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• Hydrological connections between sur-
face and groundwater in a pit lake were
studied.

• Geochemical tracers identified the pre-
dominance of surface waters in the sys-
tem.

• High contaminant loads released from the
mining area (e.g., 520 kg/day of Fe).

• Geochemical tracers allowed identifying
pollutant sources in the system.

• Most of released pollutants come from
waste dumps in the vicinity of the pit lake.
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 Opencast mining of sulfide ore deposits may lead to the formation of anthropogenic acidic lakes with highly polluted
waters. In these systems, it is crucial to understand the hydrological connections between surface and groundwater and
their contribution to the pollutant load delivered to the downgradient streams. This study characterizes the interac-
tions between surface and groundwater in an acidic pit lake using different geochemical tracers (i.e., REE and other
trace metals). The San Telmo pit lake, located in one of the most pollutant sources of the Iberian Pyrite Belt (IPB),
can be considered as a flow-through pit lake except during dry periods, when it behaves as a terminal lake due to
lower inputs by surface waters and higher outputs by evaporation. Results based on geochemical tracers indicate
that the main inputs to the pit lake come from surface waters, with minor groundwater inputs rich in As, Cr, Cu, Fe
and Pb. The contaminant load released from the mining area is very high (e.g., median values of 520 kg/day of Fe
and 38 kg/day of Zn), causing the degradation of the fluvial network downstream. Most of released pollutants come
from waste dumps located at the W of the mining zone (~50–70% of Al, Cd, Mg, Mn, Ni, SO4 and Zn and > 70%
for Cu, Cr, Fe and, V), while the contribution of the water coming out the pit lake and other dumps is much lower.
Thus, remediation efforts to improve the area and fluvial courses downstream must focus on the W waste dumps.
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1. Introduction

Intense mining of sulfide deposits worldwide, especially since the sec-
ond half of the 19th century, has left a legacy of abandoned mines with
huge sulfide-bearing waste rock piles exposed to weathering agents and
18 March 2022; Accepted 8 April

er B.V. This is an open access artic
open pits. The cessation of mining activities in open pits often leads to the
recovery of the original water table and their flooding, creating pit lakes
(McCullough, 2015; Triantafyllidis and Skarpelis, 2006). The presence of
acidifying minerals, especially in sulfide and coal mining, may lead to the
acidification of pit lakewaters (pH< 4) and the existence of high concentra-
tions of dissolved metal(oid)s, degrading these water resources worldwide
(e.g. Pellicori et al., 2005; Sánchez España et al., 2005 and 2008; Ríos
et al., 2008; Zhao et al., 2012; Tomiyama et al., 2019; Luo et al., 2020;
Rinder et al., 2020).
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Water quality of a pit lake strongly depends on the balance between
acidity and alkalinity inputs, as well as the neutralization processes that
may take place within the water column (Castendyk et al., 2015; Schafer
et al., 2020). Regarding acidifying reactions, the oxidation of pyrite
(FeS2) by oxygen plays a key role in acid mine drainage (AMD) generation
(Johnson and Hallberg, 2005):

FeS2 sð Þ þ 15=4 O2 gð Þ þ 7=2 H2O lð Þ ! Fe OHð Þ3 sð Þ þ 2SO2−
4 aqð Þ þ 4Hþ

aqð Þ (1)

In addition, a limited oxygen renewal in underground environments
(such as lower layers of a pit lake) can decrease considerably the concentra-
tion of oxygen in the acidic waters, acting Fe3+ as predominant oxidant
agent of pyrite (reaction 2). This reaction is notwithstanding limited by
the oxidation of Fe2+ to Fe3+, which can be enhanced by the activity of ex-
tremophile microorganisms such as Acidithiobacilus thioooxidans or
Chlamydomonas acidophila, acting as a reaction catalysts under low pH
range (<4) in aerobic environments (Wendt-Potthoff et al., 2012; Valente
et al., 2013).

