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ARTICLE INFO ABSTRACT

Keywords: Water quality degradation by decommissioned mining sites is an environmental issue recognized globally. In the
Mine drainage Ore mountains of Central Europe, a wide array of contaminants is released by abandoned under- and above-
Fluorescence

ground mining sites threatening the quantity and quality of surface and groundwater resources. Here, we focus
on the less-explored internal pollution processes within these mines involving organic carbon and microorgan-
isms in trace metal(loid)s mobilization processes. Over an 18-month period, we conducted hydrological and
biogeochemical monitoring at the Reiche Zeche mine, a former lead-zinc-silver mine, in Germany, reaching 230
meters below ground, well below the critical zone. Our results show strong seasonal fluctuations in water
availability, concentrations of metal(loid)s, pH, and dissolved organic matter (DOM) components across multiple
depths. Excess metal(loid) presence during high flow conditions indicated mobilization behavior deviating from
conservative dilution. Our findings reveal strong positive correlations between metal(loid) variability and pH
(0.894), and between metal(loid) variability and the DOM fluorescent component C2 (-0.910), a proxy for mi-
crobial activity. Accordingly, the microbial processes may significantly contribute to the observed metal(loid)
composition and fluxes. By elucidating the intricate roles of hydrological and biogeochemical factors in trace
metal(loid) mobilization, our research offers a comprehensive framework for improving mine water management
and remediation, potentially informing global environmental policies and sustainable mining practices.

Microbial activity
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Water flow

pH levels

1. Introduction 2001, Skousen et al., 2019; Aguilar-Garrido et al., 2023). In abandoned

mines without management of drainage, high levels of harmful dis-

Decommissioned mining infrastructure are a global phenomenon
because of the mines’ economic and social relevance of resource
extraction during operation (Grande et al., 2018). As the number of
operating mines has increased significantly over the last decades, mine
abandoning will ultimately increase the number and footprint of
decommissioned sites, raising health and environmental concerns
(Watari et al., 2021; Tao et al., 2022). Metal(loid)s are key targets of
extraction and potentially toxic elements and are regularly bound in a
sulfide matrix (Root et al., 2015). Depending on the abundance of sulfide
minerals in the ore e.g., in the form of pyrite (FeSs), which readily ox-
idizes to form acidity, mine waters may be acidic or neutral, but under
both conditions mine water can degrade freshwater resources and are
commonly associated with serious environmental problems (Tiwary
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solved metal(loid)s are widespread where drainage waters are acidic,
whereas in non-acidic waters high total suspended solids and bacterial
contaminants dominate (Tiwary 2001; Tiwary and Dhar, 1994). Release
of mine drainage to surface waters is harmful for aquatic and floodplain
ecosystems and can promote biodiversity loss (Kefeni et al., 2017; Dhir
2018; Aguilar-Garrido et al., 2023).

Mine drainage origins from both surface- and groundwater sources.
Its subsurface flow paths control the chemical interactions with reactive
materials from its points of origin to the mine drainage system and outlet
(Nordstrom 2008; Wolkersdorf et al., 2022; Nascimento et al., 2023).
Widely applied geochemical models (e.g., TOUGH and MIN3P) use
reactive transport simulations to integrate complexation, hydrolysis,
and redox reactions (Kalonji-Kabambi et al., 2020). Microorganisms
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were identified as additional mediators of metal(loid) mobilization
processes in mine waters (Haferburg et al., 2022; Hedrich et al., 2022)
and microbial community characteristics are used as proxies for hy-
draulic connectivity (Merino et al, 2022). There is a need for field
hydro-biogeochemical studies to fully grasp water-rock-microbe inter-
play and refine predictions of mine water characteristics.

From a hydrological perspective, understanding of the dynamics of a
mine system and identifying dominant controls on solute concentrations
is challenged by its strong spatial and temporal variability (Pohle et al.,
2021; Bracken et al., 2013; Lintern et al., 2018; Reddy et al., 1999;
Aguilera & Melack, 2018), despite the long integration paths of the
water supply from variable and distributed sources (e.g., groundwater,
rainfall, and snowmelt). In near-surface catchments,
concentration-discharge (C-Q) relationships can characterize export
patterns for individual runoff events and longer time series (Pohle et al.,
2021; Aguilera & Melack, 2018; Hunsaker & Johnson, 2017; Bieroza &
Heathwaite, 2015). The C-Q relationships help to explain the mecha-
nisms that govern rate and extend of solute mobilization (Basu et al.,
2011), and should also be applicable under the conditions of subsurface
mine drainage systems.

Transport and release patterns of metal(loid)s in mine waters are
shaped not only by the hydrological movement but also by the biogeo-
chemical character of the system. Both, the release of metal(loid)s to the
water phase (leaching) and the susceptibility for transport is dependent
upon ambient pH, metal(loid) properties and solution speciation,
including redox condition, and the presence of reactive complexation
sites such as in dissolved organic matter (DOM) (Dijkstra et al., 2004).
Free metal(loid) species were the dominant species below pH 4 (Duraes
et al., 2017), while above, metal(loid) concentration can increase with
increasing amounts of DOM (Khaledian et al., 2017; Arenas-Lago et al.,
2014). As described in Fest et al. (2007), high molecular size fractions in
DOM promote the solubilization of heavy metals, whereas the presence
of condensed organic structures appear to suppress metal mobility.
Wang et al. (2023) linked DOM with microbial community composition,
invoking that through the degradation of humic-like substances high
amounts of labile DOM are released and support heterotrophic micro-
organisms in activating their iron or arsenic reducing potentials. DOM
quantity and quality thus plays an important role in both abiotic and
biotic process chains by altering (bio-)availability of nutrients and
contaminants.

