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ABSTRACT

Abandoned and flooded mine networks provide underground reservoirs of mine water that can be used as a
renewable geothermal energy source. A complete hydrochemical characterization of mine water is required to
optimally design the geothermal installation, understand the hydraulic behaviour of the water in the reservoir
and prevent undesired effects such as pipe clogging via mineral precipitation. Water pumped from the
Barredo-Figaredo mining reservoir (Asturias, NW Spain), which is currently exploited for geothermal use, has
been studied and compared to water from a separate, nearby mountain mine and a river that receives mine
water discharge and partially infiltrates into the mine workings. Although the hydrochemistry was altered
during the flooding process, the deep mine waters are currently near neutral, net alkaline, high metal waters
of Na-HCOs type. Isotopic values suggest that mine waters are closely related to modern meteoric water, and
likely correspond to rapid infiltration. Suspended and dissolved solids, and particularly iron content, of mine
water results in some scaling and partial clogging of heat exchangers, but water temperature is stable (222C)
and increases with depth, so, considering the available flow (>100 L s!), the Barredo-Figaredo mining reservoir
represents a sustainable, long-term resource for geothermal use.
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1. INTRODUCTION

Flooded mine workings host groundwater reservoirs that can be exploited for geothermal energy generation.
The thermal resource potential of mine water is widely recognised, and a number of geothermal investigations
at former mining sites (particularly coal mines) have either been completed, or are underway (Burnside et al.,
2016a and b; Peralta et al., 2015; Preene and Younger, 2014; Hall et al., 2011; Hamm and Bazargan, 2010;
Raymond and Therrien, 2007; Watzlaf and Ackman, 2006, among others).

Underground mine workings can reach hundreds of meters of depth and the network of shafts and galleries
within the workings provides an enormous heat exchange interface with exposed, comparatively warm, rock
faces (Banks, 2016). The temperature of post-abandonment flood waters is shielded from seasonal
atmospheric temperature variations and so is ca. stable and maintained at advantageously high enough values
to be utilised for heating purposes through the use of heat pumps. However, geothermal use of mine water is
complex and requires thorough investigation in order to make best use of and effectively manage the thermal
resource. A detailed hydrogeological characterization of the mining reservoir is a necessity if one is to fully
appreciate subsurface hydrological behaviour and determine the long-term suitability of flooded mines as a
sustainable thermal resource. This can be particularly difficult in old, long abandoned, flooded mines due to
the lack of knowledge about the location and condition of underground mine workings. In many cases, the
volume of voids can be estimated and the flooding process can be monitored, allowing for parallel
development of hydraulic reservoir models of the reservoir and an intimate understanding of recharge rates
and sources (i.e. available water resources) which are essential for optimal geothermal exploitation (Ordéinez
et al.,, 2012; Jarddn et al., 2013). The long-term temperature of the mine water reservoir, particularly under
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different scenarios of water extraction, use and injection is of key concern and several models have been
implemented to predict it (Loredo et al., 2016; Andrés et al., 2015; Uhlik and Baier, 2012; Raymond et al.,
2011; Blocher et al., 2010; Renz et al., 2009).

The study of physiochemical, major ion and isotope values allows for interpretation of origin and age of
infiltrated waters (Ozyurt et al., 2014) and helps to constrain the hydrological behaviour of the system (i.e.
water inputs from different galleries, connections between shafts, flooding effects, mixing with deep saline
waters, etc.). In addition, water quality variations can be related to depth and to effects of the exploitation
method (mixing induced by pumping, effect of reinjection, pumping at different depths, etc.). Detailed
hydrogeochemical studies of pumped mine waters in the UK (Burnside et al. 2016a and b) and Poland (Janson
et al. 2016) have revealed much about the history and subsurface mixing of mine waters, provided vital
information for geothermal projects, and have laid the foundations for further mine water geothermal
investigations, such as this one.

The chemical composition of mine water (i.e. hardness, iron content, etc.) can limit its application, as certain
waters are prone to precipitation on pipes or heat exchangers, leading to scaling or so-called clogging or
fouling (Garrido et al., 2016). The accretion of deposits decreases thermal transfer, increases flow resistance,
and ultimately reduce the system’s performance. Ideally, water pH should be maintained between 6 - 8.5, the
concentrations of calcium, chlorides, dissolved solids, iron and nitrates should be below 800, 5, 500, 3 and 10
mg-L?, respectively, and levels of dissolved carbon dioxide and oxygen should be kept to a minimum (MTS
Systems Corporation, 2005; Butterworth, 2002). The main objective of this study is to characterize the
chemistry and isotopic composition of the mine water used in the Barredo-Figaredo system (Mieres, Asturias,
NW Spain) in order to determine features that could affect the short and long-term performance and
sustainability of the existing installation and, in addition, identify key parameters to define future monitoring
strategies at other mine water projects.

