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Abstract

Compared with pit lakes originated by coal mining, little is known about in-lake
neutralization processes in pit lakes from sulfide ore mining in hard rock substrates,
which are typically very deep and acidic and receive low carbon (C) inputs and
groundwater flows. Physicochemical processes in water and sediments from a pit lake
(San Telmo, 130 m deep) in the Iberian Pyrite Belt were investigated. San Telmo is a
meromictic and highly acidic (pH 2.8) pit lake due to pH buffering by precipitation of
Fe(lll) minerals (schwertmannite and jarosite). The sediments have a low abundance of
C (below 0.60%) and iron minerals (below 0.12%) compared to most coal-mining pit
lakes. In San Telmo sediments, iron reduction and sulfide oxidation may be

thermodynamically favoured due to low pH values in pore waters (below 3.8) and the
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presence of reactive iron. Although schwertmannite is the main ferric mineral
precipitating in the water column, mineralogical analyses reveal a low abundance of
schwertmannite in the sediment. This may be due to the preferential use of this mineral
in reduction reactions mediated by bacteria, together with a low replenishment rate of
the schwertmannite pool in the sediment. The transformation of reactive iron
(schwertmannite and jarosite) into goethite may limit sulfate reduction, promoting acidic
conditions in the sediment. As long as the acid mine drainage continues to discharge
into the lake, the pH buffering exerted by ferric minerals in the sediments will limit the

neutralization of the pH by sulfate reduction.

Keywords: San Telmo pit lake, schwertmannite transformation, pH buffering, iron and sulfate

reduction, alkalinity generation.

1. Introduction and scope

The Iberian Pyrite Belt (IPB) is one of the most important polymetallic sulfide-mining
regions in the world. Mining activity in the IPB dates back to prehistoric times, specifically
to the third millennium B.C., and developed to such a magnitude that it provoked an
unprecedented impact on the environment (Nocete et al., 2005). The long history of
metalliferous mining in the region has left a legacy of derelict mines and an enormous
amount of mining wastes, including sulfide-bearing waste rock piles, tailings, and so on.
The oxidation of sulfides and consequent production of acid mine drainage (AMD), has
provoked intense pollution of the main fluvial systems draining the IPB: the Tinto and
Odiel rivers (e.g. Olias et al., 2006; Sanchez-Espafa et al., 2005; Canovas et al., 2007;
Sarmiento et al., 2009a). The enormous pollution caused by mining wastes deposited
over the centuries remains active and will continue to generate acid mine drainage for a

long time to come (Younger et al., 2002).
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From the second half of the nineteen century, underground workings and opencast
mining in the IPB were used simultaneously in order to exploit the mineral deposits more
efficiently. In the IPB, the existence of more than 30 mine pit lakes has been recorded,
many of them flooded during the second half of the twentieth century, concomitant with
the decline of mining activities in the region (Sanchez-Espana et al., 2008). During
exploitation, the water table is suppressed to avoid the flooding of active mines.
However, when the mining activity ceases, the water table recovers its original position,
flooding the open pits and giving rise to mine pit lakes. The rise of the water table
promotes the oxidative dissolution of sulfides contained in the pit banks, interconnected
underground galleries, and shafts, which may cause water acidification and the
subsequent dissolution of gangue minerals from the host rocks. In many cases, water
stored in pit lakes is of poor quality and may contain concentrations of metals that greatly
exceed water quality standards. In this respect, the Water Framework Directive (WFD)
of the European Union (EC 2000) considers mining lakes as artificial surface water
bodies which have to be monitored and managed to reach an acceptable water quality
status. Achieving this goal requires the implementation of remediation strategies that
need to be supported by a deep knowledge of the physicochemical processes and
interactions between the water column and lake sediments. Most research has focused
on lakes from coal mining (e.g. Kusel, 2003; Blodau and Knorr, 2006; Schultze et al.,
2010) which receive high organic C inputs and are an integral part of the regional
groundwater flow system, typically unconsolidated sandy aquifers, with large flow rates.
In-lake neutralization processes in these systems are generally well known.
Schwertmannite formation by Fe(ll) oxidation and accumulation in the sediment
promotes the occurrence of an acidic iron cycle that suppresses sulfate reduction (e.g.
Peine et al., 2000; Blodau, 2004; Blodau and Gatzek, 2006). Proton-consuming sulfate
reduction in sediments has been reported to occur at pH values between 4 and 5 (e.g.
Kisel, 2003). Therefore, neutralization processes rely on the shift from an iron to a

sulfate reductive environment. In coal pit lakes, this is largely driven by groundwater
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dynamics (e.g. Blodau and Knorr, 2006; Neumann et al., 2013) depending on the

advective input of alkalinity and acidity or electron acceptors and donors.

