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Abstraot

It has been estimated that the acid mine drainage (AMD) impacted Odiel river basin in southern Spain
supplies 0.37% and 15% of the global riverine fluxes of Cd and Zn to the oceans, respectively (Sarmiento et
al., 2009). However, the behaviour of Cd and Zn in the Ria of Huelva estuary, which connects the Odiel and
Tinto watersheds with the Gulf of Cadiz, has yet to be fully investigated. Furthermore, very few studies have
investigated Cd and Zn isotope behaviour in estuaries worldwide. This study presents Cd and Zn
concentrations and isotopic compositions for the Ria of Huelva estuary and surrounding watersheds, sampled
in 2017 and 2019. Sulfide-rich rock samples extracted from three mines yield Cd and Zn isotope compositions
that range from —0.14%o to +0.07%o (n = 4) for 3'"*Cd and —0.01%o to +0.29%. (n = 4) for 8%¢Zn. However, a
uniform riverine signal of about +0.02%. for Cd and +0.17%o for Zn indicates that tracing of individual mining
regions using Cd and Zn isotopes is challenging. Limited variability was observed in dissolved 5''*Cd values
throughout the watershed, including AMD, the estuary, and the Gulf of Cadiz, with a mean value of £0.00 +
0.13%o (n = 25, 2 SD; excludes one AMD outlier, at +0.48%o), including both 2017 and 2019 data. By contrast,
0%2Zn values ranged from —0.12%o to +0.35%o (n = 28) for the same geographical and temporal scope. In May
2017, a large spill from an abandoned mine, La Zarza, resulted in a drastic increase in the concentrations of
trace metals reaching the estuary compared to 2019, but no impact of this mine spill on Cd or Zn isotope
compositions is observed. In 2019, an increase in %Zn values in the estuary coincided with high pH values
(up to pH = 8.8) and chloride concentrations (2.73%), which may reflect an alkaline anthropogenic input from
the active neighbouring industrial complex. Overall, Cd concentrations and isotope compositions in the
estuary are largely consistent with conservative mixing behaviour. By contrast, Zn behaviour is non-
conservative, with removal of 49 to 97% of dissolved riverine Zn in the estuary during the period 2017 to
2019, associated with a relatively small isotopic shift to lighter Zn isotope compositions. Removal of Zn to the
particulate phase in the Ria of Huelva estuary therefore largely attenuates high riverine Zn fluxes from AMD,
indicating that previously estimated Odiel river basin Zn fluxes were overestimated. Nevertheless, the
variable but generally light AMD Cd and Zn isotope compositions, coupled with high dissolved metal
concentrations, suggest that Cd and Zn isotopes may be useful tracers of regionally averaged AMD inputs
to the Gulf of Cadiz and beyond.
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The trace elements Cd and Zn have important biological roles as cofactors in enzymes (Morel and Price,
2003; Bruland et al., 2013; Twining and Baines, 2013), but are toxic at higher concentrations (e.g., Vig et al.,
2003; Muyssen et al., 2006; de Paiva Magalhaes et al., 2015). Toxicity and bioaccumulation in biota is
particularly marked for Cd, with significant enrichments of Cd in soil and aquatic systems deriving from
various anthropogenic activities (e.g., Spehar et al., 1978; Vig et al., 2003; Wright and Welbourn, 2011).
Hence, considerable research has been dedicated to understanding the respective biogeochemical cycles of
Cd and Zn (e.g., Morel and Price, 2003; Rauch and Pacyna, 2009; Cullen and Maldonado, 2013; Araujo et
al., 2017; Horner et al.,, 2021). Coupling the analysis of Cd and Zn concentrations and their isotope
compositions offers distinct advantages over concentration analyses alone. For example, distinct sources of
Cd and Zn may be identified and quantified (Yin et al., 2016; Araujo et al., 2017; Desaulty and Petelet-Giraud,
2020; Yin et al., 2021; Araujo et al., 2022; Fang et al., 2022). Alternatively, pathways of metal transfer may
be discernible, because biogeochemical processes (e.g., adsorption, complexation, biological uptake) result
in stable isotope fractionation (e.g., Pokrovsky et al., 2005; Gélabert et al., 2006; John et al., 2007; Balistrieri
et al., 2008; Juillot et al., 2008; Jouvin et al., 2009; Horner et al., 2011; Wanty et al., 2013; Wasylenki et al.,
2014; Bryan et al., 2015; Dong and Wasylenki, 2016; Gou et al., 2018; Mavromatis et al., 2019; Wang et al.,
2023). Thus, the isotopic systems of Cd and Zn aid in evaluating their biogeochemical cycling (e.g., Ripperger
et al., 2007; Conway and John, 2014; John and Conway, 2014; Zhao et al., 2014, Little et al., 2014;
Wiederhold, 2015; Roshan et al., 2018; John et al., 2018; Desaulty and Petelet-Giraud, 2020; Araujo et al.,
2022).

Cadmium and Zn are mobilised from natural origins, e.g., continental rocks (Chester and Jickells, 2012;
Cullen and Maldonado, 2013; Little et al., 2014), but also through anthropogenic processes (Pacyna and
Pacyna, 2001). Acid mine drainage (AMD) is a significant anthropogenic source of trace metals to the
environment and a major environmental problem. It is estimated that 19,300 km of rivers and 72,000 ha of
water bodies were affected by AMD in the USA in 1989 (Johnson and Hallberg, 2005). AMD is generated by
the oxidation of sulfide minerals such as pyrite (FeS,), chalcopyrite (CuFeS.) and sphalerite (ZnS) (Plumlee
et al., 2020). The interaction of sulfide minerals with oxygen, water and microorganisms (Singer and Strumm,
1970) results in acidic, highly concentrated wastewater of dissolved metal sulfates and soluble salts (Buckby
et al., 2003; Plumlee et al., 2020). Oxidative dissolution of sulfide minerals occurs naturally (‘sulfide
weathering’) but is accelerated many-fold at mining sites due to enhanced exposure of primary sulfide
minerals. Further, the production of AMD can continue for many years after active mining has ceased
(Johnson and Hallberg, 2005; Sarmiento et al., 2009). The oxidation rate is dependent on the generation of
ferric iron from ferrous iron, which can be catalysed by acidophilic bacteria (e.g., Acidithiobacillus
ferrooxidans). In the presence of such bacteria, the rate of pyrite dissolution can increase by x108 (Singer
and Strumm, 1970). Bioleaching of sulfide minerals often occurs in extreme conditions, yet, there is a large
diversity of microorganisms that survive the polymetallic mining environment and catalyse the leaching,
including heterotrophic bacteria and fungi (Edwards et al., 1999; Asghari et al., 2013; Pattanaik et al., 2020).

The Iberian Pyrite Belt is one of the largest metallogenetic massive sulfide regions in the world, with original
reserves estimated to have contained >1700 Mt of sulfide ores (Leistel et al., 1997). The local watershed is
severely affected by AMD, whereby extreme Fe concentrations colour large sections of the Odiel and Tinto
Rivers red. Indications suggest mining in the region began in the third millennium BCE (Nocete et al., 2005),
with extraction later scaled up by the Romans. It is estimated that 25 Mt of sulfide ore was mined in the 4t
Century (Strauss et al.,, 1977). The mining effluents from active and abandoned mines today result in
dissolved trace metal (e.g., Zn, Cd, Cu) concentrations in the Odiel and Tinto Rivers a factor of x10° higher
than their respective concentrations in uncontaminated streams (Van Geen et al., 1997; Gaillardet et al.,
2003; Esparfa et al., 2005a). The trace metal-rich waters that drain the metalliferous mining area are
transported to the Gulf of Cadiz and onwards to the western Mediterranean Sea (e.g., Elbaz-Poulichet et al.,
2001) and eastern Atlantic (Laiz et al., 2020). Estimates suggest the flux of trace metals discharging from the
Odiel and Tinto Rivers could account for 0.37% and 15% of the total global riverine dissolved flux of Cd and
Zn, respectively (Sarmiento et al., 2009). However, before discharging into the Gulf of Cadiz the trace metals
from the Odiel and Tinto Rivers pass through the Ria of Huelva estuary, where their behaviour is not well
constrained.

Endeavours aimed at further understanding the mechanisms controlling the behaviour of trace metals in
estuaries are important for riverine flux and marine mass balance calculations, and in understanding coastal
biogeochemical cycles. Estuaries contain strong hydrochemical gradients in salinity, density, flow velocity
and pH (Elliott and McLusky, 2002). In general, dense saltwater intrusion occurs along the bottom of an
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1969; Burchard et al., 2018). Strong turbidity gradients in estuaries may encourage intense adsorption of Cd
and Zn onto particulates from the dissolved phase at the maximum turbidity zone (Petit et al., 2015; de Souza
Machado et al., 2016). Thereafter, increasing salinity introduces seawater cations that compete for adsorption
sites and can induce desorption of Cd and Zn (Paalman et al., 1994; Fairbrother et al., 2007). As a result,
estuarine behaviour of Cd and Zn can be complex and non-conservative, though Cd is typically more
conservative than Zn because of the formation of Cd chloro-complexes at pH>7 (Elbaz-Poulichet et al., 1987;
Shiller and Boyle, 1991; Paalman et al., 1994; Dai and Martin, 1995; Dabrin et al., 2009; Canovas et al.,
2020). For typical estuaries, the salinity gradient is the controlling factor for geochemical processes, but for
estuaries affected by AMD, such as the Ria of Huelva estuary, the large pH increase is also an important
variable.

This work examines Cd and Zn concentrations and isotopic compositions in AMD influenced samples from
southern Spain. The focus is on dissolved and particulate phase sampling in the Ria of Huelva estuary, which
connects the Tinto and Odiel Rivers to the Gulf of Cadiz (Figure 1). Massive sulfide deposits from three
different mines were also analysed, encompassing both volcanic and sedimentary-hosted mineralisation,
alongside proximal river water samples, to assess the impact of geology on the riverine and estuarine
dissolved phase compositions. Finally, coastal surface seawater samples from the Gulf of Cadiz were
examined to investigate the downstream impacts of regional AMD on the coastal ocean.

This study aims to examine the following five questions: (1) What is the role of the local geology in determining
the isotopic fingerprint of AMD? (2) How do biogeochemical processes in the river and estuary modify this
fingerprint? (3) Can Cd and/or Zn be used to fingerprint other (non-AMD) anthropogenic sources of trace
metals to the estuary? (4) What is the flux of metals to the Gulf of Cadiz and, ultimately, the Atlantic Ocean,
and are these fluxes significantly reduced due to estuarine removal processes? (5) Can Cd or Zn isotope
ratios be used as a tracer of AMD, either locally or regionally?

2. Sampling and methods

2.1 Site description

The Iberian Pyrite Belt (IPB) extends from Seville in southwest Spain to the Atlantic coast in Portugal, south
of Lisbon. It is 250 km long and 30 km wide and forms part of the South Portuguese Zone of the Hercynian
Iberian Massif (Saez et al., 1999). The IPB contains a vast number of massive sulfide deposits with large
metal reserves, from which metals such as Au, Ag and Cu have been extracted for approximately 4500 years
(Saez et al., 1999; Nocete et al., 2005).

