
Marine Pollution Bulletin xxx (2015) xxx–xxx

MPB-07148; No of Pages 15

Contents lists available at ScienceDirect

Marine Pollution Bulletin

j ourna l homepage: www.e lsev ie r .com/ locate /marpo lbu l
Characterization and evolution of the sediments of a Mediterranean coastal lagoon
located next to a former mining area

Gregorio García a,⁎, Ana Muñoz-Vera b

a Área de Edafología y Química Agrícola, Dpt. Ciencia y Tecnología Agraria, Technical University of Cartagena (UPCT), Paseo de Alfonso XIII, 48., E-30203 Cartagena, Spain
b Departamento de Ciencia y Tecnología Agraria, Área de Edafología, Escuela Técnica Superior de Ingeniería Agronómica, Technical University of Cartagena (UPCT), Paseo Alfonso XIII 50, 30203
Cartagena, Spain
⁎ Corresponding author.
E-mail addresses: gregorio.garcia@upct.es (G. García),

(A. Muñoz-Vera).

Please cite this article as: García, G., Muñoz-
next to a former mining area, Marine Polluti
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 May 2015
Received in revised form 26 August 2015
Accepted 27 August 2015
Available online xxxx

Keywords:
Sediments
Metal mining waste
Sedimentation dynamics
Coastal lagoon
Mar Menor (SE Spain)
Coastal lagoons are ecosystems that are relatively enclosed water bodies under the influence of both the terres-
trial and the marine environment, being vulnerable to human impacts. Human activities, such as mining extrac-
tion, are significant anthropogenic coastal stressors that can negatively affect ecosystems and communities. In
light of the above, the objective of this research is to examine the influence ofmetal mining activities on the com-
position of sediments of a Mediterranean coastal lagoon, named Mar Menor. This paper presents a comprehen-
sive characterization for grain size, mineralogy, geochemistry and organic matter of sediments of this coastal
lagoon, investigating their variation along space and time. Sedimentation dynamics are ruling clearly the grain
size predominant in each area of theMarMenor coastal lagoon, determining the existence of entrainment, trans-
port and sedimentation areas. Forminerals, elements and organicmatter, sedimentation dynamics are also deter-
mining their distribution.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal lagoons are relatively enclosedwater bodies under the influ-
ence of both the terrestrial and the marine environment. Further-
more, being close to land, they are vulnerable to human impacts
(Hodgkin, 1994; Reizopouluo et al., 1996; Fujita et al., 2014). There-
fore, environmental characteristics will be conditioned by their im-
mediate surroundings, which will determine both the mineralogical
composition of the sediments, and the quality of its waters and the
contamination level of the organisms that live inside.

Environmental conditions in coastal lagoons are very changeable
due to their confined nature and to their shallowness. Coastal marine
systems are particularly vulnerable to the effects of human activities
resulting from mining, industry, tourism and urban development.
Despite their importance, these systems are among themost vulnerable
water environments in theworld and theymight even be considered as
stressed ecosystems. In fact, they are subject to considerable anthropo-
genic pressures that usually lead to changes in their environmental
health (Courrat et al., 2009).

As for other sedimentary environments, the composition of sedi-
ments that accumulate within individual coastal lagoons is primarily a
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reflection of three main factors (Perry and Taylor, 2007): the sediment
source, the processes of sediment transport and deposition, and the
chemical processes operating within the sediment or water column.
Increasingly important in many sedimentary systems are inputs of
anthropogenically sourced sediments. These include both sediment
grains that come from material that is anthropogenic in origin and
sedimentary materials that have been heavily impacted by anthro-
pogenic activity.

Human activities, such as mining extraction, are significant anthro-
pogenic coastal stressors that can negatively affect ecosystems and
communities through the alteration or loss of littoral habitats, increased
pollutant inputs, loss of allochthonousmaterial and changes in food avail-
ability (Peterson et al., 2000; Sanger et al., 2004; Seitz et al., 2006).
Concerning this, sediment composition may differ significantly with the
distance to neighbouring mining areas. This results in the generation of
different sediment mineralogy inside the coastal lagoon according to a
distance gradient to mining areas, which can produce a specific pollu-
tion of water and sediments, as well as a specific composition of flora
and fauna (Bilkovic and Roggero, 2008).

Heavymetals andmetalloids can be toxic at high concentrations and
can affect aquatic organisms, as well as adversely affect human health
(Nor, 1987; Silva et al., 2000). These elements usually have dynamic
distribution and behaviour in lagoon sediments and their sources can
be natural or anthropogenic (Kouassi et al., 2015). High metal content
in fauna and flora in lagoons may impart a very important impact on
human health, reproduction and, consequently, our survival (Abdallah
and Mohamed, 2015; Kouassi et al., 2015).
evolution of the sediments of a Mediterranean coastal lagoon located
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On the other hand, marine and coastal lagoon sediments not only
support a variety of living organisms that are important for maintaining
ecosystem structures and functions, but are also a reservoir for insoluble
contaminants such asmetals (Chapman andWang, 2001; Kouassi et al.,
2015; Renzi et al., 2015). The bioavailability of sediment-bound contam-
inants is determined by sediment constituents, overlying and interstitial
water chemistry, and the behaviour of organisms (Loring, 1991), and so
should be considered as a dynamic process. For this reason, sediment
quality and mineralogy assessment in coastal lagoon areas can be an
issue of interest for these ecosystems.

In light of the above, the objective of this research was to examine
the influence of mining activities on the composition of sediments in
a Mediterranean coastal lagoon, as well as discuss the possible causes
and mechanisms of the sediment redistribution. These wastes were
deposited on the bottom of the lagoon, to the extent that the lagoon it-
self came to be regarded as a mining deposit (Simonneau, 1973). These
mining wastes were initially deposited in the southern basin of the la-
goon, although the marine currents and other factors, such as wind,
may have generated a redistribution of these sediments across the la-
goon. We hypothesized that marine sediment distributions were not
uniform across the lagoon's seabed, and those sediment grain size, min-
eralogy and geochemistry were expected to change over time and be-
tween different areas inside this ecosystem.
2. Material and methods

2.1. Study area

This study is focused in a coastal lagoon named Mar Menor that is
placed on the southeastern Iberian Peninsula, Spain (Fig. 1). This
water body is one of the largest coastal lagoons in the Mediterranean
Sea.
Fig. 1. Location, on the left side, of Mar Menor lagoon, internal currents and different sampling
Coordinates, on the right side, presented in UTM ETRS89 for different sampling stations (SS); X
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The Mar Menor is a hypersaline coastal lagoon of 135.5 km2, with a
maximum length of 21 km and an average width of around 14 km,
with a mean depth of 4.5 m and a maximum of 7 m (Martinez-
Alvarez et al., 2011). It is separated from the Mediterranean Sea by
a long sandy bar called La Manga, which has up to five narrow chan-
nels that connect it to the open sea. The lagoon shows a salinity
range of 39–45 ppt and the temperature varies from 10 °C in winter
to 32 °C in summer (Perez-Ruzafa et al., 2005). Its coastline is densely
populated, supporting a large tourist population during summer months
of about half a million people.

The mining district of Cartagena-La Union is located at the South of
the lagoon (Fig. 1), and belongs to the eastern part of the Betic Ranges.
Mining activities in the mining district date back to many centuries
ago, because remains of exploitations belonging to ancient civilizations,
including Iberians, Phoenicians, Carthaginians and Romans, have been
found. At that time, they extracted mainly gold, silver, lead, zinc, iron
and copper (Oen et al., 1975). The Carthaginians extracted large
amounts of metals, besides silver, that contributed to increase their
power in the war against Rome. Mining in Cartagena revived in the
nineteenth century, with the start of underground mining through
smallholding exploitations. The mining district of Cartagena-La Union
becomes in the late nineteenth century one of the largest producers of
lead (Vilar and Egea Bruno, 1990). In 1957 the open pit mining started
with the opening of the Emilia quarry (Vilar et al., 1991), while in
1968 underground mining ended, which made way for “open pit”
mining, although some isolated mines followed barely subsisting. This
prolonged activity has caused quite a visual impact on the area due to
the presence of numerous accumulations of mining waste. Between
1957 and 1987 more than 360 million tons of rocks were mobilized.
Mining ceased in 1991 due to economic, environmental and social
pressures (García, 2004).

