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A B S T R A C T

This study presents major and trace element data and 87Sr/86Sr ratios for surface waters from a small watershed
draining the Aljustrel sulphide mining area (South Portugal). The watershed is located in a geologically complex
area comprising two main compartments: the northern compartment is dominated by Cenozoic formations and
does not bear any mining activity, whilst the southern compartment is underlain by rocks from both the
Cenozoic sedimentary cover and the mineralized sequences of the Variscan Paleozoic basement of the South
Portuguese Zone.
Based on the available geochemical and isotopic data, the analysed water samples can be roughly divided into

five main groups: (a) group 1 corresponds to AMD-contaminated water drainages from the southern part of the
catchment, showing pH < 4.0, high dissolved sulphate and heavy metal/metalloid contents and 87Sr/86Sr ratios
ranging from 0.7101 to 0.7126; (b) group 2 is represented by unpolluted stream waters from the northern
compartment, having pH > 8, marked depletions in SO4 and heavy metals and displaying Sr isotopic compo-
sitions similar to rainwater (87Sr/86Sr= 0.7097–0.7098); (c) group 3 includes mixed-type stream waters with pH
and elemental/isotopic signatures intermediate between those of groups 1 and 2; (d) group 4 comprises the
samples collected at two lime-treated water dams from the mining area, that are clearly distinguished from the
impacted waters of group 1 by their elevated Ca, Mg and Sr concentrations and low 87Sr/86Sr ratios
(87Sr/86Sr= 0.7085–0.7091); (e) group 5 includes clean waters from two dams located upstream of the ore
processing site, which are dominantly supplied by direct precipitation and surface runoff and have pH > 6, very
low SO4 and metal concentrations and 87Sr/86Sr ratios varying between 0.7094 and 0.7108.
Variations in the 87Sr/86Sr ratios and Sr concentrations of the analysed waters are attributed to mixing of two

main end-members: atmospheric meteoric waters (local rainfall/runoff) with low Sr contents and 87Sr/86Sr ra-
tios≈ 0.7095 and more radiogenic waters derived from the Aljustrel mining area. The highly radiogenic sig-
natures of the southern tributaries appear to have been controlled by weathering of plagioclase from the acid
volcanic rocks of the Paleozoic basement, enhanced by mining activities (pyrite oxidation), although released
strontium from gangue carbonates could have locally contributed to the fluctuations of Sr contents and 87Sr/86Sr
ratios observed in some of these water samples. By contrast, the low 87Sr/86Sr ratios and relatively high Sr (Cl
and Na) concentrations shown by the surface waters draining the northern compartment suggest that these
tributaries correspond to meteoric waters that have gained Cl, Na and Sr through wash-out of Cenozoic deposits
containing finely disseminated halite layers. Finally, the decrease in the 87Sr/86Sr ratios and elevation of Sr
contents observed in the samples from the lime-treated water dams support the involvement of an anthropogenic
source of Sr with 87Sr/86Sr ratios lower than that of rainfall.
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1. Introduction

Strontium isotopes are powerful geochemical tracers and have in-
creasingly been applied to a broad range of hydrologic systems for
constraining water sources and water mixing processes (e.g. Åberg,
1995; Capo et al., 1998; Semhi et al., 2000; Frost et al., 2002; Frost and
Toner, 2004; Négrel and Pauwels, 2004; Négrel et al., 2007; Brenot
et al., 2008; Tichomirowa et al., 2010; Peiffer et al., 2011; Zieliński
et al., 2016) and/or assessing water–rock interactions, flow paths and
weathering rates (e.g. Palmer and Edmond, 1992; Bullen et al., 1996;
McNutt, 2000; Shand et al., 2009; Bataille and Bowen, 2012; Brennan
et al., 2014).
A wide number of studies have shown that strontium isotopes can

also be used to monitor contamination of natural water systems by
anthropogenic inputs, such as fertilizers, waters from mine drainage,
industrial waste waters, hydraulic fracturing fluids and urban pollu-
tants (e.g. Böhlke and Horan, 2000; Hosono et al., 2007; Jeon, 2008;
Pierson-Wickmann et al., 2009; Hosono et al., 2010; Chapman et al.,
2013; Vengosh et al., 2013; Shin et al., 2015).
More recently, the range of applications of Sr isotopes was expanded

to new research areas, including forensics (e.g. Beard and Johnson,
2000), archaeology (e.g. Hodell et al., 2004; Bentley et al., 2008),
ecology (e.g. Koch et al., 1995; Chamberlain et al., 1997; Hoppe et al.,
1999) and food and beverage industry (e.g. Kelly et al., 2005;
Montgomery et al., 2006; Voerkelius et al., 2010).
In the particular case of surface waters affected by metal-rich

drainage from mining activities, Sr isotopes have proven to be of lim-
ited use for distinguishing contaminated from uncontaminated stream
waters, but provide crucial information on variations in the bedrock
geology, water-rock interactions, chemical weathering processes and
relative contribution of natural and anthropogenic Sr sources with
contrasting isotopic compositions (e.g. Jeon, 2008; Deng et al., 2009;
Christian et al., 2011; Vengosh et al., 2013; Khaska et al., 2015).
This study presents Sr isotopic data for discharge effluents from the

Aljustrel sulphide mine and stream waters draining the area with the
aim of better understanding the potential sources of lithologic and
anthropogenic Sr in the region and the effects of mixing of surface
waters originating from those sources. The results obtained are ex-
pected to improve our knowledge on the factors controlling surface-
water chemistry in this mineralized area and guide future investigations
of background water quality in geologically complex watersheds af-
fected by historical mining activity.

