Environmental Earth Sciences (2021) 80:792
https://doi.org/10.1007/512665-021-10037-6

THEMATIC ISSUE q

Check for
updates

Coal pit lakes in abandoned mining areas in Ledn (NW Spain):
characteristics and geoecological significance

J. M. Redondo-Vega'® . A. Melén-Nava'® - S. A. Pefa-Pérez?® . J. Santos-Gonzalez' © . A. Goémez-Villar'

R. B. Gonzalez-Gutiérrez’

Received: 13 July 2021 / Accepted: 6 October 2021 / Published online: 21 November 2021
© The Author(s) 2021

Abstract

Mining activity introduces severe changes in landscapes and, subsequently, in land uses. One of the most singular changes
is the existence of pit lakes, which occur in active and, more frequently, abandoned mines. Pit lakes are produced by water
table interception when open-pit mines deepen. Their characteristics are highly variable, depending on the type of mine, the
environment or the climate. In Le6n province there is a long tradition of coal mining that dates back to the nineteenth century,
and hundreds of open pits from the 1970s to 2018 have been opened, producing permanent landscape changes. This work
analyses the main parameters, including morphological measurements, depth and pH values obtained from aerial photos
and field work, of 76 coal pit lakes more than 30 m in length. The vast majority of these pit lakes were unknown until now
and were not included in inventories or maps. The data obtained provide baseline knowledge that will allow, in the future,
potential uses (storage of water for various uses, recreational use, wildlife habitat, and geological heritage sites) for these pit

lakes and establish their importance as a new geoecological environment.
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Introduction

One of the human activities that most transforms our envi-
ronment is mining (Tandy 1975; Trigg and Dubourg 1993;
Townsend et al. 2009; Palmer et al. 2010; Oyarzun et al.
2011; Mossa and James 2013; Tsolaki-Fiaka et al. 2018;
Kopec et al. 2020), especially if the mineral exploitation
method is open-pit mining (Hiittl and Gerwin 2005; Sekhar
and Mohan 2014). This method is at the origin of changes
in the relief (Redondo Vega 1988; Townsend et al. 2009)
and of the land uses of the areas affected by this activity
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(Duncan et al. 2009; Tarolli and Sofia 2016; Jiaxing et al.
2017; Redondo-Vega et al. 2017; Redondo Vega 1994, 2000;
Qian et al. 2017; Werner et al. 2019). While these changes
only occupy 0.4% of the Earth’s surface (Hooke et al. 2012),
the intensity and speed with which they occur make them
a particularly aggressive, persistent (Chen et al. 2015) and
almost always irreversible phenomenon (Larondelle and
Haase 2012; Mossa and James 2013; Tarolli and Sofia 2016;
Tarolli et al. 2018; Redondo Vega et al. 2017; Song et al.
2020), since the massive use of machinery and blasting man-
ages to break apart entire mountains (Reece 2006; Bernhardt
and Palmer 2011), transforming their landscape and chang-
ing their function and use.

In recent decades, the affected surfaces have increased
exponentially (Townsend et al. 2009; Palmer et al. 2010;
Bernhardt and Palmer 2011; Reece 2006; Wickham et al.
2013; Qian et al. 2017), and many of the studies analyse
the subsequent land use changes (Latifovic et al. 2005;
Bloodworth et al. 2009; Wu et al. 2008; Wang et al. 2011;
Prakash and Gupta 1998; Sekhar and Mohan 2014; Yang
2008; Duncan et al. 2009; Bian and Lu 2013; Redondo-Vega
et al. 2017; Jiaxing et al. 2017; Xu et al. 2017; Dwiyanto
et al. 2021) or present methodological (Chen et al. 2015) and
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management proposals for these spaces after mine closure
(Nixdorf et al. 2005; Schultze et al. 2010; Larondelle and
Haase 2012; Soni et al. 2014; Castendyk et al. 2016; Blan-
chet and Lund 2017; Marescotti et al. 2018; Kivinen 2017,
Kivinen et al. 2018; Gulpinar Sebkan and Acar 2021).