The bed sediment grain size composition of the lagoon is predomi-
nantly muddy and sandy, with some areas with natural rocky bottoms
stations 1 to 10 (adapted from Díaz del Rio and Somoza, 1993 and Bautista et al., 2007).
= longitude and Y = latitude.
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around islands (Pérez-Ruzafa et al., 2006). Sediments of the MarMenor
present high concentrations of heavy metals due to past mining activi-
ties near the lagoon (Simonneau, 1973; De León et al., 1982), to the
extent that these sediments have come to be regarded as mining sites
(Simonneau, 1973). Althoughmining activities stopped several decades
ago, mining residuals continue to enter the lagoon, especially through
seasonal rivers, locally called “ramblas”, when torrential rains occur.

2.2. Sediment sampling

Surficial sediment samples (10 cm depth) were collected through
the manual introduction of polyethylene corers (previously washed in
6 NHNO3) by divers. This depth range allows us to estimate the average
value of the parameter considered for the past 30 years over the esti-
mated period consistent with the sedimentation rate estimated for
this period by various authors (Pérez-Ruzafa et al., 1987). The depth at
the study sites ranges from 1.0 to 5.0 m. Samples were stored in poly-
ethylene containers and transported on ice to the laboratory, where
they were stored at−20 °C, and then dried at 55 °C until their analysis.

The study was carried out during May 2007 in 10 “Sampling Sta-
tions” (SS) (Fig. 1). The sampling stations were selected in such a way
to cover all parts of the lagoon: three sampling stations were situated
in the south basin of the Mar Menor coastal lagoon (SS2, SS4 and SS5),
other three in the middle zone (SS1, SS3 and SS7) and three more in
the north part of the lagoon (SS6, SS8 and SS9). SS 10, whichwas select-
ed as a reference station, is located on theMediterranean Sea, just close
to the limit of the coastal lagoon. SS1 (Albujón) and SS2 (Beal) are locat-
ed, respectively, at the outlet of the temporary Albujón andBeal ephem-
eral watercourses (locally called ramblas), in whose flood ways, high
concentrations of pesticides and fertilizers coming from agriculture
(SS1) and heavy metals coming from mining areas (SS2) still exist
(mainly Pb, Fe and Zn), brought down from the head areas. In the first
case, intensive agriculture started in late 70s, and in the second case,
the minerals were exploited for centuries because of their rich metal-
bearing materials (Simonneau, 1973). For all the stations, corers of
10 cm depth were collected in order to study the current state of
these sediments.

On the SS2, SS3 and SS8 (one per part of the lagoon— south, middle
and north), corers of 55 cm depth were taken to estimate the variation
of specific parameterswith time. For that purpose, frozen coreswere cut
in sections of 5 cm wide, except for first section that was separated in
two fractions (0–2 and 2–5 cm).

Sediment parameters such as grain size,mineralogy, totalmetal con-
tent and organicmatter contentwere analysed, in order to have enough
data to describe sediment origin and pollution. Samples, before being
subjected to various analyses, were quartered with the Rotary Micro
Riffler, constant speed and average vibration, with the aim of taking a
random representation of each sample. The methods have been tested
in the laboratory for their accuracy and reproducibility using reference
materials and replicates.

2.2.1. Grain size
A grain size analysis was done to determinate if there were dif-

ferences in the size of particles in different parts of the lagoon. The tex-
ture of sediments at each point provides us with information about the
dominant sediment dynamics in that area. Before grain-size measure-
ments, chemical pre-treatment is essential to isolate discrete particles
of the sample and to provide an evenly dispersed suspension of individ-
ual particles. Chemical pre-treatment has proven to be a substantial
source of measurement error if not properly carried out. In addition,
particles may be broken down into smaller grains during the final ultra-
sonic dispersion (Lu and An, 1997).

The method DIN 38414-S4 was the regulatory test method (com-
pliance test) used to evaluate the performance of themarine sediments.
In this test, 1 g of dry mass of the residue (with a particle size b 2 mm)
are mixed in 10 ml of water milliQ type I with the 5% NaHMP solvent,
Please cite this article as: García, G., Muñoz-Vera, A., Characterization and
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and submitted to an upside down agitation, in a rotary agitator, during
24 h at room temperature. Some samples were chosen for repeat mea-
surement to confirm the reliability of the grain-size analysis. The results
showed that those repeated are generally better than 0.1%.

The grain sizewasmeasured using aMASTERSIZER 2000LF (Malvern
Instruments Ltd, UK) laser grain-size analyserwith a coupled dispersant
unit (HIDRO 2000G). This instrument has measurement ranges of
0.02–2000 μm, and these measurements were grouped in 3 intervals:
clay (0.02–2 μm), silt (2–50 μm) and sand (50–2000 μm).

2.2.2. Mineralogy of sediments
Some mineral phases, such as greenalite, are characteristics of

mining waste. The mineralogy was studied by X-ray diffraction
(XRD) for phase identification. This technique provides a rapid and
non-destructive method for the analysis of mineral phases present
in sediments. Samples for XRD were gently ground by hand with a
mortar and pestle. Mineral phases were identified by powder XRD
using a Bruker D8 Advance instrument in θ–θmode (Bruker Corporation,
Billerica, MA, USA), with CuKα radiation, 40 kV, 30 mA and a scintillation
detector.

Samples were step-scanned from 5° to 70° in 2θ, with 0.05 stepping
intervals, 1 s per step, and a rotation speed of 60 rpm. Powder samples
weremounted in back-loadingplastic holders. Diffraction patternswere
evaluated with DIFFRACplus software (specifically with EVA 12.0, a
commercial package from Socabim, 2006) and powder diffraction file
database PDF2 (ICDD, 2013).

2.2.3. Geochemistry of sediments
Some trace elements, such as S, Fe, Zn and Pb, are characteristics of

the mining waste present in the Cartagena-La Unión mining district.
The geochemistry was studied by wavelength dispersive X-ray fluores-
cence spectrometry (WDXRF). This methodology provides a rapid and
non-destructive method for the analysis of trace and major elements
in soil samples. Due to themeasurementmethod and the optical config-
uration of the spectrometer, elements with atomic number less than 9
could not be measured directly. Instead, thermogravimetric analysis
coupled to mass spectrometry (TG-MS) was carried out, mainly to dis-
tinguish the carbon dioxide andmoisture in the samples. This additional
data help to complete a good semi-quantitative analysis.

Samples for WDXRF were grounded in a disc mill for 1 min, to give
a final particle size of less than 40 μm. Sample preparation involved
the formation of pressed-powder pellets using 5 g of sample (Margui
et al., 2009). The samples were analysed using a commercial spectrom-
eter Bruker S4 Pioneer (Bruker Corporation, Billerica, MA, USA),
equipped with a Rh anticathode X-ray tube (20–60 kV, 5–150 mA, and
4 kW maximum), five analyser crystals (LiF200, LiF220, Ge, PET, and
XS-55), a sealed proportional counter for detection of light elements,
and a scintillation counter for heavy elements. Both the collimator aper-
ture and the analyser crystal used determined the energy resolution and
efficiency for each analytical line. Analyses were performed in
vacuum mode to avoid signal losses by air absorption, allowing the
detection of low Z elements (González-Fernández et al., 2010). The
recorded spectra were evaluated by the fundamental parameters
method, using SPECTRAplus software linked to the equipment (specifical-
ly EVA 1.7, a commercial package from Bruker-AXS and Socabim (Bruker
AXS GmbH, 2006).

To validate the precision and accuracy of the results, standard refer-
encematerials (PACS-2; High pollutedMarine and Estuarine Sediments,
National Research Council, Canada) were checked and parallel repli-
cates were incorporated. The results exhibit good agreement between
certified values and data obtained by WDXRF.

2.2.4. Organic matter
In comparison with the environmental matrices of air and water,

sediments and soils are known to be of a more complex nature; their
analytical investigation creates a host of difficulties. Although, methods
evolution of the sediments of a Mediterranean coastal lagoon located
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that are more recent can be used for these purposes, thermogravimetry
(TG-MS) possess a high potential for characterizing quantitatively and
qualitatively soil and sediment organic matter (SOM). The TG-MS tech-
nique allows the detection of released organic compoundswhen heated
in a time-resolved manner (Remmler et al., 1995; Alcolea et al., 2010).

An advanced loss of ignition (LOI) study was performed using TG-
MS. A “TGA/DSC 1 HT” thermogravimetric analyser (Mettler-Toledo
GmbH, Schwerzenbach, Switzerland) with a flowing oxygen atmo-
sphere (50 ml/min) was used for this determination. The temperature
was programmed to increase from 30 to 1075 °C at 30 K/min, followed
by an isothermal segment of 1 h at this temperature.