2. Strontium isotopes in surface waters

Strontium is a divalent alkaline earth element with four stable
naturally-occurring isotopes (84Sr, 86Sr, 87Sr, 88Sr). Of these, 87Sr is
radiogenic and forms by the radioactive decay of 87Rb (with a half-life
of 48 billion years). As a result, the amount of the daughter (radiogenic)
isotope in rocks and minerals increases with geological age whilst the
abundance of the parent (radioactive) isotope decreases over time
(Faure, 1986; Faure and Mensing, 2005).
Strontium (Sr2+) can easily substitute Ca2+ in the crystal lattice of

Ca-bearing minerals, such as plagioclase, apatite, gypsum, calcite,
aragonite and dolomite, while rubidium (Rb+) is incorporated in K-
bearing silicate minerals, including K-feldspars, micas and clay mi-
nerals (Faure, 1986; Faure and Mensing, 2005). Therefore, old sialic
crustal rocks containing minerals with high Rb/Sr ratios tend to show
highly radiogenic Sr isotopic signatures (87Sr/86Sr ratios > 0.709),
young basaltic rocks depleted in Rb are characterized by low to very
low 87Sr/86Sr ratios (0.703–0.706) and Sr-enriched calcareous sedi-
ments and limestones have, in general, intermediate 87Sr/86Sr ratios
(between 0.706 and 0.709) (e.g. Faure, 1986; Faure and Mensing, 2005;
McNutt, 2000; Shand et al., 2009).
Unlike H, C, N and O, Sr isotopes are not significantly affected by

mass fractionation during chemical weathering processes and can thus

be transferred from bedrock to natural waters, soils, interstitial soil
waters, biosphere and food chains without appreciable changes of the
87Sr/86Sr ratios (e.g. Capo et al., 1998; Shand et al., 2009; Frei and Frei,
2011).
Although the Sr isotopic composition of surface and groundwater

reflects, to a large extent, the nature of the local bedrock undergoing
alteration, the degree to which Sr is released to the water is strongly
dependent on the reaction kinetics of mineral dissolution. As shown by
Åberg et al. (1989), minerals with different Rb/Sr ratios and 87Sr/86Sr
ratios weather at different rates leading, in many cases, to a pronounced
decoupling between the solute Sr isotope ratios and those of the parent
rock (e.g. Åberg et al., 1989; Blum et al., 1993; Bullen et al., 1996;
Shand et al., 2009).
Atmospheric inputs, residence time and anthropogenic disturbances

are other factors that may greatly influence the Sr isotopic ratios of
freshwater systems. Hence, the application of Sr isotopes as tracers of
surface water origin, mixing relationships and hypothetical end-
member components requires a thorough isotopic characterization of
all possible sources of Sr (bedrock geology and age, ‘‘weathering-de-
rived” Sr, rainfall, anthropogenic contaminants) in conjunction with a
sound knowledge of the processes taking place along flow pathways
(Capo et al., 1998; Shand et al., 2009).

3. Study area

The Aljustrel mine is located in the northwestern sector of the so-
called Iberian Pyrite Belt (IPB), one of the largest provinces of volca-
nogenic massive sulphide ore deposits in the world (e.g. Barriga, 1990;
Leistel et al., 1998; Carvalho et al., 1999; Sáez et al., 1999; Tornos,
2006). With a total area of approximately 250 km by up to 60 km, the
IPB is part of the Variscan basement of Iberia and constitutes one of the
main tectonostratigraphic domains of the South Portuguese Zone (SPZ)
(Fig. 1; Oliveira, 1990; Silva et al., 1990).
The stratigraphic record of the IPB comprises three main units: (a)

the Late Devonian Phyllite–Quartzite Group (PQ), (b) the Famennian to
mid-late Visean Volcano-Sedimentary Complex (VSC) and (c) the late
Visean to mid-late Pennsylvanian Culm Group (Schermerhorn, 1971)
(Fig. 1). Lying at the base of the sequence, the PQ Group consists of
shales and quartz-rich sandstones deposited in a shallow marine shelf
environment (Schermerhorn, 1971; Oliveira, 1990; Silva et al., 1990).
The VSC is composed of submarine felsic volcanic, subvolcanic and
volcanoclastic rocks and minor mafic occurrences (basalts and doler-
ites), interbedded with shales and siltstones (e.g. Oliveira, 1990; Silva
et al., 1990; Inverno et al., 2015). Most of the IPB massive sulphide ore
deposits and related hydrothermal mineralized stockworks are hosted
in the VSC and tend to occur either on the top of the felsic volcanic
sequences or in close association with black shales (e.g. Barriga, 1990;
Mitjavila et al., 1997; Thiéblemont et al., 1998; Relvas et al., 2001,
2006a; 2006b; Oliveira et al., 2013; Tornos, 2006; Rosa et al., 2010;
Inverno et al., 2015; Martin-Izard et al., 2016). Finally, the Culm Group
is dominated by a flyshoid sequence of synorogenic turbidites (shales,
sandstones and rare conglomerates) (e.g. https://www.sciencedirect.
com/science/article/pii/S0169136816300658, Oliveira, 1990).
The whole IPB series was affected by deformation and low-grade

regional metamorphism during the Variscan Orogeny (Munhá, 1990).
Major Variscan structures within the IPB include south-verging folds,
axial plane slaty cleavages and thrusts with strikes varying from NW-SE
in the west-central part of the IPB to W-E in the eastern sector (Fig. 1;
Oliveira, 1990; Silva et al., 1990). The last Variscan tectonic imprint on
the IPB is related to the development of two sets of conjugate strike-slip
fault systems: a set of dominant NNW-SSE striking dextral faults and a
set of NE-SW to ENE-WSW striking sinistral faults.
As shown in the more detailed geological map of Fig. 2, the studied

area lies in the contact between the deformed VSC and Culm sequences
of the Paleozoic basement of the SPZ and the Cenozoic cover deposits of
the Sado Basin. The boundary is marked by a major fault (the sinistral
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NE-SW trending Messejana fault), which was reactivated during the
Cenozoic leading to the downward movement of the NW block. From
Paleogene to Neogene and Quaternary times, the fault-bounded sub-
sident block was infilled with fluvial and marine sediments originating
the so-called Sado Basin (Pimentel, 1998, Pais et al., 2012 and refer-
ences therein). In the Aljustrel region, the Cenozoic sedimentary rocks
cover extensive areas and include late Paleogene alluvial-fans (coarse
conglomerates and sandstones, interlayered with lutites from the Vale
do Guizo Formation), late Miocene sandy-clay fluvio-marine deposits

(Esbarrandadoiro Formation), Pliocene fluvial sands/alluvial-fans and
Quaternary unconsolidated alluvial deposits (Fig. 2; Schermerhorn
et al., 1987; Pimentel, 1998).
Occupying the southeastern sector of the studied area, the Aljustrel

mining district consists of six main orebodies (S. João, Moinho, Algares,
Estação, Feitais and Gavião) hosted in shales and acid volcanic rocks
from the VSC (Fig. 2). The sulphide mineral assemblages of these or-
ebodies contain mostly pyrite and minor amounts of sphalerite, chal-
copyrite, arsenopyrite, tetrahedrite, galena, kobellite-tintinaite,

Fig. 1. Simplified geological map showing the main tectonostratigraphic domains of the South Portuguese Zone (SPZ) and the location of the Aljustrel mining area
(modified from Oliveira, 1990 and Silva et al., 1990).

