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Abstract: The Tinto and Odiel rivers (SW Spain) drain from a vast sulfide mining district and join at
a 20-km-long estuary that enters the Atlantic Ocean. In this work, the contents of rare earth elements
(REE) and fractionation in Neogene-Holocene sediment cores from La Fontanilla cove (Tinto estuary)
were studied. The sediments were collected from a depth of 18 m at different distances from the
recent river flow and were analyzed for new information on the temporal development of the REE
load in the sediment column. Results show that the ) REE is higher in the finer sediments and
during periods of mining activity from prehistoric to recent times. Marine influence appears to
increase the light REE (LREE) relative to the heavy REE (HREE). The REE patterns of these estuarine
sediments show convex curvatures in the MREE relative to the LREE and HREE, indicating the
presence of acid-mixing processes between the fluvial waters affected by acid mine drainage (AMD)
and seawater, as well as the precipitation of poorly crystalline mineral phases. Significant positive Eu
anomalies were found in ebb-tide channels and marsh deposits, which can reflect the mineralogical
composition and/or a strong localized salinity gradient combined with organic matter degradation.
Sedimentological characteristics of the deposits appear to play the main role in accumulation and
fractionation of the REE.

Keywords: rare earth elements; estuarine sediments cores; sedimentary facies; acid drainage;
paleoenvironmental reconstruction; Tinto River

1. Introduction

The rare earth elements (REE, from La to Lu) with largely coherent chemical properties
have been used to glean understanding of many geological and environmental processes.
These applications rely on examining fractionation within the REE and/or the behavior of
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individual REE. Increased stability of the heavy rare earths (HREE) in aqueous complexes
results in the HREE complexing more readily and remaining in solution [1-3], whereas the
light rare earths (LREE) will more readily adsorb on particle surfaces [4,5]. The differences
in jonic radius, oxidation state, and bonding of the REE drive fractionation of these elements
in natural systems. REE typically exhibit trivalent oxidation states. Cerium may also occur
as Ce**, and europium as Eu®*.

REE chemistry in estuarine sediments is controlled by physical and chemical pro-
cesses [5-8]. Cerium enrichment or depletion in sediments, relative to the neighboring
La and Pr, may occur. Nevertheless, it should be noted that lower stability of the surface
complexes of La in seawater may lead to a spurious false negative of Ce/Ce* [9-11] due to
the possible anomalous abundance of La in estuaries with a significant influence on the
marine environment. Eu enrichments in estuarine sediments may also occur due to the
slow dissociation rate of Eu-humate complexes at the slightly alkaline pH levels found in
estuaries [6,12-14]. The shape and size of an estuary, as well as the sediment type (sandy
vs. clay-rich), influence sediments” REE chemistry.

Rivers are considered the chief sources of REE for the ocean [15,16]. The REE com-
positions of rivers may undergo substantial transformations in estuaries. Here, the non-
conservative behavior of REE has been attributed to sea-salt-induced coagulation of colloids,
“boundary exchange”, shallow pore water fluxes, submarine groundwater discharge acting
along ocean—continent margins, and scavenging with sinking particles in the water col-
umn [17-23]. REE patterns are either inherited from their parent material and controlled by
physical and chemical processes [9,24] or from anthropogenic sources [25-27].

The majority of publications found in the literature concerning the behavior of REE in
estuarine sediments have been made focused on surface samples or short cores
(<30 cm depth) [28-34]. Relatively few studies have considered the behavior of REE (or
other sediment constituents) in deeper cores, which would allow for the evaluation of
records regarding climate change, contamination, and catastrophic events [35-38].

In areas affected by mining activities, REE may behave as tracers of acid mine drainage
(AMD) contamination. In fact, numerous investigations on the identification of the water—
rock interactions that govern the chemistry of AMD were made, and several publications
have reported the REE geochemistry of AMD waters in the last two decades [10,39-48].
These works have reported a shale-normalized pattern enriched in middle REE (MREE)
relative to LREE and HREE. Thus, estuarine sediments may be affected by events far
upstream that may have taken place thousands of years ago [49-52]. This is the case for
the Tinto—Odiel estuary (SW Spain) studied in the present work. The Tinto and Odiel
rivers drain 100 km from the Rio Tinto sulfide mining district and join at a 20-km-long
estuary that enters the Atlantic Ocean (Figure 1A,B). In this area, past human activities
associated with mining and metallurgy were initiated during the Copper Age [53]. These
activities intensified during Roman times, and the decrease/closure in mining exploitation
of massive sulfide deposits (e.g., Sao Domingos, Las Herrerias) only occurred during the
second half of the 20th century. The legacy of contamination by these elements, mainly from
leaching of the slags and tailings, as well as remobilization/reworking of the contaminated
estuarine sediments, is still being recorded in estuarine and marine sediments collected in
the southwestern Iberian Atlantic shelf [54-57].
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Figure 1. (A,B) Location of the study area; (C) location of the cores and main geological and
geomorphological features of the bordering areas; (D) lithostratigraphic sections of Core A (inner
zone) and Cores B and C (outer zone) showing the location of the studied sample. Data from [52,57,58].

La Fontanilla cove is located in the middle estuary of the Tinto River (Figure 1B,C).
On the basis of the sedimentology, geochemistry, paleontology, and dating of three cores
collected in this cove (Figure 1: Cores A-B-C) [52,57,58], different sedimentary facies have
been distinguished in the Neogene-Holocene evolution of its sedimentary infilling, with a
transition from Miocene marine environments to late-Holocene marshes. In this work, the
REE data of the three sediments cores collected in this cove are presented.
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The specific objectives of the present work are to evaluate (1) the sensitivity of REE
to environmental changes in estuarine environments recorded via deep cores; (2) the REE
distribution with the depth and its correlation to lithostratigraphic and paleontological
analyses; and (3) the REE correlation to prehistoric and historical anthropogenic activities.
The main goal is to evaluate, and use, the REE signatures to contribute to the reconstruc-
tion of the main environmental changes that occurred in this acid drainage-impacted
estuarine environment.

