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ABSTRACT

The Doñana National Park is a Biosphere Reserve located within 
the estuary of the Guadalquivir River (SW Spain). It is mainly com-
posed of extensive fluvio-tidal marshes partially protected by an 
elongated sandy spit. Three phases have been distinguished in the 
late Holocene evolution of this spit based on textural, geochemical, 
palaeontological and, chronological data recorded in a long core (31 
m). Phase 1 (890 BCE-218 BCE) is characterized by the alternation 
of lagoonal silty sediments and slightly polluted marsh deposits, the 
latter with contamination from thousand-year-old mining. Phase 
2 (218 BCE-90 CE) is characterized by several historical tsunamis, 
which caused the erosion of previous dune systems and the deposit 
of these sandy sediments on the adjacent bottom of the lagoon. Phase 
3 (90 CE-Present) includes a regressive sequence (lagoonal bottom-
marsh-dune system), with the pollution of lagoonal sediments due 
to Roman mining activities.

Key words: texture; heavy metals; Palaeontology; historical tsunamis; 
mining; Doñana; SW Spain.

RESUMEN

El Parque Nacional de Doñana es una Reserva de la Biosfera localiza-
da dentro del estuario del río Guadalquivir (S.O. de España). Esta Reserva 
está formada principalmente por marismas fluvio-mareales parcialmente 
protegidas por una flecha arenosa alargada. Se han diferenciado tres fases 
en la evolución holocena tardía de esta flecha, con base en el análisis 
multidisciplinar (textura, geoquímica, paleontologíca, cronología) de un 
testigo largo (31 m). La fase 1 (890 BCE-218 BCE) se caracteriza por la 
alternancia de sedimentos lagunares limosos y depósitos de marisma leve-
mente contaminados por metales pesados debido a una actividad minera 
milenaria. La fase 2 (218 BCE-90 CE) se distingue por la acción de varios 
tsunamis históricos, que causaron la erosión de sistemas dunares previos, 
así como el depósito de estos sedimentos arenosos sobre el fondo arcilloso 
de la laguna adyacente. La fase 3 (90 CE-actual) incluye una secuencia 
regresiva (laguna-marisma-sistema dunar) con una nueva contaminación 
de los sedimentos lagunares debido a las actividades mineras romanas. 

	
Palabras clave: textura; metales pesados; paleontología; tsunamis 
históricos; minería; Doñana; S.O. España.
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INTRODUCTION

In the last two decades, numerous studies have analyzed the 
historical and geological records of tsunamis (Ögretmen et al., 2015; 
Latcharote et al., 2018). Some of them have presented a review of the 
associated sedimentary deposits, its main features, and the dynamic 
processes involved in their formation (Dawson and Steward, 2007; 
Engel and Brückner, 2011). Others have focused on their sedimentary 
characteristics (Putra, 2018), their palaeontological record (Mamo 
et al., 2009; Ruiz et al., 2010) or their mineralogy (Pozo et al., 2010; 
Costa et al., 2015).

In this regard, trace metals are one of the most promising sentinels 
of tsunamigenic deposits both during the Holocene and nowadays 
(Veerasingam et al., 2014; Bianchette et al., 2016). Chemical signatures 
of (palaeo-)tsunamis have been reviewed in the last years, with exciting 
perspectives for the future development of this field (Chagué-Goff, 
2010; Nelson et al., 2015). In addition, these trace metal concentrations 

of Holocene sediments have been used to obtain regional backgrounds 
and to distinguish historical periods of pollution (Xu et al., 2018).

This paper analyzes the Holocene geological record of a core 
extracted in the Doñana National Park, a Biosphere Reserve located 
in southwestern Spain. Its main purposes are to define possible tsu-
namigenic layers and their chronology, as well as to determine the 
impact of millennial mining activities in this currently protected area.

