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Editor: Manuel Esteban Lucas-Borja Our study aimed to identify specific pollution signatures in marsh sediments using geochemical tracers in the
highly polluted Odiel-Tinto Estuary prior to a planned restoration of the affected marshes. Tidal marshes in this
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phosphogypsum stacks) and agricultural runoffs. We analysed the total concentrations of 48 chemical elements,
PH, electrical conductivity, redox potential and texture of surface sediments from six marsh areas in the Odi-
el-Tinto Estuary and one in the adjacent Piedras Estuary. Spatial distribution maps were created using inverse
distance weighting to visualise the distribution of elements associated with different pollution sources. We
identified a specific pollution signature for PG stacks that distinguishes metal exposure from the other pollution
sources in the Odiel-Tinto Estuary, such as acid mine drainage near mining waste deposits, an abandoned
foundry and areas under intensive agricultural cultivation. Our results provide a valuable tool for discriminating
between pollution sources, quantifying the most impacted areas of the salt marsh, assigning responsibility to the
various polluting entities within the estuary, and setting a starting point to evaluate the impact of the RESTORE
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2030 restoration plan in the Odiel-Tinto Estuary. The specific sediment pollution signatures identified may also
be used as a reference to determine the impact of future interventions on existing pollution sources in estuaries or
marshes polluted with phosphogypsum.

1. Introduction

There is cumulative evidence linking industrial and mining envi-
ronmental pollution with health problems, specifically cancer, cardio-
vascular and respiratory diseases (Briffa et al., 2020). Huelva, a city of
150,000 inhabitants, has high cancer and heart disease mortality rates
for both men and women as compared to the rest of Spain (Alguacil
et al,, 2014; Benach et al., 2003; Lopez-Abente et al., 2001). For
instance, the Spanish National Atlas of Mortality shows significantly
higher standard mortality ratios in the city of Huelva over the period
1989-2014 among both men and women for bladder cancer, cerebro-
vascular diseases, acute myocardial infarction, heart failure and other
heart diseases, in addition to breast cancer in women) and lung cancer in
men (Martinez-Beneito et al., 2024). Environmental pollution may be
one of the factors predominately responsible for the excess mortality
observed in Huelva city (Alguacil et al., 2014).

In this public health context, Huelva city lies next to the Odiel-Tinto
Estuary in the southwestern Iberian Peninsula on the Gulf of Cadiz. This
estuary is recognised as one of the most heavily polluted in the world
due to a multitude of factors including industrial and mining pollution
(Morillo et al., 2008; Sdenz et al., 2003). A confluence of stressors gives
the region unique characteristics. The Iberian Pyrite Belt, situated in
southwest Iberia, ranks as one of the world's most significant poly-
metallic sulphide mining districts (Leistel et al., 1998; Pérez-Lopez et al.,
2023). The Odiel and Tinto Rivers drain the region from north to south,
carrying large amounts of metals and metalloids to the Odiel-Tinto Es-
tuary (Blasco et al., 2000; Santos Bermejo et al., 2003). Significant acid
mine drainage (AMD) has occurred for centuries, while large quantities
of industrial pollutants have been discharged from various chemical
factories since the mid-1960s. Additionally, intensive agricultural
practices implemented in the late 1970s have resulted in agrochemical
runoff entering the estuary from surrounding farmland (Barba-Brioso
et al., 2010). In terms of mass, the most significant pollution problem in
the Odiel-Tinto Estuary is phosphogypsum (PG), as roughly 100 million
tonnes are currently stored in stacks located on the estuary itself. A
waste product from fertilizer production, the PG was stockpiled on un-
consolidated salt marsh sediments over a period of 42 years
(1968-2010) and now covers 1200 ha in the Tinto marshes (Silva et al.,
2022). The PG originates from phosphate rock, which carries trace el-
ements that concentrate within the stacks (Renteria-Villalobos et al.,
2010). These stacks contain a multitude of pollutants, such as organic
substances, metals, natural radionuclides from the 238U decay series and
other potentially toxic elements (P, S, F, NH4+, Fe, Zn, U, Cr, Cu and Cd)
and natural radionuclides from the 238U decay series, including the
highly radiotoxic 22°Ra, 21°Po and 2!°Pb (Lieberman et al., 2020; Pérez-
Lopez et al., 2010).

Following a social movement spurred by environmental and health
concerns over the proximity of PG stacks to Huelva city, less 500 m, the
stockpiling of PG from fertilizer factory activities ended in December-
2010 after a judicial complaint. Judiciary authorities also demanded
the fertilizer company create a restoration plan for the affected marshes.
Despite having been approved by governmental authorities, the pro-
posed plan—called RESTORE 2030 (RESTORE2030, 2020)—has not
been approved by the judiciary authorities. An independent committee
of national scientific experts coordinated by the University of Huelva
concluded that the RESTORE 2030 plan was not adequate to achieve a
complete restoration, though it could be a good place to begin while a
definite solution is found (Scientific committee, 2022). Baseline data on
the impact of the PG stacks would be needed to evaluate the progress of
the restoration, including, but not limited to, the impact on the

Odiel-Tinto Estuary sediments, taking into account the impact of other
active metal pollution sources.