Monitoring the concentration and chemical composition of DOM has
potential to elucidate the sources and fate of mine drainage waters.
However, monitoring DOM quantity in mine drainage environments is
challenging due to access restrictions and low concentrations (She et al.,
2023). Absorbance and fluorescence spectroscopy provide valuable
techniques for characterizing DOM’s components, aromaticity, molec-
ular weight, and sources (Holland et al., 2018; McKnight et al., 2001).
Improved knowledge of DOM quality will aid in the ongoing exploration
of the role that biogeochemical factors may play in driving metal(loid)
mobilization in both acidic and neutral mine water environments
(Cravotta et al., 2014; She et al., 2023).

In this study we aim to investigate the hydrological and biogeo-
chemical controls on metal(loid)s mobilization in abandoned large-scale
mining systems. The former lead-zinc-silver mine Reiche Zeche is such a
system and has been converted into a research and teaching facility. In
this mine, the study addresses two fundamental research questions, (1)
what are the seasonal and spatial variations in water quality as drainage
waters pass through the mine, and (2), how do the dynamics in mine
water DOM impact the mobility and distribution of metal(loid)s in the
drainage system.

Previous studies in Reiche Zeche revealed acidic waters containing
high concentrations of iron, zinc, and other heavy metals when seeping
through rock (Zhiteneva et al., 2016; Haferburg et al., 2022). Microbial
communities in Reiche Zeche occupy biofilm-rich, acidic environments
(pH < 3.0) within the mine (Haferburg et al., 2022). We hypothesize
that significant relationships between microbial-sourced DOM, pH and
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metal(loid)s variability in the mine waters exist, and that they are
simultaneously modified by seasonal and spatial variations. Our
18-month long sampling efforts aim to enhance our comprehension of
the biogeochemical factors driving metal(loid)s mobilization, so that
research at Reiche Zeche can establish a framework for addressing
similar yet understudied mine systems in future research on mine water
quality.

2. Materials and methods
2.1. Study site and sample collection

Located in the Ore Mountains in central Europe, the Reiche Zeche
mine (50.9283° N, 13.3574° E) is one of the numerous historic mining
sites that drains untreated to Elbe river tributaries (Zhiteneva et al.,
2016). The operation of mining high grade minerals and mine waste
rock at Reiche Zeche continued until 1969, after which the lower part of
the 1300-meter-deep mine system was flooded (Zhiteneva et al., 2016).
The upper 230 meters of the mine system remained above the central
adit, exposing several abandoned shafts and refilled former ore seams to
weathering and drainage.

For this study we focus on one slanted vertical extraction structure
(“Schwarzer Hirsch Stehender”) which extends over the three levels
before it reaches the central drainage adit (Fig. 1): Level 1 (‘Stollen-
sohle’, 103 meters below surface), 2 (‘1. Sohle’, 149 meters below sur-
face), and 3 (‘1/2 3. Sohle’, 191 meters below surface). Along these
access tunnels we identified 26 sample sites for continuous water sam-
pling which we visited in 33 sample campaigns in three-week intervals
from February 2™, 2022 to August 3™, 2023. 14 out of the 26 sample
sites had high flowing waters, providing a larger proportion of the
drainage than the drip sites.

"Schwarzer Hirsch Stehender"

Study site " Study cor’\cept

Reiche Zeche shaft

Triebisch and Elbe river —»
Central drainage adit i

[ e—

Fig. 1. Schematic illustration of study site “Schwarzer Hirsch Stehender” at
Reiche Zeiche experimental mine. Samples were collected at 26 sites across
three levels, linked through several vertical connections (marked as ladders).
Grey inlet shows positions of sites (to scale). Yellow inlet shows concept of the
mine water flow system, where water seeps through the former vertically
slanted extraction plain in which the three levels are situated. At sites with
continuous water flow (site 1 — red, site 2 — green, site 3A — dark blue, and site
3B - light blue) loggers were placed to monitor and quantify flow.
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2.2. Analytic methods

Water samples were collected in acid-cleaned HDPE bottles that were
rinsed with deionized water before usage. In all samples, pH and con-
ductivity were measured (pH 340 and Cond3310 sensors, WTW, Weil-
heim, Germany). Samples for analysis of dissolved organic and inorganic
carbon (DOC, DIC), metal(loid)s, absorbance, and fluorescence analysis
were filtered through polyethersulfone filters with a 0.45 pm pore size
(Filtropur S, Sarstedt AG & Co. KG, Niimbrecht, Germany) before
analysis.