STUDY AREA

The Doñana National Park
The Doñana National Park is one of the most important wetlands 

in Europe. This UNESCO World Heritage Site covers more than 54000 
ha., including the lowermost reach of the Guadalquivir river estuary. 
Most of its surface is formed by fluvial levees and fluvial-tidal marshes 
drained by ebb-tide channels (Figure 1). In some areas, these marsh-

Figure 1. Main geomorphological features of the Doñana National Park, with location of the core studied. H3-H4: progradation phases (see text).
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lands are covered by cheniers and sandy ridges coming from the action 
of Holocene storms or tsunamis (Ruiz et al., 2004, 2005). Depressions 
among them are occupied by temporary ponds, locally so-called ‘lucios’.

This internal geomorphological context is protected by an elon-
gated littoral spit barrier (Figure 1: Doñana spit), which is constituted 
by dune systems and spit bars (Rodríguez-Vidal et al., 2014). The latter 
were mainly deposited during two regional progradation phases (H3: 
2300–1100 cal. yr BP; H4: 800 cal yr BP-Present) (Zazo et al., 1994). 

Hydrodynamic processes are controlled by the fluvial discharges, 
tidal regime, and littoral drift currents. The Guadalquivir River has a 
continuous inflow of ca. 10 m3∙s-1, with very high discharges associ-
ated with strong rainfall (> 1000 m3∙s-1) (Sánchez et al., 2012). The 
tidal regime is mesotidal and semidiurnal, with an average tidal range 
of approximately 3.6 m (Borrego et al., 1993). Littoral drift currents 
transport sand-size sediments from the Portuguese coast to the Spanish 
nearshore zone (Cuena, 1991), causing the growth of the Doñana spit.

Tsunami record in southwestern Spain
The southwestern Iberian coast is a low-probability tsunamigenic 

area, with a prehistoric and historical record of some twenty tsunamis 
in the last 10000 years (Lario et al., 2011). The estuarine sedimentary 
sequences of Spain and Portugal contain tsunamigenic evidence (sandy 
ridges, bioclastic beds, washover fans) mainly from the tsunamis of 
two tsunamigenic periods: a) 218 BCE-60 BCE, with three or four 
tsunamis (218 BCE, 210 BCE, 209 BCE, 60 BCE), depending on the 
historical sources consulted; and b) 1720 CE-1761 CE, with six tsuna-
mis (1722 CE, 1731 CE, 1755 CE –two tsunamis-, 1756 CE, 1761 CE). 
This last period includes the 1755 Great Lisbon tsunami, one of the 
most destructive historical tsunamis in the world (Rodríguez-Vidal 
et al., 2011a; Ruiz et al., 2013a). Some of them have been detected in 
Holocene cores and shallow sections (< 2 m thickness) of the Doñana 
National Park (Ruiz et al., 2004, 2005).

Historical pollution
The Iberian Pyrite Belt (200 miles long × 40 miles wide) is one of 

the most important metallogenic provinces in the world, located in 
southern Portugal and southwestern Spain. Several mines have been ex-
ploited since the 3rd millennium BCE (Davis et al., 2000). Some of them 
are located near the Guadiamar River, a tributary of the Guadalquivir 
River, with mining activities for more than 4000 years (Hunt, 2003). 
Consequently, some rivers of this area are very polluted, with very 
shocking acid mine drainage processes (Olías and Nieto, 2015).

MATERIAL AND METHODS

A 31-m long core (Figure 1: CM) was recovered by the Instituto 
Geológico y Minero de España (IGME) near the so-called Corral de 
la Marta, located in the southeastern part of the Doñana spit. In a first 
step, the main lithological units were separated in a visual review of the 
core (texture, color, compaction, macropalaeontology). Ten samples 
were selected from the different units and divided into subsamples for 
specific analyzes (Figure 2a). The selection of these samples was based 
on: a) the presence of different sedimentary facies; b) the definition 
of its limits; c) the internal sedimentary structures; and d) the visual 
distribution of bioclasts in the core. 