FeS2 sð Þ þ 14Fe3þaqð Þ þ 8H2O lð Þ ! 15Fe2þaqð Þ þ 2SO2−
4 aqð Þ þ 16Hþ

aqð Þ (2)

The precipitation of secondary Fe minerals in the water column may
provide additional acidity to the waters, exerting in many cases a buffer
pH in sulfide pit lakes (Sánchez España et al., 2008 and 2011; Elghali
et al., 2021; Fan et al., 2022). The generated leachates may attack the
host rock of the ore deposits, dissolving also Al, Mg, Mn, Si and other ele-
ments into the pit lake waters. The dissolution of the host rock minerals
usually consumes acidity, but its different dissolution kinetic compared to
sulfide oxidation makes the overall reactions distinctly acidic. Other reac-
tions may also generate alkalinity to counteract the acidity released during
sulfide oxidation such as sulfate reduction or cation-exchange reactions
(Blodau, 2006; Torres et al., 2013).

Despite the huge volume of acidic waters stored and the high number of
pit lakes found worldwide, the hydrological connections between surface
and groundwater and their relative contributions to pit lakes and
downgradient stream systems are site specific and not completely under-
stood (Newman et al., 2020). This information is of paramount importance
to adopt effective remediation measures in abandoned mine sites world-
wide. In this sense, geochemical tracers have been shown as useful tools
to establish hydrological connections in aquatic systems (e.g., Erostate
et al., 2019; Yang et al., 2021) especially in AMD environments (Cánovas
et al., 2016; Moreno González et al., 2020a, 2020b).

The Iberian Pyrite Belt (IPB, SWSpain) is one of the largest polymetallic
massive sulfide-mining provinces in the world (Almodóvar et al., 2019),
which has been intensively exploited since ancient times. As a result, a leg-
acy of derelict mines with large accumulation of sulfide mining wastes has
caused a severe deterioration of the main fluvial systems in the region,
i.e., the Tinto and Odiel rivers (Sánchez España et al., 2005; Sarmiento
et al., 2009; Moreno González et al., 2018; Olías et al., 2019 and Olías
et al., 2020). There are 22 different flooded open pits only in the Spanish
part of the IPB (Sánchez España et al., 2008), which makes it a representa-
tive worldwide example to study hydrological connections between surface
and groundwater in pit lakes. Among them, San Telmo pit lake is the largest
accumulation of acidic water (Diez Ercilla et al., 2009; Sánchez España
et al., 2007, 2008 and Sánchez-España et al., 2011; Cánovas et al., 2015).
Therefore, the goal of the present study is to analyze by using geochemical
tracers the interactions of surface waters - pit lake in San Telmo mine and,
specifically, the contribution of the pit lake in the contaminant load gener-
ated in the whole area.

2. Site description

The IPB extends from the western side of the Seville province to the
Atlantic ocean in the Portuguese coast, approximately 250 km long and
25 to 70 kmwide (Donaire et al., 2020). It includes three different litholog-
ical units: (1) the Phyllitic-Quartzitic Group formed by a thick sequence of
2

Devonian phyllites and quartzites; (2) the Volcano-Sedimentary Complex
(VSC) composed of shales, greywackes and alternate layers of Upper
Devonian-Lower Carboniferous felsic (mainly dacites and rhyolites) and
mafic rocks (mainly basaltic sills); and finally (3) the Culm Group at the
very top of the column with Carboniferous detrital sediments (shales and
conglomerates) (Almodóvar et al., 2019). The massive sulfide deposits are
associated to the CVS and composed mainly of fine grained pyrite (FeS2)
(approximately >90% in volume), with lower amounts of sphalerite
(ZnS), chalcopyrite (CuFeS2) and galena (PbS). It is worth to notice the
abundance of aluminosilicates as gangue minerals, as well as the low con-
centration of carbonates, allowing extreme acidic conditions (Sánchez
España et al., 2008; Moreno González et al., 2020a).

Regarding the climate, due to Mediterranean conditions, the average
temperature is around 17 °C while the average rainfall is close to
740 mm, with high inter and intra-annual variability (Galván et al.,
2016). Winters are relatively cold (with average minimum temperatures
close to 6 °C) and humid, while summers are hot (average maximum tem-
peratures close to 33 °C) with long drought periods.

