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ABSTRACT

The creation of pit lakes is usually an acceptable solution from the landscaping point of
view for voids left by discontinued open-pit mines. However, without rehabilitation, these
voids represent a potential environmental risk. The aim of the present work was to assess,
for the first time, the water quality i.e. physico-chemical characteristics, metal and
metalloid (MM) content and ecotoxicity of the waters of the El Cobre Blue Lagoon, a pit
lake formed in an open-pit copper mine in Cuba. Potential effects of rainy season vs. dry
season and spatial location (different depths) on water characteristics were considered.

Results revealed that water contained was moderately acidic (pH = 4.6£0.2), with high
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electrical conductivity (EC = 3.02+0.03 mS.cm™), whatever the season. Dissolved
oxygen (DO = 9.9+2.0 mg.L "), Total Dissolved Solid (TDS = 7003+245 mg.L?) and
sulfate concentration (65561410 mg.L™) in the EI Cobre Blue Lagoon water were above
acceptable limits for sources of surface water as recommended by Cuban standard (NC
1021:2014). High copper (43.6+1.7 mg.L?) and manganese (24.1+1.1 mg.L?) contents
were detected. Except for EC, sulfates, chlorides, TDS, nitrates and phosphates, other
physico-chemical parameters were stable between dry and rainy seasons (p<0.05). El
Cobre Blue Lagoon waters showed an ecotoxicological impact on Vibrio fischeri. No
significant differences were detected between all sampling points in the lake for each
parameter monitored for a given time. These first results show the spatial homogeneity
but poor quality of waters from EI Cobre Blue lagoon. Remediation processes need to be
implemented in order to lessen the human and environmental health risk and favor
potential water reuse. We suggest the use of constructed wetlands for water treatment.
This preliminary research work can serve to alert Cuban local public authorities to the

need to rehabilitate such sites.

Keywords: pit lake, water quality, copper, ecotoxicology, human health, seasonal

variations

INTRODUCTION

During mineral extraction using open-pit mining technology, extensive deep craters are
dug to access mineral deposits, with potential environmental impacts due to the
destruction of soils, loss of vegetation and pollution of surrounding ecosystems causing

major damage. Once mining operations have finished, these excavations are often filled



with water from groundwater outflow, surface water inflow or direct precipitation,
forming what are known as pit lakes (Castro and Moore 2000). The water quality of these
pit lakes mostly depends on the quality of the water inflows and their interactions with
the surrounding geology (Miller et al. 1996). Accordingly, it has been established that
lake’s chemical characteristics are related with the local groundwater alkalinity, the
composition of the wall rocks, the chemistry of the adjacent vadose zone, and the quality
and quantity of runoff from the land nearby (Castro and Moore 2000). Moreover, other
physical, chemical and biological processes taking place in the pit lakes also determine
the quality of these waters (Derham 2004, Soni et al. 2014). According to some authors
(Blanchette and Lund 2016, Hinwood et al. 2012), the pit lakes could have significant
benefits if remediated, providing excellent end use of mine for recreational purposes and
other uses such as biodiversity conservation, aquaculture, irrigation and water supply.

The EI Cobre mine, the oldest copper mine in America, is located about 200 m from the
town of the same name, 21 km to the west of Santiago de Cuba city, on the south coast
of the island. The copper deposit was discovered ca. 1530 and exploitation began around
1544 and continued until 1959 using underground mining. In 1960, the operations
changed toward open pit mining until 2001, when activities ceased due to the depletion
of deposits that could be exploited in open pit mining, and the impossibility of carrying
out underground mining (Cariete et al. 2005). More than 400 years of exploitation of the
mining site led to the disappearance of the hill that had stood at this place, and a large
lake was formed with about 4 million cubic meters of water. The local residents called it
the EI Cobre Blue Lagoon. The site is a major tourist attraction ( ),
and people bathe in its waters, believed to possess medicinal properties. However, until
today no rehabilitation of this area has been done contrariwise to other pit lakes from

former copper mine sites such as Berkeley Pit Lake, Montana, USA (Tucci and Gammons



2015).

Since this pit lake represents a significant water resource for the region, the aim of the
present study was to assess the physico-chemical characteristics, metal and metalloid
content and ecotoxicity of the water from the EI Cobre Blue Lagoon, with a view to
assessing the status of the water pollution, and its potential for the implementation of
monitoring and remediation programs, in order to minimize the risk due to metals and
metalloids in this aquatic ecosystem. Moreover, due to the increase in water demand
(Khan et al. 2017), the water reuse potential of the EI Cobre Blue Lagoon may be
considered. In this study, the potential effects of seasons and spatial location on water

characteristics are considered.

MATERIALS AND METHODS

Sampling sites

The EI Cobre Blue Lagoon lies between latitudes 20°2°56°” north and 75°56°49” east,
and measures one kilometer long in the longest part, ca. 800 m in the widest part, and
about 60 m depth. (Figure 1).