The DOC and DIC concentration of each sample was measured in
triplicate and determined using a total organic carbon analyzer (TOC-L
series, Shimadzu, Duisburg, Germany). DOC was measured as non-
purgeable organic carbon (NPOC) using a high temperature combus-
tion method in which acidified samples were purged with oxygen prior
to measurement to remove inorganic carbon. Measurement uncertainty
was accounted for by calculating the standard deviation of the triplicate
measurements, ensuring the reliability of our data within the in-
strument’s precision limits (variation coefficient < 2% and standard
error < 0.1). Metal(oid)s were quantified by inductively coupled plasma
optical emission spectroscopy (ICP-OES Optima 5300 DV Spectrometer,
PerkinElmer, Rodgau, Germany).

Mine water samples for metal(loid) analyses were acidified with 1
mL of 2% HNOj3 and the following metal(loid)s were analyzed: Fe, Zn,
As, Cu, Cd, Pb, Al, Ni, and Mn. A solid sample of Reiche Zeche ore and
gneiss taken from level 2 of the mine were treated with nitrous-oxide
microwave digestion followed by ICP-OES analysis. Using a 2-ray
spectrophotometer, UV-Vis spectra for each sample in a 1-cm quartz
cuvette were recorded versus deionized water at wavelengths from 200
nm to 700 nm (LAMBDA 365 UV-Vis Spectrophotometer, PerkinElmer,
Rodgau, Germany). The spectral slope ratio (Sr) was calculated by
dividing the slopes from two wavelength region (275-295nm, 250-
400nm), related to DOM average molecular weight (Helms et al.,
2008). SUVA254 was calculated by dividing the UV absorbance at the
wavelength of 254 nm by the DOC concentration to act as a proxy for
DOM aromaticity (Weishaar et al., 2003).

2.3. In situ instruments

We positioned water level loggers with barometric reference (Leve-
logger 5 and Barologger 5, Solinst, Georgetown, ON Canada) at specific
sites (site 1 at level 1, site 2 at level 2, sites 3A and 3B at level 3 shown in
Fig. 1) to monitor the water levels. At sites 1 and 2 plastic weirs were
built. Sites 3A and 3B had natural spillways. With respective manual
flow measurements during the sampling campaigns water level-
discharge relationships fitting the formula for triangular weirs from
Henderson (1996) were established:

8 5
Q= E*Cd*\z/z*g*tan@)*hz (€D)]

where Q is the flow rate (in m® s™1), Cq is the discharge coefficient, g is
the gravitational constant (9.81 m s72), o is the angle of the lower weir
edge (°) and h is the water level above the outlet (m). Before applying
the water-level discharge relationship, the 15-minute records were
aggregated to 1 hour and processed with a Savitzky-Golay filter to
reduce noise in the data.

2.4. EEM analysis

Fluorescence of excitation emission scans along with simultaneous
absorbance measurements were performed for 320 samples. These
samples were selected from the most frequently sampled sites across the
three mine levels, where water was consistently present. A 1-cm quartz
cuvette was filled with a filtered sample, and fluorescence excitation
emission matrix (EEM) spectra were acquired in 0.25 s integration time
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(Aqualog fluorometer, Horiba Jobin Yvon GmbH, Oberursel, Germany)
at an excitation (Ex) range of 240 nm to 450 nm with 3 nm increments
and an emission (Em) range of 251.749 nm to 447.627 nm at 4.65 nm
increments. The EEMs were corrected for the inner filter effect, Raman
normalization, and Rayleigh masking and ultrapure water blanks were
subtracted (Wasswa et al., 2019, Sanchez et al., 2020).

All post-processing was done with the DOMFluor toolbox in MATLAB
(MathWorks Software R2022b). From the corrected EEMs, fluorescent
peak intensities were extracted for all measured samples and PARAFAC
was used to analyze the relative distribution of fluorescent components
in each sample. During the PARAFAC, two outliers were removed, and
the final fluorescent components were validated by split half and re-
sidual analyses. The ability of PARAFAC to separate overlapping signals
provides deeper analytical insights into the composition and dynamics
of DOM quality and allows us to futher reveal patterns between DOM
components, metal(loid) variability, and water flow regimes in mine
waters. By comparing our results with established data on the DOMo-
penfluor website (Murphy et al., 2013) and other related studies, PAR-
AFAC facilitates the validation of identified fluorescent components
against a broader dataset. Spectral indices, including the humification
index (HIX) and the biological index (BIX), were calculated with slight
modifications due to available data. The HIX was determined by
calculating the ratio of the peak area under emission at 435-480 nm to
the peak area under emission at 300-345 nm, using excitation at 255 nm
(in place of the standard 254 nm). Similarly, the BIX was calculated as
the ratio of emission intensity at 380 nm to the maximum emission in-
tensity at 430 nm, using excitation at 310 nm, with closely matching
wavelengths (Em 378.595 nm, Ex 429.151 nm, and Ex 309 nm) utilized
to approximate the standard measurements (Zhang et al., 2021).

Our previous analyses provided a comprehensive dataset of physi-
cochemical parameters within the mine drainage system, enabling
further detailed statistical analyses.

