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Abstract

During 20 months of proper operation the full scale passive treatment in Mina
Esperanza (SW Spain) produced around 100 mg/L of ferric iron in the aeration
cascades, removing an average net acidity up to 1,500 mg/L as CaCO3 and not having
any significant clogging problem. Complete Al, As, Cd, Cr, Cu, Ti and V removal from
the water was accomplished through almost the entire operation time while Fe removal
ranged between 170 and 620 mg/L. The system operated at a mean inflow rate of 43
m?*/day achieving an acid load reduction of 597 g-(m?day)™, more than 10 times higher
than the generally accepted 40 g-(m?-day)™ value commonly used as a passive treatment
system designing criteria. The high performance achieved by the passive treatment
system at Mina Esperanza demonstrates that this innovative treatment design is a
simple, efficient and long lasting remediation option to treat highly polluted acid mine

drainage.
Keywords

Acid mine drainage, passive treatment system, Iberian Pyrite Belt, schwertmannite,

hydrobasaluminite
1. Introduction

Acid mine drainage (AMD) generation has been thoroughly described in many
previous studies related with inorganic water pollution (Bigham and Nordstrom, 2000;
Younger et al., 2002). It is sufficient here to state that it arises from the oxidative
dissolution of sulfide minerals, mainly pyrite, ordinarily present as main ore-forming
minerals in sulfide mining districts (Akcil and Koldas, 2006) or as minor constituents in

coal deposits (Younger et al., 2002).
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About 19,300 km of rivers and streams and more than 72,000 ha of lakes and
reservoirs in the continental USA have been damaged by AMD (Kleinmann, 1989). In
England and Wales, it is estimated that some 1,800 km of surface streams and rivers are
currently impacted by AMD (Jarvis et al., 2006), whereas in SW Spain, from a total of
1,149 km of the river network examined at the Odiel basin, 427 km were affected by
AMD (Sarmiento et al., 2009b). These studies clearly present AMD water pollution as a
widespread and intense environmental problem that, taking into account only three

countries in the world, implies more than 21,500 km of rivers and streams affected.

The Iberian Pyrite Belt (IPB), located in the south-west of the Iberian Peninsula, can
be considered one of the biggest massive sulfide deposits in the world with a length of
over 200 km, a width of about 40 km and original estimated reserves in the order of
1,700 Mt of sulfide ore (Séez et al., 1999). The result of the intense mining during
almost 5,000 years (Leblanc et al., 2000) is a region where abandoned sulfide-rich
wastes in spoil heaps and tailings and flooded underground mines and opened pits
generate an ubiquitous problem of AMD pollution (Achterberget al., 2003; Sarmiento et

al., 2009a).

As the main economic activity in the Huelva province (IPB) has changed from
mining to agriculture, the current pollution and possible remediation of inland water

resources in the Odiel river basin has become an issue of great concern.

AMD can be remediated by two generic approaches: active or passive treatment.
While the former is more appropriate to be used in mines under operation where fast
remediation of enormous amounts of water is needed, the latter is a more realistic
solution when AMD remediation has to be achieved in abandoned mine sites (like the

ones at the IPB) where the absence of any accountable entity and the remote location
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require the use of a long lasting, low cost and environmentally sustainable treatment

option with no artificial energy requirements (PIRAMID-Consortium, 2003).

Traditional sulfate reducing bacteria (SRB) based treatments, like anaerobic wetlands
(Kropfelova et al., 2009; Marchand et al., 2010) or reactive permeable barriers (Jarvis et
al., 2006; Caraballo et al., 2010), have shown encouraging results treating AMD at coal
mining districts, however they are not very useful to treat highly polluted AMD in areas
with limited available space because SRB have maximum tolerance levels for certain
metals and need a high residence time, up to six days (Neculita et al., 2008), to achieve
an optimal bacterial growth. Limestone based treatments like anoxic limestone
drainages (Santomartino and Webb, 2007) or limestone sand reactors (Watten et al.,
2005) although efficient at treating AMD with low to moderate metal concentrations,
commonly exhibit serious problems of clogging and passivation when exposed to AMD

with high metal concentrations.

