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The Tinto River is heavily polluted by historical sulfide mining, showing acidic conditions and extremely high
concentrations of metals and metalloids along its 101 km course. The Riotinto mine closed in 2000 and was
reopened in 2015, with a commitment to reduce acidic discharges from legacy mining wastes. This study assesses
the effect of the 2015 reopening on pH and dissolved sulfate, metal and metalloid concentrations in the Tinto
River, using a 2008-2021 dataset from a monitoring point 13 km downstream of the main mining area. Because
no gauging station exists at this site, the Soil and Water Assessment Tool (SWAT) was applied to reconstruct
continuous daily discharge and support concentration-discharge (C-Q) analyses. The pH remained consistently
low (~2.5), whereas dissolved species varied widely, with median concentrations of 3.45 g/L sulfate, 834 mg/L
Fe and 59 mg/L Zn. The 2015-2021 period after the mine reopening was clearly drier than previous years. This
should have produced an increased in dissolved concentrations through time. Nevertheless, the dissolved con-
centration of most elements showed slight downward trends, indicating reduced pollutant inputs from the
mining areas, whereas Pb remained unchanged and Fe and As showed slight upward trends. For most elements
concentration-discharge (CQ) relationships showed a dilution pattern with lower concentrations during
2015-2021, also suggesting improved water quality. Fe, As, and Pb showed the most complex behavior, as their
concentrations are controlled by precipitation and coprecipitation processes. These results demonstrate that
integrating hydrological modelling with long-term hydrochemistry datasets provides a robust framework to
assess remediation effectiveness while accounting for the variability of climatic regimes.

1. Introduction Until the 1980s, environmental protection legislation in Spanish

mining areas was largely absent, and mining companies were not

The Tinto River (SW Spain) represents one of the most extreme ex-
amples of acid mine drainage (AMD) pollution worldwide. A large part
of its drainage basin lies within the Iberian Pyrite Belt (IPB), a region
hosting extensive sulfide deposits that have been intensively exploited
for copper and other raw materials (Olias et al., 2020). Historical mining
activities have left abundant sulfide-rich wastes in the area, which un-
dergo oxidation upon exposure to water and oxygen, generating acidity
and releasing sulfate, iron, and other elements such as Pb, Zn, Cu, Cd,
and As into the aquatic environment (Nordstrom et al., 2015).
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required to implement measures to prevent the generation of acidic
drainage. As a result, intensive mining activities, particularly since the
mid-19th century in the Riotinto mining district, have left an area of
10.7 km? with sulfide-rich wastes in the headwaters of the Tinto River
(Grande et al., 2013). Combined with the low neutralization capacity of
the host rocks of the IPB, this legacy results in persistently acidic con-
ditions and extremely high concentrations of sulfate, metals, and met-
alloids along nearly 100 km of the river, from its headwaters to its mouth
in the Huelva Estuary (Fig. 1). This contamination also severely affects
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Fig. 1. Location map of the Tinto River and the Riotinto mining district, together with other mines in the area (AMD-affected watercourses are shown in red). The
hydrochemical sampling point and the stream gauging station are indicated. Right: subbasins used in the hydrological model. Numbers shown in the upper-right
panel correspond to subbasin identifiers (subbasins 4, 5, 7, and 10 are not shown because they are very small and spatially overlap with adjacent subbasins).

the neighboring Odiel River basin (e.g., Sanchez-Espana et al., 2005)
and the shared estuary of both rivers (Canovas et al., 2020;
Sanchez-Moyano et al., 2025).

The Riotinto mine closed in 2000 due to an international decline in
copper prices, which also affected many other mines in the IPB (Olias
et al., 2024). Following the recovery of copper prices in international
markets, the mine was reopened in 2015 with a commitment to elimi-
nate acidic water discharges from wastes generated by historical mining
activities. However, large areas covered by legacy mining wastes were
excluded from the current exploitation project and therefore from the
planned remediation measures.

The temporal evolution of dissolved concentrations in the Tinto
River is complex and controlled by multiple interacting factors (Olias
et al., 2020). These include climatic variability (seasonal to interan-
nual changes in precipitation and temperature), the inputs from
different AMD sources: open pits, underground workings, waste dumps
and tailings (Canovas et al., 2014), fine pyrite particles dispersed along
the river bed and river bank (Gallego and Fernandez-Caliani, 2023), the
wash out of evaporite salts accumulated during dry periods (Canovas
et al., 2010), dilution by clean-water reservoir releases, and remedia-
tion actions implemented in the mining area. In Mediterranean climates,
these dynamics are particularly abrupt due to strong variability in
rainfall intensity (frequently >50 mm/day) and the rapid changes in
river discharge and dissolved element concentrations that follow pre-
cipitation events (Galvan et al., 2013). Beyond natural climatic vari-
ability, ongoing climate change in Mediterranean regions is expected to
intensify summer droughts and increase the frequency of short,
high-intensity rainfall events, potentially modifying contaminant stor-
age and release dynamics in AMD-affected catchments.