2. Study Area
2.1. The Tinto Estuary

The Tinto River is a small stream (~100 km) that forms a narrow Y-shaped estuary
with the Odiel River at its joint mouth in the southwest of the Iberian Peninsula (Figure 1A).
This estuary is in an advanced state of clogging, with inner areas made up of wide marshes
and barrier islands (Figure 1B: Bacuta Island, Saltés Island). They are protected by two
elongated spits (Figure 1B: Punta Umbria, Punta Arenillas) and two jetties. The substrate of
these Holocene formations is composed of Miocene silts (Gibraleon Clay Formation) [59],
Pliocene silty sands (Huelva Sand Formation) [59], Plio-Pleistocene coarse sands and grav-
els (Bonares Sand Formation) [60], or Pleistocene fluvial terraces (High Alluvial Level) [61].
During the Pleistocene and Holocene, the fluvial erosion and the Holocene transgression
(hereafter referred to as MIS-1 transgression) caused partial dismantling of the Neogene
sediments and the creation of small coves, such as La Fontanilla cove (Figure 1B) [58].

The main hydrodynamic processes are controlled by tides and, to a lesser extent, by
fluvial discharges, waves, and littoral drift currents. In this estuary, the tidal regime is
mesotidal (2.1 m) with a low diurnal inequality [62]. Fluvial discharges are very scarce,
varying from minimum flows during very dry years to about 350 Hm? in rainy years [63].
The wave energy is medium, and 75% of the waves do not exceed 0.5 m in height [64].
The coastal drift currents are oriented towards the east, with a high annual transport of
sediment (1.8-3 x 10° m3) [65-67]. These currents favor the development of the spits
mentioned above and the beaches attached to the east face of the two jetties.

Previous works focused on the mineralogy of sediments of the Tinto—Odiel estuary
have shown that the marine Miocene deposits are mainly composed of phyllosilicates
(25-47%), quartz (12-28%), feldspars (12-18%), and calcite (5-15%). Overlying alluvial
sands and gravels are formed by sand-sized grains of quartz and feldspars within a silty,
probably phyllosilicate-rich matrix, and the innermost alluvial sands are coarser than the
more external alluvial silty sands; these sediments come mainly from the erosion of the
Bonares Sand Formation (quartz: 54-71%; feldspars: 12-18%; phyllosilicates: 11-20%) [68].

One of the main features of the bioclastic silt-sand sediments deposited during the
MIS-1 transgression is the presence of significant quantities of shell fragments and valves
of bivalves and gastropods. These shells are mostly composed of calcite and, to a lesser
extent, aragonite, which increase the carbonate contents of these samples [68].

Concerning clay minerals, smectites are in general absent from the sediments delivered
by the Tinto and Odiel rivers into the estuary because their acidic waters are devoid of
suspended smectite, due to chemical dissolution induced by the acid mine drainage [69,70].
Mlite (70-80%) is the main clay mineral of the recent estuarine sediments, with minor
proportions of kaolinite (15-36%) [70].

According to [71], the mineralogical composition of recent sediments at the edge
of the tidal channel (Figure 1B: Domingo Rubio channel) is mainly composed of quartz
(10-50%), phyllosilicates (40-90%), and feldspars (<15%); subordinate proportions (<5%)
of halite and hematite occur. The dominant phyllosilicates are kaolinite and illite, along
with dioctahedral smectite in some cases. At the confluence of the estuary with the Tinto
River, the presence of vivianite and amorphous iron oxyhydroxides of low structural
order was detected; jarosite and gypsum were identified near an uncontrolled deposit of
mining waste.
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The mineralogical composition of recent sediments obtained by [72] from the Odiel
River (a similar provenance area to the sediments of the Tinto River) showed that quartz,
feldspars, and phyllosilicates are the major constituents of the bulk sample; the illite—
chlorite-kaolinite assemblage found shows the inherited detrital character of the clay
minerals. The following heavy minerals were also identified by these authors: magnetite,
limonite, goethite, hematite, ilmenite, rutile, pyrite, galena, hornblende, tourmaline, zir-
con, sphene, apatite, andalusite, sillimanite, distene, epidote, and garnet; these minerals
reflect the contributions of different source areas, particularly the Iberian Pyrite Belt and
metamorphic rocks.

2.2. Historical and Recent Pollution

The Tinto River crosses the Iberian Pyrite Belt, one of the most important mining
provinces in the world. These giant deposits of massive sulfides have been mined for
at least 5000 years [64], with two main periods of mining activity: (a) the Roman period
(2100-1700 yr BP), with the extraction of more than 20 Mt of polymetallic sulfides [73]
and (b) the last 150 years, with an intensive extraction of pyrite and minor quantities of
gold and silver. The associated discharges into the riverbed and the washing of its dumps
resulted in the generation of AMD. A sharp increase in the oxidation of sulfides is caused
by their contact with oxygen and water, releasing acidity and large amounts of sulfates and
toxic metals into the river channels. The oxidation of sulfide minerals (mainly pyrite) is
accelerated by microbial catalysis, and this process leads to the generation of significant
discharges of acid leachates with very high concentrations of toxic elements [74].

This historical pollution has increased with the acidic wastes derived from two indus-
trial concentrations located on the estuarine border (Figure 1B). As a final consequence of all
these polluted inputs, the estuary of the Tinto River is one of the most polluted areas in the
world, with very high concentrations of As (up to 3000 mg kg~!), Cu (up to 4415 mg kg~ 1),
Pb (up to 10,400 mg kg 1), and Zn (up to 5280 mg kg~ ?!) in its surface sediments [75,76].
Since 1985, this zone has come under a corrective plan for the control of industrial waste
disposal.

