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Abstract: River mouths act as containers for pollution episodes that have occurred in
their drainage basins over time. The estuary of the Tinto River is currently one of the
most polluted areas in the world, due to past and recent mining and industrial activities.
This communication studies the concentrations of seven strategic minerals in a sediment
core obtained in the middle estuary of this river. The Holocene geochemical record has
allowed us to distinguish four episodes of contamination: an initial one due to acid
rock drainage during the MIS-1 transgression and three anthropogenic ones due to the
first mining activities, the Roman period, and the industrial mining stages of the 19th and
20th centuries. The concentrations of these strategic minerals increase from the first episode
to the fourth. A first evaluation of the concentrations obtained in this core and adjacent
pre-Holocene formations reveals that they are too low to consider these sediments ore
deposits of the seven elements studied.
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1. Introduction

In recent decades, there has been a remarkable socio-economic revolution that has led
to a significant increase in the consumption of certain goods, such as computers, mobile
phones, cars, televisions, etc. In order to satisfy their demand, a series of chemical elements
necessary for their mass production are essential or needed even in small quantities for
the specific and vital needs of people and countries. These critical and strategic elements
include Al, Be, Li, Mo, Sb, Sc, and Ti, among others [1-3]. Al and Be are critical elements
for major world economies, such as the United States, Europe, or Japan [4]. The former
has a multitude of applications in daily life (batteries, electrolyzers, data storage and
servers, smartphones, tables, laptops, etc.), while the latter has special properties that
make it suitable for use in structural aerospace components, jet fighters, or helicopters, and
satellites [5]. Liis essential in the production of electric cars, lithium batteries, wind turbines,
solar panels, motors, and electrical wiring [6]. Mo and its alloys are of great interest in
the aerospace industry and aeronautic fields [7] while some of the main applications of Sb
include the manufacture of semiconductors, lead hardeners, diodes, or fire retardants [8].
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Sc and Ti are very important in high-tech industries because of their wide application in
green, space, and defense technologies [9,10]. Consequently, each country or company
must search for these natural elements, and this has led to a substantial increase in the
search and extraction of these resources [11,12].

Currently, these strategic elements come from a variety of rocks, sediments, and
minerals. Laterite-type bauxites are the most important type of aluminum ore deposits,
which are mainly mined in Australia, Guinea, Brazil, Jamaica, and China [13,14]. Beryllium
is currently produced from bertrandite (Bes Si; O; (OH),) and beryl (Bes Al, Sig Oq3),
with the United States as the world’s leading producer [15]. The world’s largest lithium
reserves are concentrated in Chile, Australia, Argentina, and China in both brines and hard
rock ores [16], while the latter country is the world’s largest producer of molybdenum,
obtained mainly from molybdenite (MoO3) and antimony (54%) [17,18]. Scandium is
primarily hosted in magmatic mafic and ultramafic intrusions and its production is still too
small (10-15 tons per year) for its growing demand, see review in [19]. Titanium is mainly
produced from ilmenite (FeTiO3) and rutile (TiO,), with world production led by China [20].
China is the largest supplier of these strategic elements to the EU (44%) and, therefore, it is
essential to evaluate different rocks and sediments as potential ore deposits in Spain and
the rest of the countries that make up the EU to alleviate this significant dependence [21].
As a result, the number of papers and research on this topic has increased significantly in
the last decade in Spain, e.g., [22-25].

On the other hand, the concentrations of these elements or their isotopes in surface
sediments and Holocene sediment cores extracted from coastal environments (lagoons,
estuaries, deltas, shelves) have been used for a set of purposes: (i) the statistical differentia-
tion of depositional (paleo-)environments [26]; (ii) the detection of continental inputs [27];
(iii) the delineation of periods of widespread anoxia in the geologic record [28]; or
(iv) identification of past contamination episodes, in conjunction with the concentrations of
various metals, such as Cu, Zn, or Pb [29].

This article analyses the content of these seven chemical elements in a sediment core
extracted from the middle estuary of the Tinto River (SW Spain). The aim is to make
the first evaluation of the use as ores of these strategic elements, as well as to make a
comparison between their concentrations in different sedimentary environments deposited
during the Neogene and Holocene.

2. Materials and Methods
2.1. Study Area

The Tinto River (101 km length) flows through the southwest of the Iberian Peninsula.
It is a typically Mediterranean river, with a variable flow (10- > 100 Hm?/year) depending
on rainfall [30]. This river forms a large mesotidal estuary at its mouth together with the
Odiel River into the Atlantic Ocean (Figure 1A,B). This estuary is heavily silted, with wide
expanses of marshland, two sandy arrows (Figure 1B: Punta Umbria, Punta Arenillas),
and the presence of the island barrier of Saltés that delimits two main outflow channels
(Figure 1C: Punta Umbria Channel and Padre Santo Channel). In the middle estuary of
this river, several old coves can be distinguished, including the La Fontanilla Cove, located
next to the municipality of Palos de la Frontera (Figure 1B,C).