All of the TGA measurements were blank-curve corrected and alu-
mina pans of 70-μl capacity, without lids, were used. The TGA instru-
ment was coupled to a Balzers Thermostar mass spectrometer
(Pfeiffer Vacuum, Asslar, Germany) for gas analysis. Only water vapour
and carbon dioxidewere analysed. The dwell time for every ionwas10 s
and the cathode voltage in the ion source was 65 V. A “QMS 200M3”
model quadrupole mass spectrometer was used (Alcolea et al., 2010).

3. Results and discussion

3.1. Characterization of recent sediments of the Mar Menor

The Mar Menor is a coastal lagoon with a fairly complex internal
dynamic (Fig. 2). Water exchanges are regulated by differences in
the sea level between the lagoon, which has no appreciable water
level variations, and the open sea, which is subjected to tidal dy-
namics (Martinez-Alvarez et al., 2011). The average lagoon water
renewal time is approximately 0.79 years (Arévalo, 1988) and its
circulation is mainly conducted by the pattern of marine currents
existing in this lagoon (Díaz del Rio and Somoza, 1993; Bautista
et al., 2007), salt and temperature gradients (Martinez-Alvarez
et al., 2011), evaporation and wind (Perez-Ruzafa et al., 2005; Polo
et al., 2007). In turn, and with local character, flocculation processes
can be produced leading to the development of zones of high turbidity
and fine sediment deposition (Perry and Taylor, 2007) As a result of this
redistribution of sediments, remarkable changes in mineralogy and
geochemistry may occur simultaneously.

One of the main sources of sediment supply to this coastal lagoon is
the ancientmining district of Cartagena-La Union, located on the south-
ern shore of Mar Menor. This area has been historically a contributor of
waste and materials of extraction of metal ores. The spatial redistribu-
tion of these mining sediments throughout the coastal lagoon must
mainly be the result of the final balance generated by the interaction
between factors such as ocean currents, the existence of gradients
Fig. 2.Water circulation models in the Mar Menor coastal lagoon. On the left the circulation pa
streamlines associated to the velocity field during the emptying phase or low tide, and on the
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(temperature and salt) and winds (SIOM, 2014). The texture of the
bed of the lagoon may vary depending on the sedimentary character
of each area, which determines its character as an entrainment area,
as a transport zone or as a deposition point. Knowledge of these sedi-
mentary dynamicsmay be giving us useful information on the dynamics
and redistribution paths of mining waste across the lagoon. Further-
more, the study of mineralogy and geochemistry, in both cases with
the use of mineral phases and geochemical element characteristic of
mining waste, may be generating relevant information on the degree
of dispersion of these residues and the risk associated with them in
the accumulation areas.
3.1.1. Current distribution of particle size
Grain size is an important parameter both from a descriptive per-

spective and in order to understand sediment transport and deposition.
The transport and deposition of sediment within and through different
sedimentary environmentsmay occur within a variety of mediums, and
the thresholds for sediment entrainment and transport represent a fun-
damental control on both, the character and development of specific
sedimentary deposits, as well as their response to fluctuating energy
regimes. The study of particle size distribution sediment is important
for understanding the geohydrological and environmental sedimenta-
tion conditions, and enrichment processes for particular components,
such as the potentially harmful metals (Pedreros et al., 1996).

Major controls on sediment deposition relate to grain size and flow
velocity. Hjulström (1935) demonstrated the relationship that exists
between the velocity of fluid flow and the grain size of sediment that
can be moved within a fluid. At its most simplistic, this demonstrates
that sediment will be deposited when flow rates drop below the fall
velocity for a particle of a given size. Nevertheless, the relationship
between these two parameters is non-linear so that, for example,
much higher flow velocities are required to entrain highly cohesive
fine silt and clay-rich sediments. Stokes' law (Perry and Taylor, 2007)
determines the rate at which sediment settles within a fluid of a given
density. In simple terms, thismeans that larger sediment grainswill set-
tle faster than smaller grains providing they are of equal density. There-
fore, it is expected that an increase in seawater speed produces a
transportation of finer materials, such as clay and silt, leaving in these
areas greater relative abundance of sand (entrainment processes,
washed areas). In contrast, there are other areas (deposition processes,
deposition areas), in which water velocity is slowed down and thus the
proportion of fine materials (clay and silt) increases. Between both
areas, there are transport areas (transport processes) characterized by
balanced proportions between the fine and coarse materials.
tterns based on distribution of sediments (Díaz del Rio and Somoza, 1993), in the middle
right filling phase or high tide.

evolution of the sediments of a Mediterranean coastal lagoon located
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Before beginning this analysis, it should be emphasized that these
early results discussed refer to the most recent deposition patterns. In
order to study the temporal changes experienced by this parameter,
another section of this paperwill be focused on a comparison of the evo-
lution of grain size with depth.

In every analysed station, the sediments' dynamics were different
(Fig. 3). Therefore, three sampling stations suffered strong drag or
entrainment processes (SS1, SS2 and SS10, the last one placed in the
Mediterranean Sea). For these cases, the sediment textures were pri-
marily loamy sand. An intermediate case is SS8; although it has a
sandy loam texture, it's very close to the loamy sand texture, showing
therefore a washing behaviour, rather than acting as a transition or
transport zone. For this sampling station, located in proximity to an in-
terconnection channel between thewaters of the coastal lagoon and the
Mediterranean Sea, entrainment level ismuch higher than for the rest of
the sampling stations with a sandy loam texture.

Three other sampling stations (SS5, SS7 and SS9) showed a sandy
loam texture as a consequence of moderate entrainment processes.
These sampling stations correspond to the areas of sediment transport
that act as transitional zones between washing and sedimentation
areas.

On the other hand, sedimentation processes occurred mainly in SS4
and SS6 that showed silt loam texture but particularly in SS3, the tex-
ture of which was silty. Some of this data is similar to that obtained re-
cently by other authors (Marín-Guirao et al., 2005), but differ in other
cases to the information provided by older studies (Simonneau, 1973).

In order to understand the dynamics of entrainment and deposition
of sedimentswithin theMarMenor, the circulatory pattern of this coast-
al lagoon should be detailed. The first study on this topic (Díaz del Rio
and Somoza, 1993) evaluated the circulation in the lagoon from a mor-
phological study of the distribution of sediments. It was not, however,
until 2007 when the hydrodynamic models of water bodies were ad-
dressed using mathematical techniques and, therefore, capable of pre-
diction (Bautista et al., 2007). Mediterranean water entering into the
Mar Menor is forced by the dynamics of mass exchange between seas,
tidal, as well as the dynamics due to evaporation and wind (Polo et al.,
2007). At low tide, essentially due to the difference in water levels
between the Mar Menor lagoon and the Mediterranean Sea, a net
water flow is established from first to second. At this stage, the height
of the water column in the Mar Menor exceeds the Mediterranean in
up to 1 m (Bautista et al., 2007). Along the longitudinal direction of
Fig. 3. Sediment texture class of surficial sediments for different sampling stations (each
SS is represented by its number).

Please cite this article as: García, G., Muñoz-Vera, A., Characterization and
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the Mar Menor, and below the upper layer of the water column, the
usual zonal salinity distribution establishes a salt gradient horizontally
and therefore pressure-directed from south to north, which should act
as an agent forcemoving themass of lagoonwater to thenorth, evenbe-
yond the front of El Estacio channel. This subsurficial mass advection
northward seems to be compensated by another surficial current from
the south (the more you advance towards the southern part of the
basin the more important it will be), so that there is conservation of
mass (volume) through the cross section of the basin. Actually, this sur-
ficial component must be due to mass advection from El Estacio chan-
nel, extended to the bottom of the basin (Arévalo et al., 2010).

Considering velocity fields it shows that there are two circulation
areas separated and well defined: one north and one south of the flow
of water from the El Estacio channel (located slightly north of the
islands placed in the middle of the lagoon). Although it cannot be con-
firmed that both areas are physically isolated, the exchange of water be-
tween them is less than what would be expected (Bautista et al., 2007).
Furthermore, it has been determined that there is a more active water
mixture between the two seas in the northern sub-basin in comparison
to the southern sub-basin (Mas Hernández, 1996).

