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Abstract: The elemental content—mainly trace elements—of samples from two boreholes (PLN, 
CM) with evidence of tsunamiites, located in the Doñana National Park (SW Spain), were studied. 
The geochemical variations of the REE, LILE, HFSE, and other elements (Al, Ti, S, Na, Br, Sc, Co, Cr) 
were interpreted according to the mineralogy present in the samples. The results obtained show the 
geochemical complexity of the estuarine paleoenvironments, in this case with the existence of three 
Holocene-age tsunamigenic deposits (around 4.25, 3.56 and 2.2–2 kyr BP). The statistical analysis of 
the samples’ geochemistry, by means of linear correlation and factor analysis, made it possible to 
differentiate two associations. The first is representative of an inherited mineralogy (REE-Y-Rb-Sr-
Cs-Th-U-Hf-Al-Ti-Co-Cr-Sc); the second includes elements (Br-Na) linked to mineral formation 
under evaporite conditions (halite). The trace element geochemistry of sediments thus becomes an 
excellent tool to identify tsunamiites in the studied zone, especially those elements that are clear 
proxies for marine incursions (Na, Br, Sr) and high energy events (Hf, Ti). The parent area of the 
provenance of the materials is mainly of felsic composition. 

Keywords: tsunamiite; geochemical proxies; trace elements; statistical analysis; Holocene; estuary 
environment 
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1. Introduction 

The geochemical compositions of sediments and their temporal variations can be used for the 
paleoenvironmental reconstruction of coastal areas [1]. Concentrations of heavy and other metals 
permit us to trace marine transgression/regression stages [2], the impact of wastewater discharges 
and deforestation [3], or to detect historical pollution derived from mining and industrial activities 
[4,5]. Some elements, such as REE (rare earth elements), LILE (large-ion lithophile elements) and 
HFSE (high-field-strength elements), can represent (paleo-)environmental markers in the analysis of 
recent and Holocene littoral sediments [6,7], as well as being indicators of sediment provenance [8,9]. 
An additional application of geochemistry is the characterization of tsunami deposits (see the review 
in [10]). Correlations with textural, mineralogical, paleontological and magnetic signatures allow us 
to detect these high-energy events and their associated deposits (tsunamiites) in the Holocene record 
[11,12]. The use of geochemistry as a proxy in the identification of tsunami deposits has acquired 
importance in recent years. The geochemical signal can serve as a marker of marine flooding, either 
as an indicator of changes in salinity or as evidence of marine carbonate inputs. 

The geochemical proxies provide information on the origin of the sediments (mineralogy) and 
their biomaterial (such as shells or reef remains), and also the broad provenance (e.g., marine or 
terrestrial). The relationship between the sediment’s geochemistry and provenance is generally site-
specific, and therefore the local context must be taken into consideration. For example, the 
geochemical proxies of a tsunami derived from carbonate coralline material will be different from 
one derived from basalt or weathered granite. In addition, the sandy nature of tsunamiites and their 
deposition in an unstable environment can lead to their erosion and poor preservation potential in 
the sedimentary record, which restrain their geochemical identification [10]. 

Within this general context, this paper analyses the composition of REE-LILE-HFSE and other 
selected elements of late Holocene sediments from two cores collected in the Doñana National Park 
(SW Spain). The aim is to establish the geochemical features and identification of useful trace 
elements (proxies) for the recognition of tsunamigenic beds (tsunamiites) previously identified by 
other analytical procedures. 

2. Study area: Cores PLN and CM 

2.1. Geological Setting: Main Geological Formations of the Southwestern Guadalquivir Basin 

In southern Spain, the different geological formations are grouped into the following domains 
(Figure 1a): (i) the Iberian Massif (Precambrian-Paleozoic), with magmatic, metamorphic and 
sedimentary rocks; (ii) the Betic Range, with Paleozoic internal zones (schists, quartzites, gneisses, 
peridotites, etc) and Mesozoic–Cenozoic external zones (mainly clays, gypsum and carbonates); and 
the Neogene depressions, the most important of which is the Guadalquivir river Basin. Near the 
mouth of this river, six main formations are defined (Figure 1b) [13–15]: (i) the Gibraleón Clay 
Formation, monotonous lithofacies consisting of marine gray-blue marls and clays; (ii) the Huelva 
Sand Formation, with massive bioturbated sandy beds interbedded with lumachellic layers of marine 
mollusc shells; (iii) the Bonares Sand Formation, with basal, bioturbated coarse-grained sands and 
conglomerates near the top; (iv) the Almonte Formation, with alluvial sands and gravels; (v) the 
Alluvial Unit, with fluvial gravels and conglomerates; and (vi) El Abalario Formation, formed by 
aeolian sands. 

The trace elements of these formations are scarcely studied, and some of them lack data (Figure 
1b). Some elements are more abundant in the marine formations (e.g., Na, Sr), while the lowest 
concentrations of numerous trace elements (e.g., La, Yb, Ce, Nd, Sm) are measured in the upper 
aeolian sediments of El Abalario Formation [16–18]. 
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Figure 1. (a) Synthetic geology of southern Spain; (b) SW Guadalquivir Basin: geochemistry of the 
main geological formations. ND: no data. 
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2.2. Doñana National Park 

The southwestern Spanish coast is formed of large sandy beaches and cliffs (145 km long), only 
interrupted by the presence of several estuaries. The Guadalquivir estuary is the largest of them, and 
includes the Doñana National Park, an extensive Biosphere Reserve (Figure 2a: >54,000 ha). This 
privileged natural site includes more than 25,000 ha of seasonal marshes, which are crossed by 
numerous tidal channels. These marshes are almost flat, and only small elevations formed by sandy 
ridges and cheniers rise above them (Figure 2a: Carrizosa-Veta La Arena, Las Nuevas, Vetalengua). 
Some of them represent evidence of old extreme wave events (storms, tsunamis) during the late 
Holocene [19,20]. Since ca. 4,000 years ago, the protection provided by the growing spit barrier of 
Doñana throughout different stages of coastal progradation (Figure 2a; H2: 4200–2550 cal yr BP; H3: 
2300–800 cal yr BP; H4: 500 cal yr BP-Present; [21]) favored the development of these sheltered 
marshes dominated by tides and fluvial currents, with some depressions occupied by freshwater 
ponds (Figure 2a: so-called ‘lucios’). This natural reserve is surrounded by different Neogene 
formations which constitute both its drainage basin and its underlying deposits. 

 
Figure 2. (a) Synthetic geomorphological map of the Doñana National Park; (b) Paleoenvironmental 
reconstruction of the cores PLN [19] and CM [20], including samples and radiocarbon dating from 
these references. 



Minerals 2020, 10, 956 5 of 35 

 

As mentioned above, this coast has suffered numerous marine high-energy events during the 
last thousands of years. Its historical catalogue includes at least sixteen tsunamis between 218 BCE 
and 1900 CE [22], with an associated geological record that reached the bathyal zones [23]. Some of 
them left their geological footprint in some cores collected within the Doñana National Park.  

2.3. Cores PLN and CM 

Two cores (Figure 2b; core PLN: 36.5 m; core CM: 31 m) drilled by the Spanish Geological and 
Mining Institute (IGME) were selected. Core PLN was located in the central sector of the Doñana 
National Park (Figure 2a), close to the so-called ‘Palacios de las Nuevas’ and the Caño del Tiro tidal 
channel. A multidisciplinary study of this core allowed its paleoenvironmental reconstruction [19]. 
The basal marshes (Figure 3) were flooded during the maximum of the Fladrian transgression (Figure 
2b: marine input; ~6500 cal yr BP; [21]), evolving into a restricted brackish lagoon (called the Lacus 
Ligustinus by the Romans). Two tsunamis caused the deposition of bioclastic fine sands (Figure 2b-
Figure 3: TSU-1 and TSU-2) around 4.25 cal kyr BP and 3.56 cal kyr BP, respectively. This core was 
located in the inner areas of this old lagoon. 

 
Figure 3. Cores PLN and CM: photos of the main facies. 

Core CM was located in the outer sector of the Doñana National Park, inside the Doñana spit 
and close to the so-called ‘Corral de la Marta’ (Figure 2a). The sedimentary record of this core was 
subdivided into four facies, with several transitions from a lagoon inlet to a salt marsh/lagoon margin, 
and the presence of aeolian systems in the uppermost part of this core (see Figure 3). These periodic 
transitions were interrupted by high-energy events, which caused the deposition of a thick sandy 
layer (Figure 2b: TSU-3) near the mouth of this old lagoon from 2.2 to 2 kyr BP [20].  

3. Materials and Methods 



Minerals 2020, 10, 956 6 of 35 

 

3.1. Sampling 

Seventeen samples were selected from the different sedimentary facies of core PLN, including 
two layers of each tsunamiites (Figure 2b). In addition, ten samples were selected from core CM, two 
of which were extracted from TSU-3. The different characteristics of these samples (texture, 
mineralogy, major elements) and dates are reported in a previous paper [19]. 