The IPB has been sub-divided geographically and in relation to the types of mineralisation present (Saez et
al., 1999; Tornos et al., 2008). The northern zone of the belt (including the San Telmo mine) is characterised
by massive sulfides hosted in pumice-rich volcanoclastic rocks. Deposits in this region are generally thought
to have formed by the replacement of the volcanic rocks (Tornos, 2006). The southern zone (including the
Tharsis mine) contains predominantly volcano-sedimentary-hosted (including black shale) pyrite-rich
deposits. These deposits are thought to be exhalative, forming in marine basins by brine accumulation and
biogenic activity. The Rio Tinto mining district (including the Corta Atalaya mine), historically one of the most
important districts, is in the middle zone of the IPB, which has been described as intermediate between the
northern and southern deposits (Tornos et al., 2008).

The Tinto and Odiel Rivers flow through densely compacted massive polymetallic sulfide deposits and mining
wastes in the Huelva province. The main minerals in these deposits and wastes are pyrite (FeS,), sphalerite
(ZnS), galena (PbS), chalcopyrite (CuFeS,), arsenopyrite (FeAsS) and other sulfides (Sarmiento et al., 2009).
The Odiel River (Rio Odiel) is 140 km long and drains an area of 2300 km? with tributaries that have a length
of 1149 km (Sarmiento et al., 2009; Nieto et al., 2013). The Tinto River (Rio Tinto) is 100 km long with a
surface watershed spanning 720 km? (Nieto et al., 2013). Both rivers converge at a coastal wetland known
as the Ria of Huelva. The Ria of Huelva estuary is a mesotidal, semi-diurnal, bar-built estuary (Borrego et
al., 1995), with a mean amplitude of 2.5 m, in which seawater from the Gulf of Cadiz meets highly
concentrated and acidic freshwaters from the Odiel and Tinto basins. Parts of the estuary, as well as the
Tinto and Odiel Rivers, are included in the Natura 2000 network of nature protection areas of the European
Union (Olias et al., 2004).
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the Huelva region produces long periods of drought, which generate evaporitic sulfate salts (Buckby et al.,
2003). Short but intense rainfall events redissolve these salts, known as first flush (or wash-out), creating
watercourses that are highly acidic and concentrated in trace metals (Gzyl and Banks, 2007; Canovas et al.,
2010). Hence, rainfall and flood events greatly impact the chemistry of the rivers.

In addition to the extensive impact of AMD in the Huelva Province, the region also has about 500,000
inhabitants and features intensive agriculture and large industries, including mining, pyrometallurgy and
phosphogypsum storage. About 100 Mt of phosphogypsum waste is stored in stacks on the salt marshes of
the Ria of Huelva estuary. Phosphogypsum is a by-product from the production of phosphoric acid fertilizer
and formed by wet chemical attack of phosphate ores with sulfuric acid. It is mainly composed of gypsum but
also harbours H;PO, as well as radionuclides and heavy metals as impurities (Martin et al., 2001; Renteria-
Villalobos et al., 2010). Cadmium is the most enriched trace metal in phosphate rock, the precursor to
phosphogypsum (Martin et al., 2001), and a significant source of Cd to the Ria of Huelva has previously been
identified linked to discharge from the phosphogypsum stacks (Pérez-Lopez et al., 2016).

2.2 Sampling

To investigate the impact of flood events on the estuary and Gulf of Cadiz, water samples in this study were
collected immediately following a significant spill from the abandoned La Zarza mine in May 2017 (Olias et
al., 2019). To investigate the recovery and longer-term impacts of the spill, further samples in the estuary
and the Gulf of Cadiz were collected in 2018 and 2019. To characterise the baseline geology and freshwater
inputs to the estuary, a limited number of river water and mine sulfide rock samples were collected in 2019
(Figure 1).

In detail, two sampling campaigns for dissolved and particulate phase isotopic analyses were carried out in
May 2017 and June 2019; these samples are the primary focus of this study. Further sampling campaigns
were carried out in March, May, and November 2018 for concentration analyses only (Supplementary Text;
Figure S1). In the first campaign in May 2017, six water samples were collected from a boat along the Odiel
branch of the Ria of Huelva estuary and the confluence, as well as four samples from the Gulf of Cadiz. In
June 2019 the sampling locations followed a similar trajectory, with sampling at the same four localities in
the Gulf of Cadiz and similar localities along the Odiel branch of the estuary (Figure 1). Further, two samples
were collected along the Tinto branch of the estuary (TRX and TR9). TRX was chosen for its proximity to the
large phosphogypsum stacks stored on the salt marshes near Huelva, and an aliquot of the ‘process water’
(PW) that sits on top of these stacks was also obtained for analysis. Notably, climatic conditions during
sampling in 2019 were very dry (0.1 mm rainfall in June 2019) compared to 2017 (21 mm rainfall in May
2017) (Zepner et al., 2021).

For sampling, a Van Dorn water sampler was lowered to the half depth of the estuary (of about 7 m) to avoid
boat emissions. A small sample aliquot was decanted and filtered through a syringe filter for the determination
of standard physicochemical parameters, including temperature, pH, conductivity, and oxidation-reduction
potential (ORP) in the field using HANNA HI98190 and 98192 portable meters. A three-point calibration was
performed for both EC (147 uS/cm, 1413 pS/cm, and 12.88 mS/cm) and pH (4.01, 7.00, and 9.21), while the
ORP was controlled using two points (240 and 470 mV). Estuarine and seawater samples for isotope
analyses were collected in acid-cleaned 0.25-1 L HDPE bottles for further processing in the laboratory.

Four river water samples were obtained in 2019 (Figure 1). Two of these samples were collected near the
source of the Tinto River and the Rio Tinto mine district, including Corta Atalaya mine (TR1 and TR2). Sample
TR2 was collected from a stream strongly influenced by AMD originating from the Rio Tinto mine district,
signified by its dark red colour (Figure 2). Sample TR1 was collected upstream of the inflow of the AMD-
influenced tributary. Hence, TR1 should represent something closer to ‘natural background’ sulfide
weathering. It is orange in colour, likely due to the formation of the mineral schwertmannite (Figure 2). A third
sample was collected approximately 18 km downstream, from the main stem of the Tinto River (TR3). A final
freshwater sample was collected from a tributary leading to the Odiel River, which is strongly influenced by
discharge from the Tharsis mine (THdis).

Finally, the sample set includes four sulfide rock samples from three mines in the region, encompassing the
range of IPB mineralisation types: two black shale-hosted sulfide samples from the Tharsis mine (southern
zone, TH1, TH2), a volcanic-hosted massive sulfide ore from Corta Atalaya mine (middle zone, CA) and a
further volcanic-hosted massive sulfide from San Telmo mine (northern zone, ST).
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Estuarine and seawater samples were vacuum filtered through acid-cleaned Whatman cellulose membrane
filters (0.22 ym, 47 mm) in 2017, and Sartorius polyamide membrane filters (0.2 ym, 47 mm) in 2019, at the
Environmental Mineralogy and Geochemistry Group laboratories, University of Huelva. The filtration rig was
thoroughly rinsed with deionised water and pre-conditioned with ~100 mL of sample prior to collection in acid-
cleaned polyethylene bottles. Samples were then acidified with 1% by volume of suprapur HCI 30% to pH
1.5-2. Particulate and dissolved phase samples were stored in the dark, at <4 °C.

Further analytical work was carried out in the MAGIC Laboratories at Imperial College London. Deionised
water of 18.2 MQ cm quality from a Milli-Q (MQ) system (Merck Millipore) was used throughout. Acids (HNOs,
HCI, CH;COOH, HF) and 30% H,O, used in sample preparation were either Optima grade or distilled in
Teflon or quartz stills. Nobias Chelate PA1 resin was acquired from Hitachi High-Technologies, Japan. AG
MP-1M resin (100-200 mesh), AG1 X8 (200-400 mesh) resin and Eichrom TRU resin were purchased from
Bio-Rad Laboratories Ltd. Ammonium hydroxide was purified by cold ammonia-water vapour-liquid
equilibration. Ammonium acetate buffer (5 M, pH 4.7) was prepared by mixing 143 mL Optima grade acetic
acid (17 M), 227.5 mL ammonium hydroxide (11 M) and 130 mL MQ water and subsequently purified by
passing the solution through the Nobias extraction procedure (detailed below).

Estuarine and seawater samples with ‘low’ metal concentrations, and from which aliquots of 12—-324 mL were
required to provide sufficient Cd and/or Zn for isotope analysis, were preconcentrated using Nobias Chelate
PA1 resin, using a procedure closely based on the method described in Conway et al., (2013) and slightly
modified as described by Griffiths et al. (2020). Acidified samples were transferred to pre-weighed, pre-
cleaned Nalgene LDPE bottles. 1 mL of 0.01 M H,0, was added per 1 L of sample, along with ""'Cd-"3Cd
and %Zn-87Zn double spikes to achieve ratios of spike-derived to natural Zn and Cd of S/N = 1.2 (Arnold et
al., 2010; Xue et al., 2012; Bridgestock et al., 2014; Murphy et al., 2016). The double spike equilibration time
varied by element and sample from 24 hours to 2 weeks, with some samples requiring a longer equilibration
period for accurate Cd isotope analyses based on the reproducibility of full procedural duplicates. The pH of
the samples was then adjusted to 4.8 + 0.2 (Griffiths et al., 2020) by adding 2 mL ammonium acetate buffer
per L and the appropriate volume of ammonium hydroxide. For samples of less than 100 mL, approximately
300 uL of ammonium acetate buffer was added to afford better control of pH changes. Next, pre-cleaned
Nobias resin was added to the samples and resin-sample mixtures were shaken on a shaker table for 2
hours. The resin was separated from the samples by pouring through a Teflon ‘extraction rig’ using a vacuum
pump. The in-house extraction rig comprises an acrylic vacuum chamber and 47 mm PFA filter assembly
(Savillex) with acid-cleaned polycarbonate membrane (5 um pore size, Whatman Nuclepore). The resin was
then rinsed with ~150 mL MQ water to remove residual seawater salts. Trace metals were eluted from the
resin into clean Teflon beakers via repeated additions of 3 M HNO; (approximately 4 x 5 mL). Finally, sample
eluates were evaporated, refluxed with 180 pL concentrated HNO; and 20 pyL concentrated H,O, for >2 h,
and evaporated once more. The efficacy of the Nobias resin extraction procedure for the separation of Zn
and Cd from water samples was examined by analyses of three reference seawater samples from the
GEOTRACES program (Boyle et al., 2012; Bryan et al., 2021).

River water samples (TR1, TR2, TR3, THdis) were vacuum filtered through Sartorius polyamide membrane
filters (0.2 ym, 47 mm). Sample TR1 was acidified to pH 2 by the addition of 6 M HCI whilst the remaining
three river water samples had pH values of less than 2 on collection. These river water samples, alongside
estuarine water samples with ‘high’ metal concentrations from which aliquots of <5 mL were sufficient for Cd
and/or Zn for isotope analysis, were spiked directly with '"'Cd-''3Cd and 64Zn-%"Zn double spikes to achieve
S/N ratios = 1.2, evaporated, redissolved in 6 M HCI and refluxed for >24 hours.

2.4 Solid and particulate phase sample processing

The four sulfide-rich rock samples (CA, TH1, TH2, ST), were milled to a powder in the laboratories of the
Environmental Mineralogy and Geochemistry Group at the University of Huelva. About 50-200 mg of each
sample was refluxed with 2-8 mL 15.6 M HNO; at 120 °C for 6 days, ultrasonicated and evaporated.
Subsequently, 3-8 mL 6 M HCI was added and evaporated, before dissolution in 6 mL 6 M HCI. Solutions
were centrifuged (20 min, 2000 rpm) in Teflon centrifuge tubes.

