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ABSTRACT

The present study investigates the behaviour of acid mine drainage (AMD)-derived contaminants in the Tinto
River estuary (SW Spain) using five high-resolution (hourly) fixed-point sampling campaigns conducted under
contrasting hydrological and tidal regimes: low-riverflow neap and spring tides, and high-riverflow events
following rainfall across different tidal coefficients. Water chemistry and mineral phases were characterised
using established analytical techniques and electron microscopy, while aqueous speciation and mineral satura-
tion indices were evaluated through PHREEQC geochemical modelling. The results indicate that Mn, Zn, Co, Ni
and Cd exhibit quasi-conservative behaviour, with low partition coefficients (Kd) and predominance in the
dissolved phase. In contrast, Fe and Al sequentially precipitate as schwertmannite and basaluminite, respectively,
dominating the suspended particulate matter (SPM) and acting as sinks for other metal(oid)s (As, Pb and Cu).
Arsenic is initially removed under acidic conditions and remobilized when pH exceeds 6 due to desorption from
schwertmannite. Lead exhibited a singular response, with episodically high dissolved concentrations under
specific high-flow conditions, likely linked to sulfate-mineral solubility and evaporite washout in the fluvial
basin. Low-flow conditions, particularly during spring tides, and highly diluted high-flow events reduce metal
mobility by enhancing partitioning into SPM and deposition in the upper estuary (except for As). Conversely, less
diluted high-flow conditions promote downstream transport and export to the Atlantic Ocean. This work pro-
vides the first tide-resolved and hydrologically contrasted assessment of contaminant dynamics in an AMD-
impacted estuary and offers a transferable framework for predicting metal(loid) fluxes to coastal systems
under increasing hydrological variability.

1. Introduction

Pollutant metal(oid)s released into the aquatic environment exhibit
complex behaviour, influenced by physicochemical factors such as pH,

Rivers are the primary vectors of solute transport from continental
systems to coastal areas and ultimately oceans. Among the dissolved
constituents, certain elements are classified as potentially toxic elements
(PTEs), which have received increasing attention due to their delete-
rious effects on ecosystems, particularly estuarine environments.
Throughout estuaries, pollutants can be incorporated into sediments,
accumulate in organisms, or participate in reactions, determining their
final destination. Although some of the estuarine inputs are naturally
occurring, human activities — particularly mining, industry, farming,
and urbanisation — have significantly increased the loads of PTEs
delivered by rivers in recent decades (de Souza Machado et al., 2016).
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salinity, the presence of organic matter, and redox dynamics. In estu-
aries, the confluence of fresh and marine waters produces dynamic
fluctuations in these factors, which leads to a range of processes —
including adsorption, coagulation, precipitation and redissolution —
operating simultaneously (Achterberg et al., 2003; Asta et al., 2015;
Zhang et al., 2015). Such processes strongly influence the mobility and
bioavailability of pollutants. Therefore, estuaries play a key role as areas
of metal transformation and retention, but also as potential gateways for
metal input to the ocean.

In the context of anthropogenic pollution, acid mine drainage (AMD)
represents one of the most persistent and environmentally concerning
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pollution sources worldwide. It arises from the oxidative dissolution of
sulphides upon exposure to oxygen and water, producing highly acidic
solutions enriched in sulfate and metal(oid)s. Unlike most pollution
sources, AMD generation can continue long after mining activities have
ceased, impacting river systems, aquifers, and coastal environments
(Leblanc et al., 2000; Nordstrom, 2011), as documented in several
estuarine and fluvial systems, including the King River (Tasmania,
Australia; Augustinus et al., 2010; Nascimento et al., 2023), Carnon
River (Cornwall, United Kingdom; Braungardt et al., 2011; Jennings
et al., 2025), Afon Goch (north Wales, United Kingdom; Dean et al.,
2013), Chonam-ri Creek (South Korea; Jung et al., 2012), Dashu River
(southwest China; Li et al., 2021), and Gromolo Torrent (Liguria, Italy;
Consani et al., 2019). Among these, the Ria de Huelva Estuary (south-
west Spain) stands out as one of the most AMD-polluted estuaries
globally (Davis et al., 2000; Olias et al., 2006; Sanchez-Moyano et al.,
2025), receiving acidic discharges from the Tinto and Odiel rivers that
drain abandoned mining areas within the Iberian Pyrite Belt (IPB), one
of the world’s largest sulphide provinces with a mining history spanning
approximately 5000 years (Davis et al., 2000; Leblanc et al., 2000). The
metal load transported to the estuary and subsequently to the Atlantic
Ocean is strongly controlled by highly irregular precipitation patterns
(Canovas et al., 2008), while the mixing of these acidic waters (pH 2-4)
with alkaline seawater generates pronounced physicochemical gradients
that strongly influence metal(oid) removal and release processes.

Despite the existence of prior research addressing the geochemistry
of the Ria de Huelva Estuary (e.g., Hierro et al., 2014a,b; Asta et al.,
2015; Papaslioti et al., 2024), most studies have been limited in scope,
focusing on specific estuarine conditions or restricted time scales. In
particular, the influence of fortnightly (neap-spring) and daily (ebb-
flood) tidal cycles on the pollutant distribution have only been
partially documented, while the role of river flow regimes, especially
those linked to rainfall events, remains poorly explored. Consequently, a
significant knowledge gap persists regarding how hydrodynamic vari-
ability at different temporal scales — ranging from tidal to seasonal —
modulates the geochemical processes controlling metal(oid) mobility
and their ultimate fate in the ocean. In this sense, the gross flux of dis-
solved elements from the AMD-impacted Tinto and Odiel rivers, the
main tributaries of the estuary, has been assessed in previous studies (e.
g., Olias et al., 2006; Nieto et al., 2013), which reported dispropor-
tionately high metal contributions relative to global riverine flux (e.g.,
60% of Zn and 16% of Cu). However, upon entering the estuary, these
metals undergo abrupt geochemical processes during their transfer to
the ocean (Papaslioti et al., 2024), so that only certain fractions of gross
flux reach marine waters in dissolved form (i.e., the net global flux).
Hence, a comprehensive understanding of metal behaviour under
varying estuarine hydrodynamic conditions is essential to improve es-
timates of net metal fluxes to the ocean.

Since estuarine processes operate over short temporal scales (hourly
to daily), a site-specific high-resolution sampling approach within the
estuary would be required to characterise metal(loid) dynamics and fate
during the rapid geochemical processes induced by the mixing of highly
acidic and metal-rich river waters with alkaline seawater. In this
context, the main objectives of this work are: 1) to elucidate the
geochemical factors controlling the behaviour of mining-derived pol-
lutants as they traverse the Tinto River estuary, under the combined
influence of tidal forcing and river hydrology; 2) to characterize parti-
tioning between dissolved and particulate phases, which determines
metal(oid)s transport, reactivity, and bioavailability within the estua-
rine environment; and 3) to discuss how contrasting estuarine hydro-
dynamics influence the net flux of AMD-derived pollutants. This study
provides an integrated view of the geochemical mechanisms operating
in an estuary subject to extreme conditions.
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2. Material and methods
2.1. Study site

The Tinto River Estuary is governed by a semidiurnal mesotidal
regime. The tidal range varies markedly, reaching ~ 4 m during spring
tides and dropping to ~ 0.5 m during neap tides (Borrego et al., 2004).
The climate of the area is Mediterranean-Csa type according to the
Koppen classification, characterized by mild and wet winters and long
warm to hot and dry summers. The mean annual temperature is 18.8 °C,
and the average annual precipitation is 490 mm. The rainy season is
commonly observed from November to January, while rainfall is prac-
tically non-existent during summer. Nevertheless, rainfall exhibits a
high inter- and intra-annual variability, with long droughts and intense
but short rainy periods. According to previous studies (e.g., Olias et al.,
2006; Canovas et al., 2008), the average flow of the Tinto River is 1.6
m>/s. However, due to the absence of permeable rocks in the watershed
and vegetation cover, the river flow exhibits high variability depending
on the rainfall regime, ranging from 0.01 to more than 100 m®/s during
flood events. As a result, it experiences very rapid floods as well as a
rapid decrease in flow as soon as the rains cease. Therefore, the river
Tinto's discharge into the estuary is highly seasonal and inter-annually
irregular.