2. STUDY AREA

This study focusses on Barredo-Figaredo mine water reservoir, located in the Asturian Central Coal Basin (CCB;
NW Spain), close to the city of Mieres (Fig. 1). Historically in the CCB, a first phase of “mountain mining” was
undertaken from the level of the valleys to the highest outcrop of the coal layers. Once it was depleted,
exploitation continued through vertical or inclined shafts to access lower levels (deep or “underground
mining”). The Barredo underground mine was active from 1926 to 1993. It has 5 levels and a total depth of 360
m. The extractive activity of the Figaredo mine lasted from the second half of the 19th century to 2007,
reaching a maximum depth of 650 m. Both mines are clearly connected through faces and galleries at -135, -29
and +23 m.a.s.l. and they constitute a hydrogeologically isolated system (Fig. 2); Figaredo workings are
supposed to be interconnected with other neighbouring mines, such as San Jose and Santa Barbara, but these
connections were proven to be ineffective during the inundation period (Ordéfiez et al., 2012). When active
mining was taking place, an average water volume of 4 million m3 per year was pumped from this system. In
2008 pumping ceased and about one year later the mining voids were flooded up to a depth of 70 m below the
surface at the Barredo site, suggesting addition of up to 5.8 million m3 of water. Besides recharge from
effective rainfall infiltration, the reservoir receives recharge from the Turdn River, which loses part of its flow
as it crosses the most mined and fractured zones of the Figaredo mine workings (Ordéfiez et al., 2012). The
water recharging the reservoir has to be permanently pumped to maintain a safe flood level; a small portion of
this pumped water is used but it is mostly discharged to the local watercourse. Upstream, the Turdn River
receives inflow from the San José and Santa Barbara mines, which are interconnected (but isolated in the
subsurface from Barredo-Figaredo) (Fig. 1). These mines reached a depth up to 550 m b.g.l, and have flooded
since their closure in 1994. Pumping is maintained at San José shaft, with an average flow of 115 Ls %, and
discharged into Turdn River. In addition, around 100 m from the Barredo shaft there is a mountain mine, called



Mariana, which was previously connected with Barredo but this connection is currently sealed. All of these
mines are maintained by the mining company HUNOSA.

The geology of the CCB consists of very thick (up to 6000 m) sedimentary sequences of Westphalian (Mid-
Pennsylvanian) age. Quantitatively, marine facies are more important than continental or transitional rocks.
Main lithofacies include mudstones, siltstones, sandstones (litharenites), coal seams and minor quantities of
limestones and conglomerates. Westphalian rocks are divided, from bottom to top into two major units,
known as Lena and Sama Groups. Coal seams are located in the upper part (Westphalian-D in age) of the
stratigraphic column (for more detail see Garcia-Loygorri et al. (1971) and Piedad-Sanchez et al. (2004)). The
area of study is constituted by the youngest sub-unit of Lena Group (Caleras mining pack) and the oldest sub-
units of the Sama Group (Generalas, San Antonio, Maria Luisa, Soton and Entrerregueras mining packs; Fig. 2).
The whole terrigenous-dominated synorogenic succession was highly deformed during the Hercynian cycle,
being affected by kilometric-scale superposed folding (Aller and Gallastegui, 1995), with a first generation of
N-S trending folds superposed by secondary E-W trending folds. These late structures are thought to have
been reactivated during the N-S Alpine compression (Alonso et al., 1996). The stratigraphy is generally of a low
permeability, except for some minor, higher permeability terrestrial units. The voids generated by several
decades of coal extraction, and fracturing associated with orogenic events, have created the current
underground reservoir, with hydrogeological behaviour similar to a karst aquifer (Ordéfiez et al. 2012).

Mine water is currently pumped from the Barredo shaft at a depth of 100—200 m below the land surface at a
temperature >202C. According to the thermal profiles measured by HUNOSA inside this shaft, the 4 upper
sections display seasonal temperature variations, whereas the temperature is more stable in the lower part of
the mine. Stratification breakdown due pumping allows for mixing of waters of different temperatures and can
potentially lead to negative effects on the thermal resource (Andrés et al., 2015; Wolkersdorfer, 2008). Water
stored in Barredo-Figaredo reservoir is currently used as a geothermal resource to supply heating and cooling
to several public buildings i.e. University , FAEN (Regional energy agency) and the new Alvarez-Buylla Hospital
.Two heat pumps of 352 kW have been installed at the University building, two 1.2 MW and a 652 kW heat
pumps supply heat to the Hospital and a 100 kW heat pump has recently been put into operation at FAEN.
Water temperatures reported from other mine water projects range between 129C (Shettleston, Scotland) and
21 2C (Nowa Rudat, Poland), being the majority of values between 14 and 18 2C (14 oC for Park Hills —USA- and
Lumphinnans —UK- mines, 16-18 2C for Heerlen —Netherlands- and 18 2C for Spring Hills mine —Canada) (Hall et
al. 2011). Taking this account, the Barredo-Figaredo reservoir constitutes and attractive geothermal resource.
A technical and economic analysis of the potential of the mine water from this reservoir is detailed in Jardén et
al. (2013); the long term sustainability of the system in terms of temperature inside the reservoir was proven
in Andrés et al. (2015). Increasing geothermal use gave rise to the need to better characterize the mine water
from Barredo and Figaredo mines so as to better understand the optimal use and long-term sustainability of
the thermal resource. The work presented in this paper represents the initial hydrochemical investigation of
mine waters pumped from Barredo and Figaredo shafts and compares them to waters from the Mariana
mountain mine and the Turdn River.

