution along the flow path. A compilation of all major and trace ele-
ment analyses and calculated saturation indices can be found in supplement Tables S1 and S2. (a) 
CO2 partial pressure (shown as PCO2), equilibrium with the atmosphere (0.04 Vol%, PCO2 = −3.4) is 
not reached along the flow path to the lake. (b) Major ion concentrations. (c) Saturation indices (SIs) 
of mineral phases that are either highly supersaturated or show notable changes along the flow path. 
Dolomite is always highly supersaturated, but changes little along the flow path and is therefore not 
shown. (d) Trace element composition, only the elements that are clearly above the detection limit 
are shown. 

The complete trace element composition is documented in supplement Table S1_so-
lutions. Trace elements with considerable concentrations are shown again along the flow 
path in Figure 4d. In agreement with the site results, iron is only measurable in the imme-
diate vicinity of the discharge. Strontium, nickel, and zinc concentrations also decrease 
between MW 10 and MW 9. After discharge of the dump, these trace elements are effi-
ciently removed from the water. In the case of strontium, it can be assumed that this is 
due to either strontianite precipitation or incorporation into the calcite sinter. The chemi-
cal composition of the carbonate sinter confirms that strontium is incorporated into the 
calcite deposits while nickel and zinc are probably adsorptively enriched in the stream 
sediments and incorporated into iron ochres (supplement Table S3_solids). Figure 4c 
shows that strontianite is slightly supersaturated in MW 11 and MW 10 and undersatu-
rated from MW 9 downward. Celestite, on the other hand, is always undersaturated, i.e., 
there is no strontium sulfate precipitation. Another interesting observation shown in Fig-
ure 4d is the increase in barium between MW 10 and MW 9. Here, the concentration rises 
due to the lateral inflow and shows comparatively high values in the two reference waters, 
and it can be assumed that this is a local geogenic background value and not caused by 
mining. 

Figure 4. Hydrochemical evolution along the flow path. A compilation of all major and trace element
analyses and calculated saturation indices can be found in Supplement Tables S1 and S2. (a) CO2
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reached along the flow path to the lake. (b) Major ion concentrations. (c) Saturation indices (SIs) of
mineral phases that are either highly supersaturated or show notable changes along the flow path.
Dolomite is always highly supersaturated, but changes little along the flow path and is therefore not
shown. (d) Trace element composition, only the elements that are clearly above the detection limit
are shown.

3.3. Water Isotope Signature

In terms of the δ18O/δ2H ratio, all waters are close to the local meteoric waterline
(LMWL) based on data from the GNIP station Hohenpeißenberg [46] (Figure 5). This shows,
first, that the water is all meteoric and that there are no evaporation effects or influences
from formation water. Comparing the measured isotope signatures with monthly precipita-
tion data, the sampled waters are in the range of spring or fall precipitation (Figure 5). This
indicates an average residence time of three to four months for the August samples.
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The sulfate molecule (SO4
2−) can contain different isotopes of both sulfur and oxygen.

The most common isotope of sulfur is 32S and that of oxygen is 16O. There is also the
presence of the heavy isotopes 34S and 18O, each with two extra neutrons in the nucleus.
Isotopes of the same element have the same chemical but different physical properties.
As a result, the ratio of light to heavy isotopes changes during physical processes. This
can be used to trace the origin of sulfate in various hydrogeological settings [48–51] and
specifically in the context of MIW [14,52]. Sulfate associated with gypsum and calcite
is generally isotopically heavier than sulfate from pyrite oxidation [53,54]. As shown in
Figure 6, the isotopic composition of the waters is typical of sulfate from pyrite oxidation
for MIWs, lateral inflows, and stream waters. However, the potentially non-influenced
spring waters S 1 and S 2 also plot in the sulfide oxidation range (Figure 6). The total
sulfate concentrations in both samples are very low (Figure 4b) and there is no evidence of
gypsum dissolution in the catchment. Therefore, it can be assumed that the mining activity
also influences these sampling points to a lesser extent. It is noticeable that the Tiefenbach
spring (S 2) and the lateral inflow (Li 1), for which no mining influence is assumed, have
the lightest sulfate isotopes, while the second reference spring (S 1) to the west of the mine
dump has the comparatively heaviest sulfate isotope signature of all sampled waters.
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Figure 6. Sulfate δ18O vs. δ34S in water samples. Process area delineation based on data from Wang
and Zhang [54]. All data, including the two reference waters S 1 and S 2, for which no direct mine
water influence is expected, plot in the sulfide oxidation field. δ18O and δ34S values are positively
linearly correlated.