2.2. Sampling

The Tinto River basin has been subject to intensive mining activity
for approximately 5,000 years, although the greatest environmental
impact occurred between the mid-19th and late 20th centuries (Davis
et al., 2000; Leblanc et al., 2000). The mining sector’s crisis in the 80
s and 90 s, driven by changes in global demand and economic factors,
culminated in the widespread closure of sulfide mines by 2001 (Olias
et al., 2006). The interruption of activity led to the shutdown of water
pumping and treatment systems, thereby facilitating the generation and
uncontrolled release of AMD, as evidenced by the deterioration of the
geochemical conditions in the Tinto River and estuary (Olias et al.,
2006). The reopening of some mines allowed water management sys-
tems to be re-established from the late 2000 s onwards, although the
historical mine wastes have continued to impact the river chemistry
(Olias et al., 2006). Furthermore, the Huelva estuary has historically
received industrial discharges from the Industrial Complex, dominated
by metallurgical, petrochemical and fertilizer industries, including
large-scale deposits of phosphogypsum (~100 Mt) on the salt marshes
downstream the estuarine sampling point (Fig. 1), which also generate
acidic leachates enriched in pollutants. Although direct discharges have
been reduced since the late 90 s, both AMD and phosphogypsum still
contribute to the pollutant load into the estuary. However, the contri-
bution of metal(oid)s from the industrial sector is between one and two
orders of magnitude lower than that derived from mining activities
(Pérez-Lopez et al., 2011; Millan-Becerro et al., 2023). Regulatory-
driven changes since the late 90 s have markedly improved estuarine
water quality, with lower acidity and reduced concentrations of metal
(oid)s (e.g., Fe, As, Pb) relative to historical conditions (Olias et al.,
2006; Hierro et al., 2014b; Table SM1). Table SM1 compiles historical
data from 1996 to 2018 (Elbaz-Poulichet et al., 1999; Braungardt et al.,
2003; Achterberg et al., 2003; Canovas et al., 2007; Hierro et al., 2014a,
b; Papaslioti et al., 2024) and the present study (2023-2024) for com-
parison between the period of uncontrolled discharges and current
conditions in the Tinto River and the estuary.

In order to study the tidal influence on the variation of physico-
chemical parameters and pollutant concentrations and loads in the Tinto
River estuary, high-resolution samplings were carried out during
different river and tidal conditions. The sampling point in the estuary is
located at San Juan del Puerto (Huelva), within the fluvial domain of the
Tinto River estuary (Fig. 1). Five sampling campaigns were conducted:
(I) 29-30 March 2023 with low flow (<1m3/s) and neap tides (Tidal
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Fig. 1. Map of the study area showing the location of the sampling points in the estuary of the Tinto River, river end-member at Niebla (NBL) and seawater end-

member (SW). IPB, Iberian Pyrite Belt.

Coefficient, TC 26-30); (II) 18-19 April 2023 with low flow (<1m®/s)
and spring tides (TC 99-102); (III) 22 January 2024 with high flow
(8.6-12.8 m3/s) after a rain event and intermediate tides (TC 59-62);
(IV) 12-13 February 2024 with very high flow (18.8-42.91 m®/s) after a
more intense rain event and spring tides (TC 105-95); and (V) 19-20
February 2024 with high flow (4.6-6.7 ms/s) and neap tides (TC 43-53).
The flow and rainfall data were obtained from a gauging-pluviometric
station, located about 20 km upstream from the sampling point
(Fig. SM2), within the SAIH-Hidrosur network of the regional govern-
ment (redhidrosurmedioambiente.es). Samples were collected using a
Teledyne ISCO® autosampler programmed with a frequency of one
sample per hour during 24 h for samplings L, I, IV and V; and one sample
every 30 min during 12 h for sampling III (n = 120). The autosampler
was equipped with 24 polyethylene bottles (capacity of 1 L) that were
previously washed in 10% (v/v) HNOs and rinsed in Milli-Q water. To
avoid cross-contamination purge sequences between pumping cycles
were scheduled. After collection, samples were processed in the labo-
ratory and then refrigerated. For each sampling campaign, water sam-
ples were collected from the Tinto River at Niebla (NBL), upstream of the
tidal influence (Fig. 1). In addition, a seawater sample (SW) representing
the marine end-member was collected at the Atlantic coast (Fig. 1).
For each sample, pH, temperature, oxidation-reduction potential
(ORP), and electrical conductivity (EC) were measured using a portable
multi-parameter electrode (Hanna® instruments, HI9025 and HI9033).
Prior to undertaking EC and pH measurements, the equipment was
calibrated at three points (147 pS/cm, 1413 pS/cm, and 12.88 mS/cm
and 4.01, 7.00, and 9.21, respectively). In addition, ORP was controlled
using two standard solutions (220 and 470 mV). Alkalinity was deter-
mined by CHEMetrics® Total Titrets®, with a range of 5-100 mg L™ as

CaCOj3 equivalents. Additionally, water level was monitored in situ
using a datalogger CTD-Diver® installed at the estuarine sampling point.

2.3. Analytical methods

2.3.1. Liquid phase characterization

Aliquots for cations determination were filtered through 0.45 um
Millipore Teflon filters, acidified with ultrapure HNO3 (1% v/v) Merck
to pH < 2, and stored in the dark at 4 °C until analysis. Also, unfiltered
aliquots were taken and acidified to determine the proportion of metals
associated with the dissolved and particulate fraction, following the
procedure of Garbarino and Hoffman (1999). Aliquots for anion deter-
mination were filtered but not acidified. The dissolved fraction (%D) for
each element was calculated as follows:

%D — 100[Cdissolved)

[Ctotal]
where C dissolved corresponds to the concentration in the filtered water
aliquots (mg/L or pg/L) and C total is the concentration in unfiltered
aliquots (mg/L or pg/L).

The concentrations of major elements were measured using Induc-
tively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Jobin
Yvon Ultima 2) at the Research and Development Services of the Uni-
versity of Huelva. The concentrations of trace elements were determined
by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) with a
Thermo Scientific iCAP TQ ICP-MS at the “Plateforme AETE-ISO” (OSU
OREME, University of Montpellier) without any prior dilution using
Kinetic energy Discrimination — Argon Gas Dilution (KED-AGD mode).


http://redhidrosurmedioambiente.es

L. Sanchez-Lopez et al.

To address signal drifts during trace element determinations, an internal
solution comprising Be, Sc, Ge, Rh, and Ir was introduced online to the
samples. Estuarine water and seawater reference materials for trace
metals (SLEW-3 and CASS-6) were also analyzed to check the analytical
accuracy, which was within 10% of the certified values. Detection limits
were between 0.02 and 0.20 mg/L for major elements and from 0.23 ng/
L (Zn) to 3.44 ng/L (La) for trace elements. Anions (Cl, F~, Br~, SOz
and POy) were determined by High-Performance Liquid Chromatog-
raphy (HPLC; Dionex DX-120) with a 4 x 250 mm column (AS 9-HC) and
a 4 mm suppressor membrane (ASRS-ULTRA) at the Research and
Development Services of the University of Huelva.