3. Material and Methods
3.1. Coring and Sampling

Three cores (Figure 1C,D: A-B-C) [48,53,54] were extracted from the old La Fontanilla
cove by usual rotary drilling techniques with an almost continuous recovery of sediment
and a barrel diameter of 11.6 mm. Core A (18 m depth; 37°13'48” N-6°53/24"” W) was ex-
tracted from the innermost part of this cove. Its paleoenvironmental reconstruction carried
out by [52] has revealed a transition from Miocene marine environments to late-Holocene
marshes, with an intermediate period that includes alluvial sediments, shallow marine sed-
iments from the MIS-1 transgression, and silty tidal channels and lagoons (~6.5-5.2 kyr BP).
Cores B (11.6 m depth; 37°14' N; 6°54’ W) and C (7.5 m depth; 37°14'06” N; 6°53'54” W)
were extracted from the outside of this cove, near the Tinto riverbed. The Holocene pale-
oenvironmental reconstructions of both cores are very similar [57,58], also including the
transit from alluvial to marsh deposits and a flood of this outer area during the MIS-1
transgression. The geochemical evolution of both cores includes evidence of early mining
activities (~4.5 kyr) and the recent mining period (1870-2001).

Sixty-nine samples (2 cm thickness) were obtained from the three cores (Figure 1D;
Core A: 31 samples; Core B: 22 samples; Core C: 16 samples). Selection and distribution of
the samples is variable, linked to: (a) the length of each core; (b) the presence of different
sedimentary facies; (c) the definition of its limits; and (d) the visual distribution of bio-
clasts in the cores. Consequently, the number of samples from each core depends on its
geological features.
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3.2. Compositional Analysis

The trace metal contents of sixty-nine sediment samples (fraction < 2 mm) were
performed and certified by MS Analytical, Langley (Canada). Samples were collected
manually by handpicking. They were crushed and subsequently ground into powder using
an agate mortar. REE contents were obtained by ICP atomic emission spectrometry (total
digestion with concentrated acids), with less than 5% variation between different replicate
samples and a quality control based on more than 30 sample references (e.g., OREAS 904).
In these samples, detection limits vary between 0.01 mg kg~! (e.g., Ce, Tb, Ho, Tm, Lyu)
and 0.1 mg kg~ ! (e.g., Nd). A visual analysis of the coarsest sediments has allowed a
qualitative evaluation of their main mineral components. Cerium and europium anomalies,
e.g., Ce/Ce* and Eu/Eu* values, were calculated from the expressions 2Ceyn /(Lan+Pry)
and 2Euy /(Smn+Gdy), respectively.

3.3. Textural Analysis

Grain-size distribution was determined by wet sieving for the coarser fractions with
pressured water and floated using sieves of 63, 125, 250, 500, 1000, and 2000 pm diameter.
Fractions smaller than 63 um were analyzed with a particle counter (model Mastersizer-2000)
at the CIDERTA center (University of Huelva, Spain). The dispersing agent used was Na-
hexametaphosphate.

3.4. Statistical Analysis

The statistical analysis was performed using the R [function cor()] [77]. First, data were
standardized due to large differences in the contents of each element. This standardization
involves a transformation of the original variables by subtracting their mean and dividing
this difference by their standard deviation. The Pearson correlation coefficients were
calculated to identify: (i) possible dependence between grain-size distributions and REE
and (ii) possible geochemical associations within the REE.

4. Results and Discussion
4.1. Core Descriptions and Paleoenvironmental Significance

The vertical distribution of sedimentary facies is very similar within the three cores,
with some minor changes derived from the different geographic location and depth of each
core [52,57,58]. The geological substrate of La Fontanilla cove consists of Miocene massive
clayey silts with abundant shallow marine assemblages of foraminifera and ostracods.
These features allow for placement of these fine sediments inside the upper part of the
Gibraleon Clay Formation (Upper Tortonian-Messinian) [59]. This area emerged during
the Upper Pliocene-Lower Pleistocene [60], and its substrate was partially dismantled
during the Pleistocene, coinciding with a fluvial-dominated period [61]. During the Upper
Pleistocene-Middle Holocene, La Fontanilla cove was covered by fluvial and alluvial
sediments (Figure 2: see paleoenvironmental interpretation), constituted by silty gravels
and brown sands with numerous roots. During the MIS-1 transgression (ca. 6.5-5 kyr BP),
this cove was flooded, with the deposition of bioclastic sands and muds (Figure 2: Cores A-
B-C). The outer zone of the cove was occupied by phanerogam meadows (Cores B-C), while
mesolittoral paleoenvironments are characterized the inner zones (Core A) [78,79]. During
the last 5 kyr, this cove emerged progressively, becoming covered by clayey-silty marshes.
Finally, the entire area was covered by an anthropic fill at the end of the 20th century.
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CORE A

CORE C

Figure 2. REE patterns of sediments normalized to PAAS of the samples of the three cores.

4.2. REE and Grain Size

The chemical contents and parameters of REE in the sediments of the three cores of La
Fontanilla cove (Tinto estuary, SW Spain) are given in Table 1. The depth of collection and
respective paleoenvironment are also given.
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Table 1. Sediment samples’ reference, core, depth, paleoenvironment, REE chemical contents, ), REE (sum of total REE, in mg kgfl), Lan /Yby, Lan /Smyy, Ce/Ce*
and Eu/Eu* ratios (normalized concentrations to PAAS).