Several studies have investigated the concentration of metals in the
sediments of the Odiel-Tinto Estuary, focusing primarily on two key
aspects: understanding the processes that govern metal behaviour and
pinpointing the areas with the highest levels of contamination (Borrego
et al., 2022; Elbaz-Poulichet et al., 1999). Tidal marshes were found to
be more contaminated compared to other sedimentary environments
like channel margins and subtidal channels. Estuaries and tidal marshes
act as natural filters for a wide range of pollutants, including organic
compounds, metals and even radioactive isotopes, originating from both
point sources and non-point sources (Li et al., 2022; Nie et al., 2018).
Once within estuaries, pollutants may undergo partial or complete
mixing within sediments but can also segregate into specific zones along
the estuarine gradients (Beltran et al., 2010; Santos Bermejo et al.,
2003). This segregation is influenced by the chemical and physical
properties of the pollutant, changing environmental conditions within
the estuary (particularly pH, salinity and redox potential) and in-
teractions between these factors (Hierro et al., 2014a). Given these
complexities, identifying appropriate geochemical tracers is crucial for
pinpointing the specific sources of pollution impacting tidal marshes.
The PG stacks function as an anthropogenic coastal karst aquifer,
allowing for hydraulic connection between the sea, groundwater flow
and the underlying sediments, leading to active subsidence (Carro et al.,
2021; Gonzalez, 2022). Additionally, highly concentrated contaminants
are released into the estuary via acidic edge outflows (i.e. small streams)
emanating from the PG stacks (Millan-Becerro et al., 2023; Pérez-Lopez
et al., 2016).

Although comprehensive studies have been conducted on the spatial
distribution of heavy metals in other highly polluted locations, the
specific pollutant profiles affecting the tidal marshes of this anthropo-
genically polluted estuary have not yet been characterised in detail
(Dong et al., 2024; Liu et al., 2024; Sun et al., 2025). These spatial
distributions and environment risk assessments are extremely important
for the management and future remediation of this site. As the excess
mortality in the Huelva area is compatible with industrial and mining
metal pollution and there are multiple exposure sources, it is important
to investigate the depositional signatures of heavy metals and metalloids
specific to the different pollution sources. Biomonitoring can help assess
the potential health risks to Huelva citizens and to the ecosystem. We
investigated the spatial distribution of sediment pollution originating
from various sources to identify pollution depositional signatures in the
Odiel-Tinto Estuary, which is critical to assess the impact of future in-
terventions such as RESTORE 2030.

2. Materials and methods
2.1. Study area

We conducted this study in six low-middle tidal salt marsh areas in
the Odiel-Tinto Estuary (A1-6) and one tidal salt marsh in the estuary of
the Piedras River (A7), situated in Huelva Province, Spain. These estu-
aries are located on the Gulf of Cadiz in the Southwest Iberian Peninsula
(Fig. 1). The region has a Mediterranean climate influenced by the
Atlantic Ocean with mild, humid winters (mean air temperature is 11 °C
in January; average annual precipitation is 505.6 mm) and warm, dry
summers (mean air temperature is 25 °C in August with almost no
rainfall). The salt marshes in the study area are flooded twice a day by
semi-diurnal mesotidal tides (tidal range [equinoctial mean] of 2.97 m;
Figueroa et al., 2003). The bedrock in the Odiel and Tinto basins
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primarily consists of Palaeozoic volcanic and sedimentary rocks rich in
pyrite (FeSy) and other sulphide minerals (Achterberg et al., 2003).
Presently, the tidal marshes in the Odiel-Tinto Estuary are being
polluted with metals coming from AMD (Beltran et al., 2010; Santos
Bermejo et al., 2003). These salt marshes also receive acid discharges
and a significant radioactive impact from industrial point sources and
their waste deposits (e.g. PG stacks; Guerrero et al., 2021), which also
emit particles and gases with relatively high concentrations of radon and
hydrogen fluoride—one of the most toxic gaseous compounds—to the
atmosphere (Lopez-Coto et al., 2014; Torres-Sanchez et al., 2019, 2020).
Some of the salt marsh areas are affected by agrochemical runoff from
surrounding agricultural lands (Barba-Brioso et al., 2010). The tidal
regime plays a crucial role in the immobilisation and dispersion of
pollutants (Hierro et al., 2014a), with bioavailable metals serving as an
important source of sediment toxicity (Rosado et al., 2016; Saenz et al.,
2003).

Our first sampling area (A1) was located in the salt marshes on the
right bank of the Tinto River at its tidal confluence, an area known
locally as ‘Estero del Rincon’. These marshes are located near the PG
stacks and are predominately colonised by Sarcocornia perennis (Mill.) A.
J. Scott, Atriplex portulacoides L., the exotic invasive cordgrass Spartina
densiflora Brongn and isolated patches of native Spartina maritima
(Curtis) Fernald (Fig. S1). The second salt marsh area (A2) was located
on the left bank of the Tinto River, opposite Al, in an area that is mainly
colonised by S. perennis, A. portulacoides, S. maritima and S. densiflora
(Fig. S1). A3 was located to the south on the right bank of the ‘Canal del
Padre Santo’, the main channel of the Odiel-Tinto Estuary. The area is
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colonised by S. densiflora and isolated patches of S. maritima (Fig. S1).
Location A4 was located in the salt marshes near the Chemical Park of
Huelva City. This area was ecologically restored in 1992 and is now
primarily covered with continuous prairies of S. maritima (Fig. S1;
Curado et al., 2014). The location for A5 was selected because it is an
area highly polluted with metals coming from AMD. It is close to the
mineral wastes of an abandoned foundry that extend over 12,600 m?
and are exposed to rain and rising river levels during spring tides (Davila
et al., 2019). The area is colonised by A. portulacoides and S. densiflora.
A6 was located in salt marshes upstream of the Tinto River in an acidic
area with high levels of metal pollution (Curado et al., 2010). This area
is primarily colonised by A. portulacoides, Phragmites australis (Cav.)
Trin. ex Steud. and S. densiflora (Fig. S1). Location A7 was in the estuary
of the Piedras River. The sediments in the area are relatively unpolluted
as there is a small catchment area relative to that of neighbouring, more
polluted rivers and the area has not been affected by human activity
such as mining (Lario et al., 2016). This area is colonised by different
Sarcocornia taxa, A. portulacoides and sparse clumps of S. maritima and
S. densiflora (Fig. S1). Geographical coordinates for each sampling point
are supplied in the supplementary materials (Table S1).