3.2. Analytical Methodology 

The chemical analyses were performed by Activation Laboratories, Ancaster, ON, Canada. The 
element concentrations of the metals were determined on the <63 μm fraction by: (a) Instrumental 
Neutron Activation Analysis (INAA) for Light Rare-Earth Elements (LREE: La, Ce, Nd, Sm, Eu), some 
Heavy Rare-Earth Elements (HREE: Yb, Lu), some LILE (Rb, Cs, Ba), HFSE (Th, U, Hf) and other 
elements (Br, Cr, Sc, Co); (b) Near total-digestion (HF-HNO3-HClO4-HCl method) Inductively 
Coupled Plasma–Mass Spectrometry (TD-ICP-MS) for Y, some LILE (Sr) and other elements (S); and 
(c) X-Ray Fluorescence (XRF) for other elements (Al, Na, Ti). The calibration is based on the analysis 
of international standard reference materials (e.g., BE-N, DMMAS-105, GXR-1, GXR-2, GXR-4, GRX-
6, NIST-694, OREAS 13P, SCO-1, SDC-1, SGR-1, STM-2, W-2a or ZW-C, among others). The variation 
between the three different replicate samples does not exceed 5%. The detection limits are different 
for each element (see Figures 4–6). The selection of these chemical elements will help us to obtain 
information about their application as proxies to identify: (a) a marine vs. terrestrial source; (b) high-
energy events; (c) the redox conditions, and (d) the sediment provenance (parent rock). 

The results were compared with those extracted from a previous paper [19]. In this paper, the 
mineralogical analysis of the samples was carried out by means of X-ray diffraction (XRD) using 
SIEMENS D-5000 equipment with a scanning speed of 1° 2θ/min and Cu-kα radiation (40 kV, 20 mA). 
The XRD studies were carried out on randomly oriented bulk samples. 

3.3. Statistical Procedures  

The statistical treatment of the sediment geochemistry was conducted with procedures 
developed in the R program [24]. In the first step, the tolerance intervals (2σ) were calculated for each 
element, and the results were compared with those obtained at the base and top of each tsunamiite, 
in order to be able to conclude if its geochemical content is distinctive in relation to the rest of the 
lagoonal facies. In the second step, the Pearson correlation coefficients were calculated to determine 
the different geochemical associations. In the third step, a factor analysis was applied to both 
elements and samples. The Kayser–Meyer–Olkin index was selected to test the relevance of this 
multivariate analysis. This index is a measure of sampling adequacy that is recommended to check 
the case-to-variable ratio for the analysis being conducted. In the fourth step, a Varimax rotation was 
applied, which maximizes the correlations between the variables and components.  

The previous statistical procedures were applied in order to determine the relationship between 
the mineralogy and the geochemistry of the studied samples. The mineralogical data were extracted 
from [19,20] (Table 1), and the final number of variables (mineralogy: 8; geochemistry: 24) was 
reduced, since this number must be less than the number of samples (27) in order to perform the 
factor analysis. Some variables with very low values were excluded (halite, aragonite, gypsum, Eu, 
Lu, Tb), as well as others with extreme variability (e.g., Ba).  
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Table 1. Mineralogical database of samples. P: phyllosilicates; Q: quartz; F: feldspars; C: calcite; D: 
dolomite; H: halite; G: gypsum; A: aragonite; Tr. traces (extracted from [19,20]). 

Samples Paleoenvironment Total Mineralogy 

PLN-1 TSU-2 P42Q13F7C28D7GTrH3 
PLN-2 TSU-2 P33Q14F8C31D11H3 
PLN-3 Ebb-tide channel P54Q10F3C19D9G2H3 
PLN-4 Ebb-tide channel P45Q16F4C26D2G4H3 
PLN-5 Lagoon P43Q14F4C28D8GTrH3 
PLN-6 TSU-1 P34Q10F24C22D9GTrH1 
PLN-7 TSU-1 P35Q12F13C12D24H4 
PLN-8 Lagoon P51Q16F7C21D5 
PLN-9 Lagoon P55Q20F2C20D3 

PLN-10 Lagoon P41Q13F15C24D5G1H1 
PLN-11 Lagoon P33Q18F8C24D14H3 
PLN-12 Lagoon P35Q20F6C32D7 
PLN-13 Lagoon P45Q12F4C33D6 
PLN-14 Marine input P49Q8F5C31D6G1 
PLN-15 Freshwater to salt marsh P32Q14F8C34D12 
PLN-16 Freshwater to salt marsh P31Q17F14C28D8G2 
PLN-17 Freshwater to salt marsh P24Q14F8C21D32G1 
CM-1 Aeolian systems PTrQ83F15C2 
CM-2 Salt marsh/lagoon margin P62Q10F3C22D3 
CM-3 Salt marsh/lagoon margin P40Q27F3C24D3G3 
CM-4 Lagoon inlet P55Q12F3C27D3GTr 
CM-5 TSU-3 P15Q44F19C20D2 
CM-6 TSU-3 P3Q71F21C4D1 
CM-7 Lagoon inlet P9Q57F24C10 
CM-8 Salt marsh/lagoon margin P56Q13F2C23D6 
CM-9 Lagoon inlet Q70F10C15D2A3 

CM-10 Lagoon inlet Q76F7C12D2A3 

3.4. Dating 

The ages of six different samples were extracted from previous studies (Table 2; [19,20]). These 
dates were recalibrated using the Marine13 calibration of the program Calib. 7.1, with the application 
of a new reservoir correction determined for this area (−108 ± 31 yr). In these previous papers, a 
different reservoir effect was applied (−135 ± 20 yr), and the newly calibrated ages were between 200 
and 300 years older than those previously calculated (Table 2). 

Table 2. Database of the 14C results and historical data (TSU-3). 

Core-Sample Lab. Number 14C Age (BP) Error  cal BP (2σ) Mean cal BP (2σ) References 
PLN-1 (TSU-2) B-228880 3550 40 3700–3430 3560 (3.56 cal kyr BP) [19] 
PLN-7 (TSU-1) B-228881 4060 40 4400–4090 4250 (4.25 cal kyr BP) [19] 

PLN-7/8 B-228885 4200 40 4580–4270 4440 [19] 
PLN-13 B-228882 6090 40 6770–6500 6640 [19] 
CM-4 B-228873 2030 40 1860–1590 1730 [20] 
TSU-3 Historical data: tsunamis/storms ~2.2–2 kyr BP  

CM-10 B-228876 2830 40 2840–2560 2720 [20] 

4. Results and Discussion 

4.1. Dating 

The application of this new reservoir effect significantly changes the age of the tsunamites 
contained in the cores PLN and CM. The mean calibrated age of the oldest tsunamiite (core PLN: 
TSU-1) is 4.25 cal kyr BP, while the uppermost tsunamiite of this core has a mean calibrated age of 
3.56 kyr (Table 2; TSU-2). The age of TSU-3 (core CM) is between two mean calibrated dates 
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(maximum of 2.7 cal kyr BP and minimum of 1.7 cal kyr BP), and it could be due to a tsunami [20]. 
Consequently, an approximated age (2.2–2 cal kyr BP) was attributed to this layer.  

4.2. Geochemical and Mineralogical Trends 

The results obtained in the geochemical analysis of the samples are shown in Figures 4–6. The 
chemical elements were grouped into REE-Y, LILE, HFSE, and other elements. The mineralogical 
analyses of the samples, coming from previous works (see Section 3.3), were also included, in order 
to compare the geochemical and mineralogical changes of the tsunamiites. 

4.2.1. TSU-1 (~4.25 cal. kyr BP) 

Geochemical Changes 

TSU-1 consists of yellowish to greyish-brown sandy silts to silty sands with scarce shells and 
fragments of bryozoans (PLN-6). This unit includes a basal, fine level of fine silty sands, characterized 
by numerous fragmented shells (PLN-7) and up to 2.6% material >2 mm. This tsunamiite is deposited 
on grayish green mud (PLN-8) (Figure 2b). 

The geochemical results obtained show variations in the contents of the REE (both LREE and 
HREE) and Y (Figure 4). Their contents are maintained or decreased in TSU-1 with respect to the 
lagoon deposits, highlighting the impoverishment in La (lagoon: 31.8 ppm; basal layer of TSU-1: 26.9 
ppm), Ce (lagoon: 56 ppm; basal layer of TSU-1: 43 ppm), Sm (lagoon: 5.4 ppm; basal layer of TSU-1: 
4.36 ppm) and Yb (lagoon: 2.6 ppm; basal layer of TSU-1: 2.1 ppm). This impoverishment exceeds 
20% for these elements. At the top of the tsunamigenic deposit, the content of all of the REE increases. 
An exception is the Y, which decreased slightly (Figure 4). 

Taking into consideration the LILE elements, it has been observed that, in TSU-1, these elements 
practically did not change their content (Rb, Sr and Ba) when passing from the lagoon to this 
tsunamiite, and only the Cs show a small decrease (2 ppm) (Figure 5). At the top of the tsunamigenic 
deposit, the content of Rb (73 to 101 ppm), Cs (5 to 6 ppm) and Ba (50 to 160 ppm) increases. Only the 
Sr (330 a 306 ppm) content decreases, possibly due to a lower proportion of shells (aragonite). 
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Figure 4. Vertical variations (in ppm) of the light rare-earth elements (LREE) and heavy rare-earth 
elements (HREE). The detection limits are 0.5 ppm (La), 3 ppm (Ce), 5 ppm (Nd), 0.1 ppm (Sm), 0.2 
ppm (Eu), 0.2 ppm (Yb), 0.05 ppm (Lu) and 1 ppm (Y). 

In the HFSE group, the content of Th and Hf show practically no variation with respect to those 
of the lagoon deposits, while the U decreases only by 1.3 ppm (Figure 5). At the top of this tsunamiite, 
the proportion of Th is maintained, but the contents of U (2.5 to 4.6 ppm) and Hf (6 to 8 ppm) increase. 

