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Abstract

Estuaries are excellent containers for the prehistorical and historical pollution that develops
in their river basins. This paper studies the Au contents obtained by inductively coupled
plasma spectrometry of two cores extracted from the Doñana National Park (Guadalquivir
Estuary, SW Spain). Concentrations of this precious metal have been associated with the
different prehistoric and historical stages of exploitation of the Iberian Pyritic Belt. The
three detected peaks correspond to the first mining operations in the area around the park,
the first systematic Tartessian mining and strong exploitation during the Roman period.
Consequently, Au is an appropriate marker of the contamination phases prior to its current
extraordinary biological diversity.

Keywords: gold; prehistoric–historic pollution; estuary; SW Spain

1. Introduction
In recent years, research on pollution in coastal environments such as estuaries, deltas,

bays or lagoons has proliferated. A substantial part has focused on the determination of
past episodes caused by mining operations, industrial effluents, urban waste or agricultural
residues. For this purpose, geochemical analysis of sediment cores is frequently used, in
which the concentrations of certain metals (e.g., Cu, Pb, Zn) allow characterization of these
pollution events in coordination with radiometric dating [1–4].

The Iberian Pyritic Belt (SW Spain) (Figure 1: IPB) is one of the most important
metallogenic provinces in Europe, with numerous giant deposits of polymetallic sulfides,
whose extraction began some 5000 years ago [5,6]. These deposits are also one of the most
important sources of Au in the Iberian Peninsula, especially in areas rich in Zn and gossans,
within arsenopyrite or, in general, in all pyritic ores, although in low proportions. Known
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concentrations of Au in massive sulfides range from 0.01 to 60 mg kg−1, with Au found in
most cases as electrum and alloys, with notable contents in Ag and Hg [7–9].

 

Figure 1. (A) Location of the Doñana National Park; (B) synthetic geomorphological map of Doñana
National Park and adjacent areas; (C) partial view of the Doñana spit; (D) partial view of the
Guadalquivir marshlands.

The study of numerous sediment cores in the adjoining estuaries has differentiated
four Holocene peaks of metallic pollution, based mainly on the concentrations of Ag, Cu,
Ni, Pb or Zn. One natural acid rock drainage event is related to the MIS-1 transgression
(~6500 cal. yr BP), followed by three peaks of anthropogenic origin from early mining
(~5000–4500 yr BP), the Roman period (~2100–1800 yr BP) and intensive mining together
with industrial wastes between 1850 and 2000 [10–12]. However, this area was famous for
its richness in silver during the Tartessian period (2900–2600 yr BP), with a subsequent
decline in the silver trade with the Mediterranean peoples during the Turdetan period
(2500–2200 yr BP) [13]. During these last periods, this metal was extracted in several mining
sites such as Aznalcóllar (Figure 1A), associated with much lower concentrations of Au [14].
Consequently, it is reasonable to assume that any pollution episode in the Iberian Pyrite Belt
would also lead to an increase in gold concentrations in the adjacent estuaries, although in
much smaller quantities than the aforementioned metals.
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This communication analyzes the Au content of two long sediment cores extracted
from the Doñana National Park (SW Spain), the largest biological reserve in Europe. The
aim is to test whether the temporal distribution of this precious metal can be used to
identify past periods of pollution in this area. This distribution is compared with that of
other elements frequently used as pollution markers.

2. Materials and Methods
2.1. Study Area

Doñana National Park (DNP) is located within the estuary of the Guadalquivir River
(SW Iberian Peninsula) (Figure 1A). It is the largest biosphere reserve in Spain (542 km2)
and is partially protected by an elongate sandy spit composed of stabilized dunes and
ridges deposited during three phases of progradation (Figure 1B,C; H2: 4200–2550 cal. yr
BP; H3: 2300–800 cal. yr BP; H4: 500 cal. yr BP to the present) [15]. Most of the park is made
up of flat marshes (Figure 1B–D) and fluvial levees, on which sandy and bioclastic ridges
are deposited from the action of high-energy events [16].