For this study, to take into account potential spatial variations, water samples were
collected at three different points at two levels of depth: at surface level and 1.5 m from
the surface of the water column, near the edge of the lagoon. Point 1 zone (20°02°47.8"°N;
75°56°27.1”’E, named P1) is used for recreational purposes (bathing), the water looks
perfectly clear, but it is not possible to observe the bottom due to the great depth. Point 2
zone (20°02°48.6°°N; 75°56°30.2°°E, named P2), is the most intensively used area for
recreational purposes due to its easy accessibility, has crystalline waters, and the bottom

exhibits yellow sediment and green algae. Point 3 (20°02°43.7°N; 75°56°32.8°’E, named



P3) is an area that is not used for recreational purposes due to the lack of accessibility and
great depth at this site; crystal clear water, yellow and blue-green colored sediments and
green algae were observed throughout the year. These sampling points were selected by

virtue of their ease of access, because most of the pit lake shore consists of high cliffs.

Sample collection

To consider the potential effect of seasonal variations on water quality, the collection of
water samples was performed once per month, between February and April 2017,
corresponding to the end of the dry season and the beginning of the rainy season in the
region. Three samples were collected at each point P1, P2 and P3. The samples were
collected in the morning in pre-washed 500 mL plastic containers, and cold-stored (4°C)
until laboratory treatment. In the laboratory, a subsample was filtered through a standard
glass filter (pore size between 1 and 1.2 um) for suspended solids determination
according to US-EPA (EPA E1642818), and another subsample was filtered under
pressure through 0.45 um PES (polyethersulfone) membrane filters for dissolved solids.
The aliquots of water samples for metal analysis were acidified in the field with 1% nitric

acid (HNOgz, 65% supra pure, Merck), and conserved at 4°C until analysis.

Physico-chemical analyses

The following physico-chemical properties were determined: pH, temperature, electrical
conductivity (EC), total dissolved solids (TDS), total fixed solids (TFS), total volatile
solids (TVS), suspended solids (SS), dissolved oxygen (DO), sulfates (SO4%), chlorides
(CI), nitrates (NO3), phosphates (PO4s%*), major cations (Na*, K*) and metal and metalloid
concentrations: Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Si, Sn,

Sr, V and Zn.



Temperature and pH were measured and recorded immediately on site with a
thermometer and digital pHmeter (Consort C561), respectively. EC was determined in
the laboratory using an electrical conductivity meter (CM-230 meter).
Dissolved oxygen (DO) was determined using an azide modification of Winkler’s method
( ); chlorides were determined by the argentiometric method
( ); phosphates by the vanadate-molybdate method

; sulfates by the turbidimetry method ( ) and nitrates
by the UV spectrophotometric method ( ). TDS, TFS and TVS
were determined gravimetrically ( ).
Majors cations (Na®, K*) were determined using Flame Atomic Emission
Spectrophotometric (FAES; Thermo Scientific ICE 3000) with the use of an air-acetylene
flame. The concentrations of metals and metalloids were determined using Inductively
Coupled Plasma/ Atomic Emission Spectroscopy (ICP/AES; JobinYvon Horiba Spectra
2000). Calibration solutions for ICP-AES and FAES analyzes were prepared from
certified standard mono-elementary solutions (e.g. for Cu: copper standard solution for
AAs, Img/mL Cu in 2% HNO3z, ACROS-ORGANICS®). Quality control and accuracy
of the calibration were checked using certified multi-element standard solution (Certipur
ICP multi-element standard solution 1V, 23 elements in diluted nitric acid, Merck®) with
accuracies within 100£5 %.
The water quality data generated were compared with the Cuban standards for surface

water, bathing water, and drinking water (

).

Toxicity test



The ecotoxicity of the El cobre Blue lagoon waters was assessed through an in vitro
testing system using the bioluminescent bacterium Vibrio fischeri (NRRL B-11177), that
was stored in freeze-dried form and activated prior to use in a reconstitution solution.
Since V. fischeri is a marine organism, an adjustment of the osmotic pressure of the
samples was applied in order to obtain samples with 2% salinity, using a concentrated
salt solution (22% NaCl). The light emission of the test organism obtained by its direct
contact with the samples was measured using a Microtox® M500 analyzer (R-Biopharm,
France). The ECso value of contaminated water samples was evaluated using the 45%
basic test (ISO 11348-3: 2007). This method uses a 45% starting concentration and
following dilutions of water samples to evaluate their toxicity after 5, 15 and 30 min on
the bacteria bioluminescence in 9 wells per replicate. The ECso values and the
corresponding 95% confidence range, after 5, 15 and 30 min, were evaluated using the

MicrotoxOmni software. The experiment was done in triplicates.

Statistical analysis

The data are represented as mean * standard deviation. Spearman’s rank correlation
coefficients between the physico-chemical parameters (water quality and metals and
metalloids) were calculated using Hmisc package (R 3.4.2 software; R Development Core
Team, 2017) and a correlation matrix generated with the corrplot package. Statistical
significance was set at p values <0.05 or <0.01. Data failing to meet a normal distribution
and/or homoscedasticity were compared using non-parametric Wilcoxon’s test and, if
necessary, pairwise comparisons of means were done using Dunn’s test, using JMP®

PRO 12.0 software.

RESULTS AND DISCUSSION



Having followed standard operating procedure of sampling, testing pit lake water was
characterized for the first time on the water of the great hollow filled by inflow of
groundwater and direct rainfall, created after the copper mining activity ceased in 2001.
Moreover, to the best of our knowledge, there is no information regarding the biological
characteristics of the EI Cobre Blue Lagoon, as scientific interest in the rehabilitation of

such pit lakes is just beginning to emerge in Cuba.