Relationships between dissolved element concentrations and
streamflow (C-Q) in river systems have been widely used to investigate
the geochemical and hydrological processes controlling solute

mobilization (e.g., Godsey et al., 2009; Hoagland et al., 2020; Jennings
et al., 2025), to estimate pollutant loads (e.g., Galvan et al., 2016), to
assess the effectiveness of restoration measures (e.g., Newman et al.,
2025), and to infer solute sources and groundwater transit times
(Ibarra et al., 2016; Ameli et al., 2017).

In AMD-impacted catchments, most previous studies have either
focused on short hydrochemical time series (such ass pH, electrical
conductivity, and dissolved sulfate, metal and metalloid concentrations)
or applied hydrological models without explicitly linking simulated
discharge to long-term water-quality evolution. Consequently, the
relative contributions of flow variability, climate-driven drying, and
internal geochemical adjustment remain poorly constrained. Here, we
apply the Soil and Water Assessment Tool (SWAT) model, a physically
based, semi-distributed hydrological model, to reconstruct continuous
daily discharge for the Tinto River and combine these simulations with a
multi-year dataset of dissolved metal concentrations and concen-
tration—discharge (C-Q) relationships. This integrated approach allows
us to evaluate temporal shifts in river hydrochemistry under contrasting
hydrological conditions. In this context, the main objective of this study
is to assess the effect of the reopening of the Riotinto mine in 2015 on
dissolved element concentrations in the Tinto River, based on the tem-
poral evolution of hydrochemical data and the analysis of C-Q
relationships.

2. Materials and methods
2.1. Study zone

The Tinto River is 101 km long and has a basin area of 1646 km? In
the upper part of the basin the relief is formed by hills, with a maximum

altitude of 680 m. In the lower part the terrain is smooth with altitudes
lower than 50 m. The average river course slope is 0.4% and the average
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altitude of the basin 159 m. The climate is Mediterranean, with mild and
humid winters and warm, very dry summers. Mean annual temperature
is close to 17 °C, with typical summer maxima of approximately 35 °C
and occasional extremes approaching 40 °C in inland areas, and winter
minima commonly around 0-1 °C in upland sectors (milder along the
coast). Annual rainfall ranges from approximately 500 mm in the coastal
area to approximately 800 mm in the headwaters. Rainfall is highly
irregular both seasonally and interannually, with prolonged summer dry
periods (often near-zero monthly rainfall) alternating with wetter
autumn-winter conditions, when most of the annual precipitation is
concentrated. This climatic regime promotes the seasonal accumulation
of evaporitic salts during dry periods and their rapid leaching during the
first rewetting events. A large part of the Tinto River basin runs through
low-permeability rocks of the IPB, made up of three main geological
units: 1) A thick sequence of slates and quartzites from the Upper
Devonian, 2) The volcano-sedimentary complex, formed by an alterna-
tion of sediments and rocks from submarine volcanic eruptions of the
Upper Devonian-Lower Carboniferous age, which store the large sulfide
deposits that have been intensively exploited and, 3) The Culm group,
made up of a turbidite sequence of slates and conglomerates from the
Carboniferous (Olias et al., 2020).

In the Tinto basin there are two important reservoirs with good
quality water, the Corumbel reservoir in the middle part with a capacity
of 19 hm® and the Jarrama reservoir in the headwaters area, with a
capacity of 48 hm? (Fig. 1).

2.2. Hydrochemical data

The water-quality sampling point is located in the upper reach of the
Tinto River, 13 km downstream from the main mining area (Fig. 1). This
station corresponds to the official water-quality monitoring network
operated by the Andalusian Regional Water Authority (Junta de Anda-
lucia) and is designed to receive the integrated hydrochemical signal
from the Riotinto mining district. As such, it is representative of the
cumulative acid mine drainage inputs affecting the upper segment of the
river. Hydrochemical data were obtained from the Andalusian Regional
Water Authority, which provides publicly accessible records (Junta de
Andalucia, 2021). The dataset spans from May 2008 to December
2021 and includes a total of 90 samples. Sampling was conducted at
approximately quarterly frequency throughout the study period,
ensuring coverage of both dry and wet hydrological conditions. A data
gap occurred between December 2015 and September 2016 due to the
absence of measurements. From 2016 onwards, Cd, Ni, and Pb were
monitored monthly, while the remaining parameters continued to be
sampled quarterly.

