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Abstract
The old As Pontes lignite mine is located in northwest Spain, in the Galicia region. Filling of the 547 hm3 pit began at the 
end of January 2008 through the controlled input of surface water. The filling was completed on April 18, 2012, leading to a 
steady water regime. During this process, both the water input and the water stored in the pit were hydrochemically monitored. 
The water chemistry in the superficial area of the lake, as well as the chemical stratification, are presented.
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Introduction

The As Pontes de García Rodríguez mine pit is located in 
the Galicia region and northwest Spain in the Eume River 
basin (Fig. 1). The mine is located in a lignite deposit in the 
Tertiary sedimentary basin, which has a tectonic origin. The 
substrate of the deposit is composed of phyllites, schists, 
quartzites, greywacke, meta-arkoses, and gneisses and was 
affected by the Hercynian orogeny. The deposit features 
clays and sand alternating with lignite (Juncosa et al. 2018).

Once mining ceased at the end of 2008, the pit began 
to be filled with water diverted from the Eume River and 
nearby basins (Juncosa et al. 2018). These basins have a 
catchment area of approximately 207 km2. The mean annual 
rainfall of the area is ≈ 2000 mm. The As Pontes mine pit 
has been filled for 4.5 years. The current lake has an area 
of ≈ 8.1 km2, and is 5 km in length with a NW–SE orienta-
tion, and has a maximum width of 2.2 km. The pit is full to 
levels 127 to 332 m above sea level, with a maximum depth 
of 205 m (Juncosa et al. 2018).

The chemical quality of the lake has depended on many 
factors, including the type of material exploited (lignite), the 
type of embedding rock (mainly phyllite) (Hirji and Davis 
2009), the climate, the filling time (Juncosa et al. 2016), 

and the morphometry of the pit (Boland and Padovan 2002; 
Castro and Moore 2000; Werner et al. 2001a, b).

The lake received water from various points in the North, 
South, East and West Channels. The East Channel provided 
the greatest volumetric contribution to the lake since it 
received water diverted from the Eume River as well as other 
minor inputs. Other contributions, less significant in volume 
but relevant in terms of the chemical quality, came from 
flows originating in the external dump, the runoff from the 
walls of the slopes into the pit, and groundwater (Castendyk 
and Eary 2009; Castendynk and Webster-Brown 2007a, 
b; Denimal et al. 2005; Padilla et al. 2015; Schultze et al. 
2010; Younger and Wolkersdorfer 2004). In this article, we 
investigated the chemical and physical processes that likely 
occurred during the filling of the mine pit.

Materials and Methods

The morphology of the lake changed during progressive 
flooding of the pit, and several water bodies appeared and 
disappeared: Campo Este (PVE), Umbral (LU), and Campo 
Oeste (PVO) (García-Rádade et al. 2014; Hernández et al. 
2012). Umbral disappeared as an independent water body in 
April 2008, so throughout 2009, the distinction between the 
Camp Este (PVE) and Umbral (LU) samples only reflects the 
original location of the latter. At the end of 2009, these water 
bodies merged into a single body (Fig. 2) whose bathymetry 
evolved with the flooding. The monitoring of the lake filling 
process was carried out at three different points, representing 
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the three initial water bodies. Figure 2 shows the water level 
and precipitation data.

The water sampling and the applied analytical procedures 
were carried out according to APHA (1998). The tempera-
ture, specific conductivity, pH, dissolved oxygen concentra-
tion, and oxidation/reduction potential were always deter-
mined at the same sampling points (Juncosa et al. 2018). 
The sulphate concentrations were determined using an ionic 
chromatograph 850 Professional IC (Metrohm).

Until August 2013, atomic adsorption spectroscopy was 
used to analyze the metals. After that, the analysis of cati-
ons and metals was carried out using a Thermo Finnigan 
ELEMENXR magnetic field inductively coupled plasma 
mass spectrometry (ICP-MS).

The depth sampling consisted of taking weekly samples 
from the surface (Delgado et al. 2013, 2014), every 5 m from 
the free layer (at 5, 10, 15, and 20 m), and every 10 m from 
that point on (30, 40, 50,…) during the filling process. The 
YSI 6600-V2 probe was used to obtain continuous vertical 
profiles of the physical parameters. Once the pit was filled, 
the sampling frequency was monthly.

