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Abstract: Acid mine drainage represents an extreme environment with high concentrations of
potentially toxic elements and low pH values. These aquatic habitats are characterised by harsh
conditions for biota, being dominated by acidophilic organisms. The study site, São Domingos mine,
located in one of the largest metallogenetic provinces in the world, the Iberian Pyrite Belt, was closed
without preventive measures. To identify the algae species and understand the relationships with
abiotic parameters of the ecosystem, water and biological material were collected and analysed.
Digital terrain models were obtained with an unmanned aerial vehicle for geomorphological and
hydrologic characterisation of the mine degraded landscape. The results show two types of algal
colours that seem to represent different degrees of photosynthetic activity. Optical and scanning
electron microscopy revealed 14 taxa at the genus level, divided into eight classes. The genus
Mougeotia is the most abundant multicellular algae. With respect to unicellular algae, diatoms
are ubiquitous and abundant. Abiotic analyses expose typical features of acid mine drainage and
support an inverse relationship between chemical contamination and biological diversity. Factorial
correspondence analysis indicates three groups of attributes and samples by their relationship with
specific toxic elements. This analysis also suggests a close association between Spirogyra and Pb,
together composing a structurally simple ecosystem. The highest contamination in the river system
is related to the hydrologic patterns obtained from photogrammetric products, such as the digital
surface model and flow map accumulation, indicating the input of leachates from the section having
the finest sulfide-rich wastes. Information about the algae community and their association with flow
patterns of toxic elements is a relevant tool from a biomonitoring perspective.

Keywords: acid mine drainage; Mougeotia; acidophilic algae; photogrammetric products; factorial
correspondence analysis; ecological monitoring; Iberian Pyrite Belt

1. Introduction

Acid mine drainage (AMD), typical of sulfide environments, is promoted by min-
ing activities and often presents features of extreme degree of pollution [1,2]. Usually,
the affected systems show high concentrations of potentially toxic elements (PTE), low
pH and presence of iron colloids, causing water turbidity and nutrient deficiency. These
characteristics contribute to stress conditions that affect biota by inducing a reduction in
biodiversity [3]. Therefore, these environments are dominated mostly by prokaryotes and
eukaryotes that are acidophilic and acid-tolerant, composing a structurally simple ecosys-
tem [4]. These organisms play important roles in safeguarding primary production and
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can be divided into two groups: chemoautotrophic (mainly bacteria) and photoautotrophic
(such as acidophilic algae). Both interfere with the mobility of dissolved chemical species
in the aquatic medium. It is known from scientific literature that algae have mechanisms to
avoid toxic effects, exhibiting tolerance to metals [2,5]. Furthermore, some algae, namely
the diatoms, which are known for their ability to survive in different types of metal-polluted
waters [6,7], can be used in monitoring processes. Some species have optimal growth limits
under acidic conditions and therefore they are good markers of contamination generated
by AMD [8]. In line with that, the European Water Framework Directive (WFD, European
Commission 2000) introduced ecological criteria for determination of water quality, rein-
forcing the importance of ecological indicators for the study of human impact in water
bodies. Thus, studies of biotic systems in acidified waters have been undertaken in various
regions of the world [9], and also in the Iberian Pyrite Belt (IPB) [4,7,10,11], including the
São Domingos mining area [12].

Since contamination and rehabilitation processes based on ecological procedures are
paramount, it is crucial to have a thorough knowledge of these extreme survival com-
munities in AMD. So, the objectives of this research study are to investigate and identify
the community of algal flora in the aquatic ecosystem that receives the drainage from
São Domingos mining area and correlate it to abiotic features. For this, hydrochemical
properties as well as hydrological and geomorphological characteristics are fundamental
and will be considered. Photogrammetric products and statistical tools, such as factorial
correspondence analysis, are used to determine possible relationships between algae distri-
bution and flow patterns of potentially toxic elements. In this way, this study intends to
contribute to the development of biomonitoring plans that could be applied in abandoned
mining sites with AMD contamination.