DEPTH La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Y Yb Lu
CORE SAMPLE PALEOEN. REE  Lan/Yby Lan/Smy Ce/Ce* Ew/Eu* Y/Ho
(m) Error: 0.5  0.01  0.03 0.1 003 003 005 001 005 001 003 001 0.1 0.03 0.1

A-1 1.0 Filling 14 289 354 129 246 056 215 032 171 034 103 013 8.4 087 013 7744 1.22 0.84 0.94 114 2471
A2 2.1 Filling 16 323 4.1 151 283 063 234 033 171 033 107 013 8.4 085 013  86.25 1.39 0.83 0.92 114 2545
A-3 2.3 Marsh 20.3 411 505 182 335 074 287 043 228 043 141 017 116 113 017 10923 135 0.89 0.93 111 2698
A-4 32 Alluvial 18.3 371 469 171 321 071 268 0.4 2.11 0.4 138 016 109 108 016 10038  1.29 0.84 0.92 113 2725
A-5 3.4 Marsh 28 564 674 256 506 124 445 0.6 344 062 182 026 144 168 026 15057 122 0.82 0.94 122 2323
A-6 3.6 Marsh 35.7 743 901 332 672 148 583 087 458 087 271 035 213 23 035 19957 115 0.78 0.95 110 2448
A7 3.9 Marsh 36.9 754 9.4 35 698 172 617 082 45 085 244 035 188 231 036 202 1.16 0.78 0.93 122 2212
A-8 42 Marsh 35.7 736 892 327 651 141 5.5 082 425 078 248 031 198 206 031 19515  1.30 0.81 0.95 110 2538
A9 5.7 Lagoon 26.7 549  6.79 25 497 105 414 0.6 304 056 178 022 14 147 022 14544 137 0.79 0.94 1.08  25.00
A-10 5.85 Lagoon 29.9 598 714 273 537 123 448 059 303 059 169 024 133 158 025 15649 135 0.82 0.94 117 2254
A-11 6.0 Lagoon 26.3 538 664 243 484 108 413 062  3.19 0.6 188 024 146 155 023 144 1.29 0.80 0.93 113 2433
A-12 6.15 Lagoon 33.4 67 829 306 617 148 542 069 376 071 206 0.3 16 1.94 03 17812 126 0.80 0.93 119 2254
A-13 6.3 Lagoon 23.2 47.4 5.9 214 423 091 356 051 268 0.5 153 019 128 132 019 12632 138 0.81 0.93 1.09  25.60
A-14 6.6 %‘;\bagrlif 26.6 514 626 236 466 116 409 054 28 055 157 024 128 15 023 13808 131 0.84 0.92 124 2327
A-15 6.9 %};ﬁ%‘f 24.7 486 589 225 443 1.1 379 053 281 054 151 022 118 139 021  130.02 133 0.82 0.93 125 2185
A-16 7.3 %ﬁgﬁf 234 471 584 214 424 094 359 053 278 053 168 021 131 137 021 12692 126 0.81 0.93 112 2472
COREA  A-17 7.6 %ﬁ’a‘gﬁf 237 464 5.7 215 425 105 373 049 261 049 1.4 0.2 113 134 02 12436 134 0.82 0.92 123 23.06
A-18 79 Eclﬂ';f;‘i’f 16.2 305 391 145 276 064 231 029 148 029 079  0.11 6.7 075 012 8135 1.53 0.86 0.88 118 23.10
A-19 8.3 1}}’11})%& 17 36 451 163 33 069 267 037 18 033 112 013 8.3 088 013 9355 1.48 0.76 0.94 1.08 2515
A-20 8.9 1;’11(1)%5 20.5 421 508 183 341 069 28 039 195 035 114 014 8.9 093 014 10684  1.66 0.89 0.95 104 2543
A-21 9.5 1;’1%%5 28.3 591 715 263 525 109 433 061 314 059 191 025 146 157 023 15442 139 0.79 0.95 1.07 2475
A-22 9.8 %’fg%j 25.7 53.1 6.4 26 443 0.9 3.61 0.5 253 046 152 018 109 119 018 1342 1.62 0.85 0.95 1.05  23.70
A-23 11 Alluvial 20.6 45 522 194 387 081 327 045 225 042 133 017 103 107 016 111.82 146 0.78 0.94 1.06 2452
A-24 12 Alluvial 18.1 373 463 172 348 0.7 277 039 194 036 114 014 85 0.9 013  97.68 1.58 0.77 0.94 1.05  23.61
A-25 13.7 Alluvial 18 362 443 158 312 066 256 037 193 035 12 0.14 9 096 014 9486 1.45 0.85 0.93 1.09 2571
A-26 14.6 Alluvial 29.6 60 732 266 513 109 438 066 348 067 214 027 174 184 026 16084  1.29 0.85 0.94 1.07 2597
A-27 15.3 ‘%“fgj;&“ 29.1 59.1  7.22 26 483 105 419 063 339 065 208 026 17 176 027 15753 122 0.89 0.94 1.09 2615
A-28 16.5 Aﬁfgjgfen 29.4 592 729 266 492 104 416 062 331 063 199 025 165 1.7 026 15787 128 0.88 0.93 1.07 2619
A-29 16.8 Miocene 30.2 61.2 75 273 501 107 428 064 346 063 208 02 171 173 026 16272 131 0.89 0.93 1.08 2714
A-30 17.2 Miocene 29.2 591 725 262 494  1.05 42 062 332 063 205 025 163 174 026 15711 127 0.87 0.93 1.08  25.87

A-31 17.7 Miocene 223 46.2 571 20.7 3.82 0.79 325 0.47 2.49 0.47 1.48 0.19 12.2 1.28 0.19 121.54 1.33 0.86 0.94 1.05 25.96
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Table 1. Cont.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Y Yb Lu y
CORE SAMPLE PALEOEN. Lan/Yby Lan/Smy Ce/Ce* Eu/Eu* Y/Ho
(m) Error: 0.5  0.01  0.03 0.1 003 003 005 001 005 001 003 0.1 0.1 0.03  0.01 REE

