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Abstract
We present the first study of a unique acidic lake formed in the Brunita open pit (La Unión mines, Cartagena, SE Spain). This 
pit lake exhibits chemical characteristics typical of AMD, such as low pH (pH 2.2–5.0) and high iron content (500–6400 mg/L 
total Fe). It also has some of the highest sulfate concentrations reported to date in pit lakes (26,000–38,400 mg/L SO2−

4
 ) 

and transition metals like Mn (up to 2000 mg/L), Zn (500 mg/L), or Cu (250 mg/L). In addition, we found abnormally high 
concentrations of salt-forming ions (e.g. 5500 mg/L Mg, 750–1300 mg/L Cl, and 300–630 mg/L Na). The resulting high 
salinity (58‰) at the bottom creates a meromictic lake despite the lake’s low relative depth (9%), with an anoxic, reducing 
monimolimnion isolated from the oxygenated mixolimnion. In the monimolimnion, we observed decreased metal concentra-
tions (e.g. Cu, Zn, Cd, Cr, Pb, Th). We hypothesize that these metals are being removed by interaction with biogenic H2S 
and subsequent precipitation as metal sulfides. Scanning electron microscopy shows sub-micron, spherical particles of ZnS 
in close association with cocci and rod-like bacteria. Analysis of the microbial community composition through 16S rRNA 
gene amplicon sequencing revealed different genera of sulfate-reducing bacteria (SRB) in the monimolimnion, including 
Desulfobacca, Desulfomonile, Desulfurispora, and Desulfosporosinus. Their apparent ability to reduce sulfate and selectively 
precipitate potentially toxic metals, and their resistance to this lake’s extreme geochemical conditions, makes these bacteria 
of great interest for biotechnological applications (e.g. bioremediation and biomining).

Keywords  Acidic mine pit lakes · Metal pollution · Bacterial sulfate reduction · Natural attenuation

Introduction

Acidic pit lakes formed in metal mines are singular water 
bodies that exhibit, at the same time, (1) geochemical and 
biological features typical of acid mine drainage (i.e. low 
pH, high metal and sulfate concentrations, and low microbial 

diversity, mostly composed of acidophiles) and (2) physical, 
limnological, and hydrological processes common to both 
man-made reservoirs and natural lakes (e.g. alternation of 
seasonal stratification with turnover periods, vertical fluxes 
of solutes and sediments, eddy diffusion, sediment/water 
interaction, a food chain with eukaryotic primary produc-
ers in the photic zone and prokaryotic decomposers in the 
bottom part; Geller et al. 2013a, b). These artificial lakes 
are complex aqueous systems where research fields such 
as geochemistry, microbiology, microbial ecology, physi-
cal limnology, hydrology, mineralogy, and sedimentology 
need to be combined for a complete understanding (Geller 
et al. 2013a, b; Sánchez-España et al. 2008; Schultze et al. 
2017). Scientific research conducted in these environments 
can help improve remediation/prevention practices used by 
mining companies and regulatory agencies.

Recent investigations in pit lakes have provided useful 
insight about biogeochemically relevant aspects, such as the 
photoreduction of dissolved and colloidal ferric iron at low 
pH (Diez-Ercilla et al. 2009), solubility of nanocrystalline 
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oxyhydroxysulfates (Sánchez-España et al. 2011), cycling of 
Fe and S through the water column and sediments (Falagán 
et al. 2014; Wendt-Potthoff et al. 2012), sulfidogenesis in 
transitional chemoclines (Diez-Ercilla et al. 2014), develop-
ment of staircase-like stratification (Sánchez-España et al. 
2014a), dynamics and accumulation of carbon dioxide in 
deep layers (Sánchez-España et al. 2014b), or discovery 
of novel bacterial species with potential biotechnological 
interest (Falagán et al. 2016, 2017a; Falagán and Johnson 
2014, 2015). The latter issue is of particular importance, 
since the extreme physicochemical conditions imposed on 
microorganisms in these aqueous environments means they 
can be considered poly-extremophiles, capable of simultane-
ously coping with different environmental stressors. These 
include: (i) extreme acidity (very low pH), (ii) extreme 
salinity (very high ionic strength), (iii) very high concentra-
tions of different highly toxic metals, and (iv) oligotrophy 
(low nutrient availability). This simultaneous resistance to 
multiple extreme conditions makes poly-extremophiles of 
great biotechnological interest in e.g. bioremediation or 
biomining.

The main purpose of this study was to test the likelihood 
of our hypothesis that SRB mediate the physicochemical 
changes observed at the bottom layer of the Brunita pit lake. 
For that, we first performed an in-depth physicochemical 
characterization of the water column, and then investigated 
the microbial community composition in its different layers.

Site Description and Environmental 
Framework

The Brunita open pit mine (37°36′1 N, 0°53′23″ W, 132 m 
above sea level) is situated 2 km to the south of the min-
ing town of La Unión, and 6 km to the east of the city of 
Cartagena, in the province of Murcia (SE Spain) (Fig. 1). 
Brunita mine was one of the most important mines in the 
La Unión-Sierra de Cartagena mining district (García 2004; 
Oen et al. 1975). The Sierra de Cartagena Mountain Range 
is a low altitude, small coastal area with semiarid Mediter-
ranean climate, characterized by the tectonic superposition 
of thrust sheets related to the convergence between African 
and Iberian plates during Tertiary times. The mineralization 
was a stratiform orebody dominated by pyrite (FeS2), sphal-
erite (ZnS) and galena (PbS), with other minor sulfides like 
marcasite (FeS2), pyrrothite (FeS) and arsenopyrite (FeAsS) 
(Pavillon 1969; Robles-Arenas et al. 2006). The mine was 
mainly exploited for the extraction of Zn and Pb (Manteca 
and Ovejero 1992), though pyrite was also eventually mined 
at minor scale for the production of sulfuric acid (Cánovas 
et al. 2013). Sulfide minerals are associated to a paragen-
esis composed of quartz, chlorite and carbonate-containing 
minerals like siderite, dolomite and minor calcite (Oen et al. 