2. Materials and Methods
2.1. Study Area

São Domingos mine, characterized by sulfide deposits, is located in the south of
Portugal, and is part of the IPB Metallogenic Province (Figure 1). It represents a typical
scenario of mining contamination by old exploitations in the IPB. Mining started in pre-
Roman times and ended in 1966 when it was abandoned without rehabilitation measures.
This area tends to be characterized by its low pH and extremely high concentrations of
heavy metals, mainly Cu, Fe, and Zn but also rich in other less abundant elements that are
burdensome to the environment such as Sb, As, Hg, and Pb [13]. Infrastructure including
ore-processing plants and machinery are abandoned through the study area, leading to
different types of wastes disseminated through the mining complex [14]. Specifically,
the mining area is covered by two streams: São Domingos and Mosteirão streams. The
Chança River, primary effluent of Guadiana River, especially its water dam is the final
receptor of the acidic discharges (Figure 1). The intense red-orange colour associated with
high concentrations of iron and deposition of ochre-precipitates is characteristic of São
Domingos waters [15].

With a typical Mediterranean climate, the region has two distinct seasons: a wet
period, from November to March, and a dry period, from May to September. The annual
average air temperature is 17.6 ◦C, and annual precipitation is 559 mm, with hot summers
(30 ◦C) and cold winters (12 ◦C) [16].
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Figure 1. Map of the study area with representation of the geological context and the river system,
with location of the sampling points. Adapted from [3].

2.2. Geomorphological Characterization

In order to make the geomorphological characterization of the area, a survey campaign
was conducted using an unmanned aerial vehicle (UAV). In total, an area of 3,813,157.52 m2

was surveyed, with a maximum width of 1.58 km and a maximum length of 4.12 km
(Figure 2).

Figure 2. Aerial view of the São Domingos mining area. The yellow line represents the boundaries of
the section surveyed by the UAV (Imagery from Google Earth). Location approximately at coordinates
37.65965 lat., −7.50506 long. (WGS 84).
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The unmanned aerial vehicle used was a Phantom 4 Pro®, DJi™, Shenzhen, Guang-
dong, China. Due to the limited battery life for each flight, a total of five flights were
performed to ensure photogrammetric coverage of the entire area (Figure 2). Each flight
was performed at 150 m high, with flight paths in parallel rows, using a front overlap
of 75% and a side overlap of 70%. This was done using the MapPilot® flight planning
application from Maps made Easy™, which has the functionality of keeping the UAV flight
at a constant altitude relative to the topographic surface, using NASA’s SRTM altitude
models. The final photogrammetric products obtained were a digital surface model (DSM)
and an orthophotomap, with a ground sampling distance (GSD) of 4.1 cm/pixel. The
photogrammetric processing was performed using the Metashape® application from Ag-
isoft™. In this work no ground control points were collected using GNSS equipment due
to the difficulty of safe access to some areas included in the survey, which would allow
a centimetric accuracy of the photogrammetric products [17]. However, the purpose of
this work does not require such high precision. Thus, to ensure sub-metric accuracy of the
photogrammetric products, GCPs were collected from survey grade products, with the lati-
tude and longitude extracted from the 2015 orthophotomaps produced by the Portuguese
General Directorate of the Territory, with a ground sampling distance of 10 cm/pixel, and
the altitude extracted from topographic surveys carried out by the Portuguese army to pro-
duce the official Portuguese topographic cartography. A total of 9 GCPs were used, evenly
distributed throughout the area, allowing the production of photogrammetric products
(DSM and orthophotomap) with average errors of 0.36 m in x axis, 0.17 m in y axis and
0.10 m in z axis, with the RMS error being 0.41 m.

The morphological analysis of the terrain was done using the open-source GIS ap-
plication Quantum GIS. The hydrological analysis, namely the runoff patterns and flow
accumulation, was done using the “r.terraflow” routine [18,19], included in the GRASS
processing module of Quantum GIS. A detailed description of the flow accumulation
calculation can be found at https://grass.osgeo.org/grass78/manuals/r.terraflow.html.

2.3. Water Sampling and Analytical Methods

Samples were collected in the hydrological year of 2016–2017 (monthly from October
to September), at eight different locations according to the scheme shown in Figure 1.
Determination of pH, temperature (◦C), and electrical conductivity (EC µS/cm, at 25 ◦C)
were recorded on-site, operating a portable meter Thermo Scientific Orion. Two sterilized
polyethylene containers were used at each point to store superficial water: one was filled
with 0.45 µm filtered water and acidified with concentrated acid nitric to obtain a pH < 2,
in order to prevent metals precipitation and bacterial growth during transportation to the
laboratory; the other was collected to be used for the remaining analyses.