2.3.2. Solid phase characterization

The suspended particulate matter (SPM) was measured by weighing
the particulate matter retained on the 0.45 pm filters. The vacuum
filtration technique was used to separate the SPM from water employing
a kitasato flask, a funnel, and a beaker pre-decontaminated. A volume of
0.5 L from each sample was filtered to obtain the mg/L of SPM. Before
use, each filter was oven-dried and weighted. Once each sample was
processed, the filters were oven-dried (40 °C, 24 h) and cooled in des-
iccators before being weighted. The amount of SPM retained in the filter
was calculated as the difference between the final and initial weight. The
particulate matter accumulated on the filters was mineralogically
characterized by Field Emission Scanning Electron Microscopy (FESEM,
JEOL IT-300HR-LV) for imaging and Energy-Dispersive X-ray (EDX) for
qualitative chemical analyses at the Research and Development Services
of the University of Huelva. In addition, 15 filters from samplings III-V
were selected for semi-total digestion, as sufficient matter was available
only during these campaigns to determine the bulk chemical composi-
tion. The digestion was carried out using aqua regia (HCI:HNOs, 3:1) in
PTFE vessels (Savillex®), heated at 90 °C for 2 h in an oven. After
digestion, the samples were cooled to room temperature and subse-
quently evaporated on a hot plate at 55 °C. The resulting dry residue was
then redissolved in 2.5 mL of HNO3 and Milli-Q grade distilled water,
and the solution was brought to a final volume of 50 mL to obtain a 5%
acidified solution. This final aliquot was analyzed using both ICP-OES
and ICP-MS techniques.

The partition coefficient (Kd, L/kg) between the dissolved (<0.45
um) and particulate phases (>0.45 um) was determined to assess the
mobility and geochemical behaviour of the contaminants under estua-
rine mixing conditions, as follows:

_ Cparticulate
kd = Cdissolved

where C particulate is the concentration in suspended particulate matter
(mg/kg) and C dissolved corresponds to the concentration in the filtered
water fraction (mg/L).

2.4. Geochemical and mixing models

The geochemical modelling software PHREEQC-3.0 (Parkhurst and
Appelo, 2013) was used for speciation and solution/reaction calcula-
tions, employing the Thermoddem.dat thermodynamic database (Blanc
et al., 2012). The database was expanded with equilibrium constants
of schwertmannite [FegOg(OH)g.2x(SO4)x'nH50] from Sanchez-Espana
et al. (2011) and basaluminite [Al4(OH)1¢(SO4)-nH>0] and Al(OH)3(a)
from Wateq4f.dat database (Ball and Nordstrom, 1991). To enable ac-
curate modelling, Eh values were adjusted to pe values referenced to the
standard hydrogen electrode (Nordstrom and Wilde, 1998). PHREEQC
code was used to model the aqueous speciation of estuarine and river
solutions, and to calculate the saturation indices (SI) of relevant mineral
phases controlling estuarine geochemical processes (e.g., schwert-
mannite and basaluminite). In addition, to estimate the seawater frac-
tion (SWf) during the estuarine mixing, the statistical mixing model MIX
(Carrera et al, 2004) was employed. This model facilitates the
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calculation of the mixing ratios of fluvial and marine waters considering
the uncertainty in end-member concentrations by a maximum likelihood
method. The calculations were based on dissolved concentrations of
conservative elements (Cl, Na, Ca, Mg and K) that exhibited substantial
variation between river and sea water.

3. Results and discussion
3.1. End-members characterization

Table 1 presents the dissolved element concentrations and the cor-
responding physicochemical parameters at the fluvial end-member
(NBL), and the marine end-member (SW). The physicochemical pa-
rameters of river water exhibited clear variations between low- and
high-flow conditions, with subsequent implications for contaminant
concentrations. During low-flow campaigns (I and II), pH values were
highly acidic (2.29-2.63), accompanied by elevated EC values (ca. 2.80
mS/cm) and high Eh values (550-567 mV). During the dry season,
reduced river discharge and limited freshwater input result in lower pH,
higher EC and increased element concentrations at the NBL site. In
contrast, under high-flow conditions (III, IV, and V), pH increased to less
acidic levels (2.94-3.41), while EC (0.74-1.51 mS/cm), Eh (440-517
mV) and element concentrations markedly decreased, reflecting the
greater influence of freshwater dilution.

In the Tinto River, Fe and Al dominate the metal concentrations
across the five sampling campaigns (Table 1). Iron concentrations were
consistently higher than those of Al, with a range of 1.4 to 2.6 times
greater. The concentrations of Cu, Zn, and Mn were approximately 7 to
10 times lower than those of Fe. Trace elements followed the order Zn >
Cu > Mn > Co > Ni > Cd > Pb > As. Localized anomalies were observed
during sampling III, particularly in the case of Pb, which reached un-
usually elevated concentrations compared to the other samplings, an
aspect further discussed in next sections. Overall, metal(oid)s were
predominantly present in the dissolved phase in the five samples (%D >
80), except for As in samples NBL-III and NBL-V, where the percentage

Table 1

Physicochemical parameters and chemical composition of the dissolved phase of
samples corresponding to the Tinto River end-member at Niebla (NBL) for the
five sampling campaigns, and the marine end-member (SW). Alk, alkalinity; n.a.
d., non-available data; d.l., detection limit.

NBL- NBL- NBL- NBL- NBL- SwW

1 I I v v
pH 2.63 2.29 3.03 3.41 2,94 8.14
EC mS/cm 2.83 2.84 1.18 0.74 1.51 57.3
Eh mV 567 551 459 440 517 238
Alk mg/L eq. 0.00 0.00 0.00 0.00 0.00 140

CaCOs3

Cl- mg/L 51.6 95.1 46.4 34.7 34.1 22,762
Br- mg/L 1654 1804 469 267 1107 75.7
SO0 mg/L 1544 1762 543 185 742 2905
Ca mg/L 68.5 82.4 24.0 12.6 32.0 351
K mg/L 6.39 6.90 27.3 6.37 9.53 446
Mg mg/L 87.2 95.9 32.7 12.4 44.1 n.a.d
Na mg/L 44.7 55.6 19.3 10.7 23.5 10,346
Fe mg/L 159 147 63.0 13.3 54.5 <d.L
Al mg/L 87.1 88.4 24.0 8.08 39.1 <d.L
Mn mg/L 8.83 9.20 2.79 0.83 3.45 1.98
Cu mg/L 17.0 17.1 6.01 1.61 7.59 <d.L
Zn mg/L 17.2 18.3 7.30 1.81 7.60 <d.L
Sr mg/L 0.22 0.30 0.07 0.04 0.10 8.17
Li ug/L 137 143 44.7 19.4 71.9 169
B ug/L n.a.d n.a.d 26.4 21.9 42.0 5534
Co ug/L 531 620 190 53.0 243 <d.L
Ni ug/L 118 130 32.2 13.0 44.2 0.84
As ug/L 35.5 21.5 7.67 1.09 3.01 1.70
Cd ug/L 73.4 75.9 29.4 7.76 33.3 <d.L
Ba ug/L 15.0 14.4 15.2 8.98 18.2 6.40
Pb ug/L 34.9 32.0 233 30.1 46.8 0.22
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in the dissolved phase was 40% and 63%, respectively. Previous studies
have similarly reported that metal(loid)s in the Tinto River are mainly
transported in dissolved form, although association with Fe-rich colloids
and other particulate phases may occur during high-flow conditions (e.
g., Canovas et al., 2012; Olias et al., 2020; Papaslioti et al., 2024). While
low-flow samples exhibit more acidic conditions and contain contami-
nants mainly in solution, high-flow samples are slightly less acidic and
show saturation indices for Fe oxyhydroxysulfates, mainly schwert-
mannite, close to equilibrium. This suggests that precipitation may
occur according to PHREEQC calculations, or that equilibrium condi-
tions were reached upstream, coupled with iron precipitation. In fact,
the high affinity of schwertmannite for As at acidic pH values is well
known in similar acidic environments worldwide (e.g., Carlson et al.,
2002; Fukushi et al., 2003; Asta et al., 2010; Parviainen et al., 2015),
which is consistent with the observed association of As with the par-
ticulate fraction in these samples, as discussed in later sections. Overall,
these results fall within the historical range of the Tinto River, charac-
terized by acidic pH and high sulfate and metal(oid) concentrations (see
Table SM1).