3. METHODS

This work focusses on the analysis of water from different interrelated environments (mine water, river water
and rainfall), as well as the precipitates originated from mine water. Seven sampling campaigns (from January
2015 to February 2016, every 2-3 months) were undertaken, taking water from Barredo and Figaredo mines,
Mariana mine drainage and the Turdn River (8 sampling points). There are two pumps in the Barredo shaft (at
100 and 200 m b.g.l), so samples were taken when each individual pump was in operation, and when both
were pumping simultaneously. The pump at Figaredo shaft is 100 m deep. Samples in the river were taken
both upstream of all the mines in the basin and downstream of San José mine (Fig. 1). Samples of mine water



from Barredo, before and after passing through the plate heat exchanger of the geothermal installation, were
also taken. In addition, rainfall was sampled to determine its isotopic signature.

Field measurements of temperature, pH, oxidation-reduction potential (Eh), electrical conductivity and total
dissolved solids (TDS) were undertaken by means of a HANNA HI 9829 multiprobe. Alkalinity was also
measured in situ by titration using a Merck phenolphthalein Alkalinity test. Major ions (Ca?*, Mg?*, Na*, K*,
HCO3', S0,4%, CI, NOs’) and some minor ions (Li*, NHs*, F,, Br, NO2, PO;*) were analysed by ionic
chromatography (METROHM 883 IC plus). Dissolved Fe and Mn were analysed using an Atomic Absorption
Spectroscopy (AAS) method in samples filtered through 0.45 um Teflon filters to exclude suspended
particulate matter and preserved with HNOs (1% v/v) to pH<2 to prevent any precipitation. Additional samples
were acidified, but not filtered, to determine total Fe and Mn concentrations. Total Carbon (TC) and Dissolved
Inorganic Carbon (IC) were determined by means of a Shimadzu TOC-V CSH instrument. Dissolved Organic
Carbon (DOC) was obtained by difference. All laboratory analysis was completed at the facilities of the
University of Oviedo. lonic species in water solution as well as the 5 saturation indexes for mineral phases
were obtained using the software PHREECQC (Parkhust and Appelo, 1999).

Stable isotope analyses were undertaken at the Scottish Universities Environmental Research Centre (SUERC)
laboratories, East Kilbride, and full details of procedure can be found in Burnside et al. (2016). Samples of
water for 680 and 82H were taken in triplicate using clean 10 ml screwcap glass vials sealed with Parafilm to
prevent any evaporation. 8§80 analysis was carried out on a Thermo Scientific Delta V mass spectrometer and
final 680 values were produced using the method established by Nelson (2000). §*H values were determined
using a VG Optima mass spectrometer. Final values for 620 and 6%H are reported as per mil (%o) variations
from the V-SMOW standard in standard delta notation. In-run repeat analyses of water standards
(international standards V-SMOW and GISP, and internal standard Lt Std) gave a reproducibility better than
+0.3%. for 680, +3%o for 562H. Deposits clogging the plate heat exchanger at the Barredo geothermal
installation were sampled and studied at the University of Oviedo. X-Ray diffraction of the sample was
performed using a D8 Discover X-ray diffractometer. In addition, the sample was studied by reflection-light
optical polarizing microscopy in a polished section, and analysed by X-Ray fluorescence, using a portable
NITON XL3t 700 detector.