The sulfate was determined by the turbidimetric method [20] and total acidity and
alkalinity were analysed by volumetric determination [21]. Concentrations of selected
elements (Al, Mn, Fe, As, Cu, Zn, Cr, Ni, Co, Cd, Pb, Mg, Ca, K) were obtained by
inductively coupled plasma optical or mass spectrometry (ICP-OES/MS). These analyses
were performed at Activation Laboratory, Lda (Actlabs, Ancaster, ON, Canada), including
duplicate samples and blanks to check precision, whereas accuracy was obtained by using
certified standards. All the reagents used were of analytical grade or of Suprapur quality
(Merck, Darmstadt, Germany). The standard solutions were Merck AA Certificate. Milli-Q
water was used in all the experiments.

2.4. Algae Community—Sampling and Identification

With the purpose of studying and identifying the algae community, sampling, treat-
ment, and analyses of phytoplankton were performed according with European Committee
for Standardization norms (2003). Algae were collected at the same time and place that
the water samples. Specifically, samples were taken based on the macroscopic presence of
algae and to study their diversity. They were obtained by scraping the substrates and by
dredging the water surface through a polyethylene container. At each site, two samples

https://grass.osgeo.org/grass78/manuals/r.terraflow.html
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were taken: one represents in vivo and the other was preserved with Kew solution imme-
diately after collection. Subsequently, they were accommodated in a portable refrigerator
at 4 ◦C to avoid degradation, being analysed when arrived to the laboratory. Taxonomic
identification was achieved by optical microscopy (Leica Microscope DMRB with UEYE
coupled camera) and scanning electronic microscopy (SEM) (Evo LS15 Zeiss) based on
morphological features.

2.5. Statistical Analysis

Factorial correspondence analysis (FCA) was applied to dataset in order to find
possible relationships between the variables and the samples. FCA belongs to a group of
factorial extraction methods whose primary goal is to uncover the underlying pattern of
relationships within a dataset. The aggregation of standardized parameters was developed
by Benzécri at the beginning of the 1970s [22,23]. This is done by rearranging the data into
a smaller number of uncorrelated “components” or “factors” that are extracted from the
data by statistical transformations. Such transformations involve diagonalizing the same
type of variable similarity matrix, such as a correlation or variance-covariance matrix. Each
factor describes a certain amount of the statistical variance of the analysed data and is
interpreted according to the intercorrelated variables. The main advantage of FCA is that
symmetry is given to the data matrix [23], enabling the simultaneous study of correlations
within and between variables and samples. A detailed discussion of the theory underlying
the FCA is beyond the scope of this article, but its application in this matter is rather
straightforward. For computation purposes, ANDAD version 7.12, CVRM/IST: Lisboa,
Portugal [24] was used.

3. Results and Discussion
3.1. Photogrammetric Products

Through a survey using the UAV, high-resolution images of the area that borders the
São Domingos stream were obtained. Figure 3 shows the digital surface model and an
example of the typical pattern of surface flow accumulation in one of the most affected
sections of the surveyed area.

The area is morphologically dominated by a V-shaped valley, more or less open, which
talweg constitutes the bottom of the São Domingos stream. The mining waste deposits
with contaminants, resulting from mining activity, are predominantly on the east side of
the stream. These deposits are exposed to precipitation and can be easily mobilized by
surface run-off in the direction of the talweg, which means that the flow is mainly in the
direction of the riverbed of São Domingos stream. Topographic blockages to surface runoff
are usually small elevations made up of the waste deposits or acidic lagoons. The section
illustrated in Figure 3 has one of these lagoons, which is completely covered by sulfate
efflorescences during dry season. This is a section of special interest, due to the presence of
large amounts of fine sulfide-rich wastes and due to this lagoon, cyclically subject to the
dissolution of the sulfates blooms.

The preferential flow accumulation in acidic lagoons and in São Domingos stream
is notorious. Considering that all the topography along the valley is convergent to the
São Domingos stream, the surface run-off and the underground run-off will invariably
lead to inputs of contaminants in the stream. As surveyed, this stream has a maximum
elevation of 133.378 m and a minimum of 85.819 m, with an extension of 3148.6 m. These
values correspond to an average slope of the talweg of 2.73%. This slope leads to a general
drainage of the São Domingos stream basin in the direction of the Chança dam. As an
example, the P5 and P8 sampling sites receive the leachates from the areas most affected by
the presence of very fine wastes.
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Figure 3. Digital Surface Model of the surveyed area obtained by UAV (upper); Section of the flow
accumulation map (lower image) in the area with the finest sulfide wastes. In the lower part of the
figure, the blue lines are flow lines of surface runoff and the blue continuous zones are areas of flow
accumulation. Coordinates in WGS 84.