There was evidence of early exploitation in San Telmo mine approxi-
mately 3000 years ago, which was followed by Romans (Pinedo Vara,
1963). However, it was in 1859 when the more intense period of mining
began, especially from 1970's, with the excavation of a large open pit, to
the end of mining in 1989. Then, the flooding of the open pit began.
From an available ortophotograph in 1998 it can be seen that the pit lake
was already completely formed (Fig. SM1), maintaining its dimensions to
nowadays (approximately 500 m long and 370 m wide; Fig. 1), with a
total surface of 0.18 km2. According to Diez Ercilla et al. (2009), the
flooding was mainly due to groundwater inputs. The maximum pit lake
water depth is around 130m (Cánovas et al., 2015), constituting the largest
accumulation of acidic water in the IPB (8×106m3). The pit lake has been
classified as meromictic, with a boundary layer at a depth of 29 m which
separates and upper, oxygenated, lower density mixolimnion from an an-
oxic and higher density monimolimnion (Diez Ercilla et al., 2009;
Sánchez España et al., 2007, 2008, 2009 and Sánchez-España et al., 2011;
Cánovas et al., 2015).

There are two large waste dump areas, located to the northeast and to
the west of the pit lake (Fig. 1), with a total surface of 0.76 km2. Acidic dis-
charges from the northeast dumps enters the pit lake through its east side
(Fig. SM2). At its western side, there is a water output forming a small
creek, which downstream also collects acidic waters from the western
dumps (Fig. 1). Thus, the pit lake is defined as a flow-through type
(Castendyk et al., 2015). The acidic waters released from San Telmo consti-
tute one of the main pollutant sources in the area, causing the total degra-
dation of the Oraque River, a tributary of the Odiel River (Sánchez
España et al., 2005; Sarmiento et al., 2009; Galván et al., 2016). This tribu-
tary will feed a reservoir which is currently under construction, and there
are serious doubts about the final quality of the stored waters (Olías et al.,
2011).

3. Materials and methods

3.1. Samplings

The main AMD sources in San Telmo mine were studied during two
years (from February 2018 to February 2020). A synoptic samplingwas per-
formed in four different sampling points (Fig. 1 and Fig. SM2): 1) Upstream
Pit Lake (UPL), located in the NE area of San Telmo mine, where several
small AMD flows emerge from mine dumps, entering the pit lake; 2) Pit
Lake sampling point (PL), taken directly from the lake surface (epilimnion)
just in the overflow zone (W of the pit lake); 3) Downstream Pit Lake (DPL),
located approximately 250 mwest from the pit lake; and finally, 4) the End
of Mining Area (EMA) sampling point, located at the outlet of the mining
zone, collecting all the acidic waters generated in the area. The sampling
was performed twice per month during wet periods and monthly in the
dry periods. The number of collected samples varied between 20 and 33
samples, as some sampling points were dried up during the dry season.



Fig. 1. Aerial photo of San Telmo mine in 2016, indicating the pit lake, dumps and the sampling points.
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Fig. 2.Daily rainfall evolution and flow rate at the different sampling points during
the study period.
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The precipitation values were collected from a weather station located
at 14 km from the study area and flow rate (Q) was obtained by means of
current meters (Global Water model FP111 and electromagnetic induction
model OTT MF pro) and the estimation of the channel section. Different
physico-chemical parameters (pH, electrical conductivity –EC-, oxidation-
reduction potential –ORP- and temperature) were measured in situ with a
CrisonMM40+ multimeter, previously calibrated with certified solu-
tions. Eh values were obtained from the ORP values measured in the
field according to Nordstrom and Wilde (1998). Samples were filtered
through 0.45 μm filters, acidified to pH < 2 and conserved at 4 °C in
high-density polyethylene bottles, previously washed with a solution
of 10% HNO3.

3.2. Laboratory analysis and data treatment

Sample analysis were performed at the R + D laboratories at the
University of Huelva by: (1) Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-OES) for Al, Ca, Cu, Fe, K, Na, Mg, Mn, S, Si and Zn;
and (2) Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) for As,
Cd, Cr, Li, Ni, Pb, Se, Sr, V, REE and U. The sulfate concentration was deter-
mined by the stoichiometric relationship (1:3) between sulfate and sulfur in
samples due to the strongly oxidant conditions existent. Detection limits
were 0.2 mg/L for Al, Ca, Fe, K, Mg, Mn, Na, Si and S; 50 μg/L for Zn;
5 μg/L for Cu, 1 μg/L for Se, Sr, La, Ce, Nd, Pr and Sm, and 0.2 μg/L for
As, Cd, Cr, Ni, Pb V, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. However,
these limitsmay increase due to the dilution factor applied to certain highly
metal-rich samples during the analysis. NIST-1640 certificate was used to
verify the quality of analysis, with measures within ±5 of certified values.
Analysis were performed in triplicate to evaluate analytical precision,
which was better than 5% in every case. For each analysis sequence,
homemade standards (from certified materials) and blanks were used to
check the accuracy, and all elements were below the detection limit of
the equipment.

