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Abstract: Gold mining pollution has long-lasting effects on the environment, particularly through
acid mine drainage (AMD) and heavy metal contamination. Monitoring and assessing the impact
of this pollution is crucial, as well as evaluating the effectiveness of remediation efforts. In our
study, conducted in the gold mining area of Zlatna (GMAZ), western Romania, we utilised on-site
measurements of water temperature, pH, electrical conductivity, and dissolved oxygen, along with
the quantification of culturable aerobic bacteria and microfungi using ready-to-use media plates.
We also examined the taxonomic richness of water invertebrates (TRWI) and the environmental
features of the sites. Our study found significant negative impacts on the water biota in mining
areas, with microbial abundance proving to be a reliable indicator of AMD pollution. While water
invertebrates can also serve as indicators of mining effects, their abundance alone may not always
accurately reflect pollution levels at every site. This multiple-factor analysis highlights the influences
of water type, geological characteristics, air temperature, and precipitation on the structure of the
aquatic biota. We observed a natural attenuation of mining pollution in the GMAZ in the last seven
years. This study demonstrates that the quantification of microbiota, along with TRWI and basic
physicochemical parameters, can offer a cost-effective alternative to expensive monitoring methods
for assessing mining pollution.

Keywords: gold mining pollution; culturable microbiota; water invertebrates; meiofauna; site
geology; natural attenuation; golden quadrilateral; Apuseni Mountains

1. Introduction

Gold mining has been a key driver of socio-economic growth for many countries
throughout history [1]. However, it also has significant environmental impacts, including
soil [2], water [3], and air contamination by toxic compounds [4,5], deforestation, negative
impacts on animals and human health [6,7], the alteration of landscapes, the reduction
of biodiversity, and the destruction of pristine environments [7,8]. The mining of gold
and silver has been carried out for millennia and has resulted in significant environmental
pollution that has persisted over time [9–13]. In various European countries, the adverse
effects of Roman mining are well documented, including in Sweden [4,5], Switzerland [9],
the United Kingdom [14], and Spain [13]. Stable isotope approaches [4,5,9], stratigraphy
from lake sediments [11], geochemistry [13], and peat bog and pollen records [12,14] have
all been used to investigate these effects.

Water is a globally valuable resource [15] that is significantly impacted by mining
activities in various ways. These impacts include the utilisation of large volumes of water
from natural sources, which disrupts water flow and underground water sources, and the
toxic waste generated by mining activities, such as heavy metals (HM), trace elements,
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and other pollutants resulting from ore and sediments [16]. Assey [17] classified gold
mining pollution into three main types: (1) mercury pollution from artisanal small-scale
gold mining, (2) cyanide pollution from large-scale gold mining, and (3) pollution from acid
mine drainage (AMD) that occurs in both open-pit and underground mines that contain
the mineral sulphide. The impact of these types of pollution can lead to changes in the
physical and chemical characteristics of surface waters [18,19], which can have negative
consequences for aquatic habitats, water biodiversity, and drinking water quality. Even
after mining operations have ceased, infiltrating water can come into contact with sulphide-
bearing materials and, in the presence of oxygen, form AMD, which continues to pollute
freshwater basins [2,20,21]. The consequences of AMD pollution include low pH, increased
concentrations of dissolved heavy metals, and high amounts of metal precipitate.

The Water Framework Directive (WFD) addresses the presence of hazardous sub-
stances in Europe’s water bodies by setting environmental quality standards, requiring
monitoring, and implementing measures to reduce their input and protect the aquatic
environment and human health [22]. In line with these objectives, biomonitoring provides
a comprehensive approach for evaluating mining pollution in aquatic ecosystems, incor-
porating various methods such as community assemblages, bioindicators, behavioural
assessments, morphological evaluations, biochemical analyses, bioaccumulation, toxicity
testing, and others [23]. Research has demonstrated that microbial organisms are typically
the first biota impacted by HM pollution resulting from gold mining [24,25], although
some bacteria species have developed resistance mechanisms to tolerate HM [25]. The
toxic effects of HM on the microbial community have been widely documented in previous
studies and can result in various effects on bacterial and fungal activities, including an
increase in the fungal/bacterial ratio with increasing concentrations of Cu or Zn [25–27].
Meiofauna assemblages are also sensitive to pollution and are used as indicators of HM
or organic carbon contaminants [28]. One of the advantages of using sensitive organisms,
such as nematodes and copepods, for the biomonitoring of mining pollution is that their
response to pollutants can be observed without the need for specific identifications [29].
For example, high concentrations of HM can impact the density, diversity, and community
structure of nematodes [28] or copepods, which are both known to be highly sensitive to
pollutants [29]. However, it is important to note that factors other than HM can also impact
the structure and diversity of invertebrate communities in aquatic ecosystems. For example,
acid mine pollution can alter the structure of macroinvertebrate communities, leading to a
decrease in the abundance and diversity of benthic macroinvertebrates [30]. The severity
of this impact is quantitatively related to the degree of AMD pollution [31], with pH be-
ing considered as the best predictor of macroinvertebrate richness. Van Damme [32] has
demonstrated that as the acidity of water increases, the number of invertebrate families
decreases gradually. However, it has also been shown that neutral mine drainage can have
an impact on invertebrate communities, indicating that the chemical composition of water
plays an important role in shaping aquatic communities [33]. Therefore, when studying the
effects of mining pollution on aquatic ecosystems, it is important to take multiple factors
into account.

Romania has a long history of gold mining, dating back to the pre-Roman period.
The first documented evidence of gold mining in Romania dates back to the Bronze Age,
around 3000 years before the Roman conquest of Dacia [34]. However, large-scale gold
mining in Romania began during the Roman period, with the exploitation of the gold mines
in the Apuseni Mountains. The “Golden Quadrilateral” (GQ) mining district is one of the
oldest gold deposits in Europe, mainly known for its rich deposits, with a gold endowment
of 0.69 t/km2 [35,36]. Studies conducted in the Zlatna mining area of the GQ have revealed
AMD pollution with high levels of sulphates, Zn, and Fe in mine waters, while the surface
waters were mainly contaminated during the summer months when the flow of water
decreased [21]. Other studies conducted in the GQ have shown a minor impact of mining
activities, with hotspots of AMD pollution and heavy metals accumulated in the river
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sediments of the Cris, ul Alb basin [37]. There was also AMD pollution containing high
amounts of Al, Fe, Cu, Zn, Pb, As, Cd, and Sr found in the Ros, ia Poieni ore deposits [38].