3.2. Water Physical-Chemical Characterization

The statistical summary of the hydrochemical parameters are presented in Table 1.
The results show that the lowest pH average is 2.5, found at P5. On the other hand, P11
represents the sampling point with the highest average pH value (4.0). The same pat-
tern can be observed consistently for electrical conductivity (EC) and sulfate, which have
higher values for P5 (4035 µS/cm and 3155 mg/L, respectively) and lower values for P11
(741 µS/cm and 301 mg/L, respectively). Between these two sites, there is a decrease in
sulfate concentration, reflecting a reduction of contamination, as a function of attenuation
processes, such as dilution and the development of mineralogical neoformations. Specifi-
cally, efflorescences of Fe and Al-sulfates and precipitation of jarosite, the most abundant
iron hydroxysulfate in this system, are the main mineralogical control factors [15].
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Table 1. Statistical summary of parameters analysed monthly across the hydrological year. Min = Minimum; Max = Maximum; EC = electrical conductivity (µS/cm); all concentrations are
in mg/L.

Samples pH EC T ◦C SO4−2 Al As Ca Cr Cu Fe K Mg Mn Ni Co Zn Cd Pb

P3
Mean 2.7 2877.2 23.3 1608.3 148.858 0.075 93.409 0.071 12.721 71.260 3.684 71.819 7.564 0.197 0.669 7.109 0.028 0.030

Min 2.3 228.0 16.2 661.5 67.872 0.026 44.817 0.030 5.750 19.677 1.281 32.784 3.039 0.100 0.319 3.265 0.014 0.005
Max 3.5 4378.0 29.6 2760.5 251.000 0.160 163.000 0.100 22.200 170.000 8.380 169.000 14.700 0.483 1.300 10.855 0.041 0.051

P4
Mean 2.7 2654.8 23.3 1728.2 135.585 0.081 59.266 0.063 1.660 95.830 4.071 117.758 22.614 0.340 1.025 63.778 0.085 0.017

Min 2.3 310.0 14.5 552.3 42.306 0.015 19.784 0.020 0.589 29.084 2.333 39.060 6.996 0.056 0.342 20.550 0.050 0.011
Max 3 4230.0 31.3 2600.4 199.073 0.240 105.000 0.100 3.210 160.007 6.190 189.000 34.265 0.738 1.555 96.076 0.118 0.030

P5
Mean 2.5 4034.7 23.2 3155.3 288.885 1.506 101.635 0.121 32.429 253.137 1.393 105.460 15.584 0.309 1.277 62.080 0.373 0.102

Min 2.1 251.0 13.7 865.7 4.830 0.061 14.842 0.040 0.381 3.020 0.600 8.440 0.594 0.050 0.334 0.977 0.033 0.020
Max 2.8 6943.0 30.0 6564.9 675.000 6.260 205.000 0.285 83.900 801.000 2.262 252.000 37.200 1.040 3.020 199.000 1.300 0.286

P6
Mean 3 1734.8 23.2 1001.9 83.493 0.849 50.865 0.062 9.427 70.664 4.869 47.338 5.065 0.129 0.389 19.837 0.099 0.289

Min 2.6 117.3 15.6 68.2 1.757 0.003 9.639 0.001 0.378 0.995 1.966 8.374 0.165 0.033 0.077 0.595 0.002 0.031
Max 4 4320.0 31.9 2955.1 354.446 9.498 86.900 0.119 48.057 459.577 8.400 108.104 11.346 0.360 1.479 155.883 0.819 0.626

P8
Mean 2.8 3392.7 22.2 2498.0 211.161 0.119 117.307 0.103 16.886 220.407 4.785 81.232 10.737 0.207 0.895 31.697 0.080 0.307

Min 2.2 181.9 14.7 58.5 0.075 0.060 10.480 0.050 0.166 1.201 0.421 8.554 0.162 0.100 0.100 0.687 0.004 0.011
Max 4.7 7320.0 35.1 5731.9 497.000 0.299 256.000 0.171 38.000 499.000 29.142 170.389 24.152 0.499 1.913 82.000 0.194 1.181

P9
Mean 2.9 1728.7 22.4 836.4 67.196 0.108 47.504 0.062 7.090 66.351 5.825 33.874 3.699 0.099 0.336 10.848 0.044 0.407