Particulate samples collected on Sartorius polyamide membrane filters from the filtration of two 2019
estuarine samples, O12-19 and C7-19 (designated O12-19p and C7-19p), were selected for analysis. Filters
were halved using ceramic scissors that were washed prior to and between use with ethanol and MQ water.
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The solutions were subsequently evaporated to near dryness before repeated addition and refluxing with 2
mL concentrated HNO;. Once a clear solution was achieved, the solutions were evaporated to dryness. The
second filter half (‘bulk digest’) was fully digested by refluxing with 10 mL concentrated HNO3z at 120 °C for 1
h, followed by evaporation. The digestion residues were then oxidised with 5 mL concentrated HNOz and 0.4
mL 30% H,0O, and evaporated at 100 °C. All digest and leachate samples were refluxed overnight with 3-5
mL 6 M HCI.

For quality control, powdered aliquots of the USGS reference materials Nod-P1 (~20 mg) and BCR-2 (~50
mg) were subjected to similar leaching and bulk digestion procedures. Powders were leached in 10 mL 1 M
ammonium acetate (pH 7) and agitated for 1 h (200 rpm). The suspensions were then centrifuged in Teflon
centrifuge tubes (10 min, 2000 rpm) to separate the solid and supernatant. The supernatants were dried and
refluxed in 3 mL 6 M HCI. Additional powder aliquots of BCR-2 were digested by refluxing in a 2:1 mixture of
concentrated HF and HNO;, followed by evaporation and refluxing with 6 M HCI. Powder aliquots of Nod-P1
were digested by refluxing with 3 mL 6 M HCI.

Aliquots of all solid phase leachate and digest solutions were spiked with appropriate volumes of Zn double
spike to achieve S/N ratios = 1.2 (Note: Cd concentrations in particulate samples were too low for analysis).
After addition of the double spike, the samples were dried, dissolved in 6 M HCI and refluxed overnight at
120 °C.

2.5 Cd and Zn purification and isotope analysis

All samples were purified for isotopic analysis following previously published protocols, (Maréchal et al., 1999;
Archer and Vance, 2004; Arnold et al., 2010; Xue et al., 2012; Conway et al., 2013; Little et al., 2014; Murphy
et al., 2016). In detail, samples were dissolved in 7 M HCI + 0.05% H,O, and first processed using columns
with macroporous Bio-Rad AG MP-1M resin (Archer and Vance, 2004). The Cd fractions from the first stage
were further purified using a two-stage column chemistry that employed small columns with anion-exchange
and Eichrom TRU resins, followed by heptane extraction to remove organic residues (Murphy et al., 2016).
Some sample aliquots from which only Zn was separated utilised a single, smaller column, also with AG MP-
1M resin (Bridgestock et al., 2014). The Zn fractions were evaporated, refluxed in ~300 uL concentrated
HNO; overnight, then dissolved in 1 mL 2% (v/v) HNO; for analysis. The Cd fractions were evaporated,
converted to nitrate form by refluxing with ~300 uL concentrated HNO; overnight, evaporated, then dissolved
in 1 mL 2% (v/v) HNO; for analysis.

Cadmium isotope measurements were conducted on a Nu Plasma Il MC-ICP-MS using a CETAC ASX-
112FR autosampler and an Aridus Il or DSN-100 desolvation system equipped with Micromist glass
expansion nebulisers (nominal uptake rate 100 uL min-'). Following optimisation, the sensitivity for Cd often
reached ~500 V ppm-'. Faraday cups fitted with 10"" Q resistors were employed to simultaneously measure
the ion beam currents at mass numbers 111 (""'Cd*), 112 (''2Cd*, '2Sn*), 113 ("13Cd*, '*3In*), 114 ("'*Cd*,
148n*), 115 ("%In*, 1'5Sn*) and 117 ('7Sn*), with the latter two monitored for interference corrections. Data
acquisition consisted of 60 x 5 s integration cycles after a 15 s baseline measurement during which the
electrostatic analyser deflected the ion beam, and followed by a thorough wash sequence of 4 min (Ripperger
et al., 2007).

The Cd isotope compositions of the samples, corrected for instrumental and any laboratory-induced mass
bias, were calculated offline using an iterative double spike data reduction scheme, as outlined by Siebert et
al. (2001). The results are reported using the §''“Cd notation:

114 110
Cd/MCd )
8114Cd = | g7 — 1| x 1000
Cd/ "Cdyist 3108

whereby the §''“Cd values of samples are reported relative to the NIST 3108 Cd reference material. To this
end, the samples were analysed interspersed between runs of a spiked NIST 3108 Cd solution, which had
S/N ratios and total Cd concentrations that matched the samples to within + 10% and * 25%, respectively.

The analytical precision of multiple measurements of the spiked NIST 3108 Cd solutions within a
measurement session was typically about +0.06%. for 5'“Cd (2 SD). Repeated analyses of the secondary
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et al., (2026) and Murbhy et al., (20-1-6)\,”resbéctivelyl. The Cd concentrations of samples were determined
using isotope dilution.

Zinc isotope measurements were carried out on a Nu Plasma HR MC-ICP-MS. Samples were introduced via
a CETAC ASX-110 autosampler and an Aridus Il or DSN-100 desolvation system used with Micromist glass
expansion nebulisers (nominal uptake rate 100 uL min-'). The MC-ICP-MS was operated in low-resolution
mode and instrumental parameters were adjusted to maximise signal stability and sensitivity, whereby the
latter was on average ~100 V ppm-* for Zn. For the analyses, the ion beams at mass numbers 62 (52Ni*), 64
(64Zn*, 84Ni*), 66 (°6Zn*), 67 (°7Zn*), 68 (%8Zn*), 68.5 ('3"Ba?*) were collected simultaneously using Faraday
cups equipped with 10" Q resistors. Each sample or standard run encompassed 3 blocks of 20 x 5 s
integration cycles and was preceded by a short analysis (20 x 5 s integrations) of 2% HNO;. The latter
measurement served to determine residual background signals for the isotopes of interest and these were
subsequently subtracted from the sample and standard signals (Little et al., 2019). Each sample or standard
measurement was followed by a 3 min wash sequence with 2% HNO;.

As for Cd, the instrumental mass bias was corrected by the double spike technique, as outlined in (Arnold et
al.,, 2010) and (Bridgestock et al., 2014), with the data reduction carried out offline following a procedure
adapted from Siebert et al., (2001). Isobaric interferences from 64Ni and (136. 134.132Ba2* were monitored during
the analyses at mass numbers 62 and 68.5, respectively, and appropriate corrections were introduced during
the offline data reduction. The interference levels determined for samples were almost negligible, with
64Ni/64Zn, 132Ba2*/66Zn, 13*Ba?*/67Zn and '%¢Ba?*/%8Zn ratios of typically less than 4x10-5.

The Zn isotope compositions of samples are reported using the common §%Zn notation:

66

66 Zn/64znsample

8%Zn = |G- —1| x 1000
Zn/>* Znuc - Lyon

whereby 8%¢Zn was initially calculated relative to bracketing standard runs of the AA-ETH Zn isotope
reference material. AA-ETH Zn solutions were mixed with the Zn double spike to yield total Zn concentrations
and S/N ratios that matched the samples to within 10%. The final 3%6Zn values are reported relative to the
JMC Lyon Zn isotope reference material. To this end, the 3%Zn values originally measured relative to AA-
ETH Zn were adjusted for an offset of +0.30%o, following the recommendations of Moynier et al., (2017) and
Archer et al., (2017).

Multiple measurements of the spiked Zn standard solutions within a measurement session yielded analytical
precisions of typically about + 0.05%o. for 5%6Zn (2 SD). The secondary in-house “London Zn” isotope standard
was analysed during each measurement session and yielded a long-term average value of +0.10 + 0.05%o (n
= 40, 2 SD) relative to JMC Lyon, in excellent agreement with previous results of +0.08 £ 0.04%o (n = 10, 2
SD) and +0.12 £ 0.04%. (n = 6, 2 SD) reported by Arnold et al. (2010) and Larner and Rehkamper (2012),
respectively. Zinc concentrations of the samples were determined using isotope dilution.

2.6 Data quality control: Blanks and Reference Materials

Mean Cd blanks for the Nobias resin extraction and column chemistry were determined separately and were
both low, at 31 + 16 pg (n = 11, 1 SD) and 48 + 76 pg (n = 21, 1 SD), respectively. Together, these blanks
amount to less than 1% of the Cd present in the processed samples. The water filtration blank was evaluated
by filtration of distilled water at the University of Huelva and subsequent analysis by QQQ-ICP-MS at the
University of Montpelier (see Supplementary Text). The contribution of the filtration blank to the dissolved
phase trace metal concentration data can only be calculated for Zn because Cd concentrations in the filtration
blank were below the detection limit. The values for Zn are low for samples from the Odiel and Tinto branches
of the estuary (with blank additions of between 0.01 and 0.5%) but increase in the samples from the common
channel (up to 3.5%) and in the Gulf of Cadiz (up to 5.5%). We consider these filtration blanks to be maximum
values, assuming a constant Zn blank mass that was diluted in a larger water volume for samples collected
for isotope analysis. Hence, no filtration blank corrections were made. The mean Zn blank of the column
chemistry was 0.40 + 0.17 ng (n = 20, 1 SD), which is negligible in comparison to the indigenous Zn of the
samples, which was consistently >100 ng. The blank for the Nobias resin extraction procedure was higher,
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The Cd and Zn concentrations of Nobias-extracted samples determined by isotope dilution are blank
corrected. The Cd blank contribution was low enough to have no significant impact on §''*Cd values of
samples, so ''“Cd values are not blank corrected. For Zn, the Nobias resin extraction procedure was utilised
for seven water samples (C5-19, C2-19, S38-19, S67-19, F30-19, G42-19, S67-17). Assuming a &%Zn value
of the Zn blank of between -0.1%0. and +0.4%., mass balance calculations can be carried out to assess its
potential impact on 6%¢Zn values. For sample S67-17, containing 2.5 pg of Zn, a Zn blank of 11 ng contributes
less than 0.5% to the total Zn budget of the sample, which is insignificant. For five samples (C5-19, C2-19,
S38-19, S67-19, F30-19), the Zn blank accounts for between 4% and 10% of the total Zn present. For these
samples, the Zn blank may alter the measured 3%Zn values by up to 0.05%o, which is similar to or less than
the analytical precision. For sample G42-19, the Zn blank contributes 18% to the total Zn budget. In this case,
the blank could change the measured sample Zn isotope composition by up to 0.11%o, approximately twice
the analytical error. Accordingly, the Zn isotope composition of G42-19 is attributed a larger uncertainty.

Three seawater samples that were collected as part of the GEOTRACES programme, GDI, 1962 and 2268,
were analysed as quality control materials in this study. The GEOTRACES deep intercalibration sample GDI
was obtained from 2000 m depth at the BATS (Bermuda Atlantic Time Series) Station during the 2008
GEOTRACES Atlantic intercalibration cruise (Xue et al., 2012). Samples 1962 and 2268 were collected on
the 2010 GEOTRACES GA10 cruise to the South Atlantic at stations 18 and 21, at depths of 3983 m and
2987 m, respectively. The three GEOTRACES samples were filtered and acidified to pH 2 shortly after
collection following GEOTRACES protocols (Wyatt et al., 2014). The Cd and Zn concentrations and isotope
compositions determined for the three GEOTRACES seawater samples yielded results that are identical,
within uncertainty, to previously published values for the same or comparable samples (Table 1). No Zn
isotope reference values are available for GDI. However, the GDI 8%Zn value reported here (+0.36 + 0.05%o)
agrees well with data obtained for seawater collected at the same depth at Station 10 of the GAO03 transect
(31.50 N, 64.10 W), which is proximal to the BATS site from where GDI was collected (+0.38 + 0.03%o;
Conway and John, 2014).