Fig. 2. Geological map of the Aljustrel area (simplified from Schermerhorn et al., 1987). Red symbols stand for water sampling sites. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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stannite, pyrrhotite and bismuth (Barriga and Fyfe, 1998; Sáez et al.,
1999; Relvas et al., 2011). The origin of the IPB polymetallic sulphide
deposits and the relationships between ore formation, magmatism and
tectonics have been addressed by a large number of authors (e.g.
Barriga, 1990; Mitjavila et al., 1997; Thiéblemont et al., 1998; Relvas
et al., 2001, 2006a; 2006b; Oliveira et al., 2013; Tornos, 2006; Rosa
et al., 2010; Martin-Izard et al., 2016).
Mining activity at Aljustrel began at the end of the 3rd millennium

BC, continued during Roman times and, after several centuries of in-
activity, pyrite recovery for copper and acid sulphuric production
gained a strong increment in the XIX and XX centuries (Nocete et al.,
2005; Tornos, 2006). Following several periods of closure, the mine
reopened in 2008 and is presently being exploited for Zn and Cu.
Mechanical and chemical weathering of exposed massive sulphides,

waste rock dumps and tailing dams caused long-lasting environment
impacts in the area. In particular, acid mine drainage (AMD) resulting
from the oxidation of sulphur and As-bearing minerals by runoff waters
and infiltrated rainwater promoted the release of significant amounts of
As and metals into stream waters, groundwater, soils, vegetation and
sediments (e.g. Luís et al., 2009, 2016; Candeias et al., 2011). From
2006 to 2015, a large campaign of decontamination, confining and
rehabilitation was carried out by EDM (a public capital company) on
old mining sites from the Aljustrel area (Carvalho et al., 2016).
Nevertheless, As and metal contamination of stream waters still per-
sists.
Overall, the studied area is dominated by dry Mediterranean almost

semi-arid conditions with a mean annual temperature of 20 °C and high
evapotranspiration rates (Chambel and Almeida, 2000). Long-term
mean annual rainfall in the catchment area is estimated in the range of
500–550mm (Yevenes and Mannaerts, 2012).
The present investigation was focused on the Ribeira do Roxo wa-

tershed, a small water catchment within the Aljustrel region (Fig. 2).
The Roxo creek flows westwards through the Cenozoic sedimentary
deposits of the Sado Basin receiving perennial drainages from the
northern and southern slopes. While the northern part of the watershed
is dominated by Cenozoic formations and does not bear any mining
activity, the southern compartment is underlain by rocks from both the
Cenozoic sedimentary cover and the mineralized sequences of the Pa-
leozoic basement of the SPZ (Fig. 2). Therefore, the tributaries crossing
active and reclaimed sections of the Aljustrel mining area are all po-
tentially contaminated.

4. Methods

4.1. Sampling and field measurements

Surface water samples were collected from 13 streams, 4 water
dams and 1 discharge effluent from the Aljustrel sulphide mine during
four sampling campaigns in two hydrological years. Of the 13 stream
water samples, 4 were collected from tributaries of the Roxo creek re-
ceiving direct discharges from the Aljustrel mining area, 2 from tribu-
taries running through Cenozoic rocks of the northern compartment
unaffected by mining activity and the remaining samples from sites
located either along the main stem of the Roxo creek or close to the
confluence of minor streams with the main creek (Fig. 2; Table 1). Two
of the four sampled water dams collect AMD and use lime treatment to
increase pH and reduce metal (loid) contents (DAC and DE), whilst the
other two are located upstream from the ore processing site (DAI and
DMR) (Fig. 2; Table 1). An additional sample of rainwater was also
collected for comparison.
All water samples were collected in 1L acid-washed polyethylene

bottles, transferred in cool boxes to the laboratory where they were
filtered through a 0.45 μm Millipore membrane filter using a vacuum
pumping system and then stored at 4 °C in the dark until analysis.
Filtered water samples were divided into three aliquots: one aliquot was
stored without acidification for anion analysis, whereas the other two

for major cation, dissolved metal (loid)s and Sr isotope analysis were
acidified with 1mL of ultra-pure HNO3 to a pH of ∼2.
The field parameters (temperature, pH and electrical conductivity)

were measured in the field using a multiprobe WTW Multiline P4 SET
previously calibrated with standard buffer solutions covering the ob-
served range of pH and EC values. Alkalinity (as HCO3) was determined
on site by acidic titration with 0.16N H2SO4.

4.2. Elemental analyses

Major cation, dissolved metal (loid)s and Sr concentrations were
determined by inductively coupled plasma mass spectrometry (ICP-MS)
at ACME Analytical Laboratories Ltd., Canada (ACME Anal. ISO 9002
Accredited Lab, Canada). Sulphate was measured by ion chromato-
graphy at the Laboratory of Geochemistry of the Department of
Geosciences of the University of Aveiro. Precision and bias, assessed by
replicate analyses of certified reference materials (STANDARD WAST-
WATRA6), blanks and unknown samples, were less 10% for sulphate,
cations, trace metal (loid)s and strontium. A full description of the
water samples analysed in the present study is given by Luís et al.
(2009, 2016), including their collection, handling, preparation proto-
cols and main geochemical characteristics.

4.3. Sr isotope analysis

Strontium isotopic ratios were determined by thermal ionisation
mass spectrometry (TIMS) on a multi-collector VG-Sector 54 mass
spectrometer at the Laboratory of Isotope Geology of the University of
Aveiro using a dynamic measurement mode. In the laboratory, the
water samples were first pipetted into Savillex Teflon beakers and dried
down. The residue was subsequently acidified with 1mL sub-boiled
23M HF and 0.5 mL sub-boiled 14M HNO3, dried and redissolved in
6M HCl. Strontium separation followed a conventional ion-exchange
chromatography procedure, using quartz columns filled with Bio-Rad®

AG50W X8 (200–400 mesh) resin and 2.5M HCl as eluent. After eva-
poration, Sr samples were loaded onto central tantalum filaments with
1M H3PO4 and analysed by TIMS. All measured 87Sr/86Sr ratios were
corrected for instrumental mass fractionation using 86Sr/88Sr= 0.1194.
Reproducibility and accuracy of Sr isotope runs have been periodically
checked by running the Standard Reference Material SRM 987, with a
mean 87Sr/86Sr value over the period of analysis of 0.710263 ± 6
(n= 24, confidence limit= 95%). Analytical blanks were negligible
(less than 0.2 ng).