Compared to the underlying lagoon deposits, TSU-1 contains higher concentrations of Na (1.06 
to 1.32%), Ti (0.42 to 0.47%) and Br (32.8 to 37.4 ppm), and lower concentrations of Al (4.9 to 5.89%) 
and S (0.19 to 0.31%) (Figure 6). At the top of TSU-1, a significant decrease in the content of Na (1.32 
to 1.19%) was observed, whereas the content of the other elements is maintained (Ti) or increased, as 
is the case of Al (4.9 to 5.48%), S (0.19 to 0.3%) and Br (37.4 to 38.9%). 

At the base of TSU-1, the Co content is maintained, decreasing slightly at the top (3 ppm). Both 
Cr and Sc initially decrease, but increase at the top. The variations are especially relevant in the case 
of the Cr, which decreases by 21 ppm at the base and then increases by 16 ppm at the top. 

Mineralogical Changes 

From a mineralogical point of view, the passing from the lagoon deposits (PLN-8) to TSU-1 
(PLN-7) shows the decrease of phyllosilicates (51 to 35%) and calcite (21 to 12%), but an increase of 
dolomite (5 to 24%) and feldspars (7 to 13%) (Table 1). At the top of this tsunamiite (PLN-6), feldspars 
(13 to 24%) and calcite (12 to 22%) increase again, but dolomite decreases (24 to 9%). The presence of 
halite has been observed in this tsunamiite (up to 4%), despite being absent in the underlying lagoon 
deposits. 

Environmental Setting 

TSU-1 is deposited at the bottom of a lagoon, and is preserved in a submerged area, since the 
overlying facies are also from a lagoon. The mineralogical and geochemical results clearly 
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differentiate the tsunamiite deposit from the underlying deposits. With the exception of a few 
elements (Y, Rb, Ba, Al, U), the geochemistry of the tsunamiite’s top shows similarities to the 
overlying lagoon deposit. This could indicate a physical mixing between the top of TSU-1 and the 
overlying lagoon sediments, resulting in a sediment with mixed geochemical features (Figure 2b: 
PLN-6). 

4.2.2. TSU-2 (~3.56 cal. kyr BP) 

Geochemical Changes 

TSU-2 consists of greyish to dark yellowish-brown (Figure 3: 10YR4/2) silty sands to sandy silts 
with abundant disarticulated valves and fragments of bivalves, together with frequent carapaces of 
gastropods (PLN-1, 2). It is deposited on greyish green muds with fragments of shells (PLN-3) (Figure 
2b). 

In this tsunamiite, a greater increase in the contents of La (51 to 62 ppm), Sm (5.19 to 6.22 ppm), 
Yb (2.4 to 2.9 ppm), Lu (0.36 to 0.45 ppm) and Y (22 to 24 ppm) is observed with respect to the 
underlying tidal channel deposits (Figure 4). This tsunamiite shows very little variation in the 
contents at its top, with the exception of the Nd, which increases by 6 ppm. 

Regarding the LILE elements, a decrease in Rb (106 to 93 ppm) and Cs (7 to 6 ppm) was observed 
with respect to the ebb-tide channel deposits, perhaps due to lower phyllosilicate content. Other 
elements of the group, such as Sr and Ba, increase by 34 and 120 ppm, respectively (Figure 5). At the 
top of this tsunamigenic deposit, the Sr and Cs contents are maintained, but the Rb content decreases 
by 24 ppm and the Ba content increases by 30 ppm. The most remarkable of these elements is the 
content in Ba at the top of TSU-2, where it reaches 360 ppm, which is more than double that observed 
in TSU-1. 

In TSU-2, there is a slight increase in Th and U, and a more important increase in Hf compared 
to the underlying ebb-tide channel sediments. At the top of the tsunamigenic deposit, the content of 
Th is maintained, but the contents of U and Hf are increased even more (Figure 5). Regarding other 
elements, in the passing of the tidal channel deposits to TSU-2, the content of Al (6.57 to 5.70%) and 
S (0.54 to 0.31%) decreases, while the contents of Na (1.21 to 1.32%), Ti (0.43 to 0.56%) and Br (40.8 to 
45.7 ppm) increase (Figure 6). At the top of the tsunamigenic episode, the content of Al (5.70 to 5.13%), 
Na (1.32 to 0.92%), Ti (0.56 to 0.49%) and Br (45.7 to 30.2 ppm) decreases. In addition, the Co, Cr and 
Sc contents are practically maintained at the base of the TSU-2, decreasing at the top, especially the 
Cr content (12 ppm).  
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Figure 5. Vertical variations (in ppm) of large-ion lithophile elements (LILEs) and high field strength 
elements (HFSEs). The detection limits are 15 ppm (Rb), 1 ppm (Sr), 1 ppm (Cs), 50 ppm (Ba), 0.2 ppm 
(Th), 0.5 ppm (U) and 1 ppm (Hf). 

Mineralogical Changes 

From a mineralogical point of view, the passing from the ebb-tide channel deposits (PLN-3) to 
TSU-2 (PLN-2) shows the decrease in the phyllosilicate content (54 to 33%) and the increases in quartz 
(10 to 14%), feldspars (3 to 8%) and especially calcite (19 to 31%) (Table 1; [19]). This calcite content is 
a consequence of the increase of mollusc shells. At the top of this tsunamiite (PLN-1), phyllosilicates 
increase (33 to 42%), but both calcite (31 to 28%) and dolomite (11 to 7%) decrease. The occurrence of 
halite was observed in both the ebb-tide channel deposits and this tsunamiite (up to 3%), and gypsum 
(up to 2%), mostly in the first. 

Environmental Setting 

TSU-2 was deposited on the margin of a tidal channel, and has remained there ever since. From 
a mineralogical point of view, the tsunami (~3.56 cal. kyr BP) caused an increase in calcite against 
phyllosilicates, possibly due to the accumulation of shells and fragments of mollusc shells (bioclasts). 
The geochemistry of the base and top of TSU-2 is more similar to that observed in TSU-1. On the other 
hand, the top of TSU-2 has remained emerged until now, and so the meteorization processes have 
been able to act in different degrees. In this tsunamiite, the small decrease of calcite (3%) may be due 
to the partial dissolution observed in the mollusc shells observed near the top, while the increase in 
phyllosilicates would be associated with new contributions from the nearby marshes or the tidal 
fluxes. 
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Figure 6. Vertical variations of other elements (%: Al, Na, S, Ti; ppm: Br, Ce, Cr, Sc). The detection 
limits are 0.01% (Al), 0.01% (Na), 0.01% (S), 0.5 ppm (Br), 1 ppm (Co), 2 ppm (Cr) and 0.1 ppm (Sc). 

4.2.3. TSU-3 (~2.2-2 kyr BP) 

Geochemical Changes 

TSU-3 is formed, at its base, of fine to medium-grain yellowish sand, which is poorly 
consolidated (Figure 3), with moderate to good sorting, and subrounded to rounded grains (CM-6). 
The top is light brown to grey mud, with a deformed parallel lamination made up of layers of clay 
and fine sand (CM-5) (Figure 2b). It is deposited on fine to medium sand, which is dark brown in 
colour, with regular to moderate sorting (CM-7). 

In TSU-3, REE (especially La, Ce and Nd), Y, LILE and HFSE decrease in concentrations 
compared to the underlying lagoon sediments. (Figures 4 and 5). At the top of this tsunamiite, all of 
these elements present enrichment, especially La (13.6 ppm), Ce (25 ppm), Nd (13 ppm) and Y (10 
ppm). 

With respect to the other elements, the change from the lagoon inlet deposits to the tsunamiite 
shows a decrease in the content of Al, Na, S and Ti, while that of Br remains (Figure 6). At the top of 
TSU-3, there is a general enrichment in Al (3.19%), Na (0.30%), S (0.25%), Ti (0.28%) and Br (3.6 ppm). 
The base of this tsunamigenic layer shows a decrease in the contents of Co, Cr and Sc (up to 8 ppm 
in the case of Cr). At the top of TSU-3, all of the elemental concentrations increase: especially Cr, 
which reaches 25 ppm. 

Mineralogical Changes 

From a mineralogical point of view, the passing from the lagoon inlet deposits to the tsunamiite 
shows an increase in quartz (57 to 71%) at the expense of phyllosilicates (9 to 3%) and calcite (10 to 
4%) [19]. At the top of this tsunamiite, there is a significant decrease in quartz (71 to 44%) and an 
increase in phyllosilicates (3 to 15%) and calcite (4 to 20%). 
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Environmental Setting 

TSU-3 was deposited at the intertidal mouth of a lagoon, probably in a tidal delta with subtidal 
and intertidal areas. Therefore, it was exposed to subsequent tidal action and the modification of its 
composition, as TSU-1 was, although in a totally different environment. Mineralogically, there are 
some changes in the tsunamiite with respect to the inlet lagoon deposits. This may be due to the fact 
that the mouth of the lagoon was already fed by aeolian sediments from the Doñana spit dune ridges. 
In fact, the mineralogical composition of the base of the tsunamiite is quite similar to that of the 
Doñana upper aeolian deposits (CM-1), although with less quartz and more feldspars (Table 1; [20]). 