In contrast to the acidic fluvial end-member, the marine end-member
exhibits alkaline pH and high EC values (i.e., pH 8.14; 57.3 mS/cm),
presenting significant alkalinity (140 mg/L eq. CaCO3). The chemical
composition is dominated by major ions of marine origin (i.e., Cl~, Na™,
S07~, Ca%™, K*, sr?*, B*, Li*), while the concentrations of metal(oid)s
remain very low or below detection limits, highlighting the role of
seawater end-member as a key driver of dilution of metal(oid)s during

Table 2
Physicochemical parameters and chemical composition of the dissolved phase
(mean; median). Alk, alkalinity; n.a.d non available data, d.1. detection limit.
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estuarine mixing and/or promoting their precipitation due to pH
changes.

3.2. Estuarine physicochemical conditions and dissolved contaminant
concentrations

Table 2 shows the main physicochemical parameters and dissolved
chemical composition of the samples collected in the estuary, and Fig. 2
shows the fluctuations of the seawater fraction (SWf), water level, pH,
and EC during all samplings. Complete dataset for the estuarine samples
is provided in Table SM3.

The observed values are consistent with the reported ranges for
estuarine mixing conditions in previous studies (see Table SM1), except
for Pb, which will be discussed below. Oscillations of pH and EC
observed across the tidal cycles of all sampling campaigns (I to V) clearly
reflect the progression of tidal stages, exhibiting elevated values during
flood tides and diminished values during ebb tides (Fig. 2). Nevertheless,
pH and EC exhibit considerable variability between samplings. Elec-
trical conductivity values during low river discharge (I and II) reflect
stronger marine influence reaching similar values to those of seawater
(~50 mS/cm). Conversely, EC during high river discharge (III, IV and V)
reflects stronger riverine influence, exhibiting values ranging from 1.57
to 31.5 mS/cm. For low river discharge and high seawater proportion
(samplings I and II, SWf > 0.5), pH values fluctuate reaching neutral
values (pH~7) in flood tides. For high river discharge and low propor-
tion of seawater (samplings IIl and V, SWf < 0.5), pH values remained

in the samples collected in the Tinto River estuary during the sampling campaigns

1 I I v v
pH 4.00-6.29 (5.03; 4.92) 4.47-7.68 (6.33; 3.19-4.72 (3.60; 4.11-6.37  (5.19; 3.15-5.26 (3.87;
6.76) 3.34) 4.92) 3.41)
EC mS/cm 43.2-51.9 (47.7; 47.6) 43.7-53.0 (50.0; 1.57-25.5 (10.8; 1.95-16.9  (5.91; 5.41-31.5 17.8;
51.0) 7.98) 4.30) 15.5)
Eh mV 270-375 (324; 324) 221-318 (262; 268-450 (401; 190-349 (249; 261-504 (406; 457)
252) 438) 256)
Alk mg/L 0.00-23.0 (5.21; 2.50) 0.00-85.0 (36.3; 0.00-0.00 — 0.00-70.0  (11.0; 0.00-15.0 (0.63;
eq. 28.5) 0.00) 0.00)
CaCOs3
Cl- mg/L 13757-17236  (15569; 15357-20600 (18641, 267-10394  (4436; 428-5342  (1726; 1414-10557  (5803;
15493) 19153) 3430) 1162) 4902)
SO*  mg/L 2451-2757 (2627;2635) 2592-11481 (3128; 415-1361 (777 290-1052  (450; 762-1924 (1252;
2730) 675) 375) 1133)
Fe mg/L <d.1.-3.56 (1.12; 0.57) <d.l.-2.20 (0.34, —) 6.08-34.8 (22.2; 0.00-12.5  (4.86; 0.26-22.5 (8.60;
24.9) 5.05) 8.70)
Al mg/L <d1-11.8 (4.42; 3.41) <d.1.-9.70 (1.75; —) 3.55-21.2 (14.2; 0.00-10.9  (3.41; 0.66-30.0 (14.7;
16.1) 1.95) 16.6)
Mn mg/L 0.60-2.14 (1.39; 1.52) 0.13-2.00 (0.75; 0.00-1.98 (1.35; 0.37-1.21 (0.74; 0.84-2.82 1.77;
0.58) 1.60) 0.73) 1.87)
Cu mg/L 0.10-2.55 (1.21; 1.37) 0.03-1.31 (0.35; 1.01-3.69 (2.46; 0.01-2.07  (0.75; 1.21-5.54 (3.15;
0.14) 2.63) 0.65) 3.40)
Zn mg/L 0.75-3.46 (2.14; 2.19) 0.09-3.00 (1.01; 2.16-8.26 (5.34; 0.32-4.00  (1.94; 2.08-9.53 (5.06;
0.67) 5.57) 1.91) 5.27)
Sr mg/L 7.13-9.57 (8.39; 8.45) 7.40-10.4 (9.35; 0.15-3.64 (1.39; 0.22-2.33  (0.74; 0.70-4.98 (2.67;
9.50) 0.98) 0.53) 2.16)
Li ug/L 132-162 (147; 148) 143-175 (159; 32.5-96.2 (53.6; 12.0-71.2  (35.3; 56.8-114 (81.0;
160) 45.4) 34.9) 72,9)
B ug/L 3.16-4.01 (3.63; 3.61) 3.58-4.41 (4.07; 0.09-2.22 (0.85; 0.17-1.36  (0.53; 0.39-2.45 (1.40;
4.15) 0.62) 0.41) 1.18)
Co ug/L 29.1-87.8 (56.9; 57.8) 5.55-78.3 (30.7; 48.4-119 (86.6; 15.1-65.5  (36.2; 49.6-167 (100-107)
27.1) 93.0) 34.9)
Ni ug/L 10.1-23.4 (16.3; 16.4) 4.05-54.2 (12.4; 14.7-32.9 (23.7; 5.72-17.4  (11.6; 11.6-36.5 (22.5;
9.76) 24.9) 11.9) 23.1)
As ug/L 0.93-3.45 (2.21; 2.12) 1.26-20.3 (7.39; 0.93-4.47 (1.87; 0.73-9.14  (2.78; 0.34-1.69 (0.84;
3.04) 1.76) 2.79) 0.79)
Cd ug/L 7.60-14.4 (10.8; 10.5) 4.46-12.6 (7.69; 7.26-23.1 (15.6; 3.71-15.0  (8.53; 9.30-34.4 (19.9;
7.35) 16.9) 8.21) 38.1)
Ba ng/L 18.1-20.0 (19.2;19.2) 15.5-21.0 (18.8; 18.2-22.9 (20.5; 7.07-16.0  (13.7; 15.5-17.6 (16.7;
19.3) 20.7) 14.3) 16.7)
Pb ug/L 0.46-24.4 (11.1;12.2) <d.1.-25.9 (6.21; 98.8-442 (290; 0.05-41.3  (14.4; 7.57-70.2 (38.1;
1.58) 343) 11.00) 41.7)
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Fig. 2. Seawater fraction (SWf), river water fraction (RWf), water level, pH, and electrical conductivity (EC) recorded during the five sampling campaigns. Water

level data is not available for campaigns II and III.

consistently acidic without reaching neutrality. In contrast, sampling IV,
also with high river discharge, exhibited a pH range of 4.11-6.37,
comparable to that of sampling I (i.e., 4.00-6.29), despite the much
lower SWf recorded in IV (SWf < 0.3). Therefore, sampling IV represents
a distinct scenario, where high discharge coincided with diluted riverine
inputs, likely due to local intense rainfall dilution effect. Alkalinity tends
to increase during high tide, reaching their maximum during this phase.
At low tide, the higher proportion of acidic river water leads to a total
depletion of alkalinity. In sampling III, no alkalinity was detected in any
of the samples analysed, probably due to the low pH range recorded (i.e.,
3.2-4.3). Conversely, quantifiable alkalinity values were recorded in the
rest of the sampling campaigns (Table 2). The highest Eh values were
consistently recorded at ebb tide in all sampling campaigns.