However, little is known about in-lake neutralization processes in acid pit lakes formed
from sulfide ore mining, which are typically very deep, meromictic and receive low C
inputs and groundwater flow because they are located in hard rock environments. A
recent study (Wendt-Potthoff et al., 2012) was performed on alkalinity-producing
processes in the shallower meromictic lake of Cueva de la Mora (40 m deep) located
near San Telmo. In this sense, San Telmo Pit Lake can be considered as a reference
example for in-depth study of factors controlling internal neutralization processes in pit
lakes resulting from sulfide ore mining. This study is therefore aimed at providing
information on physicochemical processes in the water and sediments from San Telmo
Pit Lake, which is necessary as a starting point for evaluating the best remediation

options in the long term.

2. Material and Methods

2.1.  Site description

Despite the fact that mining activity in the San Telmo mining district dates back
thousands of years, the more intense period of mining began in 1859 and continued until
1960, during which around 17 Mt of mineral were obtained (Pinedo Vara, 1963). Since
then, approximately 15 Mt more was produced until the mine closure in 1989. Intense
opencast mining activities that developed in San Telmo gave rise to a pit of around 130
m depth, which was progressively flooded by water table recovery after the cessation of
mining. The water reached the overflow level in 1995, and the pit lake obtained its
present configuration (Fig. 1A). A bathymetric study performed in 2005 shows a
maximum depth of 130 m in the pelagic zone (Fig. 1C), accounting for total dimensions

of 580 x 375 x 130 m, which represented the largest volume of acidic waters stored in



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

the IPB until the recent flooding of the Corta Atalaya open pit at Riotinto, the greatest
opencast sulphide mine in Europe (1200 x 900 x 350 m). The rapid flooding of San
Telmo Pit Lake is due to its location within the drainage area of the Fresnera Stream
(Fig. 1B). San Telmo Pit Lake is also fed by mining lixiviates coming from the intersecting
galleries: runoff generated from rainfall episodes, and lixiviates originating from the

washout of mining wastes placed in the vicinity of the pit lake.

2.2. Sampling and field measurements

Sediment and water sampling was performed in June 2006 in San Telmo Pit Lake. A
vertical profile was also carried out to measure temperature (T?), pH, redox potential,
dissolved oxygen (DO), electrical conductivity (EC), and turbidity by means of a SEBA
Hydrometrie KLL-Q multi-probe. Electrodes were previously calibrated with calibration
standard solutions. Redox potential values were corrected to obtain the potential referred

to the hydrogen electrode (Nordstrom and Wilde, 1998).

Three water samples (0, 40, and 123 m) were collected along the water column
according to changes in EC. Water samples were filtered (0.45 um), acidified with HNO3
to a pH below 2, cooled at 4 °C, and stored in the dark until analysis. A 60 cm sediment
core was taken by a UWITEC™ gravity corer from the pelagic zone at around 123 m,

sealed, and cooled to avoid oxidation processes until analysis.

2.3.  Water and pore water analysis

Lake water was analysed in the Central Research Services of the University of Huelva
by using a Jobin Yvon (JY ULTIMA 2) optical spectrometer (ICP-OES). The method used
is especially designed to estimate major, minor, and trace elements in water affected by
acid mine drainage (Ruiz et al., 2003). The reliability of the measurements was verified
with certified reference material (SRM® NIST 1640). A triplicate analysis was performed
in order to evaluate the precision, which was better than 5% in all cases. In each analysis

sequence, internal standards were used to check the accuracy. Blanks were also
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analysed with all elements below the detection limit of the equipment. Pore water was
collected from different layers of sediment by centrifugation (at 10000 rpm for 15 minutes
at around 4 °C), and pH, Eh, and temperature were immediately measured. Ferrous and
total iron concentrations were analysed following the phenanthroline method (Rodier et
al., 1996). Arsenic, Pb, and Zn in pore waters were also analysed by atomic absorption

spectroscopy (AAS) at the University of Bayreuth. All analyses were run in triplicate.

2.4.  Sediment Analysis

The core was cut into into diametral sections of 3 cm thick by a UWITEC slicer, weighed,
and subsequently frozen to avoid oxidation processes. Before analysis, samples were
dried by a freeze-dryer and subsequently weighed and placed in storage. Sample
oxidation was prevented using an inert gas glove box during sample handling. The water
content was obtained from the difference between wet and dry sediment weights.
Reactive Fe was determined after digesting the sample with HCI 1 N and shaking for 24
h according to Wallmann et al. (1993). Reactive Fe denotes the fraction that easily
undergoes chemical or microbial dissolution and can therefore be regarded as potentially
available for microbial reduction (Canfield, 1989). Total Fe was also measured in
sediments using HCI 6 N as the digestion solution. Digestates were analysed by ICP-
OES in triplicate for statistical purposes. Other elements such as Al, As, Cd, Co, Cu, Cr,

Mn, Ni, Pb, and Zn were also analysed.