To overcome all the problems shown by the typical passive treatment systems treating
highly polluted AMD and design a treatment to be implemented in the IPB, Rétting et
al. (2008b) developed the dispersed alkaline substrate (DAS), consisting of a reactive
mixture of pine wood shavings and limestone sand. The high metal removal
performance of this reactive mixture has been broadly tested both in laboratory columns
(Rotting et al., 2008b) and field-scale experiments (Rotting et al., 2008a; Caraballo et

al., 2009a) for the highly polluted AMD at the IPB.

The main scope of the present study is to show the encouraging results obtained after 20
months of continuous operation of the full-scale DAS passive treatment system
implemented at Mina Esperanza and offer this technology as a environmentally and
economically sustainable treatment option for a future complete remediation of river

basins affected by highly polluted AMD. Water chemistry, precipitate mineralogy and
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metal removal efficiency of the different sections comprising the treatment will be
presented to gain a better understanding of the different hydrochemical, mineralogical

and operational processes involved in AMD remediation.
2. Methods and sampling procedure
2.1. Site location

Mina Esperanza is located in the northern part of the IPB (Fig. 1A), in South-western
Spain (37°45°34°"N-6°41"00""0). The mineralization at Mina Esperanza consists of a
massive pyrite deposit with minor amounts of chalcopyrite (Pinedo-Vara, 1963). The
country rocks are slates and low grade metamorphic phyllites. The AMD emerging from
the adit is channeled by a creek, known as Esperanza creek, for 1 km to the Odiel River
and can be considered one of the first important pollution sources to this river in the

upper section of its basin (Sarmiento et al. 2009Db).

AMD composition at the exit of the adit and the main hydrochemical parameters are

shown in Table 1.
2.2. Water sampling

Water samples were taken at least twice a month from March 2007 to October 2008,
a total of 42 sampling campaigns along the 20 months of the system operation time. Six
sampling points were selected as representative of the different sections of the treatment
system (Fig. 1A) and called: Adit, T-in (reactive tank input), T-sup (reactive tank
supernatant), T-out (reactive tank output), D-in (decantation pond input) and D-out
(decantation pond output). Water samples were filtered immediately after collection
through 0.1 pum Millipore filters on Millipore syringe filter holders, acidified in the field
to pH < 1 with suprapur HNO3 and stored at 4 °C in 60 mL sterile polypropylene

containers until analyzed.
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2.3. Field in-situ measurements

Temperature and electrical conductivity were measured using a portable CM35 meter
(Crison®) with 3 point calibration (147 and 1413 pS/cm and 12.88 mS/cm). The pH and
redox potential were measured using a PH25 meter (Crison®) with Crison electrodes.
Redox potential and pH were controlled and calibrated using 2 points (240-470 mV)
and 3 points (pH 4.01-7.00-9.21), respectively, with Crison standard solutions. Redox
potential measurements were corrected to the Standard Hydrogen Electrode to calculate
pe. Dissolved O, was measured with an auto-calibrating Hanna® portable meter and
gross alkalinity was determined using CHEMetrics® Total Titrets® (range 10-100 or

100-1,000 mg/L as CaCOgs equivalents, accuracy approximately 5%).
2.4. Laboratory analytical techniques