Under the WFD, EU member states are mandated to identify and assess the levels of
priority substances, such as heavy metals, in their water bodies. This includes monitoring
water quality and pollutants in mining areas, which is crucial for long-term remediation
and environmental restoration efforts. However, conducting such monitoring can be costly
due to the need for advanced methods, specialised equipment, and trained personnel to
develop complex chemical analyses, including different ions and heavy metal measure-
ments or oxygen isotopes. Several projects and ecological programs have been developed
in the region to promote environmentally sustainable gold mining in accordance with
the requirements of the WFD. For instance, ERA-MIN 2 SUSMIN/2013, a transnational
cooperation project developed in the Gold Mining Area of Zlatna (GMAZ) between 2014
and 2016 [39], provided the chemical and isotopic characteristics of the waters analysed in
this paper [21].

The present paper aims to: (1) assess the pollution impact of closed gold mines on wa-
ter bodies by quantifying the culturable microbiota and water invertebrates; (2) investigate
the relationship between biota, the waters physicochemical parameters, environmental
factors, and the geochemical characteristics of different water body sites (mine waters,
downstream surface waters, and groundwaters versus the surface waters upstream of mine
effluents); and (3) assess pollution trends in the GMAZ over a specific time period. Our
approach offers a cost-effective and efficient method for the short-to-long-term monitoring
of gold mine pollution by quantifying the culturable microbiota using ready-to-use plates
and the composition and richness of water invertebrates as a comprehensive indicator for
water pollution, instead of the more complex and expensive traditional chemical analyses
used to determine pollutant concentrations in water samples. This cost-effective approach
is valuable, as it simplifies the monitoring process while still providing comprehensive
indicators of water pollution, allowing for more accessible and frequent monitoring, and
contributing to a better understanding of the pollution dynamics in gold mine waters over
both short and long periods.

2. Materials and Methods
2.1. Study Area

The study area, known as the Gold Mining Area of Zlatna (GMAZ), is situated in the
Metaliferi Mountains of the South Apuseni Mountains (western Romania), and spans an
area of 40 km2. It is a part of the renowned GQ, estimated to contain 1732 t of gold and 1670 t
of silver that can be extracted from this area alone [34]. The region also holds substantial
deposits of other metals, including copper, lead, zinc, and mercury [40], and spans an area
of about 900 km2 [21,41,42], delimited by the Baia de Cris, , Zlatna, Săcărâmb, and Căraci
localities. The GMAZ study area, located at elevations between 420 and 1100 m.a.s.l, has an
average annual temperature of 10.5 ◦C and a moderate rainfall range of 480–700 m/year. Its
hydrographic network density of approximately 1 km/km2 [21] is higher than the national
average of 0.33 km/km2 [43]. Large-scale gold mining in the GMAZ area was historically
carried out through underground mines. Intensive mining activities have ceased since the
1990s, with the last mine being closed in the summer of 2006 [42,44]. However, despite the
closure of the mines, pollution from AMD continues to be a major concern in the region,
due to the contamination of surface streams and underground water. Our sampling sites
include the three main rivers, Ampoi, Ardeu, and Techereu, as well as their tributaries,
which collect water from several closed mines and adits (Figure 1a,b). Each of the sampled
sites has unique water characteristics, biota richness, geological features, and land use
patterns (Figure 1; Table 1 and Table S1).
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Figure 1. The maps of the Gold Mining Area of Zlatna (GMAZ) depict: (a) the locations of the
sampling sites, with an emphasis on the taxonomic richness of the culturable microbiota (TRMB) and
water invertebrates (TRWI). For TRMB and TRWI details see the first paragraph of Section 2.5. and
Supplementary Table S1; (b) land use and human settlements; and (c) the simplified geological map
modified after Borcos, et al. [45].

The interdisciplinary aspects, including a comprehensive understanding of the ge-
ological structure in the study area, are essential for gaining valuable insights into the
influences of the ore deposits and surrounding rocks on the chemistry of water bodies
and, consequently, on the biota patterns. In this context, it is crucial to emphasise that
the current geological structure of the South Apuseni Mountains is the result of Laramian
tectogenesis, and the study area comprises several tectonic units that are in an overthrust
assemblage [45]: (1) the Bucium Unit, which occurs in small areas in the north-eastern part
of the study area and consists of poorly calcareous layers of Pârâul Izvor and a detritic
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Maastrichtian series; (2) the Fenes, Unit, which is of Neocomian–Aptian age and consists of
calcarenites, calcareous sandstones, clays, and conglomerates; (3) the Curechiu–Techereu
Unit, which supports an Early Cretaceous–Turonian flysch-type succession with calcare-
ous marls, sandstones, and conglomerates placed above the Late Jurassic ophiolitic rocks
(basalts, gabbro, andesite with hornblende, and pyroclastites); (4) the Valea Mică-Galda
Unit, which encompasses detritic black argils and marls formations which also may include
limestone blocks and ophiolitic rocks; (5) the Middle and Upper Miocene-aged Neogene
molasse, containing the Faţa Băii conglomerates, the Almas, ul Mare gravels with intercala-
tions of sandy-marls (limestones that contain Lithothamnium), a formation with gypsum
lenses, and the acidic volcano-sedimentary formation (the Neogene magmatic rocks—1st
stage); and (6) the youngest rocks from the study area, the Neogene magmatic rocks—2nd
stage. These rocks, formed between 14.8 and 7.4 million years ago [46], intrude into or
overlay the older rocks. They are associated with gold-bearing polymetallic deposits which
have been the primary target of mining operations in the Zlatna area (Figure 1c and Table 1).
In the study area, there are three types of mineral ore deposits: (1) porphyry, which may or
may not have associated veins in their upper part, (2) independent veins, and (3) breccia
pipe. All three of these deposit types are responsible for the formation of gold ore deposits,
which may contain additional minerals such as silver (Ag), copper (Cu), lead (Pb), and zinc
(Zn) in varying quantities.

Table 1. Description of the sampling sites. Up = upstream; Dw = downstream; Ad = adit; Mn = mine;
W = well; S = spring; Duf = discontinuous urban fabric; Blf = broad-leaved forest; Anv = agriculture
and natural vegetation; AOR = alkaline ophiolitic rocks; CSR = carbonate sedimentary rocks; NR =
neutral rocks; ACR = acidic rocks.