The sedimentary record of this old cove is made up of (i) early Holocene sandy alluvial
sediments; (ii) bioclastic sands from marine invasion during the MIS-1 transgression
between 6.5 and 5 kyr BP; (iii) clayey silts deposited in tidal channels, lagoons, and marshes;
and (iv) a recent sandy filling (Figure 1D) [30].
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Figure 1. (A,B) Location and geomorphology of the Tinto—Odiel Estuary, with the situation of La
Fontanilla Cove; (C) main features of La Fontanilla Cove and location of core A; (D) lithostratigraphy,
paleoenvironmental reconstruction, sampling, and dating of core A [14].

The Rio Tinto basin includes part of the Iberian Pyrite Belt, one of Europe’s major
metallogenic provinces, with giant massive sulfide deposits. These sulfide layers have
been washed out since the Neogene, causing the first contaminated acid rock drainage
event in this estuary during the MIS-1 transgression around 6.5-5 kyr BP. Subsequently,
three new peaks of contamination were detected, associated with the first mining works
(~5-4.5 kyr BP), the Roman exploitation (~2-1.7 kyr BP), and the intensive exploitation of
the 19th and 20th centuries, in conjunction with industrial pollution from two industrial
concentrations on the margins of the estuary (Figure 1B; 1960-1990) [31,32]. As a conse-
quence, this river currently shows acid mine drainage phenomena, with a strongly acidic
pH [33].

2.2. Sampling and Chemical Analysis

A continuous core (Figure 1D; core A; 14.6 m depth) was obtained in the inner part
of La Fontanilla Cove, located in the middle estuary of the Tinto River and in the vicinity
of the town of Palos de la Frontera. The location of this core was selected in a relatively
protected area to avoid the erosive action of the main channel of the Tinto River during the
Holocene as much as possible. A multidisciplinary geological analysis revealed the main
sedimentary facies and the paleoenvironmental evolution of this core [31].

Twenty-five samples (2 cm thickness) were extracted from this sedimentary record,
ranging from basal alluvial deposits to a recent final anthropogenic fill. These samples
were stored in polyethylene bags and kept frozen until chemical analysis. The samples
were then ground in an agate mortar for shipping and chemical analysis was carried out
using MS Analytical (Langley, BC, Canada). The concentrations of seven strategic elements
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(Al, Be, Li, Mo, Sb, Sc, and Ti) were determined by ICP atomic emission spectrometry, with
<5% variation between different replicate samples and quality control based on >30 sample
references (e.g., OREAS 904). The chemical analysis was performed using the four-acid
method (hydrochloric, nitric, perchloric, and hydrofluoric acids) because only the most
highly resistant minerals will not be dissolved using this type of digestion. The detection
limits were 0.01% for Al and Ti, 0.05 mg 1<g_1 for Be and Mo, 0.2 mg kg_1 for Li, 0.5 mg kg_1
for Sb, and 0.1 mg kg~ for Sc.

2.3. Dating

Five *C wood dates were produced at the National Center of Accelerators (CNA,
Seville, Spain), with a subsequent calibration using CALIB version 8.2. The final results
correspond to calibrated ages using 20 intervals. These calibrated ages were completed
with a comparison between the vertical geochemical variations and the main periods of
mining extraction and industrial discharges (see Study Area).

3. Results and Discussion
3.1. Age and Sedimentation Rates

The sedimentary record of core A spans the last 8.4 kyr BP, in agreement with the
maximum age of sample A-25, located near its base (Figure 2). The mean sedimentation
rate (Figure 2: MSR) was ~2.37 mm yr~! between 8.4 kyr BP and 6.2 kyr BP (sample A-21)
and then decreased to 1.05 mm yr~! between 6.2 kyr BP and 4.3 kyr BP (sample A-17). This
downward trend became more pronounced between 4.3 kyr BP and 2.2 kyr BP (sample
A-13), with an MSR of 0.57 mm yr~!. Finally, it was not possible to calculate this rate in
the last 2.2 kyr BP, since the calibration of sample A-8 (—198 £ 98 yr BP) turned out to
be subrecent.

During the middle and upper Holocene, these decreasing MSR were measured in
other cores from the estuary of the Tinto and Odiel rivers (e.g., Figure 1C: core B), largely
due to their progressive siltation and the growth of barrier islands and marshes in their
marine sector. About 9 kyr ago, this MSR was ~3 mm yr~! and has decreased to less than
2 mm yr~! in the last 2000 years [34,35].