Physico-chemical characterization of the Blue Lagoon waters

The physico-chemical characteristics of the waters from the EI Cobre Blue Lagoon were
compared with Maximum Permissible Limits (MPL) established under Cuban regulations
in NC 1021 (surface water, ), NC 22 (bathing water,

) and NC 827: 2010 (drinking water, ) (Table 1).

The El Cobre Blue Lagoon water samples presented a slightly blue colour and were
odourless. Temperature is, among the external factors, one of the most important
parameters that can influence chemical and biochemical reactions occurring in water
bodies; high temperatures increase the toxicity of heavy metals and the sensitivity of
living organisms to toxic substances (Igbinosa et al. 2012). Surface water temperatures in
the field ranged between 24.8 and 25.8°C, with a mean value of 25.3+0.4°C at ca. 9 a.m.
(Table 1), and there were no significant variations between sampling points (Dunn’s test,
p>0.05). These results are compliant with the Cuban standards for surface water (

). However, variations of temperature of surface waters depend on
geographical location, altitude, season, time of day and also depth of the water body,

according to



The Electrical Conductivity (EC) of EI Cobre Blue Lagoon water ranged from 2.97 to
3.07 mS.cm™, with a mean value of 3.02+0.03 mS.cm™ (Table 1), and there were no
significant variations between sampling points (Dunn’s test, p>0.05). Similarly,

found a mean EC value of 3.83 mS cm in five acidic mine lakes in
Turkey. However, their EC values ranged between 0.67 and 7.31 mS.cm™, with a wider
range than our values. observed lower EC values in surface waters
and higher values in deep waters of two mine pit lakes from earlier coal mining situated
in the Blanzy-Montceau-les-Mines coal basin, France. A study conducted on water
quality associated with Australian pit lakes ( ) showed a high value of
EC in the Mount Morgan (Queensland) acidic pit lake waters from gold and copper
mining, and a low value of EC in the Thalanga Cu-Pb-Zn Mine (Queensland) pit lake
waters, with a neutral pH, showing the high variability of pit lake waters in the same area,
even with similar ore mining activities. High EC values in pit lake waters indicate the
presence of large amounts of dissolved inorganic substances in ionized form, but do not
provide information regarding a specific chemical. In El Cobre Blue Lagoon waters, EC
showed significant positive correlations (Spearman’s test, p<0.05) with sulfates
(r=0.7543) and chlorides (r=0.6400), indicating that the dissolved metals in the waters are
forming salts with these ions essentially, or may also be influenced by the intrusion of
saline groundwater, according to ). EC also showed negative
correlations (Spearman’s test, p<0.05) with nitrates (r=-0.7377) and phosphates (r=-
0.6460) (Figure 2).
Dissolved oxygen is essential for many forms of aquatic organisms, from plankton to
fishes. The large majority of lakes exhibit profiles of DO decreasing with depth in the

water body (Soni et al. 2014). In the present study, DO ranged from 7.1 to 13.2 mg.L%,,



with a mean value of 9.9+2.0 mg.L* at 1.5 m depth (Table 1), without significant
differences (p>0.05) between sampling points. The DO values obtained in all sampling
point waters were higher than the recommended level of 4 mg.L™* according to the Cuban
standard for surface water (Norma Cubana 1021 2014), and there were no significant
correlations with other studied factors. These values are higher than those reported by
Ramteke et al. (2016), who found values ranging from 4.8-6.8 mg.L™, with a mean value
of 6.0+0.3 mg.L%, in pit lake waters at least 3m-deep in India. These results are consistent
with the fact that most pit lakes contain elevated DO levels in shallow water, but with the
increasing depth, many pit lakes are susceptible to DO depletion. Atmospheric oxygen is
dissolved at the surface under the influence of wind and wave motion, since mine pit lakes
cause few oxidation reactions that work as a sink for DO, e.qg. the oxidation of dissolved
ferrous iron ions (Fe?*) leading to a red-brown substance (Gammons et al. 2009, Soni et
al. 2014). The variation of DO might be due to temperature, photosynthesis, respiration,

or co-precipitation of organic waste into the sediment (Kerketta et al. 2013).

Further evidence of contaminated waters is the high level of total dissolved solids (TDS),
indicating materials carried in dissolved form. The results obtained in this study showed
TDS ranging from 6700 to 7275 mg.L™t, with a mean value of 7003+246 mg.L™? (Table
1), and there were no significant variations between sampling points (p>0.05). These
values are above the acceptable limits fixed by the Cuban Standards for surface water
(1000 mg.L?, ), and also drinking water standards in other
countries (e.g. Nevada drinking water standard in ). TFS , referring
to inorganic matter dissolved in the water, ranged from 4720 to 6175 mg.L™ , with a mean
value of 5660+559 mg.L™* (Table 1). The low values (895-2205 mg.L ™) of TVS obtained

at all sampling points indicated the low presence of organic matter in these waters, and

10



the prevalence of dissolved inorganic substances. This last result is corroborated by the
low values of total dissolved organic carbon (TDOC) measured in water samples from
the El Cobre Blue Lagoon, ranging from 0.49 to 1.44 mg.L, with a mean value of
0.99+0.47 mg.L* (data not shown). Higher TDS values are a general occurrence in most
of the mine and pit lake waters ( ). This may be
attributed to the leaching of soluble salts through pit walls, the evapo-concentration
process, and to the rapid physical erosion of sheer mine walls, combined with wave action
along shorelines during stormy periods (Soni et al. 2014). The very high TDS values
corroborate the observed high EC values of the water samples. Nevertheless, no
significant correlations between TDS and other variables of water quality were observed

(Figure 2).