Drainage
Basin

Site Name and
Water Type Site Coding Water Sampling Source Geology Land Use

Ampoi

Ampoi upstream 1 Up surface running CSR Duf
Trâmpoaiele
downstream 2 Dw surface running CSR Duf

IPEG adit 3 Ad natural pool with
vegetation/bog NR Blf

Larga spring 5 S concrete basin NR Anv_Blf

Larga adit 7 Ad free flow, abundant
vegetation/bog ACR Anv_Blf

Larga creek 8 Up surface running ACR Blf
Trâmpoaiele

upstream 10 Up surface running CSR Duf

Trâmpoaiele well 11 W groundwater CSR Duf
Ampoi downstream 13 Dw surface running CSR Duf

Ardeu

Ardeu downstream 16 Dw surface running NR Anv_Duf

Tot,i Sfint,ii adit 18 Ad free flow, abundant
vegetation/bog NR Blf_Duf

Hanes, I mine 19 Mn concrete drain with free flow ACR Blf
Hanes, upstream 20 Up running NR Blf

Hanes, II mine 21 Mn small concrete pool with free
flow/bog ACR Blf

Valea Babei mine 22 Mn small concrete pool with free
flow/bog ACR Blf

23 August adit 23 Ad large natural pool with
abundant vegetation/bog AOR Blf

Ardeu upstream 24 Up surface running AOR Blf
Ardeu well 25 W groundwater NR Anv

Techereu

Techereu
downstream 26 Dw surface running AOR Anv_Blf

Techereu well 27 W groundwater AOR Anv_Blf
Podul Ionului mine 29 Mn free flow/bog AOR Blf
Techereu upstream 30 Up running AOR Blf

The most recent mining activities in the region were carried out in two mine groups
until 2006: (1) the Hanes, group of mines (HGM) comprises 19 Mn, 21 Mn, 22 Mn, and
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3 Ad, which is a low-mineral prospecting adit, and 7 Ad that is an older section with a
depleted vein of ore; and (2) the Stănija group of mines (SGM), which includes the mine
29 Mn. Other adits, such as 18 Ad in the HGM and 23 Ad in the SGM, were closed earlier
in the 1990s.

According to the study conducted by Papp et al. [21], an isotopic analysis of hydrogen
and oxygen indicated that all the water sources in the GMAZ, including surface running
water, domestic wells, springs, and mine water, are part of the meteoric cycle. Another
study by Papp [47] analysed the 14C content of dissolved inorganic carbon in these water
sources, and found that they are mainly a mixture of pre-modern groundwater and modern
water from precipitation.

2.2. Sampling Strategy

The 22 water sites in the study area (Figure 1) were sampled seasonally for physic-
ochemical (ph-ch) measurements and culturable microbiota (MB) quantification in the
spring (Sp-15), summer (Su-15), autumn (Au-15), and winter (Wi-15) of 2015. The water
invertebrates (WI) were collected in Su-15, Au-15, and Wi-15. The 11 W site was completely
dry in Su-15 and had a minimum level of water that did not allow for the filtering of the
10 L waters from the WI collection in Sp-15 and Au-15.

The sampling sites included five types of water sources (Table 1): (1) mine waters (Mn)
with four sites from the most recently closed exploitation mines; (2) adit waters (Ad) with
four sites from earlier closed, depleted, or low-minerals adits; (3) surface running waters
with four sites downstream (Dw) of mine drainage points; (4) surface running waters with
six sites upstream (Up); and (5) groundwaters (Gw) with three wells (W) and one spring
(S). As all mines in the GMAZ are now closed, the water samples were collected at the
entrances of the mines, where the drainage waters are either free-flowing or quasi-stagnant,
forming small pools that contain a mixture of contaminated water and rainwater (Table 1).

To assess the impact of mining pollution on water biota over time, further samples were
collected at the same sites in the autumn of 2022 (Au-22) and winter of 2023 (Wi-23). For
comparisons between 2015 and 2022/2023, we only used samples collected during the same
seasons (Au and Wi) to ensure that the samples were collected in similar environmental
conditions. At each site, we first sampled the culturable microbiota, then measured on-site
the physicochemical parameters of the water, and finally filtered the water for meiofauna
and macroinvertebrates.

2.3. Physicochemical and Environmental Parameters

Water temperature (WT, ◦C), pH, conductivity (EC, 4S/cm), and dissolved oxygen
(DO, mg/L) were measured on-site using a multiparameter device (Hanna Instruments,
Woonsocket, RI, USA, HI 9828 series). For further details on the accuracy of the measure-
ment method, please refer to Borda et al. [48]. Other physicochemical parameters were
reported by Papp et al. [21].

The air temperature at 2 m above ground level (T2M) and precipitation (PP) data for
the study area were obtained from the POWER Data Services databases [49,50]. MERRA-2
(Modern-Era Retrospective Analysis for Research and Applications, version 2) was used
to obtain the precipitation data [51]. T2M and PP data were obtained for the surface
of the GMAZ during the sampling periods, and we included the seasonal averages in
our analyses. These averages were calculated from the daily values recorded during the
respective months of sampling (Supplementary Table S2). To investigate the possible
influence of environmental variables on biota patterns, land use and climate (PP and T2M)
were taken into consideration. Land use was determined using the Corine Land Cover
spatial database from 2018, in a grid format with a resolution of 100 × 100, represented on
a Stereo 70 system [52].
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2.4. Culturable Microbiota and Water Invertebrates Assessment

To assess the content of culturable microbiota in the water samples, we used two
types of ready-to-use dry medium plates (R-Biopharm AG, Darmstadt, Germany) suitable
for the microbial monitoring of water. We used Compact Dry TC for the quantification
and detection of the total count of culturable heterotrophic aerobic bacteria (TC), and
Compact Dry YM for the quantification and detection of viable yeasts and moulds (YM).
The 50 mm diameter Petri dishes contained pads with culture medium with standard
nutrients. We applied 1 mL of the sampled water directly onto the plates. The plates were
then incubated at 36 ◦C for 48 ± 3 h for the TC plates, and at 25 ◦C for 5 days for the
YM plates. After incubation, the number of colonies were counted and the results were
expressed as colony-forming units per millilitre (CFU/mL).