Zinc isotope compositions obtained for bulk digested USGS reference materials agree with results from
previous studies (Table 3; e.g., Chapman et al., 2006; Moeller et al., 2012; Moynier et al., 2017; Little et al.,
2019; Pickard et al., 2022). The cellulose membrane filters used in 2017 were found to have high Zn contents,
hence, particulate data for 2017 are not presented. Average digest and leachate Zn blanks of the Sartorius
polyamide filters used in 2019 were 36 ng and 78 ng, ~1% and ~5% of sample Zn contents, respectively.
Reported particulate Zn concentrations (but not isotopic compositions) are blank corrected (Table 3).

Overall, the generally excellent agreement of the new and published trace metal concentration and isotope
data validates the performance of the sample preparation procedures, including the Nobias extraction, double
spiking, and mass spectrometry protocols.

3. Results
3.1 Sulfide deposits and river water samples

The sulfide samples (ST, TH1, TH2, CA) have Cd concentrations of 0.349 ug g to 25.7 ug g’ and Zn
concentrations of 0.160 mg g to 23.1 mg g' (Table 2). Black shale hosted sulfide samples from Tharsis
(TH1 and TH2) have Zn concentrations two orders of magnitude higher than the volcanic massive sulfides
from Corta Atalaya (CA) and San Telmo (ST) mine sites. Tharsis mine samples are isotopically lighter for Zn
(with 8%6Zn of —0.01%. and +0.10%o) compared to Corta Atalaya (+0.16%0) and San Telmo (+0.29%o) (Table
2, Figure 3). San Telmo also exhibits the most positive 5''*Cd value, at +0.07%.. Samples from the other two
mines have indistinguishable 5'*Cd values of —0.10%0 and —0.14%o (Figure 3).

Consistent with the high solid-phase Cd and Zn concentrations of the Tharsis sulfide samples, the river water
sample collected proximal to the Tharsis mine in a tributary of the Odiel River (THdis) has the highest
dissolved metal concentrations of 24.8 ymol kg-' Cd and 18.1 mmol kg-' Zn. Freshwater samples from close
to the Corta Atalaya mine (TR1 and TR2), and downstream from these sites in the Tinto River (TR3), all have
concentrations an order of magnitude lower than at Tharsis, but which increase downstream, with [Cd] from
42.6 nmol kg to 2990 nmol kg and [Zn] from 172 ymol kg! to 1290 umol kg'. Sample TR1, chosen to
represent ‘natural background’ sulfide weathering due to its location upstream of AMD-influenced tributaries,
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TR1 and TR2 are isotopically indistinguishable for Zn (with %6Zn of +0.35%. and +0.34%o.) but very different
for Cd, with 8''“Cd values of +0.48%o0 and —0.13%., respectively.

3.2 Ria of Huelva and Gulf of Cadiz samples

In 2017, the pH in the Odiel branch of the estuary ranged from 3.57 to 7.46 (012-17, C5-17) and from 7.14
to 7.75 in the Gulf of Cadiz (S38-17, S67-17, F30-17, G42-17) (Table 2, Figure 4). In 2019, pH values
increased from 5.09 to 8.82 (015-19, C2-19) in the estuary and ranged from 8.08 to 8.16 in the Gulf of Cadiz.

Dissolved Cd and Zn concentrations in the Ria of Huelva estuary steadily decreased with increasing pH
seawards (Figure 5). In 2019, dissolved Cd concentrations ranged from 128 nmol kg-' (O15-19) at the upper
portion of the Odiel branch of the estuary to 0.588 nmol kg (C2-19) ~26.5 km downstream at the mouth of
the estuary (Table 2, Figure 5A). Equivalent dissolved Zn concentrations ranged from 40.6 umol kg-' to 0.089
pumol kg (Table 2, Figure 5B). In 2017, immediately following the La Zarza spill event, concentrations were
1.2 to four times higher than for the corresponding 2019 samples for Cd, and three to seven times higher for
Zn. The most metal-rich sample is O12-17, with Cd and Zn concentrations of 228 nmol kg-' and 114 umol
kg, respectively. At the mouth of the estuary, Cd and Zn concentrations decreased to 0.717 nmol kg-' and
0.625 pmol kg respectively (C2-17). Two samples from the Tinto branch of the Ria of Huelva estuary were
collected in 2019. At the upper end of the estuary, TR9 has dissolved Cd and Zn concentrations of 163 nmol
kg'and 55.5 umol kg, respectively. Further downstream, TRX has 26.7 nmol kg' Cd and 1.37 pmol kg-' Zn
(Table 2). High metal and particularly Cd levels were determined for the process water (PW) of the
phosphogypsum stacks, with Cd and Zn concentrations of 144 umol kg' and 1530 umol kg-', respectively.

The trace metals from the Ria of Huelva estuary form a plume of metal-enriched surface seawater in the Gulf
of Cadiz. For Cd and Zn, the 2017 plume following the La Zarza spill had metal concentrations two to seven
times higher than the plume in 2019. Average concentrations for the four 2017 Gulf of Cadiz samples (S38-
17, S67-17, F30-17, G42-17) are 0.601 + 0.24 nmol kg™' (1 SD) for Cd and 0.529 + 0.27 umol kg-' (1 SD) for
Zn. In contrast, the four samples from the 2019 plume (S38-19, S67-19, F30-19, G42-19) have average Cd
and Zn concentrations of 0.313 + 0.044 nmol kg* (1 SD) and 0.073 + 0.051 umol kg-' (1 SD), respectively.

The estuarine and seawater samples collected in 2017 and 2019 have nearly uniform dissolved Cd isotope
compositions (Figure 6A). The average Cd isotope composition for the 2017 and the 2019 samples (from
both the estuary and the Gulf of Cadiz) are +0.03 £ 0.09%o (n = 10, 2 SD), and +0.00 + 0.12%. (n = 9, 2 SD),
respectively. All samples from both years, except 012-19
(—0.14%o), which appears to be an outlier, have Cd isotope compositions that are identical to one another
within the analytical uncertainties.

In 2017, the 0%Zn values of the estuarine and Gulf of Cadiz samples ranged from +0.19%. to
—0.05%o, with a general decrease in 8%Zn towards, and into, the Gulf of Cadiz (Figure 6B). A similar pattern
is observed in 2019, with an upper estuarine 8%Zn value of +0.20%. (O15-19) and the lowest 8%Zn of —
0.12%o in the Gulf of Cadiz (G42-19). However, three samples in the Odiel branch of the estuary (08-19, C7-
19 and C5-19) lie off this trend, with more positive 5%6Zn values of between +0.19%. and +0.34%o (circled:
Figure 6B).

The two 2019 samples from the Tinto River branch of the Ria of Huelva estuary, TR9 and TRX, have Cd
isotope compositions of +0.03%. and +0.01%. and Zn isotope compositions of +0.18%. and +0.02%o,
respectively. Process water (PW) from the adjacent phosphogypsum stack gave a 8'"“Cd value of —0.13%o
and a 3%Zn value of +0.35%. (Table 2).

Table 3 displays Zn concentrations and isotope compositions for bulk digests and leachates of particulate
samples collected at locations O12 and C7 in 2019 and for the USGS reference materials BCR-2 and Nod-
P1. The mass of particulate Zn per volume of filtered water for the leached and digested portions of sample
C7-19p are 23.0 and 66.2 nmol L', respectively. For O12-19p, the leached portion has 73 nmol L-' of Zn and
the digested portion 149 nmol L' of Zn. The 0%Zn values of the O12-19p digest and leachate are
indistinguishable, at +0.58%. and +0.60%o, respectively. Both are isotopically heavy compared to the
dissolved Zn from this locality (+0.17%.). The C7-19p leachate is also isotopically heavier, at +0.51%., than
the corresponding C7-19 dissolved value, of +0.19%o., but the isotopic composition of the latter is identical to
the C7-19 particulate digest. Leachate %Zn values for Nod-P1 (+0.81%0) and BCR-2 (+0.81%o) are either
similar to (Nod P1: +0.79%o) or heavier than (BCR-2: +0.32%o) the respective bulk digests.
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The following sections aim to decipher the relative influence of bedrock geology, riverine and/or estuarine
biogeochemical processes, and additional anthropogenic sources to evaluate whether Cd and Zn isotope
compositions can be used to trace AMD. A further intention is to better constrain the fluxes of dissolved Cd
and Zn to the Gulf of Cadiz and beyond.

4.1 Mine sulfide and freshwater AMD endmembers

The isotopic compositions of mine sulfide samples are within the range of previously measured 5''*Cd and
5%Zn values for sulfide-rich rocks (—1.53%o to +0.34%. for Cd; e.g., Wombacher et al., 2003; Schmitt et al.,
2009; Zhu et al., 2013; —0.17%o to +0.64%. for Zn; e.g., Mason et al., 2005; Wilkinson et al., 2005; Sonke et
al., 2008; Fernandez and Borrok, 2009; Aranda et al., 2012; Skierszkan et al., 2016). With the exception of
San Telmo, mine samples are isotopically light for Cd compared to the upper continental crust, estimated at
+0.03 + 0.10%o0 by Pickard et al. (2022) with similar results by other workers (Schmitt et al., 2009; Rehkamper
et al., 2011). For Zn, multiple analyses of ore-grade sphalerite yielded a %Zn of +0.16 + 0.2%0 (n = 61, 2
SD) (Sonke et al., 2008). In general, as for Cd, the Zn isotope compositions of sulfides, including the samples
analysed here, are lighter than igneous and clastic sedimentary rocks (at about +0.30 + 0.12%o; Moynier et
al., 2017) and average upper continental crust (+0.23 + 0.07%o; Pickard et al., 2022). The preferential
partitioning of isotopically light Cd and Zn into sulfides is consistent with theoretical ab initio calculations (Fuijii
et al., 2011; Yang et al.,, 2015), laboratory experiments (Archer, 2007; Guinoiseau et al., 2018b) and
observations in natural settings (e.g. Schmitt et al., 2009; Vance et al., 2016; Xie et al, 209; Bryan et al.,
2021; Chen et al., 2021; Zhang et al., 2021).

Mine sulfide Cd and Zn isotope compositions show a positive correlation, with San Telmo isotopically heaviest
and Tharsis isotopically lightest (Figure 7B). Although the limited sampling (n = 4) precludes confident
interpretation, and as a detailed discussion of ore deposit mineralisation is beyond the scope of this study,
the co-variation in concentrations (Figure 7A) and isotopic compositions between mine sites may reflect the
different pathways of sulfide mineralisation in volcano-sedimentary and volcanogenic settings (e.g., Wilkinson
et al., 2005; John et al., 2008; Fuijii et al., 2011; Zhu et al., 2013).