DNP is connected to the Aznalcóllar mines through the Guadiamar River, a tributary
of the Guadalquivir River (Figure 1A), and consequently, the millenary mining operations
in this sector of the Iberian Pyrite Belt may have had an impact on the geochemistry of its
Holocene sediments. This connection became evident on 25 April 1998, when the rupture
of a settling pond at the Aznalcóllar mine caused an ecological disaster in the Guadiamar
River and only the construction of dikes prevented the entry of sludge highly contaminated
by heavy metals into the park [17].

2.2. Cores: Paleoenvironmental Reconstruction

Two long cores (Figure 1B: PN and CM) were drilled by the Spanish Geological and
Mining Institute (IGME) in the southwestern part of DNP, and previous multidisciplinary
studies have reconstructed their paleoenvironmental evolution. Core PN (Figure 2A) was
located close to the so-called ‘Palacio de Las Nuevas’, and its upper 27.5 m are composed
of (i) bioclastic sandy silts (27.5–26 m depth), deposited during the MIS-1 transgression;
(ii) lagoonal muds (26–11.4 m depth) with numerous fragments and carapaces of molluscs;
(iii) a first tsunamigenic layer (11.4–9.3 m depth), characterized by a mixture of marine
mollusks and brackish microfauna; (iv) a monotonous sequence of muds and silts (9.3–1.8 m
depth) whose faunal content (macrofauna, ostracods, foraminifera, etc.) testifies to the
transit from an open lagoon to a tidal channel; and (v) a second tsunamigenic layer (1.8–0 m
depth) composed of silty sands and sandy silts with abundant disarticulated valves and
fragments of bivalves, together with frequent carapaces of gastropods, brackish and marine
ostracods and even planktonic foraminifera [18].

Core CM (Figure 1B) was extracted in the Doñana spit and a previous multidisciplinary
study carried out its paleoenvironmental reconstruction [16]. Four sedimentary facies have
been distinguished in the geological record of this core (Figure 2B): (i) grayish silts with
abundant marine bivalves, gastropods and benthic foraminifera deposited in a lagoon inlet;
(ii) greenish to grayish clays with abundant brackish hyaline and agglutinated benthic
foraminifera typical of salt marshes and lagoon margins; (iii) a thick tsunamigenic layer
(~3rd century BCE), with yellow sands from the erosion of the dune ridges that make up
the Doñana spit; and (iv) yellow dune sands with cross stratification and absence of both
macrofauna and microfauna.



Minerals 2025, 15, 801 4 of 10

 

Lagoon

Tsunami

Lagoon

Ebb-tide
channel

Tsunami

MIS-1
transgression

0 m

10 m

20 m

CORE PN
Age (cal kyr BP)

8 6 4 2
PN-1
PN-2
PN-3

PN-4

PN-5

PN-6

PN-7

PN-8
PN-9
PN-10
PN-11
PN-12

PN-13

PN-14

0

CM-1

CORE CM0 m

Aeolian
systems

10 m

20 m

30 m

CM-2

CM-3

CM-4

CM-5

CM-6

CM-7

CM-8

CM-9

CM-10

Salt marsh/
Lagoon
margin

Lagoon
inlet

Tsunami
Lagoon inlet

Salt marsh/
Lagoon
margin

Lagoon
inletSand Silt Clay BioclastsLEYEND

A B

MSR~5.4 mm/yr

16.5 mm/yr

17.5 mm/yr

Age (cal kyr BP)
8 6 4 2 0

MSR~17.5 mm/yr

7.8 mm/yr

Figure 2. (A) Depth–age model of core PN; (B) depth–age model of core CM.

2.3. Sampling and Geochemical Analysis

Twenty-four samples (2 cm thick) were selected from the two cores (PN: PN-1 to PN-14;
CM: CM-1 to CM-10). Selection and distribution of the samples are variable, linked to
(i) the length of each core; (ii) the presence of different sedimentary facies; (iii) the definition
of its limits; and (iv) the visual distribution of bioclasts. Consequently, the number of
samples from each core depends on its geological features. This methodology has been
used with fruitful results in other cores obtained in estuaries close to DNP [19].