Furthermore, mean pH was 4.6 (Table 2), and values only showed a significant negative
correlation (p<0.05) with sulfates (r=-0.5227) (Figure 2). Results for pH, EC and TDS
showed that the Blue Lagoon may thus be qualified as a moderately acidic and is very
oligohaline, by reference to the classification given by The quality of
these waters is below the acceptable limits established under Cuban standards regulations,
either for surface or drinking water, or even bathing water. According to Soni et al.
(2014), pH may be considered as the most important parameter that controls pit lake water
quality. pH determines the solubility of most metals and metalloids, which tend to be
more toxic at lower pH due to higher solubility. pH also influences the occurrence of
aquatic life forms with relatively narrow ranges of pH tolerance. As reported previously,
eukaryotic organisms may be found in such extreme environments, and the microbial
biodiversity needs to be explored, as it has been in Rio Tinto, south-west Spain, by the

investigations of Aguilera (2013).
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Rocks that are exposed to oxidizing conditions during dewatering may provide large
quantities of acids, even though lying below the water table before the beginning of the
mining operations, and after the filling of the lakes (Miller et al. 1996). The EI Cobre
Blue Lagoon was formed in a copper mine, where the main sources of copper are deposits
of sulfide minerals of copper such as chalcopyrite (CuFeS2) and to a lesser extent,
calcocite (Cu2S) and bornite (CusFeSs) (Cazanas et al. 1998), which tend to be in a
reduced form. The presence of reduced minerals in the area draining into pit lakes is
known to be a key contributor to the development of acid sulfate water in the lake (Castro

and Moore 2000).

According to ), the oxidation of sulfides and iron in pyrite (FeSz)
leads to acidity production in mine lakes. The pH monitored in our case study is included
in the range of those (from 2.8 to 7.7) reported in acidic mine waters for copper ore in
Australia ( ). In natural systems or in porphyry-Cu deposits in Nevada
( ), pH is typically buffered by a carbonate buffer system (at pH of
6 to 8.5); however, pit lakes of lower pH are often buffered by Al complexes (pH 4.5-5.5)

or Fe complexes (pH 2.0-4.0) ( ).

Chlorides are the inorganic compounds resulting from the combination of the chlorine
gas with metals. The chloride ion is a major anion in potable and industrial waters, while
high concentrations of chloride give an undesirable taste to water. The content in the El
Cobre Blue Lagoon were below the acceptable limit of 250 mg.L™ for surface water

( ), ranging from 0.95 to 1.58 mg.L* (Table 1), and there were

12



no significant variations between sampling points (p>0.05). Chloride ion content was
positively correlated (p<0.05) with content of sulfates (r=0.8029) and, negatively, with

content of phosphates (r=-0.7818) and nitrates (r=-0.8549) (Figure 2).

The sulfate concentrations at all sampling points were always high (no significant
differences, p>0.05), ranging from 4615 to 8350 mg.L* (Table 1) which are above the
acceptable limits (400 mg.L™) established by the Cuban standards for surface and
drinking waters ( ). Sulfates, generated by oxidation of
monosulfides and pyrites, are known to be the dominant anions in most acid mine
drainage water, and, subsequently, in acidic pit lakes (Castro and Moore 2000). In El
Cobre Blue Lagoon waters, sulfates exhibited negatively significant correlations (p<0.05)

with phosphates (r=-0,8961) and nitrates (r=-0,9301) (Figure 2).

The concentrations of nutrients such as phosphates and nitrates in the water samples were
found in low concentrations at all sampling points (no significant differences, p>0.05),
ranging between 2.03 and 5.49 mg.L! for nitrates, and 0.10 and 1.32 mg.L? for
phosphates (Table 1). Both are significantly positively correlated (p<0.05, r=0.9060)
(Figure 2), which suggests the common origin of these non-metallic ions, due to the
presence of organic pollutants. These results are in agreement with the features reported
in the review by Gammons et al. (2009), demonstrating that most of the pit lake waters
are poor in nutrients due to various factors, including early stage, dimensions, geology
with rocks poor in organic carbon, and chemical and/or biological reactions in the water
leading to nutrient storage in sediment at the bottom of the lake. The low values of

phosphates and nitrates recorded in the EI Cobre Blue Lagoon indicate that eutrophication
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does not constitute a risk for the water quality of this pit lake, even if the presence of

algae has been noticed at some of the sampling points in sub-surface water.

Itis generally agreed that pit lake water quality can be highly variable (Kumar et al. 2009).
According to Eary (1999), although coal mines and hard rock mines may have
substantially different wall-rock characteristics, the processes leading to acid mine
drainage water in coal mines, that is the oxidation of iron sulfides, is the same as for hard
rock mines. Consequently, the concentration trends and equilibria under both

environmental conditions may be expected to be comparable, particularly for acidic pH.