To sample the water invertebrates (WI), we filtered 10 L of water from the sampling sites
through a 50 µm mesh-sized hand net. The animals were then fixed in 70% ethanol, counted,
and sorted at different taxonomic levels for meiofauna (<500 µm size) and macroinvertebrates
(≥500 µm size) under a stereoscope (SZR-10, Optika Microscope, Ponteranica, Italy). The
term water invertebrates (WI) in this paper refers to both meiofauna and macroinvertebrates.

2.5. Data Analyses

In order to assess the biodiversity in the water sites in this study, we calculated the
taxonomic richness (TR) for the major taxa of culturable microbes (TRMB) and water inver-
tebrates (TRWI) (Figure 1a) at each of the 22 water sites, based on all the samples collected
in 2015 and 2022/2023. The major taxa (MT) were defined as representatives of a particular
higher taxon (genera, families, orders, phylum) based on meiofauna morphological diver-
gence (Acariformes, Amphipoda, Cladocera, Coleoptera, Cyclopoida, Collembola, Diptera,
Ephemeroptera, Gastropoda, Harpacticoida, insect fragments, Isopoda, Lepidoptera, Mega-
loptera, Odonata, Ostracoda, Plecoptera, and nauplii of Copepoda) or microbial culture
media nutrient requirements (culturable aerobic bacteria, yeast, and moulds). TR was
calculated by summing up the total number of major taxa found in all the samples collected
from a water site. The taxonomic richness of biota (TRB) was calculated as the sum of
TRWI and TRMB, in Au and Wi for each site, in order to compare the TRB between 2015
and 2022/2023.

The total abundance (TA) was calculated for each of the 22 water sources as the total
number of individuals of a taxon or total CFU/mL, collected from all the samples of each
water site. The relative abundances (RA%) of water invertebrates and microbes were
calculated as the ratio between the number of individuals or total CFU/mL of a taxon
found in all the samples from one water site and the total number of individuals or total
CFU/mL summed up from all the water sites. The frequency (F%) of WI and MB was
calculated as the ratio between the number of samples in which a taxon was present and
the total number of samples, expressed as a percentage.

R version 4.2.2 [53] was used to perform the statistical analyses. The Pheatmap Pack-
age, version 1.0.12 [54], was used to explore patterns of relative abundances of microbiota
and meiofauna. The ggplot2 package [55] was used to graph individual value plots to
examine and compare patterns of physicochemical parameters among the mine-affected
waters. The normality of the data was tested using the Shapiro–Wilk test, and the strength
of the relationship between HM and biotic features was assessed using the nonparametric
Spearman rank correlation coefficient (rS). The unpaired two-samples Wilcoxon rank sum
test with continuity correction was used to test for significant differences in the biota and
physicochemical parameters between the 2015 and 2022–2023 water samples. Differences
were considered statistically significant at p < 0.01 for the Spearman rank correlation analy-
sis and p < 0.05 for the Wilcoxon rank sum test. The correlation analysis was performed
using PerformanceAnalytics version 2.0.4 [56]. The values of Cu, Cr, Fe, Ni, Pb, and Zn
used in our analyses were previously published [21], and correspond to the same time and
sites as the biotic measurements conducted in 2015 (Sp-15, Su-15, Au-15, Wi-15) reported in
this paper. To summarise the relationship between env, ph-ch, and MB or WI, we used the
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FactoMineR package, version 1.41 [57] to compute the multiple factor analysis (MFA) on the
dataset. The quantitative continuous variables for the ph-ch parameters were standardised
during the analysis, and the MFA results were visualised using the factoextra package,
version 1.0.7 [58].

3. Results and Discussion
3.1. Sites’ Geology and Physicochemical Features of Waters

To provide an overview of the physicochemical features of the water samples collected
from the GMAZ, Figure 2 displays the individual values of WT, pH, DO, and EC.
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Figure 2. Individual value plots showing the seasonal and yearly distribution of the: (a) Water
temperature(WT), (b) pH, (c) Dissolved Oygen (DO), and (d) Elecrical Conductivity (EC) of the
22 waters sampled in the GMAZ. The acronyms correspond to the sampled water sites (see Table 1).

WT varied greatly across the water samples, with notable seasonal differences ob-
served in all the running surface waters. The groundwaters and adits, less exposed to
ambient conditions, had less-scattered WT values, while the mine waters showed the
most constant temperatures. Mines, like caves, are underground structures with constant
environmental conditions which maintain a multiannual average temperature (MAT) of
the local external atmosphere [59]. The drip water temperature is controlled by the un-
derground climate and water flow-induced convection derived from the subsurface water
percolation [60]. Additionally, in mines with large amounts of metallic minerals, exother-
mic oxidation reactions can occur [61], leading to an increase in WT. These conditions are
more pronounced in 29 Mn, where the WT is higher than the MAT and remains relatively
constant compared to open waters or other underground waters. The mines in the GMAZ
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exhibit a development pattern similar to natural karst systems, with overlapping vertical
horizons characterised by lower flood horizons and higher free-flow horizons. Typically,
the drainage of mine water is situated at an intermediate level and, due to the large volume
of water stored at lower levels, the seasonal variations in WT are minimised. In the case of
18 Ad, which has extensive underground development but fewer exothermic reactions, the
seasonal fluctuations in WT are reduced and the WT is closer to the MAT.

The pH values of the sampled waters of the GMAZ ranged from 2.04 (7 Ad, winter
2023) to 8.75 (25 W, summer 2015). The mine waters were found to be the most acidic, the
groundwaters were more alkaline with a constant pH, while the adit and surface waters
had the most variable pH. The geology of the region (Figure 1) plays a crucial role in
determining the chemical composition of the water, including pH, with the type of ore
deposits and bedrock chemistry influencing pH levels [62] in all types of waters. The
sites that collect waters from the alkaline ophiolitic and carbonate sedimentary rocks of
the Curechiu–Techereu, Bucium, and Fenes, Units showed the most constant (Figure 1:
29 Mn, 27 W, 26 Dw, and 11 W) and alkaline pH values (Figure 1: 1 Up, 10 Up, 2 Dw, and
13 Dw). The DO was lowest in the mine waters and highest in the surface running waters,
with values ranging from 0.24 mg/L (22 Mn, summer 2015) to 14.98 mg/L (10 Up, winter
2015). The EC ranged from 43 µS/cm (24 Up, winter 2023) to 4895 µS/cm (21 Mn, spring
2015), with the mine waters having the highest EC and consistently exceeding 1800 µS/cm.
Similar results, such as high EC and low DO, were also reported for the mining drainage,
surface, and underground water sources affected by pollution from AMD originating from
the closed gold mines in Central Bosnia and Herzegovina [63].