Samples were filtered through 0.45-um Millipore Teflon filters and
subsequently acidified with suprapure HNO3 Merk to pH < 1 and stored
in the dark at 4 °C until analysis. Samples were analyzed by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) for major el-
ements, and by Inductively Coupled Plasma-Mass Spectroscopy (ICP-
MS) for trace elements. The determination of sulfate was carried out
using the internal method TM-M-010, which is based on the UNE-EN ISO
10,304-1 standard and employs ion chromatography. Detection limits
were 1 mg/L for sulfate, Mg, Cu, Fe, Mn, and Zn and Fe and 3 pg/L for
As, Cd, Cr, Ni and Pb. The precision and accuracy of the chemical ana-
lyses carried out within the Andalusian surface water monitoring
network are ensured through laboratory accreditation in accordance
with ISO/IEC 17,025 and the use of validated analytical methods with
established measurement uncertainty estimation, being below 10% in
all cases.

2.3. Hydrological modelling
Due to the lack of discharge data, the methodology employed in this

study is based on hydrological modelling of the Tinto River basin to
generate a continuous discharge dataset. This simulated discharge was
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integrated with hydrochemical data to explore the relationships be-
tween river flow and pollutant concentrations.

The hydrological simulations were conducted using the Soil and
Water Assessment Tool (SWAT; Neitsch et al., 2005). SWAT is a physi-
cally based, semi-distributed hydrological model, which operates within
the ArcGIS environment through an interface. The model calculates the
daily water balance depending on the soil type, slope, land use, and
weather data (temperature and precipitation). Potential evapotranspi-
ration was estimated using the Penman-Monteith method. SWAT was
selected because it provides continuous daily discharge at ungauged
sites, allows explicit representation of topography/land cover/soil in-
teractions, and has been successfully applied in AMD-affected basins
(Galvan et al., 2016).

The Digital Elevation Model (DEM), with a spatial resolution of 5 x 5
m, was used to delineate the watershed and drainage network. SWAT
discretizes the basin into subbasins and Hydrologic Response Units
(HRUs), unique combinations of land use, soil type, and slope, to
simulate surface and subsurface processes. Input datasets included:

1. Daily weather data, including precipitation and maximum and
minimum temperatures, were collected from 28 rain gauges and 13
temperature stations. The time series underwent a quality control
process: anomalous values were corrected, and missing data were
filled using linear regression based on nearby stations to ensure a
consistent and complete dataset. SWAT uses elevations bands to
calculate orographic precipitation. The daily precipitation in eleva-
tion bands is estimated by adding a constant amount to the recorded
precipitation in the rain gauge, which depends on the increase in
precipitation with altitude and the difference between the mean
elevation of each band and the elevation of the recording gauge. This
does not reflect rainfall in the subbasin because the increase in pre-
cipitation with altitude actually it is not constant, but depends on the
amount of rainfall. Since SWAT does not accurately represent the
spatial variability of precipitation associated with orographic effects
(Galvan et al., 2014), daily precipitation values were adjusted using
an elevation-based correction factor. This factor accounts for the
altitude difference between each rain gauge and the center of the
corresponding elevation band (Galvan et al., 2014).

2. The soils of the area were characterized by field samplings and lab-
oratory analysis. Soil depth, percentage of clays, silts, sands and rock
fragments, organic content, saturated hydraulic conductivity and
bulk density were determined. Available water capacity (AWC)
values were estimated based on soil texture and organic matter
content using the formula developed by Saxton et al. (1986). Soil
properties were derived from the regional soil survey of the province
of Huelva developed by the University of Huelva (Domingo-Santos
and Corral-Pazos-de-Provens, 2025), which includes 368 soil pro-
file observations and additional field observations distributed
throughout the province.

3. The land-use map was obtained from the Andalusian Environmental
Agency based on official regional land classification data.

Model calibration and validation were performed using daily
discharge data from a stream gauging station located at the middle part
of the Tinto River (Fig. 1), covering the period from 2013 to 2021. Model
performance was assessed through both visual inspection of simulated
versus observed hydrographs and the computation of the following
metrics: Pearson’s correlation coefficient (r), the Nash-Sutcliffe effi-
ciency coefficient (NSE; Nash and Sutcliffe, 1970), root mean square
error (RMSE; Hogue et al., 2006), and runoff volume deviation (DV;
Boyle et al., 2000).

2.4. Statistical treatment and concentration—discharge relationships

Statistical analyses were performed in R. The Shapiro-Wilk test
(Shapiro and Wilk, 1965; R core team, 2024) was applied to evaluate the



R. Moreno-Gonzalez et al.

normality of the discharge and hydrochemical variables (Table SM3). As
most variables departed from a normal distribution, nonparametric tests
were used to assess whether median values differed before and after the
restarting of mining activity (2008-2014 and 2015-2021): the Wilcoxon
rank-sum test (also known as the Mann-Whitney U test; Wilcoxon,
1945) and the Kruskal-Wallis test (Kruskal and Wallis, 1952). For
both tests, the null hypothesis (Ho) was that median values did not differ
between both periods, whereas the alternative hypothesis (H1) was that
they did.