Grain size
The lithological description has been complemented with grain-

size analysis (Figure 2b). Grain-size distribution was determined by 
wet sieving for the coarser fractions (>100 μm). Fractions lesser than 
100 μm were analyzed by photo-sedimentation (MicromeriticsR 

SediGraph 5100 ET). In both cases Na-hexametaphosphate was used 
as a dispersing agent. 

Chemical analysis
Chemical analyses for trace metal elements were performed by 

Activation Laboratories, Ontario (Canada). Element concentrations 
were determined by instrumental neutron activation analysis [INAA] 
(As, Co, Cr, Sc) and by inductively coupled plasma spectrometry [ICP] 
(Cu, Pb,) or by multi-INAA–ICP techniques (Ni, Zn). The calibration 
is based on the analysis of over 30 international standard reference ma-
terials. Detection limits are 0.1 mg∙kg-1 (Sc), 0.5 mg∙kg-1 (As), 1 mg∙kg-1 
(Co, Cu, Ni, Zn), 2 mg∙kg-1 (Cr) and 3 mg∙kg-1 (Pb), respectively. Results 
were compared with a background recently obtained in silty-clayey sedi-
ments of the Doñana National Park (Figure 2c) (Carretero et al., 2011).

Palaeontology 
The macrofossil record of 10 sub-samples was obtained by wash-

ing the bulk sediment (12 cm3) through a 1-mm sieve. Bivalves and 
gastropods were identified to the species level and counted to study the 
semi-quantitative distribution in the core. In relation to the reduced 
amount of sediment studied, the abundance of a species in each sample 
was described as follows (Table 1): very rare (VR: 1 specimen), rare 
(R: 2–3 specimens); frequent (F: 4–6 specimens); abundant (A: 7–10 
specimens); and very abundant (VA: >10 specimens). In addition, the 
main foraminifera of each facies have been recorded, although they 
have not been counted. Results were compared with those obtained 
from the ostracod assemblages of the same samples (Ruiz et al., 2013b).

Radiocarbon dating
Two radiocarbon dates were obtained at Beta Analytic Laboratories 

(Miami, USA) by AMS using samples of marine mollusk shells. These 
dates were calibrated (Table 2) using the Marine13 calibration (Reimer 
et al., 2013), with the reservoir correction determined for this area 
(-108 + 31 yr) (Martins and Soares, 2013). 

RESULTS AND DISCUSSION

Sedimentary facies: interpretation
Three facies have been distinguished, according to their textural 

features, sedimentary structures, palaeontological record and geo-
chemical contents (Figure 2a):

Facies 1 (FA-1: greyish silt). It is constituted by pale yellow silts 
(Munsell's color value scale: 8/2 to 8/3), moderately sorted, with moder-
ate percentages of clays (Figure 2b: 25–30%) and scarce fine to very fine 
sands (< 8%). They present a very tenuous low-angle cross stratifica-
tion, parallel lamination or absence of patent sedimentary structures. 
Macrofauna is abundant (Table 1), including numerous valves and 
fragments of marine bivalves (Chamelea gallina, Ruditapes decus-
satus, Acanthocardia tuberculata), gastropods (Rissoa sp., Lemintina 
arenaria) and scaphopods (Antalis vulgare, Dentalium sexangulum). 
Benthic marine foraminifera (Ammonia beccarii, Quinqueloculina spp., 
Elphidium crispum) are abundant.