The following parameters and concentrations were meas-
ured: pH, Al, As, Ba, B, Cd, Crtotal, Fetotal, Fedis, Mn, Ni, 
Hg, Pb, Se, Cu, Zn, Ti, Cl, F, SO4, Ptotal, PO4, Ntotal, NO3, 
NO2, NH4, DBO5, temperature, specific conductivity, oxi-
dation/reduction potential, dissolved oxygen, alkalinity, Li, 
Na, K, Ca, Mg, SiO2, Br, COD, CID, Ag, Co, Mo, Sb, U, 
V, S, bicarbonate and stable oxygen and hydrogen isotopes 
(Delgado et al. 2008a, b, 2010, 2011). These are all currently 
regulated by Spain and the European Community regula-
tions (EC 2008, 2009; EPLWG 2004).

Results

Filling the Pit

The controlled flooding of the As Pontes open pit mine 
began at the end of January 2008 and was completed in April 
2012. Currently, the lake only receives precipitation, ground-
water discharges, and inputs from its natural watersheds, 
with particularly large contributions from the Illade and 

Fig. 1   Location of the As 
Pontes lake

CPN: north perimeter channel CEE: west channel
CPS: south perimeter channel
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Fig. 2   Temporal evolution of water level (masl)
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Meidelo Rivers. During these years, ENDESA Generación 
SA added lime through one of the streams that discharged 
into the lake. Figure 3 shows the balance of the lime inputs 
to the lake during this period. The same figure shows these 
inputs have significantly decreased since April 2010, ending 
in June 2013. The accumulated lime mass added to the lake 
during that period was 9531 t.

Surface Water of the Lake

Figure 4 shows the thermal evolution of the water inputs, as 
well as the evolution of the surface waters corresponding to 
PVE, PVO, and LU during 2009–2016. Seasonal distribu-
tion is evident, with maximums in August/September and 
minimums in January/February.

The high pH values observed in the surface waters of the 
lake throughout 2009 and until mid-2010 in PVE (former 
Campo Este) and LU (former Umbral) reflect the alkaline 
additions coming from the West Channel (Fig. 5). Thereaf-
ter, as the calcium hydroxide input rate decreased (Fig. 3), 
the contrast observed in PVE and LU blurs until it disap-
pears. The highest pH values are associated with the CEE 

waters (West Channel), as the lime inputs came from that 
area (Fig. 5).

Once all of the water bodies unified (at the end of 2009), 
the pH differences between the observation points began 
to blur. As of the end of 2010, the surface water of the lake 
was homogeneous, at least in pH, with a narrow value range 
comparable to the CPN, CPS, and CEE inputs. Since the 
beginning of 2011, the temporal evolution of the pH has 
shown a seasonal behaviour, with slightly higher values in 
the summer.

Figure 6 shows that the CPN, CEE, and CPS inputs have 
higher conductivities with values that fluctuate significantly 
with precipitation. The highest conductivity was observed 
in the dry periods and the lowest in the monsoon season. 
This trend, which has been repeated over these years, is 
attributed to washing of the easily soluble mineral phases 
(diverse hydroxysulphates, etc.) formed in the dump areas 
and exposed slopes during the dry periods. With the advent 
of the monsoon season, these substances rapidly dissolved, 
resulting in discharge peaks of low chemical quality (con-
centrated in summer rains and distributed/decreasing in 
winter/spring).
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Fig. 4   Superficial waters: temporal evolution of temperatures in PVE, PVO, and LU lakes, and in the contributions of CPS, CPN, CEE, and the 
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Note that the conductivities observed in CPN and CPS 
do not correspond to those of the runoff/fluvial circulation 
typical of the area (which range between 50 and 250 µS/
cm; the Eume River has values near the lower limit of this 
range). The observed (500 to 800 µS/cm) are consistent with 
a mix of rainwater and local streams with other inputs from 

the mine’s external dump. In this sense, the restoration of 
the dump is the key to improving the quality of these waters 
by reducing the weathering (oxidation) of the collected 
materials.

Figure 7 shows the concentrations of dissolved oxygen in 
the surface waters of the lake. There is a pattern of thermal 
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Fig. 5   Superficial waters: temporal evolution of pH in PVE, PVO, and LU lakes, and the contributions of CPS, CPN, CEE and the Eume River
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dependence due to climatic seasonality. Thus, the lowest O2 
concentrations occur in the summer (July/August), while the 
highest occur in the winter time (January/February).

The concentration of dissolved iron (Fig. 8) in the water 
shows a certain seasonal variability, and as with the conduc-
tivity, no significant changes were observed as time passes. 
However, a maximum threshold concentration (≈ 10 mg/L) 
was observed, above which Fe oxyhydroxide or hydroxysul-
fate precipitation occurred. Ferric iron (Fe+3) and ferrous 
iron (Fe+2) are potential sources of precipitates.