The geochemistry of the basal samples of TSU-3 is quite similar to that of the Doñana aeolian 
systems, although with higher contents in Rb and Ba, and lower concentrations of Hf (Figure 6). The 
geochemistry of the tsunamiite top is intermediate between that of its base and the subsequent lagoon 
inlet deposits. This would indicate, as in TSU-1, that its composition would be partially modified by 
the subsequent tidal action, with potential sediment mixing between the aeolian sediments (e.g., CM-
6) and the finer sediments eroded from the adjacent lagoon inlets (e.g., CM-4). 

4.2.4. Compositional Variations of Tsunamiites  

The results suggest that the origin of the sediments in the three tsunamis is different. All three 
tsunamiites have distinctive mineralogical features in relation to the underlying sediments, with 
phyllosilicates being substituted by dolomite and feldspars (TSU-1), calcite (TSU-2) or quartz (TSU-
3). The triangular representation of the mineralogical results is shown in Figure 7. The mineralogical 
complexity of the materials studied was observed, highlighting the differences in the three 
tsunamiites, with the most terrestrial character (aeolian quartz and feldspars) being observed in the 
samples belonging to core CM.  

 
Figure 7. Mineralogy: triangular plot. Phyllosilicates are mostly formed by the following association: 
illite/mica-smectite > (kaolinite) [19]. 

These mineralogical differences logically influenced the content and distribution of the analysed 
trace elements, and also the selected major elements. In this sense, it is important to note that part of 
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the geochemical behavior of the sediments was influenced by the occurrence of heavy minerals [19]. 
According to these authors, the association of heavy minerals is mainly made up of rutile, zircon, 
garnet and hornblende (Figure 8), with minor contents of chlorite, epidote, andalucite, kyanite, 
glaucophane, augite, staurolite and opaques. The average content of heavy minerals in the analysed 
samples is low (0.9%), with the exception of the TSU-1 and TSU-2 deposits, where they sometimes 
reach 4.5%. In the latter, the petrographic examination of the grain mounts (0.250–0.125 mm) showed 
that more than half of the contents correspond to rutile (1.25%) and zircon (1.75%). 

The three tsunamiites also exhibit distinctive geochemical characteristics in relation to the 
underlying sediments in at least 15 elements (Figures 4–6: La, Ce, Sm, Yb, Lu, Rb, Ba, Th, U, Hf, Al, 
Na, S, Ti, Br). Table 3 shows the concentration ranges of the chemical elements analysed according to 
the sedimentary environment, indicating—in the case of the tsunamiites—the observed values based 
on their base and top.  

 
Figure 8. Representative heavy mineral assemblage from TSU-1 and TSU-2. Adapted from [19]. 
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Table 3. Paleoenvironments. B: base; T: top. 

(a) LREE and HREE (in ppm) 

PALEOENVI
RONMENT 

CORE PLN: INNER AREAS 
LREE HREE 

La Ce Nd Sm Eu Yb Lu Y 
Freshwater to 

salt marsh 
29.3–32.5 48–53 26–29 4.77–5.19 1.1 1.9–2.3 0.3–0.37 12–21 

Ebb-tide 
channel 

31.7–31.9 51 23–25 5.19 1.2–1.4 2.3–2.4 0.34–0.36 22–24 

Lagoon 29.7–33.3 48–57 19–31 4.98–5.4 1.1–1.4 2.4–2.7 0.35–0.37 12–22 
Marine input 30.4 52 18 4.98 1.1 2.2 0.36 19 

TSU-1 26.9 (B)–33.1 (T) 43 (B)–59 (T) 18 (B)–25 (T) 4.36 (B)–5.4 (T) 1 (B)–1.3 (T) 2.1 (B)–2.8 (T) 0.31 (B)–0.35 (T) 22 (B)–18 (T) 
TSU-2 37.8 (B)–37.9 (T) 62 (B–T) 26 (B)–32 (T) 6.22 (B–T) 1.3 (B)–1.2 (T) 2.9 (B–T) 0.45 (B)–0.46 (T) 24 (B)–22 (T) 

PALEOENVI
RONMENT 

CORE CM: EXTERNAL AREAS 
LREE HREE 

La Ce Nd Sm Eu Yb Lu Y 
Lagoon inlet 4.7–27.8 8–51 5–23 0.6–4.6 0.2–1.1 0.3–2.2 0.07–0.29 4–20 

Salt 
marsh/lagoon 

margin 
28–31.9 49–52 22–28 4.6–5.2 1.1–1.2 2.1–2.4 0.3–0.37 19–23 

Aeolian 
systems 

3.9 6 5 0.6 0.2 0.4 0.05 4 

TSU-3 4.9 (B)–18.5 (T) 7 (B)–32 (T) 5 (B)–18 (T) 0.6 (B)–3.1 (T) 0.3 (B)–0.8 (T) 0.4 (B)–1.4 (T) 0.05 (B)–0.22 (T) 3 (B)–13 (T) 
(b) LILE and HFSE (in ppm) 

 

PALEOENVI
RONMENT 

CORE PLN: INNER AREAS 
LILE HFSE 

Rb Sr Cs Ba Th U Hf 
Freshwater to 

salt marsh 
82–99 286–343 6–7   11.3–13.8 3–6 3–4 

Ebb-tide 
channel 

75–106 325–335 7–8 210–320 10–10.5 3–3.1 4–5 

Lagoon 73–115 310–358 6–7 50–340 10.2–12.7 1.8–4.1 6–7 
Marine input 70 383 5 290 10.8 3.3 6 

TSU-1 73 (B)–101 (T) 330 (B)–306 (T) 5 (B)–6(T) 50 (B)–160 (T) 9.5 (B)–10 (T) 2.5 (B)–4.6 (T) 6 (B)–8 (T) 
TSU-2 93 (B)–69 (T) 359 (B)–358 (T) 6 (B–T) 330 (B)–360 (T) 12.4 (B)–12.3 (T) 4 (B)–4.9 (T) 12 (B)–13 (T) 

PALEOENVI
RONMENT 

CORE CM: EXTERNAL AREAS 
LILE HFSE 

Rb Sr Cs Ba Th U Hf 
Lagoon inlet 19–83 214–332 1–6 80–290 1.9–11.5 0.5–2.4 1–5 

Salt 
marsh/lagoon 

margin 
71–91 310–333 6–7  230–260 10–12 2.4–2.5 4 

Aeolian 
systems 

15 24 1 50 2.2 0.5 2 

TSU-3 28 (B)–59 (T) 50 (B)–292 (T) 1 (B)–5 (T) 130 (B)–190 (T) 2.2 (B)–7.7 (T) 0.5 (B)–0.8 (T) <1 (B)–5 (T) 
(c) Other Elements (in %: Al, Na, S, Ti; the rest of elements are shown in ppm) 

PALEOENVI
RONMENT 

CORE PLN: INNER AREAS 
OTHERS 

Al Na S Ti Br Co Cr Sc 
Freshwater to 

salt marsh 
5.8–6.53 0.31–0.45 0.02–1.37 0.31–0.38 4.1–8.9 11–15 66–87 10.3–12.2 

Ebb-tide 
channel 

6.57–6.65 1.05–1.21 0.53–0.54 0.43–0.45 39.5–40.8 12–13 79–82 12.2–12.3 

Lagoon 5.2–5.89 0.67–1.06 0.17–0.32 0.34–0.42 14.1–37.6 10–13 63–75 9.4–11.2 
Marine input 5.23 0.56 0.26 0.39 10.1 11 60 9.6 

TSU-1 4.9 (B)–5.48 (T) 1.32 (B)–1.19 (T) 0.19 (B)–0.3 (T) 0.47 (B)–0.5 (T) 37.4 (B)–38.9 (T) 14 (B)–11 (T) 54 (B)–70 (T) 9 (B)–10.6 (T) 
TSU-2 5.7 (B)–5.13 (T) 1.32 (B)–0.92 (T) 0.31 (B)–0.3 (T) 0.56 (B)–0.49 (T) 45.7 (B)–30.2 (T) 14 (B)–11 (T) 81 (B)–69 (T) 11.3 (B)–10.2 (T) 

PALEOENVI
RONMENT 

CORE CM: EXTERNAL AREAS 
OTHERS 

Al Na S Ti Br Co Cr Sc 
Lagoon inlet 1.08–5.97 0.19–0.41 0.02–0.29 0.06–0.41 0.7–5.1 3–12 7–72 1–10.4 

Salt 
marsh/lagoon 

margin 
6.12–6.42 0.36–0.49 0.34–0.51 0.35–0.4 6–7.1 9–12 66–78 10.8–12.2 

Aeolian 
systems 

0.84 0.1 <0.01 0.18 0.5 1 6 1 

TSU-3 1.1 (B)–4.29 (T) 0.28 (B)–0.58 (T) 0.01 (B)–0.26 (T) 0.04 (B)–0.32 (T) 0.6 (B)–4.2 (T) 2 (B)–7 (T) 10 (B)–35 (T) 1 (B)–5.9 (T) 
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4.3. Geochemistry of Trace Elements: Statistical Analysis 

This first statistical study of the samples was carried out by means of tolerance intervals (2σ), 
linear correlation and factor analysis. 

4.3.1. Tolerance Intervals and Tsunamiites 

The tolerance intervals calculated without the inclusion of the tsunamiites are shown in Table 4. 
A comparison of its geochemical contents with those of the remaining lagoon facies is interesting, 
since it allows the differentiation of both the negative and positive outliers; that is, it is possible to 
discriminate those elements that distinguish these tsunamigenic layers. The basal layers of both TSU-
1 and TSU-2 are positive outliers for Na, and even the top of TSU-1 is also an almost-positive outlier 
for this element. In addition, the base of TSU-2 shows other positive outliers for Hf, Br, and almost 
for Ti. 