The freshwater samples THdis and TR2 both yield Cd isotope compositions within analytical error of sulfides
from the proximal Tharsis and Corta Atalaya mines, respectively (Figure 3). Sample TR1 is distinct, with a
low Cd concentration (42.6 nmol kg-') and a more positive 8''*Cd value (+0.48%o). Even though this value is
a significant outlier from the remaining dataset (Figure 6A), other studies reported similar results for other
AMD environments (e.g., +0.64 £ 0.03%0 for AMD discharge in southern China; Yang et al., 2019). The
unusually high '“Cd value of TR1 is further supported by leaching experiments with a Pb-Zn ore, which
yielded a leachate that was +0.50%0 heavier than the original ore (Zhang et al., 2016). The lower Cd
concentration of TR1 hence likely reflects ‘natural background’ sulfide weathering, which is the predominant
source of metals in this stream, and releases less Cd compared to AMD. However, whether a process specific
to natural sulfide weathering is the cause of the high 8''“Cd value requires further investigations of sulfide
mineral dissolution at varying degrees and rates of oxidation.

Alternatively, the combination of low [Cd] and high 8'"“Cd of TR1 may record preferential removal of
isotopically light Cd via mineral or biological adsorption or uptake (Lacan et al., 2006; Horner et al., 2011;
Wasylenki et al., 2014; Conway and John, 2015; Yan et al., 2021; Ratié et al., 2021; Wang et al., 2023). For
example, experimental Cd adsorption onto Fe-(oxyhydr)oxides yielded A''“Cdsgjig-sontion fractionations of
approximately —0.5%. (Yan et al., 2021). Schwertmannite is an amorphous, orange-coloured Fe(lll)-
oxyhydroxysulfate mineral that forms in acidic environments at pH values of about 2.5 to 4.5 (Bigham et al.,
1996; Espana et al., 2005b). Visual observations revealed orange precipitates in the stream at TR1 (pH =
2.6) but not at TR2 (pH = 1.5) (Figure 2), indicating the presence of schwertmannite at TR1. However, though
schwertmannite is an important sink for Cd at neutral pH (Randall et al., 1999; Fan et al., 2019), it is predicted
to have a positively charged surface at pH 2.6. Under these conditions, adsorption of Cd?*, or even CdSQy,
would be unfavourable and should be negligible (Jénsson et al., 2005; Acero et al., 2006). Biological uptake
and organic complexation of Cd appears to favour light isotopes (Lacan et al., 2006; Conway and John, 2015;
Ratié et al., 2021). Only a limited number of organisms thrive at highly acidic conditions, including acidophilic
bacteria, such as Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans (Mielke et al., 2003), which
catalyse the oxidative dissolution of sulfide minerals (Singer and Strumm, 1970). There is a paucity of
research on acidophilic microorganisms and their metal uptake mechanisms (Costa et al., 2020), but the low
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The freshwater samples TR1, TR2 and THdis show either the same or heavier Zn isotope compositions
compared to proximal sulfide samples from the Corta Atalaya and Tharsis mines, respectively (Figure 3).
Samples TR1 and TR2 have Zn concentrations of 172 ymol kg and 535 umol kg and 6%Zn values of
+0.35%0 and +0.34%., respectively. These samples are isotopically heavy compared to the Corta Atalaya
volcanic-hosted sulfide sample at +0.16%o, resulting in a A%Zngeshwater-suride Of +0.18%0. Borrok et al. (2008)
also measured water samples from close to the Corta Atalaya mine, from the Odiel River (Figure 3), and
observed similar Zn concentrations and isotope compositions of about 125 pymol kg' and +0.4%.. Sample
THdis, from a tributary downstream of the Tharsis mine, has a 8%Zn of +0.08%., effectively unfractionated
relative to the Tharsis sulfide samples (TH1, TH2) at —0.01%o0 and +0.10%. (Figure 3).

In accord with these results, leaching studies of sphalerite and sulfide-rich rocks reported small variations in
experimentally derived A%Zn,chate-suide Values, from +0.0 to +0.2%. (Fernandez and Borrok, 2009).
Nevertheless, the leaching of sulfide-rich rocks from different regions has shown variable isotopic
fractionations. Whilst several studies report leachates with 3%¢Zn values that are unfractionated relative to the
rocks (Fernandez and Borrok, 2009; Skierszkan et al., 2016), some report lighter (Liu et al., 2020) or heavier
(Fernandez and Borrok, 2009) leachate Zn isotope compositions. Observations from electron microprobe
analyses suggest Zn can be associated with different mineral phases within sulfide-rich rocks, and this may
explain the reported heterogeneity in A%Znachate-suriise (FErNandez and Borrok, 2009). Ultimately, the variable
Zn isotope compositions of sulfide phases and of the Zn released from such minerals during weathering may
be important drivers of the Zn isotope composition observed for rivers in the IPB.

Approximately 18 km downstream of the Tinto River headwaters (i.e., TR1 and TR2), the river at TR3 remains
extremely acidic (pH 2.2) with much higher dissolved metal concentrations ([Cd] = 2990 nmol kg, [Zn] =
1.29 mmol kg'), which reflect contributions from additional contaminated tributary streams (Nieto et al.,
2013). The &'“Cd value at TR3 is +0.08%o, more similar to the strongly AMD-influenced stream sampled at
TR2 than the isotopically heavy composition of TR1, consistent with much higher Cd concentrations for the
AMD-influenced streams. The 8%Zn value of TR3 is less positive than both TR1 and TR2, at +0.16%. (Figure
3), suggesting the addition of isotopically light Zn from other AMD-influenced streams. This interpretation is
supported by previous data for water samples collected in June 2006 from a similar location, which yielded
a high average dissolved Zn concentration of 2.06 mmol kg-!' and an average &%¢Zn value of about +0.25%o
(Borrok et al., 2008).

At TR9, 63 km downstream in the Tinto branch of the Ria of Huelva estuary, the river has a higher pH (4.1),
substantially lower Cd and Zn concentrations (163 nmol kg-' and 55.5 umol kg, respectively) but essentially
unchanged 8'“Cd (+0.03%.) and 0%Zn (+0.18%.) values. These observations are best explained by a
significant dilution of the waters between TR3 and TR9 by relatively uncontaminated streams and the
intrusion of seawater. Unchanged 8''“Cd and &%Zn values imply that removal processes with associated
isotope fractionation (e.g., mineral adsorption) are insignificant (Aranda et al., 2012; Matthies et al., 2014).
Further, the pH in the river remains low, creating a proton-rich environment in which positive charges on
particle surfaces electrostatically repel metal cations, thus reducing adsorption (Bonnissel-Gissinger et al.,
1998; Braungardt et al., 2003).

4.2 Estuarine Aqueous Chemistry

The ubiquitous AMD in the Huelva region is responsible for the very low pH values of approximately 2 for
both the upstream Odiel and Tinto rivers. The pH increases by dilution with non-acidic waters and by mixing
with seawater in the estuary. The extent of tidal intrusion and the position of the accompanying salinity front,
where freshwater meets seawater, vary spatially and temporally due to a variety of factors, including tidal
currents, wind, and river discharge (Gong and Shen, 2011; Molinas et al., 2014). Such variability is clearly
observed in this study. In 2017, the pH in the Odiel branch of the estuary ranged from 3.57 to 7.46. The
salinity front was much further inland in June 2019, due to the combination of low rainfall and a high tide, with
a resulting pH range of 5.09 to 8.82 (Figure 4) and EC values akin to seawater (~54 mS/cm) observed even
in the upper reaches of the estuary, at 012-19 (55.1 mS/cm, Figure S2). This variability is also reflected in
the coastal Gulf of Cadiz surface water samples, which had a typical seawater pH of 8.1 in 2019 but were
more acidic in 2017, at 7.14 to 7.75 (Figure 4). The larger freshwater influence in 2017 implies that a distinct
salinity gradient was established in the Gulf of Cadiz at this time.
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Figure 4). These values must be the result of processes other than binary mixing with seawater. Amaral et
al. (2020) note that hypersalinity in the Huelva estuary is observed during periods of low freshwater flow and
strong evaporation. Therefore, it is possible that the high salinity in 2019 increased the buffering capacity in
the estuary via elevated concentrations of carbonate and bicarbonate ions (up to pH = 8.33 was observed,
but higher values are theoretically possible; de Souza Machado et al., 2016). Alternatively, or in addition, the
elevated pH and chloride concentrations could be due to an alkaline effluent from the nearby industrial
complex (see Section 4.3.3).

4.3 Biogeochemical cycling of Cd and Zn in Huelva estuary
4.3.1 Conservative behaviour of Cd and Cd isotopes

The simplest model of an element’s behaviour in an estuary assumes conservative mixing between riverine
and seawater endmembers. Typically, conservative mixing is elucidated based on a linear relationship in
[Me] (metal concentration) versus salinity. Here, in the absence of salinity measurements, chloride
concentrations, [chloride], are used as a proxy for seawater intrusion up-estuary. Focus is on the May 2017
dataset, due to the greater freshwater influence in 2017 that produces more variable chloride concentrations,
and because of the unusually elevated chloride levels observed in parts of the estuary in 2019 (section 4.2).
Measured [Me] versus [chloride] relationships for other sampling time points (throughout 2018 and in June
2019) are shown for reference in Figures S3 and S4.

A linear relationship is observed between [chloride] and [Cd] for the 2017 samples (Figure 8A) and, in large
part, for other sampling time points throughout 2018 and 2019 (Figure S3). This relationship demonstrates
generally conservative behaviour of Cd during mixing in the Ria of Huelva estuary. Conservative behaviour
of Cd is consistent with studies in several other estuaries (Boyle et al., 1982; Edmond et al., 1985; Shiller
and Boyle, 1991; Elbaz-Poulichet et al., 1996), and reflects chloride complexation of dissolved Cd above pH
7 (Elbaz-Poulichet et al., 1987; Wasylenki et al., 2014). The formation of dissolved Cd-Cl complexes prevents
particle scavenging and promotes desorption of Cd scavenged at lower salinities (Elbaz-Poulichet et al.,
1987; Shiller and Boyle, 1991; Paalman et al., 1994; Dai and Martin, 1995).

The isotopic compositions of Cd in the upper portions of the estuary are comparable for the Odiel and Tinto
branches in 2017 and 2019, as demonstrated by the &''“Cd values of —0.01%., +0.03%0 and +0.04%o
determined for O15-19, TR9 and 012-17, respectively. This upper estuarine §''“Cd value of about 0%o is in
accord with the Cd isotope compositions of the lower estuary and the proximal Gulf of Cadiz in both years,
with an average of +0.01 + 0.10%o (all data, n = 21). Overall, both [Cd] and &''*Cd are consistent with
conservative behaviour of Cd in this environment (Figure 6A).

4.3.2 Evidence for non-conservative behaviour of Zn and Zn isotopes

Previous studies indicate that the behaviour of Zn in estuaries is more complex than that of Cd, often involving
non-conservative attenuation processes (Wang and Liu, 2003; Petit et al., 2015; Wang et al., 2017;
Guinoiseau et al., 2018a). Zinc behaves non-conservatively in the Ria of Huelva estuary, as illustrated by the
non-linear (concave) relationship of [Zn] with [chloride], which indicates Zn removal to the particulate phase
(Figure 8B; Figure S4).

The extent of Zn removal can be estimated by comparison of measured and modelled Zn concentrations that
assume conservative mixing between seawater and a river water endmember. The seawater endmember is
attributed the average [chloride] and [Zn] characteristics of contemporaneous Gulf of Cadiz samples, whilst
the riverine endmember is assigned a chloride concentration of 0% (Table 2; Table S1, S2). The riverine Zn
concentration is derived by mass balance from the composition of the most Zn-rich sample (in May 2017,
012-17), assuming conservative mixing upstream of this location. Based on its chloride concentration of
0.95%, 0O12-17 has a seawater fraction of 0.47, yielding a hypothetical riverine [Zn] endmember of 215 pymol
kg (Table S1, S2).