The concentration of iron is controlled mainly by the pH; 
at pH values above 7.2, the iron precipitates, decreasing dis-
solved iron concentrations to less than the atomic absorption 
detection limit (0.1 mg/L). So in August 2013, ICP-MS was 
used, establishing a new detection limit for dissolved iron 
of 1 µg/L (0.001 mg/L). This allowed a determination that 
the concentration of this element was very low (1.45 µg/L in 
August 2013), even less than that of the Eume River.

During 2015, the PVO sampling point recorded iron 
concentrations in the surface waters above this limit in 
all samplings. The PVE sampling point only recorded 

a measurable value once. The higher concentrations at 
the PVO point may be due to preferential flows from the 
dump. In 2016, a new detection limit for dissolved iron 
of 2 µg/L (0.002 mg/L) was established; all values were 
below this limit throughout 2016.

Figure 9 shows the temporal evolution of the dissolved 
Mn concentrations in the water inputs and the surface of 
the lake. The behaviours of CPN, CPS, and CEE were 
clearly seasonal, with maximum concentrations in the 
summers and minimum concentrations in the rainfall peri-
ods, as a consequence of mixing processes in perimeter 
streams with less concentrated natural waters.

As of February 2010, the Mn concentration was virtu-
ally identical over the entire surface of the lake, with a 
marked tendency to decrease when the rainfall was more 
intense (September–December 2010). In June 2011, a 
sharp drop in the Mn concentrations was observed, which 
may be due to the influence of pH on the mineral phases 
that regulate Mn concentrations. Since June 2011, the Mn 
concentrations in the lake surface have been stable, with 
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relatively constant values (≈ 0.04 mg/L), well below the 
legally prescribed limit of 2 mg/L).

Figure 10 shows the temporal evolution pattern of sul-
phate. The water from the external dump had the highest 
concentrations, which were greater in the dry periods than 
during heavy precipitation. These concentrations were well 
above the natural background and may reflect episodes of 
washing of the sulphate salts from the dump and their collec-
tion in an extensive channel and ditch network. Throughout 
2015, the sulphate concentrations in the perimeter streams 
of the dump showed a less homogeneous behaviour than in 
previous years, possibly due to sampling at periods of low 
water flow that emphasized seasonal effects.

From the moment when water was no longer supplied 
from the Eume River, the sulphate concentrations in the 
surface waters of the lake experienced a slight upward 
trend. In this system (in which the solubility limits of rel-
evant sulphate minerals cannot be reached), the concentra-
tion in the lake approximates the weighted average of the 

concentrations of each of the inputs (natural waters and rain, 
with concentrations of about 8 and 4 mg/L, respectively) 
that feed it.

Compound Evolution at Different Lake Levels

Figure 11 shows the thermal evolution at three points at dif-
ferent levels (the surface of the lake and at 250 and 160 m 
above sea level (masl), all of them located on the vertical 
line of the PVO point. It shows how the hypolimnion (level 
250) remains isolated during a great part of the year but is 
thermally homogenized with the superficial layers during the 
first quarter of the year. It also shows that the temperature 
fluctuations during 2009 were similar to those of the surface. 
However, as of March 2010, when this point fell below the 
thermocline, it was exempt from the influence of the sur-
face thermal oscillations, which did not prevent the surface 
temperatures at that level from equalling those of the first 
months of the year. The temperature at 160 masl (the deep 
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zone of the lake) has remained virtually unchanged since 
the beginning of 2009, with a temperature almost equal to 
the temperature that existed during its isolation from the 
mixolimnion. The temporal evolution pattern at 160 and 
250 masl, which remained constant until mid-2015, experi-
enced a convergence towards the mean value recorded until 
then for those levels.

Since the end of 2010, the two water bodies (PVE and 
PVO) that make up the lake behaved homogeneously as 
the water bodies merged and the lime input decreased. The 
chemocline developed relatively quickly during December 
2009, but did not stabilize until June 2010, because until 
then, its position was decreasing as the lake filled.

Likewise, acidification of the deep zone was very marked 
in 2009, with pH values greater than 6 in January/Febru-
ary and close to 4 when the chemocline was established in 
December. The pH stabilized there until the end of 2012, 
when an upward trend began. This increase could have been 
caused by the homogenization of the monimolimnion with 
the deepest waters (groundwater with higher pH) or by dif-
fusive processes between the upper and lower layers to the 
chemocline. In this sense, the chemocline descent, ≈ 10 m 
at the beginning of 2014, could favour homogenization of 
the deepest zone.