Sulfur speciation analyses were carried out at the Department of Hydrology of Bayreuth
University. Total Reduced Inorganic Sulfur (TRIS, composed of FeS,, FeS, and S°) was
analysed photometrically by the methylene blue method (Budd and Bewick, 1952) after
hot acid digestion and subsequent reduction with Cr(l1)Cl. to H2S. Elemental sulfur (S°)
was analysed by high-pressure chromatography and UV-detector (Ferdelman et al.,
1991) after extraction with methanol. Total sulfur and C were analysed using a C-S LECO

Analyser by combustion at 1300 °C.
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Different techniques were used to identify mineral phases in sediments. No treatment
was applied to samples before measurements. Transmittance of infrared radiation
(between wave numbers 450 and 4500) was measured by Fourier Transform Infrared
Spectroscopy (FTIR) at the Limnological Station of Bayreuth University. Samples were
also measured by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer with
Cu Ka radiation at the Central Research Services of the University of Huelva. As a
consequence of the low crystallinity of mineral phases in sediments, the scan period was
increased from 3 to 65° 26 with a continuous scan at a rate of 0.025° 26/18 s. Samples
were also observed by Scanning Electronic Microscope with an Energy Dispersive

System (SEM-EDS) using a JEOL JMS-5410 instrument at the University of Huelva.

2.5. Data treatment

Diffusive fluxes of Fe(ll) and Zn from the sediment to the water column were calculated

from Fick’s first law of diffusion:

D, =—-D"=, Eq. 1

where © is the porosity of the shallowest slice of the core (0—3 cm) calculated from the
weight difference after centrifugation and vy is the tortuosity calculated from the porosity
according to Boudreau (1996). D is the diffusion coefficient for each element obtained
by the method of Li and Gregory (1974), and AC/Ax is the concentration gradient between

the shallowest sediment and the overlying waters.

The saturation indices of water samples and the speciation of the main elements in the
lake waters were calculated using the geochemical code PHREEQC (Parkhurst and
Appelo, 1999). The thermodynamic database of PHREEQC was augmented with data
for the solubility of schwertmannite (Bigham et al., 1996: log Ks, = 18.0 £ 2.5; Yu et al.,
1999: log Ksp = 10.05 £ 2.5) and ferrihydrite (MINTEQAZ2; Allison et al., 1990). Redox

potential (pE) was used as the master variable to characterize all equilibria related to Fe
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species. In acidic solutions that contain sufficient concentrations of ferrous and ferric iron
(> 10° M), measured pE values reflect the redox equilibrium between Fe®* and Fe**

(Grundl and Macalady, 1989).

3. Results

3.1.  Water column and pore waters

The evolution of physicochemical parameters along the water column is shown in Figure
2. The San Telmo Pit Lake is meromictic (Diez-Ercilla et al., 2009), with a 29-m-deep
oxygenated and lower-density layer (mixolimnion) and a 100-m-deep anoxic and higher-
density layer (monimolimnion; Fig. 2). Mixolimnetic waters are slightly stratified: a
warmer and lighter epilimnion (0-3 m), a transitional metalimnion (3—10 m), and a lower
and cooler hypolimnion (10-29 m) are observed (Fig. 2). This stratification of the
mixolimnion is progressively formed at the beginning of the spring and disappears during
the winter, when mixing takes places (Diez-Ercilla et al., 2009). The mixolimnetic waters
show more oxidative conditions and lower EC values (807-883 mV; 5.3 mS/cm) than
monimolimnetic waters (650 mV; 6.6 mS/cm). San Telmo waters have high acidity, with
almost constant pH values of around 2.8 throughout the water column. The turbidity
ranged from 3 to 5 NTU (Fig. 2), with higher values in the upper 5 m (11 NTU), at the
halocline (9.3 NTU), and close to the bottom of the lake (20 NTU). However, the highest
values were observed at the water—sediment interface (close to 1000 NTU) due probably
to the abundance of resuspended colloids. High concentrations of sulfate (3963-4227
mg/L) and metals (e.g. 139-163 mg/L of Fe, 81—90 mg/L of Zn, 23-25 mg/L of Cu, and
223-237 pg/L of Cd) were recorded in the water column, reaching the highest values in

the monimolimnion (Table 1).