Min 2.4 204.0 16.8 110.4 4.809 0.021 13.724 0.020 0.590 4.676 2.483 9.781 0.666 0.048 0.069 1.544 0.011 0.152
Max 3.5 3186.0 30.2 1641.5 131.366 0.279 86.456 0.100 13.343 166.920 29.143 63.881 7.355 0.137 0.652 23.491 0.080 0.765

P10
Mean 2.9 3199.5 20.3 2055.2 103.202 0.113 195.022 0.060 6.803 67.240 4.123 181.316 12.684 0.176 0.563 15.995 0.072 0.135

Min 2.4 185.7 8.0 151.3 9.741 0.030 16.088 0.020 1.144 1.779 0.100 11.363 0.613 0.062 0.061 1.944 0.019 0.005
Max 3.7 8598.0 26.2 6753.2 310.774 0.320 658.000 0.100 15.791 303.574 11.000 651.026 42.800 0.638 1.770 45.852 0.204 0.477

P11
Mean 4 740.8 20.5 300.6 26.502 0.067 52.233 0.053 2.321 14.231 5.790 33.537 2.799 0.071 0.147 4.103 0.019 0.129

Min 2.9 168.7 12.6 58.4 0.100 0.007 15.833 0.003 0.019 0.330 1.330 10.500 0.140 0.005 0.003 0.042 0.002 0.001
Max 6.3 1527.0 28.4 790.0 98.570 0.149 130.137 0.100 11.023 78.501 29.145 73.218 9.803 0.109 0.434 12.616 0.054 0.393
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Of the metals, Fe, Al, and Zn presented the highest concentrations, with Fe achieving
maximum of 801 mg/L in P5. The dominance of these metals has been reported in other
AMD affected sites around the world [25–27]. According to Soyol-erdene et al. [28], the
high concentrations obtained for Al and Mg can be explained by the abundant dissolution
of host felsic rocks, allowed by the strong acidity of the medium. As observed for in situ
parameters (pH and EC), the selected PTE present higher concentrations in P5, followed by
P8 (Table 1) in dry season. A previous study [3] indicated the highest amount of chlorophyll
in these two sampling points, leading us to believe that algae present mechanisms that
confer them tolerance and even preference to toxic factors. As mentioned before, the contact
of water with the different types of mining wastes disposed around the acidic lagoons [29],
explains the highest contamination, as observed by the flow accumulation map (Figure 3).

3.3. Algae Community Study
3.3.1. Field Evidence

AMD systems represent harsh conditions where only a small number of specialized
alga can develop [6]. In this way, as reported by [10] in previous studies conducted at
IPB, two distinct types of algal colours were observed in São Domingos mine: green and
brown-purplish (Figure 4). The first was the most abundant type occupying the majority
of sampling points, where the water flow was low (Figure 4a,b). They were attached
to fixed materials, such as twigs and rocks, presenting long filaments that trailed along
the water. According to [3], abiotic characteristics such a lotic or lentic environment, are
factors with important influence on algae fixation and colonization. The same observations
were realized by [30]. The filamentous brown-purplish algae blooms (Figure 4c) are more
evident at P3, where the water flow is low. In Figure 4d it is possible to observe a detail of
gaseous effervesce formation, which are oxygen bubbles from photosynthesis.

It is possible that these distinctive colours indicate different species and/or different
degrees of algae activity. According to Gomes et al. [3], in this case, brown-purplish algae
seems to exhibit clear senescent properties and algae with fresh biomass presents green
colour. With excess nutrients and favourable temperature, phytoplankton can multiply
rapidly, forming a bloom (Figure 4f). In this case, the water turns greenish briefly, from one
to two days, depending on the temperature, and becomes brownish when the plankton
depletes the nutrients and begins to die. However, in the middle of these filamentous algae,
diatoms can also occur, that present a golden or brownish colour, and are also designated
by gold algae, contributing to this appearance [10]. Often, algal blooms hold suspended
particles, which give them ochre shades (Figure 4e). According to Valente and Gomes [6],
this phenomenon can be explained by the dense community of algae that often acts as a
barrier for iron oxyhydroxide precipitates.