Most of the physico-chemical parameters assessed were similar from one sampling point
to another (no significant differences, p>0.05) in surface waters, and down to 1.5 m depth,
indicating that physico-chemical conditions of the EI Cobre Blue Lagoon top water were
homogeneous in the sampling area selected for the study. Nevertheless, a variability of
the physico-chemical characteristics of waters was noticed over the three months of the
study between the end of the dry season and the beginning of the rainy season (Table 2).
All determined parameters showed significant differences between February and April
(p<0.05), except for DO, pH and temperature. In other words, parameters such as
phosphates and nitrates increased, although sulfates decreased between February and
April. This sampling period coincided with the end of the dry season (winter) and the
beginning of the rainy season (spring) in this region; therefore, these results may be
attributed to a dissolution effect because of rainwater input and runoffs from the
surrounding areas. It is known that during the wet season, the acid and metals released by
rocks surrounding a pit lake may be washed directly into it, or may reach the water table

through cracks, and ultimately flow into the lake. In contrast, during the extended dry

14



season, most of the acid and metals released may accumulate at the water surface as
efflorescent (i.e. water-soluble) salts. Weeks/months later, during the next major rain
event, these soluble salts will dissolve and can be flushed into the lake (Gammons et al.

2009).

Metal and metalloid concentrations

The concentrations of metals and metalloids in waters from the EI Cobre Blue Lagoon
were compared with the maximum acceptable limits according to Cuban standards
(Norma Cubana 1021 2014) for surface water (Table 3). The metal and metalloid
composition of the pit lake waters appeared very similar (p>0.05) between all sampling
points. EI Cobre Blue Lagoon waters had high content of copper and manganese, which
were above the recommended levels of the Cuban standards for surface water, 2 mg.L™*
and 0.1 mg.L™?, respectively (Norma Cubana 1021 2014). It is known that metal pollution
is caused in mine water through leaching, when metals contained in excavated rock or
exposed mines come in contact with acidic water. Although metals can become mobile
under neutral conditions, leaching is increased with low pH conditions, which are created
by acid mine drainage (Das et al. 2013). The chemical composition of waters from this
lake may be directly related with geochemical characteristics of the geological formations
in the region. According to Cazanas et al. (1998), the mineralization forms occurring at
the EI Cobre deposit area are of three types: vein mineralization by precipitation in
feeding channels (with Cu at deeper levels and Zn at the superficial ones); stratabound
deposits with Zn-Cu-Pb-(Au) by partial replacement of some favorable levels, and
stratiform orebodies, by exhalative processes at the Eocene sea floor (with anhydrite and

barite at the base, barite to the top and manganese bodies at the distal position).

15



Copper is an essential trace element and, is required by living plant species for the
activation of certain enzymes involved in photosynthesis. However, even at very low
concentrations, copper may be toxic to diverse aquatic organisms (Gautam et al. 2015).
With regard to human health, high-level exposure to copper dust may cause respiratory
system irritation, or even nausea and diarrhea. Chronic exposure may lead to kidney
damage and may even lead to death. Concentrations above 35 mg per day may cause
serious biochemical disturbances in the human body and, affect the functioning of the
central nervous system (Souza et al. 2015). An astringent taste in water can be caused by
levels above 1 mg.Lt Cu (EPA, 2001). As seen in table 3, levels of copper in EI Cobre
Blue Lagoon water are far above the accepted limit (20x), as defined by the Cuban
standards for bathing waters. Therefore, users who habitually bathe there are exposed to
its toxicity, and this should be considered as a health hazard. Copper content was
negatively correlated with TDS (p<0.05, r=-0.7092, Figure 2) and positively with Mn, Sr

and Zn (p<0.05, r=0.7294, 0.6620, 0.5576, for Mn, Sr and Zn, respectively, Figure 2).

Manganese is known for its toxicity, causing Parkinson-like symptoms through diverse
ways of exposure (environmental conditions, nutritional sources, contaminated foods,
water, etc.) ( ). There are also concerns with manganese due to
bad taste (EPA 2001). This metal is widely found in soils and in most groundwater. It
may also be dissolved in reducing conditions, and the metal in excess will then be
deposited after eventual water oxygenation. In EI Cobre Blue Lagoon waters, Mn is found
at levels such as 200x above the limit recommended for surface waters by the French
Government (15 pg.L?, Bisson 2012). The bad taste of waters from the EIl Cobre Blue
Lagoon can be seen as a positive side-effect: because it is repellent, people bathing there

avoid drinking/ingesting the water. Mn content was negatively correlated with TDS
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(p>0.05, r=-0.7173) and positively to Al, Ba, Co and Cu (p<0.05, r= 0.5059, 0.5494,

0.6021, 0.7294 for Al, Ba, Co and Cu, respectively).

The relative dominance of heavy metal concentrations in the EI Cobre Blue Lagoon
waters was observed in the following sequence: Cu> Mn > Al >Zn > Sr>Fe >Co > Cd
> Ba > Ni; while other trace metals and metalloids such as As, Cr, Mo, Pb, Sb and Se,
were found in very low concentrations (Table 3). It is noteworthy that, even if Cd content
was low, it was significantly positively correlated to phosphates (r=0.8809), nitrates
(r=0.9667), Ba (r=0.8385) and Co (r=0.8875) and significantly negatively correlated to

EC (r=-0.7500), chlorides 5 r=-0.8717) and sulfates (r=-0.9202, Figure 2).