An increase in pH values was observed at the water—sediment interface compared with

those recorded in the lake water (from 2.8 to 3.3). This increase continued in the



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

sediment pore waters, reaching a maximum value of 3.8 at the bottom (Fig. 3). The
opposite trend was observed for Eh: a decrease from 633 to 455 mV was recorded from
the water column to the sediment bottom. The concentration of dissolved Fe increased
sharply at the water—sediment interface in relation to the water column (from 163 to 2024
mg/L) but decreased progressively in pore waters with sediment depth (down to 963
mg/L of Fe; Fig. 3). Ferrous iron followed a similar trend to total Fe (from 1671 to 801
mg/L) in pore waters. The concentration of Zn at the sediment—water interface was twice
that recorded in the lake water (from 90 to 187 mg/L). However, Zn concentration
fluctuated with sediment depth (Fig. 3). Arsenic was depleted from pore waters (below
the detection limit of the equipment) in relation to the water column (around 64 pg/L;
Table 1). This depletion was also observed for Pb at the sediment—water interface and
in the upper 6 cm of sediments. However, concentrations of Pb above 100 pg/L were
recorded in the 6-12 cm core section, decreasing thereafter towards the bottom

sediment.

3.2. Sediments

Visually, the sediment cores could be divided into two different zones. The upper 10 cm
contained brownish orange sediments with a dry weight of around 40% (Table 2).
Downwards, the sediment had a yellowish brown colour with decreasing water content
due to compaction by burial by newly settled particles. A low content of total C (below
0.60%), decreasing with sediment depth (from 0.56 to 0.12%; Table 2), was observed in
the sediment. All C can be considered as organic due to the acidic conditions found in
the sediment (pH below 4). The highest concentration of reactive iron (Fe) was found in
the upper 3 cm of the sediments (around 25 g/kg) and decreased with depth (Table 2).
Total Fe (Fet) concentrations ranged from 120 g/kg at the top to 25 g/kg between 15 and
18 cm. According to these data, the Fe/Few: ratio decreased from 21 to 10% with

sediment depth.
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The total S (Swt) content ranged from 27 to 78 g/kg of sediment (Table 2), reaching the
highest values between 15 and 18 cm. The content of TRIS (FeS,, FeS, and S°) in the
sediments ranged from 0.90 to 9.0 g/kg, with the highest values found between 15 and
18 cm. The concentrations of elemental sulfur (S°) were generally low (from 0.007 to
0.027 mg/kg; Table 2) except in the upper centimetres of the sediments (0.167 mg/kg).
Acid volatile sulfur (FeS) was not analysed. The large difference between total (27-78
g/kg) and reduced S (0.9-9.0 g/kg) may be due to the high abundance of sulfate and

oxyhydroxysulfate in the sediments.

The XRD profiles of the sediments (Fig. 4) reveal the predominance of detrital minerals
(e.g. quartz, muscovite, illite, clinochlore) common in pelitic and volcanic host rocks
outcropping in the area. Despite the oversaturation predicted by PHREEQC in
mixolimnetic waters (IS 4.7; Table 3) the presence of schwertmannite in the sediments
could not be confirmed by XRD, probably due to its low crystallinity in relation to detrital
minerals. However, a detailed microscopic examination of sediments by SEM-EDS
revealed the presence of schwertmannite, with its typical “pin cushion” morphology, in
the surface sediments (Fig. 5A). On the other hand, several peaks corresponding to
jarosite were identified in the XRD profiles; their intensity decreased with sediment depth
(Fig. 4). The opposite tendency was observed for pyrite; a higher abundance of this
mineral was recorded in the deeper sediment layers (Fig. 4). This mineral distribution
was confirmed by SEM-EDS; a high abundance of detrital pyrite and iron oxides (Fig. 5C
and D) was observed in the deeper sediment. In contrast, a higher presence of
schwertmannite was observed in the top sediment layer (Fig. 5A). The presence of

sulfates (i.e. barite and anglesite) was also documented by SEM-EDS (Fig. 5A).