In any case, the internal flows of the lagoon are much more compli-
cated than expected, as there are numerous sub-cells, especially located
in the southern sub-basin (Bautista et al., 2007). This will establish, in
the southern part of the basin, a non-estuarine circulatory system
with (more or less mixed) Mediterranean water flowing on the surface
to the south, and the water of the lagoon flowing under surface to the
north. This cell of haline origin will displace water masses very slowly,
according to the magnitude of the horizontal gradient. The closure of
the circulatory system of the Mar Menor would be completed through
a system of currents that could evacuate its surplus of salt through El
Estacio channel. This flowwould be directly generated by the dynamics
of themass exchange between seas, exclusively for the periods of water
exit, and consist of a boundary stream, attached to the outside of the la-
goon coastline, running southbound toward El Estacio channel (Arévalo
et al., 2010).

An important result, because of this movement, is that near SS4 and
SS6, partial isolation from major circulation cells occurs, with all that
this means for the purpose of dynamic sedimentary and renewal of
water masses. A special case is the case of the SS3, which appears to
be in themost important area of sedimentation caused by the dynamics
of water currents in the lagoon.

To understand the distribution of these textural classes, it is neces-
sary to understand the processes of entrainment and deposition that
occur internally in this lagoon. Thus, according to the pattern of marine
currents existing in this lagoon (Díaz del Rio and Somoza, 1993; Bautista
et al., 2007) it can be deduced that the internal sampling stations of the
Mar Menor with sandy texture, in particular SS2 and SS1 are located in
areas preferentially washed by currents that run parallel to the coast-
line. Thus, the entrainment processes clearly seem to dominate over
sedimentation and therefore textures are enriched in sands.

However, some relevant phenomena have been observed in the vi-
cinity of these sampling points that could be indicating information of
interest in relation to the dynamics of currents of this coastal lagoon.
For this discussion, it must be taken into account that settlement of
fine grained suspended sediment is enhancedwheremixing of different
salt concentration water occurs, but the influence on this shallow area
conducted by the wind should be stressed (Perez-Ruzafa et al., 2005;
SIOM, 2014). Under these conditions, even slight increases in salinity
(N1%) will promote the aggregation of fine clay particles. This process
is known as flocculation and leads to an increase in grain size and thus
in grain settling velocity. Flocculation is a common process in estuarine
environments and in salt marshes, and may lead to the development of
zones of high turbidity and fine sediment deposition (Perry and Taylor,
2007). This phenomenon has been observed in large areas of shallow
water near SS1 and SS2, which seems to suggest that in these areas
the depositional dynamics differ slightly from that of the sampling
evolution of the sediments of a Mediterranean coastal lagoon located
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stations indicated below. It should be emphasized here that these areas
are located just off the mouth of the major ephemeral watercourses
draining into the Mar Menor.

In addition, SS5, SS7, SS8 and SS9 located in areas fairly close to the
outer shore of the Mar Menor showed a loamy texture. In this case,
there seems to be a certain balance between entrainment and deposi-
tion processes, except for SS8 where entrainment seems to overcome
to deposition. The influence of the currents seems to be moderate, but
the sand contribution coming from the sandy strip separating the coastal
lagoon from theMediterranean Sea appears to be important. Therefore, in
these areas it can be found an intermediate behaviour between washing
and deposition, which is producing a more equitable deposition between
finematerials (silt and clay) and coarse (sand). It is interesting to note the
case of SS7, next to a water flow between the lagoon and the Mediterra-
nean Sea. According to the water current distribution (Fig. 1), this point
should be a washed area (sandy texture). However, possibly due to the
construction of dams, it has become a transport area inwhich the entrain-
ment processes due to thewater flow inlet and outlet, and the deposition
offine particles, possibly favoured by the dams, have caused this anomaly.

By contrast, as the entrainment current diminishes the intensity, it
will produce a selective deposition of the fine particles, and therefore
a relative sand impoverishment of the sediments of these deposition
zones. These depositions seem to occur further away from areas ofmax-
imum exposure to currents. In the case of the studied sediments, the de-
gree of cohesion of silt and clay was quite small, being mostly poorly
coordinated, especially in its most superficial sediment layers. In light
of the grain size analysis of surficial samples of the ten considered sam-
pling stations it is observed that silty bottoms, and therefore those with
a more sedimentary character, were those which for various reasons
seem to be out of the direct flow of water currents, thus acting as
Fig. 4. General map of the distribution of mining waste in the surficial sediments of the Mar M
tration of mining sediments. (For interpretation of the references to colour in this figure legen
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deposition areas for finest materials (b50 μ) carried by them. This
would be the case for the SS4 and SS6, but especially in SS3, appearing
in these localities a high rate of sedimentation of silt and clay in compar-
isonwith the levels found in other stations (Fig. 2), with a relevant pres-
ence of clay.

Finally, the case of SS10, also sandy, is different because it is a control
station placed outside the lagoon and thus subject to the effect of the
stream that runs parallel to the Mediterranean coast (Font, 1987;
SIOM, 2014), clearly dominated by sandy sea beds. In any case, it ap-
pears that the strength of these currents is large enough to drag the
smaller particles to other areas of deposition.
3.1.2. Mineralogy of sediments
A basic aspect of characterization of the samples has been the colour

of them. This indicated that the colour variation was not too large, vary-
ing from grey to light brownish grey and light olive brown, under the
Munsell colour keys.

The study by XRD of sediments of different sampling stations
generated the data presented in Graph 1. Reflection-microscopy
detected the presence of calcite, quartz, aragonite, calcite magnesian, il-
lite, dolomite, sanidine, greenalite, halite and pyrite. All these majority
mineral phases found in the samples, except for halite, pyrite and
greenalite, are characteristic mineral phases of the general geological
setting of the Mar Menor coastal lagoon and the different watercourses
that flow into it (Oen et al., 1975). In turn, halite has been considered as
a characteristic mineral phase of marine environments.

Regarding pyrite, it is noted that in addition to setting their possible
origin in the former mining area of Cartagena-La Union, it is likely that
some of this pyritic fraction is of autogenic origin (Simonneau, 1973),
enor coastal lagoon. Where the colour is darker, this means that there is a higher concen-
d, the reader is referred to the web version of this article.)
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Graph 1.Mineralogical composition of the sediments estimated by XRD (weight %; semi-
quantitative estimation on the crystalline fraction) for each sampling station (SS).
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so that the interest of this mineral species as an indicator of the mining
source is limited.

Finally, greenalite has been considered as a unique and characteristic
mineral from the mining district of Cartagena-La Union (Manteca
Martinez and Ovejero Zappino, 1992). This mineral is important in
metamorphic rocks as a result of hydrothermal alteration of iron
and magnesium silicates, such as amphibole, pyroxene and biotite
appearing in igneous rocks, especially in ultrabasic rocks. Therefore,
the greenalite has been regarded as the indicator mineral for resi-
dues from mining area.

Considering the presence or absence of greenalite, it was confirmed
the presence, in varying degrees, ofminingwaste between sediments of
different sampling points (Graph 2). Specifically, the percentage of the
presence of these tailings were found to be higher in sampling stations
located in the eastern part of the lagoon, reaching their maximum con-
centrations in SS7, SS4 and SS5, and minor in SS3 and SS6. The levels of
this mineral phase in the rest of sampling stations proved to be little
more than testimonial.

Meanwhile, the other mineral with a predominantly mining origin,
which can also come from other sources, is pyrite (Graph 2). In this
case, this mineral follows patterns similar to those shown by greenalite,
with higher levels in the eastern part of the lagoon, which coincides
with the cited for the year 1972 by Simonneau (1973).

These results draw attention to the low level of greenalite and pyrite
in the area closest to the point of entry of mining waste in the lagoon
(SS2). This appears to be due to the existence of a strong entrainment
process in this area, which facilitates the transport and deposition
of this mining waste in the most central (SS3) and eastern parts
(SS4, SS5 and SS6) of the lagoon. The strong washing of this entry
area seems to produce a drag and transport of these mining minerals
from the entrance area and subsequent deposition to short and medium
Graph 2.Greenalite and pyrite percentage (%) in sediments for each sampling station (SS).
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distances before settling. On the other hand, sampling stations located
in the northern part (SS9 and SS6) showed exogenous sediments
resulting from the dredging of the seabed in other parts of the lagoon car-
ried out during 1986 or from the use ofminingwaste for the construction
of some infrastructure in coastal areas, which could have increased
greenalite levels in these zones.