Pit Iakes (Castro and Moore 2000; Gammons et al. 2009),
also called strip mine lakes (Hildmann and Wiinsche 1996)
and post-mining lakes (Hangen-Brodersen et al. 2005; Bae-
ten et al. 2018), are one of the most unique elements that
open-pit mining generates since they always involve a radi-
cal modification of the landscape with respect to the pre-
operational situation (Redondo Vega et al. 2018). They are
found at the bottom of abandoned open-air operations due to
the inflow of waters of different origins, such as groundwa-
ter (Siegel 1997; Soni et al. 2014), direct precipitation and
surface runoff from the watershed to the lake, or both origins
in conjunction (Zhao et al. 2009). Their location character-
izes these basins as endorheic unless they have an outflow
channel (Redondo Vega 1988; Redondo-Vega et al. 2017) to
release excess water.

Pit lakes can have a large surface area and could be hun-
dreds of metres in depth, as in the lignite mines of Ger-
many (Hildmann and Wiinsche 1996; Antwi et al. 2014)
or Spain (Aréchaga et al. 2011; Mijares Coto 2013) gener-
ated by forced flooding from a nearby river system (mine
rehabilitation by flooding, Fitzgerald and Watkins 1997).
They can also be small mining pit lakes with shallow water
(Redondo-Vega et al. 2017, 2018), with depths between 0.70
and 15 m. These pit lakes are abandoned without any type of
subsequent management after the mining ends and are the
object of our study.

Despite the existence of thousands of pit lakes (Blanchet
and Lund 2017; Baeten et al. 2018), there are few studies
on this subject and those that exist focus on their ecological
conditions and geochemical parameters (Castro and Moore
2000; Geller et al. 2013; McCullough and Lund 2006; Zhao
et al. 2009; Boehrer et al. 2010; Schultze et al. 2010; Mol-
lema and Antonellini 2016; Castendyk et al. 2016; Marsze-
lewski et al. 2017; Sanchez-Espaiia et al. 2008, 2014; Palit
et al. 2016a). Therefore, the main objective of this study is
to inventory and study their basic physical parameters, since
today they are an unknown phenomenon—at least in the
province of Ledn—and it is not even known how many there
are, where they are and what they are like. Only by know-
ing about them can they be integrated into the management
of these degraded and abandoned mining spaces (Hiittl and
Gerwin 2005; Kumar et al. 2009; McCullough et al. 2020;
Castendyk et al. 2016; Kivinen et al. 2018).

In Leodn, there are 2000-year-old mining lakes gener-
ated by Roman gold mining and considered cultural herit-
age (Redondo-Vega et al. 2018), such as those within the
UNESCO World Heritage Site of Las Médulas. The coal
pit lakes currently do not have such consideration. It is

@ Springer

necessary to recognize them as being part of the cultural
heritage (Marescotti et al. 2018) since the adoption of more
sustainable energy sources has made these mines disappear,
constituting the pit lakes as a cultural and landscape legacy
of that activity.

The study covers a large area of the province of Leon,
but focuses on the place occupied by pit lakes within the
coalfields (Fig. 1). These zones extend from W to E inserted
in the Palaeozoic structures and form with them the ancient
massif generated after the Variscan Orogeny. They are mate-
rials of Westphalian or Stephanian age and almost always
rest in angular unconformities with the rest of the Palaeo-
zoic or Precambrian rocks. In addition, they are highly tec-
tonized, which influences the discontinuity of the coal layers
whose thickness, with few exceptions, is thin.

The thinness of the layers and the complexity of the
mountainous territories where the deposits appear made ini-
tiating the work difficult, despite the quality of the coal and
the abundant existing reserves. The Fabero, Toreno, Villa-
blino and Valderrueda zones in which the pit lakes have been
identified occupy an extensive territory in the northern part
of the Ledn province (Fig. 1).

Materials and methods

Monitoring land use and land cover and the state of the land-
scape using multitemporal remotely sensed data is funda-
mental for determining environmental impacts and ecologi-
cal degradation caused by the exploitation of coal deposits
and changes in land use (Werner et al. 2019; Yu et al. 2018;
Xu et al. 2017; Liu et al. 2017; Ma et al. 2019; Dwiyanto
et al. 2021). Through the photointerpretation of panchro-
matic aerial photos (American Series A 1945-1946, Ameri-
can Series B 1956-1957, Interministerial 1973-1986 and
National 1980-1986) and recent orthoimage (The National
Plan for Aerial Orthophotography 2017), open-pit coal min-
ing areas and existing pit lakes were identified.