5. Results

5.1. Hydrochemical data

Overall, the analysed water samples show a wide spectrum of pH
values (pH=2.0–8.7) and electrical conductivity (EC) ranging from
114 to 14,200 μS cm−1 (Luís et al., 2009, 2016). The type and abun-
dance of major anions and cations in the studied waters and their trace
element signatures are also variable (Table 2; Luís et al., 2009, 2016).
Using pH as a discrimination index, the water samples from the Aljus-
trel region can be roughly divided into five main groups (Table 2;
Figs. 2 and 3): (a) group 1 corresponds to AMD-contaminated water
drainages from the mining area (MI, MR, BE, PC, AF); (b) group 2
comprises the AMD-uncontaminated stream water samples flowing
through the northern branch of the Roxo creek watershed (PB and BX);
(c) group 3 includes mixed-type water samples with pH and elemental
compositions intermediate between those of groups 1 and 2 (RU, PF,
AA, JU, BF, RD); (d) group 4 is represented by the samples collected in
two lime-treated water dams (DAC, DE) from the mining area and one
tributary fed by the DE dam (BM) and (e) group 5 includes the water
samples from two dams located upstream of the ore processing site (DAI
and DMR).
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In spite of some scatter, the samples from groups 1, 2 and 3 tend to
define broad coherent trends on most chemical variation diagrams of
Fig. 3. The AMD-contaminated water samples (group 1) show the
lowest pH (pH < 4,0) and the highest dissolved sulphate
(SO4 > 850mg L−1), heavy metal/metalloid (Cu, Zn, Pb, Mn, Cd, Fe,
As) and Al contents, whilst the AMD-uncontaminated stream waters
(group 2) plot at the extreme alkaline end of the observed trends
(pH > 8) and exhibit a clear enrichment in Cl and Na (Cl >
592mg L−1; Na> 200mg L−1), accompanied by a strong depletion in
SO4, heavy metals/metalloids and Al (Fig. 3; Table 2). Lying between
the samples from groups 1 and 2, the stream waters of group 3 display a
complex compositional pattern that appears to reflect the influence of
variable inputs from two distinct sources (contaminated and

uncontaminated waters) (Fig. 3; Table 2). Note that all the mixed water
samples were collected either down-gradient drainages coming from
the mining area (southern compartment) or at the confluence between
these drainages and the main Roxo creek (Fig. 2).
As a result of lime addition, the AMD-contaminated dam waters from

sites DAC and DE and the effluent BM (group 4) can be clearly dis-
tinguished from the mining impacted samples of group 1 by their ele-
vated Ca, Mg and Sr concentrations, but still exhibit pH values and levels
of SO4 and dissolved metals similar to group 1 samples (Fig. 3; Table 2).
In contrast, the waters stored at the DAI and DMR dams (both located
upstream from the ore processing site) are dominantly supplied by direct
precipitation and surface runoff and have pH ranging from 6.3 to 8.7 and
very low SO4 and metal (loid) concentrations (Fig. 3; Table 2).

Table 1
– Sample location, water type and bedrock geology of surficial water samples from the Aljustrel region.

Sample ID Site name Sample location Water type Bedrock geology

MI Aljustrel mine Aljustrel mine AMD-contaminated Paleozoic metamorphic basement

MR Monte Ruas Roxo creek tributary AMD-contaminated Paleozoic metamorphic basement
BE Porto Beja Roxo creek tributary AMD-contaminated Paleozoic metamorphic basement
PC Ponte Curval Roxo creek tributary AMD-contaminated Paleozoic metamorphic basement

AF Água Forte Roxo creek tributary Mixed -type Cenozoic deposits from southern slope
AA Água Azeda Roxo creek tributary Mixed -type Cenozoic deposits from southern slope
BF Barranco Farrobo Roxo creek tributary Mixed -type Cenozoic deposits from southern slope

RU Roxo Roxo creek main stem Mixed -type Cenozoic deposits
PF Porto Ferreira Roxo creek main stem Mixed -type Cenozoic deposits
JU Jungeiros Roxo creek main stem Mixed -type Cenozoic deposits
RD Roxo Jusante Roxo creek main stem Mixed -type Cenozoic deposits

PB Pero Bonito Roxo creek tributary AMD-uncontaminated Cenozoic deposits from northern slope
BX Barranco Xacafre Roxo creek tributary AMD-uncontaminated Cenozoic deposits from northern slope

DAI Águas Industriais Water dam AMD-uncontaminated Paleozoic metamorphic basement
DMR Monte Ruas Water dam AMD-uncontaminated Paleozoic metamorphic basement

DAC Águas Claras Water dam Lime treated Paleozoic metamorphic basement
DE Estéreis Water dam Lime treated Paleozoic metamorphic basement
BM Barranco Morgado Stream sourced by DE Lime treated Paleozoic metamorphic basement

Table 2
Physicochemical parameters (pH, EC) and range of major and trace element concentrations for the main groups of water samples.

Parameter Rainwater Mine Water AMD-contaminated
streams Group 1

Mixed-type
waters Group 3

AMD-uncontaminated
streams Group 2

AMD-uncontaminated
water dams Group 5

Lime treated water
dams Group 4

Min-Max

pH ≈7 2.9–4.1 2.0–2.7 3.4–8.4 8.0–8.4 6.3–8.7 2.4–8.1
EC (μs cm−1) 45 8000 - 8350 1689 - 14200 1451 - 3500 390 - 3690 458 - 1114 3400–7900
HCO3− (mg

L−1)
6.3 0 0 0–986 247–917 67–385 0–276

SO42− (mg
L−1)