Age (cal. kyr BP) ALO; (%) Be (mg kg™ Li (mg kg Mo (mg kg
10 5 0o 5 100 1.5 30 40 800 4 8
om TITITIT TN ||||||||||||||I||||||||||I|||||||||I|||| i T i
Subrecent
5 — H — -
ROMAN PERIOD
EARLY MINING
10 = MIS-1 TRANSGRESSION u a
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14.6

Figure 2. Cont.
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Figure 2. Age model and vertical distribution of strategic elements in core A.

3.2. Strategic Elements and Paleoenvironmental Evolution

The base of core A is composed of sandy alluvial sediments deposited between
8.2 kyr BP and 6.5 kyr BP (Figure 1D: samples A-25 to A-23). They show low-to-very-low av-
erage contents of Al (2.93-3.29%; Mean-M-: 3.05%), Be (0.9-1.07 mg kg~ !; M: 0.97 mg kg 1),
Li (15.2-18.1 mg kg~!; M: 16.3 mg kg~!), Mo (0.38-0.63 mg kg~ !; M: 0.48 mg kg™ 1),
Sb (0.5 mg kg 1), Sc (3.6-4.3 mg kg~ 1; M: 3.9 mg kg 1), and Ti (0.29-0.31%; M: 0.3%)
in relation with the rest of the core (Figure 2 and Table 1). These concentrations are similar
to those of the upper anthropic filling of core A and other cores obtained in this estuary
(Figure 1C), indicating that this filling came from the alluvial materials surrounding La
Fontanilla Cove [32].

This cove was flooded during the maximum of the MIS-1 transgression between
6.5 kyr BP and 5.3 kyr BP [36]. In these 1.2 kyr, almost 3 m of bioclastic sands (samples
A-22 to A-19) were deposited, with a two-fold increase in the strategic elements around
6.2 kyr BP (Figure 2: sample A-21). This increase came from natural processes such as
acid rock drainage, which can be inferred from the chemical concentrations of Pleistocene
terraces in the Tinto River [37]. The final phase of this transgression saw a decrease in these
concentrations, which reached values similar to those of the underlying alluvial sediments
for most of the elements analyzed.

The second peak of strategic elements was marked by the beginning of mining ac-
tivities in the Iberian Pyritic Belt around 4.4 kyr BP (Figure 2: sample A-17) and by the
transition from ebb-tide channels to marshes (Figure 1D). This conjunction led to a remark-
able increase in the concentrations of almost all strategic elements (e.g., Al: up to 6.64%; Li:
up to 55.2 mg kg~ 1; Sc: up to 10.9 mg kg~ !). This increase coincided with a peak of other
elements in the sediment cores of this estuary, such as Cu, Pb, or As [38].
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Table 1. Concentrations of strategic elements in core A.

SAMPLE Al‘z/oo ’ mg]ieg*1 mgllllg*1 mgl\;[((;*l mgslljg*1 mgskcg*1 TLZ) :
A-1 2.85 0.91 11.8 0.84 0.5 3.2 0.2
A-2 2.69 0.8 11 0.61 0.5 29 0.21
A-3 3.8 1.13 18 1.44 0.5 5.5 0.25
A-4 3.33 1.01 15.2 1.2 0.5 43 0.24
A-5 5.35 1.58 35.2 1.12 2.3 8.1 0.3
A-6 8.98 2.78 76 2.65 6.1 17.9 0.48
A-7 7.61 2.3 66 6.57 14 13.4 0.4
A-8 7.99 2.67 71.3 2.45 1 15.8 0.46
A-9 5.38 1.73 40.8 2.18 0.6 9 0.35

A-10 5.32 1.54 41.6 2.12 1.1 8.1 0.31
A-11 6.28 1.96 49.2 2.03 0.7 10.9 0.37
A-12 6.64 1.96 55.2 1.86 13 10.8 0.35
A-13 4.92 1.66 36.3 1.05 0.6 8.3 0.3
A-14 5.19 1.53 40.5 0.9 0.9 7.6 0.29
A-15 4.96 1.48 36.3 0.83 0.9 7.3 0.29
A-16 5.38 1.66 35.9 1.04 0.5 8.5 0.33
A-17 471 14 321 0.87 0.8 6.8 0.27
A-18 2.5 0.75 16.3 1.02 0.7 3.2 0.25
A-19 3.02 0.98 19.2 151 0.5 43 0.3
A-20 3.17 1.07 18.6 2.25 0.5 42 0.25
A-21 5.51 1.83 38 5.1 0.6 8.8 0.35
A-22 3.95 1.24 27.6 1.06 0.5 6.1 0.43
A-23 3.29 1.07 18.1 0.63 0.5 43 0.29
A-24 2.92 0.9 15.2 0.44 0.5 3.6 0.31
A-25 2.93 0.95 15.8 0.38 0.5 3.8 0.29

The peak of the Roman exploitation (2-1.9 kyr BP) led to a further increase in the
concentrations of all these elements (Figure 2). This increase was especially significant for
Mo (up to 2.03 mg kg ') and Sb (up to 1.3 mg kg~ !), which doubled their concentrations
in relation to the underlying sediments. During this period, it is estimated that 25 million
tons of pyrite were extracted from the Iberian Pyrite Belt [39].