TSU-3 represents the opposite case to TSU-1, and above all to TSU-2. The base of this tsunamiite 
includes negative outliers for fourteen elements, and the values of other three elements (Nd, Eu, S) 
are near the lower limit of the tolerance interval. This layer is impoverished in these seventeen 
elements in relation to the rest of the lagoon facies. 

Table 4. Tolerance intervals (2σ). Red: positive outliers; orange: almost-positive outliers; dark green: 
negative outliers; light green: almost-negative outliers. 

ELEMENT MEAN SD MIN MAX 
TOLERANCE 
INTERVAL 

(2σ) 

TSU-
1 

(base) 

TSU-
1 

(top) 

TSU-
2 

(base) 

TSU-
2 

(top) 

TSU-
3 

(base) 

TSU-
3 

(top) 

La 26.25 10.05 3.9 33.3 6.16 46.35 26.9 33.1 37.9 37.8 4.9 18.5 

Ce 43.95 16.68 6 57 10.58 77.32 43 59 62 62 7 32 

Nd 21.52 8.27 5 31 4.99 38.06 18 25 26 32 5 18 

Sm 4.29 1.7 0.6 5.4 0.89 7.69 4.36 5.4 6.22 6.22 0.6 3.1 

Eu 1.03 0.39 0.2 1.4 0.25 1.81 1 1.3 1.3 1.2 0.3 0.8 

Yb 2 0.78 0.3 2.7 0.45 3.55 2.1 2.8 2.9 2.9 0.4 1.4 

Lu 0.3 0.11 0.05 0.4 0.08 0.52 0.31 0.35 0.45 0.46 0.05 0.22 

Y 16.95 6.57 4 24 3.82 30.09 22 18 24 22 3 13 

Rb 74.9 26.42 15 115 22.05 127.76 73 101 93 69 28 59 

Sr 303.86 78.68 24 383 146.5 461.22 330 306 359 358 50 292 

Cs 5.43 2.09 1 8 1.25 9.6 5 6 6 6 1 5 

Ba 210 92.36 50 340 25.28 394.72 50 160 330 360 130 190 

Th 9.58 3.55 1.9 13.8 2.49 16.68 9.5 10 12.4 12.3 2.2 7.7 

U 2.7 1.24 0.5 6 0.23 5.17 2.5 4.6 4 4.9 0.8 0.5 

Hf 4.62 1.75 1 7 1.13 8.11 6 8 12 13 0.5 5 

Al 5.14 1.88 0.84 7.01 1.38 8.89 4.9 5.48 5.7 5.13 1.1 4.29 

Na 0.59 0.31 0.1 1.21 0 1.2 1.32 1.19 1.32 0.92 0.28 0.58 

S 0.3 0.3 0.005 1.37 0 0.89 0.19 0.3 0.31 0.3 0.01 0.26 

Ti 0.34 0.11 0.06 0.45 0.11 0.57 0.47 0.5 0.56  0.49 0.04 0.32 

Br 15.25 13.93 0.5 40.8 0 43.1 37.4 38.9 45.7 30.2 0.6 4.2 

Co 9.95 3.94 1 15 2.07 17.84 14 11 14 11 2 7 

Cr 60.14 25.8 6 87 8.55 111.73 54 70 81 69 35 10 



Minerals 2020, 10, 956 17 of 35 

 

Sc 9.18 3.87 1 12.3 1.44 16.91 9 10.6 11.3 10.2 1 5.9 

4.3.2. Correlation Matrix 

This matrix permits us to delimitate two main geochemical associations: (i) Association 1 (La-
Ce-Nd-Sm-Eu-Yb-Lu-Y-Rb-Sr-Cs-Th-U-Hf-Al-Ti-Co-Cr-Sc), with very high correlation coefficients 
among them (p < 0.01; r > 0.8 in most cases, except for U and Hf); (ii) Association 2 (Br-Na), very well 
correlated among them (r = 0.95; p < 0.01) and, to a lesser extent, with Association 1 (0.42 ≤ r ≤ 0.69; p 
< 0.01 in most cases). Sulfur and Ba only have significant, but lower, correlation coefficients (r < 0.5; 
p < 0.05 in most cases) with Association 1. The Pearson correlation coefficients are shown in Table 5. 

Table 5. Correlation matrix. Bold: p<0.01; underlined: p<0.05. 

Element La Ce Nd Sm Eu Yb Lu Y Rb Sr Cs Ba Th U Hf Al Na S Ti Br Co Cr Sc 
La 1                       

Ce 0.99 1                      

Nd 0.93 0.93 1                     

Sm 0.99 0.99 0.93 1                    

Eu 0.97 0.97 0.90 0.97 1                   

Yb 0.99 0.98 0.91 0.99 0.97 1                  

Lu 0.99 0.98 0.90 0.98 0.95 0.98 1                 

Y 0.91 0.90 0.82 0.91 0.90 0.89 0.89 1                

Rb 0.88 0.88 0.87 0.88 0.89 0.88 0.86 0.80 1               

Sr 0.85 0.86 0.80 0.85 0.82 0.82 0.85 0.84 0.75 1              

Cs 0.93 0.92 0.89 0.93 0.95 0.90 0.89 0.90 0.89 0.80 1             

Ba 0.57 0.53 0.51 0.56 0.52 0.51 0.58 0.47 0.38 0.49 0.57 1            

Th 0.95 0.94 0.91 0.95 0.92 0.92 0.93 0.89 0.87 0.83 0.94 0.63 1           

U 0.79 0.81 0.76 0.77 0.73 0.75 0.76 0.64 0.69 0.63 0.64 0.31 0.69 1          

Hf 0.73 0.73 0.63 0.74 0.66 0.77 0.78 0.66 0.50 0.63 0.54 0.51 0.64 0.58 1         

Al 0.78 0.77 0.69 0.78 0.80 0.76 0.76 0.95 0.70 0.76 0.85 0.40 0.78 0.49 0.50 1        

Na 0.62 0.61 0.44 0.62 0.63 0.68 0.64 0.62 0.51 0.52 0.51 0.16 0.43 0.48 0.69 0.58 1       

S 0.42 0.45 0.46 0.41 0.42 0.34 0.34 0.40 0.35 0.42 0.46 0.18 0.41 0.62 0.1 0.40 0.16 1      

Ti 0.92 0.92 0.80 0.92 0.90 0.94 0.92 0.90 0.79 0.76 0.85 0.48 0.85 0.68 0.79 0.82 0.76 0.34 1     

Br 0.64 0.61 0.49 0.63 0.63 0.69 0.64 0.59 0.49 0.49 0.50 0.17 0.42 0.54 0.66 0.51 0.95 0.24 0.74 1    

Co 0.92 0.91 0.84 0.92 0.89 0.88 0.89 0.85 0.82 0.83 0.86 0.43 0.89 0.76 0.56 0.77 0.61 0.53 0.85 0.62 1   

Cr 0.96 0.96 0.91 0.96 0.95 0.93 0.93 0.92 0.90 0.81 0.96 0.53 0.95 0.74 0.57 0.82 0.52 0.47 0.86 0.54 0.91 1  

Sc 0.97 0.96 0.91 0.96 0.96 0.93 0.93 0.91 0.90 0.82 0.97 0.51 0.95 0.74 0.55 0.83 0.53 0.50 0.87 0.55 0.93 0.99 1 

4.3.3. Factor Analysis Applied to Elements 

The Kayser–Meyer–Olkin index that was obtained (0.747) indicates that the factor analysis is 
acceptable for the set of elements. The three main factors produced by the Varimax rotation explain 
89.7% of the total variance (Table 6; F1: 53%; F2: 22.8%; F3: 14%). F1 is closely linked to the high 
positive factor loadings of Association 1 (>0.69) and Ba (0.785). Except for Ba (0.02), the factor loadings 
of F2 are all negative, among which stand out Association 2 [(Na:(−0.94); Br:(−0.927)], Hf (−0.696) and 
Ti (−0.634). S (0.853) and U (0.587), which have the highest factor loadings of F3, which are only 
negative for Ba (−0.227) and Hf (−0.16). 

Table 6. Factor analysis: rotated factor loadings (factor scores) of the three main factors. Bold: the 
most significant elements of each factor. 

FACTOR F1 (53%) F2 (22.8%) F3 (14%) 
La 0.826 −0.462 0.309 
Ce 0.813 −0.451 0.344 
Nd 0.819 −0.285 0.367 
Sm 0.831 −0.463 0.292 
Eu 0.801 −0.445 0.334 
Yb 0.789 −0.542 0.242 
Lu 0.822 −0.501 0.212 
Y 0.760 −0.443 0.294 

Rb 0.751 −0.316 0.384 
Sr 0.742 −0.349 0.290 
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Cs 0.852 −0.277 0.355 
Ba 0.785 0.020 −0.227 
Th 0.916 −0.237 0.273 
U 0.482 −0.401 0.587 
Hf 0.549 −0.696 −0.160 
Al 0.829 −0.226 0.461 
Na 0.199 −0.940 0.121 
S 0.201 −0.010 0.853 
Ti 0.695 −0.634 0.206 
Br 0.181 −0.927 0.197 
Co 0.693 −0.424 0.486 
Cr 0.836 −0.319 0.402 
Sc 0.822 −0.324 0.441 

The F1–F2 diagram (Figure 9A: 75.8% of the variance explained) corroborates the two 
associations obtained in the bivariate analysis. For F1, association 1 has positive factor loadings (0.5–
1, except U), while these elements have negative factor loadings for F2 ((−0.2) to (−0.7)), especially for 
Ti and Hf. In this association, F2 partially separates these last two elements because they have lower 
values than the rest ((−0.696) to (−0.634)). Association 2 is clearly differentiated by the minimum 
values for F1 (<0.2) and F2 ((−0.94) to (−0.927)). Sulfur and Ba differ markedly from both associations, 
since they present the maximum values for F1 (close to 0). 