3 7257 - 8584 858–22601 23 - 2179 83–292 32–93 2196–5660

Cl− (mg L−1) 9 122–188 22–307 258–760 592 - 1049 67–151 131–199
Ca (mg L−1) 8 429–573 61–424 98–388 155–231 32–45 575–828
Na (mg L−1) 6.1 159–206 17–177 158–317 201–337 52–83 167–296
K (mg L−1) 2.1 5.9–6.4 0.3–11 1.0–6.9 0.9–2.2 3.9–7.1 11–29
Mg (mg L−1) 2.1 665 - 1396 42–668 65–196 113–167 17–157 241–854
Fe (mg L−1) 0.03 383–836 21 - 6157 0.01–0.64 0.01–0.03 0.01–0.10 0.05–163
Al (mg L−1) 0.02 115–208 26 - 1455 0.001–20 0.001–0.016 0.002–0.019 0.2–34
Si (μg L−1) 59 13276–38040 6479 - 59317 3499 - 15736 7559 - 10697 348 - 2756 1559–11951
Cu (μg L−1) 8.5 16258–23522 5541 - 264869 1 - 5076 1.3–4.4 2.2–15 61–7951
Zn (μg L−1) 164 429844–549927 23663–970418 0.3–20159 0.7–8.5 1.4–67 497–497493
Mn (μg L−1) 7.8 130042–222943 4179 - 116575 0.03 - 7698 0.03–79 0.03–660 584–141584
As (μg L−1) 0.25 25–132 3–29891 1.7–9.5 5–10 2.4–5.9 5.6–960
Rb (μg L−1) 4.6 26–94 0.4–22 0.7–6.9 0.7–1.0 1.2–2.3 17–57
Sr (μg L−1) 28 1419 - 1633 40–506 362–872 759 - 1305 144–234 549–834
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Fig. 3. Chemical variation diagrams as a function of pH for the surface waters from the Roxo Creek watershed.
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With the exception of the clean waters from the DAI and DMR re-
servoirs (group 5), which display the lowest Ca and Sr contents and plot
as a discrete cluster of data points in the diagrams Ca vs pH and Sr vs pH
(Fig. 3), there is no distinct correlation between Ca and pH and Sr and
pH for most of the remaining water samples (Fig. 3). Strontium con-
centrations range from 50 to 406 μg L−1 in the AMD-contaminated
waters (group 1), increase to values of 759–1305 μg L−1 in the un-
polluted stream waters from group 3, but do not show a regular var-
iation within the samples of group 2. Calcium behaviour is even more
scattered (Ca= 32–421mg L−1; Fig. 3).
It is worth noting that the waters collected at site MI (mine water)

are enriched in Ca and Sr compared to all the other samples (Fig. 3;
Table 2), suggesting that they may correspond to groundwater dis-
charges that have interacted with Cae and Sr-bearing minerals at
deeper levels. The occurrence of carbonate gangue minerals associated
with the massive ore deposits of the Aljustrel mining area has been
reported by several authors (Barriga and Carvalho, 1983; Gaspar, 1996;
Inverno et al., 2008) and could have contributed to increase the
amounts of dissolved Ca and Sr in these waters.
When plotted on the Ca vs. Sr and Ca/Sr vs. pH diagrams (Fig. 4), the

samples from group 1 display higher Ca contents (though widely vari-
able), higher Ca/Sr ratios and lower Sr concentrations than those of
group 2, whereas the waters from group 3 have transitional geochem-
ical signatures between the samples of groups 1 and 2. Consistent with
the fact that all the sampled stream waters drain bedrock lithologies
dominantly composed by silicates, most of the analysed waters define a
trend located just above the Ca/Sr lines observed in mixed silicate
catchments (Ca/Sr= 167–200, Meybeck, 1986). As there are no car-
bonate outcrops in the studied area, the shift of some points towards the
“carbonate line” (Meybeck, 1986) can be attributed to local Ca inputs
from another source, possibly related to residues of ore processing.
During the monitoring period, significant fluctuations in pH and

chemical composition were observed within the water samples col-
lected at the same site (Fig. 3). This may reflect mixing of water inflows
from several sources and/or variations in the dissolution rates of pri-
mary and secondary minerals in response to changes in the hydrological
conditions (low/high flow cycles).

5.2. 87Sr/86Sr isotope ratios

As illustrated in Fig. 5 and Table 3, the 87Sr/86Sr ratios of the stu-
died water samples are highly scattered, ranging from 0.708530 to
0.712694. The waters from the DAC and DE lime-treated dams (group
4) have the lowest 87Sr/86Sr ratios (87Sr/86Sr= 0.70853–0.70919) and
exhibit Sr isotopic compositions less radiogenic than that of the single
rainfall sample collected in this study (87Sr/86Sr= 0.709460 ± 33;

Fig. 5; Table 3), supporting the involvement of an anthropogenic source
of Sr with low 87Sr/86Sr ratios (CaO lime) to these waters (Christian
et al., 2011; Khaska et al., 2015; Harkness et al., 2016).
On the other hand, both the unpolluted stream waters that flow

through the alluvial and fluvial Cenozoic sediments (group 2) and the
clean waters stored at the DAI waterproofing dam (group 5) show Sr
isotopic compositions similar to rainwater (87Sr/86Sr=0.70945–0.70984;
Fig. 5; Table 3) and seem to record the expected effects of extensive di-
lution by local meteoric waters (ultimately rainfall) with relatively non-
radiogenic Sr isotopic signatures (e.g. Aubert et al., 2002). From the high
degree of overlap of 87Sr/86Sr ratios between the samples of group 2 and
rainwater, it is believed that the contribution of bedrock weathering to the
stream waters draining the northern compartment of the Roxo creek wa-
tershed was not very pronounced (see discussion below).
In contrast, the abrupt elevation of the 87Sr/86Sr ratios

(87Sr/86Sr= 0.71009–0.71269) in the tributaries crossing active and
reclaimed sections of the Aljustrel mining area in the southern part of
the catchment (AMD-contaminated water drainages of group 1; Fig. 5;
Table 3) indicate a strong interaction between these waters and the
underlying radiogenic metamorphic rocks of the Variscan Paleozoic
basement (VSC sequence). Furthermore, the consistent decrease in the
87Sr/86Sr ratios observed in the stream waters sampled at increasing
distances to the mining area (group 3; Fig. 5; Table 3) can be attributed
to mixing in varying proportions of a non-radiogenic dilute component
(rainfall-runoff) and a more radiogenic component derived from silicate
weathering (responsible for the Sr isotopic signatures of group 1 wa-
ters).
A comparison of the Sr isotopic data obtained during the sampling

period also reveals that the 87Sr/86Sr ratios measured at each individual
sampling point remain fairly constant in the tributaries from the
northern slope (group 2; Fig. 5), but show considerable scatter in the
stream waters from the southern compartment (groups 1 and 3; Fig. 5).
The uniformity of Sr isotopic compositions displayed by the northern
streams points to the dominance of a single and homogeneous Sr
source, whereas the temporal fluctuations in the isotopic signal of the
southern streams may have been caused by variable inputs of waters
derived from different Sr reservoirs.