The dissolved concentrations of the analyzed elements are presented
in Table 2, which summarizes their range, mean, and median values.
Complete datasets for each sampling campaign are provided in
Supplementary Material (Table SM3). Dissolved contaminants exhibited
similar behaviour over all the tidal cycles recorded in all samplings.
Dissolved concentrations reach their highest values during the ebb tide
when the river's influence is maximum (lowest SWf values), excepting As
that will be discussed later in the next section (Fig. 3). The influence of
hydrological conditions on the input of dissolved metal concentrations
becomes evident when comparing samplings upon different flow re-
gimes. During low-flow conditions (I and II), when SWf remained above
0.5 across all the samples, concentrations were lower. In contrast, during
high-flow conditions (IIl and V), characterized by SWf < 0.5, concen-
trations were consistently higher. Unlike the other high-discharge
campaigns, sampling IV (SWf < 0.3) constitutes an exception of this
trend, as intense rainfall diluted river inputs and led to markedly
reduced dissolved metal(oid) concentrations in the estuary. These

patterns highlight the combined influence of seawater mixing and
freshwater contributions in shaping estuarine metal(oid)s dynamics.
The higher the concentrations and acidity in the river end-member, the
greater the seawater fraction is required to neutralize acidity, dilute or
precipitate metal(oid)s (Fig. 3). Consequently, the observed decrease
pattern in dissolved contaminant concentrations results from the com-
bined effects of estuarine mixing and the initial geochemical charac-
teristics of the riverine input, consistent with findings from previous
research (e.g., Heidari, 2019; Hadikhani et al., 2024).

The relative abundance of dissolved metal(oid)s varied according to
river discharge conditions. Under low-discharge conditions, dissolved Fe
concentrations were similar to those of Cu, Zn and Mn, while Al domi-
nated, reaching values up to five times higher than Fe. Conversely,
during high-discharge conditions, Fe prevailed over Al, reproducing the
pattern observed in the fluvial end-member (Table 2, Fig. 3). This
pattern, and its geochemical significance, will be examined in more
detail in the next section. The trace metal and metalloid hierarchy
remained consistent across all campaigns, following the order Zn > Cu
> Mn > Co > Pb > Ni > Cd > As.

The concentrations of dissolved Pb in sampling III were, as in NBL-III,
six times higher than in the other samplings. Previous research con-
ducted in the Tinto and Odiel river basins indicates that, Pb often shows
a positive relationship with increasing river flow during rainfall events,
while the others tend to be diluted (e.g., Canovas et al., 2007; Moreno-
Gonzalez et al., 2022). Some studies have attributed the distinctive
behavior of Pb to the solubility control exerted by sulfate minerals (e.g.,
anglesite, Pb-jarosite) in AMD sources (e.g., waste dumps) and in
evaporitic sulfate salts precipitated during the dry periods along river-
beds (Harris et al., 2003; Canovas et al., 2007, 2010; Basallote et al.,
2019). Other works have proposed that Pb is released through
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Fig. 3. Dissolved concentration of contaminants with seawater fraction (SWf).

desorption or transformation of Fe oxyhydroxysulfates (Acero et al.,
2006; Sarmiento et al., 2009; Ram et al., 2021). Canovas et al. (2010)
also observed a shift in Pb behaviour in the upper Tinto River at the end
of an evaporitic salt washout, which they attributed to the dominance of
schwertmannite precipitation over jarosite, thereby decreasing Pb

affinity through coprecipitation or adsorption into jarosite. Given that
sampling III was performed following a brief drought and subsequent
rainfall (Fig. SM2), it is plausible that the observed Pb pattern reflects
the late stages of an evaporitic salt washout. However, further explo-
ration is required to elucidate the implications of such events within the
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Fig. 4. Results obtained from the Principal Component Analysis (PCA).
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Tinto River estuary as Pb is considered a concerning PTE. These findings
highlight the need for continuous monitoring of estuarine mixing zones,
particularly after rainfall events, to better assess contaminant fluxes
reaching the Atlantic Ocean.

To study relationships among samples and variables, various Prin-
cipal Component Analysis (PCA) of the results has been conducted.
Given that certain variables do not demonstrate a normal distribution,
Spearman's correlation matrix has been utilised for the PCAs (Davis,
2002). The PCA including samples from all five sampling campaigns
(Fig. 4), explained 85.1% of the variance in the first two components
(PC1 =63.2%, PC2 = 21.9%). Clear groupings of samples were observed
based on the river flow regimes. Samples corresponding to low-flow
conditions (samplings I and II) were grouped in the upper right quad-
rant, suggesting a relatively homogeneous chemical composition under
low river discharge conditions. Otherwise, high-flow samplings IIl and V
formed distinct clusters in the top left quadrant, while sampling IV
exhibited a different pattern, clustering in the bottom left quadrant. The
PC1 reflects a fluvial-to-marine gradient, with increasing marine influ-
ence toward the right, whereas PC2 captures differences in contaminant
concentration, decreasing from top to bottom. The low position of
campaign IV in this space supports its interpretation as a high-flow event
marked by rainfall-induced dilution of dissolved metals. These results
suggest that the observed variability in chemical composition among
sampling campaigns is strongly influenced by the hydrological regime.
Moreover, high-flow events can trigger distinct geochemical responses.
Similarly, in the individual PCA sample grouping was largely controlled
by the relative contribution of marine and fluvial end-members, as
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reflected by PC1, which explained more than 90% of the total variance
in each analysis (Fig. SM4). This pattern supports the previous results
highlighting that tidal dynamics exert a strong short-term control over
the composition of the Tinto estuary consistent with findings from other
contaminated estuaries (e.g., Nascimento et al., 2021; Cereja et al.,
2022).

3.3. Pollutant behaviour during the mixing

The evolution of total (dissolved + particulate) versus dissolved
concentrations of some pollutants during the mixing process between
acidic river water and seawater across the tidal cycles recorded in the
five samplings is shown in Fig. 5 and Fig. SM5. The elemental concen-
trations are also expressed as relative percentage in the dissolved phase
with respect to the total concentration (%D) to evaluate their parti-
tioning. The results show that sulfate, Zn, Co, Ni, and Cd were pre-
dominantly found in the dissolved fraction (%D > 80) through the five
samplings (e.g., Zn in Fig. 5), mostly suggesting a quasi-conservative
behaviour during the tidal cycles. The decrease in their total concen-
trations may be primarily associated with the seawater dilution effect,
having minimal involvement in mineral precipitation and sorption
processes as described in previous studies (e.g., Pérez-Lopez et al., 2023;
Papaslioti et al., 2024). Conversely, Fe, Al, Cu, Pb and As exhibit a non-
conservative behaviour pattern during tidal cycles (Fig. 5). These metal
(oid)s undergo changes in phases distribution during tidal variations,
with a general reduction in their proportion in the dissolved fraction
during flood tide when marine influence reaches its maximum.

.
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Consequently, the particulate concentration of these metal(oid)s tends
to increase during this tidal phase. The decrease in their total concen-
trations appears to be due not only to marine dilution, but also to
mineral precipitation processes that control their solubility.