Concerning other mineral phases, the large presence of aragonite
should be mentioned, from mollusc samples from Mar Menor, com-
pared with the control sampling station placed in the Mediterranean
(SS10) wherein the concentration of these organisms is much lower.
In turn, within the Mar Menor, the high concentration of this mineral
in areas characterized by a high concentration ofmolluscs, especially bi-
valves, in their beds must be emphasized (Auernheimer et al., 1984). In
relation to the magnesium calcite, note its high concentration at the
mouth of the wadi Albujón (SS1). These results matched, to a greater
or lesser extent, the data expressed by Simonneau (1973).
3.1.3. Geochemistry of sediments
On a basic level, themost abundant elements in the sediments stud-

ied were C, Na, Mg, Al, Si, S, Cl, K, Ca, Fe and Sr. The most characteristic
elements of the mining environment are S, Fe, Zn and Pb, primarily be-
cause of its association to mineral phases typical of the Sierra de
Cartagena-La Union (Manteca Martinez and Ovejero Zappino, 1992).

For these element characteristics from the mining area, higher con-
centrations generally occurred in SS3, SS4 and SS5, and complementary
in SS7, which seems to be indicating a higher concentration of these el-
ements in the eastern and central lagoon (Graph 3). Moreover, for the
case of Pb, SS2 sediments also have a high concentration of this element,
precisely at the point where the discharge of mining sediments occurs
in the lagoon through the El Beal rambla. In turn, there were significant
concentrations of S in some sampling stations to the north and west of
the lagoon (SS1 and SS9), possibly due to the high mobility of this ele-
ment. These results are highly consistent with the presence of mining
wastes in those sediments presented in the previous section, as well
as someprevious results for these sampling points. Regarding these pre-
vious results which appeared in Dassenakis et al. (2010) Pb, Zn and Fe
concentration in sediments followed the same pattern for all the sam-
pling stations, although this similarity was not so high for the case of
metals in the water column and molluscs tissues.

Currently, there is not legislation, European or national that helps us
to define themaximumpermissiblemetal content formarine and coast-
al lagoon sediments. Therefore, there is only the Directive 2000/60/EC,
in the European context, and the RD 60/2011 on the national level,
which relates only to the water quality. Anyway, looking for environ-
mental protection, a possible action could be not to remove the sedi-
ments of the most polluted areas of this coastal lagoon, and not to use
these materials for other purposes.
Graph 3. S, Fe, Zn and Pb concentrations (%) estimated byWDXRF for each sampling sta-
tion (SS).
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The largest proportion of the contaminant load in sediment systems
is transported by suspended particulatematter (Gibbs, 1977). Grain size
is possibly the most significant factor controlling the concentration and
retention of contaminants in both suspended and bed sediment. Metals
in particular have been shown to be enriched in the fine silt and clay
fractions of sediments, as a result of their large surface area, organic
and clay contents, surface charge and cation exchange capacity. Further-
more, epigenetic (called early diagenetic by some authors) reactions
have an impact upon the short and long-term fate of contaminants in
sediments through two principal mechanisms: release of contaminants
into sediment porewaters and the uptake of contaminants into authigenic
mineral precipitates (Rae and Allen, 1993).

3.1.4. Organic matter
Early diagenetic, or epigenetic, and bacterially mediated redox reac-

tions, which result in the oxidation of carbon species (organic matter)
and the reduction of an oxidized species are the basis of the processes
that are acting upon marine sediments. These processes require a long
time for specific redox conditions to affect organic matter. In surface
samples, as considered here, the influence on the type and amount of
organic matter seems to be more related to the dynamics of sedimenta-
tion than to epigenetic factors discussed above.

When comparing results of this research with those from 1972
(Simonneau, 1973) it is observed that areas with greater accumulation
of organic matter remained the same, although there has been an espe-
cially notable increase in the absolute amount of this parameter, with
values especially increased in the sedimentation zones (SS3 and SS4).
These values of organic matter are high in the north and west, and espe-
cially in areas of sedimentation in the central and southern lagoon.

Graph 4 shows the results of thermogravimetric analysis carried out
for the 10 sampling stations considered in this study. This graph shows
the results relating to the concentrations of organicmatter and inorgan-
ic CO2. H2O indicated in this graph refers to free water present in the
samples at the time of analysis. A high concentration of organic matter
is accompanied by an increased presence of organic carbon, while in
those placeswhere the concentration of organicmatter is low, C primar-
ily appears as inorganic carbon from the combustion of mollusc shells.

After an analysis of the sampling stations, some patterns have been
detected. A series of sampling stations (SS1, SS2, SS8 and SS10) showed
relatively low amounts of organic matter occurring. Indeed, these sta-
tions of low organic loading are the same as those which are exposed
to more intense entrainments, which seems to indicate that this wash-
ing affects not only the fine particles of the mineral fraction (silt and
clay), but also the organic matter.

Meanwhile, stations that had an increased accumulation of organic
matter (SS5, SS9 and SS7) corresponded to the transition zones in the
scheme of the lagoon. In this regard, it should be noted that the dynamic
Graph 4. Organic matter and inorganic CO2 concentration (%) estimated by TG-MS for
each sampling station (SS).
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balance of suspension vs. sedimentation of sedimentary and suspended
organic matter is regarded as one of the major factors affecting their
spatial distribution (Pusceddu et al., 1999), and these sedimentation
patterns are different to those shown by the mineral fractions. There-
fore, while mineral fractions settle only in the areas of deposition, the
organic fractions appear to be able to settle mainly in areas where cur-
rents still have a certain intensity. In this regard, it should be stressed
that the points with low carbon and organic matter content correspond
to points exposed to strong entrainment by currents and marine
dynamics.

Regarding the above,we should consider the case of sampling stations
that showedmedium levels of organic matter. In this case, the results are
consistentwith those stationswith a predominant sedimentary character
formineral fractions, i.e. SS6, SS3 and SS4. According to thedata expressed
above, the sedimentation dynamics would not only affect fine sediment
fractions (silt and clay) carried by the currents, but also provoke the sed-
imentation of organic fractions suspended in the water and that have not
been previously precipitated.
3.2. Historical evolution of sediments of the Mar Menor

There are historical references to some events (Table 1) that have
had a strong influence on the dynamics of the beds, aswell as the hydro-
logical characteristics of the Mar Menor lagoon (Jiménez de Gregorio,
1957; Pérez-Ruzafa et al., 1987). One of the latter was the one in 1869,
possibly reinforced by the construction of an artificial channel of com-
munication with the Mediterranean (the Gola del Charco in 1878),
which caused a significant decrease in the salinity of the waters that
passed from a 60–70‰ to stabilize around 50–52‰ (Navarro, 1927;
Lozano, 1954; Pérez-Ruzafa et al., 1987). This significantly changed
the lagoon biologywith an increase in overall species diversity of the la-
goon. Another momentous event was the huge increase in the rate of
sedimentation of theMarMenor as a result of human activities, primar-
ily since 1890 (Pérez-Ruzafa et al., 1987).

Furthermore, the implementation of the Tajo-Segura aqueduct in
1979 that brought water from central to southeastern Spain allowed
all agricultural plains surrounding theMarMenor to be under intensive
culture. This marked the entry into the coastal lagoon, formerly an
oligotrophic ecosystem, of large quantities of nutrients in the form
of fertilizers and agricultural runoff from farmlands. This allowed
the implementation of seagrass prairies and increased benthic
diversity in a confined environment, which would produce a sig-
nificant increase in mean maximum concentrations of organic
matter in sediments (Pérez-Ruzafa et al., 1987). In turn, another
modification with high incidence from the biological point of view
was the dredging in the early 1970s of one of the channels of com-
munication with the Mediterranean, El Estacio, for the construction
of a marina and a navigable channel.

The increase in thewater exchangewith the open sea has resulted in
a slight easing of extreme temperatures and amarked decrease in salin-
ity that currently appear to have stabilized between 42'75 and 46'70‰.
These conditions have favoured the penetration and massive implanta-
tions of new species in phytoplankton, fish and shellfish (Pérez-Ruzafa
et al., 1987).