2.2. Sediment sampling and characteristics

Representative samples of sediments (approx. 2.5 x 10 m®) were
collected directly from each salt marsh area (A1-A7) in March 2021, by
taking 10 randomly selected samples 10 cm deep in each sample area,
coinciding with the rooting zone of the halophytes present in the studied

(©)

2 1 0 2 4 Kilometer

Fig. 1. (a) Location of study area in the Iberian Peninsula, (b) orthophotograph of the sampled salt marsh areas (red spots) in the Estuaries of Odiel-Tinto and Piedras
Rivers, and (c) sampling locations of salt marsh sediments in the Odiel-Tinto Estuary(A1-6) and the Estuary of Piedras River (A7).
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marshes. A total of 70 different sediment samples were collected. Sam-
ples were stored in a freezer at —20 °C until analysis. Within the study
area, the main environmental driving factors for cation and anion
mobility are pH under low salinity conditions and competitive desorp-
tion under high salinity conditions (Kerl et al., 2023). We recorded the
PH, electrical conductivity (EC) as a measure of salinity, redox potential
(Eh) and texture (i.e. percentages of sand, silt and clay) in the sediment
samples. The pH, EC and redox potential of the sediment samples were
measured in a 1:2 ratio of sediment to distilled water using a digital
multimeter (LAQUA PC220. HORIBA Advanced Techno Co., Ltd.). The
suspension was stirred at approximately 1200 rpm for 24 h before
measuring the parameters of the supernatant solution. The corre-
sponding value at 25 °C was obtained by temperature conversion of the
results.

Sediment textures were analysed using the Bouyoucos hydrometer
method (Bouyoucos, 1936). 50 g of dry soil and 100 mL of dispersant (5
% Calgon solution) were added to a flask and allowed to settle for a few
minutes, before dispersing with a soil mixer running at approximately
500 rpm for 2 h. The soil suspension was then poured into a graduated
cylinder, diluted to 1000 mL with distilled water and stirred with a stir
bar. Hydrometer readings and temperature were recorded after 40 s and
2h.

2.3. Chemical element concentrations in sediments

The sediment samples were analysed for the total concentrations
(mg kg’1 dry weight) of 48 chemical elements (Table S1) at the Uni-
versity of Huelva. Soil samples were digested with HNO3 at 220 °Cin a
microwave (UltraWAVE. Millestone Srl) and brought to 50 mL following
digestion. Five replicates were conducted for each sample. Digestion
blanks and a reference material were also included in duplicate. Major
elements concentrations were determined by Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES; Agilent 5110), oper-
ating between 160 and 900 nm with external and periodic calibration
ranged between 0.1 and 50 ppm, 0.1-100 ppm and 0.1-500 ppm.
Detection and quantification limits were 0.1 ppm and 50 ppm, respec-
tively. Trace elements concentrations were determined by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS; Agilent 7700) with SPS4
autosampler and collision cell (He mode). Details on element concen-
tration measurements and quality controls are supplied in the supple-
mentary materials (Text S1).

2.4. Spatial distribution of chemical elements

The distribution of representative elements associated with the PG
stacks, mineral wastes and AMD were spatially analysed. Maps of the
spatial distribution of each of the chemical elements in the estuary were
created using the inverse distance weighting (IDW) interpolation tech-
nique. This method gives greater weight to points close to the sampling
location, assuming that the influence of the variable being represented
decreases at greater distances from the sampling point (Lu and Wong,
2008). All spatial analyses were carried out with ArcGIS 10.5 software.

2.5. Data analyses

Statistical analyses were carried out using SPSS 15.0 (SPSS Inc., USA)
and SigmaPlot 11.0 (Systat Software Inc., Germany). A significance level
(o) of 0.05 was applied to all analyses and deviations were calculated as
the standard error of the mean. Data were tested for homogeneity of
variance and normality with Levene and Shapiro-Wilk tests, respec-
tively. Sediment characteristics and chemical element concentrations
were compared between salt marsh areas using parametric one-way
ANOVAs (F-test) or non-parametric Kruskal-Wallis H-tests with a post-
hoc Tukey test. The relationships between chemical element concen-
trations in the sediments of the seven sample salt marsh locations were
analysed using a principal component analysis (PCA). The correlation
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matrix was analysed with 25 maximum iterations for convergence
without rotation to extract independent PCA factors with eigenvalues
>1. Regression factor scores from PCA for each sediment sample were
compared between the seven salt marsh areas studied using Krus-
kal-Wallis H-tests with post-hoc Tukey tests.