The PHREEQC code v2.12.01 (Parkhurst and Appelo, 2013) was used to
obtain the chemical speciation and saturation indices of waters. The
Wateq4f database was enlarged with thermodynamic data from Yu et al.
(1999) for the solubility of schwertmannite. For the assessment of metal
transport during each sampling, the pollutant load was calculated by multi-
plying the flow rate by the concentration of each element. The net acidity
3

(NA) of samples was determined by using the equation from Kirby and
Cravotta (2005) (metal concentrations in mg/L):

NA as mg=L of CaCO3ð Þ ¼ 50 1000 � 10−pH
� �þ 2 FeII

� �þ 3 FeIII
� �� �

=56
n

þ 2 Mnð Þ=55þ 3 Alð Þ=27
o

REE normalized concentrations were obtained by using the North
American Shale Composite (NASC) values from Taylor and McLennan
(1985). Cerium (Ce) and Europium (Eu) anomalies were calculated by the
following equations: CeN/ √ [LaN · PrN] and EuN/ √ [SmN · GdN] respec-
tively, where the subscript N indicates normalized values.

4. Results and discussion

4.1. Rainfall evolution

Rainfall distribution during the study period was characterized by an ir-
regular pattern (Fig. 2). February 2018 was dry, but at the beginning of
March a rainy period began, which continued until the end of April
(433 mm registered). The hydrological year 2018/19 was very dry (463
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Fig. 3. Electrical conductivity (EC) evolution in the sampling points during the
study period.
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mm), where most rainfalls occurred from October 2018 to April 2019.
Finally, rainfall during hydrological year 2019/20 (640 mm) was also
below the average value of the study area (740 mm), with most rainfall
being recorded between autumn and winter (Fig. 2). The chemical
composition of rainfall in the study area is characterized by circumneutral
pH values (6.0–6.5) and low concentration of sulphate (<10 mg/L) and
metals.

4.2. Physico-chemical parameters and dissolved concentrations

A clear relation between flow rate and rainfall distribution along the
study period can be seen in Fig. 2. The UPL sampling point recorded the
lowest flow rate values (median value of 2.3 L/s), while the flow rate in-
creased downstream of the pit lake (median values of 4.8 L/s at DPL and
6.7 L/s at EMA). Water inputs into the pit lake through UPL were not per-
manent, as they ceased during summer. At the same time, water output
by runoff from the pit lake ceased, thus making San Telmo pit lake to be-
have as a terminal lake due to a lack of surface water inputs and an increase
of outputs by the intense evaporation.

In all the sampling points, pH values were very low (median between
2.3 and 2.8) and quite constant along the monitoring period (Table 1). A
progressive decrease in pH values was observed downstream, showing
the highest values in the pit lake entrance point (UPL, between 2.20 and
3.47) and the lowest at the end of the mining area (EMA, between 1.85
and 2.79). This increase in the acidic nature of AMD lixiviates was even
more evident in the spatial evolution of net acidity, which varied from a
median of 1.1 g/L of CaCO3 at UPL to 4.8 g/L at EMA (Table 1).

The EC values showed the same tendency as the net acidity, experienc-
ing an increase downstream of the pit lake. Thus, the lowest valueswere ob-
served inUPL (median of 4.5mS/cm) and the highest in EMA (8.8mS/cm).
Regarding Eh values, the highest oxidant conditions were observed at the
pit lake (median of 773 mV), while the lowest were found in UPL and
EMA (median values between 640 and 650 mV, Table 1). These higher
Eh values in the pit lake waters may be related to the higher residence
time of stored waters, which allows a more efficient oxygen renewal and
Fe(II) oxidation than in running waters.