The pH was practically constant throughout the water col-
umn (Fig. 12). The annual average pH of the surface water 
throughout 2016 (6.90) increased slightly, breaking the 
downward trend (7.37 in 2010, 7.3 in 2011, 7.3 in 2012, 7.12 
in 2013, 7.00 in 2014, and 6.88 in 2015), although seasonal 
fluctuations were still more important within the same year.

Likewise, since 2014, a more abrupt pH decrease was 
observed in the hypolimnion, tending to converge towards 
a common value with the monimolimnion. Note that the 
water volume below the 200 level (43 hm3 monimolimnion) 
is approximately 1/7th of the stored volume between levels 

300 and 200 (287 hm3 hypolimnion), so the resulting value 
will be very conditioned by the weighted mixture of these 
two volumes.

Figure 13 shows how the conductivity values in the deep 
zone (level 160), which remained constant since the occur-
rence of the chemocline (December 2009), has continuously 
declined since the beginning of 2012, reaching a value close 
to 380 µS/cm in December 2016. This decrease can be due 
to diffusion and mixing with the less concentrated upper 
layers of the lake or precipitation of dissolved solids (e.g. 
under anoxic conditions iron is reduced and precipitates as 
iron sulphide).

The conductivity data obtained from the water inputs (see 
Fig. 6) shows that both CPS and NPC have conductivity 
values (max 1000 µS/cm) that, combined with that of the 
main input from the Eume River (≈ 50 µS/cm), are compat-
ible with the values of the superficial part of the lake. The 
new hydrographic configuration reached in April 2012 as a 
result of the overflow has not led to significantly different 
conductivities in the lake.

In turn, two clearly differentiated domains are identified: 
a superficial one in which the oxygenation moves up and 
down (due to mixing processes that occur to a depth of 110 
m below the surface) and another involving a progressive 
decrease in the O2 concentration (Fig. 14). The behaviour of 
the deep zone (level 160) throughout 2012, coinciding with 
the complete filling of the lake, breaks the trend of anoxic 
conditions present in previous years, maintaining O2 concen-
tration values constant at approximately 4 mg/L even in the 
deepest zone (the last 10 m), which, until 2012, was anoxic.

It is striking, however, how the O2 concentrations have 
increased in depth since 2015. This increase implies a re-
oxygenation, whose more plausible cause would be the mix-
ing with shallower waters (Juncosa et al. 2018). This hypoth-
esis is strengthened by noting the decrease in the oxygen 
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Fig. 12   Temporal evolution of pH at the PVO point at levels 160, 250, and at the surface. The flooding ended on April 18, 2012)
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concentration at level 250. The difference between the oxy-
genation/deoxygenation slopes is explained by the difference 
in volumes involved in the mix. For example, in a totally 
closed system, a loss of 1 mg/L in a volume of 287 hm3 
would be equivalent to a gain of 6.7 mg/L in a volume of 43 
hm3. Regarding Fe, Mn, and sulphate, Juncosa et al. (2018) 
showed that their vertical profiles follow patterns dictated 
by pH and oxygen.

Conclusions

The old As Pontes mine pit was completely filled in April, 
2012, which took 52 months and ≈ 548 hm3 of water from 
runoff, the Eume River, direct precipitation, the external 
dump’s diversion channels, and groundwater. The most 
important volumetric source was the Eume River. Partial 

diversion of water from the Eume River into the pit resulted 
in a better quality of lake water by reducing the potential 
oxidation of sulphides in the pit.

The lake continues to evolve and has not yet reached a 
steady state. The large volume of water stored in the pit 
gives it a very high chemical inertia, meaning that any physi-
cal–chemical change occurs at a very slow speed. In gen-
eral, it seems that the chemocline located at level 220 tends 
to widen and its gradient tends to decrease as the system 
evolves, which means that the concentration differences 
between the hypolimnion and the monimolimnion are less 
pronounced each year.

Another noteworthy aspect is the evolution of the oxygen 
concentration on the bottom. After a few years of decrease 
(until 2012) and stabilization (until 2015), the oxygen con-
centration at depth has been increasing steadily. However, 
the concentration in the upper layer is gradually decreasing 
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due to the oxygen transfer between the hypolimnion and 
the monimolimnion, although at a slower rate than the 
oxygenation.

The conductivity at the bottom has also tended to 
decrease gradually from 2012 due to homogenization with 
the upper layers. Thermal and chemical homogenization of 
the surface waters of the lake occurs due to thermal inver-
sion at the beginning of winter (November/December). The 
thermal stratification in the summer is only 40 m below the 
surface, leaving the lower volume of water disconnected 
from the seasonal mixing.
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