Figure 8C shows the observed and modelled Zn concentrations versus pH, and the calculated extent of Zn
removal, of 62%, by comparison to the conservative mixing model. This simple model assumes no Zn
removal (or addition; cf. Achterberg et al., 2003) upstream of location O12, and does not account for the
addition of Zn at the confluence from the Tinto branch of the estuary. The modelled extent of removal is also
sensitive to the chloride concentration attributed to the seawater endmember. Two samples (C5-17 and C2-
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concentration is chosen to represent the seawater endmember rather than the Gulf of Cadiz average (S67-
17, which also has lowest [Zn]), calculated Zn removal increases to 75% at pH 6.6 and to about 90% at pH
7.5 (Model B, Table S2). Similar patterns and extents of Zn removal are observed at different sampling time
periods throughout 2018 (Figure S4 and S5), with maximum calculated extents of Zn removal ranging from
49 to 97%. The inferred estuarine Zn removal is similar to a previous estimate of 64% based on data from
1996 to 1998, which was calculated by comparison of the estimated combined Tinto and Odiel River Zn
fluxes with an estimate of the Zn flux at the estuary/sea boundary (Braungardt et al., 2003).

The model-data comparison suggests that significant Zn scavenging occurs even at relatively low pH, with
35% Zn removal estimated for pH 5.5, increasing to at least 62% Zn removal at pH 6.6 (Figure 8C).
Scavenging is likely to be associated with schwertmannite (pH = 2—4), basaluminite (or other Al-mineral
phases, pH = 4-5) and ferrihydrite/goethite (pH = 5-7), together believed to predominate under AMD
conditions (Espafia et al., 2005b; Espana et al., 2005a; Espana et al., 2006; Canovas et al., 2007). An
increase in scavenging intensity at pH 6 and above is consistent with prior studies (e.g., Skierszkan et al.,
2016; Szynkiewicz and Borrok, 2016). For example, experiments have demonstrated that the rate of Zn
adsorption onto goethite increases at pH 6.5 irrespective of salinity (Balistrieri and Murray, 1982). These
findings suggest that pH is a controlling variable for the removal of Zn from the dissolved phase (Braungardt
et al., 2003; Nordstrom, 2011; Hierro et al., 2014).

Zinc isotope compositions in the upper reaches of the Odiel and Tinto branches of the estuary are similar for
the two rivers and between years, at +0.15%o to +0.20%. (Figures 3 and 7), pointing to a consistent value of
about +0.17%o. for AMD in the Huelva region. The &%Zn values generally decrease above about pH 6 for the
2017 and 2019 estuarine samples, despite the different geographical locations of this pH change across the
two years of sampling (Figure 6B). A similar pattern was observed in the Rio Grande watershed, USA, a
basin influenced by natural acid rock drainage (Szynkiewicz and Borrok, 2016). In the latter study, the more
negative 6%Zn values observed for water samples above pH 7 were attributed to Zn adsorption onto particle
surfaces (Skierszkan et al., 2016; Szynkiewicz and Borrok, 2016).

Although this study does not present particulate Zn isotope data for samples collected in 2017, the 6%6Zn
values determined for the leachate (i.e., exchangeable) phase of particulate samples obtained at O12 and
C7in 2019 are +0.58%0 and +0.51%o (Table 3). In the Ria of Huelva estuary, this exchangeable Zn is likely
weakly adsorbed to Al- and Fe-oxides, which dominate particulate material in the estuary at about pH 7 (pH
at 012 = 6.8 in 2019) (Espana et al., 2005a; Espana et al., 2005b; Canovas et al., 2007). Iron and Al oxide
phases preferentially adsorb isotopically heavy Zn (e.g., Pokrovsky et al., 2005; Balistrieri et al., 2008),
consistent with the observed leachate isotopic compositions of 012-19p, C7-19p, and Nod P1. Compared to
the associated dissolved phase data (Table 2), these results yield A%Zn,qsorbed-solution Values of about +0.4%o,
in accord with preferential adsorption of isotopically heavy Zn onto particulates.

A comparison of dissolved and total particulate Zn concentrations in 2019 indicates that the proportion of
particulate Zn increases from 0.7% to 14% between O12 and C7 as the pH increases from 6.8 to 8.7.
Modelling 10% to 15% Zn removal via either a Rayleigh or steady state approach, given an initial 5%6Zn value
of about +0.2%o and A%ZnN,4somed-soiution = +0.4%o, yields a dissolved Zn isotope composition of about +0.1%o,
within the range of those observed for the Huelva dataset in 2019 (Figure S6). However, the mixing model of
Figure 8C indicates that up to about 62% of Zn was removed by adsorption in the Ria of Huelva estuary in
2017. For 62% Zn removal, both the Rayleigh and steady state models predict significantly lower dissolved
5%Zn values, of about —0.3%0 and —0.1%o. respectively, than are observed in this study (Figure 6B and S6).
This finding indicates that total particulate Zn removal in 2017 was apparently associated with less isotope
fractionation than implied by the &%2Zn values of the 2019 leachates.

One possible explanation for the absence of very light dissolved Zn isotope compositions is the removal of
dissolved Zn to an additional, isotopically light, particulate Zn pool. This hypothesis is supported by the bulk
digest results for C7-19p. The C7-19p digest has a &%2Zn of +0.19%., isotopically lighter than the C7-19p
leachate, at +0.51%o (Table 3). By mass balance, the more “refractory” (i.e., non-exchangeable) Zn pool of
C7-19p must therefore be even lighter, at 8%6Zn = +0.02%.. The source of this light Zn could be organic, as
cellular uptake typically involves preferential uptake of light Zn isotopes (e.g., John et al., 2007; Kébberich
and Vance, 2017; 2019). Alternatively, a low particulate 8%6Zn value may reflect co-precipitation of isotopically
light Zn in Fe or Al oxide phases (Little et al., 2019), and/or kinetic isotope fractionation during precipitation
of these phases associated with a strong turbidity gradient, as suggested for the Gironde Estuary (Petit et
al., 2015). Hence, removal of isotopically light Zn in the mixing zone may partially compensate for the loss of
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light Zn pool, and how it may be related to the seasonal and/or annual changes in particulate fluxes within
estuaries.

Finally, contrary to the generally decreasing dissolved 8%Zn values observed with increasing pH for the
estuary in 2017, three samples from 2019 (08-19, C7-19, C5-19; Figure 6B) show more positive 5%¢Zn values
at high pH values (>8.1) and high chloride concentrations. These samples do not correspond to the high
turbidity zone (as indicated by high pH and EC values; Figure S2), and the high &%Zn values are hence
unlikely to be a consequence of a precipitation-driven kinetic isotope effect. Isotopic fractionation due
biological uptake that is observed only in the confluence of the estuary, where Zn concentrations are relatively
high, but not elsewhere, also appears unlikely. One possible explanation for these isotopically heavy
dissolved signatures is an external anthropogenic source of Zn, which is discussed below.

4.3.3 Isotopic evidence for an industrial influence on &%Zn

In 1988, the Andalusian Environmental Agency imposed a Remediation Plan to control the industrial effluents
that enter the Ria of Huelva estuary (Sainz et al., 2004; Pérez-Lopez et al., 2011). Nevertheless, and with
the city of Huelva situated between the two tributaries of the Tinto and Odiel rivers, anthropogenic runoff
(including sewage) and atmospheric deposition from urban and industrial activities still impact the estuary
(Querol et al., 2002; Sanchez de la Campa et al., 2018). In particular, large industries, including a copper
metallurgical complex as well as biomass power generation and petrochemical plants, are situated south of
Huelva city, adjacent to the confluence of the estuary (Figure 1; Martin et al., 2002; Querol et al., 2002;
Barba-Brioso et al., 2010; Pérez-Lopez et al., 2011).

Anthropogenic sources of Zn have wide-ranging &%Zn values. Combustion sources, in general, produce
isotopically light aerosols (8%¢Zn = —0.73%o to +0.21%o; reviewed by Schleicher et al., (2020) and references
therein). In contrast, slag waste and tailings from pyrometallurgical processes are typically enriched in heavy
Zn isotopes. For example, the tailings of a Zn smelter featured a mean 8%2Zn of +0.74 + 0.43%o. (n = 6, 2SD)
(Sivry et al., 2008) and such products can enter nearby waterways (Sonke et al., 2008; Gelly et al., 2019;
Desaulty and Petelet-Giraud, 2020). Aside from metal processing, there are multiple sources of Zn emissions
in urban areas (Cloquet et al., 2006; Gonzalez et al., 2016; Dong et al., 2017; Souto-Oliveira et al., 2018).
The wastewaters that enter the Ria of Huelva estuary from the industrial complexes were estimated to carry
a Zn load of 3393 kg y-' between 2003 and 2006, whereby pigment plants were considered to be the largest
source of Zn pollution (Pérez-Lopez et al., 2011). In comparison to the Zn discharged via AMD, these
industrial inputs are insignificant, at approximately 0.1%. Nonetheless, the industrial wastewaters enter the
estuary at its confluence, where the originally high Zn concentration from AMD has already fallen by more
than a factor of 100 due to estuarine attenuation processes and seawater dilution. Estuarine sediments
collected adjacent to the industrial complex were more enriched in Zn (279 mg kg') than those from the
mouth of the estuary (166 mg kg'), suggesting a possible industrial contribution to the particulate Zn budget
(Torre et al., 2019).

As discussed in section 4.3.2, several estuarine samples from 2019 have unexpectedly heavy Zn isotope
compositions, linked to elevated pH values and chloride concentrations. Specifically, these samples are O8-
19 (8%Zn = +0.34%o), collected near to the city of Huelva, as well as C7-19 (8%Zn = +0.19%0) and C5-19
(8%Zn = +0.22%o), from locations proximal to the industrial complex. It is plausible that alkaline industrial
effluents may be responsible for the abnormally high pH values and high chloride concentrations observed
in the estuary confluence in 2019 (Figure 4). Four of 34 wastewaters from industrial plants in Huelva that
were analysed in a previous investigation had pH values exceeding 8.5 (Pérez-Lépez et al., 2011). Without
further constraints on the Zn isotope compositions of possible industrial effluents, it cannot be ascertained
with confidence whether such emissions contributed significantly to the Zn budget of the estuary.
Nevertheless, it is possible that the high 8%¢Zn values of 08-19, C7-19 and C5-19 are due to an industrial
source. Such a source is not apparent in the 2017 samples, either due to much higher AMD-derived Zn
concentrations compared to 2019 or because industrial Zn emissions are temporally variable.

4.3.4 Phosphogypsum stack: a source of Cd?

Cadmium is often emitted from urban environments and industrial activities (Nriagu and Pacyna, 1988;
Pacyna and Pacyna, 2001). The isotope fractionation induced by such processes can be very large, up to
about 1%o. (Shiel et al., 2010), and Cd isotope ratios can hence be an effective tracer of industrial pollution
(Gao et al., 2013; Zhong et al., 2021). High-temperature industrial processing generally appears to produce
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et al., 2021). A previous study estimated that approximately 33 kg y' of Cd is discharged into the Ria of
Huelva estuary (Pérez-Lopez et al., 2011). However, estuarine Cd isotope compositions determined in this
study do not vary significantly near sources of possible Cd emissions, suggesting that anthropogenic
pollutants are not a significant source of Cd compared to AMD, except for the phosphogypsum stacks.