3. Results
3.1. Sediment characteristics

Sediment characteristics differed significantly between the salt
marsh areas (Table S2). Sediment pH was close to 7 for all salt marshes,
with the exception of A6 (3.4 + 0.1), located upstream of the Tinto River
(Fig. 2a). Sediment EC was the highest in A1 near the PG stacks (33.8 +
1.3 mS ecm™}) and the lowest in A6 (5.3 + 0.3 mS cm_l; Fig. 2b).
Sediment Eh ranged from 245.6 + 0.1 mV in A7 (Piedras River) to 352.5
+ 0.1 mV in A6 (Fig. 2¢c). Sediment texture was clayey in A1, A2, A5, A6
and A7, and mostly loamy and loamy-clay in A3 and A4 (Figs. 2d-f).

3.2. Sediment pollution signatures

Concentrations of the 48 chemical elements analysed differed
significantly between the seven study salt marsh areas (Tables 1 and S3).

Eight factors, explaining 89.4 % of the variance, were obtained from
the PCA for the concentration of chemical elements in the sediments.
The first factor (PC1, explaining 33.9 % of total variance) was positively
correlated with 20 chemical elements with factor loadings higher than
+0.600, including Gd, U, Bi, Ba, Sr, Er, Ce, As, Mg, Zn, Cu and P
(Table 2). The concentrations of these elements were highest in sedi-
ments from Al and A2 (Fig. 3a and b). Regression factor scores for PC1
were significantly higher for A1 and A2 than for A4-7 (Fig. S2,
Table S4). Using the IDW interpolation method, the spatial distribution
of the concentration of elements such as P and U was clearly associated
with the salt marsh sediments located at the edge of the PG stacks on the
right bank of the main channel of the Tinto River (Fig. 4a and b). Con-
centrations of Gd and Ce were also the highest in the sediments located
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Fig. 2. Sediment (a) pH, (b) electrical conductivity, (c) redox potential and
texture (% of (d) sand, (e) silt and (f) clay) in six salt marsh areas in the Odiel
and Tinto Estuary (1-6) and one salt marsh in the Estuary of Piedras River (7) in
Southwest Iberian Peninsula. Data are arithmetic means + SEM (n = 10). Salt
marsh areas are shown in Fig. 1. Different letters indicate significant differences
between salt marsh areas (Tukey test, p < 0.05).



Table 1

Sediment concentrations (mg kg’1 DW) of forty-eight chemical elements in six salt marsh areas in the Odiel and Tinto Estuary (1-6) and one salt marsh in the Estuary of Piedras River (7) in Southwest Iberian Peninsula.

Data are arithmetic means (up) + SEM (down) (n = 10).

As Ba Be Bi Ca Ccd Ce Co Cr Cs Cu Dy Er Eu Fe Ga Gd Ho In La Li Mg Mn Mo

Salt mash 1 866.5 430.8 0.9 17.9 7633.9 48 711 349 106.4 41 29449 7.7 4.2 1.9 107,338.6 17.2 10.6 1.3 2.5 384 106.3 10,488.2 369.6 9.0
64.0 9.2 0.2 1.2 639.7 0.7 1.8 0.9 2.0 0.1 110.5 0.2 0.2 0.1 2523.4 0.3 0.3 0.1 0.1 1.6 1.1 179.0 28.5 0.4

Salt mash 2 632.2 407.6 2.7 17.2 4976.4 3.4 748 386 88.4 5.0 3067.7 7.0 3.8 2.1 91,131.0 18.4 10.3 1.4 21 358 129.8 10,333.6 358.8 8.5
13.7 12.1 0.2 0.4 223.1 0.3 0.9 0.9 1.2 0.1 62.5 0.1 0.0 0.0 1513.2 0.2 0.1 0.0 0.0 0.6 2.9 128.9 36.1 0.7

Salt mash 3 421.2 202.8 0.6 6.8 15,655.3 1.0 49.4 31.6 46.6 1.5 1265.6 3.6 1.6 0.6 62,876.0 9.3 6.0 0.6 1.7 23.6 45.5 6749.5 444.5 7.2
40.2 16.1 0.0 0.6 1826.5 0.2 2.2 1.8 2.8 0.2 85.1 0.3 0.2 0.0 4610.9 0.7 0.3 0.0 0.3 1.2 3.8 359.8 50.4 0.8

Salt mash 4 152.5 1624 0.6 5.5 6195.2 0.6 334 20.3 488 1.0 12639 29 0.9 0.6  32,950.0 6.3 4.3 0.6 0.8 17.1 44.8 4819.0 307.7 6.6
19.0 17.5 0.0 0.7 756.2 0.0 2.9 3.9 5.4 0.2 187.3 0.3 0.1 0.0 4286.0 0.8 0.4 0.0 0.2 1.5 4.8 577.2 66.9 2.1

Salt mash 5 16.7 25.2 0.9 4.6 4335.8 1.9 9.0 90.5 51.5 160.8 2333.0 1.2 0.6 11.2 173,693.2 10.8 1.3 3.8 2.6 6838 60.4 7090.2 2140.6 0.6
1.1 49 0.2 0.5 383.6 0.4 1.5 22.0 5.5 542 3072 0.2 0.0 1.7 18,039.8 1.0 0.2 0.5 0.5 11.6 10.3 399.8 586.6 0.0