In regard of the temporal evolution, EC values showed relevant fluctua-
tions in EMA (Fig. 3), experiencing an increase during dry periods (close to
12 mS/cm) and a decrease linked to dilution by high flows (especially dur-
ingMarch–April and November–December 2018; Fig. 3). This tendency, al-
though less pronounced, can be also observed in other sampling points. In
this sense, the lower EC variations occurred in PL waters due to the
Table 1
Statistics of physico-chemical parameters and flow rate during the study period.

EC pH Eh Q NA

mS/cm mV L/s g/L CaC

UPL

Mean 4.56 2.84 620 4.4 1.20
Median 4.52 2.80 645 2.3 1.09
25th perc. 3.98 2.70 625 0.6 0.85
75th perc. 4.83 3.00 680 6.5 1.38
Min. 3.12 2.20 201 0.0 0.60
Max. 7.70 3.47 718 16.3 2.57

EC pH Eh Q NA

mS/cm mV L/s g/L CaC

DPL

Mean 6.21 2.43 675 13.4 2.12
Median 6.25 2.44 698 4.8 1.86
25th perc. 5.43 2.31 682 1.3 1.69
75th perc. 6.86 2.57 727 14.6 2.16
Min. 3.98 1.71 206 0.03 1.41
Max. 9.84 3.02 806 110.0 4.88

NA: Net acidity
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buffering effect exerted by the high water volume stored in the epilimnion,
which attenuated these variations.

Table 2 shows the statistics of analytical results obtained during the dif-
ferent samplings. As can be seen, all samples contained high levels of dis-
solved sulfate, metals and metalloids (maximum values of 12.9 g/L of
SO4, 1.7 g/L of Fe, 724 mg/L of Al, 247 mg/L of Zn, 1.9 mg/L of As, etc.).
Fig. 4 shows the concentrations for some representative elements as box-
plot diagrams. For comparison purposes, the values obtained for the
epilimnetic waters of the pit lake reported in previous works is also
shown. As can be seen, values previously reported are in the same range
than those found in this study, except for a very high Ca value reported in
2011 and a low value of Al in 2015. Therefore, these results confirm that
the epilimnetic conditions in the pit lake have been approximately constant
since 2006 (according to data from Sánchez España et al., 2008) despite its
recent formation. In this sense, it has been previously reported a temporal
hydrochemical evolution of pit lake waters until reaching a chemical equi-
librium (e.g., Sánchez España et al., 2008; Moreno González et al., 2018;
Juncosa et al., 2019).

In general, element concentration values are lower in UPL than in the
rest of the points (Fig. 4). An increase is found in the pit lake (PL) with re-
spect to UPL, while concentrations are approximately similar between PL
andDPL. However, in the last point (EMA) a remarkable increase in concen-
trations can be seen (Fig. 4). Nevertheless, despite this general trend, some
significant differences can be found between elements. Thus, the UPL point
was characterized by showing the highest values for Mg and Ca (median of
403 mg/L and 166 mg/L, respectively), Al (121 mg/L) and Fe (119 mg/L).
EC pH Eh Q NA

O3 mS/cm mV L/s g/L CaCO3

PL

5.34 2.48 734 – 1.90
5.43 2.57 773 – 1.76
4.74 2.45 755 – 1.67
6.00 2.65 791 – 2.01
3.95 1.36 206 – 1.56
6.55 2.81 854 – 3.53

EC pH Eh Q NA

O3 mS/cm mV L/s g/L CaCO3

EMA

9.07 2.36 612 14.2 4.87
8.82 2.34 635 6.7 4.81
7.87 2.27 619 2.0 3.48

10.80 2.49 655 13.8 6.14
5.35 1.85 205 0.9 2.30

12.37 2.79 683 117.0 7.53



Table 2
Statistics of analytical results obtained for the different sampling points.

Al Ca Cu Fe K Mg Mn Na SO4 Si Zn As Cd Cr Li Ni Pb Se Sr V REE

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L

UPL
Mean 137 171 13 138 2.6 444 34 18 3398 27 67 122 147 20 266 451 42 34 235 4.4 1383
Median 121 166 10 119 2.3 403 33 18 3233 26 63 24 133 9 226 397 35 33 208 2.6 1141
25th perc. 99 155 9 95 1.8 366 29 17 2665 23 52 16 99 6 152 294 23 20 187 1.6 1004
75th perc. 133 187 16 161 3.0 489 38 19 3648 28 72 100 176 17 364 563 40 40 301 8.0 1503
Min. 71 95 6 43 0.9 232 16 11 1802 15 28 5 83 3 124 194 18 12 119 1.0 702
Max. 370 300 30 357 8.3 930 70 22 6822 44 148 622 356 218 538 886 125 94 359 10 3439