The relationships between stream discharge and dissolved element
concentrations were analyzed using the power-law equation C = a-Q?,
where Cis the dissolved concentration, Qis stream discharge, and aand
bare empirical constants. This formulation is mathematically equivalent
to a linear regression in log-log space, obtained by regressing logio (C)
against logip (Q), with the slope corresponding to parameter b. Re-
gressions were performed using SWAT-simulated discharge at the sam-
pling point and observed dissolved concentrations. Only statistically
significant relationships (p < 0.05) were considered. Following Godsey
et al. (2009) and Jennings et al. (2025), C-Q relationships were classi-
fied as follows: (1) near-zero slopes (— 0.2 < b < 0.2), indicating che-
mostatic behavior; (2) positive slopes (b > 0.2), indicating flushing or
mobilization processes, with increasing concentrations as discharge
rises; and (3) negative slopes (b < — 0.2), indicating dilution, with
decreasing concentrations as discharge increases.

3. Results and discussion
3.1. Hydrological modelling

From the DEM the basin was established until the stream gauging
station (Fig. 1), with a surface of 808 km? Outlet points, defining the
boundaries of each subbasin, were established at the sampling point, as
well as at the confluences of the main tributaries. As a result, a total of 22
subbasins were delineated (Fig. 1).

The main land cover types in the watershed are scrublands (49% of
the surface), range grasses (19%) and Eucalyptus forests (7%), reflecting
a predominance of natural and semi-natural vegetation. A total of 18 soil
types were identified within the watershed; their main physical and
hydrological characteristics are summarized in Table SM1. Soils exhibit
moderate clay content (11-31%), relatively high sand content
(28-79%), and variable levels of rock fragments (4-60%). Most soils are
shallow and poorly developed, with depths generally below 130 cm.
According to the USDA Soil Taxonomy, Inceptisols are predominant,
being the majority included within hydrologic group C. AWC values
range from 10% to 42% by volume and saturated hydraulic conductivity
from 0.29 to over 12 mm/day.

After integrating land use, soil type, and slope data into the model,
the watershed was further subdivided into 1039 Hydrologic Response
Units (HRUs). In SWAT, water balance processes are simulated at the
HRU level, including surface runoff, infiltration, evapotranspiration,
lateral flow, and percolation through the soil profile. Water percolating
below the soil profile recharges a conceptual shallow aquifer storage,
which contributes to streamflow as baseflow when the required storage
conditions are met. A deep aquifer is also represented in the model, but
recharge to this compartment is treated as a loss from the simulated
catchment and does not directly contribute to streamflow. Thus, sub-
surface processes in SWAT are represented through conceptual storage
reservoirs and transfer parameters rather than by prescribing a fixed
physical aquifer depth.

Model calibration was conducted using discharge records from the
stream gauging station (Fig. 1) for the period 2013-2019, while
2020-2021 was reserved for validation. Calibration was performed
manually through a trial-and-error procedure, starting from the default
SWAT parameterization. To reduce equifinality, only a limited set of
hydrologically sensitive parameters was adjusted, while the remaining
parameters were kept at their default values. The calibration focused on
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Table 1

Monthly and daily statistical indices for calibration and validation model of
Tinto River (r: correlation coefficient; NSE: Nash-Sutcliffe’s efficiency; RMS:
root mean square error; and DV: runoff volume deviation).

Calibration (oct 2013 - sept 2019) Validation (oct 2019 - sept 2021)

Daily Monthly Daily Monthly
r 0.82 0.98 0.91 0.96
NSE 0.66 0.95 0.83 0.88
RMS 4.71 0.89 1.61 0.48
DV 1.02 1.02 1.10 1.10

parameters controlling surface runoff generation, soil water balance,
groundwater storage, and baseflow contribution to streamflow.

The adjusted parameters included the baseflow recession constant
(ALPHA BF), groundwater “revap” coefficient (GW_REVAP), initial
water content in the shallow aquifer (SHALLST), threshold water depth
in the shallow aquifer required for baseflow to occur (GWQMN),
threshold water depth for “revap” to occur (REVAPMN), groundwater
delay time (GW_DELAY), fraction of percolation to the deep aquifer
(RCHRG_DP), SCS Curve Number (CN2), soil evaporation compensation
factor (ESCO), and soil available water capacity (SOL_AWC). These pa-
rameters were modified using different calibration strategies depending
on their role in the model structure. Some parameters were adjusted as
additive or relative changes from their initial SWAT values, whereas
others were modified as absolute values. Consequently, for parameters
with spatially variable initial values, the same calibration strategy may
lead to different final values among soil types, land uses, HRUs, or
subbasins. The calibration strategy, default values, and final calibrated
values are summarized in Tables SM5 and SM6.