No important differences in the macroscopic appearance of algae were observed
during the monthly sampling, leading us to observe that the same type of algae inhabits
in certain locations at São Domingos mine, regardless of the season. However, it was
possible to observe that the occurrence of filamentous species is higher during the dry
summer months, when most physicochemical parameters are extreme, especially in P3
and P5. These results are in accordance with [3,11], that revealed the same pattern. When
the conditions are more extreme, higher photosynthetic production rates were analysed,
following the exuberance of the blooms.
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Figure 4. (a) Macroscopic observations of intense red-orange colour, reddish-yellow iron-precipitates
and the presence of typical green algae observed in waters channels; (b) detail of small green
algae in the sediment; (c) presence of layer brown-purplish intercalated with green algae filaments;
(d) purplish brown colour of senescent algae with oxygen bubbles; (e) algae filaments with brown
shades in low water course (P5); (f) bloom of algae patches, coexisting with efflorescent salts, and
covering the surface bed at P3; (g) green algae located on rocky substrate in a small seep.

3.3.2. Identification by Optical Microscopy

Figure 5 shows photomicrographs of several genera of multi and unicellular algae
found at different sampling sites. Figure 5a shows large crystals in interface with algal
filaments. The same effect was previously reported by Valente et al. [31]. Figure 5d
further exposes the interaction of algae and sediments, which supply soluble elements
and compounds, fundamental for photosynthesis processes. Moreover, it is possible that
elements such as metals may be retained by salt efflorescences [15].
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Figure 5. Photomicrographs including potentially identified algae at Sao Domingos mine. (a) uniden-
tified radiating crystals formed around biological material, showing mineral-algae interaction;
(b) Mougeotia sp. image without membrane organelles; (c) radial structure (possible plant hair)
overlapping on algae filaments; (d) Ulothrix sp. with loss of membrane organelles and surrounded by
sediment; (e) Eunotia exigua; (f) Pinnularia sp.; (g) Euglena mutabilis; (h) Cyclotella sp.; (i) Pinnularia sp.;
(j) Euglena mutabilis (?). All images are from P3 sampling point, with the exception of image (b) from
P11. Magnification 40×, except (b,g,i) which are 100×.

The multicellular algae, mostly belonging to the genus Mougeotia in P3, were quite
degraded (Figure 5b). This assumption was made by the absence of cellular organelles
within the cells, which provides senescence properties, and gives the brown-purplish
colour due to the lack of chlorophyll.

In this previous Figure 5d, it is also visible algae from the Ulothrix genus. Despite pre-
senting organelles, it seems to show already some signs of oxidative stress. The remaining
images show different unicellular algae, representing mainly diatom species. Figure 5g ex-
hibits a single cell of Euglena mutabilis. This alga is commonly reported in AMD. However,
it was rarely observed in this study.

3.3.3. Mineral-Algae Interactions (SEM Study)

Observations in SEM (Figure 6) show communities of pioneer species forming dense
biofilm networks, holding sediment particles able to retain metals in the clay size frac-
tion [32]. The presence of Fe, S, and Al is common (Figure 6a,b), revealing the relationship
between acidophilic algae and iron oxyhydroxides and hydroxysulfates. Tubular mineral
formations (Figure 6a) were often observed in association with the algae (Figure 6a). These
hollow iron-rich tubes, also reported by Valente et al. [33], could be indicative of aquatic
insects or biogenic iron-precipitates [34,35], confirming the contribution of acidophilic
organisms in biomineralisation processes.

In accordance, several studies reported the absorption of metals by algae, and in some
cases, this occurs external to the cells using precipitation as a protective mechanism [8].
Also, this suggests that these species can even use the referred inorganic components
as propellants of photosynthesis production. According to Prygiel and Coste [36], some
elements such as silica have importance related to the increase of diatom biomass, as it
supports the formation of the silica carapace that surrounds the whole cell, called frustule
(Figure 6c).
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The autotrophic organisms promote the increase of organic matter, which further leads
to colonization by other species. So, the established cycle formed in the dependence of these
communities can influence the characteristics of the water ecosystem. In this way, they
can represent the first stage of biological stabilization and reverse the processes through
natural attenuation of the AMD effects [37,38]. Therefore, this acidophilic colonization
could contribute to remediation processes through the stabilization/absorption/adsorption
of some PTE.