4. RESULTS AND DISCUSSION
4.1. Hydrochemistry

Table 1 shows the arithmetic mean, maximum and minimum values of obtained field parameters and
major/minor ions concentrations. The temperature of Barredo mine water is about 12C higher than that of
Figaredo mine water, and it increases with depth due to the geothermal gradient (average temperature at
Barredo shaft is 22.3 and 22.82C when pumped at 100 and 200 m b.g.l, respectively), showing a slight decrease
in winter. According to previous data from HUNOSA, the discharge from San José shaft corresponds to a
neutral, hard and mineralized water (average electrical conductivity: 2 mS cm™). Its temperature is around
192C and its average iron and sulphate contents are 3.7 and 470 mg L%, reaching up to 10.9 mg L* for Fe
(Martos, 2014). The average temperature of the Turdn River increases 32C as a result of introduction of mine
water discharge from the San José shaft, which is a quite significant increase. The temperature of the water
discharged from Mariana mountain mine, which corresponds to rainwater recently infiltrated, is about 142C.
Barredo and Figaredo mine waters show negative Eh values (the deeper, the more reducing), whereas the
water from Mariana mountain mine, with low residence time, shows oxidizing conditions. All the sampled
waters have circumneutral pH. It is slightly higher in Barredo water than in Figaredo water, but no differences
with depth have been found. Alkalinity in deep mine waters is high due to the influence of limestone in the
sedimentary succession crossed by the mine workings; values are twice that of Mariana water and triple that
of river water, so the discharge of mine water into the river increases its alkalinity. All these waters are net



alkaline (Hedin et al., 1994; PIRAMID, 2003; Younger et al., 2002) and their calculated acidity, according to
Hedin et al. (1994) is usually zero, excepting in a few Barredo samples reaching up to 8 mg L* CaCOs. According
to the categorization proposed by Fichlin et al. (1992), Barredo and Figaredo mine waters can be classified as
near neutral, high metal waters, whereas Mariana and Turdn River waters are generally near neutral, low
metal waters. Not surprisingly, the maximum dissolved oxygen concentration was found in the river water,
followed by Mariana, Figaredo and Barredo mine waters. When Barredo water passes through the heat
exchanger, it undergoes an average reduction of 23% in its DO.

The total hardness of all the sampled waters is very high (187 to 677 mg L CaCOs), except the river water
upstream of the mines, which is moderately hard (110-237 mg L! CaCOs) and have high (Barredo and Figaredo
waters), medium (Mariana water and river water downstream of San José Mine) and low (river upstream of
the mines) volumes of ions in solution. Figaredo water has slightly less dissolved ions than Barredo water, with
the difference in values increasing with depth of Barredo sample, which agrees with a longer residence time.
Electrical conductivity ranges in deep mine waters between 2.1 and 2.9 mS cm, with an average of 2.4 mS cm"
1, whereas Mariana water has less ions in solution (<1 mS cm™). Analogously, total dissolved solids are ca.
1,200 mg L in deep mine waters and half as much again in Mariana water, which is in good agreement with
their residence time. Turdn River water electrical conductivity values double after receiving the mine water
discharge, and as a result shows a clear increase in salinity. The mean content of dissolved Fe is slightly higher
in Figaredo than in Barredo waters at proximal depths, reaching up to 3.1 and 3.7 mg L, respectively. A
maximum concentration of 5.2 mg L was found in the water pumped from Barredo, but no substantial
differences were evident between the average metal contents of waters from each shaft. It can be noted that
Fe and Mn contents increase with depth in Barredo shaft. The water from Mariana mine has lower iron
concentrations, whilst concentrations in the Turdn River increase downstream of San José mine discharge by 5
and 12 times for Fe and Mn. Unfiltered samples contain an average of 50% more Fe and Mn than filtered
samples; in particular, these elements seem to be more abundant in the suspended solids of shallow mine
waters. Water flowing through the heat exchanger decreases its average Mn content by 11% but its average Fe
content increases by 14%, probably because the iron compounds that are clogging the plates are partially
redissolved under slightly more reducing conditions. When unfiltered samples are compared, total iron
decreases by 62% in the heat exchanger, likely due to the deposition of suspended iron-rich particles.

The chemical reactions by which dissolved iron precipitates in the form of iron (oxy)hydroxides are well
documented in the literature (Camden-Smith et al., 2015; Younger et al., 2002, among others). These Fe
(oxy)hydroxides occur in anhydrous (FeO(OH)) or hydrated (FeO(OH)-nH,0) forms. The so-called yellow Fe
oxide corresponds to the monohydrate or ferric hydroxide (Fe(OH)s).

According to PHREEQC geochemical modelling, all the sampled waters are sub-saturated in anhydrite, gypsum
and Mn (oxy)hydroxides. The saturation index (Sl) is lower in Figaredo than in Barredo waters for all species
and it decreases with depth in Barredo. Concerning Fe (oxy)hydroxides, all the samples are saturated in
hematite and goethite; the highest Sl are found in the heat exchanger influent, reaching up to 15.8 and 6.9 for
hematite (Fe,0s) and goethite (FeO(OH)), respectively. Fe(OH)s is in equilibrium in all waters excepting those
flowing through the heat exchanger, which are slightly saturated in this compound. Deep mine waters are
slightly saturated in Fe and Mn carbonates, but these compounds are in equilibrium in Mariana mine and river
waters, which are only saturated in hematite and goethite. Ca carbonates show positive Sl in all waters, with a
maximum value of 1.2 for the heat exchanger influent. The Sl found for the minerals are always lower in the
effluent than in the influent of the heat exchanger, which agrees with a mineral precipitation on this
component.