Salt mash 6 262.0 1224 0.6 7.4 1112.0 0.6 13.6 6.9 57.0 199.3 536.9 1.0 0.6 1.6 158,327.3 11.4 1.5 0.7 23 179 255 4933.9 103.8 9.2
87.6 41.5 0.0 1.0 63.6 0.0 3.7 0.4 0.9 18.2 79.7 0.2 0.0 0.4 4307.3 0.2 0.3 0.1 0.8 2.5 0.8 96.7 2.3 2.9

Salt mash 7 10.7  29.6 1.5 8.1 2274.1 0.6 7.2 16.1 75.2 178.2 46.2 0.6 0.6 6.2 42,557.4 18.9 0.6 1.5 0.8 70.8 458 7485.5 533.3 0.6
4.0 1.2 03 0.4 149.7 0.0 0.3 2.0 2.0 5.0 39 0.0 0.0 0.3 1429.3 0.7 0.0 0.1 0.1 0.6 1.2 143.1 191.9 0.0

Nb Nd Ni P Pb Pr Rb S Sc Se Sm Sn Sr Tb Th Ti Ti Tl Tm U \Y% Y Yb Zn

Salt mash 1 0.6 40.3 40.6 12,162.6 987.8 9.0 71.3 10,015.3 12.9 12.6 87 86 300.8 1.1 7.1 461.3 462.6 1.7 0.6 282 1174 49.5 3.2 34715
0.0 1.5 1.3 786.3 66.2 0.2 2.0 1590.2 0.3 0.7 03 04 232 0.1 0.1 14.1 14.6 0.2 0.0 1.1 1.1 2.5 0.1 109.3

Salt mash 2 0.6 40.2 46.5 7564.8 880.8 9.8  70.9 9998.8 13.2 11.7 9.0 9.6 226.0 1.4 7.7 475.7 474.0 1.8 0.6 12.6 109.6 39.5 3.0 3276.3
0.0 0.5 0.4 233.1 21.5 0.1 1.3 1041.1 0.2 0.5 0.1 0.3 5.8 0.0 0.1 19.1 22.6 0.2 0.0 0.5 1.6 0.6 0.0 70.6

Salt mash 3 0.6 265 237 2495.3 386.7 54  39.2 3551.3 6.6 5.5 53 3.6 1344 0.6 4.3 383.8 3845 0.6 06 3.6 705 22.2 1.0 2303.2
0.0 0.5 1.3 135.4 24.8 0.3 3.4 348.3 0.5 0.4 0.1 0.3 10.9 0.0 0.3 219 226 0.0 0.0 0.4 4.4 1.6 0.2 175.2

Salt mash 4 0.6 17.6 18.8 6319.6 245.8 3.8 27.0 2670.3 4.6 4.4 35 7.5 148.2 0.6 2.7 252.6 2417 0.6 0.6 7.2 429 21.1 0.9 1149.8
0.0 1.7 2.6 730.3 25.7 0.4 3.3 302.4 0.6 0.5 04 1.2 14.7 0.0 0.4 20.2 19.1 0.0 0.0 1.0 4.7 2.1 0.1 133.1

Salt mash 5 25.8 9.8 323 7857.7 945.6 41.6 163.3 10,713.6 84 281 20 42 359 6.0 29.7 231.8 2122 993.2 3.0 00 887 8.3 0.6 2349.4
7.4 1.4 4.6 1666.2 112.9 6.2 18.9 1705.7 0.9 3.1 0.3 0.3 5.6 0.5 3.6 21.9 21.0 114.1 0.4 0.0 7.5 0.7 0.0 285.2

Salt mash 6 8.5 7.0 19.6 3749.7 423.6 11.8 454 15,739.0 7.5 24.8 1.5 28 255 1.1 45 2746 269.7 206.2 0.6 1.5 642 9.8 0.6  256.5
2.7 1.6 0.8 184.2 58.6 0.7 3.3 654.9 0.2 6.5 03 07 7.0 0.2 0.6 15.4 152 753 0.0 0.6 2.3 1.2 0.0 37.3
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Table 2
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Factor loadings of the individual variables obtained by a Principal Component Analysis (PCA) on chemical elements in sediments from the Joint Odiel and Tinto
Estuary (Southwest Iberian Peninsula). Factor loadings > + 0.600 are marked in bold. Kruskal-Wallis H-test for regression factor scores from PC for every sediment

sample compared between locations (d. f. = 6).