2.5. Statistical analyses

We characterized observed patterns for DOM and metal(loid) in-
teractions using z-score normalization to express concentrations as
multiples of standard deviations from the mean. This facilitated the
identification and comparison of relative differences and patterns
despite varying concentration scales across samples.

Principal Component Analysis (PCA), which reduces data dimen-
sionality while preserving variance, was used to reduce metal(loid)
concentration and composition heterogeneity. The factor loadings from
the PCA, which presents each metal(loid)s contribution to the cumula-
tive proportion of each principal component, helped to identify which
metal(loid)s might be driving the variance in the data. We then linked
our metal(loid) concentration data and compositional data by using
Spearman rank correlations made with the first two principal compo-
nents (PC1 and PC2) to explore drivers of composition patterns.

We divided the flow data into two phases to better assess the impact
of varying flow regimes on the concentration of metal(loid)s and DOM
components. A division between a high flow (February 27 2022 -
March 31%, 2022 and January 1%, 2023 - May 31°%, 2023) and a low flow
(April 1%, 2022 - December 31%, 2022 and June 1%, 2023 — August 3™,
2023) period was made based on clear seasonal patterns observed in the
input and flow data. To further analyze how variable high flow versus
stable low flow conditions influence metal(loid) transport and distri-
bution dynamics, we conducted T-Tests to confirm significant differ-
ences among sample means between the high and low flow phases.

Concentration-discharge (C-Q) relationships in log-log space were
evaluated to investigate if and why some areas of the mine are over-
proportional sources of a certain metal(loid) during high flow, and
how the observed behavior is comparable to DOM quantity and quality.
We used the slope (p) value as the prime information value for each C-Q
relationship and refer to the slope (B) values using C-Q plots. We
compared the slope () values among each relationship to better
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evaluate the process, such as dilution or enrichment, that may be
responsible for the observed C-Q behavior.

Generalized linear models, such as multiple regression analysis, were
performed with the R ‘stats’ package (glm function, R Core Team, 2021)
and used to best measure the degree of relation between PCA compo-
nents and certain physiochemical parameters. The multiple R? value was
calculated to assess the proportion of variance explained by the model.
Additionally, the Akaike Information Criterion (AIC) was calculated to
compare model fits and select the best model based on the trade-off
between goodness of fit and model complexity. Plotting was done with
the R ‘ggplot2’ package (R Core Team, 2021; Wickham, 2016).
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3. Results
3.1. Physicochemical parameters and temporal patterns

pH, Electrical Conductivity (EC), metal(loid) concentrations, and
DOM quantity and quality parameters were measured in waters from
continuously sampled sites in 33 campaigns across all mine levels. Av-
erages and ranges of these physiochemical parameters for each level are
shown in Table S1.

Dissolved metal(loid)s tend to increase with depth, and accumula-
tion with depth was highest for dissolved Fe (3 orders of magnitude,
Table S1) and Zn (1 order of magnitude, Table S1). Dissolved Fe was the
most variable metal across each level (Table S1). Time series analysis of
z-score normalized dissolved Fe concentrations reveals distinct temporal
patterns (Fig. 2).

The time-series for level 1 exhibits relatively moderate fluctuations
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Fig. 2. Spatial and temporal dynamics in dissolved Fe concentrations across the mine system. Values are z-scaled, i.e. dissolved Fe concentrations are visualized in
standard deviations (SD) away from the site mean. Individual sites are connected by colored lines for level 1 (3 sites, blue, panel a), level 2 (13 sites, green, panel b),

and level 3 (8 sites, red, panel c). Points are missing when sites were dry.
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throughout the 18-month period, with a notable peak in early 2023. In
levels 2 and 3 this dynamic is more pronounced, both showing sub-
stantial variability and sites with dominant peaks above 1 SD (10 sites in
level 2 and 4 sites in level 3), indicating strong seasonality and poten-
tially event driven pulses in dissolved Fe concentration values. The
temporal trends underscore the dynamic nature of the monitored sys-
tem, reflecting the influence of both periodic and sporadic environ-
mental factors on each site.

3.2. Hydrological structure and metal(loid) variations
The hydrological framework of the mine system was the second focus

of this study. We measured flow rate (Q) at four sampling sites from
February 2022 to August 2023. The observation time was separated into
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two distinct phases of low flow (LF) and high flow (HF) (Fig. 3a). Within
each flow phase, we compared metal(oid) concentrations (z-scaled for
each site, T-Test, Fig. 3b-i). During high flow, all metal(oid)s consis-
tently show a reduction in standardized concentrations. Between high
and low flow phases, standardized Cd and Zn held the largest mean
difference of 0.649 (SE = 0.187) and 0.609 (SE = 0.209), while Al held
the smallest mean difference of 0.340 (SE = 0.132). The flow-related
concentration changes were tested for significant differences using T-
Tests, which was confirmed dilution for all metal(oid)s.