At least one sample from each of these facies has been selected for geochemical study.
These samples were stored in polyethylene bags until chemical analyses. These analyses
were performed by Activation Laboratories (Ancaster, ON, Canada). Concentrations
of Au were determined by inductively coupled plasma spectrometry, with calibration
based on the analysis of over 30 international standard reference materials. The detection
limit was 0.2 µg kg−1. The results were compared both directly and statistically with the
concentrations of other usual tracers of pollution in the same samples obtained in previous
investigations.

2.4. Dating

Six radiocarbon dates were obtained at Beta Analytic Laboratories (Miami, FL, USA)
by AMS using samples of marine mollusk shells. These dates were calibrated using the
Calib 8.2 program with the reservoir correction determined for this area [20]. A depth–age
model was then produced for each core and the mean sedimentation rates (MSRs) were
calculated for each period between two dates.

3. Results and Discussion
3.1. Dating and Depth-Age Models of Cores

The four dates obtained from the base to the top of the PN core range from the MIS-1
transgression (6.3–6.6 cal. kyr BP) to 3.2–3.6 cal. kyr BP (Table 1). The two tsunamigenic
layers are similar in age (4–4.4 cal. kyr BP and 3.2–3.6 cal. kyr BP) to other tsunamigenic beds
observed in short cores and trenches in the Doñana National Park, confirming the record of
at least two high-energy events during the middle Holocene [21]. On the other hand, the
geological record of the CM core spans approximately the last 2500 years. The wind-driven
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tsunamigenic layer, located between 2500 years BP and 1600 years BP, corresponds to the
tsunami that invaded this area during the third century BCE [22].

Table 1. 14C database of cores.

Core Depth (m) Laboratory Number 14C Age Yr BP Error Age Cal Yr BP (2σ)

PN

0.3 B-228880 3550 40 3215–3580
10.8 B-228881 4060 40 3845–4256
14.1 B-228885 4200 40 4026–4433
26.1 B-228882 6090 40 6270–6619

CM
11.7 B-228873 2030 40 1370–1714
31 B-228876 2830 40 2349–2704

In the PN core (Figure 2A), the MSR is moderate (5.4 mm/yr), from ~6.4 cal. kyr BP
to ~4.2 cal. kyr BP, and then increases markedly to ~3.4 cal. kyr BP (16.5–17.5 mm/yr). A
similar rate has been obtained for the CM core between 2.5 cal. kyr BP and 1.5 cal. kyr
BP (Figure 2B), decreasing markedly up to the present (7.8 mm/year). This indicates that
the MSR was significantly higher in the outer areas of DNP than in its innermost sector
(<5 mm/year) during this period [23].

3.2. Vertical Distribution of Au

Bioclastic silts and clays located at the base of the PN core (27.5–20 m depth; samples
PN-14 to PN-10) do not exceed the detection limit (Figure 3A). This contrasts with the gold
peak (6 µg kg−1) detected in the lagoonal clays at a 19 m depth (sample PN-9) and the
relatively high Au concentrations (4 µg kg−1) until the tsunami that occurred between 3.8
and 4.2 cal kyr BP (samples PN-6 and PN-7). These concentrations do not exceed 2 µg kg−1

in the uppermost six samples of this core, deposited over the next ~600 years.
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The lower samples of the CM core (Figure 3B; samples CM-10 and CM-9), deposited at
the mouth of an old lagoon, also do not exceed the detection limit. A first peak (sample CM-
8; 5 µg kg−1) was detected in the clays that constituted the margins of this lagoon, followed
by a decrease below detection limits until the third-century BCE tsunami. Gold concen-
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trations increased because of this high-energy event (sample CM-6; 3 µg kg−1), which
preceded a new peak (sample CM-5; 5 µg kg−1) located in the bioclastic silts deposited
about ~2000 years ago at the mouth of the old lagoon.