Element PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

Gd 0.958 —0.161 -0.160 0.104 0.032 —0.061 -0.023 0.006
§) 0.886 —0.224 —0.024 -0.127 —0.170 0.136 —-0.130 0.141
Bi 0.883 —0.161 0.034 —0.312 0.017 —0.081 0.116 —0.103
Ba 0.880 —-0.377 —-0.113 —0.029 —0.047 -0.136 0.004 —0.075
Sr 0.877 —-0.353 —0.105 0.094 0.036 0.031 —-0.147 0.090
Er 0.872 0.412 —0.166 0.016 —0.069 —0.009 0.058 0.076
Ce 0.869 —0.407 —0.155 0.107 0.106 —0.100 —0.013 —0.031
As 0.855 —0.340 —0.099 —-0.028 -0.163 0.084 0.125 —-0.070
Y 0.849 —0.378 —0.067 —0.205 0.138 0.049 —0.032 0.126
Yb 0.847 0.458 —0.148 —-0.016 —0.085 —0.070 0.018 0.061
Zr 0.837 0.242 —0.356 0.128 -0.197 —-0.057 —-0.037 —0.065
Ti 0.834 -0.137 —0.091 —-0.013 0.192 —-0.076 0.162 0.022
Mg 0.829 0.052 0.228 -0.175 0.281 —0.047 0.185 0.204
Zn 0.755 —-0.270 0.332 0.325 0.178 —0.009 0.026 0.155
Cu 0.734 -0.219 0.505 0.243 0.161 -0.131 —-0.120 —0.031
Sc 0.701 0.247 0.292 —0.434 0.263 —-0.104 0.158 —0.074
\% 0.691 0.233 0.400 —-0.333 0.263 0.040 0.227 —0.017
Sn 0.690 —-0.357 0.061 0.160 —0.087 —-0.322 —-0.225 0.064
Eu 0.671 —0.154 0.163 -0.222 -0.261 0.459 —0.051 0.217
P 0.649 -0.178 0.483 0.028 —0.085 0.108 —0.290 —0.105
Li 0.566 —0.229 —-0.019 —0.092 —0.234 0.467 —0.265 0.160
Tm 0.090 0.960 -0.115 0.172 —0.096 0.051 —0.030 —0.030
Ho 0.132 0.952 -0.175 0.144 —-0.107 0.043 —0.017 —0.013
In 0.197 0.882 —-0.125 0.150 —-0.196 0.011 0.098 0.129
Cr 0.464 0.851 -0.171 —-0.078 —0.070 0.028 0.010 —0.001
Mo 0.270 0.818 —0.343 0.161 -0.233 0.010 0.016 —0.090
Ga 0.123 0.788 -0.217 0.131 —-0.115 0.040 —0.026 —0.017
cd 0.566 0.754 —0.037 0.072 -0.122 0.065 0.023 0.019
Dy 0.598 0.726 -0.271 0.148 —0.096 0.005 —-0.021 0.018
Ni 0.617 0.627 0.157 —0.133 0.336 —0.075 0.010 —0.014
Tb —0.240 0.396 0.242 —0.242 0.323 0.214 —0.008 0.310
Th —0.066 0.072 0.870 0.297 0.049 0.001 —0.061 —0.090
Tl —-0.329 0.165 0.845 0.213 0.003 0.038 0.002 —0.021
Rb 0.053 0.419 0.811 0.127 0.152 0.022 0.006 0.037
Fe —0.065 —0.032 0.687 0.097 —0.500 -0.143 0.379 0.082
Pb 0.598 —0.184 0.682 0.141 —-0.097 —-0.018 0.067 —0.096
Mn —0.063 0.327 0.661 0.339 0.272 0.213 —0.239 —0.126
Co 0.170 0.487 0.579 0.387 0.268 0.147 -0.210 -0.111
Se —0.359 0.469 0.082 —0.629 0.358 0.117 0.133 0.079
La -0.273 0.098 0.043 —0.608 0.492 0.221 0.037 0.207
Ca 0.255 —-0.299 —0.261 0.574 0.292 0.373 0.072 0.159
Nd 0.172 —0.261 -0.299 0.532 0.335 0.307 0.522 —0.093
S 0.079 -0.122 0.390 —0.104 —0.602 —0.294 0.450 0.095
Pr 0.345 —0.125 0.143 -0.276 —0.463 0.519 0.086 —0.234
Be 0.410 0.211 0.079 —0.247 0.359 —0.501 0.144 —-0.326
Cs —-0.017 —0.008 0.429 —0.447 —0.363 0.490 0.173 —0.343
Sm —0.036 —-0.179 —0.304 0.534 0.322 0.335 0.557 —0.091
Nb —0.365 0.115 0.478 0.214 —0.304 -0.194 0.224 0.499
Eigenvalues 16.256 9.086 6.299 3.509 2.997 2.101 1.617 1.047
Explained variance (%) 33.9 189 13.1 7.3 6.2 4.4 3.4 2.2
Kruskal-Wallis H-test 50.479 59.530 61.160 50.541 41.137 44.794 37.134 12.807
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.046

on the right and left banks of the Tinto River close to the PG stacks,
however, relatively high concentrations of these two elements extended
across a wide area along the main channel of the estuary (Fig. 4c).

The second principal component (PC2, explaining 18.9 % of vari-
ance) was positively correlated with 9 elements with factor loadings
higher than +0.600, including Tm, Ho, Cr, Mo, Ga, Cd and Ni (Table 2).
The concentrations of these elements were the highest in the sediments
from A1l and A2 (Table 1, Fig. 3c). Regression factor scores for PC2 were
the lowest for A1, A3 and A4 (Fig. S2).

PC3 explained 13.1 % of the variance and was positively correlated
with 6 elements with factor loadings higher than +0.600 (Th, Tl, Rb, Fe,
Pb and Mn; Table 2). Regression factor scores for PC3 were the highest
for A5, which was close to an abandoned foundry (Fig. S2). High con-
centrations of Th were mostly associated with sediments close to the
abandoned foundry (Fig. 4f); concentrations of Fe were also associated
with the abandoned foundry but increased moving upstream along both

the Odiel and Tinto Rivers (Fig. 3e and Fig. 4g). Concentrations of Pb
were higher upstream in the Tinto River and downstream along the main
channel of the estuary than in sediments located at intermediate loca-
tions in the Odiel and Tinto Rivers (Figs. 3f and 4h).