B-1 0.8 Freggycfter 32.7 67.4 8.2 335 664 159 577 082 46 087 252 034 231 226 034 19065  1.09 0.73 0.95 120 2655
B-2 1.2 Frelﬁgr‘f;ter 30.2 624 746 297 551 129 493  0.69 3.9 075 218 029 20 1.98 0.3 17158  1.14 0.81 0.96 115 2667
B-3 16 Marsh 34.8 741 838 336 653 144 565 079 454 088 252 036 213 234 036 19759  1.09 0.79 1.00 111 2420
B-4 2 Marsh 33.6 693 816 322 621 136 531 074 41 077 227 032 193 209 032 18605 119 0.80 0.96 110  25.06
B-5 24 Marsh 31.6 669 765 302 592 132 505 072 391 074 218 0.3 18.4 2 031 1772 1.15 0.79 0.99 113 24.86
B-6 2.8 Marsh 32.6 694 785 316 6 133 493 069 373 071 208 028 174 193 029 180.82 127 0.80 1.00 114 2451
B-7 32 Marsh 32.8 693 783 311 612 135 514 071 389 073 217 0.3 18 1.97 03 18171 124 0.79 0.99 112 2466
B-8 4 Marsh 31.4 639 748 295 571 125 475 064 357 066 192 027 169 182 028 17005 127 0.81 0.96 112 2561
B9 5 Marsh 31.2 639 743 297 558 122 476 066 356 067 193 027 167 178 027 169.63 131 0.82 0.96 110 2493
CORE B B-10 5.8 Marsh 27.1 554 657 258 506 113 435 058 323 0.6 177 025 15 161 025 1487 1.23 0.79 0.95 112 25.00
B-11 6 Marsh 33.6 692 822 306 607 149 534 071 375 071 204 0.3 17 1.95 03 18128 127 0.82 0.96 122 2394
B-12 6.2 Ecl;gg;‘if 32.9 67 785 313 611 131 502 069 382 071 203 028 177 189 029 1789 1.28 0.79 0.96 110 2493
B-13 6.4 %‘ﬂ'ﬁi‘f 30.5 624 743 276 547 132 472 062 336 065 187 02 155 177 027 16374 128 0.82 0.95 121 2385
B-14 6.6 %‘Lbagrll‘i‘f 27.9 57 665 268 503 111 432 059 332 061 178 025 158 166 025 15307 126 0.82 0.96 111 2590
B-15 6.8 %lbag;if 315 63 755 284 565 138 495 066 354 068 199 028 17 184 029 16871 123 0.82 0.94 122 25.00
B-16 7 %};I;i‘f 322 64 775 293 5.8 142 513 067 3.6 077 202 029 161 188 029 17122 126 0.82 0.93 121 2091
B-17 72 %’ﬂ)ic} 32 654  7.66 304  6.02 13 509 071 398 074 221 0.3 189 201 031 17703 117 0.78 0.96 110 2554
B-18 ]1}/1%%5 30.6 615 726 289 549 118 461  0.64 35 065 189 026 17 174 027 16549 128 0.82 0.95 1.09 2615
B-19 9 Alluvial 31 654 741 294 563 127 481 066 367 068 195 027 167 1.8 027 17092  1.30 0.81 0.99 114 2456
B-20 9.5 Alluvial 27.4 563 661 255 491 107 413 056 3.03 058 169 023 15 153 023 14877 135 0.82 0.96 111 2586
B-21 9.8 Alluvial 32.1 617 743 297 577 126 5 0.68  3.68 0.7 194 026 17.6 1.7 025 169.77 145 0.82 0.92 1.09  25.14
B-22 11.2 Marsh 34.2 713 817 321 633 136 524 072 398 077 214 031 186 203 031 18756 125 0.80 0.98 110 2416
C-1 0.9 Filling 18.8 37 467 178 345 088 295 039 213 0.4 114 017 9.3 111 017 10036 125 0.80 0.91 129 2325
C-2 14 Marsh 29.3 62.7 747 277 5.5 1.18 4.8 0.7 3.65 0.7 221 027 172 179 026 16543 128 0.79 0.97 1.07 2457
C-3 16 Marsh 32.9 686 833 304 6.2 136 534 078 409 078 249 031 187 203 03 18261 124 0.78 0.95 110 2397
C-4 1.9 Marsh 32.6 674 815 298 597 131 518 078 407 078 249 0.3 195 2 03 18063 123 0.80 0.95 110 25.00
C-5 23 Marsh 33 677 815 304 615 151 539 072 397 079 218 032 18 2.1 031 18069  1.20 0.79 0.95 122 2278
C-6 2.8 Marsh 32.1 668 807 295 577 1.3 5 0.72 3.9 074 236 029 184 197 029 17721 125 0.82 0.95 113 24.86
C-7 33 Marsh 19.9 39.8 5 193 389 096 35 048 267 054 16 022 122 145 022 111.73  1.02 0.75 0.92 121 2259
CORE C C-8 3.6 Marsh 35.1 734 884 331 659 159 572 076 407 078 224 032 184 215 032 19338 124 0.78 0.96 121 2359
C9 42 Marsh 33.4 69.4 828 302 609 135 527 078 403 076 245 0.3 188  2.03 03 18344 126 0.81 0.96 111 2474
C-10 45 Marsh 30.6 64 775 284 565 122 482 0.7 367 067 217 027 167 178 027 16867 128 0.80 0.95 1.09  24.93
C-11 5 1;’{})%5 243 503 608 225 45 094 377 055 277 052 163 021 124 137 021 13205 131 0.80 0.95 1.06  23.85
C-12 5.7 1;’11(1)%5 2 458 557 202 3.7 074 304 043 222 0.4 129 016 103 106 016 11707 156 0.88 0.95 1.03 2575
C-13 6 %ﬁ%& 34.7 715 865 318 625 136 543 079 404 077 244 0.3 185  2.06 03 18889 131 0.82 0.95 1.09  24.03
C-14 6.4 Alluvial 23.2 469 587 213 412 083 328 045 225 042 132 016 101 112 017 12149 154 0.83 0.92 1.05  24.05
C-15 7 Alluvial 23.7 603 625 225 456 0.9 3.58 05 253 046 147 019 102 1.3 019  138.63 141 0.77 1.14 1.04 2217
C-16 74 Alluvial 242 48 585 229 418 086 335 044 237 042 124 017 105 118 018 12584 152 0.85 0.93 1.07  25.00
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The £ REE (sum of total REE) of the studied sediments are in general lower than those
of the Post-Archean Australian average shale (PAAS) [79] and, in most cases, lower than in
other fluvial and estuarine systems [80-83]. The same tendency for low REE concentrations
in the surface sediments and in the sediment cores (to a depth of 3.5 m) collected in the
Tinto estuary were also found by [41,84]. These low values in the sediments contrast
with the previously reported, very high REE concentrations in the dissolved phases of the
Tinto estuary water and are related to the low pH values, which prevent particles from
adsorbing REE [54].