The ostracod assemblage is dominated by marine species (Ruiz 
et al., 2013b), with numerous specimens of Urocythereis britannica, 
Pontocythere elongata and Palmoconcha turbida. Frequent individuals 
of brackish species (mainly Cyprideis torosa and Leptocythere tenera) 
are also present. This ostracod assemblages, the foraminiferal species 
and the macrofauna record already mentioned were usually found in 
the marine zones of perimediterranean lagoons, partially protected 
by sandy spits and located very close to the natural or artificial inlets 
(Ruiz et al., 2006a, 2016b).
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Table 1. Macrofauna record of core CM. Very rare (VR): 1 specimen; rate (R): 2-3 specimens; frequent (F): 4-6 specimens; abundant (A): 7-10 specimens; very 
abundant (VA): >10 specimens. Grey: absence.
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Facies 2 (FA-2: greyish to greenish clay). This facies is characterized 
by the abundance of very fine sediments (Figure 2b: clay ~70 %) with 
grayish to greenish colors (5Y 4/2). More than 50 % of the dry weight 
is composed of particles between 4 μm and 1 μm. The macrofauna 
record is very variable, with frequent unclassifiable fragments of bi-
valves, isolated valves of marine bivalves (Glycymeris glycymeris, Donax 
trunculus, Solecurtus strigillatus) and gastropods (Bolinus brandaris, 
Rissoa sp.), as well as very abundant bryozoans and numerous spines 
of echinoderms (Table 1). Undifferentiated fragments of carbonaceous 
stems and roots have also been found. The foraminiferal record is abun-
dant, with frequent specimens of Ammonia tepida, Entzia macrescens, 
Haynesina germanica and Trochammina inflata. 

The palaeontological record includes low densities of a high brack-
ish ostracod assemblage (mainly C. torosa, Loxoconcha elliptica and 
Leptocythere castanea). These species and the foraminiferal record 
are characteristic of a low marsh or the surrounding margins of a 
brackish lagoon (Montenegro and Pugliese, 1996; González-Regalado 
et al., 2001).

Facies 3 (FA-3: yellow sand). This facies is present in two layers 
inside the CM core (Figure 2a). These layers consist of well sorted, fine 
to very fine sand (Figure 2b: Fine + very fine sand > 60%) with intense 
yellow shades (10Y 8/6). The lower bed shows a lower erosive contact 
with FA-1, with some silty clasts near the base. In the upper layer of 
core CM, this facies exhibits cross stratification. Both macrofauna and 
microfauna are absent.

This facies constitutes the dune systems of the Doñana spit. The 

ocurrence of the basal sandy layer over FA-1 (Figure 2: 17.5 m depth) 
may be indicative of old tsunamis, with a partial rupture or erosion of 
the spit, the formation of washover fans in its inner side and the sandy 
sediment deposition in the lagoon. The textural features of this layer, 
the absence of sedimentary structures, its erosive base, the presence 
of clasts and the vertical disposition of facies in core CM support this 
palaeoenvironmental interpretation. In other Holocene sedimentary 
sequences, this presence of sandy sediments on previous silt-clayey 
substrates of coastal lagoons has also been interpreted as evidence 
of ancient tsunamis (Switzer et al., 2006). In a second episode, these 
washover fans would be reworked by the tidal fluxes and deposited 
on the margins of old tidal channels or on the lagoon margins, con-
stituting the sandy ridges of Vetalengua (Figure 1), with very similar 
sedimentological features (Ruiz et al., 2004).

Geochemistry 
The basal lagoonal silts of FA-1 are not contaminated by heavy 

metals (Figure 2c: < 15 mg∙kg-1). These unpolluted sediments are 
overlaid by slightly polluted marsh clays of FA-2, with some trace metal 
contents (As: 15 mg∙kg-1; Cu: 46 mg∙kg-1; Ni: 31 ppm; Pb: 46 mg∙kg-1; 
Sc: 11 mg∙kg-1; Zn: 74 mg∙kg-1) above the geochemical background of 
the Doñana National Park (Carretero et al., 2011). The concentrations 
of the remaining elements are very close to this background.

Transition to a new layer of FA-1 is characterized by a decrease 
in trace metals. Only Pb slightly exceeds the mentioned background 
(21 mg∙kg-1) in the basal part of this layer. Consequently, trace metals 

Table 2. Data base of 14C samples and results. Marine reservoir effect correction (ΔR= -108 ± 31 14C years).