The two remaining diagrams (Figure 9B,C) produce similar results: (i) Hf and, to a lesser extent, 
Ti and U are separated from association 1; (ii) Association 2 is reaffirmed, with very similar factor 
loadings for F3 (0.121–0.197); and (iii) S and Ba move away from both associations. 

 

Figure 9. Trace elements: factor analysis. (A–C) elements. (A) F1–F2 diagram; (B) F1–F3 diagram; (C) 
F2–F3 diagram. (D–F) samples. (D) F1–F2 diagram; (E) F1–F3 diagram; (F) F2–F3 diagram. 

4.3.4. Factor Analysis Applied to the Samples and Paleoenvironments 



Minerals 2020, 10, 956 19 of 35 

 

The F1–F2 diagram (Figure 9D) separates the five groups of samples: (i) Group 1 (yellow: F1 < 0; 
F2 > 0): aeolian systems–lagoon inlet (except CM-4); (ii) Group 2 (green: F1 > 0; F2 > 0, except PLN-
17): salt marsh/lagoon margin–freshwater to salt marsh–marine input–uppermost lagoonal samples 
of core PLN; (iii) Group 3 (blue: F1 > 0; F2 < 0 in most cases): lagoon–ebb-tide channel; (iv) Group 4 
(orange: (−1) < F1 < 0; (−2) < F2 < (−1)): TSU-1; and v) Group 5 (red: 0 < F < 1; (−1) < F2: TSU-2). 

These five groups are more difficult to distinguish on diagrams F1–F3 and F2–F3. In the first 
(Figure 9E), groups 1, 4 and 5 are clearly defined (F1 < 0; F3 < 0), while groups 2 and 3 are mixed. In 
the second of them (Figure 9F), groups 4 (TSU-1) and 5 (TSU-2) are differentiated from the other 
samples. According to all of these results, the F1–F2 diagram distinguishes the paleoenvironments, 
while F2 is the factor that best differentiates the two oldest tsunamis (TSU-1 and TSU-2). This factor 
is mainly associated with Na, Br, Hf and Ti (Table 6). 

4.4. Relationship between the Trace Element Distribution and the Mineralogy 

The geochemical variations observed in the tsunami deposits are controlled by the mineralogical 
composition of the supplied sediments, both from terrestrial and marine sources. 

4.4.1. Rare Earth Elements (REE) 

The vertical distribution of the REE contents are shown in Figure 4. The REE content in TSU-1 
decreases due to the decrease in phyllosilicates in the deposit and the dilution effect caused by the 
increase in carbonates (especially dolomite). At the top, the incorporation of heavy minerals (see 
Section 4.2.4) would favour its increment, which is supported by the increase in the Hf content.  

At the base of TSU-2, an increase in REE is observed, while the content of phyllosilicates 
decreases. At the top, the REE contents are maintained. A relationship with heavy minerals (mostly 
zircon and rutile) is evident, as shown by the notable increase in Hf and Ti.  

At the base of TSU-3, the REE decrease due to the dilution effect of the high quartz content found 
and the low percentage of phyllosilicates. On the top, there is a substantial change, with an increment 
in the phyllosilicate content, which favors an increase in the REE. 

The REE distribution diagrams normalized with the chondrite show that LREE in PLN 
predominate over HREE, with differences between the samples of TSU-1 and TSU-2, with a greater 
accumulation of REE in the second, including LREE values above 10 (Figure 10). In CM, below TSU-
3, the lagoon inlet samples contain HREE/chondrite ratios smaller then 10. The same ratio is close to 
or greater than 10 in the lagoon margin samples. At the top of this tsunamiite, the distribution is very 
different (Figure 11), corroborating the mineralogical differences of both samples (e.g., base: 71% 
quartz; top: 44% quartz). 
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Figure 10. EE abundances normalized to the chondrite values in core PLN. The Y-axis is in a 
logarithmic scale. 

The REE are elements with limited mobility and fractionation in most geological processes [25]. 
They are frequently hosted in phyllosilicates and heavy minerals in detrital deposits [26,27]. Their 
distribution in the sediments depends on the granulometry; clay-rich sediments have a greater 
capacity to retain these elements, since the constituent clay minerals can incorporate them into their 
structure and/or adsorb them onto their surfaces [28]. On the other hand, the REE content of the 
sediments can be diluted in coarser sediments with less clay (phyllosilicates) and more quartz and 
carbonates.  



Minerals 2020, 10, 956 21 of 35 

 

 
Figure 11. REE abundances normalized to chondrite values in core CM. The Y axis is in a logarithmic 
scale. 
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4.4.2. Large Ion Lithophile Elements (LILE)  

The vertical distribution of the LILE contents are shown in Figure 5. The LILE have similar 
contents at the base of TSU-1 and the underlying lagoon deposit, although the phyllosilicates 
decrease significantly, possibly as a result of the increase in feldspars (Table 1). This effect of the 
feldspars is confirmed at the top of this tsunamiite, where a notable increase of feldspars is observed, 
as well as Rb, Cs and Ba contents.  

This correlation between a decrease in phyllosilicates and lower concentrations of Rb and Cs has 
been also observed when passing from the tidal channel deposit to the base of TSU-2. The variation 
of Sr in TSU-1 and TSU-2 is related to the content of the bioclast remains formed by calcite and 
aragonite. The high Ba content suggests that at least part of it may be in the form of sulfate (barite) or 
carbonate (whiterite). 

At the base of TSU-3, the LILE decrease due to the dilution effect of the high quartz content 
present and the low percentage of phyllosilicates. At the top, there is a substantial change, with an 
increment in the phyllosilicate content that favors an increase of these elements. 

The variation of Rb, Cs and at least part of Ba is related to the content in phyllosilicates and 
feldspars [29]. Given their similar atomic radii, Rb can substitute for K in certain mineral lattices, such 
as alkaline feldspars and K-rich phyllosilicates—such as muscovite or illite—and therefore with good 
correlation with Al, a major element in the minerals mentioned [30,31]. The presence of micaceous 
minerals is more frequent at the top of tsunami deposits in the finer sediments, which would come 
from deep waters, and not from beach areas [32]. This would justify an increase in the contents of 
some elements, such as Rb [33,34]. In the samples studied in this work, the correlation between Al 
and Rb is high (0.89) (Table 5). 

Ba can also be associated with detrital minerals, as it can be easily captured by potassium 
minerals [30] and plagioclase [35]. In our study, the concentrations and variations observed for this 
element suggest that it should also be found as an authigenic phase in the form of barite or whiterite. 
Another possibility is that it partly replaces Ca in aragonite [36]. This would explain its increase in 
the lagoon deposits, which are difficult to explain only in relation to detrital minerals. In the samples 
studied, a good correlation with S has not been observed (Table 5), which may be due to the absence 
of barite, or to the interference caused by the presence of gypsum in the samples.  

4.4.3. High Field Strength Elements (HFSE) 

The vertical distribution of the HFSE contents is shown in Figure 5. The main variation is the 
behavior of Hf, which increases at the top of TSU-1, and at the base and top of TSU-2. A slight increase 
in U was also observed at the top of the deposits. At the base of TSU-3, the HFSE decrease due to the 
dilution effect of the high quartz content present and the low percentage of phyllosilicates. At the 
top, their contents are increased or maintained (U). 

The variation in Hf is interpreted to be related to that of zircon, which—as a heavy mineral—is 
associated with detrital minerals [37–39]. In this mineral, Hf can occur in the range 0.6–3% (mean 
value 1.7%) [40]. The presence of zircon, together with a wide range of heavy minerals, in the 
lithofacies studied has been previously described by [19]. 

The increase in U can be interpreted as authigenesis in the anoxic zone of the sediment. Under 
reducing conditions, U(VI) passes to more insoluble U(IV), precipitating as UO2, U3O7 or U3O8, or 
being adsorbed onto the surfaces of other minerals. At the pH of seawater, the redox potential is close 
to that of the ferric to ferrous ion change [41,42]. 

4.4.4. Other Elements 

The vertical distributions of the Al, Na, S, Ti, Br, Co, Cr and Sc contents are shown in Figure 6. 
In both TSU-1 and TSU-2, the increase in Na and Br related to the presence of halite stands out. The 
increase in Ti content would indicate heavy mineral involvement. The variation in the Al content is 
mainly related to that of phyllosilicates, and—to a lesser extent—to the content of feldspars. In 
micaceous minerals, the Al content is of the order of 20%, while in feldspars, it is around 10%. The 
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elements Co, Cr and Sc behave—in a general way—like Al. The S content is mainly controlled by the 
mineral gypsum.  

At the base of TSU-3, all of the elements decrease due to the dilution effect of the high content 
of quartz present, and the low percentage of phyllosilicates. The phyllosilicate and carbonate 
(especially calcite) contents increase at the top, which favours an increase in all of these elements. 