The variations in REE composition between samples is assessed using the convention
of normalization of concentrations to PAAS [79]. The PAAS-normalized patterns of the
studied samples of Cores A, B and C are shown in Figure 2.

In general, the REE are depleted relative to PAAS, except for the MREE in some
cases. The patterns of the three cores display depletion of HREE relative to the
LREE (Lay/Yby = 1.02-1.66) and enrichment of MREE over LREE (Layn /Smy = 0.73-0.89).
Cerium anomalies, generally negative, (Ce/Ce* = 0.88-1.14) and positive Eu anoma-
lies (Eu/Eu* = 1.03-1.29) are observed. Core B presents the most similar patterns with
high PAAS-normalized ratios, while a higher variation is found in the REE patterns of
Cores A and C.

The correlation coefficients between the REE parameters and the grain-size fractions
proportions, calculated using all three core sediments as samples, are given in Table 2.
These correlation coefficients are in general < |10.57|. Nevertheless, some tendencies are
clear and pointed out: (i) the ¥ REE has positive correlations with the fine fractions, while
the Lay /Yby ratio is positively correlated with the sand fraction and negatively correlated
with £ REE, and (ii) a negative correlation between Eu/Eu* and Lay /Yby is observed.

Table 2. Pearson correlation coefficients matrix between variables: REE parameters and grain size
fractions proportions (Clay, Silt, Sand).

Lan/Ybyn Layn/Smy Ce/Ce* Eu/Eu* Y REE Clay Silt Sand
Lan/Yby 1
Layn/Smy 0.42 1
Ce/Ce* —0.13 —0.34 1
Eu/Eu* —0.46 —-0.21 —0.29 1
2. REE —0.56 —0.34 0.37 0.11 1
Clay -0.37 0.02 0.15 0.12 043 1
Silt —-0.50 0.04 0.17 0.17 0.57 0.82 1
Sand 0.47 —0.03 —-0.17 —0.16 —0.55 —0.93 —0.98 1

The higher REE contents associated with the finer sediments can be explained by
their incorporation into phyllosilicates and, also, into heavy minerals in the silt and clay
fractions [85,86]. Other factors, such as mineralogical composition and sorting, the presence
of bioclasts or organic matter, sea-salt-induced coagulation of colloids, and scavenging
with sinking particles, as well as anthropogenic activities, may also contribute to the REE
contents and fractionation in these estuarine sediments.

4.3. REE Parameters Variation with Depth

Sum of the concentrations of REE contents (X REE)

i. Inner zone. In the Miocene fine clayey silts, REE are moderately abundant
(X REE=140-146 mg kg 1), although these values decrease in some sandy levels (e.g., sam-
ple A-31, ¥ REE= 109 mg kg ') (Core A, Figure 3). This negative correlation with grain
size has already been verified in other marine areas, due to the higher concentration of
REE in the finest sediments [87,88], where phyllosilicates and fine particles of feldspars
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and calcite occur [68]. Upwards to late-Holocene marshes, a general positive correlation
between the X REE and the fine fraction (silt and clay) is found, indicating that the REE
concentration in the finer sediments corresponds to low water dynamics areas.
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Figure 3. La Fontanilla cove: variation with depth of the ) REE in sediments of Core A (inner zone)
and Cores B and C (outer zone). Paleoenvironments and dating from [52,57,58]. Red: mean e
calibrated age; blue: inferred age (geochemistry, pollen, etc.).

A high REE content (£ REE = 140 mg kg !) in the finer level of the shallow marine
sediments from the MIS-1 transgression was found. Then, a tendency for an increase
in the total REE contents is observed upwards, and the highest values occur in marsh
deposits around 4 m depth (= REE = 175-183 mg kg~ !). A significant decrease in the
uppermost sediments (<1.9 kyr), corresponding to alluvial, marsh, and filling deposits, was
found (X REE = 70-98 mg kg~ !). ii. Outer zone. A general tendency for a higher & REE is
found in Cores B and C when compared to the inner zone. Core B, mainly corresponding
to marsh sediments, presents high and uniform values (Y REE = 134-176 mg kg !). A
higher variation is found in Core C, where a high REE content (£ REE = 170 mg kg 1)
in the finer level of the shallow marine sediments from the MIS-1 transgression was
found. The uppermost sediments (freshwater pond) of Core B present higher values
(X REE = 152-168 mg kg~ !) than the filling materials of Core C (X REE = 91 mg kg~!) and
Core A (inner zone; & REE = 70 mg kg~ 1).

High X REE values were found in fine marsh deposits in both zones dated around
1.9 kyr, particularly in the outer zone. These flooded marshes could have acted as REE
repositories during the intensive exploitation of mineral deposits during the Roman period,
which is in agreement with the high contents of As, Cr, Mn, and Zn, as well as Al, Fe,
and S, found by [52,57,58]. Strong relative enrichment of the total REE concentrations in
sediments collected in sites receiving drainage from acid sulfate soils in comparison to
non-impacted sites in an estuary in Western Australia was also previously reported by [89].

Worth noting as well are the high REE values found in the marsh deposits of the three
cores corresponding to the first prehistoric contamination (4.5 kyr), particularly in Core C
when compared to the increase in the Roman period. The tendency of REE to concentrate
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in the topmost sediments, which can be related to the third and fourth contamination
phases (1870-1960, and since 1990, respectively), was mainly found in the cores of the
outer zone, in relation to recent mining activities (see Figure 3). Evidence of this mining
period (1870-2001) was also found in this zone using the geochemical evolution of other
metals [52,57,58], since REE are mainly derived from the extraction of ore deposits and
industrial wastes. The £ REE values found in this work in the outer zone are lower than
those found in the gravity cores collected from the Tinto and Odiel estuaries by [83];
according to these authors, the high values, associated with high thorium concentrations,
are caused by fertilizer industry wastes between 1968 and 1998, which used phosphorite as
source material. However, in this work, similar and higher REE values are found lower in
Cores B and C. Therefore, no clear evidence was found of the influence of phosphogypsum
dumps on the X REE.