Additionally, water pumped from Barredo was compared with that flowing through the heat exchanger by
means of the Pourbaix (Eh-pH) diagram, which maps out equilibrium phases of an aqueous electrochemical



system (Pourbaix, 1974). These waters have a similar Eh, but the pH is slightly higher in the exchanger. In the
Fe-H,0 system, Barredo water places at the equilibrium line between Fe?*(aq) and Fe(OH)s (s), so a slight
increase of pH favours that the stable phase is the iron hydroxide, producing its precipitation. Therefore,
maintaining a water pH of <8 would help avoid Fe oxide precipitation and the clogging associated with it.

Contents of up to 0.17, 1.1 and 2.2 mg L™ of Li*, F, and Br are present in Barredo and Figaredo waters. These
parameters are undetectable, or possibly present in concentrations below the level of analytical resolution, in
Mariana and Turdn River waters. Significant concentrations of NH4* (up to 0.9 mg L) were only detected in
river waters and indicate some element of leaching from local livestock waste or sewage discharges. There are
no significant nitrite or nitrate concentrations in Barredo or Figaredo waters, but in Mariana and the river
waters, contents up to 3.0 and 3.6 mg L of NOs?, respectively, were found. Phosphate and carbonate ions
were not detected in significant concentrations in the sampled waters. The carbon content (both organic and
inorganic) in Mariana and river waters is less than half of that of deep mine waters, with Figaredo being
slightly lower than Barredo, which is probably related to the greater volume of carbonates encountered in this
mine. The highest sulphate concentrations were found in Barredo waters, followed by Figaredo; Mariana and
original river waters have low sulphate contents, but river water values increase by 80% post mine water
discharge. The effect of mine and river water mixing, evident across several parameters, in the river
downstream of the San José mine is more pronounced in the summer, due to lower seasonal river flow. The
behaviour of the rest of major ions is better explained by means of a Piper diagram (Fig. 3), which
demonstrates that deep mine waters are distinct from Mariana mine and Turdn River waters. Both Barredo
and Figaredo waters are Na-HCOs type and contain a high amount of dissolved ions that increases with sample
depth. Conversely, the rest of sampled waters are Ca-HCOs type, with Turdn River waters having a lower ion in
solution than Mariana waters.

Archive results

Figure 4 shows a comparison of the deep mine water analysis (from Barredo and Figaredo shafts) reported in
this paper and existing data representing samples from 2005 to the present (courtesy of HUNOSA; Martos,
2014). Samples taken before mine flooding in 2008 are of Na-HCO3; water type and they are clearly distinct
from those sampled during the flooding period (2008-2009), when they become a more (Ca-Na)-SO, type, and
after the flooding when water values return to a Na-HCOs water (Fig. 4a). Figure 4b shows the time evolution
of SO4 and Fe contents; although there are some sampling gaps, it is evident that sulphate and iron contents
increase during the groundwater rebound. This is a well documented trend that is the result of rising water
flushing out sulphide oxidation products generated during active mining when mine voids were exposed to
atmospheric oxygen. This sudden rise of iron and sulphate contents following post-abandonment flooding,
known as “first flush”, was first described by Younger (1997) and Younger (1998). An in-depth theoretical
explanation of the first flush is presented in Wolkesdorfer (2008) and Younger (2000) proposes an empirical
equation to estimate its duration. It has been described in many mining districts all around the world: Lindsay
Colliery, UK (Younger and Banwart, 2001); Montalbion mining area, Australia (Harris et al., 2003); Lorraine
basin and Ruhr coal mining district, France-Germany (Blachere et al., 2005), Upper Silesian coal basin, Poland-
Czech Republic (Gzyl and Banks, 2007);Chrzanow basin, Poland (Kasprzak and Motyka, 2015), among others.
Since the reintroduction of pumping, groundwater rebound has ceased and ion and metal concentrations have
demonstrated a gradual decline, indicating water quality recovery to pre-flood levels within ca. 6 years in the
case of Barredo-Figaredo mine system.

4.2. Isotopic studies

Table 2 shows O and H isotopic values, expressed as 6-values against Vienna Standard Mean Ocean Water
(VSMOW) standard, for three sampling campaigns from June to November 2015. Duplicate analyses reproduce
well within error of reproducibility and the values in the table represent the average value of duplicate results.



8 In 2005, two samples from Figaredo mine were subjected to isotopic analyses in the Zaidin Experimental
Station (CSIC, Spain). As the mine was still in operation and pumping was active, waters infiltrated into the
galleries of 5th and 8th levels, at depth of 185 and 360 m b.g.|, were sampled. 580 and 6?H values (-7.33%o
and -44.8%o) were practically identical for both samples and they are coherent with those found in the
present study. Tritium contents were also determined, obtaining 4.55 and 2.89 UT for the shallow and the
deep samples, respectively. According to their tritium content (useful to date young waters), the sampled
waters were recent (1.7 and 9.7 years, respectively). Considering the depth of these samples, this means an
average velocity of infiltration from the surface of 0.2 m per day.