The FTIR spectra showed only slight changes with depth (Fig. 6). Based on studies in
other systems (e.g. Peine et al., 2000), changes due to the transformation of abundant
ferric iron mineral phases would be expected. However, Fe minerals are not predominant

components in San Telmo sediments (0.02 to 0.12 w%; Table 2), so their IR signals
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seem to be diluted by other IR-sensitive compounds (e.g. clay minerals such as illite and
clinochlore detected by XRD). In particular, the IR window between 850 and 1200 cm™,
which covers many bands characteristic for AMD iron minerals (schwertmannite,
goethite, and jarosite), seems to be hidden by other compounds. Nevertheless some
conclusions can be drawn from the spectra with regard to the Fe geochemistry. There is
some evidence for the occurrence of goethite: diagnostic bands are at 892 and 795 cm”
'. While the 892 cm™ band may be hidden under other vibration signals, the 795 cm’™
band is clearly visible together with the 630 cm™ band (Fe-O symmetric stretch). The
latter is indicative of a relatively high crystallinity (Cornell and Schwertmann, 2003),
which may be due to transformation from metastable minerals (e.g. schwertmannite,
Bigham et al., 1996; or jarosite, Acero et al., 2006). Even though SEM images suggest
the occurrence of schwertmannite, there is only one band visible that is characteristic for
this mineral (v3-vibration of sulfate at ~1190 cm™). This vibration is typically split into
bands of higher vibration energy (~ 1120 and ~ 1050 cm™"), which may be hidden behind
the large signals of other compounds. However, the concentration of schwertmannite
seems to be relatively low. The presence of jarosite, previously identified by XRD, is also
supported by FTIR; the IR signals of jarosite (1005 and 1086 cm™) seem to be visible

even within the large window covered by other compounds.

4. Discussion

4.1. Geochemical processes in the water column

San Telmo, like other lakes with a high relative depth, has developed meromixis
(Sanchez-Espafa et al., 2008). However this may not be the only cause; biological and
physico-chemical factors can enhance meromixis. Primary production is limited in acidic
mining lakes by the availability of inorganic C and P (Nixdorf et al., 2003). The most

probable cause of meromixis in San Telmo is the input of waters with higher content of
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dissolved solids from underground galleries. As can be seen in Table 1, higher
concentrations of Ca, Li, Mg, Mn, Na, SOs, Sr, and Zn were recorded at depth. The
difference in temperature between the bottom of the mixolimnion and the monimolimnion

(around 1.1 °C; Fig. 2) also suggests that this assumption is reasonable.

The oxidative dissolution of sulfides contained in the pit banks, interconnected
underground galleries, and mine wastes placed in the surroundings together with the
absence of acid-consuming rocks results in the input of a vast load of acidity, sulfate,
Fe(ll), and accessory metals into the water column. The ferrous iron is subsequently
oxidized to ferric iron in the mixolimnion, which then precipitates, releasing acidity.
According to geochemical calculations with PHREEQC, around 99% of Fe is predicted
to occur as Fe(lll) in the mixolimnetic waters and less than 7% in the monimolimnion.
The higher values of turbidity observed within the first 5 m of San Telmo waters may be
linked to Fe(lll) precipitation (increasing colloidal Fe) and microbiological activity, as
highlighted by previous works dealing with San Telmo limnology (Sanchez-Espafa et

al., 2007; Diez-Ercilla et al., 2009).

The almost constant values of pH in the water column suggest pH buffering consistent
to the precipitation of Fe(lll) minerals. This control has been previously reported in
numerous acidic mining lakes with pH between 2.8 and 3.2 (e.g. Totsche et al., 2003;
Regenspurg et al., 2004; Pellicori et al., 2005). Geochemical calculations with
PHREEQC (Table 3) indicate oversaturation of mixolimnetic waters with respect to some
Fe(lll)-containing minerals including schwertmannite, jarosite, and goethite. In
monimolimnetic waters, oversaturation with respect to jarositic minerals remains while
undersaturation is observed in the case of schwertmannite for both Ks, used. However,
the appropriate Ks, for schwertmannite solubility in natural systems is currently being
investigated due to its metastability and heterogeneous chemical composition. In this
sense, a recent paper by Caraballo et al. (2013) reports schwertmannite occurrence in

broad pH and pE ranges of 1.93—4.71 and 8.5-13.7, respectively, encouraging the use
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of broader log Ks, to model schwertmannite solubility for each specific environment.
Sanchez-Espana et al. (2011) report schwertmannite as the dominant phase
precipitating in the water column of San Telmo, although in contact with jarosite crystals.
The pH buffering throughout the entire water column by precipitation of Fe(lll) minerals
has a sharp effect on metal mobility, allowing metals to remain dissolved. The low pH
values also inhibit the precipitation of Al minerals; only jurbanite is close to equilibrium
(Table 3), and this mineral is rarely found in AMD sites. The high concentration of sulfate
in San Telmo waters promotes the equilibrium with some sulfate minerals (i.e. barite,

gypsum; Table 3).
4.2. Geochemical processes in sediments
4.2.1. Mineral transformations and reduction reactions