Beyond the equifinality associated with model parameterization
(already mitigated by restricting the set of adjusted parameters, as
described above), a second source of equifinality stems from the fact that
calibration in the present study relied on a single discharge gauging
station located at the basin outlet (Fig. 1). While performance metrics
such as NSE and RMSE indicate a good fit at this point, they do not
constrain the internal hydrological behavior of the model across the
catchment. With more than ten calibrated parameters per subbasin and a
single calibration target, multiple parameter combinations can repro-
duce the observed discharge at the gauged location while differing
substantially in how runoff, baseflow and groundwater recharge are
partitioned upstream. This is illustrated by the fact that some parameters
were assigned spatially uniform values across all HRUs (e.g., ALPHA_BF
=1, ESCO = 0.05), whereas baseflow generation and groundwater dy-
namics are known to vary considerably within watersheds (Eckhardt,
2005; Stewart et al., 2007; Cartwright, 2022; Zhong et al., 2022).
Spatially uniform values therefore reflect calibration constraints rather
than physical realism, and the simulated internal water balance should
be interpreted accordingly.

To strengthen the constraint of distributed hydrological models in
AMD-impacted basins such as the Tinto, future applications of this
approach would benefit from collecting discrete discharge measure-
ments at additional locations within the catchment, even sparse in time.
These measures would substantially reduce parameter equifinality, and
would benefit from adopting formal uncertainty quantification frame-
works capable of explicitly characterizing the range of parameter sets
compatible with the available observations. These considerations are
particularly relevant for ungauged or sparsely gauged mining catch-
ments, where the modeled discharge underpins downstream applica-
tions such as the C-Q analyses presented here.

Model performance was assessed through visual comparison of
observed and simulated hydrographs together with statistical indicators,
including the correlation coefficient (r), Nash-Sutcliffe efficiency (NSE),
root mean square error (RMSE), and runoff volume deviation (DV). The
monthly NSE reached 0.95 during the calibration period (Fig. SM1),
which is classified as “very good” according to Moriasi et al. (2007)
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Fig. 2. Daily observed and simulated flows during the validation period. The
calibration period is shown in Fig. SM1.

(Table 1). During validation, a good agreement between simulated and
measured discharge was also observed (Fig. 2), with a monthly NSE
value of 0.88, also within the “very good” category. Although the overall
daily RMSE (4.11 m?/s) is relatively high compared with the mean
discharge (3.23 m?/s), this metric is strongly influenced by a limited
number of high-flow events. When considering discharge values below 5
m?3/s (approximately 94% of observations), RMSE decreases to 0.80
m?/s, and for low flows (Q < 1 m®/s), RMSE further decreases to 0.55
m?>/s. These discharge ranges correspond to most hydrochemical sam-
pling conditions. Therefore, model performance is substantially stronger
within the flow domain most relevant to the C-Q analysis.

Mean discharge for the period with hydrochemical data
(2008-2021) was 3.23 m®/s, with a maximum daily data of 186 m%/s
and minimum values close to zero during summers. Discharge shows
sharp fluctuations as a result of precipitation events, indicating a low
natural regulation capacity of the basin (Fig. 2). Given the strong cali-
bration and validation performance, the simulated discharge series was
considered reliable and subsequently used to compute the

Table 2
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concentration—discharge (C-Q) relationships.

3.2. Hydrochemical characterization

The pH at the monitoring point remained very constant across the
data set (range 2.1-3.0), with a median value of 2.5 (Tables 2 and SM7),
due to strong buffering by Fe hydrolysis (Nordstrom et al., 2015). In
contrast, electrical conductivity (EC) and dissolved element concentra-
tions varied widely, with median values of 4.6 mS/cm for EC, 3.45 g/L
for sulfate, 834 mg/L for Fe, 59 mg/L for Zn, 1.2 mg/L for As, among
others (Table 2). The concentrations recorded in this study were higher
than those reported in previous works (Canovas et al., 2007; Olias et al.,
2020). This was attributed to the position of the sampling point, where
dilution from clean-water tributaries unaffected by AMD was limited.