In samplings I, II, IV and V, dissolved concentrations of Fe and Al
dropped abruptly under detection limits during high tides. In contrast,
their total concentrations, despite experiencing a significant decrease
due to marine dilution, remain above the detection threshold. This
divergence implies a change in the phase distribution, with a decrease in
dissolved phase from initial values of 80-90% at the beginning of the
rising tide to 0-20% when the pH peaks, observing a high positive
correlation between Fe-Al removal and pH. During the estuarine mixing,
iron is removed from solution earlier than Al as reflected in Fig. 5 by the
grey shading representing the dissolved percentage. This sequential
precipitation is attributed to the different geochemical behaviour of Fe
and Al under varying physicochemical conditions. Iron may precipitate
at pH ~ 2.5-4.0, likely as schwertmannite [FegOg(OH)(SO4)-nH20],
whereas aluminium precipitates at higher pH (~4.5-6.5), likely as
basaluminite [Al4(SO4)(OH);¢-4-5H20], once Fe(Ill) removal is com-
plete, which agrees with other studies (e.g., Lozano et al., 2020; Pérez-
Lopez et al., 2023). In fact, according to the saturation indices obtained
in PHREEQC, samples above pH 4, predominantly during high tide, were
supersaturated with regard to schwertmannite and basaluminite
(Table SM6; Fig. SM6). Otherwise, these precipitation processes are less
noticeable in sampling III where Fe and Al were mainly in the dissolved
phase (%D > 70). This is likely attributable to the lower variability in
pH, with values only exceeding 4 in six samples during the high tide
(Fig. 5).

The sequential precipitation of Fe and Al can also explain the relative
higher abundance of Al over Fe during low-discharge periods in the
estuary. During the first stages of the mixing Fe may have precipitated in
the upper part of the estuary, upstream of the sampling point, while Al
remained in solution. Conversely, reduced water residence time and
lower pH range during high river discharges can limit the precipitation
of Fe, allowing a larger fraction to remain in the dissolved phase until it
reaches the sampling point, hence favouring Fe solubility.

A similar pattern is followed by Pb and Cu, which significantly
reduce their proportion in the dissolved phase during flood tides when
pH is above 5, as evidenced by samplings L, Il and IV (Fig. SM5). In this
case, no oversaturation with respect to mineral phases containing these
metals was observed in PHREEQC modelling and their removal could
therefore be attributed to adsorption and/or coprecipitation processes
onto Fe and Al mineral phases (Lozano et al., 2020; Montecinos et al.,
2022). Compared to Pb, Cu exhibits higher mobility: when its dissolved
fraction decreases to ~ 20%, Pb is almost entirely removed from solu-
tion. This different trend is more evident in campaign II, where pH > 6.5
and higher SWf values were recorded. Under these conditions, Cu
showed a singular behaviour, with its dissolved fraction remaining
above 40% during both high tides, likely due to the formation of soluble
Cu-chloride complexes (Hierro et al., 2014a; Abdou et al., 2022).
PHREEQC speciation results supports this fact, identifying CuCl; as a
dominant species under these conditions.

Arsenic exhibited a non-conservative “on—off” behaviour throughout
the tidal cycles, being initially retained and later released back into
solution. Under low-flow conditions (samplings I and II), As was initially
removed from the dissolved phase during the rising tide. When pH
values exceeded 6, however, a sharp release of As back into the dissolved
phase was recorded. This effect was especially marked in flood-tide
samples of campaign II, where dissolved concentrations nearly
reached 100%, approaching those of the river end-member ([As] NBL-II
= 21.5pg/L) (Figs. 3 and 5). In contrast, during high-flow samplings (III,
IV, and V), As remained predominantly associated with the particulate
fraction at both high and low tides. During high-flow conditions, the
predominance of As in the particulate fraction is consistent with inputs
coming from upstream reaches, where Fe minerals already carrying
adsorbed As are transported into the estuary. This interpretation aligns
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with observations of Papaslioti et al. (2024), who reported that post-
rainfall events enhance the transport of As bound to Fe-rich particles
from the Tinto River. In sampling IV, the “on-off” pattern reappeared
under flood tides with pH values above 6, resulting in a measurable
increase in the dissolved fraction.

The “on-off” behaviour of As likely reflects sorption-desorption
dynamics controlled by As speciation and the stability and surface
properties of newly-formed Fe precipitates, mainly schwertmannite (e.
g., Carrero et al., 2015; Alarcon et al., 2014; Antelo et al., 2021; Pai-
karay, 2021; Schoepfer & Burton, 2021; Park et al., 2023; Pérez-Lopez
et al., 2023). The arsenic speciation derived from PHREEQC modelling
in this study indicates a predominance of As(V) oxyanions (HoAsO4 and
HAsOZ%") for the entire pH range. Under acidic conditions, schwert-
mannite exhibits a positive surface charge, thereby elucidating its pro-
nounced affinity for As. However, when the pH exceeds the
schwertmannite point of zero charge (PZC) (approximately between pH
6 and 7; Burton et al., 2009; Antelo et al., 2012; Carrero et al., 2017; Shi
et al., 2021), the sorption sites become negatively charged, which gen-
erates electrostatic repulsion with the previously adsorbed As species
(“on”) and causes its desorption (“off”). Consequently, this suggests that
almost the total concentration of As coming from the Tinto River is ul-
timately discharged into the Atlantic Ocean together with the conser-
vative elements.

3.4. Suspended particulate matter (SPM)

FESEM-EDX analyses revealed distinct variations in the SPM
composition between different tidal coefficients and under varying
discharge conditions. Under low-flow (I and II), ebb tide samples were
dominated by Fe oxyhydroxisulfates, occasionally with traces of sorbed
(hereafter used as a general term including adsorption and co-
precipitation processes) Pb and As (Fig. SM7A). Among these phases,
a mineral phase with the characteristic “pin-cushion” morphology and
composition typical of schwertmannite was observed (Fig. SM7B),
consistent with PHREEQC results (Table SM6 and Fig. SM6). On the
other hand, samples collected during flood tides contained preferen-
tially Al precipitates occasionally associated with Cu, which probably
correspond to basaluminite (Fig. 6A), also in agreement with the
modelled SI calculations. Additionally, flood tide samples contained
abundant marine microorganisms, comprising centric and pennate di-
atoms, along with rod-shaped bacterial forms embedded within mineral
aggregates (Fig. SM7C-E). In contrast, high-flow campaigns (I, IV, V)
were characterized by abundant Fe minerals, likely schwertmannite,
which sorbed Pb and As throughout the tidal cycles (Fig. 6B-C and
SM7F-G). Compared to Fe, Al minerals were scarce whereas barite and
detrital components, including clays and aluminium silicates, were
abundant. No evidence of marine microorganisms, like diatoms, was
detected under high-flow conditions.

The SPM concentration in the analysed samples is represented in
Fig. 7. Maximum concentrations are reached during ebb tides, when
fluvial influence dominates, and then decrease abruptly during the early
stages of the flood tide. During the subsequent tidal rise, SPM concen-
trations show a slight increase with SWf, suggesting in situ precipitation
during estuarine mixing, sediment resuspension and/or tidal advection
of particulate material toward the sampling site (Verney et al., 2024).
These patterns indicate that SPM fluctuations are modulated by the tidal
stages and reflect the interplay between physical transport from up-
stream areas and spatial trends in mineral precipitation during the
mixing process (Zhang et al., 2015).