3.3. PCA and environmental correlations

PCA was performed with nine variables in 464 mine water samples.
Results from the PCA were used to evaluate the metal(loid) variation
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Fig. 3. Recorded flow rate at sites 1, 2, 3A, and 3B across time with sections divided by flow phase (light grey line) (panel a) and z-scaled dissolved metal con-
centrations, Fe, Zn, Pb, Cd, Cu, Al, Mn, and Ni across each flow phase (panels b-i). The blue color boxplot scale refers to the median value of each metal measured
(darkest blue = highest median value) and the letters (a and b) above each boxplot indicate significantly different distributions (Tukey HSD test) result.
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among level. Only the principal components (PCs) with an eigenvalue
greater than or equal to one were considered (Table S2). We observed
distinct clustering of sample sites by levels (Fig. 4a), reflecting different
metal(loid) signatures between the levels. The PCA ordination plot
shows a maximum variance being explained by the first principal
component (PC1), which constitutes 42%, and the second principal
component (PC2), which accounts for 19.4% of the variance. PC1 was
largely defined by the positive loadings for As (2.47) and Ni (2.41) and
negative loadings for Al (-1.73) and Zn (-1.53), whereas PC2 contrast
samples with high levels of Mn (2.76) and Fe (1.92) against those with
high levels of Pb (-1.80) and Zn (-2.62) (Table S2 and Fig. 4a).
Composition of solid local samples of gneiss and ore (Table S3), added to
the PCA, are distinguished by their positioning relative to the clusters,
with ore appearing to be associated with similar PC1 values as sites in
levels 2 and 3 whereas gneiss does not follow this pattern.

The variation of PC1 was compared with the physicochemical pa-
rameters from Table S1 to identify significant relationships between the
variation of metal(loid)s and environmental properties that could be
considered as controls. The relationship between acidity (pH) and PC1
(metal(loid) composition) reveals an overall significant and strong
monotone relationship (rs = 0.894) (Fig. 4b and S2).

The variance of PC1 versus pH shows that samples from level 3 have
a more acidic and compact grouping of pH values, while levels 1 and 2
have a broader range of higher values.

3.4. PARAFAC components

Under different discharge conditions and throughout the three
levels, most metal(loid)s portrayed variable behaviors. To better
constrain the mechanisms underlying these variations, we examined the
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Fig. 4. Principal component analysis bi-plot of explanatory metal variables in
relation to water sampling sites (points) in each level and mineral samples
(crosses) (panel a) and variation of metals from principal component 1 versus
pH with points referring to sample sites from each level (panel b).
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composition and variability of potential metal(oid)-mobilizing DOM.
Therefore, the composition and variability, as analyzed by PARAFAC,
revealed that a three-component model could explain the composition of
EEMs from all samples (Fig. S5). The first component (C1) features a
peak near Ex/Em 252/417 nm, the second component (C2) a peak near
Ex/Em 252/347 nm, and the third component (C3) near Ex/Em 267/
297 nm. Our PARAFAC model shows components with a Tucker
Congruence Coefficient (TCC) > 95% similarity to models listed in the
OpenFluor database. Given the limited number of published models
related to mine water drainage systems, we also compared our PAR-
AFAC model to other relevant studies (Table S7). C2 was more variable
across levels in comparison to C1 and C3 (Fig. 5), and increased with
level depth. Other DOM proxies, Sr and SUVA254 showed a high degree
of variability across time periods and levels, predominantly in levels 2
and 3. (Fig. S1).

3.5. C-Q relationships

Since most metal(loid)s and DOM components held varying re-
sponses to discharge (Fig. 3) or level (Fig.s 2 and 5), their response
behavior to flow conditions was tracked using C-Q relationships where
flow monitoring permitted. At the four monitored water flow sites (1, 2,
3A, and 3B) we compared the slope (B) of linear regressions between
flow and dissolved Fe, Pb, Zn, Al, DOC concentrations, and fluorescent
component C2 in log-log space.

C-Q plot slopes are indicative of differences in the processes that
affect solute transport and retention. C-Q plot of Fe showed sites 2 and
3B to have more negative slopes (dilution) than sites 1 and 3A, whereas
C-Q plot of Al showed sites 2, 3A, and 3B to have similarly high negative
slopes. C-Q plots of Zn and DOC showed site 1 to be the unique among
sampling sites in its small, near O slopes, demonstrating that concen-
trations are relatively lower yet constant regardless of discharge. Besides
the C-Q plot of Pb showing a positive slope for 3A (enrichment), all C-Q
plots had negative trends (dilution) for sites below level 1. DOC quantity
and C2 Fmax showed to have different responses to changing flow re-
gimes with fluorescent component C2 being most variable across
changes in discharge (Fig. 6f).

3.6. Correlations between PC’s and DOM characteristics

To assess the effect of DOM characteristics on metal(loid) mobility,
we used Spearman’s rank correlation to examine the association be-
tween various DOM indices and PC1, which encapsulates the majority of
the variance in the metal(loid) data (Fig. 7). We found a weak negative
relationship between PC1 and DOC (rs = -0.243) and a significant
negative relationship between PC1 and C2 (rs = -0.910). The relation-
ship between PC1 and Sr showed to have a strong negative relationship
(rs = -0.744), while PC1 and SUVA254 showed to have a weak negative
relationship (rg = -0.193) (Table S5).