1975; Robles-Arenas et al. 2006). The orebody was firstly 
exploited as an underground mine by the mining company 
Minera Celdrán at the beginning of the twentieth century, 
but in the mid-1980s, the French company Peñarroya bought 
the mine and transformed it into an open pit mine which 
started ore extraction in 1985 (Cánovas et al. 2013). Mining 
operations conducted on site included run-of-mine reduc-
tion, waste dumping in mining voids and open pits and a 
flotation plant in the Portman Bay which used seawater for 
metallurgical processing (García 2004; López-García et al. 
2010). However, this pit was exploited during a very short 
time period, closing definitively in 1988. Decreasing prices 
in the metal market and the high maintenance costs derived 
from the need of continuous pumping to avoid mine flooding 
were apparently major reasons determining mine closure.

This abandoned mining site is now best known for its 
deep red, acidic pit lake resulting from the pit flooding. This 
lake presently has a surface area of 45,000 m2, a maximum 
depth of 22 m, and a relative depth (defined as the ratio of 
the maximum depth as a percentage of the mean diameter 
of the lake at the surface, according to Wetzel 2001) of 9%. 
This mining landscape is also famous among mineral collec-
tors for the occurrence of high quality specimens of minerals 
like vivianite [Fe3(PO4)2·8H2O] and some rare mineral spe-
cies like ludlamite [(Fe, Mg, Mn)3(PO4)2·4H2O] or cronst-
edtite [Fe3

2+Fe3+(Si, Fe)2O5(OH)4] (Cánovas et al. 2013; 
López-García et al. 1992). Numerous residues and piles of 
mine waste and tailings still exist in the surroundings of the 
mine pit, along with the ruins of former mining buildings 
(Fig. 1). Gypsum (CaSO4·2H2O) is conspicuous in the pit 
lake and can be observed in close contact with the water 
(Fig. 2a), and also below the water table (Fig. 2b), suggest-
ing direct precipitation by solubility saturation. Efflorescent 
sulfate salts are also common in evaporative pools adjacent 
to the lake (Fig. 2c). However, the pit lake is not totally 
devoid of biological activity, and eukaryotic photosynthetic 
microorganisms are usually observed in the lake shore in 
close contact with oxygen bubbles (Fig. 2d).

Materials and Methods

Field Work and Sample Collection

Four field campaigns took place in December 2017, May 
2018, November 2018, and July 2019. Physico-chemical pro-
filing was conducted with a Hydrolab MS5 multi-parametric 
probe (Hach®, Loveland, CO, USA) properly calibrated fol-
lowing manufacturer’s instructions. Field parameters meas-
ured in the aqueous phase included pH, oxidation–reduction 
potential (ORP), temperature (T), dissolved oxygen concen-
tration (DO), specific conductivity (SpC), and total pressure 
of dissolved gases (TDG). In addition to these parameters, 
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water turbidity (in nephelometric turbidity units, NTUs) 
was also measured in July 2019 with a HI 93414 portable 
turbidity meter (previously calibrated on site) from Hanna 
Instruments, S.L. (Eibar, Spain).

In three of these four campaigns (Dec 2017, May 2018, 
and Nov 2018), water samples from different depths (0, 2, 
12, 15, and 17 m) were collected for chemical analyses with 
a 5 L Van Dorn® sampling bottle (KC Denmark) (Fig. 2e, f). 
Volumes of 125 mL were filtered on site with 0.45 µm nitro-
cellulose membrane filters (Merck Millipore®, Burlington, 
Massachusetts, USA), stored in 125 mL polyethylene bot-
tles, acidified with 0.4 mL of HCl 1 M, and cool-preserved 
during transport. Filters coated with suspended particulate 
matter (SPM) were also obtained from the same depths 

by filtering 250 mL of additional water. These filters were 
immediately washed by further filtration of 50–100 mL of 
ultra-pure deionized water (MilliQ), kept in closed Eppen-
dorf vials (4 mL), and stored at 4 °C until their chemical and 
mineralogical characterization in the laboratory.

To investigate the microbial community composition, 
water from 2, 12, and 17 m was filtered through 0.2 µm pore 
size-Sterivex filters (Merck Millipore®) encapsulated with 
a Luer-Lock® flow system during the December 2017 sam-
pling campaign. These filters were used in the lake shore 
using sterile materials (e.g. syringes, tubing, vials) and 
RNase AWAY reagent solution (ThermoFisher Scientific) 
to decontaminate apparatus, glassware, and plastic ware. To 
ensure a sufficient biomass for DNA extraction, a variable 

Fig. 1   Views of Brunita acidic 
pit lake (La Unión mines, Carta-
gena, SE Spain): a Satellite 
view (Google Earth image), and 
b panoramic view (field photo-
graph taken from point marked 
by arrow in picture a)
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