3.3.4. Spatial Distribution of Algae Taxa

Table 2 presents an inventory with a relative abundance of the observed taxa. The
communities of algae were represented by 14 taxa at the genus level, and were divided



Minerals 2021, 11, 110 12 of 16

into eight classes: Chlorophyceae (Mougeotia, Spirogyra, and Chlamydomonas); Ulvophyceae
(Klebsormidium); Euglenophyceae (Euglena); Bacillariophyceae (Pinnularia, Eunotia, Navicula
and Cyclotella); Chlorophyceae (Characium); Chrysophyceae (Dinobryon); Ulothricophyceae
(Oedogonium and Ulothrix) and Trebouxiophyceae (Chlorella). These results are in agreement
with those found by [12] in São Domingos, that were based on the genera Eunotia, Pinnularia,
Euglena, Chlamydomonas, and Ulothrix.

Table 2. Taxonomic classification of the identified material in the effluent collected through the year. +++ very abundant ++
abundant + isolated specimens.

Genus P3 P4 P5 P6 P8 P9 P10 P11

Mougeotia sp. +++ + ++ + ++ + ++
Ulothrix sp. ++ +
Spirogyra sp. + + + + +

Klebsormidium sp. + +
Euglena mutabilis + +

Pinnularia sp. +++ +++ +++ +++ +++ +++ +++ +++
Eunotia exigua +++ +++ +++ +++ +++ +++ +++ +++
Navicula sp. +++ +++ +++ +++ +++ +++ +++ +++
Oedogonium ++

Chlamydomonas sp. +++
Characium sp. +
Dinobryon sp. +++
Chlorella sp. +
Cyclotella sp. +

Bacteria +++ +++ +++

The sites with the greatest diversity of acidophilic species are P3 and P11. Therefore,
the more acidic/contaminated the site, the less biological diversity it presents. A decrease in
biodiversity with the increase of acidity was also observed by other authors [12]. It should
also be noted that these points represent lentic environments, and as mentioned above,
they have great importance in algae retention, while P6 and P9 are characterised by being
lotic environments.

The diatoms are the group with major representation, being detected in all points,
highlighting the best adaptation to the range of pH values, and to the variety of concentra-
tion of metals and sulfate. Diatoms are than followed by multicellular algae Mougeotia and
Spirogyra.

Bacteria (without identification) were seen in large number in P3, P9, and P11. They
were spherical and stick-shaped with high mobility. These organisms are known to stimu-
late contamination [12].

The presence of typically indicative Euglena mutabilis was only rarely detected in P3
and P10. According to Valente [8], they are usually found floating in the water, or colonizing
ochre products in streambeds and acidic pools. Amils et al. [1] suggest that Euglena may
not survive in extremely acidic environments, such as São Domingos mine. These results
are in accordance with the present observations, as Euglena was only detected at least
contaminated sites. Nonetheless, [39] reveals that Euglena mutabilis is common in small
acidic water bodies and is frequently abundant in waters contaminated by heavy metals,
with low pH. They can also be found in unpolluted to moderately polluted water, being
acidobiont.

The scarcity of Euglena mutabilis in São Domingos may also be related to the nature
of the mineralogical substrate. Indeed, [6] suggests that this alga is preferentially associ-
ated with the hydroxysulfate schwertmannite, which in turn is rarely identified in this
ecosystem.

Despite the extreme hydrochemical conditions observed in São Domingos, when
compared with other geomicrobiological works carried out in AMD regions [37], the
obtained results indicate a considerable variability in terms of algae taxa.
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3.3.5. Relationships between Hydrochemistry, Sample Location and Algae

Factorial correspondence analysis (FCT) was used as multivariate statistical tool to
find potential relationships between abiotic and biotic features of the ecosystem. The mean
concentration in each sampled point of the analysed hydrochemical attributes (columns)
together with the eight samples (rows) was used as active individuals (Table 1) and so,
the ones used for the new factorial components’ construction. The biological variables (Al-
gae) were recodified, from zero to three, regarding the correspondent abundance (Table 2)
in each sampled point. Figure 7 shows the results of the application of FCT.
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Figure 7. Factorial correspondence analysis output between abiotic and biotic features of the ecosystem. Moug—Mougeotia;
Ulot—Ulothrix; Spir—Spirogyra; Kleb—Klebsormidium; Eugl—Euglena; Pinn—Pinnularia; Euno—Eunotia; Navi—Navicula;
Oedo—Oedogonium; Chla—Chlamydomonas; Char—Characium; Dino—Dinobryon; Chlol—Chlorella; Cycl—Cyclotella; Bact—
Bacteria.

The screen plot and the table in Figure 7 indicate that the first two axes are controlled
by 88% of the total variance. The projection of the attributes and samples in the factorial
plan highlights an association in three main groups. The first one is explained by the
second Factor (F2) while the second and third groups are explained by the first Factor (F1),
respectively negative and positive coordinates.