4. Discussion
4.1. Variation of metal(loid) concentrations across mine levels

Our investigation into seasonal and spatial variations in water
quality within the Reiche Zeche mine, and the dynamics of mine water
DOM on metal(loid) mobility, reveals critical insights into the envi-
ronmental behavior of these elements. pH, DOC and metal(loid) con-
centrations displayed variations among the levels, with level 3 showing
the highest average concentration for all H™ (pH 2.3-3.8), and all
measured metal(loid)s, particularly Fe and Zn (Table S1). This is
consistent with many reports of increased metal release from environ-
ments with lower pH (Butler 2009; Gambrell et al., 1991; Dijkstra et al.,
2004), especially of Fe (Behera & Shukla, 2015; Khaledian et al., 2017;
Zhu et al., 2021). Similar to metal(loid) concentrations, DOC concen-
trations increased from top to bottom levels, but less intensively with
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average values of 1.1 mg/L, 1.4 mg/L, and 1.6 mg/L (Levels 1, 2 and 3).

By example of Fe, we confirm an increase in metal concentration
corresponding with the depth and associated DOC and acidity across
levels: Average Fe concentration (mean + SE) reached from 0.052 mg/L
+ 0.008 at level 1, via 8.0 mg/L + 0.80 to 31 mg/L + 7.2 at level 3.

Baake (2000) found that several months after the flooding of Reiche
Zeche in 1971, the low pH conditions led to an increase in dissolved Fe
and Zn concentrations, as the acidic water enhanced the leaching of
these metals from surrounding (secondary) minerals. Reduction of the
dimensions of chemical composition by PCA analysis (Fig. 4) showed
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that the variability of Fe, and other metal(loid)s to be partially repre-
sented by the first principal component (PC1). The PCA biplot showed
that most sites at level 1 had high positive values for PC1 and are
characterized by higher concentrations of Cd and Pb, while the PC1 for
water sample sites at levels 2 and 3, and the ore mineral sample were
more influenced by Zn, Al, and Fe concentrations. By exploring possible
drivers of this variability, we found that PC1 was strongly and positively
correlated to pH (Fig. 4b and Table S5), suggesting that samples with
higher PC1 values might represent a metal(loid) profile associated with
a higher pH. The correlation of pH with Fe, Zn, and Al from PC1 addi-
tionally indicate that these metals may be released from the ore under a
pH change to lower values.

4.2. Seasonal variations in metal(loid) concentrations

A temporal analysis revealed seasonal variations, particularly
marked concentration decreases in January/February 2023 (Figs. 2a-c
and S2). The highly dynamic spatial and temporal patterns likely
emanate from hydrometeorological conditions influencing the water
availability, and differential rates of metal release from solid or sedi-
mentary matrices, influencing ambient metal(oid) concentration (Pohle
et al., 2021). More water in a porous mine system may further facilitate
the dynamic connection and disconnection of metal(oid)-releasing areas
under elevated water availability, similar to porous soil systems
(Jackisch & Zehe, 2018). We found seasonal flow regime patterns, with
significantly higher metal(loid) concentrations during low flow phases
(Fig. 3b-i), signifying dilution scenarios of different extend for all metals.
To trace periodicity of these phases, we examined local rainfall data but
observed no direct impact visually on the water flow within the mine
(Fig. $3). Instead, flow dynamic shifts only with large additional surface
water fluxes as during snowmelt, for example observed in the winter of
2022/2023 (Fig. S3). The flow timeseries and C-Q relationships suggest

a hydrochemical regime that features episodic yet regular discharges of
fluids, with lower but non-conservatively diluted metal(oid) concen-
trations (Nordstrom, 2011).

4.3. Limitations of metal(loid) release during high flow phases

C-Q relationships revealed that non-conservative behavior during
increased water availability points to the transport limitation of some
metal(oid) releasing areas within the mine. Soluble salts and secondary
minerals form on surfaces during dry periods and when significant flow
increases occur, these materials can dissolve (Nordstrom, 2011; Hen-
drickson and Krieger, 1960; Gyzl and Banks, 2007). Flow increase
further leads to dynamic dilution in parallel with changes in metal
concentrations of various degree (Nordstrom, 2011). Within the mine,
various sometimes disconnected and semi-connected water bodies,
along with the patchy distribution of ore, create complex and variable
flow paths of varying activity. During high flow conditions, it is likely
that these different flow paths, possibly including those from previously
dry parts of the mine, become activated, allowing Zn to be mobilized
from trace ore materials embedded in left-over material or unrecovered
ore within the mine. Slope values for the C-Q relationship for Zn, for
example, showed more decreasing concentrations with flow at sites 3A
(p=-2.15 + 0.32) and 3B (p=-1.46 + 0.13) than at sites 2 (p=-0.56 +
0.06) and 1 (f=-0.093 + 0.04). Such response factors infer that there
may be excess reservoirs of Zn that are tapped during the high flow
season at sites 1 and 2. Therefore, Zn mobilization rates at sites 1 and 2
hinge not solely on water flux but also on the flow path and complex
source dynamics. The PCA supports this notion, showing that RZ ore had
an elemental composition that was responsible for clustering the mine
water samples (Fig. 4). The strong connection between the elemental
makeup of the ore and the drivers of metal(loid) variability in the mine
water helps interpret the observed C-Q relationship patterns of Zn and
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Al. The C-Q relationship for Al showed similar patterns as Zn, such that
at sites 3A (p=-2.00 + 0.31) and 3B (p=-1.60 + 0.15) concentrations
decreased faster with flow than at sites 1 (p=0.100 + 0.3) and 2
(p=-0.70 £ 0.07). This suggests that there may be more water flowing
from distributed sources in areas of active ore leaching, where C-Q re-
lationships then do not present conservative dilution scenarios. Pohle
et al. (2021) assumed solute source limitation and solute transport
limitation, the latter occurring when the carrying capacity of the
transport medium (like water) constrains export, despite ample sub-
stance at the source.