The measured physicochemical parameters of water quality show that the mine waters
are considerably different from the other monitored waters. The most visible evidence of
water pollution is the coloration of the water. At all Mn sites, as well as at 3 Ad and 7 Ad,
an ochre precipitate was observed. When the mine waters exit from the underground, the
ochre precipitate is formed due to the precipitation of soluble iron as iron hydroxide [7].
This occurs when the acidic mine waters come into contact with neutralising minerals and
increase their pH. A previous study by Papp et al. [21] revealed that the chemical compo-
sition of water in the GMAZ is influenced by two different mineralogical environments:
(1) sulfidic ores, particularly pyrite, which produce acidic mine drainage (AMD) with
high concentrations of SO4

2− and low or no HCO3
− content; and (2) carbonate minerals,

which produce hard water with a neutral pH, high concentrations of Ca, Mg, and HCO3
−

(alkalinity), and low concentrations of SO4
2−. The lowest SO4

2− and Fe concentrations and
neutral pH (7.5) were found in the groundwaters, which can be considered as background
water unimpaired by AMD. Regarding mine water, the pH values, SO4

2− concentration,
and total Fe concentration were used to identify three subtypes of AMD: (1a) typical AMD,
with a low pH (~4), high EC values, and high concentrations of SO4

2− and dissolved metals,
found at sites 7 Ad, 19 Mn, 21 Mn, and 22 Mn; (1b) partially neutralised AMD, with a
higher pH (~6), lower EC values, and slightly lower concentrations of SO4

2− and dissolved
metals due to the carbonate minerals in ophiolites, observed at 29 Mn; and (1c) neutralised
AMD, with a neutral pH (~7.5) and much lower concentrations of SO4

2− and dissolved
metals. This neutralised AMD occurs either because of the complete leaching of pyrite
and other sulphides in old abandoned mining works (18 Ad and 23 Ad) or because it is
discharged from an exploration adit (3 Ad). There are two known types of ochres in the
literature [64]: one formed under strongly acidic conditions with high concentrations of Al,
like in the case of 7 Ad, 19 Mn, 21 Mn, and 22 Mn; and another ochre formed in slightly
acidic or neutral conditions enriched with Cu, Pb, Zn, Mg, and As, as in the case of 29 Mn,
3 Ad, 18 Ad, and 23 Ad.

3.2. Culturable Microbiota and Water Invertebrates in the GMAZ

Aquatic MB and WI were visibly impacted in the mine waters (Figure 3,
Supplementary Tables S3–S6), with the 19 Mn site being the most polluted and unable
to support life.
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Figure 3. The aquatic biota in the 22 sites sampled in the GMAZ: (a) average values of the microbiota
(MB, shown above), and the total water invertebrates (TWI, shown below) for each sampling site;
(b) heatmap of the relative abundances of MB and TWI (shown above), and of the taxonomic
groups of water invertebrates (TGWI) (shown below); (c) the frequency of TGWI in the five types
of waters. The acronyms correspond to the sampled water sites (see Table 1): TC = total count of
culturable bacteria, Y = yeast, M = moulds. The three-letter acronyms correspond to the TGWI:
ACA = Acariformes; AMP = Amphipoda; CLA = Cladocera; COL = Coleoptera; CYC = Cyclopoida;
CLB = Collembola; DIP = Diptera; EFE = Ephemeroptera; GAS = Gastropoda; HAR = Harpacticoida;
INF = insect fragments; ISO = Isopoda; LEP = Lepidoptera; MEG = Megaloptera; ODO = Odonata;
OST = Ostracoda, PLE = Plecoptera; and NAU = nauplii of copepoda.
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The presence of viable TC, YM, or WI was undetectable at this site and only a few
organisms were found in the rest of the mine waters (21 Mn, 22 Mn, and 29 Mn) and at 7
Ad. MB was less-developed in the adits and was medium in the groundwaters, but well
represented in the running waters, with a few exceptions (8 Up, 30 Up) discussed below.
The YM and TC average values (Figure 3a, up) showed a similar pattern to the chemical
composition (SO4

2− and heavy metals) and pH of all the water sources in the study area,
consistent with previous findings by Papp et al. [21]. Spearman’s correlation indicated
moderate-to-strong negative correlations between the culturable microbiota (TC and YM)
and the concentration of each heavy metal (Cu, Cr, Fe, Ni, Pb, and Zn) in the sample sites
(Figure 4a).

Water 2023, 15, x FOR PEER REVIEW 11 of 23 
 

 

Figure 3. The aquatic biota in the 22 sites sampled in the GMAZ: (a) average values of the microbiota 
(MB, shown above), and the total water invertebrates (TWI, shown below) for each sampling site; 
(b) heatmap of the relative abundances of MB and TWI (shown above), and of the taxonomic groups 
of water invertebrates (TGWI) (shown below); (c) the frequency of TGWI in the five types of waters. 
The acronyms correspond to the sampled water sites (see Table 1): TC = total count of culturable 
bacteria, Y = yeast, M = moulds. The three-letter acronyms correspond to the TGWI: ACA = Acari-
formes; AMP = Amphipoda; CLA = Cladocera; COL = Coleoptera; CYC = Cyclopoida; CLB = Col-
lembola; DIP = Diptera; EFE = Ephemeroptera; GAS = Gastropoda; HAR = Harpacticoida; INF = 
insect fragments; ISO = Isopoda; LEP = Lepidoptera; MEG = Megaloptera; ODO = Odonata; OST = 
Ostracoda, PLE = Plecoptera; and NAU = nauplii of copepoda. 

The presence of viable TC, YM, or WI was undetectable at this site and only a few 
organisms were found in the rest of the mine waters (21 Mn, 22 Mn, and 29 Mn) and at 7 
Ad. MB was less-developed in the adits and was medium in the groundwaters, but well 
represented in the running waters, with a few exceptions (8 Up, 30 Up) discussed below. 
The YM and TC average values (Figure 3a, up) showed a similar pattern to the chemical 
composition (SO42− and heavy metals) and pH of all the water sources in the study area, 
consistent with previous findings by Papp et al. [21]. Spearman�s correlation indicated 
moderate-to-strong negative correlations between the culturable microbiota (TC and YM) 
and the concentration of each heavy metal (Cu, Cr, Fe, Ni, Pb, and Zn) in the sample sites 
(Figure 4a). 