The last mining activities (1850-1990) and recent industrial wastes (1960-1990) wit-
nessed a fourth peak in strategic elements (samples A-8 to A-6) with the highest concentra-
tions of core A (Figure 2; Al: up to 8.98%; Be: up to 2.78 mg kg~ !; Li: up to 76 mg kg~ };
Mo: up to 6.57 mg kg~ !; Sb: up to 6.1 mg kg~!; Sc: up to 17.9 mg kg~ 1; Ti: up to 0.48%).
Numerous previous studies of sediment cores extracted from the estuary of the Tinto River
also show that this pollution episode was the most important in the paleoenvironmental
evolution of its basin [40,41].

The progressive siltation of La Fontanilla Cove caused the loss of tidal connection in
this inner zone, which explains the low values of strategic minerals in the marshes and
alluvial sediments of the upper part of core A (samples A-5 to A-2). Consequently, the
distribution of these strategic metals also allows us to detect environmental changes.
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3.3. Estuarine Sediments as Ore Deposits?

The background of the seven analyzed elements, obtained from their average concen-
trations in the Earth’s crust (Al: 8.23%; Be: 2.8 mg kg ~!; Li: 20 mg kg~!; Mo: 1.2 mg kg~ 1;
Sb: 0.2 mg kg~ 1; Sc: 22 mg kg~ !; Ti: 0.565%), can be used to make a preliminary evalu-
ation of these estuarine sediments as potential ore deposits [42,43]. In an initial review,
Al, Be, Sc, and Ti were discarded due to their concentrations being lower than this back-
ground in the whole of core A. Lithium concentrations (up to 76 mg kg~!) are clearly
lower than those observed in its main deposits located in mines (1-2% Li,O) or in brines
(200-1400 mg kg~ !) [44,45], while a similar perspective is obtained when comparing the
maximum Mo concentrations (up to 6.57 mg kg~!) with ore deposits from the central
United States (0.02-0.36% Mo) [46]. Finally, the Sb concentrations (up to 6.1 mg kg’l) are
very low compared to the average percentages of this element in deposits in Russia or
China (up to 14%) [47].

3.4. Strategic Elements in Pre-Holocene Sediments from Southwestern Spain: A Preliminary
Approach

The abundance of these strategic materials has not been specifically addressed by
any study in southwestern Spain, although some papers include some of them in their
geochemical data. The last three pollution peaks come from the mining of the Paleozoic
polymetallic deposits of the Iberian Pyritic Belt, exploited in several dozen mines. The
geochemical analysis of some of these deposits and residual soils includes some of the
elements studied in this paper, such as Al (up to 0.01-16.1%), Be (up to 8.9 mg kg}),
Li (3.3-400 mg kg~ !), Mo (up to 26,700 mg kg~ 1), Sc (0.5-53,5 mg kg~ '), or Ti (up to
1.19%) [48,49]. However, this millenary mining has focused on polymetallic sulfides or
precious metals and not specifically on these elements [50].

The Gibraleén Clay Formation [51] is the most widespread Neogene geological unit in
the vicinity of the estuary of the Tinto and Odiel rivers. These upper Miocene silty-clay
materials show Al values between 4% and 5% in some cores obtained in the Tinto River [35]
and do not reach 3 ppm of Be in the sandiest levels of this formation [52]. The Pliocene
glauconitic levels of the overlying Huelva Sand Formation [51] have Al contents between
5% and 6% [53], while the Pleistocene terraces of the Tinto River show values lower than 9%
in Al and 0.5% in Ti [37]. This first approximation would indicate that all these materials
are not suitable for the economic extraction of these strategic minerals.

4. Conclusions

1.  The geochemical analysis of a sediment core extracted from the middle estuary of the
Tinto River (SW Spain) revealed that the strategic elements studied (Al, Be, Li, Mo,
Sb, Sc, and Ti) can be considered markers of the pollution episodes (one natural and
three anthropogenic) that have occurred in this area during the Holocene.

2. Anatural acid rock drainage occurred during the MIS-1 transgression (6.2 kyr BP),
followed by two episodes of mining-related contamination around 4.4 kyr BP and
2-1.9 kyr BP.

3. The main pollution episode is associated with mining activities (1850-1990) and
industrial discharges (1960-1990) in recent years.

4. These estuarine sediments and other pre-Holocene formations and terraces do not
serve as ores of these elements due to their very low concentrations in relation to
those obtained in current mines in various parts of the world.
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