The Na" and K* concentrations varied between 51.0-64.1 mg.L and 5.39-6.13 mg.L™,
respectively (Table 3). The acceptable limits for both cations are not specified in the
Cuban standards for surface water (Norma Cubana 2014), but K* content is acceptable
below 82 mg.L? for United States Standards, although no limit level is given for Na*
(WHO 2003, WHO 2009). Concerning Na*, levels above 200 mg.L* affect the taste of
drinking water (WHO, 2003). Na* and K* ions are in relatively high concentrations in
groundwater, and may be derived from leaching of clay minerals, gypsum and anhydrites.
Potassium determination is often carried out in lake waters when an assessment is being
made of nutrient input. However, potassium tends to be stored in soils and is not easily
leached out. There are no known implications of direct toxicity (EPA 2000). Sodium is
always present in natural waters, and has its source in silicate minerals, atmospheric

precipitation and halite deposits (Kumar et al. 2016).

Potential ecotoxicological effect of Blue Lagoon waters
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The experimental data on the bioluminescence rate of V. fischeri exposed to water from
the El Cobre Blue Lagoon were expressed as ECso (Table 4). At 11% dilution of the water
sample, 100% of inhibition of bioluminescence was observed. All water samples showed
high toxicity levels, and more diluted samples at 2.4 to 4.4% also displayed ecotoxicity.
Values were reliable, and no significant differences were evidenced between water
samples. Water toxicity to V. fischeri could be attributed to the high content of metal ions,
such as copper. A previous study demonstrated that metal toxicity was mostly due to the
ions that affected the luciferase in the luminescence bioprocess (Haygood and Nealson
1985). The Microtox® test is based on the luminescence response of the bacterium V.
fischeri, and the light emission of this bacteria strain is due to an enzyme catalysis reaction
(Parvez et al. 2006). Any contaminants affecting O, NAD(P)H, or aldehyde contents
and/or flavin reductase or luciferase activities, all involved in the physiological process,
may induce luminescence inhibition, and this physiological toxicity may be assessed by
the V. fischeri luminescence inhibition rate. Toxic compounds causing cell death may

also induce luminescence inhibition.

These results are in agreement with those reported by Yang et al. (2016), who investigated
the acute toxicity of four heavy metals (Zn, Cu, Cd and Cr) using V. fischeri: they also
showed that heavy metal toxicity to V. fischeri increased along with the reaction time.
Utgikar et al. (2004) studied the toxic effects of zinc and copper separately and in binary
solution, and they observed qualitative and quantitative differences in the nature of the
response, indicating possible different toxicity/inhibition mechanisms for zinc and copper
as well as an enhancement of the toxic effect when both elements were in solution. Our
ecotoxicological results together with our chemical data compared to Cuban Standard for

different water uses are particularly worrying in term of human health knowing the
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regular human uses made of the EI Cobre Blue Lagoon. Since local people habitually
bathe in these waters, it is urgent to find ways at the very least of making the population
aware of the metal pollution issue and the health risks, and also to find solutions for water

treatment.

Currently, there are no global or state guidelines for developing pit lakes as useful water
resources. For instance, acidic and/or saline pit lakes influenced by acidic and metal
contaminated water need to be remediated using either physico-chemical or biological
methods. Pit lakes contaminated with one or two metals, but otherwise with normal water
quality, can be used for a range of activities following chemical treatment, such as
selective precipitation. On the other hand, pit lakes with good water quality can be used
immediately for uses such as aquaculture, water sports and recreation, etc. Many activities
may make use of acidic and saline waters after even partial remediation, potentially

reducing demands on other higher quality water sources (Kumar et al. 2009).

Compliance with remediation process for water reuse

It is only recently that remediation of acid pit lakes for water reuse have attracted
attention, and encouraging results have been obtained using limestone and phosphorus
(Neil et al. 2009).

Due to the large volume of water to treat, a cost-effective on-site remediation of the El
Cobre Blue Lagoon waters would be a copper recovery circuit with an added-value to
finance the costly liming treatment. However the copper content in the El Cobre Blue
Lagoon is far less than can be find in the Berkeley Pit lake in Montana with ca. 0.15g.L"
1 copper enabling copper mining directly from the lake waters (

. A wide variety of remediation methods for such moderately acidic waters have

19



been investigated, such as sulfate reduction ( ), limestone
neutralization, ( ), phosphorus amendment (

) and in-situ biologically based treatment such as wetlands or anoxic limestone
drains (Kalin 2004), bioreactors stimulating sulfate-reducing bacteria ( )
and reactive barriers for groundwater ( ).

Phytoremediation technologies have limitations and are not applicable for all polluted
sites, but they represent the least costly and most ecofriendly solutions for the treatment
of industrial wastewaters, as previously stated by Guittonny-Philippe et al. (2014).
Moreover, phytoremediation systems such as constructed wetlands are usually well
accepted by local populations, and do not dramatically impact landscapes, by comparison
with classical on-site remediation process ( ). However, the
proportion of metals removed by plant uptake is mostly insignificant in the case of mine
drainage waters (Stottmeister et al. 2003). Consequently, it seems likely that diluted El
Cobre Blue Lagoon surface waters could be redirected to constructed wetlands

downstream with selected substrate and plant species for treatment before reuse.