PL
Mean 186 234 24 206 1.8 533 45 22 4523 36 89 97 203 20 327 463 66 45 283 2.9 1777
Median 178 230 23 212 1.6 534 44 22 4554 35 88 91 196 20 306 434 65 43 270 2.6 1780
25th perc. 171 220 22 195 1.4 484 42 20 4203 34 85 72 168 18 242 410 60 34 258 2.3 1650
75th perc. 186 242 24 218 2.0 568 47 23 4842 37 92 116 214 21 348 505 72 50 278 3.7 1833
Min. 165 206 21 147 0.1 438 39 17 3822 31 76 65 135 17 202 186 50 28 240 1.9 1455
Max. 284 273 28 230 3.7 647 52 33 5270 43 110 149 327 24 688 954 105 83 436 4.8 2460

DPL
Mean 213 241 28 285 1.5 515 44 21 4843 43 89 213 215 38 383 561 85 43 298 10 1819
Median 187 230 24 204 1.4 515 44 21 4655 37 87 91 191 29 327 521 72 43 273 4.1 1713
25th perc. 174 214 22 188 1.1 457 40 19 4333 33 81 49 171 23 280 429 57 33 258 3.2 1566
75th perc. 229 252 28 226 1.6 554 45 23 4997 49 89 119 232 42 512 662 112 52 292 6.6 1934
Min. 160 191 20 138 0.4 413 37 15 3828 29 74 13 137 8 210 98 16 26 228 1.7 1437
Max. 415 359 78 1223 2.5 772 63 25 8773 86 175 1925 389 119 674 963 186 65 515 70 2890

EMA
Mean 465 279 65 997 1.6 805 69 21 8926 54 168 200 420 111 846 1180 62 63 344 57 2367
Median 478 271 63 930 1.0 840 66 21 9115 50 173 103 420 92 820 1197 59 67 320 55 2250
25th perc. 356 244 48 670 0.7 647 58 20 6830 39 133 65 282 63 627 766 38 50 288 36 1994
75th perc. 579 306 80 1321 2.4 932 80 23 10,891 66 202 163 506 117 974 1421 75 73 362 76 2723
Min. 210 192 27 288 0.0 439 39 16 4842 30 94 18 179 27 281 467 7 27 231 7 1612
Max. 724 432 102 1680 4.5 1113 95 25 12,927 77 247 1518 812 514 1796 2315 195 95 685 105 3672

J.M. Fuentes-López et al. Science of the Total Environment 833 (2022) 155224
On the contrary, in EMA the highest concentration was found for Fe
(median value of 930 mg/L) while contents of Al and Ca were much
lower (median of 478 and 271 mg/L, respectively). Regarding As concen-
tration, it shows an increase downstream, although with some outlier
Fig. 4.Major and trace element concentrations represented as box plots diagrams from e
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high values (Fig. 4). Moreover, the Pb concentrations in EMA are lower
than those found in PL and DPL. Finally, concentrations of V were approx-
imately constant in the three first sampling points while registered a sharp
increase in EMA (Fig. 4).
ach sampling point. PL* shows data of the pit lake epilimnion from previous works.
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Hydrochemical differences between sampling points can be more
clearly observed in Fig. 5. Median concentrations for most elements (Al,
Ca, Mg, Mn, Na, SO4, Si, Zn, Cd, Ni, Se, Sr and REE) in the pit lake are be-
tween 1.2 and 1.5 higher than those found in UPL. Concentration by evap-
oration, especially during summer, might be the main reason of these
differences, as it can be seen in both the EC tendency (Fig. 3) and element
concentration (Fig. SM3) during this period. However, there must exist un-
derground inputs into the pit lake, noticeably enriched with Cu, Fe, Pb, Cr
and, especially, As, which cause a concentration increase to a greater extent
with respect to UPL (e.g., up to 3.8 times higher for As; Fig. 5).