The Br in sediments can be due to the formation of evaporite deposits, or can be associated with 
organic matter [43,44]. The good correlation between Br and Na (0.95), and the presence of halite in 
the samples, confirms that it is associated with evaporite minerals (see Sections 4.2.1.2 and 4.2.2.2). 
This is supported by the presence of gypsum in the samples. 

The Ti content and its variation is related to heavy minerals, and its presence both at the base 
and inside the tsunamiite deposit indicates high-energy environmental conditions [10]. The presence 
of rutile in the heavy mineral assemblage of these lithofacies was reported by [19].  

Sc and Co are elements that are typically associated with inherited, commonly ferromagnesian, 
minerals [45]. Cr is associated with clay minerals, chromite and ferromagnesian minerals (replacing 
Mg) [46]. As observed in TSU-1, some authors have observed an impoverishment of Cr in tsunami 
deposits with respect to the underlying sediments [47]. The correlation of Al with these transition 
elements is high, reaching 0.89 with Co, 0.97 with Cr, and 0.98 with Sc (Table 4). This implies that 
they are associated with detrital minerals, especially phyllosilicates (clays). 

4.5. The Role of Trace Elements as Geochemical Proxies 

According to [10], and the references therein, the elements that indicate marine influence are 
mainly Cl, Br and S; other elements—such as Ca, Sr and sometimes Mg—can also be used as marine 
proxies, either because of the composition of the water or because of the content of bioclasts, since 
there are more carbonates in seawater and marine sediments than in freshwater and terrestrial 
sediments. Some trace elements have been used as indicators of paleoredox conditions in marine and 
continental environments [48]; among these elements are U, V, Co and Cr, among others. Likewise, 
elements associated with heavy minerals—such as Ti, Zr and Hf—are indicators of high-energy 
conditions [49]. Other elements—such as La, Cr, Co and Th—have been used to determine the felsic 
or mafic composition of the area of provenance of the materials [50]. 

4.5.1. Marine vs. Terrestrial Sources 

Among the other elements, Br and Na are excellent indicators of marine-influenced salinity [51–
55]. The Br/Al ratio shows two maxima corresponding to TSU-1 and TSU-2, which demonstrate the 
input of marine waters (Figure 12). The Br content correlates very well with that of Na, supporting 
the linking of its origin to the precipitation of evaporite minerals. The increase in Sr may be an 
indicator of marine influence, linked to bioclastic sands, biogenic carbonates and/or detrital 
carbonates [34,56,57]. The Sr/Al ratio shows only a slight increase in TSU-1, but is unclear in TSU-2. 
In TSU-3, these relationships only show an increase at the top of the tsunamiite, due to the dilution 
effect of the aeolian sands. 
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Figure 12. Vertical distribution of the REEY/Al, Ti/Al, Hf/Al, Sr/Al and Br/Al ratios. REEY: REE+Y. 

Increases in the Ba/Rb ratio are also indicative of marine sediments [58]. The concentration of Ba 
is higher in seawater than continental water, varying its distribution with salinity [59]. In the samples 
studied, the Ba/Rb ratio shows differences in the three tsunamiites, reaching the highest value in TSU-
2, showing that the behavior of Ba in these environments is complex [60] (Figure 13). The existence 
of maximums in the Ba/Al ratio allows the inference of the authigenesis of the sulfate or carbonate of 
Ba (Figure 13). This suggests the possibility that—at least in part—the Ba has a non-detrital origin. In 
estuarine environments, it is common for Ba to precipitate where marine waters continuously mix 
with surface and groundwater. Ba is released by various mechanisms, such as the desorption of 
particles transported by river systems, a process which is especially rapid at high salinities [60,61]. 
Another mechanism could be the release of Ba by cationic exchange with Mg from seawater [62]. The 
presence of authigenic Ba mineral phases would imply oxidizing conditions that favour its 
precipitation, since it solubilizes in the reducing ones.  

The changes in TSU-1 and TSU-3 are minimal with respect to REEY/Al, relative to the overlying 
or underlying areas (Figure 12). However, this ratio corroborates that the intake of phyllosilicates and 
heavy minerals plays a relevant role in TSU-2, since maximums are observed. This suggests the input 
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of sediments with phyllosilicates and heavy minerals deposited in the coastal zone, or even on the 
shelf.  

4.5.2. High-Energy Events 

The elements Hf and Ti are associated with heavy minerals and high energy events [10]. 
Especially, Ti is considered to be a geochemical indicator of tsunami inundation [10,13,63,64], and 
this explains the use of its Ti/Rb and Ti/Al ratios to identify high-energy events [65,66]. In this work, 
the Ti/Al, Ti/Rb and Hf/Al ratios show maximums in TSU-1 and TSU-2 (Figures 12 and 13), especially 
highlighting the increase in Hf in the second mentioned example, which is an element linked to 
zircon, a heavy mineral that was identified in these lithofacies by [18]. The behaviour of Hf/Al and 
Ti/Al ratios is similar to that of the REEY/Al ratio (Figure 12). 

Higher Ti/Rb ratios have been observed in tsunamiites than in the underlying fine-grained 
sediments. This is related to a coarser grain size in the deposits originated from the high energy 
events, which favors the content of heavy minerals (Figure 8: rutile) compared to phyllosilicates. 

The increase in heavy minerals would be related to contributions from marine areas. The 
presence of heavy minerals in the continental shelf near the studied area was described by [67], and 
it includes the presence of zircon (Zr, Hf) and rutile (Ti). These authors emphasized the role played 
by fluvial supplies, sea-level changes and/or oceanographic factors in their distribution. 

4.5.3. Redox Conditions  

The existence of maximums in the U/Th ratios (Figure 13) in TSU-1 and TSU-2 could indicate the 
establishment of reducing conditions. U is among the trace elements that are sensitive to redox 
conditions in the environment, being more soluble in oxidizing conditions than reducing conditions, 
which favors its enrichment in sediments deposited in oxygen-poor environments [68,69]. For U to 
be indicative of redox conditions, it needs to be associated to authigenic minerals. The strong 
correlation between U and Al in our samples (0.7 as shown in Table 5) suggests that most of the U is 
tied in detrital minerals. Consequently, the U/Th ratio in TSU-1 and TSU-2 is not indicative of redox 
conditions. Cr and Co are elements that have also been used as redox indicators in marine and 
continental environments, useful when they are not linked to detrital minerals [48]. In our study, 
their high correlation with Al (>0.85) rules them out as possible redox indicators. 
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Figure 13. Vertical distribution of the Ba/Al, Ti/Rb, Ba/Rb and U/Th ratios. 

4.5.4. Sediment Provenance (Parent Rock). 

Some elements—such as La, Sc, Cr and Co—have been used as indicators of sediment 
provenance, along with their La/Sc, Cr/Th and Co/Th ratios [26,50,70]. In general, higher contents of 
Th indicate a felsic parent area, while higher contents of La and Cr indicate a mafic parent area. The 
immobile elements La and Th are more abundant in the felsic rocks than in the basic ones, and the 
opposite is true for Sc and Co, especially in sandy materials [70]. In recycled and mixed sediments, 
these authors indicate that interpretation is more difficult. 

The Th/Sc ratio has been considered to be a reliable indicator of the origin of magmatic rocks. 
This is due to the fact that Sc is a compatible element in the magmatic differentiation, while Th is 



Minerals 2020, 10, 956 27 of 35 

 

incompatible. A typical value for the upper crust (felsic) is 1, while values <0.8 would indicate an 
origin of mafic composition [71,72]. 

The Th/Sc-Cr/Th (Figure 14A) and La/Sc-Th/Co (Figure 14B) graphs show a clustering of the 
samples close to the composition of the UCC (Upper Crust Composition) [71] and NASC (North 
American Shale Composite) [73], but far from that of the LCC (Lower Crust Composition) [74]. The 
exceptions are four samples belonging to CM, with aeolian influence in their deposit. It is interpreted 
that the composition of the parent rock area of the sediments is mainly felsic, with at least two 
provenances: the Iberian Massif for most of the samples, and the Doñana spit for some samples of 
core CM. In this sense, the existence of several sources for the heavy mineral input may explain the 
mixing of very stable (e.g., zircon, rutile) and unstable (garnet, epidote, hornblende) heavy minerals 
in the studied samples. Moreover, the heavy mineral association observed indicates mainly igneous–
metamorphic parent rock sources for the analysed sediments, which are most likely derived from the 
Iberian Massif (Figure 1). 

 

Figure 14. (A) Bivariate plot of Th/Sc–Cr/Th. (B) Bivariate plot of La/Sc–Th/Co. 
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Some authors [75] have used the La/Th–Hf relationship to differentiate the provenance of felsic 
and mafic parent rock areas in sedimentary rocks. In the studied samples, the Hf–La/Th graph not 
only shows the felsic character of the parent rock area of provenance of the sediments, but also clearly 
differentiates the samples of TSU-1 and TSU-2, and the compositional variability between the base 
and the top of TSU-3 (Figure 15).  

 

Figure 15. Bivariate plot of Hf-La/Th. 