The comparative analysis of images from several years
(using the ortophoto comparator tool provided by The
National Aerial Ortophoto Program in Spain, https://
www.ign.es/web/comparador_pnoa/index.html) allowed to
exclude temporary pit lakes from permanent ones (Redondo-
Vega et al. 2018), establishing a threshold of 30 m from
the major axis to include them in the study. Small pit lakes
were excluded due to their temporary nature, since they only
contained water in exceptionally wet years, and pit lakes that
disappeared due to different geomorphological, biological,
hydrological and anthropic processes of mining restoration
were also excluded (Mijares Coto 2013).

Using the ArcMap 10.6 application of ArcGIS software,
the pit lakes were delimited, and the following parameters
were calculated: A, surface, area delimited by the contour
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Fig. 1 Location of the main coalfields and pit lakes

of the lake; P, perimeter or length of the coastline that was
almost constant throughout the year; L, maximum length,
line connecting the two points farthest from the shore of a
lake (Hakanson 1981); W, maximum width defined as the
maximum distance corresponding to a straight line perpen-
dicular to the line of maximum length (Del Castillo Jurado
2003). These are morphometric dimensions commonly used
in limnology studies (Hakanson 1981; Del Castillo Jurado
2003; Vega et al. 2005; Mijares Coto 2013; Fuentes-Pérez
et al. 2015). The basic morphometric data were represented
on an interactive map.

The field work consisted of recognizing and verifying the
pit lakes identified through photointerpretation and measur-
ing those basic parameters that we could not obtain in the
office, such as the maximum depth Z and the mean depth
Z (Z=VIA, Del Castillo Jurado 2003) using a depth gauge
(DeeperPro+ Smart Sonar) with a range of 100 m and 80 m
depth. A water sample was also collected from the surface
of the pit lake to obtain the pH value. The Benchtop pH
metre Basic 20 (CRISON, Spain) was used; pH is one of the

key parameters for determining the geoecological conditions
of these environments. Finally, zenithal images were taken
using a drone (Phanton 4 Pro+) to acquire the morphomet-
rics of those pit lakes that had undergone recent changes
(Fig. 2) and that do not appear in the most recent orthophoto
available of 2017. This is the case for mines that have been
active until very recently and whose pit lakes are the last that
have been formed: Otero de Naraguantes (Fabero), La Mora
(Villablino) and Tremor de Arriba (Toreno).

With the data obtained, the volume (V) of water was esti-
mated from the mean depth and surface (V=A X Z Del Cas-
tillo Jurado 2003). Then, the coastline development index
(D) was calculated, which relates the lake perimeter (P) or
length of the coastline, with the perimeter of the circumfer-
ence whose circle is of equal area (A) as the lake. It is

defined as D, _p/ (2\/; A) (Del Castillo Jurado 2003; Con-

treras and Paira 2015) and indicates the shape of the pit lake
contour: circular (1 <D, <1.25); subcircular,
1.25 <D, < 1.5; subrectangular elongated, 1.5<D; <3;

@ Springer
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Fig.2 Example of using a drone to make current orthophotograms. On the left, a recent (2020) drone-derived image of a mining pit lake in the
Fabero area. On the right, the same pit lake in the available orthophoto (2017) from the Spanish National Geographic Institute IGN)

dendritic, D; > 3, (Kalff 2002; Del Castillo Jurado 2003;
Contreras and Paira 2015).

The morphometric data were stored in a database for
treatment and statistical analysis. To synthesize the mor-
phometric parameters of the dimensions of the pit lakes
and the pH of the water, descriptive statics were calculated.
These calculations were carried out based on three factors:
the location of the pit lakes in four mining basins, the shape
of the pit lakes and the age of the mining pit lakes. Likewise,
graphs of the frequency distribution of the length, width,
volume, surface, mean depth and pH of the water were made
based on the location basin, age and plan view of the pit
lakes.