The newly formed Fe(lll) minerals (i.e. schwertmannite, jarosite) in the water column
settle and accumulate in the sediments, where they can undergo chemical
transformations. The XRD patterns and SEM images, together with the decrease in the
Fe//Fe: ratio with depth, indicate a downward decline of schwertmannite and jarosite with
sediment depth. This is consistent with the metastable nature of these minerals with
respect to goethite (Regenspurg et al., 2004). These overall reactions (Blodau, 2006)
generate acidity, helping to maintain low pH values in the sediment pore waters (Fig. 3),

and may release trace metals contained in the metastable minerals (Acero et al., 2006).
Feg0g(OH)g(50,) + 2H,0 — 8FeOOH + 2H* + 507~ Eq. 2

The sharp increase in the Fe concentration of pore waters of San Telmo (Fig. 3) also
suggests the existence of Fe reduction in the sediment (Eqg. 3). The reactivity of Fe(lll)
minerals as electron acceptors for microbial processes is linked to their degree of
crystallinity (Peine et al., 2000). The low crystallinity of schwertmannite (not detected by
XRD or FTIR but observed by SEM) in San Telmo sediments points towards this mineral

as an easily available oxidant for microbial processes. The preferential utilization of
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schwertmannite over jarosite by bacteria as an electron acceptor may explain its low
abundance in San Telmo sediments, even though it is theoretically the main precipitating
Fe compound. In this regard, Bridge and Johnson (2000) reported a faster reductive
dissolution of schwertmannite than jarosite (and other iron oxides) by the catalysis of

Acidiphilium SJH at pH 2.0-3.0. However, this hypothesis requires further study.
Feg0g(OH)g(50,) + 2CH,0 + 14H* — 8Fe** +2C0; + 12H,0 + SOF~ Eq. 3

The reductive dissolution of schwertmannite would consume protons but release ferrous
Fe, sulfate, and other metals (i.e. Zn and Pb) into the sediment pore waters (Fig. 3), and
they can then diffuse into the overlying waters. Diffusive fluxes of 4.9 and 0.26 mol m? s’
' of Fe(ll) and Zn from San Telmo sediments to the water column were estimated, and
these values are in agreement with fluxes reported for other acidic lakes (e.g. Peine et
al., 2000; Blodau, 2004). In these acidic coal pit lakes (e.g. Peine et al., 2000; Blodau,
2004), the ferrous Fe diffused from the sediment was subsequently re-oxidized in the
water column, giving rise to schwertmannite precipitation and thus enhancing an iron
cycle in the sediment. In San Telmo Pit Lake, the monimolimnetic waters are
permanently anoxic and Fe(ll) re-oxidation may be inhibited, preventing the

replenishment of the schwertmannite pool in the sediment.

On the other hand, the sulfate released is available for sulfate-reducing activity as
observed in other AMD-affected reservoirs in the IPB (Sarmiento et al., 2009b; Torres et
al., 2013) and worldwide (e.g. Herlihy et al., 1985; Blodau et al., 1998; Kndller et al.,
2004; Meier et al., 2004). However, sulfate reduction does not seem to be a key process
in San Telmo sediments: only 2 to 15% of total S is in the reduced form. Although AVS
was not analysed, the high acidity found in the sediment probably maintains this S
compound at very low levels. Elemental sulfur was found at low concentrations except
in the superficial layer (Table 2), probably due to the oxidation of residual pyrite by Fe(lll),

releasing Fe(ll) into the pore waters. Thus, the content of reduced sulfur of San Telmo
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sediments may be mainly associated with its abundance in detrital pyrite, as evidenced
by the mineralogical results (i.e. XRD, SEM). The C content of San Telmo sediments is
rather low (total C below 0.6%; Table 2) with scarce availability of labile organic C, and
sulfate reduction (as well as Fe) must be C limited. Under this scenario, Fe and sulfate
reducers compete for the electron donor, and Fe reducing bacteria are
thermodynamically favoured in acidic sediments (Kusel et al., 1999) such as those found
in San Telmo. Other authors propose alternative mechanisms of sulfate reduction in
acidic environments. Koschorreck et al. (2003) reported active sulfate reduction at pH <
3 in the sediment of a volcanic lake (Lake Caviahue, Argentina). However, conditions
were significantly different from those found in San Telmo. The lake sediments received
high amounts of labile organic matter from algae killed by a volcanic eruption, and
potentially competing iron-reducing bacteria were probably inhibited by the low
availability of iron in the volcanic sediment. Koschorreck (2008) investigated the
existence of sulfate-reducing activity in acidic environments by calculating the energy
required to maintain a microniche of elevated pH around the bacteria. He concluded that
the high energy required makes these niches unlikely to persist in such acidic

environments.