6. Discussion

6.1. Natural and anthropogenic Sr sources

Natural sources of Sr to surface waters include bedrock, soil solid
particles and atmospheric inputs (rainfall and air dust particles) (e.g.
Bestland et al., 2017). In order to investigate the potential end-members
or contributive areas to the Sr budget of the analysed waters, it is

Fig. 4. (a) Relationship between Ca and Sr concentra-
tions (in μmol L−1) for the surface waters from the Roxo
Creek watershed; (b) Variation of Ca/Sr ratios as a
function of pH in the analysed waters. Dotted lines in-
dicate Ca/Sr ratios of monolithic catchments reported by
Meybeck (1986): mafic silicates Ca/Sr= 167 μmol/μmol,
felsic silicates Ca/Sr= 200 μmol/μmol and pure carbo-
nates Ca/Sr= 1428 μmol/μmol.
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Fig. 5. 87Sr/86Sr isotopic ratios for the surface waters from the Roxo Creek watershed. Different symbols stand for the 87Sr/86Sr ratios measured in waters from the
same sampling site during the four sampling campaigns.

Table 3
Sr isotopic compositions of rainwater and surficial water samples from the Aljustrel region.

Sample ID 87Sr/86Sr

1st Sampling campaign 2nd Sampling campaign 3rd Sampling campaign 4th Sampling campaign

MI ̶ ̶ 0.710494 ± 37 0.710094 ± 33

MR ̶ ̶ 0.710297 ± 41 0.711926 ± 47
BE 0.710278 ± 38 0.712694 ± 36 ̶ 0.711482 ± 38
PC 0.711262 ± 38 0.710733 ± 45 ̶ 0.711167 ± 33

AF 0.711160 ± 41 0.711239 ± 31 ̶ 0.711110 ± 26
AA 0.710137 ± 40 0.710491 ± 37 ̶ 0.710810 ± 33
BF ̶ ̶ 0.710793 ± 36 0.710841 ± 31

RU 0.711116 ± 41 0.710972 ± 38 0.710598 ± 34 0.710852 ± 30
PF 0.710889 ± 40 0.710894 ± 44 0.709492 ± 26 0.709467 ± 30
JU 0.710387 ± 30 0.710249 ± 43 0.709865 ± 30 0.710240 ± 31
RD ̶ ̶ 0.710175 ± 26 0.709757 ± 27

PB ̶ ̶ 0.709849 ± 31 0.709837 ± 31
BX ̶ ̶ 0.709790 ± 28 0.709688 ± 28

DAI 0.709509 ± 45 0.709546 ± 40 0.709458 ± 35 0.709723 ± 31
DMR ̶ ̶ 0.710853 ± 31 0.710858 ± 33

DAC ̶ ̶ 0.708727 ± 35 0.708896 ± 28
DE ̶ ̶ 0.709196 ± 40 0.708853 ± 37
BM ̶ ̶ ̶ 0.708530 ± 28

Rainwater 0.7094597 ± 33
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crucial to have reliable information on the Sr isotopic composition of
the main lithological units cropping out in the area. Unfortunately,
there are no published Sr isotopic analyses for the Cenozoic sedimen-
tary deposits of the Aljustrel region and the available whole-rock iso-
topic data for the metasedimentary and/or meta-volcanic rocks of the
Paleozoic basement are scarce and highly variable. A compilation of the
existing data is given in Table 4.

At the scale of the Roxo creek watershed, the influence of bedrock
geology on the composition of riverine water is clearly evidenced by
differences in the chemical and isotopic characteristics of the stream
waters draining the northern and southern compartments (Fig. 6).
In the southernmost part of the study area, the high 87Sr/86Sr ratios

shown by the mining-impacted tributaries from group 1 (Fig. 6) appear
to have been largely controlled by chemical weathering of the underlying

Table 4
– Range of published whole-rock Sr isotopic data for different rock units of the Paleozoic basement of the Iberian Pyrite Belt (IPB).

Sample location Sample lithology 87Sr/86Sr Reference
Late Devonian Phyllite–Quartzite Group (PQ)

San Jorge Mine (Spain) Shale - PQ Group 0.733901 ± 8 to 0.748205 ± 8 Tornos (2006)
Catalañas (Spain) Shale - PQ Group 0.732389 ± 8 Tornos (2006)
Ratera (Spain) Shale - PQ Group 0.763196 ± 8 to 0.774792 ± 8 Tornos (2006)

Famennian to mid-late Visean Volcano Sedimentary Complex (VSC)

Feitais (Aljustrel, Portugal) VSC pyroclastic rocks 0.73008 to 0.78431 Priem et al. (1978)
Feitais (Aljustrel, Portugal) Volcanic-hosted barite-bearing veins 0.708438 ± 13 to 0.709150 ± 47 Inverno et al. (2008)
Feitais (Aljustrel, Portugal) Carbonate-quartz-barite veins 0.708836 ± 13 to 0.708877 ± 13 Inverno et al. (2008)
Puebla de Gusmán (Spain) VSC mafic/intermediate volcanics 0.703775 ± 18 to 0.706687 ± 16 Mitjavila et al. (1997)
Puebla de Gusmán (Spain) VSC acid volcanics 0.708287 ± 18 to 0.713245 ± 16 Mitjavila et al. (1997)
Neves Corvo (Portugal) VSC mineralized stockwork ores 0.711374 ± 25 to 0.735563 ± 38 Relvas et al. (2001)
San Jorge Mine (Spain) Lower VSC shale 0.748044 ± 8 to 0.768081 ± 8 Tornos (2006)
Tharsis (Spain) Lower VSC shale 0.739500 ± 8 to 0.797371 ± 8 Tornos (2006)