Finally, principal component analysis (PCA), executed in
R, was applied to the set of 76 mining pit lakes to reduce the
number of variables (10), both qualitative and quantitative,
to a smaller number of factors or dimensions to determine
the relationships between variables. This made it possible
to distinguish the pit lakes belonging to a certain age group
or of a certain shape to those of other groups.

Results

In total, 76 mining pit lakes of more than 30 m from the
major axis have been located in four mining zones of the
Leodn province: Fabero (28), Toreno (18), Villablino (17) and
Valderrueda (13). All the basic morphometric parameters
and location of each of the pit lakes can be consulted on the
interactive map at the following link: https://rawcdn.githack.
com/amelon00/Coal_Pit_Lakes_ILeon/54fdf2dbf04cofff6¢c20
e4ef8d1f891fd2682ef7/CoalPitLakesMap_v08072021.html

Despite the diversity suggested by the morphometric
data, these can be grouped into three categories according
to their topographic location of the cuts that originated them
(Fig. 3): hillside (52), valley bottom (16) and hilltop (8). In
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all the basins, pit lakes on hillsides predominate (Fig. 4),
while those located in valley bottoms are found mainly in
the Valderrueda basin.

Regarding the shape of the pit lakes according to the D,
index, the circular (39) and subcircular (30) shapes predomi-
nate, followed by the elongated subrectangular (7) shape,
with none reaching the dendritic category. If we look at the
distribution of frequencies (Fig. 4) in all basins, circular
basins predominate except in Toreno, where subcircular
basins are predominant.

Regarding the age of the pit lakes (Fig. 4), there are 19
prior to 1987, 28 between 1987 and 1997, which is the
period in which 37% of the total are created, 12 between
1997 and 2007, and 17 after 2007. The results show an
unequal distribution according to the zone considered: In
Villablino, they do not exist before 1987, while in Valder-
rueda, there are none after 1997.

The endorheic nature of the pit lake depends on its con-
nectivity with the drainage network of the zone in which it is
located. In general, they have low connectivity because there
is a high percentage of pit lakes (88% in Toreno and 78%
in Fabero) with no outflow that are confined in their basins.

Regarding the morphometric parameters according to
the cumulative frequency distribution for length and width,
small-sized pit lakes with a major axis less than 100 m in
length predominate in all mining zones, except in Villablino,
where most are between 100 and 200 m (Fig. 5), and some
less than 50 m wide.

Overall, small- to medium-sized pit lakes predominate
since most of their surfaces are less than 5000 m? (in Valder-
rueda and Toreno, almost 80% of the total; in Fabero, more
than 60%), while in Villablino they are slightly more than
50% and shallow (depths <5 m). Consequently, the volume
of most is less than 25,000 m> (Fig. 5).

The pH of the water in the pit lakes is predominantly
between 6.5 and 7.5, almost always far from the normal or
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Fig. 3 Examples of coal mining cuts and associated pit lakes. A Hill-
top (Fabero); B hillside (Valderrueda); C valley bottom (Cabrillanes)

neutral value of approximately 7 (Ayala Carcedo and Vadillo
Fernandez 1989). However, pH values even further from
neutral value were also obtained. The lowest values recorded
(water with the highest acidity) are 3.59 (Fabero-05), 3.97
(Fabero-06) and 4.43 (Fabero-14). The most alkaline waters
are 8.86 (Villablino-13), 8.42 (Villablino-01) and 8.45 (Val-
derrueda-04). On the other hand, the frequency distribution
of alkalinity and acidity indicates differences according
to the mining zone considered (Fig. 5). Thus, some zones
are clearly above pH 7 with alkaline values (Valderrueda,

Villablino and Toreno), while in Fabero most values (over
60%) are below 7, that is, acidic waters.

PCA was applied using the ten variables for each pit lake,
differentiated into two categories (by shape and by age):
eight variables referring to morphological and morphometric
parameters (surface, perimeter, maximum length, maximum
width, maximum and mean depth, volume, coastline devel-
opment) and two environmental variables (open-pit lake
orientation and water pH).