When studying the sedimentary evolution of the lagoon, we consid-
ered the data generated from three surveys of up to 55 cm deep. These
surveys were conducted in three sampling stations (SS2, SS3 and SS8)
located along a transept crossing theMarMenor southwest to northeast
direction. In relation to these surveys, keep inmind that the sedimenta-
tion rate estimated for this coastal lagoon is about 30 cm/century for the
period between 1890 until now (Pérez-Ruzafa et al., 1987). On other
hand, please note that this rate was much lower (40 mm/century) dur-
ing the previous period (from themiddle age up to 1890). Therefore, the
period covered by the studied sediments goes from the late fourteenth
century to the present day (Table 1).
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Evolution of sedimentary dynamics in three sampling stations of the Mar Menor coastal lagoon.
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3.2.1. Variation of texture of the sediments
In the southwest area of the lagoon is located SS2, close to themouth of

a seasonal river with important contributions of mining waste. Here, the
predominant texture has historically been clayey until the early twentieth
century when this varied to sandy (Table 1). This period seems to show
the effects of events that happened in previous years, such as the opening
of the Gola del Charco, along with an intensification of plowing and tillage.
These actions and the intensification of mining activity in the Mining Dis-
trict of Cartagena-LaUnion couldbe thecauseof the changeof the sedimen-
tary character of this area over time, changing this character from a
sedimentation zone to a washing area in the early twentieth century.

Meanwhile, in the central area of the lagoon is located SS3. Here, the
area has historically presented a distinctly sedimentary character, with
a predominantly silty texture, except for the period between 1905 and
1956 which showed a significant increase in the sand fraction (Table 1).
This behaviour seems to agree with the data manifested in SS2, although
this central area of the lagoon, SS3, after a period of 50 years, returned to
reestablish its historical dynamics as a typically sedimentary area.
Please cite this article as: García, G., Muñoz-Vera, A., Characterization and
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SS8 is placed in the northeast of the lagoon, where another deep survey
was carried out. Here, during the time period considered, this area was ex-
posed to a continuouswashing dynamic thatwas interrupted, as in the two
previous cases, in the early twentieth century as a result, predictably, of the
same facts that determined the change in the southern zone (SS2) and cen-
tral (SS3) of the lagoon. After this initial disruptionof a transitional type, SS8
regained its character as a washing area, with another short break during
the mid-twentieth century in which it again acted as a transport zone.
This area, over the last decade, experienced a variation of its sedimentary
character in order to become a zone of sedimentation (Table 1). Therefore,
this northpart of the lagoon canbe considered as a very stable area over the
studied period, where there have only been some changes in sediment dy-
namics recently. These changes seem to be due to a possible change in
coastal dynamics by human actions, such as building dams or ports in the
nearest urban areas during the last decades.

In relation to all this data of the sedimentary series of the lagoon, few
references, and even less matching cases, are available for the same
sampling areas. Regarding textural distribution it should be noted that
evolution of the sediments of a Mediterranean coastal lagoon located
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Graph 6. Mineral evolution of the sediments for SS3 estimated by XRD (weight %; semi-
quantitative estimation on the crystalline fraction).
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during 1972 several sampleswere collected (Simonneau, 1973) in order
to assess, among other things, the grain size distribution in these beds of
the coastal lagoon. Since then, extensive engineering activities have
been conducted. These activities have significantly affected the lagoon
beds, both directly by dredging them (year 1986) and indirectly by
opening large water channels between the coastal lagoon and the
Mediterranean Sea (year 1974) (Pérez-Ruzafa et al., 1987). On the
other hand, the contribution of mining waste has been constant during
this time, especially through the ramblas that flow from themining area
into the Mar Menor. Accordingly, it may be of interest establishing a
comparison of 1972 sampling data with data generated in the present
study 35 years later.

For several points, such as SS3, but to a lesser extent also SS1, SS2
and SS9, there is available data about grain size distribution for different
periods of time (Simonneau, 1973; Marín-Guirao et al., 2005). For all
these cases, when one compares the values generated in this research
with others that appear in former studies, particle size distribution
are, more or less, coincident.

In any case, it is remarkable in light of the historical period consid-
ered, that since the fourteenth century to the early twentieth century,
the sedimentary behaviour of the lagoon seemed to be stable, with
washing areas (SS8) and sedimentary zones (SS2 and SS3). Since then,
and possibly because of anthropogenic causes, the sedimentary dynam-
ics within the lagoon varied very significantly, so that historically sedi-
mentary areas (SS2) became washing areas on a permanent basis. In
turn, other areas that until the early twentieth century showed defined
dynamics (sedimentary for SS3, and entrainment for SS8) regained their
traditional sedimentary dynamics after a few decades, in a more or less
stable way. This higher or lesser stability could be highly influenced by
the proximity of each site to areas under human influence (modification
of the seabed, infrastructure construction, etc.).

3.2.2. Mineral evolution of the sediments
The mineral analysis of the three conducted surveys showed differ-

ent behaviours depending on the considered mineral phase (Graphs 5,
6 and 7). So, the calcite highlighted in SS8 showed percentages above
20% throughout the entire time period (Graph 7). Meanwhile, in the
other two sampling points, there have been variations in the historical
presence of this mineral, variations that can be considered important
for SS3 (Graph 6) and not so remarkable for SS2 (Graph 5).

Quartz showed a very similar dynamic to that of calcite. Thismineral
is associated with silica sands, which dominated the SS8 profile and to a
lesser extent the profile of the SS3, which shows us the nature of the
substrate consisting essentially in silica sands, as opposed to what hap-
pened with SS2, which reinforced the idea of the mining origin of the
sediments of SS2. In the case of aragonite, it must be taken into account
that this mineral is mainly associated with the remains of shells of
molluscs. Thus, it is noteworthy the case of SS2, whose wealth in this
Graph 5. Mineral evolution of the sediments for SS2 estimated by XRD (weight %; semi-
quantitative estimation on the crystalline fraction).
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mineral is overwhelming in both surface and depth analysis, which
seems to indicate the extraordinary wealth of biogenic remains of mol-
luscs at this point, whether originating from this area or dragged and
deposited from other areas. This fact could be related to aspects such
as dynamics of the internal currents of the lagoon and productivity of
shellfish in different areas of the Mar Menor, aspects that seem to fa-
vour the accumulation of the remains of these animals in the south-
ern part of the lagoon. Therefore, in relation to this major mineral,
the relative wealth of aragonite seems to be determining the miner-
alogical structure of the southern part of the lagoon (SS2). This huge
dominance of aragonite makes the mineralogy of this point notice-
ably different from that presented in the central zone (SS3) and
north (SS8), resulting in a relative impoverishment of other mineral
phases (calcite, quartz) in SS2, phases that are relatively more abun-
dant in the rest of the lagoon.

Among the remaining minerals, it must be highlighted that the
magnesiumcalcite, such as illite, dolomite, sanidine andhalite is present
in small percentages, without a distinct and clear pattern between
different locations.

Meanwhile, pyrite, a mineral mainly linked to the mining area, has
relatively low levels but with important differences between areas.
Regarding this, higher levels have been found in the central part (SS3)
and to a lesser extent in the southern part (SS2), while in the north
part (SS8) this mineral was almost non-existent. In the nearest survey
to the mining zone (SS2) it has been able to prove the existence of
more or less constant values, although low, remarkable in that a slight
increase coincided temporarily with the textural changes observed in
the period 1905–1922. Remember that at this station the entrainment
processes are very high, so these low values are understandable.
Furthermore, in the sedimentation zone located in the centre of the
Graph 7. Mineral evolution of the sediments for SS8 estimated by XRD (weight %;
semi-quantitative estimation on the crystalline fraction).
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Graph 9. Evolution of pyrite content (%) in the sediments of sampling stations (SS)
situated in the southern (SS2), centre (SS3) and northern (SS8) part of the Mar Menor
coastal lagoon.
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lagoon (SS3) the highest values of themineral were observed, although
it is quite possible that some of this pyritic fraction has an authigenic or-
igin. At the station further north, and therefore further from themining
area, pyrite values are the lowest found throughout the considered pro-
files, something expected and matched by low levels of S and Fe
expressed for this area in previous studies (Simonneau, 1973).