The similarity in element concentration between PL and DPL, with the
exception of Cr and V concentration (Fig. 5), evidences the lack of signifi-
cant pollutant discharges towards this zone from the W dumps. Thus, the
hydrogeochemistry of DPL sampling point is chiefly controlled by the wa-
ters overflowing the pit lake. On the contrary, an important pollutant dis-
charge from the W dumps is found between DPL and EMA sampling
points. These discharges are especially enriched in V and, to a lesser extent,
Al, Cu, Fe, SO4, Zn, Cd, Cr and Ni (Fig. 5). On the other hand, the median
concentration of Pb is lower in the final sampling point (EMA) than up-
stream (DPL and PL), as commented previously. The decrease in Pb concen-
tration in sulfate-rich waters was previously observed in the IPB and other
areas affected byAMDdue to anglesite precipitation and/or coprecipitation
of Pb with Fe-oxyhydroxysulfates (e.g., Acero et al., 2006; Nordstrom,
2011; Cánovas et al., 2016; Moreno González et al., 2020b).

Metal attenuation in mine sites by precipitation of secondary minerals
constitutes a quantification of the importance of in-stream processes,
which can be inferred by geochemical modeling (e.g., Runkel et al.,
2012). In this sense, results from PHREEQC show oversaturation with re-
spect to jarosite and schwermannite (Fig. 6), Fe minerals commonly precip-
itating in AMD environments. In general, saturation indices of these
minerals are higher in the pit lake (PL) and lower in the EMA sampling
point, although the highest levels of Fe and SO4 are found in EMA
(Fig. 4). This can be explained by the lower pH values in EMA, which coun-
teracts the increase of concentrations observed in this point. Regarding sol-
uble sulfate, the only mineral phase near saturation or slightly
oversaturated inwaters is gypsum,which experiences an increase in the sat-
uration index along the water flow (Fig. 6). This explains the low increase
of Ca concentration observed from UPL to EMA (Fig. 4), unlike other ele-
ments. Anglesite (PbSO4) is undersaturated in all the samples, although
with lower values observed in UPL, following the concentration pattern re-
corded (Fig. 4). On the other hand, copiapite and melanterite show values
near saturation in the final point (EMA), where high amounts of efflores-
cence salts appear during dry periods (Fig. SM2).

4.3. NASC-normalized REE patterns

Rare earth elements have been traditionally used as geochemical tracer
in aquatic systems (e.g., Worrall and Pearson, 2001; Wilkin et al., 2021). A
statistical summary of REE concentrations in sampling points can be found
in Table 2 while complete data can be consulted in Table SM1.
Fig. 5.Ratios ofmedian concentrations between sampling points (EMA/DPL ratio is
shown on a different scale because of its higher values).
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Concentration of REE showed a similar tendency than most elements. Min-
imum concentrations were found in UPL (median value of 1.14 mg/L)
while values in EMA were approximately twice (2.25 mg/L). These values
are similar to those found in other mines from the IPB (Tharsis), being
among the highest reported worldwide (Table 3).

Fig. 7 represents the REE NASC-normalized pattern for the different
sampling points. Results show an enrichment in MREE in comparison to
LREE and HREE, as previously reported in waters affected by AMD
(Tabaksblat, 2002; Zhao et al., 2007; Soyol-Erdene et al., 2018). Nega-
tive anomalies of Eu can be also observed, with a mean value of 0.7. It
is worth to notice the identical pattern in DPL and PL sampling points,
which are also similar to that of UPL, although increased by a 1.5 factor
due to evaporation from the pit lake. On the contrary, some differences
can be observed in EMA with respect to DPL and PL, as LREE concentra-
tion experienced a lower increase than those recorded in MREE and
HREE (e.g. the median value of La in EMA is 1.14 times higher than
that of DPL, while for Lu it is 1.43). This indicates that inputs between
DPL and EMA are mainly depleted in LREE, with respect other AMD
sources in San Telmo.

4.4. Dissolved pollutant load

EMA sampling point collects all pollutants discharged by the different
AMD sources in the study zone, which finally joins to the Oraque River,
tributary of the Odiel River. Median values of pollutant load were 519
kg/day of Fe, 241 kg/day of Al and 88 kg/day of Zn, and so on, with
peaks reaching even 2857 kg/day of Fe.