PC4 (explaining 7.3 % of variance) was negatively correlated with Se
and La (Table 2). Its regression factor scores were the highest for A3 and
A5 and the lowest for A7 (Fig. S2), where La and Se showed their
maximum concentrations (Fig. 3g, Table 1). PC5 (explaining 6.2 % of
variance) was negatively correlated with S concentrations (Table 2), and
its regression factor scores were the lowest upstream in the Tinto River
(A6; Fig. S2). Sulphur concentrations were highest in sediments located
upstream in the Tinto River, and reduced gradually moving downstream
towards the ocean (Figs. 3d and 4e). PC6 explained 4.4 % of the variance
and was positively correlated with Pr and Cs and negatively with Be
(Fig. 4d, Table 2). These two elements, Pr and Cs, had maximum con-
centrations in A5 and A6 (Fig. 3h). The regression factor scores for PC6
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Fig. 3. Total concentrations (mg kg-1 DW) of (a) As, (b) U, (c) Cd, (d) S, € Fe, (f) Pb, (g) Se and (h) Pr in sediments from the Odiel-Tinto Estuary (1-6) and the Estuary
of Piedras River (7) in Southwest Iberian Peninsula. Data are arithmetic means + SEM (n = 10). Salt marsh areas are shown in Fig. 1. Different letters indicate

significant differences between salt marsh areas (Tukey test, p < 0.05).
were the highest for A1 and A3 and the lowest for A2 (Fig. S2).

4. Discussion

By modelling the spatial distribution of 48 chemical elements in
sediments from seven salt marsh areas across the Odiel-Tinto Estuary,
we successfully identified three unique chemical signatures linked to
specific pollution sources: in salt marsh sediments from AMD upstream
of the Tinto River, in sediments located near PG waste piles and in
sediments near an abandoned foundry.

Peak concentrations of 20 elements were found in sediments near the
PG stacks (site Al). These elements were associated with PC1, which
explained the greatest proportion of the data variance (34 %). Notably,
most of these 20 elements have been previously documented in edge
outflows and nanoparticles originating from PG stacks within the study
area (Millan-Becerro et al., 2023; Pérez-Lopez et al., 2016; Ruiz Canovas
et al., 2018; Silva et al., 2022). Among radionuclides, U-series isotopes
possess the highest mobility within PG stacks (Pérez-Moreno et al.,
2018). The majority of these 20 elements associated with sediments near
the PG stacks, including Al, Cr, Fe, Pb and U, tend to precipitate under
neutral seawater conditions (pH 6.9 £+ 0.1) through co-precipitation

and/or adsorption onto phosphate phases. Fluoride precipitation also
contributes to their removal (Guerrero et al., 2020; Papaslioti et al.,
2018). Additionally, elements like As, Cd, Co, Cr, Cu, Ni, Pb, U and Zn
precipitate when the sediment pH exceeds 4 and Eh falls below +340
mV. This is facilitated by Fe-limited sulphide precipitation, particularly
in organic-rich sediments with low Eh(DeLaune and Reddy, 2005;
Guerrero et al., 2019; Hierro et al., 2014a; Pérez-Lopez et al., 2011,
2018; Santos Bermejo et al., 2003). Consequently, a significant portion
of the chemical elements present in acidic leachates from the PG stacks
have the potential to precipitate and become immobilised within the
surrounding fine-textured, near-neutral, oxidised (Eh 248 + 6 mV)
sediments.

The PG stacks are located in the estuarine zone where seawater meets
the Tinto River. This zone is characterised by a sharp shift in water
properties, with salty and neutral-basic ocean waters encountering
acidic, brackish river water (Chica-Olmo et al., 2004). This meeting
point leads to the neutralisation of acidic waters, causing the precipi-
tation of chemical elements from both the PG stacks and those trans-
ported down the Tinto River. This phenomenon is reflected in a
significant decrease in Cu concentrations in the water just downstream
of the PG stacks (Chica-Olmo et al., 2004). Interestingly, arsenic
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Fig. 4. Spatial distribution of representative chemical elements ((a) P, (b) U, (¢) Gd, (d) Ce, (e) S, (f) Th, (g) Fe, and (h) Pb) in the Odiel-Tinto Estuary.

concentrations at the levels recorded in our study (866.5 + 64.0 mg
kg~!) may show high ecotoxicity levels when accumulated in marsh
sediments (Hwang et al., 2008).

Guerrero et al. (2019) suggested phosphorus as a suitable tracer to
determine the impact of PG stacks on sediments. Phosphorus dissolves in
the PG pore water as phosphoric acid, which is the main source of
phosphoric acid for marshes, i.e. it is not associated with AMD or other
sources of pollution. In addition to P, our study identified trace elements
such as Gd, Bi, Ce and Zr as potential geochemical tracers. These ele-
ments exhibited relatively high concentrations, characteristic of the
pollution signature of the PG stacks in the salt marsh sediments. Ele-
ments with the highest loadings in PC2 (Cd, Cr, Dy, Ga, Ho, Ni and Tm)
showed the greatest sediment concentrations in salt marshes near the PG
stacks on both banks of the Tinto River (Al and A2). Some of these el-
ements, particularly Cd and Ni, have a higher tendency to remain in
solution when pH increases, compared to elements associated with PC1,
with an average removal of around 60 % (Beltran et al., 2010; Hierro
et al., 2014a; Morillo et al., 2008; Saenz et al., 2003).