3.4. Geochemical Composition of Solids and Eluates

Iron ochre from the mine water discharge (locality MW 11), calcium carbonate sinter
from the mine drainage (MW 2, MW 6) and lateral inflow (Li 1), and a sample of sediment
from the riverbed were analyzed for chemical composition (Supplement Table S3_solids).
Trace element concentrations were classified using the geo-accumulation index [39,40]
based on global background values according to Turekian and Wedepohl [41]. Iron ochres
and river sediments were compared to the sand standards, calcareous sinters to the car-
bonate standard to calculate the indices and evaluate the contamination intensity. As
shown in Table 3, concentrations of potentially hazardous metals in the river sediments
and iron ochres are classified as strong while the contamination of carbonate sinters is



Water 2025, 17, 1253 11 of 14

classified as moderate. The highest contamination was found for arsenic, nickel, strontium,
and uranium.

Table 3. Mass fraction and assessment of potentially environmentally hazardous trace elements
in solids. Analytical data were compared with global standards for sands (sediments and iron
ochres) and carbonates (sinters) according to Turekian and Wedepohl [41] and evaluated according to
Müller [40]. Index classification according to Gupta et al. [39].

Sample Sediment Sinter MW 6 Sinter MW 2 Sinter Li 1 Fe Ochre
MW 11

Standard
Sand

Standard
Carbonate

As (mg/kg) 31 bdl 5 bdl 76 1 1
Ba (mg/kg) 612 bdl bdl bdl 268 0 10
Cr (mg/kg) 188 66 78 49 58 35 11
Ni (mg/kg) 120 49 43 38 76 2 20
Sr (mg/kg) 899 3970 3359 2984 2495 20 610
U (mg/kg) 54 22 22 16 41 0 2
Zn (mg/kg) 161 73 56 25 125 16 20

Igeo As 3.0 1.3 3.9
Igeo Ba
Igeo Cr 1.3 1.4 1.5 1.1 0.1
Igeo Ni 3.7 0.5 0.4 0.2 3.2
Igeo Sr 3.4 1.5 1.3 1.2 4.4
Igeo U 4.4 1.9 1.9 1.6 4.1
Igeo Zn 1.9 0.9 0.6 −0.2 1.6

Igeo mean 3.2 1.4 1.3 1.1 3.6
Index class 4 2 2 2 4

The metal contents are highest in the sediment, but the iron ochres and to some
extent the calcium carbonates also bind some of these metals. A comparison with the
concentrations of trace elements in the water samples, using nickel and zinc as examples
(Figure 4), shows that the waters become depleted with increasing distance from the
discharge, while the iron hydroxides and the sediment, and to a lesser extent the calcareous
sinter, absorb and thus demobilize these trace elements.

To verify that this demobilization in secondary minerals is sustainable, four samples
(one calcareous sinter, one sediment sample from the flow path, and two samples from
the waste rock pile) were collected for eluate analysis (analytical results in Supplement
Table S4 leaching experiments). The samples were pooled from several individual sampling
locations and therefore do not correspond to any of the water sampling locations. In general,
none of the potentially problematic elements showed strong leaching behavior after 24 h.
Leaching was lowest in the sintered material, demonstrating effective ion retention. This is
evidenced by the strontium content, which ranged from 1.3 to 1.7 mg/L in the waste rock
samples but only 0.3 mg/L in the sinter sample. However, the correlation is less clear when
the parameters nickel and zinc are considered.

4. Conclusions
Mixing sulfide mine waste with other materials has been proposed as a potential

strategy to mitigate the negative effects of mine water discharge. The case study presented
provides a good natural example of the effectiveness of this approach. Our results show that
carbonate waste rock, in a suitable spatial connection to the mine drainage, can contribute
to the purification of the mine water. Since the incorporation of trace elements is different
for iron oxides and calcium carbonates, the spatial decoupling of these two secondary
precipitation products concentrates the individual elements in their respective phases.
This could be advantageous for potential future reuse of waste rock material and help to
significantly reduce the costs associated with remediation.
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The situation at Hausham is unique due to the landslide. Nevertheless, the geological
situation and the generally carbonate-dominated catchment area are very comparable
to countless previously unmonitored mine water discharges from historic mines in the
Molasse zone throughout Central Europe. Therefore, a cautiously positive assessment of
the mining-influenced waters in the region can be derived from our results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17091253/s1, Table S1: solutions; Table S2: isotope_SI, Table S3:
solids, Table S4: leaching experiments, Table S5: stations.
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