The uppermost meters of all cores are characterized by the transit to supratidal pa-
leoenvironments and the disconnection between the tidal and fluvial inputs [52,57,58].
This subaerial exposure explains the reduction in the } REE values near the surface of
these cores.

4.3.1. Lan/Yby Ratio

i. Inner zone. REE fractionation between the LREE and HREE (here measured by
the Lan /Yby) is observed, with a general enrichment of the LREE relative to the HREE,
particularly in the coarser sediments, which indicates a higher concentration of the LREE
in coarser particles. The highest values were found in the MIS-1 flood coarser deposits
(Figure 4, Core A).
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Figure 4. La Fontanilla cove: variation with depth of the Layn /Yby ratio (normalized to PAAS) in
sediments of Core A (inner zone) and Cores B and C (outer zone). Paleoenvironments and dating
from [52,57,58]. Red: mean 14C calibrated age; blue: inferred age (geochemistry, pollen, etc.).

ii. Outer zone. An enrichment of the LREE relative to the HREE, particularly in the
coarser sediments (around 10 m depth) in Core B, and around 6 m—7 m depth in Core C is
observed; this tendency observed in the MIS-1 flood deposits in the outer zone appears to
be similar to the one found in Core A.
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A clear concentration of the LREE relative to the HREE in shallow marine sediments
from the MIS-1 transgression in both zones occurs. This could be expected since LREE
distribution in sediments could be related to the presence of sandy grains of feldspars and
micas; this can also be partially explained by the change in water chemistry with increased
salinity bringing about flocculation and settling out of colloids, as well as the higher particle
reactivity of the LREE when compared to the HREE [90]. In fact, in water environments
with a pH > 6, a preferential adsorption of the LREE on the particles is found, while the
HREE preferably remain in solution [91], leading to an increase in the LREE relative to the
HREE in sediments. Thus, a higher incorporation of the LREE when compared to the HREE
in fine particles of the MIS-1 transgression sediments of the three cores could be expected.

4.3.2. Lan/Smy Ratio

i. Inner zone. REE fractionation between the LREE and MREE (here measured by
Lan /Smy ratio) is observed, with a general enrichment of the MREE relative to the LREE
(Figure 5). Miocene samples, including altered sediments, present a similar ratio (Lan /Smy
= 0.86-0.89). Upwards, no clear tendency is observed; nevertheless, an enrichment in the
LREE relative to the MREE is found in some coarser samples of the MIS-1 flood and in the
more recent deposits (since 1.9 kyr), particularly in the marsh deposits.
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Figure 5. La Fontanilla cove: variation with depth of the Layn /Smy ratio (normalized to PAAS) in
sediments of Core A (inner zone) and Cores B and C (outer zone). Paleoenvironments and dating
from [52,57,58]. Red: mean '“C calibrated age; blue: inferred age (geochemistry, pollen, etc.).

ii. Outer zone. A similar enrichment of the MREE relative to the LREE is found
throughout Core B, and a higher variation is observed in Core C, with the lowest MREE
enrichment in the MIS-1 flood deposits.

In this work, a general enrichment of the MREE relative to the LREE was found
(Lan/Smy = 0.73-0.89). The enrichment of the MREE with respect to the LREE, and
also to the HREE (see Figure 2), can be explained by preferential sorptive removal of the
MREE via precipitation of poorly crystalline iron oxyhydroxides, typical of AMD-affected
environments, which favor sediments that also preserve convex MREE patterns [39,92].
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MREE enrichment, relative to the LREE and HREE, were already reported by [45] indicating
acid-mixing processes between fluvial waters affected by AMD and seawater.

4.3.3. Eu Anomaly (Eu/Eu*)

i. Inner zone. Positive Eu anomalies through Core A occur, particularly in the marsh
deposits down to circa 5000 kyr. The highest values were found in the ebb-tide channel
deposits (Figure 6).
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Figure 6. La Fontanilla cove: variation with depth of the Eu anomaly (Eu/Eu* ratio, normalized to
PAAS) in sediments of Core A (inner zone) and Cores B and C (outer zone). Paleoenvironments and
dating from [52,57,68]. Red: mean #C calibrated age; blue: inferred age (geochemistry, pollen, etc.).

ii. Outer zone. More significant positive Eu anomalies occur in the marsh deposits of
the ebb-tide channel deposit of Core B and the marsh deposits of Core C.

Although not common in estuarine sediments, positive Eu anomalies in coarse sed-
iments have been reported for other estuaries and associated with feldspar, particularly
plagioclase, which has a positive Eu anomaly [93,94]. Although no mineralogical data were
obtained for the studied sediments, fine particles of plagioclase could partially explain
the positive Eu anomalies found. Nevertheless, the higher positive anomalies found in
marsh deposits (Cores A and C) and in the ebb-tide channel deposits (Cores A and B) can
also be due to the reduction of Eu(Ill) to Eu(ll) and to the preferential removal of Eu’*
along with the other trivalent REE. In fact, according to [29], positive Eu anomalies in
recent estuarine sediments were found in unique local conditions where the submarine
groundwater discharge of reducing freshwaters, combined with organic matter decay and
restricted saline oceanic water flow to these areas, may lead to the development of a strong
localized salinity gradient. These unique conditions reduce the efficiency of sediment
removal, leading to the consequent development of a positive Eu anomaly. Thus, the higher
positive Eu anomalies found in marsh deposits of La Fontanilla cove may partially result
from similar conditions described by [29].