The correlations between numerical variables used in the
PCA are shown in Fig. 6. The correlations are moderate and
high, and positive, between the morphometric parameters
indicating the morphology of the pit lakes, except when
these are related to the coastline development index, which
is an indicator of the irregularity of the pit lake contour. The
variables of water pH and orientation also show low or no
correlations with the rest, which indicates that these three
variables do not depend on the morphometry of the pit lakes.

PCA allowed the extraction of two main components that
explained 65.78% of the variance (Fig. 7). The first principal
component explains 51.2% of the variance and is related to
strictly morphometric variables (mean and maximum depth,
width, perimeter, length and area). The second component
has a lower weight on the variables, explaining ~ 14.6% of
the variance. In the same way as in the correlation analy-
sis, different relationships between groups of variables are
observed: on the one hand, there are two groups of variables
with relationships between them, such as the variables of
depth and volume, and on the other, the variables related to
the dimensions of the pit lakes (surface, length, width and
perimeter). The variables of coastline development, pH and
orientation are less related, both with each other and with
the rest of the variables.

Figure 8 is a map of individuals (pit lakes) factor map,
showing some of the pit lakes with higher contribution to
the plane. Dashed lines indicate the mean values for each
dimension. Individuals are distinguished according to shapes
(8A) and ages (8B) (the position of the individuals does not
change in both graphs). In Fig. 8, the pit lakes with circular
shapes are to the right of the first factorial plane (dimen-
sion 1). In the upper plane (Fig. 8A), the deepest pit lakes
stand out: Valderrueda-06 and 03, formed before 1987,
of large dimensions, with alkaline pH, and those of Villa-
blino-02 and Fabero-09, with similar morphometric values
but more recently formed (1987-1997), all located in the
valley bottom. In the lower plane (Fig. 8B) are the largest
pit lakes, Fabero-07 and Fabero-11, and more recently, after
2007 (also Fabero-04 and 05), with soft acid waters (Ayala
Carcedo and Vadillo Fernandez 1989) located on the hill-
side. All of them share, in addition, large width, perimeter
and length values. The Fabero 11 pit is striking, the most
extensive of all those analysed, which is subcircular in shape
but shows characteristics that are more typical of circular
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Fig.4 Distribution of the qualitative characteristics (shape, type of cut, age and connectivity) of the pit lakes in the four coal mining zones

where the open-pit mines are located

pit lakes. It was created after 2007, and its waters show an
alkaline pH.

To the left of the graph, with negative values are the
subcircular pit lakes, formed between 1987 and 1997, and
the elongated subrectangular pit lakes, mainly developed
between 1998 and 2007. They have high coastline devel-
opment values and low width, mean depth, perimeter,
length, maximum depth, area and volume, respectively. The
Fabero-20 and Fabero-27 pit lakes, which are circular, are
morphometrically similar to the subcircular pit lakes. The
Fabero-27 pit lake is smaller and shallow; its waters have
an acidic pH compared to Fabero-20, which is more recent
with an alkaline pH.

Discussion

The location of the pit lakes in the relief is related to the
exploited deposit and the specific method used in open-pit
mining (Redondo Vega 1987), that is, the type of mine that
originated them. Their location reveals their accessibility
for a possible use, but also the influence they can exert on
their immediate environment. The predominance of pit lakes
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on hillsides is due to the mining operation being controlled
by the location of the deposits. As deposits are frequently
located in mountainous areas, sometimes with steep slopes,
this usually are also the locations of pit lakes. Whenever it
was possible to mine deposits in valley bottoms or hilltops,
it was preferred because the lower slope of these sites favour
mining works when compared to the locations on hillsides.

The predominance of circular shapes (between 40 and
60%) and subcircular shapes (more than 30% of the total)
would indicate an adaptation of the pit lakes to the aban-
doned bottoms of the open-pit mines regardless of their
dimensions (Fig. 4). Only in Toreno do the subrectangu-
lar pit lakes have a significant frequency of 20% (the pre-
dominant in this case are the subcircular type) which is
consistent with the numerous small pit lakes that have been
adapted to small hillside (Redondo Vega 1988) or contour
mines. This type of open-pit mining was a way to extract
coal early on in the process (more than 50% of the Toreno
pits are prior to 1987, Fig. 4) and in many mining zones
applied mainly, because the coal deposits with thin steep
layers and with unfavourable topography due to their incli-
nation (Ayala Carcedo and Vadillo Fernandez 1989) made
it especially suitable. Therefore, many of the older pit lakes,
generally small, now have a subrectangular shape, or are at
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Fig.5 Cumulative frequency histogram of the morphometric and pH parameters of the pit lakes according to their distribution by mining zone

least subrounded, which is more consistent with hillside and
contour mining.