 Figure 4. Spearman’s rank correlations (rS) between heavy metals and: (a) culturable microbiota
(TC and YM) and (b) water invertebrates. The strength of the correlations is indicated as follows:
0 < rS < −3 = weak, −3 < rS < −5 = moderate, and −5 < rS < −7 = strong negative correlations. Only
correlations with a p < 0.01 significance are shown. The three-letter acronyms correspond to the
TGWI as shown in Figure 3. The Cu, Cr, Fe, Ni, Pb, and Zn values used in our analyses are available
in the supplementary data of Papp et al. [21].

The relationships with the geochemistry of the sample sites, as previously reported by
Papp et al. [21], can be highlighted as follows: the lowest YM and TC values were found in
typical AMD and partially neutralised AMD water sources (7 Ad, 19 Mn, 21 Mn, 22 Mn,
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and 29 Mn), while the neutralised AMD water sources (3 Ad, 18 Ad, and 23 Ad) had higher
YM and TC values. The highly impacted surface running waters of Larga creek (8 Up
impaired by the AMD generated by the stockpiles from the upper part of the Hanes, -Larga
veins of ore), Ardeu downstream (16 Dw impaired by the AMD from the HGM), and
Techereu upstream (30 Up impaired by the AMD from other galleries of the SGM located
at upstream 29 Ad) show low YM and TC values. In contrast, the less-impacted surface
running waters of the Ampoi upstream (24 Up) and Hanes, upstream (20 Up) show higher
values of MB. The Larga spring (5 S), the most impaired underground source due to the
infiltration of polluted waters from the Larga adit (7 Ad), displays lower MB values than
other groundwater sources. Despite being affected by the AMD originating from 29 Ad,
the Techereu downstream (26 Dw) and the nearby domestic well (27 W) show high MB
values. This could be attributed to their connection with phreatic water as well as the
alkaline rocks of the Curechiu–Techereu Unit. All these findings suggest that MB is a
reliable environmental indicator.

Many studies have shown that microorganisms can be used as bioindicators for water
quality [65,66]. Coliform bacteria, E. coli, and faecal Streptococci are commonly used as
indicators for sewage pollution and faecal contamination in drinking water [67–69]. Addi-
tionally, the total count of heterotrophic mesophilic microorganisms can indicate organic
pollution from livestock farming [67], agriculture and domestic sources [70,71], or from
other natural environments rich in organic materials, such as caves [72,73]. In underground
voids such as mines or caves, dripping water can contain viable microorganisms. For
example, in the Škocjanske caves in Slovenia, the bacterial concentration of dripping wa-
ter varied from 0.5 to 2.2 CFU/mL, with a bacterial discharge rate ranging from 2.6 to
15.4 CFU/min [74]. These values are relatively low compared to the more heavily polluted
environments such as the Altamira cave, where bacterial counts were reported to range
between 75 CFU/mL and levels too numerous to count [75]. In cases of sewage pollution or
organic pollution, a greater presence of CFUs typically indicates higher pollution. However,
in the case of mine waters, microorganisms play a dual role. Acidophilic bacteria and
archaea are involved in mining operations and accelerate the dissolution of pyrite and other
sulphide minerals to form AMD [76,77]. On the other hand, remedial microorganisms,
such as algae, bacteria, fungi, or sulphate-reducing microorganisms, can remove HM and
other particulate materials and neutralise water acidity [77–79]. Our findings, supported
by the geochemistry results, suggest that heterotrophic aerobic bacteria and fungi can be
used as an effective, low-cost, rapid, and user-friendly method to monitor gold mining
pollution in mine, surface, and underground waters. The absence or low presence of
microorganisms indicates strong pollution with AMD or HM in mine waters, even after
the end of mining operations and mine closure. The same methodology which includes
the quantification of TC and YM using the ready-to-use Rida Count test kit has already
been successfully applied to monitoring anthropogenic pollution in cave habitats [80,81],
water flow or pools in caves [73], and as a culturable microbial indicator in wastewater
treatment systems [68]. The collective evidence from these results confirms the efficacy of
the ready-to-use nutrient plate system as a robust, versatile, rapid, and safe method for
determining and quantifying the various culturable microorganisms in the environment.
The added advantage of using a portable mini-incubator is the straightforward acquisition
of results directly in the field during a monitoring campaign. The abundance and TRWI also
varies across the different water sources in the study area. It appears that the abundance of
WI did not match the patterns observed for MB in the study, except in the mines, where WI
were absent (19 Mn and 21 Mn) or very low, similar to the patterns for MB (Figure 3a,b).
For example, at the downstream sites, WI were present with very few individuals or even
absent, such as in 26 Dw, while MB values were higher. On the other hand, the upstream
waters showed a moderate-to-high abundance of WI. The highest abundance of WI was
observed in the groundwaters and, surprisingly, in 23 Ad. This exception can be attributed
to the pool formed in front of the closed entrance, where AMD from inside mixes with
meteoric waters. The neutralising effect of the ophiolitic rocks in the area also contributes
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to this phenomenon. Additionally, the presence of abundant vegetation in this pool may
play a role in mitigating the impact of pollution [82–84].

The frequency of TGWI varied among the different water sources, as shown in Fig-
ure 3c. The mine waters had only three TGWIs: 40% DIP, 40% CLB, and 20%CYC. Down-
stream had ten groups, and DIP was the most frequent at 41.2%, followed by PLE, INF,
and CLB at 11.78%. Upstream had twelve groups, and DIP was again the most frequent at
48.5%, followed by PLE at 13.42%. Groundwaters had thirteen groups, with HAR being
the most frequent at 44.11%, followed by NAU at 14.07%, and INF at 13.31%. Adit waters
had fourteen TGWIs, with CLA being the most frequent at 51.3% and DIP being the second
most frequent at 15.22%. The other TGWIs had a frequency smaller than 10%, as shown in
Table S1.