The bulk composition of SPM is shown in Table 3. The SPM is pri-
marily composed of Fe and Al, as expected by their previously discussed
hidrogeochemical behaviour. The remaining elements follow the rela-
tive abundance order: Cu > Pb > As > Zn > Mn > Ni > Co > Cd. Across
the three sampling campaigns, particulate concentrations show clear
relationships with the physicochemical gradients, with broadly consis-
tent patterns in campaigns III and V (Table SM8). In both campaigns,
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Fig. 6. Representative FESEM images of SPM: (A) basaluminite-like particles with sorbed Cu in sample I-14, (B) schwertmannite-like “pin-cushion” aggregates in
sample IV-22, (C) schwertmannite-like particles with sorbed As and Pb in sample III-7, and (D) selected EDX spectra of points of interest.
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Fig. 7. Suspended particulate matter (SPM) concentration evolution during tidal cycles and with SWf for sampling campaigns III, IV, and V.

most metal(oid)s (e.g., Fe, Mn, Co, Cd, As, Pb) display strong negative
correlations with pH, EC, and SWf, along with positive relationship with
Eh, whereas Al and Cu exhibit the opposite pattern. These results sup-
port the interpretations outlined in the previous section concerning the
sequential precipitation of Fe and Al. As pH rises during early stages of
riverwater-seawater mixing upstream, prior Fe precipitation occurs,
which scavenges other contaminants. These Fe-rich precipitates likely
sedimentate before reaching the sampling point, thus reducing their
concentrations in the SPM as the marine influence increases down-
stream. Whereas Al and Cu become incorporated into the SPM under
more advanced mixing conditions downstream in samplings III and V,
patterns in campaign IV are more variable, exhibiting weaker and
sometimes even opposite correlations for elements such as Al, Zn or Cu.

10

Iron, Al, Pb and Cu consistently exhibited the highest Kd values
(Table 4), confirming their strong partitioning into the particulate
phase. Conversely, Zn, Mn, Co, Ni and Cd showed relatively lower Kd
values, indicating a greater tendency to remain in the dissolved phase,
except in sampling IV where comparably higher values were observed
(Table 4). A plausible explanation is that the low seawater influence
during sampling IV (i.e., SWf < 0.3 across all samples, Fig. 3) resulted in
reduced ionic strength and lower concentrations of competing cations
such as Nat, Ca®", and Mg?*. Consequently, the decreased competition
for reactive sorption sites on Fe and Al oxyhydroxides likely enhanced
the affinity of these phases for trace metal adsorption (Achterberg et al.,
2003; Duc et al., 2013). Arsenic showed the greatest variability, with
high and low values (Table 4), possibly associated to its “on-off”
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Table 3

Suspended particulate matter (SPM) concentration of selected samples in mass per unit.
Sample pH Fe Al Cu Pb As Zn Mn Co Ni cd Ba

mg/g ug/g

1II-6 4.70 97.8 37.1 644 1078 <d.l. 202 60.2 3.18 5.59 0.35 122
1I-12 3.37 160 8.01 340 1413 <d.l. 265 142 8.01 6.94 0.97 329
11-14 3.23 157 10.9 443 2452 <d.l 343 157 9.00 13.14 0.78 631
III-16 3.20 162 10.6 420 2401 1297 204 151 8.23 9.49 0.73 647
1I1-22 3.20 229 9.86 455 1186 765 102 157 9.80 <d.l 1.73 246
V-2 4.88 89.0 34.0 2250 851 460 488 161 10.7 17.13 1.30 202
V-9 6.28 84.5 20.2 1633 724 470 1158 140 12.5 4.49 2.48 112
Iv-12 4.90 97.7 30.3 1509 814 409 314 153 8.92 12.76 1.05 224
1V-16 4.18 79.4 17.3 867 753 358 161 158 11.4 39.65 1.81 138
1v-23 5.55 89.0 28.5 1367 779 428 319 112 7.59 8.67 0.82 234
V-3 5.12 68.8 90.2 967 83.2 <d.l 152 15.7 1.47 3.29 0.21 4.76
V-9 3.22 498 9.21 448 164 <d.l. 236 103 5.91 1.61 0.76 32.9
V-14 4.84 97.5 125 1518 129 <d.l 226 321 1.87 2.33 0.31 11.0
V-16 4.74 94.1 40.2 698 101 <d.l. 72.8 24.6 1.58 <d.l 0.29 19.5
V-21 3.20 277 9.07 379 146 <d.l 120 66.0 3.58 2.66 0.39 30.8

Table 4

Partition coefficients of metals (Kd, L/kg) range in estuarine samples from sampling campaigns III, IV, and V (mean; median). Kd values could not be calculated when
particulate concentrations were below the detection limit and are therefore reported as < d.1.

(L/kg) 1 v A\

Kd Li <d.l - 328 (251; —) 419-728 (520; 470) (520; 470) —

Kd Al 480-10471 (2518; 542) 1651-454329 (96864; 10411) 330-53643 (22786; 7509)

Kd Mn 80.1-60207 (12112; 88.0) 133-306 (186; 163) 15.5-46.4 (27.8; 25.2)

Kd Fe 5056-16089 (8017; 6686) 6343-14035831 (2817317; 15370) 14957-60193 (40493;40506)

Kd Co 62.2-91.3 (79.6-84.0) 184-645 (296; 190) 23.3-44.6 (30.3; 26.2)

Kd Ni <d.1-475 (373; 352) 598-2419 (1143; 904) <d.1-230 (134; 127)

Kd Cu 120-620 (230; 139) 433-93223 (19927;1731) 73.8-999 (459; 384)

Kd Zn 12.9-93.4 (46.8;50.0) 42.2-1822 (469; 146) 14.8-93.9 (46.3; 32.9)

Kd As 0.40-458138 (149601; 0.80) 46822-342068 (154091; 137076) 0.66-1.67 (1.27;1.32)

Kd cd 1.66-4.35 (2.89; 3.09) 42.4-4773 (1001; 67.7) 5.91-24.4 (15.8;17.3)

Kd Ba 6101-29749 (18154; 15412) 8518-15580 (12153; 12605) 281-1995 (1189; 1214)

Kd Pb 2988-10916 (5925; 5443) 196371394038 (312560; 44449) 2220-9982 (5660; 6079)
behaviour. River to the estuary and ultimately to the ocean, dissolved metal(loid)s

In general, Kd values (Table SM8) increased with pH, EC and SWf for
most elements analyzed, indicating a greater affinity for the particulate
phase under more marine conditions. Nickel, Co, Mn, and As deviate
from this general behaviour, showing markedly different correlation
patterns depending on the hydrological context. These exceptions likely
reflect the more complex speciation, sorption behaviour, redox sensi-
tivity or dependence on other factors (e.g., ionic competition, organic
matter and SPM particle size) for these elements, which can lead to
distinct partitioning mechanisms under varying estuarine mixing con-
ditions (Eliott et al., 2011; de Caravalho et al., 2021; Ferreira et al.,
2024).

4. Environmental implications

To quantify the contaminants that were exported from the Tinto

loads were estimated for the five sampling campaigns following the
methodology described by Olias et al. (2006). Estimated loads were then
compared with the average values reported for the 1995-2003 and
2017-2018 periods (see Table 5; Olias et al., 2006, 2020). The dissolved
loads transported by the Tinto River show marked variability associated
with the hydrological regime. Daily loads calculated for high-flow epi-
sodes (samples ITI-V) exceed the daily averages reported by Olias et al.
(2006, 2020) for the 1995-2003 and 2017-2018 periods. For instance,
the maximum values recorded in this study for Fe (87.6 t/day), SO?{
(754.6 t/day) and Zn (10.1 t/day) are several times higher than the
historical averages. This fact confirms that flood events represent the
periods of maximum gross export of pollutants, highlighting the neces-
sity for targeted monitoring under these conditions.