4.4. Impact of flow regimes on metal(loid) loads

Non-proportional dilution during high flow phases is also leading to
a disproportionally larger share of these periods to the annual metal
(loid) load. Comparison across seasons revealed that the Zn loads are
exported primarily during the high flow regime (high flow represents
92.9% of yearly Zn load in one third of the year (38.3% of the year’s
days) at site 1, 52.8% at site 2, 34.8% at site 3A, and 36.5% at site 3B)
(Table S8). This imbalance supports an additional contributing mecha-
nism, such as mobilization of stored solutes. The degree of this inter-
mittent behavior is site and metal(loid) specific. Hydrodynamic factors,
such as water flow and volume, along with geological features, influence
these variations in metal(loid) dispersion and concentration (Rose et al.,
2018).

4.5. Role of DOM in metal(loid) release

Beyond hydrodynamic drivers, we also explored the role of biogeo-
chemical factors, such as DOM, for metal(loid) release. Mean DOM-C
concentrations in mine water ranged from 1.1 mg/L to 1.6 mg/L
across the three levels, similar to groundwater values (Harjung et al.,
2023), possibly due to shared sources of organic matter and hydrological
connectivity. Although DOM may support metal(loid) release through
complexation (Cornu et al., 2011), we could not confirm that DOC
concentration alone is a driver for metal(loid) release (Fig. 7a). How-
ever, shifts in DOM quality between levels (Fig. 5b), and strong corre-
lations with metal(loid) composition and abundance were observed
(Fig. 7b-d). The three DOM components from the PARAFAC model were
compared with the excitation/emission characteristic peaks from
studies in OpenFluor with TCC>95% and other studies related to mine
waters to best characterize our components (Table S7). Component 1
(C1), identified as humic-like DOM (Catalan et al., 2018; Coble 1996,
2007), had low abundance across all levels (Fig. 5a) but a higher and
more significant correlation with PC2 than PCl (Table S5). This
component, associated with large aromatic molecules (Garcia et al.,
2015), decreases in fluorescent intensity upon acidification due to
changes in hydroxyl and carboxyl groups (Kulkarni et al., 2019). De-
creases in HIX values across greater mine depths confirms a lesser degree
of humification and presence of less aromatic material (Fig. S4). How-
ever, a significant correlation with PC1 and PC2 (Table S5) suggests that
humic substances in a mine system, which can be sourced from the
leaching of surface sources through water percolation, may play a role in
metal(loid) variability. Component 3 (C3) is most likely associated with
proteinaceous material and tyrosine-like fluorophores (DeFrancesco &
Gueguen, 2021; Harsha et al.,, 2023; Yamashita and Tanoue, 2003),
showing no significant variation across levels. Component 2 (C2) most
likely represents a fluorescence region dominated by tryptophan-like
fluorophores (Wang et al., 2020), low aromatic content, low molecu-
lar weight, and potentially bioreactive chemical species (D’Andrilli &
McConnell, 2021). The peak of tryptophan is usually detected at Ex/Em
= 278/340 nm (Kowalczuk et al., 2003) and our characteristic peaks of
C2 were close to those of protein-like substances (Table S7). Studies
related to mine drainage waters confirm that component 2 is most
similar to tryptophan-like fluorescence (Li et al., 2024; Hongxia et al.,
2014) or a fluorescence region dominated by the production of soluble

Water Research 266 (2024) 122336

microbial products (SMP) (Zhang et al., 2021). Therefore, it is possible
that areas with high intensities of C2 may be influenced by microbial
processes so that C2 can be better referred to as microbial-like DOM. An
increase in mean Sr values with greater depths (Table S1) confirms the
presence of low molecular weight substances, which are associated with
high microbial activity, further suggesting that C2 may be properly
characterized as more bio-derived DOM. There was a clear difference in
C2 abundance across levels (Fig. 5), implying more DOM molecules of
these chemical composition in deeper areas of the mine. BIX values
presented a similar pattern with greater depths (Fig. S4), suggesting the
presence of microbial activity (Li et al., 2024). Therefore, higher C2
abundance may imply enhanced microbial activity, greater ambient
production and accumulation of DOM, and potentially more labile and
bioreactive DOM species present as depth increases. These observations
collectively support the classification of C2 as microbial-like DOM, with
its abundance increasing with depth, aligning with the chemical data
that suggests a coupled abiotic-biotic process of ore dissolution.