The observed patterns of invertebrate abundance and TRWI do not seem to closely
correspond to the chemical composition of the water samples. In contrast to the culturable
microbiota, WI showed only a few weak-to-moderate negative correlations with Cu, Fe, Ni,
Pb, and Zn (Figure 4b). However, the invertebrate assemblages in the study area consist
of taxa with varying sensitivities to contaminants. This characteristic makes them useful
indicators for assessing the impact of mining pollution on streams [85]. Some invertebrate
taxa, such as Ephemeroptera, Plecoptera, and Trichoptera, are known to be among the most
sensitive to mining pollution and HM concentrations, as previously reported in studies
conducted in Portugal, Australia, and China [86–88]. In our study, based on the correlations
between WI and HM, we observed a significant sensitivity of Plecoptera to Ni concentra-
tions, Amphipoda to Zn, and Harpacticoida to Cu. Additionally, when considering the
total water invertebrate community, we found sensitivities related to Fe, Pb, and Zn. In
contrast, other taxa, such as certain Diptera, Coleoptera, Lepidoptera, and Odonata, are
highly tolerant to HM pollution [89]. Research conducted in the Aries, River, which is also
located in the Golden Quadrilateral mining area, has shown that the presence of HM has
a significant impact on the abundance, frequency, and spatial distribution of meiofauna.
Insect larvae were found to be more abundant upstream while microcrustaceans, including
an important fraction of groundwater taxa, dominated downstream, where pollutant inputs
were present [90]. In comparison with the culturable MB, the majority of the WI main
groups did not show significant correlations with HM, indicating their higher tolerance to
HM pollution. These findings suggest that WI may be less sensitive to changes in water
chemistry than culturable microbial organisms.

3.3. The Relationship between Biota, Environment, and Geochemical Features of Water Sites

MFA is an analytical approach that is optimal for assessing variance criteria and
grouping variables of a similar nature. It enables the simultaneous representation of sites,
taxa, and explanatory variables (env and ph-ch) in a two-dimensional space. MFA were
conducted on two separate datasets: one for MB and another for WI. The MB dataset
consisted of 133 samples with 14 variables, including six active continuous variables
describing the environment (env, Supplementary Table S7) and the physicochemical (ph-ch)
properties of the waters; eight supplementary variables that included qualitative variables
specifying the seasons, water types, drainage basins, geology, and land use (Table 1);
as well as two continuous variables quantifying TC and YM. The WI dataset, on the
other hand, consisted of 107 samples with 29 variables, including the same six active
continuous variables as in the MB dataset, along with 23 supplementary variables that
included the same six qualitative variables and 17 continuous variables quantifying the
TGWI. The quality of variable representations and their related dimensions are presented
in Figures 5a and 6a. In the MFA analysis, the first two dimensions accounted for 70.34%
of information in the MB data, while explaining 71.20% of the variability in the WI data.
Among the variables, EC showed a negative correlation with both MB and WI, while all
the other variables had a positive correlation with MB and WI (Figures 5a and 6a). For both
MB and WI, T2M, PP, and WT had the highest contribution to Dim 1, which essentially
represent env. On the other hand, EC, pH, and DO had a greater contribution to Dim2,
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which represent the ph-ch parameters (Figures 5b and 6b). This suggests that these factors
play a significant role in shaping the culturable microbial and invertebrate community
patterns of the studied waters.
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Figure 5. The multiple factor analysis (MFA) analysis shows the contribution of the physicochemical
and environmental parameters to the MB in the GMAZ sampling sites: (a) The correlation circle of the
vectors which correspond to the active groups of variables, env and ph-ch, and to the supplementary
quantitative variables represented by MB. (b) The contribution of the quantitative variables in the
first two dimensions. (c) The MFA plot based on the first two dimensions. (d) The polygons according
to the qualitative supplementary variables: seasons, water types, drainage basins, geology, and land
use. For the sites and legends acronyms, see Table 1.

The first axis of the MFA plot divides the samples according to the seasons, with the
summer and spring samples having more abundant MB clustering in the right positive
quadrant, while the autumn and winter samples with a lower MB clustered in the opposite
quadrant (Figure 5c). In the MFA plot for WI, it is observed that MEG, ODO, DIP, AMP,
INF, and CLB are clustered in the right positive quadrant, indicating that their abundance
and taxonomic richness were positively influenced by T2M, PP, and WT. In contrast, COL,
PLE, GAS, and OST are situated in the left quadrant, indicating that they were negatively
influenced by the same environmental factors (Figure 6c). The second axis of the MFA is
responsible for separating the samples based on water pollution, with mine waters located
in the lower part of the axis due to their high EC and low abundance of MB and WI. In
contrast, the samples with high values of pH, DO, low EC, and rich MB are located in the
upper part of the axis (Figure 5c). Similarly, in Figure 6c, most of the samples with low
EC and higher pH and DO are located in the upper part of the axis, correlating with high
abundance and TRWI.
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parameters to the TGWI in the GMAZ sampling sites: (a) The correlation circle of the vectors,
which corresponds to the active groups of variables, env and ph-ch, and to the supplementary
quantitative variables represented by TGWI. (b) The contribution of the quantitative variables in
the first two dimensions. (c) The MFA plot based on the first two dimensions. (d) The polygons
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The MFA results indicate that several environmental and physicochemical parameters,
including WT, PP, T2M, EC, pH, and DO, were closely associated with the ecological effects
that had the most notable influence on the richness and community structure of MB and
WT in the mining-affected waters of the GMAZ. It is widely recognised that WT [91] and
PP are key factors [92] affecting aquatic communities. WT affects the solubility of pollu-
tants and oxygen levels, as well as pH, and EC and promotes microbial and invertebrate
growth [91,93]. Additionally, changes in WT can impact the life-cycle phases [94], inver-
tebrate distribution and richness [95], and community structure [96]. PP, in addition to
WT, is closely linked to the physicochemical conditions of freshwater ecosystems [92], and
contributes to maintaining a stable water flow, which in turn supports high densities of
biotic communities [97,98]. In contrast, droughts or extreme floods can lead to low densities
of biotic communities [92,99,100]. The seasonal variations observed in the structure of
both MB and WI assemblages (Figures 5d and 6d) were also influenced by air temperature,
which is often considered a primary driver of WT and PP [92,101], and has been used as a
proxy for predicting the distribution of freshwater communities [91,102].