No abrupt change was observed in the temporal evolution of dis-
solved concentrations following the reopening of the Riotinto mine in
2015 (Fig. 3 and Fig. SM2). However, the time series shows marked
seasonal variability, which may affect the interpretation of long-term
linear trends when the complete dataset is considered as a whole. To
reduce this effect, temporal trends were evaluated separately for two
subsets representing comparable hydrological conditions: (i) July-Au-
gust samples, representative of low-flow summer conditions, and (ii)
samples with discharge > 0.8 m?/s, representative of high-flow condi-
tions (Fig. 3). Under this approach, pH and most dissolved constituents,
including sulfate, Cu, Mg, Mn, Zn, Cr and Ni, show stable to slightly
decreasing trends through time. Fe shows a slight increasing trend,
whereas As exhibits a more variable temporal behavior and Pb remains
comparatively stable. Most dissolved elements generally behave
conservatively, and their concentrations are mainly controlled by dilu-
tion due to inputs of waters not affected by AMD (Canovas et al., 2007).
By contrast, Fe, As and Pb exhibit a more complex hydrogeochemical
behavior because they are influenced not only by dilution, but also by
precipitation and coprecipitation processes (Acero et al, 2006;
Nordstrom et al., 2015).

When comparing discharge and dissolved element concentrations
before and after the restart of mining in 2015 (Table 2), the median
values of EC, Fe, and Cd remained similar, whereas concentrations of the
remaining elements in 2015-2021 were slightly lower than those
recorded in 2008-2014. As dissolved concentrations do not follow a
normal (Gaussian) distribution (Table SM3), the nonparametric

Statistics of discharge and hydrochemical data obtained for the whole period (2008-2021) and dividing the data into two periods: from 2008 to 2014 and from 2015 to

2021. SD: Standard Deviation.

Q pH EC S04 Cu Fe Mg Mn Zn As cd Cr Ni Pb
2008-21 m3/s mS/cm mg/L mg/L mg/L mg/L mg/L mg/L ug/L ug/L ug/L ng/L ng/L
Data no. 90 49 50 50 45 46 65 46 49 47 86 45 87 87
Mean 1.26 2.5 5.0 4491 68 975 251 31 80 2226 315 58 389 232
Median 0.14 2.5 4.6 3457 57 834 189 26 59 1201 224 48 301 107
Min. 2E-04 2.1 1.2 148 7 21 13 2 6 113 5 13 10 4
Max. 27.0 3.0 9.9 15,673 176 2282 765 96 309 17,129 1196 163 1480 1641
SD 4.07 0.2 2.1 3628 43 598 179 22 60 3207 262 39 287 331
2008-14
Data no. 23 22 23 23 18 19 23 19 20 20 19 17 20 20
Mean 2.36 2.6 5.1 5110 78 988 292 33 88 1940 340 68 518 216
Median 0.46 2.6 4.6 3876 77 839 232 27 69 1389 227 54 399 131
Min. 0.003 2.2 1.2 487 7 21 39 2 6 113 33 14 32 15
Max. 27.0 3.0 9.1 12,704 176 2200 765 71 186 7155 900 163 1480 685
SD 5.75 0.2 2.3 3247 48 654 212 24 59 1738 253 45 386 199
2015-21
Data no. 67 27 27 27 27 27 42 27 29 27 67 28 67 67
Mean 0.88 2.5 5.0 3965 62 965 228 30 75 2437 308 52 350 236
Median 0.09 2.4 4.6 2490 53 830 189 26 59 956 220 45 275 107
Min. 2E-04 2.1 2.2 148 18 215 13 8 18 124 5 13 10 4
Max. 25.6 2.9 9.9 15,673 165 2282 721 96 309 17,129 1196 162 1048 1641
SD 3.29 0.2 2.0 3906 39 568 157 22 61 3984 265 34 240 362
Ratio 2015-21 respect to 2008-14
Mean 0.38 1.0 1.0 0.8 0.8 1.0 0.8 0.9 0.8 1.3 0.9 0.8 0.7 1.1
Median 0.20 0.9 1.0 0.6 0.7 1.0 0.8 0.9 0.8 0.7 1.0 0.8 0.7 0.8
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Fig. 3. Temporal evolution of selected hydrochemical variables at the monitoring site (see Fig. 1 for location). Orange lines and symbols show the measured values
through time, whereas dashed lines represent linear trend fits for summer conditions (July—August, red) and high-flow conditions (Q > 0.8 m®/s, blue).
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Table 3
p values, R?and slope (b) for obtained CQ regressions (non-significant values at
p < 0.05 are shown in bold).