Concentrations of dissolved Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn,
Na, Ni, S, Si, Sr, Ti, V and Zn were determined by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES Jobin- Ybon Ultima2) using a protocol especially
designed for AMD samples (Tyler et al., 2004). Analysis was performed at the Central
Research Services of the University of Huelva. Multielement standard solutions
prepared from single certified standards supplied by SCP SCIENCE were used for
calibration. They were run at the beginning and at the end of each analytical series.
Certified Reference Material SRM-1640 NIST fresh-water-type and inter-laboratory
standard IRMM-N3 wastewater test material (European Commission Institute for
Reference Materials and Measurements) were also analyzed. Detection limits were
calculated by average and standard deviations from 10 blanks. Detection limits were:
200 pg/L for Al, Fe, Mn, Mg, Na, K, Si and S; 500 pg/L for Ca; 50 pg/L for Zn; 5 pg/L

for Cu; 2 pg/L for As and 1 pg/L for the other trace elements.
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Net acidity (Ac) (mg/L as CaCO; equivalents) was calculated using the following

equation after Rotting et al., 2008a:

Ac = 50,045 - (3-Ca + 2:Ce + 2:Cun + 2:Czn + 10PH) — alk (1)

where cx are molar concentrations of the different metals (mol/L) and alk is measured

gross alkalinity (mg/L as CaCO3 equivalents).

Relative metal removal r (%) at the output of the system was calculated as:

r— (Cinc_cout).loo ()

n

where cj, is the adit concentration (mg/L) and coy is the concentration at the output (D-

out) of the system (mg/L).
Acid load reduction RA (g/(m? - day)), normalized by system area was calculated as:

Ac. — Ac
RA — . n out 4
Q 1,000- A @

where Q is flow rate (m3/day), Acin and Acoy; are adit and system’s outflow net acidity
(mg/L as CaCOs3 equivalents), respectively, and A is horizontal area of the treatment

system (m?).
3. Treatment concept and design

A concrete opened channel was built to direct the AMD emerging from the adit to the
reactive tank. To improve AMD oxygenation a five-step cascade was included in the

mid-section of the opened channel (Fig. 1A).

The reactive tank was filled with a 2.5 m layer of limestone-DAS, 80% v/v pine
wood shavings and 20% v/v limestone sand. This reactive material has a high porosity
(50%) that is essential to maintain its hydraulic conductivity and to minimize the

clogging problems suffered by passive treatment systems precipitating solids within the
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porous space of the reactive material. At the bottom of the reactive material, a 50 cm
drain layer of coarse quartz gravel was placed (Fig. 1B). Water flow through the
reactive material was gravity forced from top to bottom, finally emerging from the top
of the water collecting well, creating an initial supernatant depth of 25 cm and a
freeboard of 1 m (Fig. 1B). The residence time for the AMD within the reactive
material typically ranged from 2.5 to 5 days for common inflow rates ranging from 86

to 43 m*/day.

The third and final step of the treatment system is a 90 m* decantation pond. This
section was connected with the reactive tank by the use of a concrete opened channel in
the form of a three steps aeration cascade (Fig. 1A). The high volume of the pond

implies a residence time for the AMD of 2.25 days if a 43 m®/day inflow is considered.
4. Results and discussion: Mina Esperanza performance
4.1. Water chemistry evolution throughout the treatment

The treatment system can be conceptually divided into four main sections: first
oxidation cascades, reactive tank, second oxidation cascades and decantation pond (Fig.
1A). To achieve a better understanding of the role played by each section in the overall
system performance and for the sake of simplicity, time evolution for only two
physical-chemical parameters (pH and pe), one operational parameter (flow rate),
concentration of five major elements (Al, Ca, Cu, Fe and Si), as well as alkalinity and
net acidity, will be presented (Fig. 2 and 3). This section will show an overview of the
different processes taking place in the system while the time evolution of the selected

parameters of the system will be shown in the following section.

A significant pe increase can be observed in the AMD after flowing along the

aeration cascades, remaining around the same value at the supernatant check point (Fig.
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2). This pe increase and the linked oxidation of around 100 mg/L of ferrous to ferric
iron in the AMD (data not shown) was probably related to the presence of a particular
community of algae and bacteria developed on the surface of the open channels. These

microorganisms and their exact roles are currently being studied in detail.