The low values of the D, index, with the predominance
of circular and subcircular shapes are due to the lack of fore-
sight in the mining work regarding the appearance of the
final cut of the mine pits that were abandoned. This differ-
entiates them from many pits of natural origin that almost
always show more irregular coastlines or from others of min-
ing origin, such as those of the gravel pits, which are already
designed with dendritic shapes to favour the recovery of the
post-mining space.

One of the greatest difficulties encountered in the work
has been the correct temporal sequencing of the mining work
generating the pit lake, because it is always a very uneven
process in time and space. The time elapsed between the
beginning of the extractive activity and the appearance of
the pit lake is highly variable and depends on the extrac-
tion pace of the deposit and the depth reached. Therefore, in
some cases it has been difficult to know precisely the age of
the pit lake since mining is a rapid process and the photos
available are sometimes 10 years apart. In any case, the use
of the ortophoto comparator (https://www.ign.es/web/compa
rador_pnoa/index.html) allowed in almost all cases to obtain
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a temporal sequence of the exploitation. It shows the pre-
operational situation, the moment in which the mine was
active, and when activity ceased implying the appearance
of the pit lake (and, therefore, its age).

Four time periods (Fig. 4) were established for the mining
pit lakes according to the available photographic sources.
Thus, the oldest prior to 1987 represent the beginning of the
process; in Toreno, more than half correspond to that time,
while in Villablino, we have not detected any; in Valder-
rueda, pits only exist in the first two periods and are nonex-
istent in the most recent periods—in fact, of the four mining
zones, this zone is the first one to stop. The two intermediate
periods of 1987-1997 and 1997-2007 had a large number
of pits concentrated in Fabero and Villablino. There is also
a significant number of pit lakes formed since 2007 in the
same areas, with Fabero showing continuous data with a
very uniform distribution of pit lakes over the last 40 years
(Fig. 4), consistent with sustained open-pit mining of the
deposit.

While old pit lakes show very little biodiversity, gener-
ally, the elapsed time is an important factor in transforming
the initial characteristics of the pit lake and its environment
and its conversion into something ‘more natural’ (Fig. 9) as
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seen in other parts of the world. Thus, recent studies refer-
ring to old coal pit lakes in India show that after 30 years,
many pit lakes naturally became wetland ecosystems that
host abundant aquatic life, excellent water quality and stabi-
lized shores (Palit et al. 2016b, 2019). In any case, the quali-
tative and quantitative data obtained show a great diversity
in the characteristics of the pit lakes, which is related to the
singularity of the deposits and the mining carried out, so
that for the future use of these spaces almost in each case,
it should be assigned the most appropriate post-exploitation
use (Kivinen 2017; Gulpinar Sebkan and Acar 2021). If they
are repurposed as multi-use water reservoirs (Kumar et al.
2009), a detailed study is necessary to accurately determine
their quality.

The connectivity data (the existence or absence of an
outlet channel through which the pit lake connects with the
drainage network) show a very low connectivity in general
(Fig. 4), with around 90% of pits in Toreno and almost 80%
in Villablino and Fabero having no outflow. This endorheic
character of coal pit lakes would be even greater if only
those channels that are currently functional were considered.
In many cases, while the channel does exist, it is filled with
sediment and colonized by vegetation after abandonment
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Fig.7 Variables factor map
(PCA). Grey labelled variables

are quantitative supplementary 3\:
variables (age, shape, connec- 2 1.0
tivity and location) =
~N
E
Q
05
QO F— =
-0.5
-1.0

-1.0

and therefore does not actually fulfil the function for which
it was designed.