The polygons in Figures 5d and 6d help to visualise the grouping of samples based
on different qualitative variables, such as seasons, water types, drainage basins, geology,
and land use. These polygons demonstrate how the samples are segregated based on the
environmental variables, including seasons as defined by T2M and PP, and water types
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and the sites’ geology defined by ph-ch properties, with EC being the most significant
determinant. The samples from the mine waters characterised by low pH due to ore alteration
are clustered in the lower part of the diagrams. On the other hand, the neutral-to-alkaline
waters influenced by ophiolitic and sedimentary rocks that increase pH are clustered in the
upper part. However, the polygons for drainage basins and land use exhibit some overlap,
indicating that the samples could not be clearly separated based on these variables. This
suggests similarities in the chemical properties of the water samples across different drainage
basins or land use, contributing to the overlapping polygons. Our results (Figures 5d and 6d)
highlight the importance of seasonality, water type, and the site’s geology in determining
water biota richness and community structures. In contrast, drainage basins and land use
have a relatively smaller impact, likely due to the overriding influence of AMD and HM
pollution stresses. Other studies [70,103–105] have highlighted the significance of various
covariates such as substrate, hydrological conditions, or vegetation index in shaping habitat
stability and the structure and functioning of aquatic ecosystems.

3.4. Mining Pollution over Time

Two monitoring actions were conducted in 2015 and 2022/2023, and the results show
a reduction trend in water pollution reflected by a pH and DO increase and an EC decrease,
along with an MB and WI recovery (Figure 7). The number of viable colony-forming units
of MB in the mine, adit, and downstream samples increased in 2015 compared to 2022/2023.
However, in the groundwaters there was an increase only in YM, while TC decreased. In the
upstream waters, there were only minor differences in MB counts (Figure 7a). In 2022/2023, WI
showed an increase in the number of individuals in the adit, downstream, and groundwaters,
and an increase in the number of taxonomic groups in downstream waters (from three to eight
TG). However, there was a slight decrease in WI counts in the mine and upstream waters
(Figure 7b). Overall, the taxonomic richness of aquatic biota increased in 19 out of the 22 sites
in 2022/2023, except for 1 Up, 20 Up, and 27 W (Figure 7c, Supplementary Table S7).

According to the statistical analysis, there were significant differences in several param-
eters between the two monitoring periods. Specifically, DO increased significantly in the
mine waters (from 1.98 to 6.66 mg/mL, p < 0.001), while YM and PLE increased significantly
(p < 0.05) in the adit waters. Additionally, WI increased significantly (p < 0.05) and there was
a decrease in EC (492.38 to 200.13 µS/cm, p < 0.01) in the downstream waters, along with
an increase in INF in the upstream waters. The groundwaters showed the most significant
reduction in pollution, with an increase in pH (from 6.99 to 7.45, p < 0.01) and DO (from 4.9 to
9.59 mg/mL, p < 0.001), and a decrease in EC (from 503 to 265.75 µS/cm, p < 0.05) (Figure 7d).

Our corroborated results suggest that the AMD pollution from the closed mines in
the GMAZ undergoes a natural attenuation process over time. The natural attenuation of
mine pollution is a well-established phenomenon that occurs without human intervention
in waters polluted with AMD and soluble metals [106,107]. It involves natural biological,
geochemical, and physical processes [108,109]. The biological process involves the direct
uptake of pollutants by living plants [82–84], or microbial activities that alkalize and remove
metals through sulphate reduction or absorption and exchange reactions with organic matter.
The geochemical processes involve the reaction between AMD and alkalinity-generating
materials [108]. The acid neutralisation reactions can occur in the saturated zone of tail-
ings deposits due to mineral dissolution–precipitation reactions that control pH and metal
mobility [110]. Natural attenuation is influenced by several factors, including the type of
mine, the geochemical properties of the host rocks, site hydrology, dilution processes, and
environmental conditions [107,111]. In the area of investigation, we identified several of the
aforementioned processes that could be involved in the natural attenuation of AMD pollution
in the GMAZ: (1) the reduction in AMD production due to the decreased surface area of
exposed ore minerals to air or percolated rainwater rich in oxygen, is generally applicable;
(2) the rise of water levels in the mines and the subsequent decrease in available oxygen
after mining activities ceased and water was no longer actively pumped out, is generally
applicable; (3) the uptake of pollutants by plants, as in the case of 23 Ad pool; and (4) the
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neutralisation of AMD by sedimentary rocks (calcarenites, calcareous marls, and limestones)
with a high buffering capacity, as in the case of 13 Dw. In contrast, the alkaline ophiolitic
rocks, such as in the case of 29 Mn, lost their ability to neutralise pH over time due to the
processes of alteration. However, we acknowledge that the observed patterns in the biotic
communities between 2015 and 2022/2023 may also be influenced by interannual variability
stemming from environmental conditions that are challenging to fully account for.
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Water 2023, 15, 2883 18 of 23

In this context, collecting robust time series data and conducting future research
are indeed necessary for a more comprehensive understanding of community dynamics
and their interannual variation patterns. Only in this way we can validate and further
investigate the processes involved in the NA of mining pollution in the GMAZ. Specifically,
exploring how the natural variation in biota communities throughout the year and over
multiple years is influenced by environmental factors, including additional geochemical
processes within the hydrological system, is crucial to gaining deeper insights into the
dynamics of the ecosystem.

4. Conclusions

Our study concludes that closed mines from the GMAZ are still impacting the physic-
ochemical parameters of surface- and groundwater, as well as aquatic biota, through the
discharge of AMD-containing HM. Our results indicate that the quantifying of the cultur-
able microbiota represent a low-cost, rapid, and easier alternative for monitoring the mining
pollution of waters versus the more expensive and time-consuming geochemical analysis.
Additionally, we observed that gold mining pollution affects the taxonomic richness of
the major groups of aquatic invertebrates, highlighting their vulnerability to the impacts
of mining activities. However, it is noteworthy that some of these invertebrate groups
exhibit a remarkable versatility in tolerating high concentrations of HM, showcasing their
adaptive capacity in the face of pollution. Based on this method, we have obtained the first
data that indicate a reduction in mining pollution over the last seven years, with evidence
of a possible natural attenuation resulting in overall improvements in water quality and
aquatic biota in the GMAZ. The proposed method can be a valuable tool for monitoring
programs that gather quantitative and qualitative data from different time points and
for understanding the community dynamics and complex processes involved in natural
attenuation. Combining these aspects with the regulatory framework of WFD is crucial for
implementing effective remediation strategies and enhancing the quality of surface and
underground water bodies.
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