Fig. 6. Sr isotopic variation in the surface waters from the Roxo Creek watershed as a function of bedrock geology. Bars represent the range of observed ratios in
surface waters from each individual sampling site and symbols stand for their 87Sr/86Sr average ratios.
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Paleozoic metamorphic rocks (VSC sequence). The exposed VSC se-
quence comprises two major felsic volcanic units overlain by massive
sulphide ore deposits and capped by a continuous layer of jasper/chert,
which grades, towards the top, into purple, green and grey shales (Relvas
et al., 2011; Inverno et al., 2015 and references therein). The VSC shales
are, in turn, conformably overlain by thick turbidite deposits of the Baixo
Alentejo Flysch Group (Relvas et al., 2011 and references therein).
Due to the considerable lithological diversity of the Paleozoic base-

ment, the various source materials contributing to the waters of group 1
are not easily identified. However, it is worth noting that the measured
87Sr/86Sr ratios for this group of water samples
(87Sr/86Sr=0.71009–0.71269) are significantly lower than those of the
VSC metapelites (87Sr/86Sr=0.73950 to 0.79737; Table 4) and lie
within the interval of values reported for the mineralized acid volcanic
rocks of the VSC (87Sr/86Sr=0.70828–0.71324; Table 4), suggesting
that the acid volcanic units and associated mineralizations constitute the
main reactive weathering end-member for this portion of the watershed.
The acid volcanic rocks from the VSC range from dacites to high-

silica rhyolites and are composed by porphyritic quartz and feldspar
(Na-plagioclase and minor K-feldspar) set in a highly altered sericite-
chlorite-carbonate groundmass, whilst the neighboring metapelites
consist essentially of phyllosilicates and minor amounts of quartz
(Mitjavila et al., 1997; Rosa et al., 2010; Relvas et al., 2011). Under
extremely acid conditions (pH < 4) caused by the oxidation of pyrite
from the mineralized veins and enhanced through mining and milling
processes, it is likely that the dissolution of the aluminosilicates (mainly
Na-plagioclase) from the adjacent dacites and rhyolites was greatly
promoted (e.g. Blum et al., 1993; Probst et al., 2000; Capo et al., 2001).
Thus, silicate weathering is thought to have been the major factor

controlling the highly radiogenic signatures and the elevated Al con-
centrations observed in the waters of group 1, while the concomitant
oxidation of metal sulphide minerals (e.g. pyrite) can account for their
high dissolved sulphate and heavy metal/metalloid contents.
Furthermore, the large scatter of 87Sr/86Sr ratios observed in this group
of samples is probably related to the lithological heterogeneity of the
metamorphic bedrock.
Down-gradient of the mining area, the tributaries of the Roxo creek

become progressively more depleted in SO4, heavy metals/metalloids
and radiogenic Sr (group 3; Fig. 6), whereas the waters flowing through
the Cenozoic rocks from the northern compartment have Sr isotopic
compositions similar to rainwater and negligible concentrations of SO4
and heavy metals/metalloids (group 2; Fig. 6). The variation pattern
recorded in these two groups of stream waters is consistent with a de-
creasing influence of water-rock interaction processes and an increasing
contribution of a non-radiogenic dilute component (rainfall/runoff)
with increasing distance to the mining area.
As the Cenozoic deposits of the Sado Basin were most probably de-

rived from erosion of the Paleozoic basement, it can be presumed that
their Sr isotope signatures are not significantly different from those of
their parent rocks. Nevertheless, the continuous decline of 87Sr/86Sr ra-
tios displayed by the water samples from groups 2 and 3 reveals that the
input of radiogenic Sr leached from primary silicates and/or clay com-
ponents of the clastic bedrock was small. This may result from the higher
abundances of low reactivity mineral phases (quartz + K-feld-
spar + micas + clay minerals) relative to plagioclase in these sediments
(e.g. Bullen et al., 1996; Probst et al., 2000; Frost and Toner, 2004; Blum
and Erel, 2005). In addition to mineralogical composition, the poorly
lithified nature of the siliciclastic units from the Sado Basin and the short
residence time of percolating meteoric water are other parameters that
could have contributed to enhance the atmospheric signal (rainfall/
runoff) in the Sr isotope budget of these stream waters and to explain the
lower silicate denudation rates prevailing in the northern sector.
Although weathering and ion exchange reactions with silicate mi-

nerals from the Cenozoic deposits appear to have had little effect on the
Sr isotope compositions of the surface waters from groups 2 and 3, the
concentrations of Na and Cl in the stream waters from the northern

compartment (group 2) and some tributaries from group 3 (Fig. 3) are
well in excess of Aljustrel precipitation pointing to the involvement of
an additional source for Na and Cl. Such a source could have been
provided by the local occurrence of finely disseminated evaporite layers
within the Cenozoic stratigraphic sequence, as already mentioned by
Schermerhorn et al. (1987). Owing to their high soluble characteristics
and relatively unradiogenic Sr isotope signatures, the dissolution of
halite bearing deposits may have been responsible for the increase of Cl
and Na contents in the dissolved load of these waters (e.g. Millot et al.,
2003) with no detectable influence on their Sr isotope ratios (close to
local rainwater). Moreover, the high levels of Sr observed in these
samples suggests that the source of Cl is also a potential source of Sr
(e.g. Kloppmann et al., 2001; Négrel et al., 2007; Zieliński et al., 2016).
A fourth end-member of anthropogenic origin must also be con-

sidered to explain the low Sr isotope ratios found in the samples col-
lected in the lime-treated water dams (DAC, DE) and one tributary fed
by the DE dam (BM) (Fig. 5). The use of Sr-rich lime (CaO) or CaCO3 for
mitigation of environmental impacts associated with AMD can lead to a
marked decrease of 87Sr/86Sr ratios in the pond waters (Christian et al.,
2011; Khaska et al., 2015; Harkness et al., 2016), being the most likely
cause for the anomalously low Sr isotope ratios and high Sr and Ca
contents displayed by these water samples.
In summary, we interpret most of the spatial variability of Sr isotope

compositions in the analysed water samples in terms of mixing of wa-
ters derived from several source reservoirs. The most radiogenic end-
member is represented by the stream waters draining the mineralized
Variscan Paleozoic formations from the southern compartment and
corresponds to a silicate weathering component, enhanced by mining
activities that promote AMD processes. By contrast, the low 87Sr/86Sr
signatures of the tributaries from the northern section reveal a domi-
nant contribution of a non-radiogenic meteoric end-member (rainfall/
runoff). This meteoric input is related to the low weathering rates of the
Cenozoic siliciclastic rocks exposed in the northern part of the catch-
ment, highlighting the role played by geological setting on the Sr iso-
tope budget of riverine waters. Dissolution of disseminated halite does
not seem to influence to a significant degree the Sr isotope ratios of
these tributaries, but has probably contributed to elevate their Sr con-
centrations (Kloppmann et al., 2001; Négrel et al., 2007; Zieliński et al.,
2016). Finally, evidence of an anthropogenic source with very low
87Sr/86Sr ratios is provided by the samples from the two lime-treated
water dams and BM stream waters.