Sample Depth 
(m)

Facies Phase Laboratory 
code

14C age 
(BP)

13C/12C Calibrated age 
(cal BP) (1σ)

Calibrated age 
(cal BP) (2σ)

Calibrated age 
(cal BCE/cal CE) (1σ)

Calibrated age 
(cal BCE/cal CE) (2σ)

CM-6 11.7 1 3 Beta-228873 2030 + 40 0.7 1805–1665 1590 – 1860 145 – 285 cal CE 90 – 360 cal CE
CM-1 31 1 1 Beta-228876 2830 + 40 0.7- 2770–2675 2840 – 2565 820 – 725 cal BCE 890 – 615 cal BCE
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accumulated progressively in the salt marshes of this old lagoon (FA-2), 
whereas the lagoon bottom (FA-1) remained unpolluted. The marsh 
sediments behaved as a partial sink for the studied trace elements, a 
common process in littoral systems (Ruiz, 2001). 

This marsh-lagoon bottom alternation is suddenly interrupted by 
the sandy deposits of FA-3 coming from the erosion of dune systems. 
These coarser, tsunamigenic sediments present the lowest values of 
trace metals as a distinctive feature (< 10 mg∙kg-1). They are very similar 
to those observed in the uppermost layer of the same aeolian facies 
(Figure 2c) and other Upper Pleistocene-Holocene aeolian formations 
of the Doñana National Park (Pozo et al., 2013). Thus, trace metals and 
other sedimentary characteristics can be used as sentinels of tsunamis 
in coastal areas (Jayawardana et al., 2012).

This sandy layer is overlaid by silty (FA-1) and clayey (FA-2) sedi-
ments. Silty sediments show a trace metal enrichment (As: 16 mg∙kg-1; 
Cr: 35 mg∙kg-1; Pb: 25 mg∙kg-1; Zn: 46 mg∙kg-1) in the relation with the 
lower beds of the same facies, surpassing the local background in some 
cases (As, Pb). This would imply a first, slight contamination of the 
lagoon bottom. On the other hand, the upper layer of FA-2 presents 
a small increase of trace metals towards the top (Cr: 72–78 mg∙kg-1; 
Cu: 30–33 mg∙kg-1; Pb: 35–41 mg∙kg-1; Ni: 30–35 mg∙kg-1; Pb: 71–81 
mg∙kg-1). All this would indicate the increase of metallic contributions 
to this area during the deposit of these last two facies.

	
Dating and sedimentation rates

These facies were deposited 3000 years ago, according to the 14C 
calibrated age of the basal facies (Table 2 and Figure 3: sample CM-1). 
An additional dating obtained at 12 m depth (CM-6: 90–360 cal CE) 
allows an approximation to the age of the tsunamigenic layer (or lay-
ers; see next chapter).

Consequently, the lower part of CM core presents a very high 
sedimentation ratio (Figure 3; mean >15 mm∙yr-1), according to the 
two dates, although this rate could have been partially increase due to 
the rapid deposition of FA-3. These high values are not uncommon 
in lagoons, with sedimentation rates higher than 14 mm∙yr-1 in some 
of them (Levy, 1978; Pustelnikovas, 2008). 

Palaeoenvironmental evolution: historical tsunamis and pollution
The vertical arrangements of facies, its contents in trace elements 

and the chronology mentioned above delimit three phases in the 
temporal evolution of core CM (Figure 4):

Phase 1 (890 BCE-218 BCE). In this phase, the Doñana National 
Park was a lagoon (Ruiz et al., 2004), with a wide mouth next to which 
the studied core was located. This area was situated very close to the in-
ner part of the Doñana spit, with a periodic transition from submerged 
environments (FA-1) to salt marshes (FA-2) and conversely. This 
protected scenario explains the presence of fine to very fine sediments 
and the coexistence of both marine and brackish species, a common 
feature of lagoonal outlets (Salel et al., 2016).