In relation to greenalite, which is the mineral that has been specifi-
cally used as an indicator of mining sediments, it showed a distribution
through profiles with some similarity to pyrite patterns. In this regard,
its levels are relatively high in the central part (SS3, Graph 6) and to a
lesser extent in the southern part (SS2, Graph 5), while the northern
part (SS8, Graph 7) showed almost zero level for this mineral, except
in the most superficial part (0–2 cm). This anomaly for SS8 could be
caused by the construction of some infrastructure in coastal areas
close to this point, where were used, at least partially, some waste
from the mining area. In the nearest survey to the mining zone (SS2)
it has been able to prove the existence of low values and more or less
constant, with some peaks coinciding with the textural change ob-
served in this area during the period 1905–1922, which also happened
to pyrite. It must be remembered that at this station the entrainment
processes have been very high during the considered period. Further-
more, the highest sedimentation rate was located in the middle of the
lagoon (SS3). Similarly, the values found in the profile of SS8, which is
the farthest from the mining area station, are the lowest of those
found throughout the studied profiles, something expected and
matched with low levels of elements typical from metal mining
expressed for this area in previous studies (Simonneau, 1973).

By studying the patterns of temporal accumulation of themainmin-
eral considered as an indicator of waste from the old mining district of
Cartagena-La Union, a differential behaviour was observed, according
to the sampling station (Graph 8). In the case of the station located in
the southwest (SS2), closest to the mining area, a historic increase
was observed from the period 1640 to 1765. This increase cul-
minated with a peak in the period from 1905 to 1922, coinciding
with the change of sedimentary dynamics at this point, that at this
time changed from a sedimentation zone to an entrainment area
(Table 1). Meanwhile, in the case of the station at the centre point
of the lagoon (SS3), the accumulation of this mineral corresponds
to its eminently sedimentary character, presenting high rates of ac-
cumulation of these materials throughout the period considered,
with two points of minimum concentration during the periods
1640–1975 and 1973–1990. Again, a period of high sedimentation
rate between the late nineteenth and early twentieth century was
observed. Finally, the sampling station located at the north part of
the lagoon (SS8) showed a very poor accumulation of these min-
erals. This point showed only a small peak of accumulation at the
beginning of the twentieth century, which also coincides with
a change in sediment dynamics, and with a greater peak at the
Graph 8. Evolution of greenalite content (%) in the sediments of sampling stations (SS)
situated in the southern (SS2), centre (SS3) and northern (SS8) part of the Mar Menor
coastal lagoon.
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beginning of the twenty first century, possibly due to the use of mining
waste for construction of some infrastructures.

Regarding pyrite, the sedimentation pattern of themineral has been
similar to greenalite, although on a much smaller scale (Graph 9).
3.2.3. Geochemical evolution of the sediments
The analysis of the temporal evolution of the presence of the charac-

teristic elements from themining area (S, Fe, Zn and Pb)was conducted
in the three deep surveys made in SS2, SS3 and SS8.

When comparing the different sampling stations it can be observed
once again a more moderate concentration in the southwest part (SS2,
Graph 10) compared to the high accumulation of these elements in
the middle of the lagoon (SS3, Graph 11), and even less in the north
area (SS8, Graph 12).

Regarding the temporal trend for the concentration of the elements
considered, highlight the historical evolution of the concentration of
metals in the different layers of sediments studied, whichwas very sim-
ilar to that shown in the three studied sampling stations for greenalite,
except for the last 4 decades for SS2 and SS3. This small difference does
not seem to be related exactly to the phases of sedimentation, or textur-
al changes observed, nor to the mineralogical evolution observed. The
presence of peaks in the distribution of these elements may be related
more to intensity and methods of exploitation of metallic minerals
carried out at each time.

Thus, the SS2 greenalitemaximumpeak observed in the period from
1905 to 1922 corresponds to themaximumpresence of Fe and S, but not
for Pb and Zn whose values were low during this period. This fact may
be due, probably, to selective element extraction at that time by the
mining industry, because of market requirements.
Graph 10. Evolution of Fe, S, Zn and Pb content (%) for SS2 estimated by WDXRF.
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Graph 11. Evolution of Fe, S, Zn and Pb content (%) for SS3 estimated by WDXRF. Graph 13. Evolution of organic matter and inorganic CO2 content (%) for SS2 estimated
by TG-MS.
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In the case of SS3, different metals showed a very similar pattern to
that shown in SS2, albeit withmuch higher concentration values, which
corresponds to its historically sedimentary character.

As to SS8, the concentration values are always very low, but show
the presence of background levels constant throughout the time series,
only distorted by some notable increases over recent years, as occurs
with greenalite. These increasesmay be due not to the traditional causes
of dispersal and marine redistribution of these mining sediments along
the lagoon, but rather to anthropogenic factors like building infrastruc-
ture in these areas with materials from, at least partially, the mining
waste deposits.

3.2.4. Evolution of the organic matter of the sediments
The results of organic matter analysis are stating that the levels of

organic matter are, and have historically been very low in sediments
of SS2 (next to the mining area, Graph 13). On the other hand, these
levels have been very high in SS3 (centre of the lagoon, Graph 14),
and historically low but higher in recent times in SS8 (north of the
lagoon, Graph 15).

By observing the results of thermogravimetric analysis in the sam-
pling points taken from different areas of the MarMenor lagoon, differ-
ences have been observed in the concentrations of organic matter, and
organic and inorganic CO2 at different points. A high concentration of
organic matter is accompanied by an increased presence of organic
carbon,while in those placeswhere the concentration of organicmatter
is less, the C appears primarily in his inorganic form coming from mol-
lusc shells.

On the other hand, some trends are observed for each locationwhen
comparing the time variation for the three considered sampling sta-
tions. Thus, in the SS2, which is next to the downloading area of mining
waste, organic matter levels remain low and roughly constant along the
Graph 12. Evolution of Fe, S, Zn and Pb content (%) for SS8 estimated by WDXRF.
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sediment profile. At the station located at the midpoint of the lagoon
(SS3), these levels are relatively high with a declining trend up to a
depth of about 30 cm, from where another small increase occurs in
their values. Finally, in the sampling station placed furthest from the
mining area low levels of organic matter and carbon were observed
for all the profile, except the first centimetres, which once again could
be due to anthropic actions.

By analysing the evolution of organicmatter in sediments, none pat-
tern has been detected directly related to the sedimentary phase. In this
regard, it has been observed only an increased accumulation of organic
matter in recent sediments, compared to a historical accumulation that
can be considered low, especially in SS2 and SS8. For thehigher accumu-
lation area, SS3, and for SS8, it was detected an increase in the presence
of organicmatter, especially from the 1970s, when intensive agriculture
produced a notable increase in crop lands surrounding the lagoon. This
trend was not observed in SS2, probably as a result of major entrain-
ment processes that this sampling station suffered during this period.

Therefore, the clear correlation that occurs for surficial sediments be-
tween sediment dynamics and organic matter content is not observed
when these sediments are deeper and have been accumulated for longer
periods. Moreover, as a remarkable fact, the observed change in recent
times in this series of samples relating to organic matter content clearly
indicates ecological changes experienced by this lagoon since the second
half of the twentieth century, due to the increase of human population
and productive activities, mainly agriculture.

4. Conclusions

TheMarMenor is a coastal lagoonwith a complex internal dynamic,
with an average water renewal period of approximately 0.79 years and
Graph 14. Evolution of organicmatter and inorganic CO2 content (%) for SS3 estimated by
TG-MS.
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Graph 15. Evolution of organicmatter and inorganic CO2 content (%) for SS8 estimated by
TG-MS.
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a circulation system conducted by several factors. As a result of this
redistribution of sediments, remarkable changes inmineralogy and geo-
chemistry occur. At this point, it should be taken into account that the
ancient mining district of Cartagena-La Union, located on the southern
shore of the Mar Menor, is one of the main sources of sediment supply
to this coastal lagoon.

Grain size is an important parameter both from a descriptive per-
spective and in order to understand sediment transport and deposition.
According to the pattern ofmarine currents existing in this lagoon (Díaz
del Rio and Somoza, 1993; Bautista et al., 2007), it can be deduced that
the internal sampling stations of the Mar Menor with sandy texture, in
particular SS2 and SS1 are located in areas preferentiallywashed by cur-
rents that run parallel to the coastline. Thus, the entrainment processes
clearly seem to dominate over sedimentation,whichproduce sediments
enriched in sands, something that also occurs for SS10, the control sam-
pling station placed in the Mediterranean Sea. A different case is that of
the areas where there seems to be a certain balance between entrain-
ment and deposition processes (SS5, SS7, SS8 and SS9). The influence
of the currents seems to be moderate and, on the other hand, the sand
contribution coming from the sandy strip separating the coastal lagoon
from the Mediterranean Sea appears to be important. Finally, when the
entrainment current diminishes the intensity, it produces a selective
deposition of the fine particles, and therefore a relative finematerial en-
richment of the sediments of these deposition zones. These depositions
seem to occur further away from areas of maximum exposure to cur-
rents, SS4 and SS6, but especially in SS3.