About 100 Mt of phosphogypsum waste from phosphoric acid production is stored in the tidal prism of the
Ria of Huelva estuary (Pérez-Lopez et al., 2007; Renteria-Villalobos et al., 2010; Pérez-Lépez et al., 2010).
Cadmium is highly enriched in both the phosphate rock precursor (about 1 to 11 mg kg™'; Pérez-Lépez et al.,
2007; Renteria-Villalobos et al., 2010) and the phosphogypsum waste (2 to 15 mg kg'; Pérez-Lopez et al.,
2007; Renteria-Villalobos et al., 2010; Pérez-Lépez et al., 2010) compared to upper continental crust (UCC,
about 0.1 mg kg''; Rudnick and Gao, 2003). Whilst Zn is also somewhat enriched in phosphate rock (about
200 mg kg™', compared to 67 mg kg' in UCC; Rudnick and Gao, 2003) it is depleted in the phosphogypsum
waste (about 5 to 8 mg kg') (Renteria-Villalobos et al., 2010; Pérez-Lépez et al., 2010). Process water is
present around the base of the phosphogypsum waste stacks and large volumes rest on top of the stacks,
exposed to the atmosphere to evaporate, which results in highly trace metal-rich, acidic solutions (Pérez-
Lopez et al., 2016; Guerrero et al., 2021).

Sample TRX, collected directly adjacent to the phosphogypsum stacks, is used to assess whether potential
discharge from the stacks to the estuary can be traced, by comparison to sample TR9 from further upstream
(Figure 9). The Zn and Cd concentrations of a process water (PW) sample are 1.53 mmol kg and 144 pmol
kg, respectively, akin to concentrations of 4.36 mmol kg-! for Zn and 449 umol kg for Cd measured by
Papaslioti et al., (2018). The Cd/Zn ratio of the process water (ca. 0.1) is thus two orders of magnitude higher
than that typical of AMD (ca. 0.002). Although dilution decreases the absolute Cd and Zn concentrations of
TRX compared to TR9, the Cd/Zn ratio increases markedly from 0.003 at TR9 (comparable to Cd/Zn ratios
for the Odiel branch of the estuary) to 0.02 at TRX and it remains elevated at C7-19 and C5-19 (~0.01).

Consistent with the elevated dissolved Cd/Zn ratios observed in this study, Pérez-Lopez et al., (2016)
calculated that the phosphogypsum stacks release 1.6 ton y' of Cd, equivalent to ~15% of the annual
average Cd discharge of 11 ton y-' from the Tinto and Odiel Rivers (Olias et al., 2006). By comparison, the
equivalent phosphogypsum Zn contribution is approximately 0.3%. Mass balance can be used to calculate
the impact of phosphogypsum discharge on the riverine Cd isotope composition at TRX, assuming a 15%
Cd phosphogypsum contribution (as proposed by Pérez-Lépez et al., 2016) with a 8'"“Cd of —0.13%., as
defined by the process water sample (Table 2, Figure 8C). Mixing with TR9, at +0.03%o, suggests a 8'*Cd
of +0.01%0 at TRX, consistent with the measured value (Table 2; Figure 9). Hence, though industrial and
urban Cd sources elsewhere in the Huelva region appear negligible, a significant emission of Cd from the
phosphogypsum stacks to the estuary is consistent with the Cd isotope data and the elevated Cd/Zn ratios.
At present, it is unclear whether process water or lateral edge outflows of contaminated water are responsible
for the contamination of the estuary by phosphogypsum stack emissions (Pérez-Lopez et al., 2015; Pérez-
Lopez et al., 2016; Papaslioti et al., 2018; Guerrero et al., 2019).

4.4 Tracing acid mine drainage: evidence from the 2017 La Zarza mine spill

On 17 May 2017 there was a spill at the abandoned La Zarza mine (Olias et al., 2019). The spill was caused
by an increasing volume of stored water in the open pit, which finally exerted too much pressure on a concrete
plug in the Los Cepos gallery of the mine. Consequently, ~270,000 m3 of extremely polluted AMD was
released into the local water systems (Olias et al., 2019). Before the spill and after the concrete plug was
installed in the 1990s there was a moderate flux of acidic water from the Los Cepos gallery, with Cd and Zn
concentrations of 0.116-0.178 umol kg-' and 61.2—-122 umol kg, respectively (Espafa et al., 2005a; Olias
et al., 2019). Following the spill, the Cd and Zn concentrations of the released water increased to 3.91 ymol
kg and 2126 umol kg, respectively. The maximum concentrations peaked two weeks after the discharge,
on 31 May, and the effects were observed for a month afterwards (Olias et al., 2019).

The data presented in this study demonstrate marked differences in dissolved Cd and Zn concentrations for
estuarine waters collected in 2017, 2018 and 2019 (Figure 5; Figure S3 and S4). Yet, even though the 2017
metal concentrations exceed the 2019 values by more than a factor of x2, this does not translate into variable
Cd and Zn isotope compositions. The mean &''“Cd values are +0.03 + 0.09%. (n = 10, 2 SD) and +0.00 +
0.12%0 (n = 9, 2 SD) for 2017 and 2019, respectively. The equivalent mean 3%Zn values for the estuarine



and Gulf of Cadiz eamnlec are +0 N8 + N 14%. (n = 10_2 SN\ far 2017 and +0 11 + 0 27%. (n = 11 2 SN) for

201 the
Odiel and Tinto Rivers in 2019, despite large variations in riverine metal concentrations. Taken together,
these findings suggest that Cd or Zn isotope compositions are unlikely to be useful tracers for linking the
origin of AMD to specific mines or mining districts. Nevertheless, on a broader scale, the homogenous AMD
signature is distinct from non-AMD influenced rivers, which are characterised by 8''“Cd and &%Zn values of
about +0.2%0. and +0.3%o, respectively (e.g., Chen et al., 2008; Lambelet et al., 2013; Little et al., 2014).
Further work should investigate the extent to which the isotopically light AMD signature from the IPB can be
traced, both spatially (see section 4.5) and temporally (e.g., via sediment core analyses).

4.5 Broader impacts of AMD on the Gulf of Cadiz and beyond

It has been estimated that the Tinto and Odiel Rivers supply approximately 0.37% and 15% of the total global
riverine dissolved flux of Cd and Zn, respectively (Sarmiento et al., 2009). However, the potential attenuation
of the trace metal fluxes in the Ria of Huelva estuary was not considered in these estimates. Whilst the results
of this study indicate that Cd displays conservative behaviour in the estuary, mixing calculations suggest that
as much as 62% of Zn was removed to the particulate phase in the estuary in 2017. Non-conservative
behaviour of Zn is also observed for other sampling time periods during 2018 (removal of 49 — 97%), though
is more difficult to ascertain for June 2019, due to the low freshwater flow and extensive tidal intrusion up the
estuary during sampling (Figure S4). Evidence from the particulate load indicates that at least 14% of total
Zn was removed to the particulate phase in 2019. Both dissolved and particulate metal fluxes reveal
significant temporal variations (e.g., 11-9040 pmol kg-' [Zn] in the Tinto River; Olias et al., 2006) rendering
flux estimates difficult. Nevertheless, the non-conservative behaviour of Zn suggests that the dissolved Zn
flux into the Gulf of Cadiz has been over-estimated.

Despite marked estuarine removal of dissolved Zn, both Cd and Zn concentrations in Gulf of Cadiz surface
waters are typically about two orders of magnitude higher than observed in surface waters of eastern North
Atlantic (Conway and John, 2014; Conway and John, 2015). In 2019, Gulf of Cadiz surface waters near the
mouth of the Ria of Huelva estuary exhibited mean Cd and Zn concentrations of 0.313 + 0.044 nmol kg
(1SD) and 0.073 £ 0.051 ymol kg-' (1SD), respectively. These concentrations are consistent with prior results
from between 1996 and 1999, of approximately 0.9 nmol kg-' for Cd and 0.1 ymol kg-' for Zn (Elbaz-Poulichet
et al., 2001). The concentrations are seasonally very variable (Elbaz-Poulichet et al., 2001) and catastrophic
events such as the La Zarza spill in 2017 contribute to the unpredictability of trace metal fluxes to the Gulf.
Notably, Gulf of Cadiz surface waters had higher metal concentrations in 2017 compared to 2019, with results
of 0.601 £ 0.24 nmol kg' (1SD) and of 0.529 + 0.27 ymol kg-' (1SD) for Cd and Zn, respectively.

To date, the only Cd and Zn isotope data available for the open ocean proximal to the Gulf of Cadiz region
are for sampling stations of the GEOTRACES GAO3 cruise, which sailed from Lisbon, Portugal into the North
Atlantic Ocean in 2010 (Conway and John, 2014). The Cd isotope compositions of samples collected from
the Gulf of Cadiz in 2017 and 2019 are narrow in range, from +0.01%o. to +0.05%. (n = 6), compared to 6''“Cd
values that exceed +0.5%o in the eastern North Atlantic (Conway and John, 2015). Zinc isotope compositions
in the Gulf of Cadiz range from —0.12%. to +0.12%o., within the range of typical open ocean surface 5%Zn
values, though these vary widely. For example, values of +0.40%. to —0.27%. were observed in the upper 50
m of the water column at Station 1 of the GA03 GEOTRACES cruise (Conway and John, 2014).

Circulation inshore on the Gulf of Cadiz continental shelf is comprised of two alternating currents, an eastward
current and a coastal countercurrent, which circulate around the coastline from Cape Santa Maria to the
Guadalquivir River, passing the mouth of the Ria of Huelva estuary (Figure 10; Peliz et al., 2009; Garel et al.,
2016; Laiz et al., 2020). Laiz et al., (2020) estimate that westward flow from the coastal Gulf of Cadiz is
present approximately 40% of the time, resulting in a significant potential flux of trace metals from the Iberian
Pyrite Belt to the Atlantic Ocean. Offshore, the circulation in the Gulf of Cadiz upper slope region also consists
of two opposing currents (Figure 10; Peliz et al., 2009). Spanish Shelf Water (SSW), also known as the Gulf
of Cadiz Current (Peliz et al., 2009), flows eastward at shallow depths towards the Strait of Gibraltar, while
Mediterranean Outflow Water (MOW), distinguished by its high salinity, flows westward at depths of
approximately 400 m towards the Atlantic (Peliz et al., 2009; Mulero-Martinez et al., 2021). It is widely
accepted that trace metal-rich waters from the Ria of Huelva estuary, with additional fluxes from the
Guadalquivir and Piedras Rivers, are transported east along the coast through the Strait of Gibraltar by SSW
(Elbaz-Poulichet et al., 2001). The inflow of SSW through the Strait of Gibraltar is the main source of trace
metals to the western Mediterranean basin (Van Geen et al., 1988; van Geen and Boyle, 1990; Van Geen et
al., 1991; Elbaz-Poulichet et al., 2001; Laiz et al., 2020).
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The results of this study already suggest, however, that isotopic analysis may prove a useful tool in this
endeavour, given the Cd and Zn enrichment and isotopically light AMD signature of Cd and Zn sourced from

the Huelva region.