3.3. Au as Prehistorical and Historical Pollution Tracer

A joint view of Au concentrations in both cores, together with historical data and
paleoenvironmental reconstructions, defines different pollution episodes linked to an-
thropogenic actions during the last 7000 years in DNP. During the MIS-1 transgression
(~6500 yr BP), the estuaries of the southwestern Iberian Peninsula were invaded by the sea,
and in some of them (Figure 1A: Tinto River), there is a first pollution peak due to acid
rock drainage resulting from the leaching of surface beds of the massive sulfide deposits
of the IPB [11]. However, this episode is not reflected in the Holocene sediments of the
southwestern DNP (core PN), probably because of its location near the mouth of an old
lagoon and the possible tidal dilution of this natural pollution.

The Iberian Pyrite Belt is one of the oldest mining districts in the world, with more
than 4500 years of history [24]. The start of mining is clearly reflected in the first Au peak
detected in the lagoonal clays of PL core (4–6 µg kg−1), with an age of at least 4500 years
BP (Figure 3A). During the third millennium BCE, mining was restricted to the exploitation
of Cu minerals (azurite, malachite, cuprite, tenorite, chalcocite and covellite) extractable at
the surface or at shallow depths [25,26]. The copper ores were processed in centers located
near the margins of the lagoon, such as Valencina (Figure 1A), between 4.7 and 4.5 cal. kyr
BP [25]. The palaeogeographical reconstruction of this area during this period (Figure 4)
reflects the connection between these metallurgical centers and the location of the PN core,
which would explain the first Au peak detected there.

 

Figure 4. Palaeogeographical reconstruction of the Guadalquivir Estuary around 5000–4000 yr
BP [27].

The first systematic exploitation of the IPB deposits took place during the Tartessian
period, developed in the southwest of the Iberian Peninsula between 2900 yr BP and
2600 yr BP. There are no written sources for this period and their quotations come from
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Greco-Latin authors. Different historical sources make reference to Tartessos, such as the
Bible, Herodotus (5th century BC), Strabo (1st century BC-1st century AD) or Avieno (4th
century AD) [28]. A substantial part of the research on this civilization has focused on
its importance as a mining emporium and source of minerals (especially copper, silver
and gold) for the peoples of the eastern Mediterranean, such as the Phoenicians. This
mining reactivation is probably reflected in the first Au peak of the CM core (3 µg kg−1),
which would coincide with the splendor of silver metallurgy in settlements located in the
Aznalcóllar area, such as Los Castrejones or the Aznalcóllar castle [29].

Tartessian society underwent a major crisis around 2600–2500 yr BP [30]. The later
pre-Roman period differs from it both culturally and linguistically, such that Strabo called
the inhabitants of this area Turdetans [31,32]. The Turdetan period (~2500–2200 yr BP)
was characterized by a remarkable mining decline [33], expressed in the CM core by Au
contents below detection limits (sample CM-7).

The Roman mining boom in the IPB (2100–1800 yr BP) involved the extensive mining
of the massive sulfide deposits in this area, with the extraction of some 20 Mt [24]. The
Aznalcóllar mines were intensively exploited for the extraction of copper and silver, both
in gossans and in primary mineralization. In addition, there were several metallurgical
settlements where abundant iron, lead, silver, copper and copper–iron slags had been
found [34]. This intense mining activity is reflected in the second Au peak in the CM
core (Figure 3B: up to 5 µg kg−1), as well as in numerous cores extracted in the estuary
of the Tinto and Odiel rivers [10–12]. The subsequent clogging of the lagoon, coupled
with a subsequent remarkable mining decline from the fall of the Roman Empire to the
new intensive mining of the IPB during the 19th and 20th centuries and the progressive
shrinkage of the Doñana shaft, is reflected in the Au concentrations below 2 µg kg−1 in
the upper part of this core. It should be noted that gold contamination continues for a
short period of time, even after each prehistoric or historical episode of contamination
(Figure 3A,B), possibly reflecting the role of surface runoff on abandoned tailings piles.