Several chemical elements previously identified in PG stack outflows
by Pérez-Lopez et al. (2016), including major elements (Fe and S) and
trace elements (Cd, Co, Pb and Ni), were not among those with the
highest loadings in PC1, the principal component characterising the
sediments near the PG stacks. However, Co, Fe and Pb exhibited the
highest sediment concentrations—alongside Mn, Th, Tl and Rb—within
the salt marshes closest to the abandoned foundry's mineral waste (site
A5; Curado et al., 2014). Studies by Morillo et al. (2008), Beltran et al.
(2010), and Hierro et al. (2014b) have suggested that element precipi-
tation, particularly that of Fe, is significant during rising tides in this

area. Notably, elements typically associated with AMD, such as Co, Fe,
Pb, Mn, Tl and Rb (da Silva et al., 2005; Fernandez-Landero et al., 2023;
Millan-Becerro et al., 2024) exhibited the highest loadings on PC3, a
component explaining 13 % of the data variance across the estuary. This
association suggests their utility as geochemical tracers for AMD
pollution.

Our analysis revealed the highest total sulphur concentrations in
upstream sediments in the Tinto River (site A6). These concentrations
(15,739 + 655 mg kg™!) were 32 % higher than the second-highest
value (site A5). Notably, sulphur was the only chemical element with
a factor loading exceeding 0.600 in PC5, which explained 6 % of the data
variance. This suggests that relatively high sulphur concentrations serve
as a unique geochemical marker upstream in the highly polluted Tinto
River Estuary. The low pH and high Eh in this environment, driven by
extensive pyrite oxidation, promote the dissolution of large quantities of
toxic elements and radionuclides (Mehdi et al., 2013).

Estuarine sediments in the Piedras River displayed relatively high
concentrations of Se and La. These elements were strongly associated
with PC4, explaining 7.3 % of the data variance. Alkaline soils are
known to release more Se than acidic ones (Santos Bermejo et al., 2003).
This aligns with the higher Se concentrations observed in the Piedras
River salt marshes (site A7), as its hydrological basin is not impacted by
AMD, unlike those of the Odiel and Tinto Rivers.

Two sampling sites (A2 and A7), situated near intensive strawberry
cultivation in greenhouses exhibited the highest average beryllium
concentrations (1.5-2.7 mg kg_l). These values were over 40 % higher
than those measured near the PG stacks (site A1), despite beryllium
being identified as a trace element in these waste deposits (Silva et al.,
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2022). Beryllium was associated with PC6, which explained 4 % of the
data variance. Interestingly, PC6 clearly distinguished sediments near
the PG stacks (site A1) from those across the Tinto River (site A2) with
elevated beryllium. This suggests that beryllium may be a suitable
geochemical marker for tracing the influence of intensive agriculture on
the area's pollution profile. Given its widespread use in metal alloys,
beryllium could potentially originate from the greenhouses' metal
structures and become readily trapped in sediment (ATSDR, 2022).

Many studies have been conducted on the spatial distribution of
heavy metals in other highly polluted locations providing important
data for pollution management and future remediation (Dong et al.,
2024; Liu et al., 2024; Sun et al., 2025). Our study characterises the
sediment pollution signatures in a highly polluted Spanish estuary that
has not yet been well researched. This characterisation allows us to
differentiate between pollution sources including PG stacks, AMD in
waste deposits and agricultural activities. This knowledge is valuable for
developing integrated monitoring and pollution management plans,
which can quantify and ultimately reduce the impacts of pollution from
each source. The specific sediment pollution signatures identified in this
study may be used as a reference to determine the impact of future in-
terventions on existing pollution sources in the Odiel-Tinto Estuary.
This study is critical for assessing the impact of the RESTORE 2030 plan,
which is currently undergoing judicial review and being re-evaluated.
Additionally, this study identified the sediment pollution signature of
an abandoned foundry, which is located next to a residential area. The
findings may also be used to evaluate future restoration plans for this
area, which was declared contaminated by the Andalusian Government
in 2007 (BOJA No. 168, 2007).

As the specific causes of the excess mortality rates in the Huelva area
(Alguacil et al., 2014; Benach et al., 2003; Lopez-Abente et al., 2001) are
known to be related to industrial and mining metal environmental
pollution (Briffa et al., 2020), we believe that studying correlations
between the original sources responsible for the pollutants accumulated
in the sediments of the Huelva Estuary and mortality in Huelva is war-
ranted from a public health perspective. Biomonitoring of the popula-
tion and ecosystem's exposure to metals is also justified, as
recommended by at least two different independent panels of scientific
experts (Alguacil et al., 2014; Scientific committee, 2022).

5. Conclusions

We identified a specific pollution signature for PG stacks that dis-
tinguishes metal exposure from the other pollution sources in the Odi-
el-Tinto Estuary—AMD near mining waste deposits, pollution along the
Tinto River and areas under intensive agricultural cultivation. The
sediment pollution signature near the PG stacks was characterised by 20
elements such as Gd, U, As, Mg, Zn, Cy and P. Sediments near mining
waste deposits specifically accumulated six elements, including Fe, Pb
and Mn. The pollution signature in the sediment of the Tinto River was
marked by high sulphur accumulation. Beryllium is a suitable marker for
tracing the influence of intensive agriculture. These results provide a
valuable tool for discriminating between different pollution sources,
quantifying the most impacted areas of the salt marsh, assigning re-
sponsibility to the various polluting entities within the estuary, and
setting a starting point to evaluate the impact of the RESTORE 2030
restoration plan for the Huelva estuary. These specific sediment pollu-
tion signatures may also be used as a reference to determine the impact
of future interventions on existing pollution sources in other estuaries
and marshes polluted with PG.
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