5. Conclusion

The results of this study show that the distinct 3''*Cd and &%2Zn signatures of local mining districts in the IPB
are not reflected in variable isotopic compositions of the ensuing AMD. Instead, the Odiel and Tinto rivers
present accumulated and uniform &'"“Cd and &%6Zn values of about +0.02%. and +0.17%o, respectively, which
render isotopic tracing of specific mines or mining districts in the Iberian Pyrite Belt using Cd and Zn difficult.

The AMD-sourced 3'"“Cd value of the rivers does not vary within the Ria of Huelva estuary, in accord with
the generally observed conservative estuarine behaviour of the element. The elevated Cd/Zn ratios
determined for some water samples reflect addition of Cd to the Tinto branch of the Ria of Huelva estuary
from adjacent phosphogypsum stacks. For Zn, samples collected between 2017 and 2019 indicate non-
conservative behaviour in the estuary, with removal of 49 to 97% of dissolved Zn to the particulate phase.
Dissolved 8%Zn values decrease following the onset of adsorption, but not to the extent predicted by a
fractionation factor of A%6Zn,ysorbed-solution = +0.4%o for adsorption to particles, as inferred from isotopic analyses
of estuarine particulates. The absence of the expected low dissolved 6%¢Zn values suggests a possible
missing sink for isotopically light Zn within the estuary. In 2019, unusually high pH values (pH = 8.8) and
chloride concentrations (2.74%) in the estuary coincide with more positive dissolved estuarine 5%¢Zn values,
potentially due to anthropogenic inputs from nearby industrial activities.

The La Zarza mine spill event in 2017 had no significant impact on the dissolved Cd and Zn isotope
compositions in the Ria of Huelva estuary. However, regionally, the estuarine waters entering the Gulf of
Cadiz have high, if variable, Cd and Zn concentrations coupled with distinct and relatively constant light
isotope compositions. The influence of the AMD plume may reach the Atlantic and Mediterranean Oceans,
highlighting that Cd and Zn isotopes may be useful tracers for the regionally averaged AMD inputs originating
from the Iberian Pyrite Belt.
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Figure 1. Left: location of water sampling locations in the Odiel and Tinto River watersheds. Right: Zoom of
Huelva region to show water sampling locations in the Ria of Huelva estuary and the Gulf of Cadiz. Some

local towns are indicated in pink, the industrial complexes in the region are coloured yellow and the grey
circles mark the main mine localities (not an exhaustive list).
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Figure 2. Photographs of the sampling locations of TR1 and TR2, showing distinctive impact of AMD (dark
red colour) at TR2 compared to the lighter orange at TR1, indicative of schwertmannite precipitation.
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Figure 3. 5'"“Cd (grey text) and %Zn (black text) values of selected samples collected in the Odiel and Tinto
watersheds in 2019. Boxed &-values in bold-italic font are for digests of mine sulfide samples. &-values in
bold font are for dissolved phase water samples. Orange squares and values give the locations and &%Zn
values of water samples reported in Borrok et al. (2008).
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Figure 5. Dissolved Cd (Panel A) and dissolved Zn (Panel B) concentrations against pH for the Odiel and
Tinto River watersheds (orange shaded background) and for the Ria of Huelva estuary and Gulf of Cadiz
(blue shaded background), for samples collected in May 2017 and June 2019. Samples from the Gulf of
Cadiz (GoC) are those with symbols divided in half. Samples from the confluence of the estuary are included
in the ‘Odiel’ datasets. The ‘Tinto’ samples include waters collected in the Tinto River and Tinto branch of the
Ria of Huelva estuary. Circled datapoints are 2019 estuarine samples with pH values more alkaline than Gulf
of Cadiz seawater (see text for discussion).
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Figure 6. Cd (Panel A) and Zn (Panel B) isotope compositions plotted against pH for the water samples
collected in 2017 and 2019. Colour shading and symbols are as in Figure 5. Samples from the confluence of
the estuary are included in the ‘Odiel’ datasets. The ‘Tinto’ samples include waters collected in the Tinto
River and Tinto branch of the Ria of Huelva estuary. Samples with anomalous &''“Cd and &%Zn values are

circled (see text for discussion).
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Figure 7. Cross plots of concentration and isotopic data for mine sulfide rock samples. Panel A: Cd
concentration versus Zn concentrations. Panel B: 6''“Cd and 8%6Zn values. The data are for four sulfide
samples from the mines Tharsis (two samples), Corta Atalaya and San Telmo (TH1, TH2, CA, ST). Linear
regression lines and 95% confidence intervals are shown for reference.
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Figure 8. The behaviour of Cd and Zn in the Odiel branch of the Ria of Huelva estuary in 2017. Panel A: Cd
(black line, pink circles) versus chloride concentrations with a linear regression function (grey line) including
R? value, illustrating conservative behaviour of Cd in the estuary in 2017. Panel B: Zn versus chloride
concentrations, showing non-conservative behaviour of Zn in the estuary in 2017. Panel C: Zn concentrations
versus pH compared to modelled Zn concentrations assuming conservative behaviour (blue line, open
circles). Also shown is the modelled fraction of Zn removed from the dissolved phase (dashed black line, see
text for discussion).
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Figure 9. Map of the Ria of Huelva estuary showing the location of the phosphogypsum stack and locations
of relevant samples. PW refers to process water, which is the solution sitting on the surface of the
phosphogypsum stack (coloured in a lighter green). Inset graphs show dissolved 8''“Cd (Panel A) and &%Zn
(Panel B) versus the ratio of dissolved Cd/Zn concentration. Dashed line on Panel A shows a linear
regression, showing the likely impact of Cd contamination from the phosphogypsum stack on Cd/Zn ratios
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Figure 10. Schematic representation of relevant currents in the Gulf of Cadiz. Spanish Shelf Water (SSW) is
a surface current, whilst the flow of Mediterranean Outflow Water (MOW) is at depths of 400 m in the Gulf of
Cadiz and sinks to between 500 and 1500 m along the western coast of the Iberian Peninsula. The black
curly arrow in the Strait of Gibraltar demonstrates proposed coupling between the inflow and outflow water
masses (Peliz et al., 2009).

Table 1. Summary of the Cd and Zn isotope compositions and concentrations determined for GEOTRACES
samples in this study and reported in the literature.

8"4Cd (%) * [Cd] (nmol Yield 8%2Zn (%) * [Zn] (nmol Yield
2SsD kg) (%) 2sD kg™ (%)
GDI | This study 0.44 £ 0.08 0.24 90 This study 0.36 + 0.05 2.01 117
Boyle et. al. 0.47 £0.04 0.27 Conway and John, 0.38 £ 0.03 1.71
2012 20142
1962 | This study 0.27 £ 0.08 0.56 96
Bryan et. al. 0.28 £0.12 0.58
2021
2268 | This study 0.26 £ 0.08 0.64 97 This study 0.50 + 0.05 6.02 94




2021 2021

aStation 10 of GEOTRACES GAO3 transect at 31.75 °N 64.17 °"W

®*GEOTRACES intermediate data product: Schlitzer et al. (2017)



Table 2. Cd and Zn isotope compositions and concentrations, chloride concentrations pH, Eh,
and electrical conductivity (EC) for samples from the Huelva region.

Eh [Cd] [Zn]
Sampl Chlorid H EC (mV 5114C 2 5%6Zn 2
e e (%) P (mS/cm) (nmolkg d (%) SD (umolkg  (%o) SD

') ")

Ria of Huelva estuary, May 2017
012-
17 0.95 3.57 228 0.04 0.08 114 0.15 0.05
O11-
17 1.28 4.39 167 0.08 0.09 66.2 0.19 0.05
010-
17 1.57 5.49 101 0.05 0.08 30.7 0.13 0.05
08-17 1.89 6.57 47.4 0.10 0.08 5.17 0.14 0.05
C5-17 2.02 7.46 3.08 -0.01 0.08 0.618 0.05 0.05
C2-17 2.06 7.10 0.717 -0.05 0.14 0.625 0.03 0.05
Gulf of Cadiz seawater, May 2017
S38-17 1.91 7.58 0.676 0.04 0.08 0.508 0.04 0.05
F30-17 7.75 0.410 0.01 0.08 0.704 0.06 0.09
S67-17 2.09 7.14 0.915 0.00 0.08 0.152 0.10 0.05

G42-
17 2.02 7.58 0.403 0.03 0.08 0.750 -0.05 0.11




Stream or river waters, June

2019

TR1 2.6 42.6 048 0.16 172 0.35 0.05
TR2 1.5 885 -0.13 0.08 535 0.34 0.05
TR3 22 2990 0.08 0.08 1290 0.16  0.05
THdis 2.1 24800 -0.12 0.08 18100 0.08 0.05
Phosphogypsum stack, June 2019

PW 1.11 55.8 680 144000 -0.13 0.08 1530 0.35 0.05
Ria of Huelva estuary, June

2019

TR9 2.21 4.08 52.1 565 163 0.03 0.08 55.5 0.18 0.05
TRX 2.62 8.61 59.8 360 26.7 0.01 0.08 1.37 0.02 0.05
015-

19 215 5.09 47.9 467 128 -0.01  0.08 40.6 0.20 0.05
012-

19 2.40 6.79 55.1 434 97.5 -0.14 0.08 22.0 0.17 0.05
010-

19 2.56 7.62 58.3 402 64.4 0.02 0.08 10.8 0.11  0.05
08-19 2.74 8.17 61.1 421 20.4 0.05 0.08 1.75 0.34 0.05
C7-19 2.61 8.70 59.1 394 3.92 0.02 0.08 0.413 0.19 0.05
C5-19 2.59 8.79 58.7 384 2.36 -0.03 0.08 0.222 0.22 0.05
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C2-19 2.59 8.82 58.3 371 0.588 -0.05 0.08 0.089 -0.01 0.05

Gulf of Cadiz seawater, June 2019

S§38-19 2.55 8.08 58.2 452 0.344 0.05 0.08 0.058 0.03 0.05

F30-19 2.45 8.12 58.9 541 0.282 0.05 0.08 0.065 -0.04 0.05

S67-19 8.09 58.8 313 0.145 0.12 0.06
G42-
19 2.31 8.16 59.2 323 0.026 -0.12 0.10

Sulfide rocks

CA 0.956 -0.10 0.08 0.234 0.16  0.05
TH1 25.7 -0.14 0.08 23.1 -0.01 0.05
TH2 21.4 -0.14 0.08 17.7 0.10 0.05

ST 0.349 0.07 0.08 0.160 0.29 0.07

italics = mg g for [Zn] and ug g for [Cd]

2 SD uncertainties are the long-term reproducibility of the relevant secondary standard (London Zn or
BAM-1012) or of repeat analyses, whichever is larger, with the exception TR1 d''4Cd, for which the
error is the 2 SD of multiple analyses of the primary standard during the measurement session.

Table 3. Zn isotope compositions and concentrations of the digested and leached particulates
from samples O12-19 and C7-19 and two USGS rock reference materials

Bulk digest Leachate
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56647 (%) 2 SD [Zn] 566/64Zn (%0) 2 SD [Zn]

*nmol L *nmol L
012 19p 0.58 0.05 149 0.60 0.05 73.0
C719p 0.19 0.07 66.2 0.51 0.05 23.0
ug g’ ug g’
BCR-2 0.32 0.05 141 0.81 0.05 2.84
Nod P1 0.79 0.05 1540 0.81 0.05 29.6

*Units for the Huelva particulate samples are given in nmol L-' (i.e., nmol Zn per L of filtered water),
because the sample mass is not known.
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