The partitioning patterns observed indicate that non-conservative
elements such as Fe, Al, Cu, and Pb have a marked tendency to be

Table 5
Calculated Tinto River dissolved loads from this study and average of 1995-2003 and 2017-2018 periods.
SO, Fe Al Mn Cu Zn Co Ni As cd Pb
t/day kg/day
1 (low flow) 0.17-1.51  0.02-0.16  0.01-0.09  0.00-0.01  0.00-0.02  0.00-0.02  0.06-0.52  0.01-0.11  0.00-0.03  0.01-0.07  0.00-0.03
11 (low flow) 0.19-1.72  0.02-0.14  0.01-0.09  0.00-0.01  0.00-0.02  0.00-0.02  0.07-0.61  0.01-0.13  0.00-0.02  0.01-0.07  0.00-0.03
III (high flow) 507-755  58.8-87.5 22.4-33.3  2.60-3.87 5.61-8.35 6.81-10.1 177-263  30.1-44.8 7.16-10.6  27.4-40.8  218-324
IV (high flow) 378-863  27.2-62.0 16.5-37.6 1.69-3.85 3.30-7.51 3.70-8.44 108-247  26.4-60.4 2.23-5.10 15.8-36.1 61.5-140
V (high flow) 370-539  27.2-39.6 19.5-28-  1.72-2.51 3.79-552 3.79-552  121-176  22.1-32.2 1.50-219 16.6.24.2  23.3-34.0
4
1995-2003 (Olias et al., 100 13.9 3.35 0.45 1.28 2.36 23.8 6.03 34.0 10.7 40.5
2006)
2017-2018 (Olias et al., 135 13.6 7.11 0.64 1.52 1.87 41.1 8.22 9.86 5.75 41.1
2020)
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incorporated into suspended particulate matter as marine influence in-
creases. This process reduces their effective export to coastal waters
while favouring their accumulation in estuarine sediments. The net flux
to the ocean may decrease by up to 100% for Fe, Al, and Pb, as suggested
by their dissolved fractions (%D) and Kd values during seawater mixing,
which point to near-complete retention within the estuary. In contrast,
the reduction in Cu flux is expected to be more limited since, under high
seawater fractions, a portion of dissolved Cu can form stable chloride
complexes and behave quasi-conservatively.

In contrast, elements with more conservative behaviour — namely,
Mn, Co, Ni, Zn, and Cd - show limited retention in SPM within the pH
range recorded in this study. Consequently, a substantial portion of their
loads may be transported directly to the Atlantic Ocean or undergo
partial attenuation and accumulate in the outer estuary, where pH
values exceed 7.5 and can favour their incorporation into sediments.
Arsenic, displaying its characteristic “on-off” behaviour, is expected to
be exported mainly during high tide through desorption from schwert-
mannite, implying that the dissolved load delivered by the river ap-
proximates the effective net flux to the ocean.

Additionally, high river flow conditions may also potentially
enhance the transport and deposition of metal-rich particles in the
middle and outer areas of the estuary, while low-flow conditions would
favour their accumulation in the upper estuary (Coates-Marnane et al.,
2016). This accumulation poses a potential long-term risk, as remobi-
lisation may occur under changing redox or pH conditions, or even
anthropogenic activities. In this sense, the port of Huelva, located in the
outer estuary, carries out periodic dredging to condition the channel for
cargo ships. If metal-rich sediments indeed reach the estuary channel,
their dredge-induce remobilization may potentially cause sudden
changes in equilibrium conditions which could end up releasing met-
alloids back into the aquatic environment and even into the ocean,
posing great concerns for the environmental management of the outer
estuary section (Sanchez-Moyano et al., 2025). Further research should
aim at in-dept characterization of sediment transport processes in the
Ria de Huelva Estuary (e.g., turbidity spatial profiles and its relationship
with metal-rich SPM).

The results obtained provide an unprecedented level of detail in
assessing the dynamics of AMD-derived contaminants in the Tinto River
estuary and their potential transfer to the Atlantic Ocean. The fixed-
station, high-temporal-resolution sampling strategy employed proves
to be a valuable tool for highly variable systems such as AMD-impacted
estuaries, where diurnal and fortnightly tidal cycles induce abrupt
fluctuations in pH, conductivity and elemental composition. These
abrupt fluctuations may have a significant increase of pollutant expo-
sure to aquatic organisms, leading to bioaccumulation of metals along
the trophic chain.

Unlike spatial sampling, which relies on boat-based surveys and is
constrained by tidal windows and estuarine navigability, fixed-station
sampling captures the full transition from low to high tide without
interruption. This approach ensures an accurate characterization of
phase transitions (dissolved—particulate), pollution pulses and sorption
processes that occur during estuarine mixing. This strategy is particu-
larly advantageous for characterising short-lived but environmentally
significant events, such as floods, storms, or one-off discharges, that
often go undetected in conventional monitoring programmes. The main
limitation is the restricted range of seawater fractions recorded: under
low-flow conditions, SWf values range between 0.5 and 1.0, whereas
under high-flow conditions SWf values are predominantly below 0.5.
Nevertheless, this constraint does not compromise the interpretation of
the underlying processes, as daily tidal variations are fully captured,
allowing each phase of the tidal cycle to be accurately linked to the
sampling events and the resulting geochemical response.

5. Conclusions

This study provides the first tide-resolved and hydrologically
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contrasted characterization of metal(loid) dynamics in the AMD-
impacted Tinto River estuary, demonstrating that element-specific
geochemical behaviour is controlled by the interaction between tidal
forcing and river discharge, which modulates physicochemical gradi-
ents, mineral precipitation, and particulate-dissolved partitioning, ul-
timately governing contaminant retention and export. The high-
frequency sampling approach further resolves variability at daily and
fortnightly tidal scales, advancing the understanding of estuarine
geochemical functioning.

Across all campaigns, daily tidal cycles induced sharp fluctuations in
physicochemical parameters and dissolved metal(oid)s concentrations.
Low tides consistently recorded peaks in dissolved contaminants due to
the dominance of acidic fluvial water, whereas flood tides, and associ-
ated pH increases, enhanced the transfer of non-conservative metal(oid)
s (i.e.,, Fe, Al, Cu, As, and Pb) to the particulate phase, mainly
schwertmannite and basaluminite, thereby reducing their mobility and
bioavailability. However, quasi-conservative elements (i.e., Zn, Mn, Co,
Ni and Cd) have a minimal participation in sorption processes in the
recorded physicochemical conditions, thus being efficiently net-
transported to the coast.

Arsenic, previously sorbed onto schwertmannite under more acidic
conditions, is desorbed when pH exceeds 6 due to electrostatic repulsion
above the mineral’s point of zero charge, underscoring a significant risk
of enhanced As net flux to coastal waters. Lead also displayed a singular
behaviour, with unusually high dissolved concentrations under specific
high-flow conditions, likely governed by sulfate-mineral solubility
control (e.g., anglesite or jarosite). Given its toxicity, this response
warrants further investigation.

The mineralogical and geochemical evidence (FESEM observations
and PHREEQC modelling) suggest the sequential precipitation of
schwertmannite followed by basaluminite, a process that shapes the
composition of SPM. The SPM seems to form primarily during early
estuarine mixing, when initial pH increases trigger rapid precipitation;
subsequently transported and locally regenerated through in situ pre-
cipitation and/or sediment resuspension. This sequence provides a
mechanistic framework for understanding particulate formation and
transformation in acidic estuarine environments.

Some limitations should be acknowledged. The fixed-station sam-
pling design does not resolve the full estuarine mixing gradient, and the
dataset is biased towards marine-dominated conditions during low-flow
and fluvial-dominated conditions during high-flow. Future studies could
address this limitation by combining fixed-point monitoring with
simultaneous upstream and downstream sampling stations to capture
the complete salinity gradient.

Notwithstanding these constraints, this study provides a process-
based framework that is broadly applicable to other AMD-impacted
estuarine systems worldwide. The identified geochemical processes
and their coupling with tidal and hydrological dynamics offer a baseline
for evaluating how climate-driven changes (e.g., sea level rise, hydro-
logical variability), accidental pollutant spills (e.g. mine/industrial
tailings rupture), and promising anthropogenic interventions at
contaminant sources (e.g., mining remediation, industrial wate resto-
ration) may alter estuarine mixing and pollutant export to coastal
waters.
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