In Fig. 5, 880 versus 8%H is plotted for the present analysis (together with the two samples from 2005). All the
mine and river samples fall close to the Global Mean Meteoric Water Line (GMWL), indicating their close
relationship to meteoric water through direct and rapid infiltration, in the absence of evaporative loss (which
would push samples far to the right of the GMWL plot) or processes of ionic exchange with host rocks
(Domenico and Schwartz, 1998). The surface waters, especially for the Mariana mine, show slightly heavier
isotopic values as compared to deep mine waters. The rapidly percolating waters from the Mariana mine may
better represent modern rainwater values under warmer summer-type conditions when evaporation of
heavier isotopes of O and H into the atmosphere is easier to accomplish. If this is the case, then the lighter
isotopic values of the deeper mine waters may represent a more composite yearly or long-term isotopic
average for the area. Further sampling and analysis of samples over 12 months, to separate out any seasonal
variation, will have to be carried out to know for certain if this is the case. Rainfall samples fall close to the
GMWL and they represent a good approximation of the isotopic composition of the local rainfall that
recharges the river and mine systems. The age of the mine waters that are currently pumped from the flooded
reservoir is unknown; however, considering the previous data, we could provisionally conclude that the 6§20
and 82H composition of the rainfall has not changed significantly since 2005, as the effects that cause isotopic
division (i.e. altitude, latitude and distance to the coast) have remained constant over the last decade.

In some particular campaigns, mixed mine water appears in alignment with those waters from which it is
sourced (i.e. mine water values fall between local rainfall and river water), but this is not a typical trend. In
general, no significant differences between different sampling depths were found in the case of these
isotopes, and all the deep mine waters appear grouped together. Also, little difference has so far been
observed between samples taken in summer and winter months.

4.3. Analysis of deposits on the heat exchanger

Mine water TDS is higher than desirable for optimal heat exchanger performance. The solubility of dissolved
minerals is affected by changes in temperature within the heat exchanger and chemical reactions between
compounds found in the water. In particular, the iron content and hardness of the water are largely
responsible for the precipitation of Fe (oxy)hydroxides on the heat exchanger (Fig. 6a). The origin of common
iron compounds in coal mine water are well known: pyrite oxidation generates Fe?* which undergoes
oxidation, releasing Fe**, and if Eh/pH are adequate, the ferric ion precipitates as ferric hydroxide (Fe(OH)s)
(Camden-Smith et al., 2015). As it was previously stated, a pH increase nudges the chemical reaction
equilibrium in favor of ferric hydroxide precipitation. The effect of temperature, in Keq of this reaction is
difficult to specify, as ferric oxyhydroxide can take a number of forms (amorphous, microcrystalline), but
Appelo and Postma (1996) suggest an absolute value of: Keq = 10, In this case, the temperature of the influent
is slightly decreases after flowing through the exchanger, but the effect of the pH (a “master variable”)
increase is more critical than that of the temperature.

X-Ray fluorescence and optical microscopy studies showed that the precipitates sampled on the exchanger are
mainly amorphous iron oxy-hydroxides, containing up to 6.3% of CaCO3 and minor concentrations of Mn
oxide. Only a minimal portion of crystalline goethite [a-FeO(OH)], was identified by X-Ray diffraction. When



observed by optical polarizing microscopy, the major constituent of the heat exchanger deposits is a
grey/brown non-crystalline layered soft component (Fig. 6b), which is an iron oxide. Goethite is common but
not frequent; it appears in individual grains of irregular morphology and shows marked colloform internal
textures and a grain size up to 200-300 um (Fig. 6c). Dispersed subangular, well preserved pyrite grains 20-50
pum in size are present as individual particles. These differ from the above minerals because they do not
originate by precipitation from the mine water and are likely to have been transported in suspension to the
sampling point (Fig. 6d). These particles are a component of the suspended solids captured during the
precipitation process (a Scanning Electron Microscope analysis would confirm this). This result is in agreement
with the reduction of Fe content in unfiltered samples after passing through the heat exchanger. Therefore,
we suggest water filtering and regular cleaning of the heat exchanger will be sufficient to keep the fluid
velocity high enough to inhibit scaling and clogging.

Additional strategies could be used to aid reduction of iron precipitation and clogging, including: avoiding
water exposure at to atmospheric oxygen, avoiding water level oscillations inside the mine reservoir, keeping
the pumped mine water under pressure, stablishing a closed loop so the mine water does not come in direct
contact with the heat exchangers, using phropylactic heat exchangers, and adding environmentally benign
(bio)chemical reducing agents (i.e. sodium dithionite) that maintain the iron in its ferrous form. (Banks, 2012).