4.2.2. Neutralization processes

The sediment pH needs to be maintained at near neutral values for an effective in-lake
neutralization through sulfate reduction and iron sulfide formation (Blodau and Peiffer,
2003; Kusel, 2003). The transformation of metastable Fe minerals (schwertmannite and
jarosite) into more stable minerals (goethite) may act as a pH buffer in San Telmo
sediments. Fe(lll) reduction is strongly proton-consuming and energetically favourable
in acidic environments (Flynn et al., 2014), so the acidifying effect of schwertmannite
turns out to be critical for maintaining high rates of iron reduction and inhibiting sulfate
reduction in San Telmo. This buffering process has been previously documented in

acidic coal pit lakes (Peine et al., 2000; Blodau, 2004) and constitutes an acidic iron cycle
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at the sediment-water interface. In these systems, the schwertmannite pool in the
sediment is replenished by Fe(ll) reoxidation in the oxic water column, and therefore this
buffering is maintained. This is not the case for San Telmo, where Fe(ll) generated by
reductive processes in the sediment diffuses into the anoxic monimolimnetic waters and
therefore is apparently not oxidized. As iron-reduction typically generates alkalinity, an
increase in the pH of the sediment pore waters should be expected. The question then
arises as to why this buffering exerted by Fe(lll) mineral transformation is not overcome
by Fe reduction in San Telmo. A possible explanation could be the existence of an
additional source of acidity in the sediment by anaerobic oxidation of detrital pyrite, which
is abundant in San Telmo sediments. The occurrence of elemental S in the top sediment
layers suggests the existence of this reaction; however it seems unlikely that anaerobic
oxidation of pyrite could be a key reaction in sediment pH buffering because of the low
concentrations observed. Therefore the most probable explanation is the lack of
sufficient C in San Telmo sediments to generate alkalinity from reduction reactions that
would overcome the acidity generated by Fe(lll) mineral transformation. This C limitation
is apparently overwhelmed in the nearby meromictic acidic pit lake of Cueva de la Mora
(Wendt-Potthoff et al., 2012) due to the high nutrient levels, which generate enough
organic C to promote sulfate reduction. However, the oligotrophic nature of San Telmo

waters limits the availability of organic C to enhance alkalinity production.

Another possible way of overcoming this buffering is through the input of alkalinity
sources. In some acidic coal pit lakes (e.g. Blodau and Knorr, 2006; Neumann et al.,
2013) an increase in pH with sediment depth was recorded and attributed to the inflow
of neutral Fe(ll) and SOs-rich groundwater, which promotes sulfate reduction. This
increase in pH also drives the conversion of schwertmannite to goethite (Eq. 2), which
leads to a depletion of reactive Fe, and therefore sulfate reduction can take place.
However, in San Telmo Pit Lake there is no such external driver (neutral groundwater

inflow) and therefore no sulfate reduction is observable. The current rates of Fe inputs
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into the San Telmo Pit Lake, together with the low availability of organic C, must enhance
the preservation of the pH buffering in both the water column and the sediments.
Measures need to be taken to quantify and limit the Fe inputs into the pit lake and thus

inhibit the buffering effect of this metal on both the water column and the lake sediments.

Conclusions

The San Telmo Pit Lake is highly acidic (pH of 2.8) due to intensive sulfide oxidation
processes that occurred during its flooding. In the mixolimnion, ferrous iron is oxidized
to ferric iron, which then precipitates mainly as schwertmannite and jarosite, releasing
acidity, which results in pH buffering in the water column. The newly formed minerals
settle down in the sediment, where they may become converted upon burial to more
stable minerals such as goethite, releasing acidity. The higher concentration of Fe(ll) in
the pore waters compared to the lake waters indicates the existence of Fe reduction.
Although schwertmannite is the main precipitating phase in the water column, its low
abundance in the sediment suggests the preferential use of this ferric mineral as an
electron acceptor by bacteria. This reaction consumes acidity and releases Fe(ll) and
metals (e.g. Zn, Pb) into the pore waters, which diffuse into the overlying waters. The
alkalinity generated by Fe reduction in the sediments is insufficient to increase the pH
due to the buffering exerted by Fe mineral transformations, inhibiting sulfate reduction.
The content of total reduced inorganic sulfur (TRIS) oscillates between 2 and 15% of
total sulfur. The abundance of detrital pyrite in the sediment, as evidenced by XRD and
SEM analyses, points to this mineral as the main contributor of TRIS. Low concentrations
of S° were observed in the shallowest sediment layer and were probably formed by pyrite
oxidation by Fe(lll). The availability of organic C limits the generation of alkalinity in the
sediment which could overcome the pH buffering exerted by Fe mineral transformation.