The external bottom sediments of this lagoon were slightly contam-
inated by some trace metals (mainly Cu, Pb, and Zn). These elements 
would come from fluvial contributions that would collect discharges 
from northern mining areas. These discharges have contaminated this 
lagoon since the beginning of the Phoenician colonization (> 3 kyr 
ago; Carretero et al., 2011).

Phase 2 (218 BCE-90 CE). The textural, palaeontological, and 
geochemical features of the lower sandy layer are indicative of a tsunami 
or a set of tsunamis. During this tsunamigenic period, a high-energy 
event (or events) eroded the dune systems of an old shorter Doñana 
spit and deposited these aeolian sediments on the lagoon bottom, 
according to its sandy composition, the absence of paleontological 
record and its scarce metallic content. This possible washover fan 

would be redistributed later by tidal cycles and would constitute 
sandy ridges parallel to the coastline, such as Vetalengua (Figure 1) 
(Ruiz et al., 2004).

In southwestern Spain, the historical record of tsunamis includes 
three or four tsunamis between 218 BCE and 60 BCE, a chronology 
that agrees with the suggested chronological boundaries of Phase 2 
and with the overlying FA-1 (90 CE-360 CE). In this old lagoon, these 
tsunamis generated overwash deposits, ebb tide deltas, sand sheets, a 
bioclastic beach on the lagoon shore (Rodríguez-Vidal et al., 2011b), 
as well as washover fans in adjacent estuaries (Luque et al., 2002). 

Phase 3 (90 CE-Present). This phase is characterized by a regres-
sive sequence: bottom lagoon (FA-1) - marsh (FA-2) - dune system 
(FA-3). The regional progradation phases H3 (2300–1100 cal yr BP) 
and H4 (800 cal yr BP-Present) caused the growing of the Doñana spit 
(Figure 1; Zazo et al., 1994), the progressive limitation of tidal flows, 
the emersion of the lagoon bottom (FA-1), the subsequent implanta-
tion of marshlands (FA-2) and the final development of dune systems 
(FA-3). This sedimentary sequence has also been observed in the final 
part of present-day sandy spits in continuous growth (Schwimmer 
and Pizzuto 2000).

Trace metal concentrations increased, and the bottom sediments 
were also slightly polluted. During the earlier period of this phase (90 
CE-500 CE), the Romans exploited the Iberian Pyrite Belt to obtain 
mainly copper and silver and some mines and its tailings were located 
in the basin of de Guadalquivir River (Pérez Macías and Delgado, 2014). 
These new mining activities would explain this increase, which has also 
been found in other estuarine sediments of similar age in southwestern 
Spain (Ruiz et al., 2008).
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marsh deposits. This metal pollution increased during the Roman 
period, with a little contamination even in the lagoon sediments. 
Conversely, the tsunami deposits derived from adjacent coastal dune 
systems are characterized by very low metal contents. Consequently, 
the geochemical content can be used to differentiate tsunamigenic 
deposits, in addition to other geological features (texture, palaeontol-
ogy, chronology).
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CONCLUSIONS

A general scenario for Late Holocene-Present evolution of the 
Doñana spit (SW Spain) has been proposed, based on a multidisci-
plinary analysis (texture, trace metals, Palaeontology, and dating) 
of sediments present in a long drill core. The overall study permits 
to delimitate three main phases during the last 3000 years, with an 
initial alternation of submerged bottom sediments and salt marshes 
interrupted by the 218 BCE-60 BCE tsunamigenic period. During this 
period, three or four high-energy events caused the erosion of previ-
ous dune systems, with the deposit of unpolluted sands on lagoonal 
silts. The final phase included a regressive sequence, with the final 
implantation of the present-day dune systems.

The vertical distribution of heavy metals shows the first level of 
small enrichment by mining activities before 900 BCE, especially in 
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