As expected, flow of AMD through the reactive tank caused the main hydrochemical
changes along the treatment. From the input to the output of the reactive tank, the water
pH increased from <3 to a value around 6.5 while a coupled inverse behavior was
showed by pe values (Fig. 2). Calcite dissolution within the reactive tank can distinctly
be observed in the significant increase in Ca concentration (Fig. 3) and alkalinity (Fig.
2) in the waters flowing out of the reactive tank. This pH increase induces Fe
precipitation and complete Al removal (Fig. 3) within the reactive tank, as well as total
Cu removal and a significant Si depletion in the AMD (Fig. 3). The processes of Fe and
Al precipitation and coprecipitation and/or adsorption of other metals have been widely
studied in many laboratory and field experiments using limestone-DAS to remediate
AMD (Rdtting et al., 2008a; Caraballo et al., 2009a; Caraballo et al., 2009b) and the
reader is referred to these works for further details. The primary role of the reactive tank
in the whole treatment performance is demonstrated by the achievement of a net acidity
removal within the reactive mixture in the range of 1,500 mg/L as CaCOj3 equivalents
(Fig. 3).

Although comparison of T-out and D-in waters show an almost negligible change in
water pe and a very small increase in ferric iron (Fig. 2), it is important to notice that
both the water iron removal and the remarkable amount of Fe(lll) precipitates formed
along the channel suggest a noticeable ferric iron generation. This situation can be

explained by the significant increase of iron abiotic oxidation at circumneutral pH
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values and the coupled rapid precipitation of goethite in these special water conditions

(Bigham and Nordstrom, 2000).

A significant iron removal (Fig. 3) and alkalinity consumption (Fig. 2) was achieved
in the decantation pond. While iron precipitation tends to lower water pH by the
generation of H* (Bigham and Nordstrom, 2000), this effect is counteracted by the
remarkable alkalinity of the DAS-treated water leading to a final water pH close to the

value observed at the reactive tank output.
4.2. Time evolution of the treatment’s performance and metal removal

Throughout most of the first year of operation the hydrochemical behavior of the
system was quite steady, however after this period some slight changes were observed
in the reactive tank and subsequently in the decantation pond. A slow decrease in water
pH at the reactive tank output was observed during the last eight months of operation
(Fig. 2). This pH time evolution from 6.0 in March 2008 to 5.1 in October 2008 was
associated with a progressive decrease in water alkalinity from 200 mg/L as CaCOj3 to
close to 0 mg/L as CaCOj3 for the same period of time (Fig.2). In addition to this effect
and connected to the alkalinity decrease at the reactive tank output, an important

decrease in the pH at the decantation pond output was observed (Fig. 2).

Aluminum, copper and cadmium were completely removed within the reactive tank
during the first year of operation, showing only a slight decrease in the relative removal
of these elements during the last months of operation (Fig. 4). Aluminum was the least
sensitive of these three elements to the observed water pH change and only when water
pH was close to 5 a very small decrease in aluminum removal was observed (Fig. 4).
This observation is in accordance with the proposed pH value of 5 for
hydrobasaluminite (Al4(SO4)(OH)10:15H,0) precipitation in AMD (Bigham and

Nordstrom, 2000). The more pronounced effect that water pH decrease had on Cu and

10
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Cd relative removal (Fig. 4) is in agreement with the hypothesis of pH dependent
adsorption as the most likely removal process for these two elements, as shown in
previous DAS field experiments (Caraballo et al., 2009a). Iron removal during the great
majority of the treatment’s operation time ranged between 20% and 40% and was not
clearly affected by decreases in pH and alkalinity during the last months of operation
(Fig.4). A complete removal for As, Cr, Ti and V was observed throughout the entire
operation time of the treatment system (Fig. 4). Arsenic removal coupled to iron
precipitation has been previously reported for DAS-based passive treatment systems

(Caraballo et al., 2009a) as well as for natural environments (Asta et al., 2009).