4.6. Mineralogy vs Geochemistry: A Statistical Approach  

4.6.1. Correlation Matrix 

The analysis of the correlation matrix (Table 7) allows us to connect the mineralogical and 
geochemical compositions of the samples. Some deductions can be made: i) the concentrations of 
most of the trace elements belonging to Association 1 (see Section 4.3.1) are highly, positively 
correlated (r ≥ 0.48 in most cases; p < 0.01) with the percentages of phyllosilicates and calcite; ii) the 
positive correlations of most of these trace elements are also observed with dolomite, gypsum and 
halite; iii) all of the elements included in the statistical analysis (except Tb) show significant negative 
correlations with quartz (r ≤ (−0.45)) and, to a lesser extent, with feldspars and aragonite; v) dolomite 
is mainly linked with U and S; vi) halite is mainly associated with Br and Na; and vii) some elements 
(Tb, U, Hf, Na, S, Br) have clearly lower positive correlation coefficients or higher negative correlation 
coefficients than the others with the different minerals. 
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Table 7. Correlation matrix between mineralogy and trace elements. Bold: p<0.01; underlined: 
p<0.05. 

  Phyllosilicates Quartz Feldspars Calcite Dolomite Gypsum Halite Aragonite 
La 0.84 −0.96 −0.45 0.8 0.39 0.24 0.33 −0.58 
Ce 0.84 -0.96 −0.44 0.8 0.4 0.2 0.3 −0.57 
Nd 0.75 −0.88 −0.43 0.74 0.41 0.23 0.26 −0.53 
Sm 0.85 −0.96 −0.46 0.8 0.36 0.23 0.32 −0.59 
Eu 0.86 −0.95 −0.45 0.77 0.33 0.28 0.29 −0.62 
Yb 0.83 −0.94 −0.41 0.78 0.34 0.16 0.34 −0.59 
Lu 0.81 −0.94 −0.44 0.81 0.36 0.16 0.36 −0.55 
Y 0.84 −0.89 −0.46 0.65 0.31 0.35 0.44 −0.53 

Rb 0.72 −0.88 −0.34 0.71 0.42 0.24 0.29 −0.53 
Sr 0.74 −0.86 −0.52 0.8 0.37 0.2 0.27 −0.22 
Cs 0.84 −0.92 −0.47 0.76 0.29 0.43 0.26 −0.61 
Ba 0.49 −0.53 −0.33 0.72 −0.1 0.25 0.01 −0.34 
Th 0.8 −0.93 −0.48 0.85 0.39 0.27 0.2 −0.58 
U 0.5 −0.75 −0.2 0.55 0.64 0.18 0.31 −0.42 
Hf 0.48 −0.61 −0.19 0.6 0.17 −0.1 0.45 −0.38 
Al 0.84 −0.94 −0.45 0.75 0.39 0.41 0.22 −0.6 
Na 0.44 −0.59 −0.04 0.31 0.29 0.1 0.67 −0.36 
S 0.33 −0.45 −0.31 0.22 0.62 0.3 0.13 −0.28 
Ti 0.77 −0.89 −0.31 0.68 0.35 0.18 0.47 −0.62 
Br 0.45 −0.57 −0.13 0.32 0.31 0.16 0.66 −0.31 
Co 0.78 −0.95 −0.45 0.71 0.59 0.21 0.34 −0.5 
Cr 0.85 −0.94 −0.51 0.76 0.38 0.36 0.28 −0.57 
Sc 0.87 −0.96 −0.51 0.75 0.4 0.36 0.27 −0.58 

4.6.2. Factorial Analysis. 

The Kayser–Meyer–Olkin index obtained (0.62) indicates that the factor analysis is adequate for 
the set of elements. The three main factors produced by the Varimax rotation explain 93%of the total 
variance (Figure 16A; F1: 78%; F2: 8%; F3: 7%). F1 is closely linked to high positive factor loadings of 
phyllosilicates, calcite and Association 1, with minor positive contributions of dolomite, Na and Br. 
Conversely, both quartz and feldspars have negative scores in this factor. Except for quartz (0.42) and 
S (0.05), the factor loadings of F2 are all negative, among which stand out Association 2 ((Na:(−0.92); 
Br:(−0.88)), Hf (−0.76) and Ti (−0.67). Quartz (0.34) has the highest factor loading of F3, which are 
extremely negative for dolomite (−0.9), S (−0.82) and U (−0.66). 

The F1–F2 diagram (Figure 16B: 86% of the variance explained) corroborates the two 
geochemical associations obtained in the previous bivariate analysis (see Section 4.2.1). For F1, 
Association 1, the phyllosilicates and calcite are grouped (F1 > 0.5; F2 < 0). In this diagram, Association 
2 (Br–Na) is also differentiated (Figure 16B), while some elements (Ti, U, Hf) have intermediate 
positions between both associations. Quartz and feldspars are clearly differentiated by their very 
negative factor scores, while dolomite and S are located near the F1–F2 intersection. 
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Figure 16. Factorial analysis: mineralogy vs geochemistry. (A) The rotated factor loadings (factor 
scores) of the three main factors; (B) variables: F1–F2 diagram; (C) samples: F1–F2 diagram. 

4.6.3. Factor Analysis Applied to the Samples and Paleoenvironments 

The F1–F2 diagram (Figure 16C) separates five main groups of samples: (i) Group 1 [F1 < 0; F2 > 
0): aeolian systems–lagoon inlet (except CM-4)-TSU-3; (ii) Group 2 (F1 > 0; F2 > 0, except PLN-17): salt 
marsh/lagoon margin–freshwater to salt marsh–marine input–uppermost lagoonal sample of core 
PLN; (iii) Group 3 (F1 > 0; (−1) < F2 < 0): lagoon (except PLN-13)-ebb-tide channel; (iv) Group 4 ((−1) 
< F1 < 0; (−2) < F2 < (−1)): TSU-1; and v) Group 5 (0 < F < 1; (−1) < F2: TSU-2). These groups are the 
same as those obtained in the geochemical analysis (Figure 9).  

Consequently, these analyses clearly delineate the tsunamiites from cores PLN and CM. TSU-2 
is linked to lagoon and ebb-tide samples, while TSU-3 has an aeolian origin (e.g., sample CM-6). TSU-
1 presents the intermediate features between them.  

5. Conclusions 

This work shows the importance of combining geochemistry and mineralogy as proxies in an 
estuary zone with sedimentological evidence of tsunami deposits during the Quaternary age 
(paleotsunamiites). The vertical distribution of the analyzed trace element contents allows us to 
clearly identify the samples belonging to the three tsunamiites that were deposited in the (nowadays) 
Doñana National Park (SE Spain) along the Holocene, about 4.25 cal kyr BP, 3.56 cal kyr BP and 2.2–
2 kyr BP. The geochemical differences and variations observed in the tsunamiites are justified by the 
changes in the type and content of the minerals present in the tsunamiites. Of particular note are the 
phyllosilicates and heavy minerals linked to the inputs (TSU-1 and TSU-2), along with the dilution 
effect caused by carbonates (calcite, dolomite) or detrital silicates such as quartz and feldspars (TSU-
3). 

A direct relationship was observed between the variation in the content of trace elements and 
the mineral constituents. Within the inherited minerals, REE are controlled by phyllosilicates and 
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heavy minerals. Together with Al, the trace elements Rb, Cs, and—partly—Ba and Sr are related to 
feldspars and micas. Furthermore, Co, Cr and Sc closely linked to Al are considered to be elements 
associated with phyllosilicates. The variation of Ti and Hf is clearly associated with the heavy 
minerals (rutile, zircon). The Sr content is mainly related to the remains of the identified bioclasts 
(shells). Among the elements not linked to inherited minerals are Br and Na, which are formed under 
evaporative conditions (halite), S (gypsum) and part of Ba (possible whiterite). 

The statistical study has made it possible to establish two geochemical associations. One is linked 
mainly to inherited minerals (REE-Y-Rb-Sr-Cs-Th-U-Hf-Al-Ti-Co-Cr-Sc), with a generally very high 
correlation coefficient (r > 0.80) with the exception of Hf and U. Other elements, such as Ba and S, 
present a very low correlation with this association. The second association is constituted by Br and 
Na, elements linked to evaporite minerals, where the correlation coefficient is high (r = 0.95). 

The factor analysis supports the results obtained in the bivariate analysis, but also allows for the 
geochemical differentiation of the three tsunami deposits. Despite the geochemical complexity of 
estuary environments, factor analysis becomes an excellent tool to differentiate tsunamiites and 
samples belonging to other sedimentary environments (lagoon, ebb-tide channels or eolian 
environments). In both TSU-1 and TSU-2, the factor that best differentiates them is that associated 
with elements linked to high-energy events (Hf, Ti) and the evidence of marine influence (Br, Na). 
TSU-3 is clearly influenced by the involvement of aeolian sands, especially at its base. 

Several elementary relationships have shown the existence of proxies of marine incursions 
(Br/Al, Sr/Al, Ba/Al and Ba/Rb) and associated high-energy events (Hf/Al, Ti/Al, Ti/Rb, REE/Al).  

With respect to the type of rocks in the parent area of THE provenance of the sedimentary 
lithofacies, the elemental ratios (Th/Sc, Cr/Th, La/Sc and Th/Co) indicate a predominant felsic 
composition. The relation La/Th versus Hf is presented as an excellent example of a graphic 
representation that corroborates the felsic character of the parent rocks, along with the differentiation 
of the tsunamiite deposits studied. 

In the studied area, the main sedimentary sources are the Guadalquivir river, the Doñana spit 
and the marine shelf, with significant mineralogical differences. A greater proportion of sediments 
derived from one of these sources controls the geochemistry of the sediments.  
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