The change in water pH to a greater acidity or alkalinity
is one of the most important issues addressed when reha-
bilitating the land once mining has ceased (Ayala Carcedo
and Vadillo Fernandez 1989). In the pit lakes, pH is a
key parameter to determine if their water reflects a chemi-
cally inert environment, which could favour recreational
uses, wildlife habitat (wetlands), water storage for different
uses, and even aquatic farms (Palit et al. 2019). In contrast,
the presence of certain minerals and compounds (Eary
1999; Zhao et al. 2009; Kumar et al. 2009) confers to the
waters a marked acidity or alkalinity that would make
these uses impossible, and thus restricted to research,
teaching (McCullough and Lund 2006; Gammons et al.
2009), or geomining heritage. The pH data would be one
piece of information more to integrate in the appropriate
land-use planning of the mining spaces in which the pit
lakes are inserted; this will require a prior assignment of
uses geared either towards anthropic uses (cultural values),

Coastline development

-0.5 0.0 0.

PCA graph of variables

orientatjon

Maximum ¥epth

1.0
Dim 1 (51.19%)

wm

nature (natural values), or mixed uses (Gulpinar Sebkan
and Acar 2021).

The data referring to the maximum values of acidity or
alkalinity of water coincide with those expressed above
in the frequency distribution that showed the most acidic
waters being in the Fabero Zone and the most alkaline in
Villablino and Valderrueda (Fig. 5).

In many pit lakes studied in other countries, pH changes
over time, usually correcting towards more neutral values.
We do not have old data on the water pH of the Le6n pit
lakes, and those mentioned above (except that of Fabero-05,
which is one of the most recent pit lakes because until 2017,
the open-pit mine was active) are very old pit lakes, some
more than 40 years old. They do not have an outflow chan-
nel, which makes them closed basins with little possibility
of water renewal and therefore of appreciable changes in the
acidity or alkalinity conditions of the water retained there.

@ Springer
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Fig.8 Representation of indi-
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Fig.9 Example of a very old pit lake (Villablino-14) with abundant natural vegetation to the left. To the right is a very recent pit lake
(Fabero-07, 2018) with no vegetation, very unstable rocky escarpments and abundant tailings

Conclusions and, therefore, with modest volumes of water. However,
the presence of permanent water in environments that
o The pit lakes, except for isolated cases, are small, shallow almost always present summer aridity would make them

attractive for the development of ecological enclaves of

@ Springer
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interest. This would favour their use as natural, recrea-
tional environments or as water reservoirs (unless the
physicochemical characteristics of the water advise
against it).

e There is a preponderance of rounded and subcircu-
lar shapes with a low coastline development index
(D; < 1.5), that is, their perimeter in relation to their
surface is small and would indicate they remain strictly
within the bottom of the open pit. The uniformity of
the perimeters differentiate them from many pit lakes
of natural origin and others of mining origin, such as
the gravel pits that are designed with dendritic forms
to facilitate their environmental recovery.

e C(Coal pit lakes have low connectivity because only a
small number of them are exorheic, with a functional
output channel, and barely show low water marks. Most
occupy endorheic basins with low water marks accord-
ing to the time of year. They always assume an irrevers-
ible alteration of the natural runoff and the original
landscape. On the other hand, this closed system can
control the runoff waters when these do not have suf-
ficient quality and are thus confined without producing
unwanted discharges.

e There is a predominance of pit lakes on hillsides which
reflect the underlying coal deposits and the open-pit
mining method used at the time. This location on hill-
sides, sometimes very steep, implies a low accessibility
that, together with the remoteness of population cen-
tres, would favour its use as a natural enclave over its
use for recreational purposes, for example.

e From a geoecological point of view, the time elapsed
since the creation of a pit lake is an important factor
in how the initial characteristics of the pit lake trans-
form and its conversion into something ‘more natural’.
Thus, the oldest areas show dense vegetation in their
surroundings and shores that have practically erased
any evidence of the mining landscape (tailings and
stripped slopes, absence of vegetation, visible geologi-
cal structure), and even the presence of ichthyofauna.
However, there are also cases of old pit lakes that show
very low biodiversity, usually in these cases with mark-
edly acidic waters.
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