6.2. Mixing relationships

The 87Sr/86Sr ratio vs. 1/Sr diagram is classically used to evaluate
two-component mixing and end-member water compositions (e.g. Négrel
et al., 2001, 2007). Water samples derived from mixing of two sources
typically produce linear trends on the 87Sr/86Sr ratio vs. 1/Sr diagram,
but will tend to scatter in several directions if more than two sources are
involved (e.g. Négrel et al., 2007; Bestland et al., 2017). End-member
uncertainty is frequently a major issue and may prevent a direct quan-
tification of mixing relationships, particularly in the cases where multiple
sources are involved, such as the present one. Nonetheless, the observed
trends can provide some constraints on both the nature of source re-
servoirs and the extent of water-rock interaction processes.
As shown in Fig. 7, the analysed water samples do not define a

single mixing line on the 87Sr/86Sr ratio vs. 1/Sr diagram. However,
most of the AMD-contaminated waters from the southern compartment
seem to plot along a linear array (path “a”, Fig. 7) between a non-
radiogenic source reservoir represented by local rainwater with
87Sr/86Sr ratios ≈0.7095 and high 1/Sr ratios (stored at the DAI wa-
terproofing dam) and a more radiogenic end-member corresponding to
the Sr released from the weathered Variscan metamorphic formations
(87Sr/86Sr > 0.7100; 1/Sr < 6).
The mine discharge waters collected at site MI are the only samples

that do not fall in the main trend. Their shift towards very low 1/Sr
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ratios presumably reflects a complex and deep-seated origin, involving
the contribution of released Sr from gangue carbonates and/or in-
troduction of Sr from anthropogenic sources brought with groundwater
into the mine (Heidel et al., 2007). Inverno et al. (2008) report the
occurrence of carbonate-quartz-barite veins cutting the Aljustrel ore-
body with 87Sr/86Sr ratios ranging between 0.708836 and 0.708877
(Table 4). The local dissolution of such carbonates could have been
responsible for the elevation of Sr and Ca contents in MI waters (Fig. 3)
and the decrease of their 87Sr/86Sr ratios.
Compared to the AMD-contaminated waters, the samples from the

tributaries draining the northern compartment are tightly clustered
around 87Sr/86Sr values ranging between 0.7095 and 0.7098 and 1/Sr
ratios less than 2 (Fig. 7), indicating a large homogeneity of the water
source for this sector of the watershed. Although the similarity of their
Sr isotopic signatures with those of local rainwater points to dominant
atmospheric input to these stream waters, their relative enrichment in
Sr, Na and Cl suggests that the percolating meteoric waters gained these
elements from near-surface weathering and wash-out of Cenozoic de-
posits containing finely disseminated halite layers.
Down-gradient of the Aljustrel mining area, the tributaries from the

southern compartment flow across terranes of contrasted lithologies
(Paleozoic basement and Cenozoic deposits) and define a mixing trend
between the low-87Sr/86Sr atmospheric end-member and the
high-87Sr/86Sr silicate end-member (path “b”, Fig. 7), providing com-
pelling evidence for the mixed influence of meteoric inputs and wa-
ter–rock interactions in these water samples.
The anthropogenic impact caused by the addition of Sr-rich lime is

well documented by the low 87Sr/86Sr ratios and high Sr contents ob-
served in the samples from the DAC and DE water dams and BE effluent
(Fig. 7), but does not seem have significantly affected the compositions
of the remaining water samples.

7. Conclusions

The main conclusions of this study are summarized as follows:

1. The Roxo Creek watershed is located in a geologically complex area
of South Portugal and can be subdivided into two compartments: (a)
the southern compartment is underlain by metamorphic rocks of the

Variscan Paleozoic basement hosting massive sulphide ore deposits
(Aljustrel mining area) and by Cenozoic sedimentary rocks from the
Sado Basin, (b) the northern compartment is dominated by the si-
liciclastic formations of the Sado Basin and does not bear any
mining activity.

2. Geochemical and Sr isotope analyses of surface waters draining the
two compartments reveal that the southern tributaries correspond to
AMD-contaminated waters showing pH < 4, high dissolved heavy
metal/metalloid contents and 87Sr/86Sr ratios ranging from 0.7101 to
0.7126, while the northern tributaries are uncontaminated waters
with pH > 8, relatively high Cl and Na concentrations and Sr iso-
topic compositions similar to rainwater (87Sr/86Sr= 0.7097–0.7098).
Evidence for an anthropogenic input caused by lime addition is
provided by the elevated Ca, Mg and Sr contents and unradiogenic Sr
isotope signatures (87Sr/86Sr=0.7085–0.7091) observed in samples
collected at two lime-treated water dams from the mining area.

3. Variations in the 87Sr/86Sr ratios and Sr concentrations of the ana-
lysed waters are attributed to mixing of two main end-members:
meteoric waters (local rainfall/runoff) with low Sr contents and
87Sr/86Sr ratios≈ 0.7095 and more radiogenic waters derived from
the Aljustrel mining area. The highly radiogenic signatures of the
southern tributaries appear to have been controlled by weathering
of plagioclase from the acid volcanic rocks of the Paleozoic base-
ment, enhanced by the high acidity generated by mining activities
(pyrite oxidation), although released strontium from gangue car-
bonates could have locally contributed to the fluctuations of Sr
contents and 87Sr/86Sr ratios observed in some of these water
samples. By contrast, the low 87Sr/86Sr ratios and relatively high Sr
(Cl and Na) concentrations shown by the surface waters draining the
northern compartment suggest that these tributaries correspond to
meteoric waters that have gained Cl, Na and Sr through wash-out of
Cenozoic deposits containing finely disseminated halite layers.
Finally, the decrease in the 87Sr/86Sr ratios and elevation of Sr
contents observed in the samples from the lime-treated water dams
support the involvement of an anthropogenic source of Sr with
87Sr/86Sr ratios lower than that of rainfall.
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