2008/14 2015/21

p value R? b p value R? b
SO4 <0005 0,63 —-0,22 0.075 -
Cu <0005 0,66 —0,24 <0005 0,61 —0,20
Fe <0005 0,53 -0,32 <0005 0,29 -0,15
Mg <0005 0,60 —0,26 <0005 0,56 -0,25
Mn <0005 0,67 —-0,32 <0005 0,64 —-0,25
Zn <0005 0,61 —-0,28 <0005 0,43 —0,24
As <0.05 0,13 -0,16 0.84 - -
Cd <0005 0,39 —-0,22 <0005 0,36 —-0,24
Cr <0.005 0,69 —-0,23 <0005 0,55 —-0,18
Ni <0005 0,45 -0,28 <0005 0,52 -0,23
Pb <0.05 0,24 0,17 <0005 0,10 0,32

Wilcoxon and Kruskal-Wallis tests (see Section 2.4) were applied to
assess whether these differences were statistically significant. For all
variables, p-values exceeded 0.05 (Table SM4), and the null hypothesis
of equal medians between periods could not be rejected. This indicates
that, despite the apparently lower concentrations in 2015-2021, the
differences between periods are not statistically resolved given the
sample size and the high temporal variability of the dataset.

However, it should be noted that the 2008-14 period was much
wetter than the 2015-21 period, such that the median river discharge
was five times lower in the latter period (ratio 0.20 in Table 2). Differ-
ences in precipitation can influence the contributions of surface and
underground AMD generation sources in the mining area. However, in
Mediterranean climates, there are two very contrasting seasons: winter
with lower temperatures and high rainfall rates, and summer with high
temperatures and a lack of rainfall. Although the pollutant load in-
creases during the rainy season, the concentrations decrease due to
runoff generated in areas unaffected by mining. Conversely, in summer
we have the highest concentrations because less dilution runoff fresh-
waters along with a higher rate sulfide weathering exist (e.g. Olias et al.,
2006; Manning et al., 2024). This leads to intense precipitation of
efflorescent salts, which temporarily store sulfates and metals, but are
subsequently washed away during the first significant rainfall event of
autumn. Despite the high dissolved concentrations, pollutant loads
during the dry season are the lowest of the year, because streamflow is
minimal. A similar pattern is observed when comparing dry and wet
years, dissolved concentrations increase whereas transported loads
decrease, while the opposite occurs during wet years.

3.3. Concentration—discharge relationships

Acid mine drainage sources in mining areas commonly exhibit che-
mostatic or flushing behavior for elements such as Zn, SOs, and Fe,
indicating that concentrations remain relatively invariant across several
orders of magnitude of discharge variation (Newman et al., 2025). In
contrast, stream waters often display dilution patterns, with negative
slopes for most constituents due to mixing with less concentrated runoff
water (Langmuir, 1997). Nevertheless, AMD-impacted streams may
occasionally show flushing behavior associated with the mobilization of
evaporitic salts precipitated during dry periods (Olias et al., 2006;
Newman et al., 2025).

Almost all regressions between flow and dissolved concentrations
found were statistically significant at a confidence level of p < 0.005
(Table 3). The only non-significant regressions were sulfate (p = 0.07)
and arsenic (p = 0.84) for the 2015/21 period. For most elements, re-
gressions showed a clear dilution pattern with slopes (b parameter)
lower than —0.2. Arsenic, Cr, Fe and Pb present a chemostatic pattern
(—0.2<b < 0.2) in some period. The only element that exhibits flushing
behavior is Pb during the period 2015-2021, with a slope value of +0.32
(Table 3, Fig. 4). This contrasting trend for Pb reflects its complex
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hydrochemical behavior. In addition to coprecipitation with Fe min-
erals, dissolved Pb concentrations are controlled by the solubility of
anglesite and other Pb-bearing sulfates, leading to higher Pb concen-
trations when sulfate levels decrease (Canovas et al., 2007).

In summary, two groups of elements could be distinguished. First,
those that exhibit conservative behavior in the acidic water of the Tinto
River (sulfates, copper, magnesium, manganese, zinc, cadmium, and
nickel). The CQ relationships of these compounds show a dilution
pattern, indicating that their concentration is controlled by inputs from
the mining area together with dilution from runoff from areas unaffected
by mining. Their temporal evolution shows a downward trend due to the
decrease in mining inputs since 2015. The second group consists of Fe,
As and Pb, which, in addition to the processes mentioned above, are
subject to precipitation/coprecipitation processes and exhibit more
complex hydrogeochemical behavior. These elements do not exhibit a
decreasing trend in concentration over time and the CQ relationships
generally exhibit a chemostatic behavior with b < 0.2 (for Pb in the
period 2015/2021 it is even increasing) and/or lower R? values.

On the other hand, based on the daily flow data obtained by SWAT
and the regressions shown in Fig. 4, the pollutant load of the different
elements with statistically significant values was calculated. A signifi-
cant reduction in the pollutant load was observed. For example, for
copper, the median value for the period 2008-2014 was 980 kg/day,
and for the period 2015-2021, it was 595 kg/day. This decrease could be
due to reduced rainfall. Nevertheless, it is verified that, for the same flow
rate, the dissolved concentrations for the period 2015/21 are lower than
those of 2008/14. For example, for a flow rate of 1 m>/s, the regression
equations obtained concentrations of 42 mg/L, 174 pg/L, and 35 pg/L
for Cu, Cd, and Cr in the period 2008/14, while the values for the period
2015/21 are 33 mg/L, 117 pg/L, and 28 pg/L, respectively. The only
elements that do not follow this trend are Pb and Fe for flow rates greater
than approximately 0.1 m>/s, due to their complex hydrogeochemical
behavior as commented above (for As, the regression for the period
2015-21 was not statistically significant).