5. CONCLUSIONS

The Barredo and Figaredo mines are interconnected so their waters are hydrochemically analogous, with
temperature and the concentration of dissolved ions slightly lower in Figaredo. They are both of Na-HCO3
water type and they are alkaline, near neutral, high metal, very hard, contain high values of ions in solution,
demonstrate reducing conditions, and have relatively high carbon content. Temperature, salinity, ionic and
metal content generally increase with depth in Barredo. Like in other documented flooded mines, during the
flooding period (2008-2009), Barredo-Figaredo waters changed to a (Ca-Na)-SO, type; sulphate and iron
contents increased during the groundwater rebound, as water washed out the sulphide oxidation products
generated when the mine was active, but after the flooding, these concentrations gradually recovered to the
original values.

Water discharged from Mariana mountain mine is completely different to that pumped from the underground
mines. Its temperature, alkalinity, metal and ionic content is much lower, and its DO content is higher. Like the
river water, it is of Ca-HCO; type. Ammonium species were only found in Turdn River water, which increases its
temperature, alkalinity, electrical conductivity, sulphate and metal content after receiving discharge from
pumped mine workings. River water quality deteriorates when it is mixed with mine water, and this effect is
more pronounced in the summer, due to the lower river flow.

Studies of the H,0 isotopes indicate that sampled waters are close to recent meteoric waters. In the case of
mine waters, this is compatible with a direct and rapid infiltration. This is in agreement with previous studies,
but further investigation is required.

The temperature of Barredo —Figaredo water is stable (222C when pumped at 100 m b.g.l) and a flow above
100 L-s* (corresponding to the recharge of the reservoir) can be guaranteed. The relative stability of the
studied parameters suggests that these waters represent a dependable thermal resource that, given current
levels of demand, can be sustainably exploited for long-term geothermal use. However, it must be cautioned
that the hardness and iron content of these waters can cause clogging problems in pipes and, in particular, in
heat exchangers. At the Barredo geothermal installation, precipitates of iron oxy-hydroxides, deposits of
previously suspended pyrite particles and some scaling were observed on the plate heat exchanger, so regular
maintenance is required in order to maintain optimal system performance. Broadly, monitoring mine water
chemistry (in particular key parameters such as temperature, pH, Eh, Fe, Mn, Ca, Mg, or SO,) is essential for
efficient management and guaranteeing the sustainability of mine water heat pump schemes. Analysis of



deposits causing clogging can reveal useful information, such as their origin (dissolved or suspended solids in
the water), and help to develop optimal strategies to retard precipitation in pipes and heat exchangers.
Strategies such as avoiding water level fluctuation and water aeration, as well as the addition of reducing
agents can all help to inhibit clogging in mine geothermal installations.
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Table 1. Summary of analytical results of 7 sampling campaigns (Jan'15-Feb'16), taking water from Barredo (pumped at 100 and 200 m of depth), Figaredo
and Mariana mines, as well as the Turdn River and the heat exchanger in the Barredo geothermal system. All in mg-L" except Temperature (2C), ORP (mV)
and electrical conductivity (uS-cm™). (*) Data from Martos (2014)