An investigation into the quantities of Fe and acidity entering the lake system is required
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in order to quantify the mass balance of acidity and to predict the future evolution of San
Telmo waters and sediments. As long as the input of organic C, acidity, and iron into the

pit lake remains at similar rates, sulfate reduction will be inhibited.
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Depth (m)

0 40 123
Al 129 132 128
Ca 213 237 259
Cu - 23 24 25
Fe g 163 139 163
K 2 2.9 2.2 2.7
Mg g 422 480 554
Mn g 40 41 48
Na £ 17 19 19
Sufate S 3963 4011 4227
Si 30 28 29
Zn 81 86 90
As 64 n.a. 35
Ba - 3.4 2.7 6.2
Be S 20 21 23
cd = 3 229 237
Co IS 970 754 1262
cr 5 13 13 16
Li o 440 463 807
Ni § 445 437 515
Pb 93 n.a. 61
Sr 261 309 359

627

628 Table 1. Chemical composition of San Telmo pit lake waters at different depths (n.a: not

629 analysed).

Sediment H20 C tot Fe, Fe ¢ TRIS s° S tot
depth (cm) % % glkg gkg glkg malkg glkg
0-3 063 0.56 25 120 1.9 0.167 44
3-6 0.59 043 18 99 29 0.007 27
6-9 0.60 0.45 15 100 0.9 0.018 42
9-12 0.49 0.30 9.0 71 37 0.006 38
12-15 0.42 0.14 48 48 7.1 0.027 45
630 15- 18 0.34 0.12 39 25 9.0 0.016 78

631  Table 2. Content of water, C, reactive and total Fe and main S species in

632  San Telmo sediments.
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633
634

635

636

637

638

639

640

641

642

Al minerals
Alunite
Gibbsite
Al(OH);(a)
Jurbanite
Basaluminite

Sulfate minerals
Anglesite
Epsomite
Celestite

Barite

Gypsum

Fe minerals
Hematite
Fe(OH)s(a)
Goethite
Jarosite-K
Jarosite-H
Jarosite-Na
Schwertmannite(a)
Schwertmannite(b)

Formula
KAI3(SO,4)2(OH)e
Al(OH)5
Al(OH)s(a)
Al(SO4)(OH)5H,0
Al (SO4)(OH)10-5H,0

PbSO,
MgSO,
SrSO,
BaSO,
CaSO,

Fe,04
Fe(OH)s(a)
FeOOH
KFe3(SO4)2(OH)g
HFe3(SO4)2(OH)g
NaFe3(S04),(OH)g
FegOg(OH)4.32(SO4)1.84
FegOg(OH)4.32(SO4)1.84

Depth (m)

0 40 123
2.1 -3.8 -3.7
3.6 -4.4 -4.4
6.3 7.2 7.2
-0.1 0.0 0.0

-12.9 12.7 -12.8
15 - 1.6
2.3 -2.1 2.0
1.6 1.5 1.4
2.5 -0.4 0.0
-0.1 -0.3 -0.3
11.4 8.8 8.3
1.2 2.0 2.3
4.7 3.5 3.2
4.3 2.0 1.2
1.1 -3.0 -3.8
0.5 2.9 -3.7
2.8 -8.8 1.2
4.7 1.3 -3.7

(a) Ks according to Bigham et al. 1996
(b) Ks according to Yu et al. 1999

Table 3. Saturation indices (Sl) of some minerals obtained by the PHREEQC code.
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FIGURES

Odie! River

R Mines

San Telmo
Pit Lake

Figure 1. Panoramic view (A), location (modified from Sarmiento (2008) (B) and

bathymetry (C) of San Telmo Pit Lake (SW Spain).
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648  Figure 2. Vertical profile of main physico-chemical parameters in the water column of

649  San Telmo Pit Lake.
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651 Figure 3. Profile of pH, Eh, Fe(ll), total Fe, Pb and Zn in sediment pore waters of San

652 Telmo. Bars denote standard deviations.
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654  Figure 4. XRD profile of shallow (0-3 cm) and deep sediment (15-18 cm) highlighting the

655 minerals found.
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Goethite

Fe-oxide

Figure 5. SEM images indicating the presence of barite, schwertmannite (A) and

goethite (B) in shallow sediments (0-3 cm), and pyrite (C) and Fe oxides (D) in deep

sediments (15-18 cm).
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Figure 6. FTIR spectra of San Telmo pit lake sediments showing the characteristic bands

of schwertmannite, jarosite and goethite.
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