CONCLUSION

To the best of our knowledge, the present study is the first aiming at characterizing the El
Cobre Blue lagoon water quality for remediation purposes, and it shows that the waters
of El Cobre Blue Lagoon are moderately acidic and exhibiting high values of electrical
conductivity, dissolved oxygen, total dissolved solids and sulfates, which are above the
acceptable limits for sources of water supply (surface water) recommended by Cuban
standards. High content of copper and manganese were measured, and Cu, Mn, Al and

Zn were the dominant metals in the waters. The ecotoxicological potential of the waters
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from the EI Cobre Blue Lagoon was revealed using V. fischeri , with a significant decrease
in bioluminescence. Thus, this study provides a basis for reflection on the implementation
of sustainable remediation programs to improve the water quality and biodiversity in this
pit lake.

Since no significant differences were detected among the values of the parameters in
surface waters and to 1.5 m depth at the selected sampling points, our results appear as
reliable and constant in time (three consecutive months). However, some parameters
showed significant differences (p<0.05) between February and April, potentially
influenced by the beginning of the rainy season. This preliminary work may serve to alert
the Cuban local public authorities to the need to rehabilitate such sites, even if more
information is needed to achieve an in-depth vision of the water quality of this pit lake
and of its environmental impact. Accordingly, seasonal fluctuations need to be monitored
over a year-cycle period to complete this work, and depth-profiles of water characteristics
are required. Moreover, a research effort is required to assess the suitability of constructed
wetlands for the treatment of these waters under controlled conditions, before any in situ

implementation.
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Captions

Figure 1: Location of the Blue Lagoon of EI Cobre mine in southern Cuba, and the
sampling points (P1, P2 and P3 as defined in text) (source Google Earth)

Figure 2: Correlation matrix (Spearman test, p<0.05) showing the correlation
coefficients between the following variables: pH, PO43.: phosphates (POs%), NO3.:
nitrates (NOs’), Cd, Ba, Co, Sr, Zn, Al, Fe, Cu, Mn, TDS: Total dissolved Solids, EC:
Electrical conductivity; Cl.: chlorides (CI), SO42. sulfates (SOs*). Positive
correlations are displayed in blue and negative correlations in red color. Color
intensity and the size of the circle are proportional to the correlation coefficients. In
the right side of the correlogram, the legend color shows the correlation coefficients

and the corresponding colors.

Table 1: Physico-chemical properties of water samples from the El Cobre Blue
Lagoon during the study period
Table 2: Variations of the average values of the physico-chemical characteristics of

all water samples per month of collection
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Table 3: Metal and metalloid concentrations in the ElI Cobre Blue Lagoon surface
water samples during the study period
Table 4: Ecotoxicity expressed as ECso in water samples from the El Cobre Blue

Lagoon in February 2017 after 5, 15 and 30 min of exposure
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Table 1: Physicochemical properties of water samples from the EI Cobre Blue Lagoon during the study period

P1 P2 P3 P1 P2 P3 CS
Parameter
Surface 1.5 m depth 1021:2014
’ 4.3-4.7 4.4-4.8 4.5-4.7 4.4-4.7 4.4-4.7 4.5-4.9 6o
P (4.520.2) (4.7+0.2)? (4.620.1) (4.620.2)° (4.620.2)° (4.7£0.2)?
25.0-25.8 24.8-25.2 25.0-25.8
T(°C) - - - ET+25
(25.5+0.4)F  (25.0£0.2)°  (25.4%0.4)?
2.97-3.05 2.99-3.03 3.00-3.05 2.99-3.05 3.00-3.07 3.01-3.07
EC (mS.cm™) -
(3.00+0.04)  (3.03+0.03)  (3.04+0.03) (3.02+10.02) (3.03+0.03) (3.04+0.03)
7.1-13.2 8.2-11.2 8.3-11.8
DO (mg.L?) - - - 4
(10.3+3.1) (9.2+1.7) (10.2+1.8)
6780-7210 6700-7225 6755-7260 6740-7275 6775-7220 6700-7260
TDS (mg.L™) 1000
(7020£219)*  (6900+284)*  (7092+292)*  (7088+302)*  (6933+249)*  (7022+289)?
TES (mg.L) 5750-6175 4720-5885 5645-5935 5660-6010 4720-5905 5630-5935
mg.L -
J (6033+24)  (5108+673)* (5838+167)* (5893+202)*  (5451+640)*  (5775%153)?
TVS (oL 895-1035 1025-2205 1110-1325 1080-1265 1075-2205 1070-1345
mg.L -
J (987+79)2  (1523+611)® (1253+124)*  (1195+100)°  (1532+595)%  (1247+153)
SS (mL.L?Y) <<0.1 <<0.1 <0.1 <0.1 <0.1 <0.1 -
1.00-1.38 1.04-1.18 1.00-1.38 0.95-1.58 0.99-1.18 1.03-1.38
Cl-(mg.L?) 250
(1.15+0.19)  (1.09+0.07)  (1.16£0.19)  (1.17+0.35)  (1.06+0.10)  (1.16+0.19)



4711-8050 5865-8350 6615-8350 4807-8200 5480-8350 4615-8200

SO (mg.L™Y) 400 - 400
(5824+1928) (6694+1434) (6310+1521) (5939+1958)  (6437+1656)  (5816+2064)
0.10-1.00 0.15-0.76 0.12-0.86 0.28-0.84 0.29-1.32 0.19-1.22
PO, (mg.L?) - - -
(0.70+052)  (0.56£0.35)  (0.62+0.43)  (0.66£0.33)  (0.95:0.65)  (0.88+0.59)
2.16-5.33 2.03-5.10 2.08-5.33 2.12-5.49 2.03-5.03 2.08-5.49
NOs (mg.L%) 45 - 45