Temperature  Eh pH DO El.cond. Hardness TDS Alkalinity Mn Fe NH,* Ca* Mg Na* K* HCOs SO, CI NOs* TC IC TOC
mean 22.3 -351 79 26 2,416 571 1,220 1,057 0.79 1.09 0.0 119 65.6 431 7.8 987 624 151 0.0 203 195 383
Barredo mine
( ) max. 22.9 -5.67 8.4 4.6 2,886 648 1,443 1,147 5.20 3.70 0.0 144 69.0 534 9.7 1,159 686 188 0.0 241 231 21
water (100 m
min. 21.6 -787 7.4 15 2,102 495 1,051 921 0.10 0.00 0.0 90.1 623 392 6.7 881 570 129 0.0 175 166 2.0
mean 22.8 -52.2 7.8 2.9 2,438 595 1,389 1,160 1.05 156 0.0 126 67.4 455 75 1031 651 144 0.0 203 19 7.5
Barredo mine
max. 23.3 -21.6 8.2 5.0 2,943 659 2,294 1,519 3,50 430 0.0 142 73.1 583 85 1,218 722 16,5 0.0 244 223 22
water (200m)
min. 22.4 985 7.3 15 2,126 518 1,064 982 0.10 0.00 0.0 956 62.1 404 6.8 931 592 131 0.0 164 166 0.4
Plate heat mean 22.1 -34.2 8.2 33 2,429 535 1,260 1,034 181 1.20 0.0 105 65.2 445 7.0 974 626 148 0.0 180 175 6.9
exchanger max. 22.9 -2.30 89 4.6 2,832 644 1,416 1,092 510 330 0.0 138 71.8 543 7.3 1,155 689 16.2 0.0 231 224 20
influent min. 20.8 -66.2 7.6 2.0 2,134 407 1,198 909 0.00 0.00 0.0 54.7 62.0 414 6.7 811 569 14.1 0.0 126 123 2.1
Plate heat mean 20.3 -37.1 81 26 2,471 543 1,279 1,057 162 141 0.0 111 63.6 462 7.2 970 627 142 0.0 197 192 7.0
exchanger max. 22.9 -6.20 8.7 4.7 2,888 623 1,444 1,171 4.80 4.00 0.0 144 64.2 542 79 1,160 689 16.2 0.0 236 223 20
effluent min. 17.1 -68.1 7.5 0.1 2,268 343 1,202 738 0.00 0.00 0.0 314 63.1 410 69 659 579 12.8 0.0 128 127 0.6
mean 21.6 -47.8 7.6 3.2 2,324 588 1,162 1,051 0.40 160 0.0 136 59.7 270 5.3 751 495 12.8 0.0 148 145 3.1
Figaredo mine
( ) max. 22.2 -46.2 8.1 3.8 2,354 677 1,177 1,110 0.60 3.10 0.0 153 70.8 413 6.7 997 646 146 0.0 194 189 5.2
water (100 m
min. 21.2 494 7.1 2.9 2,300 456 1,150 1,019 0.10 0.10 0.0 114 413 29.8 3.1 314 232 9.89 0.0 628 599 1.2
Mariana mean 14.2 27.0 7.9 4.7 958 480 509 504 0.67 0.17 0.0 117 449 109 39 446 306 9.86 1.2 91.0 83.1 5.0
mountain mine max. 14.8 72.8 8.8 55 1,125 580 562 811 3.60 0.70 0.2 156 66.3 428 7.2 779 640 134 3.0 144 149 95
water min. 13.0 321 7.2 39 823 370 412 372 0.00 0.00 0.0 625 329 16.2 2.7 271 164 819 0.0 54.1 513 238
Turén River mean 12.9 385 8.2 56 431 189 302 289 0.06 0.02 0.3 532 133 229 25 214 454 742 19 47.1 417 54
(upstream of max. 14.8 63.7 83 7.0 528 237 406 317 0.31 0.10 0.8 655 176 313 3.8 259 66.3 104 3.1 547 501 7.3
mines) min. 12.1 10.0 8.0 4.1 274 110 199 235 0.00 0.00 0.0 326 6.77 8.62 1.0 116 264 6.08 1.0 305 235 4.0
mean 18.9 7.1 7.0 2,052 538 0.7 3.7 100 69.3 197 8.8 591 472 121 0.7
San José mine
max. 19.9 7.7 7.4 3,040 550 1.2 10.9 120 78.0 417 13 810 803 18.0 2.0
discharge (*)
min. 16.6 6.6 6.6 1,584 522 03 03 87 60.0 103 5.0 378 296 10.0 0.0
Turén River mean 16.0 39.7 8.1 6.0 866 352 557 417 0.74 0.10 0.2 853 333 714 338 364 245 103 24 66 628 3.6
(downstream of max. 19.0 535 83 6.3 1,649 578 824 671 2.60 030 09 131 59.8 206 7.2 655 631 224 3.6 124 120 6.0
San José mine) min. 13.0 240 79 53 436 187 338 196 0.10 0.00 0.0 49.8 15.0 20.1 15 179 65.7 6.10 0.0 416 355 2.0




Table 2. O and H isotope of H,0 in the sampled waters

Sample Date 6 80vsmow (%0) 6 ZHvsmow (%o)
June 2015 -7.4 -44.2
Barredo mine water (pumped at 100 m of depth) September 2015 -7.1 -44.0
November 2015 -7.3 -46.6
June 2015 -7.4 -44.3
Barredo mine water (pumped at 200 m of depth) September 2015 -7.3 -45.1
November 2015 -7.4 -46.3
June 2015 -7.4 -45.5
Barredo mine water (pumped at 100 and 200 m of depth)
September 2015 -7.4 -46.0
June 2015 -7.5 -46.7
Figaredo mine water
September 2015 -7.5 -47.9
June 2015 -7.2 -42.2
Mariana mountain mine water September 2015 -7.1 -42.4
November 2015 -7.2 -41.9
June 2015 -7.7 -44.1
Turdn river (upstream of the mines) September 2015 -7.2 -41.1
November 2015 -7.5 -44.3
June 2015 -7.4 -44.6
Turdn river (downstream of San José mine) September 2015 -7.6 -45.8

November 2015 -7.6 -47.0
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Fig. 6. a) Deposits clogging a heat exchanger plate; b) grey and brown grains of the Fe oxide that
constitutes the principal component of these deposits; c) goethite grain with colloform internal
texture; d) pyrite particle with marked reflectance. Images b, c and d taken with reflected light

(parallel Nicols).