Minerals 2022, 12,417

15 of 21

4.3.4. Ce Anomaly (Ce/Ce¥)

i. Inner zone. In general, small negative Ce anomalies through Core A (Ce/Ce* =
0.88-0.95) appear to occur (Figure 7).
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Figure 7. La Fontanilla cove: variation with depth of the Ce anomaly (Ce/Ce* ratio, normalized to
PAAS) in sediments of Core A (inner zone) and Cores B and C (outer zone). Palecenvironments and
dating from [52,57,58]. Red: mean #C calibrated age; blue: inferred age (geochemistry, pollen, etc.).

ii. Outer zone. Small negative Ce anomalies appear to occur through Cores B and C.

It should be noted that some of the negative Ce anomalies found may be spurious
given the potential for La anomalies in sea water to impact the calculation [9,11]. Moreover,
about half of the samples fall in the range of 0.95-1.05, where they would be potentially
unequivocal in meaning (not significant). To check whether the Ce anomalies are truly
negative, the Pr/Pr* vs. Ce/Ce* is shown in Figure 8. Most of the samples of Core A are in
field Ila, revealing no Ce anomaly and a positive La anomaly. However, samples of this
core with a significant component of marine environments (littoral sandy deposits derived
from the Bonares Sand Formation and deposits of the MIS-1 transgression) are in the field
IIIb, indicating a negative Ce anomaly. In addition, most samples of the cores are in field I.
An exception was found for sample C-15, which presents a negative La anomaly and no Ce
anomaly (field IIb).

4.4. REE: Relation with Natural and Anthropogenic Inputs

The results obtained in this work from the sediments of the La Fontanilla cove (Tinto
Estuary, SW Spain) show that the REE concentration distribution can be related to the
depositional environment; nevertheless, the input of rare earths into sediments may have
been modified by anthropogenic activities, such as mining/industrial inputs that led to
favorable upward environmental conditions, i.e., to the dissolution of phases carrying REE
(pyrite and other ore deposits). The old marshes, ebb-tide channels, lagoons, and freshwater
ponds are constituted by clayey silts that present the highest REE contents, particularly
around 4.5 kyr BP in the three cores and near the surface in Cores B and C. It should be
noted that high contents of Cu, Pb, and As have also been detected in nearby cores studied
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by [95] and correlated with the first mining activities, as well as the recent mining and
industrial wastes (1850-2000); in both polluted horizons, important percentages of pyrite
(2-12%) were found.
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Figure 8. Samples from La Fontanilla cove in a graph of (Ce/Ce*)qy vs. (Pr/Pr*)gy. Field I: neither
Cegn nor Lagy anomaly; field Ila: positive Lags anomaly, no Cegn anomaly; field 1lb: negative Lagg
anomaly, no Cegg anomaly; field Ilia: positive Cegn anomaly; field IIIb: negative Cegy anomaly.
Modified from [9].

The bioclastic sediments deposited during the MIS-1 transgression show great vari-
ability in grain sizes (clayey silts to bioclastic gravels) and REE contents, which can be
partially explained by the presence of signficant quantities of shell fragments and valves
of bivalves and gastropods. These shells are mostly composed of calcite and, to a lesser
extent, aragonite [62].

The lower LREE/HREE in the finer sediments can be partially explained by the
presence of heavy minerals, such as zircon and garnet, in the silt and clay fractions. REE
tend not to be strongly complexed in solution, especially at low pH conditions [92], while
at a circumneutral pH, carbonate complexes are often more abundant, with adsorption
to particle surfaces becoming prevalent at mildly alkaline pH conditions [96]. A general
enrichment of MREE, when compared to the other REE in the Tinto estuarine sediments,
could be expected since this river crosses the Iberian Pyrite Belt. This can be partially
explained by preferential release of the MREE, relative to the other REE, and most probably
due to complexation to sulfite (SO327) or another intermediate S-species during pyrite
oxidation; the convex-upward REE pattern found in the acid sulfate soils developed on
the salt marsh sediments of this estuary supports the possibility that iron oxyhydroxide
minerals play an important role in MREE retention through adsorption and co-precipitation
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mechanisms. Thus, the normalized REE patterns of the estuarine sediments studied in this
work that show convex curvatures in the MREE relative to LREE and HREE indicate acid-
mixing processes between fluvial waters affected by AMD and seawater and precipitation
of poorly crystalline mineral phases favoring the preservation of convex MREE patterns.
While significant positive Eu anomalies were found in old ebb-tide channels and marsh
deposits, most probably reflecting mineralogical composition and/or strong localized
salinity gradient combined with organic matter degradation, no significant Ce anomalies
were found. The small negative Ce anomaly found in a few cases may be spurious given
the potential for La anomalies in sea water.

5. Conclusions

Rare earth elements’ concentrations and distribution patterns in sediment cores of the
inner and outer zones of the La Fontanilla cove (Tinto estuary, SW Spain) display differences
in their chemical contents and fractionations, reflecting their significant sensitivity to the
environmental changes in this estuary. The total REE contents of these sediments are, in
general, lower than those of the PAAS, particularly the HREE, which can be explained by
the higher stability of heavy rare earths in aqueous complexes in this AMD environment.
The total REE contents are higher in the finer sediments, which points to abundant mineral
phases that are a better host for REE in the silt and clay fractions. The high total REE
contents were also found to be related to the main episodes of mining activities (4500 yr BP)
and industrial waste dumping (1850-2000).

The LREE/HREE ratio is mainly controlled by the grain size/mineralogy, which is
higher in the coarser sediments. The LREE/MREE ratio is lower in marine environments.
In the MIS-1 flood deposits, high values of the LREE, relative to the HREE and to the MREE,
were also found, which indicates marine influence. Positive Eu/Eu* anomalies found in
the marsh deposits and ebb-tide channels can be explained by a possible higher proportion
of Eu carrier minerals (e.g., plagioclase) and/or indicate a local reduction in the conditions
associated with an increase insalinity.

The REE distribution in the estuarine sediment cores of La Fontanilla cove, combined
with sedimentary facies, prehistoric events, and historical events, significantly corroborates
and improves the paleoenvironmental reconstruction. It should be noted that sedimento-
logical characteristics of the deposits play a major role in the accumulation of REE and can
mask the discharges caused by anthropogenic exploitation of pyrite ores.
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