(4.27+1.83)  (4.08+1.77)  (4.25+1.88) (4.37+1.94)  (4.03x1.73)  (4.35:1.97)

For each parameter: first line: range, second line: Mean + Standard Deviation; T: temperature; ET: environmental temperature; P: sampling point; CS: Cuban
Standard; EC: electrical conductivity; DO: dissolved oxygen; TDS: total dissolved solids; TFS: total fixed solids; TVS: total volatile solids; SS: suspended
solids. N=9, different letters indicate a significant difference between means in a same line (Dunn’s test, p<0.05)



Table2

Table 2: Variations of the average values of the physicochemical characteristics of all water samples per

month of collection

Months

Parameters P-value

February March April
pH 4.5+0.22 4.7+£0.2° 4.7+0.1° 0.4113
Temperature (°C) 25.6+0.3? 25.3+0.3? 24.9+0.12 0.0771
EC (mS.cm™) 3.05+0.012 2.99+0.01° 3.02+0.02% 0.0047*
DO (mg.L?) 11.0£3.0? 10.8+0.4% 7.9+£0.42 0.1878
SO04% (mg.L™) 8225+112° 5352+797° 5354+787° 0.0033*
ClI" (mg.L?) 1.35+0.15% 1.01+0.04° 1.04+0.05° 0.0027*
TDS (mg.L?) 7065+236% 7216+60? 6747+42° 0.0082*
NO3™ (mg.L?) 2.08+0.05° 5.29+0.19* 5.30+0.19° 0.0029*
POs% (mg.L?) 0.19+0.06" 1.00+0.222 1.00+0.22° 0.0033*

The values were expressed as meanzstandard deviation. Values in the same row, bearing different
superscript letters differ significantly according to Dunn’s test (p<0.05). N=18, * significant effect at
p<0.05. EC: electrical conductivity; DO: dissolved oxygen; TDS: total dissolved solids.



Table3

Table 3: Metal and metalloid concentrations in the EI Cobre Blue Lagoon surface water samples during

the study period
Metals and Concentrations (mg.L?)
CS
metalloids P1 P2 P3
Al 5.25-5.68 5.35-5.72 5.03-7.00
(5.48+0.22)*  (5.57+£0.19)*  (5.88+1.01)%
As <0.005 <0.005 <0.005 -
B 0.01-0.04 0.01-0.04 0.01-0.04
a -
(0.02+£0.01)*  (0.02+0.01)*  (0.02+0.02)*
- 0.04-0.06 0.04-0.06 0.04-0.06
(0.05+£0.01)*  (0.05+0.01)*  (0.05+0.01)2
c 0.15-0.18 0.16-0.18 0.15-0.17
0 -
(0.16£0.02)*  (0.17+0.01)*  (0.16+0.01)?
Cr <0.001 <0.001 <0.001 -
c 43.4-45.4 43.3-45.9 40.4-44.3 )
u
(44+1)2 (45+1)2 (43£2)2
. 0.24-0.48 0.29-0.42 0.28-0.56 03
e :
(0.33£0.13)*  (0.34+0.07)*  (0.38+0.15)*
M 23.2-25.7 23.3-25.8 22.7-24.7 01
n :
(24+£1)2 (24+£1)2 (24£1)2
Mo <0.001 <0.001 <0.001 -
i 0.0-0.012 0.0-0.03 0.0-0.015
| -
(0.008+£0.007)*  (0.02+0.01)* (0.009+0.001)?
Pb <0.006 <0.006 <0.006 -
Sb <0.005 <0.005 <0.005 -
Se <0.006 <0.006 <0.006 -
S 0.34-0.46 0.37-0.44 0.34-0.43
r -
(0.39+£0.06)*  (0.39+0.04)  (0.37+0.05)*
. 3.45-4.08 3.66-4.08 3.45-3.90 .
n
(3.7£0.3)? (3.8+0.2)? (3.7£0.2)*
N 51.5-64.1 51.2-62.1 51.0-62.1
a -
(59+7)2 (58+6)? (58+6)?
K 5.61-5.73 5.39-6.13 5.43-6.13
(5.68+0.06)*  (5.84+0.39)*  (5.85+0.37)*




First line: range; second line: meanzstandard deviation; P: sampling point; CS: Cuban Standard
(Norma Cubana 1021). Values in the same row, bearing different superscript letters differ significantly
according to Dunn’s test (p<0.05). N=9, * significant effect at p<0.05.



Table4

Table 4: Ecotoxicity expressed as ECsp in water samples from the EI Cobre Blue Lagoon in February

2017 after 5, 15 and 30 min of exposure

Sampling ECso (%) R?
point 5 min 15 min 30 min 5 min 15 min 30 min
9.1 3.7 2.4
0.9750 0.9553 0.9505
(7.9-10.3)*  (3.1-4.4)* (1.9-3.1)*
11.1 5.3 3.4
0.9415 0.9171 0.9788
(9.1-13.6)*  (4.2-6.6)* (2.9-4.0)*
17.0 7.0 4.4

0.9319 0.9730 0.9728
(135-21.4)*  (5.8-8.4)* (3.7-5.3)*

First line: mean; second line: range. * 95% confidence interval of the ECso value, R? = coefficient of

determination, N=3.