3.4. Au vs. Other Pollution Tracers

Table 2 shows the concentrations of Au and other elements frequently used as pollution
tracers in the studied cores [12,22]. This table allows us to compare their variations in
relation to the main pollution episodes over the last 5000 years in DNP. The former mining
activities (~4500 yr BP) are reflected in the increase in precious metals (Au, Ag) in the CM
core, while the other pollution tracers do not show significant increases. However, peaks
of Cu, Pb and Zn have been found in estuaries close to DNP in sediments of this age [11].
This may be due to (i) differences between mined ores; (ii) different palaeogeography; or
(iii) differential fluvial dynamics.

In the PN core, both Tartessian and Roman mining caused a substantial increase in
all the elements analyzed in relation to the underlying sediments, with values six to seven
times higher in their concentrations. These periods witnessed a systematic exploitation
of the Iberian Pyrite Belt, and all the estuaries located between DNP and the current
border with Portugal and even the adjacent marine shelf were contaminated by Cu, Pb
and Zn [6,35]. However, gold is not analyzed as a possible tracer of contamination in these
investigations.

The bivariate statistical analysis between gold and these metals does not yield sig-
nificant linear correlations for the six samples with gold values above the detection limit
(r = 0.47 for Cu; r = 0.62 for Pb; r = 0.43 for Zn). If the mean value of the detection limit
is taken for the remaining samples (Au = 1 µg kg−1), the correlations are practically zero
(r = 0.07 for Cu; r = 0.02 for Pb; r = 0.01 for Zn). Consequently, there is no statistical correla-
tion between Au values and other possible tracers of contamination in these cores, although
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their values increase simultaneously during certain pollution periods. This may be partly
due to the very low concentrations of Au concerning the rest of the elements analyzed.

Table 2. Comparison between Au concentrations (in µg kg−1) and other pollution tracers (in mg kg−1).

Core Sample/Element Au Ag Cu Pb Zn

CM

CM-1 <2 <0.3 4 5 9
CM-2 <2 0.3 33 41 81
CM-3 <2 <0.3 29 37 75
CM-4 <2 <0.3 30 35 71

CM-5: Roman pollution 5 <0.3 19 25 46
CM-6 3 <0.3 5 7 7
CM-7 <2 <0.3 12 21 28

CM-8: Tartessian pollution 5 0.6 46 46 74
CM-9 <2 0.4 5 7 12

CM-10 <2 <0.3 3 6 9

PN

PN-1: Tsunami <2 <0.3 22 21 61
PN-2: Tsunami <2 0.3 24 18 68

PN-3 <2 0.4 37 54 79
PN-4 <2 0.4 32 46 75
PN-5 <2 0.4 27 32 62

PN-6: Tsunami <2 <0.3 28 15 61
PN-7: Tsunami 4 <0.3 14 12 58

PN-8 4 <0.3 22 16 66
PN-9: First mining activities 6 0.4 18 14 60

PN-10 <2 <0.3 20 10 68
PN-11 <2 <0.3 20 12 62
PN-12 <2 <0.3 18 14 59

PN-13: MIS-1 transgression <2 <0.3 19 13 62
PN-14: MIS-1 transgression <2 <0.3 18 10 56

4. Conclusions
The geochemical analysis of two cores obtained in DNP attests to the applicability of

gold as a tracer of contamination derived from the Iberian Pyritic Belt in the Guadalquivir
River Estuary. The temporal evolution of the Au concentrations is consistent with the proto-
historic and historical data on the development of the Aznalcóllar mines, its surroundings
and the people who inhabited the area around DNP more than 4000 years ago. The three
detected peaks correspond to the first mining activities, a first phase of systematic Tartes-
sian mining and strong exploitation during the Roman period. The content of precious
metals (Au, Ag) detects the earliest mining activities in the Iberian Pyrite Belt, while both
these elements and others (Cu, Pb, Zn) increased significantly during the Tartessian and
Roman periods. However, there is no significant statistical correlation between gold and
other metals, although all of them increased both during periods of pollution and during a
brief interval after them.
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