The main pollutants in the study area (between 50 and 70% of Al, Cd,
Mg, Mn, Ni, SO4 and Zn and more than 70% for Cu, Cr, Fe and, especially,
V; Fig. 8) come from the west dumps located between DPL and EMA sam-
pling points. On the other hand, AMD coming from the NE dumps is espe-
cially rich in Ca, Mg and REE, with more than 40% of the total load
released from this area. Pollutant discharges from the pit lake, obtained
as the difference between UPL and DPL, represent less than 15% for most
elements, with the exception of As (54%) and Pb (64%). This information
is crucial in order to develop and design restoration measurements in this
mining area.

5. Conclusions

Water outputs from San Telmo pit lake are not permanent, but depen-
dent on the balance between surface and groundwater inputs and the evap-
oration outputs. For example, rains in 2019 were scarce and thus, there
were no surface water inputs to the pit lake. This fact, together with the
high evaporation recorded caused the pit lake to behave as a terminal
lake. However, during wetter periods, when rainfalls are abundant leading
to increasing inputs, the pit lake behaves as flow-through type.

Concentrations in the epilimnetic pit lake waters were within the range
found in previous studies. This implies that, despite its recent formation,
hydrochemical conditions remain approximately constant for at least 15
years. The hydrochemistry of epilimnetic pit lake waters is mainly con-
trolled by surface water inputs and the increase of element concentrations
due to evaporation. REE NASC-normalized pattern are consistent with
this result, highlighting the usefulness of REE as geochemical tracers in hy-
drological systems. In this sense, REE concentrations in this area are similar
to those found in other mines from the IPB (Tharsis), being among the
highest reported worldwide. Nevertheless, concentrations of As, Cr, Cu,
Fe and Pb in the epilimnion experienced a higher increase than the rest of
elements, with may be related to underground water inputs enriched in
these elements.

Pollutant concentrations in the mining area increase notably down-
stream (from E to W), reaching maximum values of 1.7 g/L of Fe, 0.72
g/L of Al and 0.25 g/L of Zn at the outlet of the mining area. The main pol-
lutant discharges are released between DPL and EMA sampling points, com-
ing from the western waste dumps. These AMD discharges are especially
enriched in V and, to a lesser extent, Fe and other elements. The pollutant



Fig. 6. Box plot diagrams of saturation indices of waters in sampling points with respect to some mineral phases commonly observed in AMD environments.

J.M. Fuentes-López et al. Science of the Total Environment 833 (2022) 155224
load delivered by the San Telmo mining area is very high, with median
values of 519 kg/day of Fe, 241 kg/day of Al and 88 kg/day of Zn, deterio-
rating irreversibly the Oraque River, which will feed a reservoir currently
under construction. These values are several orders of magnitude higher
than those reported in other mine sites worldwide. Therefore, restoration
measurementsmust be urgently performed in this area to reduce the impact
caused in the water network downstream, especially in the water quality of
the future reservoir. As pointed in this study, these actions must be priori-
tized in W dumps, due to its higher pollutant potential.
Table 3
Comparison of REE concentrations with other mining zones.

Site pH EC REE

(mS/cm) (μg/L)

San Telmo Upperstream Pit Lake (UPL) 2.8 4.5 1141
San Telmo Pit Lake (PL) 2.6 5.4 1780
San Telmo Downstream Pit Lake (DPL) 2.4 6.3 1713
San Telmo End Mining Area (EMA) 2.3 8.8 2250
Tharsis mine, IPB, Spaina 2.5 12.8 1747
Podwiśniówka acid pit lake, Polandb 2.4 – 993
Upper Rio Agrio, Patagonia, Argentinac 1.6 – 1637
Paradise Portal (PPREE1), CO, USAd 5.3 – 458
Ronneburg, Germanye 4.7 7.3 1387
Sitai coal mine, Chinaf 3.6 – 61

a Moreno González et al. (2020b)
b Migaszewski et al. (2016)
c Gammons et al. (2005)
d Verplanck et al. (2001)
e Grawunder and Merten (2012)
f Zhao et al. (2007)
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.155224.
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Fig. 8. Pollutant load contribution from the different mining components. UPL
shows the pollutant load from the NE dumps entering the pit lake, ‘From UPL to
DPL’ shows the contribution of the pit lake and ‘From DPL to EMA’ indicates the
pollutant load increase observed between these sampling points delivered by the
W waste dumps.
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