Group 1 comprises the sample P4, which distances itself from all others and shows
affinity with the concentrations in Zn and Mn. Group 2 includes the samples P5, P6, P8,
and P9, which show affinities with Fe, As, Cd, Cu, Co, and Al. Group 3 contains the
sample P3, displaying affinity with Cr, Pb, K, and Ca. The supplementary projection
of the algae indicates a clear overlap with group 3, mainly concerning to the diatoms
Pinnularia, Navicula, and Eunotia, as well as with the filamentous algae Spirogyra and
Mougeotia. These two algae, and especially Spirogyra, when projected, are very close to Pb
that is more significant in P3. No relationships are observable between the other algae and
the associated chemical composition or with any of the other samples.

These associations reflect the spatial distribution of the samples and the algae com-
munities. For example, P4 (Figures 1 and 3) is the only point located on the east bank
of the stream, away from the remaining sampling sites. Due to its location, this lagoon
receives drainage from waste-dumps very enriched in jasper, with a particular geochemical
signature, marked here by the elements Zn and Mn. Group 2 proposes evidence of the
effect of drainage from the largest accumulations of very fine sulfide-rich wastes, located
near points P5 to P9, as shown by the patterns of surface flow observed in Figure 3. Thus,
the affinity with the elements from the oxidative dissolution of sulfides (e.g., Fe, As, Cu) is
justified. The extremely acidic conditions in this section of the mining complex facilitate
the dissolution of the host rocks, explaining the joining of Al. The projection of Ni indicates
its similar influence over groups 1 and 2. The same is observable for Mg (abundant from
dissolution of ubiquitous host rocks), which affects groups 1 and 3, as well as the samples
P10 and P11.
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P10 and P11 are the furthest samples from the primary sources of sulfides. The
projection of these samples in the factorial plan highlights the effect of this downstream
location (Figure 1) and then stressing the geochemical dynamics of the system concerning
the fate the elements. Therefore, regarding the chemical composition, these samples are
distant (Figure 7) relatively to the elements of group 2, mobilized from sulfides, upstream.
These elements are retained along the river stream, so that in P10 and P11 only some
proximity to elements such as K, Ca and Mg is verified. P3 is also a particular site, since it
is a water reservoir that receives drainage from several emergences and waste-dumps with
a complex-mixed composition (including, phylites, slag, gossan, and sulfide mineralized
blocks). This seems to result in a particular geochemical signature in the AMD that
highlights a close relationship between Pb and the algae Spirogyra. This result points to the
possibility of using Spirogyra as a bioindicator for the presence of Pb.

4. Conclusions

Aquatic habitats in the São Domingos mining area show ecological evidence of AMD
contamination, namely blooms of acidophilic algae. Field observations show a variety of
colours, which are related not only to the abiotic properties of the system, but also to the
state of the algae communities. Algae senescence was detected by the brown-purplish
colour, indicative of photosynthetic pigments loss, as well as of all the cellular organelles.
The study revealed 14 taxa at the genus level, divided into eight classes. The diatoms
represent the most common group of unicellular algae, whereas the genus Mougeotia
prevails in multicellular algae.

SEM observations show mineral-algae interactions, namely through the presence of
tubular iron-rich precipitates that could result from biogenic contribution. The present
study also points out the scarcity of schwertmannite as being responsible for the rarity of
Euglena mutabilis, which is very common in other AMD systems.

Thus, the ecological manifestations are in accordance with the hydrochemical, miner-
alogical, and hydrologic features of the system. The sites P5 and P8 receive the drainage
from proximal highly reactive fine wastes and, consequently, they present the highest con-
centration of sulfate and PTE. The highest algae variability was observed at intermediate
points concerning chemical contamination, coinciding also with lentic environments (P3
and P11). Nevertheless, the more acid/contaminated the site, the lesser is the algal diver-
sity. Therefore, drainage flowing from the finest accumulation of sulfide wastes appears to
control the development, maintenance, and proliferation of acidophilic algae.

The results obtained through factorial correspondence analysis showed an association
between the location of the samples, their chemistry and the distribution and diversity of
algal communities. Moreover, they suggest a close relationship between Spirogyra and Pb.
These results should help to establish long-term monitoring protocols, applicable during
and after environmental rehabilitation of the mining complex and respective river system.
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