The identification of well-documented case studies explicitly evalu-
ating the effects of mine reopening on river water quality remains
limited in literature. Research on acid mine drainage (AMD) has pre-
dominantly focused on legacy or abandoned mining sites characterized
by chronic contamination, as well as on processes associated with mine
closure, flooding of underground workings. For instance, Herbst et al.
(2018) evaluated the long-term effects of acid mine drainage (AMD)
on streams of California (USA), reporting a slow recovery, depending on
factors such as the magnitude and duration of contamination, hydro-
logical conditions, natural attenuation capacity, and the implementation
of remediation measures (e.g., source control, active or passive treat-
ment systems). In contrast, the impact of reactivation of previously
closed mines on the quality of already mining affected watercourses
have been scarcely documented and is more commonly addressed within
environmental impact assessments, regulatory submissions, consultancy
reports, and other forms of grey literature. Therefore, given the scarcity
of peer-reviewed studies on the impact of mine reopening on river water
quality, this study provides novel insights into the hydrogeochemical
response of AMD-affected systems to restarted mining activity. By
quantitatively comparing pre- and post-reopening conditions, it helps
fill a critical knowledge gap in the literature. The results have important
implications for environmental risk assessment and mine management
in regions considering reactivation of legacy sites.

In addition to natural seasonal and interannual variability, ongoing
climate change is expected to intensify the hydrochemical contrasts
between dry and wet periods in AMD-affected systems such as the Tinto
River. In Mediterranean regions, projections point to longer and more
intense summer droughts together with an increasing frequency of short,
high-intensity rainfall events. These shifts are likely to enhance the
seasonal accumulation of evaporitic salts during prolonged dry periods
and to promote more abrupt first-flush contaminant pulses during
rewetting events. As a result, climate-driven changes in hydrological
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Fig. 4. Concentration-discharge (CQ) relationships. Blue circles represent 2008-2014 and orange circles represent 2015-2021. Regression lines for sulfate and As in

2015-2021 are omitted because they are not significant (p > 0.05).

regimes may mask or amplify the effects of remediation measures,
complicating the interpretation of long-term hydrochemical trends and
concentration—discharge relationships.

4. Conclusions

The SWAT-based hydrological modeling provided a good agreement
with observed discharge data in the Tinto River, accurately capturing
the sharp fluctuations driven by rainfall due to the basin’s low natural
regulation capacity. The post-2015 period, following the resumption of
mining activity, was notably drier, with discharge values about five

times lower than in 2008-2014.

Despite these drier conditions, dissolved element concentrations did
not increase, indicating an overall improvement in water quality after
the mine reopening. Most elements exhibited slight downward trends,
whereas Fe and As showed moderate increases and Pb remained stable.
These differences reflect the strong influence of precipitation and
coprecipitation processes on Fe, As, and Pb, which govern their more
complex hydrochemical behavior.

Although nonparametric tests did not detect statistically significant
differences in median concentrations between both periods, the absence
of a concentration increase under markedly drier conditions in
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2015-2021 is consistent with reduced pollutant inputs from the mining
area. Concentration—discharge (CQ) relationships displayed a dominant
dilution pattern, with concentrations decreasing as discharge increased.

Overall, the recommissioning of the Riotinto mine and the partial
remediation of historical acid drainage sources have led to measurable
water-quality improvements, even under less favorable (drier) hydro-
logical conditions. These findings highlight the importance of inte-
grating hydrological variability into the assessment of restoration
effectiveness. Furthermore, the potential influence of ongoing climate
change must be explicitly considered, as it can either mask or amplify
anthropogenic remediation efforts and thus affect the long-term sus-
tainability of AMD-impacted systems.

The concentration—discharge (CQ) analysis highlights how mine
reopening altered the river’s geochemical dynamics. Changes in CQ
behavior for metals and sulfate reveal shifts in solute sources and flow-
dependent mobilization that simple load calculations alone cannot
capture. By distinguishing hydrogeochemically controlled (Fe, As and
Pb) versus conservative solutes (sulfate, Cu, Mg, Mn, Zn, etc.), CQ
analysis provides a more nuanced understanding of watershed response
to human-driven actions.

Data availability

Hydrochemical data are available from the Andalusian Regional
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Basin, HydroShare, http://www.hydroshare.org/resource/b72952
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