The study by XRD of sediments from different sampling stations
showed that the mineral composition of these sediments was formed
by calcite, quartz, aragonite, calcitemagnesian, illite, dolomite, sanidine,
greenalite, halite and pyrite. All these majority mineral phases found in
the samples, except for halite, pyrite and greenalite, are characteristic
mineral phases of the general geological setting of theMarMenor coast-
al lagoon and the differentwatercourses that flow into it. Greenalite has
been considered as themost characteristicmineral from themining dis-
trict of Cartagena-La Union found in the studied sediments, and it has
been regarded as the indicator mineral for residues from mining areas.
As the presence of greenalitewas confirmed, in varying degrees, this in-
dicated to us how important mining wastes were in the sediments of
different sampling points. Specifically, the percentage of presence of
these tailings were found to be higher in sampling stations located in
the eastern part of the lagoon (SS7, SS4 and SS5, and less in SS3 and
SS6). The levels of this mineral phase in the rest of sampling stations
proved to be little more than testimonial.

These results show the low level of greenalite in the area closest to
the point of entry of miningwaste into the lagoon (SS2). The strong en-
trainment of this entry area seems to produce a drag and transport of
these mining minerals from the entrance area and subsequent deposi-
tion to short and medium distances before settling in the most central
Please cite this article as: García, G., Muñoz-Vera, A., Characterization and
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(SS3) and eastern parts (SS4, SS5 and SS6) of the lagoon. The presence
of thismineral should be noted, during the last decades, in sampling sta-
tions located in the northern part (SS9 and especially SS6). This may be
a consequence of the deposition of exogenous materials, coming from
the dredging of the seabed in other parts of the lagoon carried out dur-
ing 1986 or the use of miningwaste for construction of some infrastruc-
ture in coastal areas, which could have increased greenalite levels in
these areas.

Among studied elements, the most characteristic for mining waste
are S, Fe, Zn and Pb, primarily because of its association to mineral
phases typical from the Sierra de Cartagena-La Union. For these ele-
ments characteristics from the mining area, higher concentrations gen-
erally occurred in SS3, SS4 and SS5, and complementary in SS7, which
seems to be indicating a higher concentration of these elements in the
eastern and central areas of the coastal lagoon. These results are highly
consistent with the presence of mining waste from lake sediments pre-
sented above.

In surficial samples, as considered here, the influence on the type
and amount of organicmatter seems to bemore related to the dynamics
of sedimentation than to epigenetic factors. When comparing results of
this research with those from 35 years earlier, there has been no varia-
tion for areas with greater accumulation of organic matter, although
there has been an especially notable increase of this parameter, with
values especially increased in the sedimentation zones (SS3 and SS4).
These values of organicmatter are high in the north andwest, and espe-
cially in areas of sedimentation in the central and southern lagoon. Re-
garding the existence of patterns, it was observed that sampling
stations of low organic loading (SS1, SS2, SS8 and SS10) are the same
as those exposed to more intense entrainments. Sampling stations
with higher contents of organic matter (SS5, SS9 and SS7) coincide
with the transition zones or sediment transport in the scheme of the la-
goon, and finally sampling stationswith average organicmatter content
(SS6, SS3 and SS4) are consistent with those stations with a predomi-
nant sedimentary character for mineral fractions. According to these re-
sults, it can be concluded that currents and water flows within the
lagoon, must be affecting the dynamic balance of suspension vs. sedi-
mentation of sedimentary and suspended organic matter.

As a summary of all these results, Fig. 4 represents a general map
of the contribution of mining sediments to the surficial sediments of
different parts of the Mar Menor coastal lagoon. This compendium is
a joint representation of minerals and metals coming from the min-
ing area, such as greenalite, pyrite, Pb, Zn, Fe and S. Therefore, this
map is useful in order to obtain a practical representation of the surficial
contamination degree of theMarMenor coastal lagoon bymetalmining
waste.

There is not European or national legislation that helps us to check
the compliance values of heavy metals with environmental legislation.
Besides, no environmental protection actions have been undertaken
for solving these problems. Nevertheless, as a recommendation, it
could be concluded that the sediments of the most polluted areas of
this coastal lagoon should not be removed. It means that some practices
that have been done in previous years, such as the dredging of the sea-
bed in some parts of the lagoon to be deposited in others, or the use of
mining waste for the construction of some infrastructure in coastal
areas, should be abandoned.

Regarding historical evolution of sediments of the Mar Menor
since the fourteenth century up to today, there are historical refer-
ences to some events. The huge increase in the rate of sedimentation
of the Mar Menor is a result of human activities. Such as, the imple-
mentation of an aqueduct in 1979 that brought water from central
Spain allowed increasing intensive agriculture in all the plains sur-
rounding the Mar Menor, which had a strong influence on the dy-
namics of the beds, as well as the hydrological characteristics of the
Mar Menor lagoon.

It is remarkable in light of the historical series considered, that since
the fourteenth century to the early twentieth century, the sedimentary
evolution of the sediments of a Mediterranean coastal lagoon located
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behaviour of the lagoon seemed to be fairly stable, with clear washing
areas (northeast) and clear sedimentary zones (southwest and centre).
From this time, and possibly because of anthropogenic causes, the sed-
imentary dynamics within the lagoon varied in a meaningful way, so
that historically sedimentary areas (southwest) became washing areas
on a permanent basis. In turn, other areas that until the early twentieth
century showed defined dynamics (sedimentary for centre, and en-
trainment for northeast) regained their traditional sedimentary dynam-
ics after a few decades, in amore or less stable way. This higher or lower
stability could be highly influenced by the proximity of each site to areas
under human influence (modification of the seabed, infrastructure con-
struction, etc.).

Relating to the evolution of mineralogy of sediments, the mineral
analysis showed different behaviours depending on the considered
area and mineral phase. Therefore, calcite prevailed in northeast, and
aragonite, a mineral mainly associated with the remains of shells of
molluscs, appeared to be dominant in the southwest. Finally, in the cen-
tral part of the lagoon quartz and greenalite showed higher concentra-
tions in comparison to other areas of the Mar Menor. Greenalite,
which is the mineral that has been specifically used as an indicator of
mining character of the sediments, has presented a behaviour highly re-
lated to sedimentation dynamics. This mineral has shown high levels in
the central part (SS3) and to a lesser extent in the southwest part (SS2)
while the northeast part (SS8) showed almost zero levels for this min-
eral, except for the last decade. This anomaly for northeast could be
caused by the construction of some infrastructure in coastal areas
close to this point, where someminingwastewasused, at least partially.
For all the surveys, some variations have been observed in their profiles,
relating to changes in sediment dynamics and with anthropogenic
causes.

Results concerning historical evolution of geochemistry of sedi-
ments, in particular those of characteristic elements of mining waste
(S, Fe, Zn and Pb), agreed with the mineralogy and grain size distribu-
tion studies, showing, onemore time, a behaviour highly related to sed-
imentation dynamics. When comparing different sampling stations it
can be observed, once again, an increased accumulation of these ele-
ments in themiddle of the lagoon (SS3), compared to a moremoderate
concentration in the southwest part (SS2) and evenmore reduced in the
northeast area (SS8). For all the surveys, some variations have been ob-
served in their profiles, a fact that can relate, once again, to changes in
sediment dynamics and human activities.

In relation to the historical variation of organic matter results stated,
basically, that the levels of organic matter have historically been very
low in sediments of southwest (SS2, next to the mining area), very
high in the centre of the lagoon (SS3) and historically low, but higher
in recent times, in northeast (SS8). By analysing the evolution of organic
matter in sediments since the fourteenth century, there has not been
detected a pattern directly related to the sedimentary phase. In this re-
gard, it has been observed only an increased accumulation of organic
matter in recent sediments, compared to a historical accumulation, es-
pecially in central areas from the 1970's, when intensive agriculture
had a notable increase in croplands surrounding the lagoon. Therefore,
the clear correlation that occurs for surficial sediments between sedi-
ment dynamics and organic matter content is not observed when
these sediments are deeper and have been accumulated for long pe-
riods. Moreover, as a remarkable fact, the observed change in recent
times in this series of samples in relation to organic matter content
clearly indicates ecological change experienced by this lagoon since
the second half of the twentieth century, basically due to the increase
of human population and of agriculture, as well as other human
activities.
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