4.6. Microbial influence on metal(loid) dynamics

The role of microbial processes proves to play a greater role in areas
of the mine, such that the observed patterns suggest that acidity and
microbial DOM are closely linked to sulfide dissolution in mine drainage
waters: Haferburg et al. (2022) found that sulfur-oxidizing bacteria
(SOB), such as Thiomonas and Sulfuriferula, generate acidity through
sulfide oxidation in mine environments. This increased acidity corre-
lates with microbial DOM production, particularly in areas with high C2
fluorescence intensities, suggesting that sulfide dissolution not only
drives acidity but also stimulates microbial activity and DOM dynamics.
PCA further elucidates these relationships, with PC1 showing a negative
asymptotic relationship with the microbial-like C2 component, as well
as with Sr and BIX values (Fig. 7b, 7d and Fig. S5a), with values shifting
less as samples are collected nearer to the surface (level 1). However, C2
portrayed the most significant and strongest monotone relationship with
PC1, indicative of metal(loid) variability (Table S3). A higher amount of
Fe, Zn and Al co-occur with larger masses of this microbial proxy (Fig. 7b
and Table S4). Multiple regression analysis further shows a strong, sta-
tistically significant relationship between PC1, pH, and C2 (p-values <
0.001). The model explained a substantial portion of the variance in PC1
(multiple R? = 0.789) and held the best fit model (AIC = 820) in com-
parison with models using C1 and C3 in place of C2. Four models be-
tween PC1, pH, and different DOM component combinations were
additionally performed, but all explained a lower portion of the variance
in PC1 and presented higher AIC values, suggesting that the most
important predictors are indeed pH and C2. This underscores the sig-
nificant role of acidophile microbial processes in shaping the organic
profile of the mine drainage water and influencing metal(loid) dynamics
(Haferburg et al., 2022).

4.7. DOM and metal(loid) interactions under varying hydrological
conditions

C-Q relationships between DOM and water discharge at the moni-
tored sites reveal important insights into DOM and metal(loid) in-
teractions in mine drainage waters. DOC quantity and water discharge
relationship at sites 1 and 2 showed stable DOC concentrations, with
values of -0.011 and -0.14, suggesting that DOM in receiving waters is
loaded outside of the mine system, for example in percolated soils above.
Opposed to bulk DOM concentration, we observed a dependence of
DOM composition on flow. Negative C-Q relationships for C2 at sites 2 (§
= -0.87 £+ 0.14), 3B (p = -1.64 £ 0.21), and 3A (f = -2.03 £+ 0.33)
indicate high local variability in metal-DOM interplay. At site 3A, high
flow periods are characterized by relatively stable concentrations of
dissolved Fe and large decreases in microbial DOM (C2), suggesting a
setup in which high flow activates reservoirs of microbially-mobilized
metal. At position 3B, high flow periods portray a strong decrease of
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both dissolved Fe and C2, indicating dilution and reduced microbial
mobilization during high flow. The observed patterns support the idea
that dissolved Fe may be released from ore bodies, and this release is
closely tied to microbial processes. These findings highlight the dynamic
nature of DOM mobilization and its interaction with metal(loid)s under
varying hydrological conditions. Baker and Banfield (2003) highlighted
that the production of acidity through microbial processes not only
mobilizes metal(loid)s but also creates conditions that sustain further
microbial activity, creating a cycle of metal mobilization. Other factors,
such as redox potential, ionic strength, pH, and competing ions, char-
acteristic for different mine water sources, sediments, and chemical
interaction effects can also influence subsequent metal(loid) solubility
and transport (Butler, 2009). Previous studies indicate that DOM com-
ponents in mine water may alter metal(loid) binding affinities and thus
the stability of metal complexes (Hongxia et al., 2014; Zhang et al.,
2021). Our findings build on these concepts by demonstrating the dy-
namic nature of DOM mobilization and its interaction with metal(loid)s
under varying hydrological conditions, providing key insights for
improving internal pollution control strategies and mine water
management.

5. Conclusion

Our empirical analyses reveal that metal(loid) concentrations are
intricately tied to the hydrological behavior of the system, with seasonal
variations and intermittent events playing a pivotal role, such that metal
(loid) concentrations and DOM proxies exhibit pronounced fluctuations
across various mine depths, with some sites portraying a notable excess
metal(loid) presence during high flow periods. The observed dynamics
in DOM demonstrate a significant impact on the mobility and distribu-
tion of metal(loid)s in the mine waters. Notably, there are strong cor-
relations between metal(loid) variability and both microbial DOM and
pH. The linkage between pH and metal(loid) variability observed in
PC1, coupled with the dynamic changes in fluorescent DOM and C-Q
relationships, points to a complex system where ore-derived metal(loid)
s are mobilized under specific hydrological conditions, sustaining mi-
crobial activity that continues to influence metal(loid) mobilization.
These relationships highlight the crucial role of microbial processes in
contributing to the observed metal(loid) behavior. The study’s insights
into the intricate interplay of biogeochemical processes in mining-
impacted environments underscore the critical need for protecting
downstream ecosystems, which are often the silent receivers of mine
drainage impacts.
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