Unexpectedly low pe values, ranging from 1.5 to 3, during the first months of
operation, followed by a dramatic water pe increase with time was observed in the
reactive tank outflow (Fig. 2). In addition, a very high Zn, Co and Ni relative removal
was achieved for the six first months of operation (Fig. 4). After some months, the
initial important metal removal for these elements progressively decreased leading to a
negative metal removal (output water concentration higher than input water
concentration) that was clearly correlated with the water pe increase (Fig. 4).
Chemically induced Zn, Co and Ni precipitation as hydroxides can only be expected
after reaching a pH value higher than 8, 9 and 10 respectively (Rotting et al., 2008c).
The presence of organic matter (wood shavings) in the reactive material and the two
months that the reactive tank remained flooded previous to the system inauguration
could have facilitated the growth of some sulfate reducing bacteria (SRB) within the
reactive mixture, thus offering a possible explanation for the remarkable Zn, Co and Ni
removal during the first months of operation. However due to the high flow rate
employed in the treatment and the subsequent low residence time within the reactive

mixture, the environmental conditions were no longer favorable for the optimal growth

11
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of SRB and therefore it could be implied that the activity of these bacteria progressively

ceased, and subsequently the removal of Zn, Co and Ni ceased as well.
4.2. System efficiency

To have a better understanding of the high pollution that the treatment at Mina
Esperanza has to accommodate, and the high remediation efficiency achieved by the
treatment, it was decided to compare the 42 sampling campaigns from Mina Esperanza
with the available data of 83 different passive treatment systems recapped for the USA
by Ziemkiewicz et al. (2003). This study comprised 11 anaerobic wetlands (AnW), 28
anoxic limestone drains (ALD), 16 vertical flow wetlands (VFW), 10 oxic limestone

channels (OLC) and 18 limestone leach beds (LSB).

Inflow net acidity was calculated to offer an estimation of the metal pollution to
which each passive treatment system was subjected. As shown in the top of figure 5A,
net acidity achieved a median value as high as 2,300 mg/L as CaCOj for the treatment
at Mina Esperanza (ME). It can also be noticed that the inflow net acidity at ME is
typically one order of magnitude higher than the median value exhibited by the great

majority of the treatments compared in this section.

To compare the removal capacity of the different treatments, it was decided to
employed the net acidity removal because this parameter offers a good approach to the
acidity neutralization capacity of the treatments and also to the amount of metal
removed (according to equation 1). Net acidity removal was calculated by subtracting
the net acidity at the system output to the inflow net acidity. Median net acidity removal
achieved in ME was observed to be 5 times higher than the same value for VFW and
ALD, up to 15 times higher than the median values achieved in AnW and LSB and as
much as 43 times higher comparing with LSB (Fig. 5A bottom). It can also be observed

that the third quartile for ME is considerably broader than the first quartile, implying

12
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that changes in net acidity removal for ME typically moves to achieved higher values

close to 2,000 mg/L as CaCO:s.

Acid load reduction in g-(m*day)” is a parameter commonly employed to
characterize the surface efficiency of a passive treatment system and therefore can be
used to gain a better understanding of the surface land requirement of the different
passive treatments. Comparing the available median values for AnW and VFW with the
values obtained for ME it can be observed that the median removal efficiency achieved
in ME (597 g-(m*day)™) is 32 times higher than the median values obtained for the
AnW and as much as 47 times higher compared with VFW median values (Fig. 5B).
This observation has to be seriously taken into account when choosing a remediation
option for a site for cases in which the land to build a passive treatment system is scarce
and/or expensive. On the other hand, when land availability is not an important
influence on the project budget, the construction of a passive treatment system
achieving, for instance, the same acid load reduction as observed at ME (with a surface
area of 120 m?) would require the use of more than 3,600 m? in the best case and up to
5,600 m? for the worst scenario. The large land requirements of the other treatment
methods would have a clear visual and environmental impact in the landscape of any
region and even more important it drastically increases the construction cost of the
passive treatment system. The results obtained at ME (in term of acid load reduction)
improve by more than 10 times the generally accepted 40 g-(m?.day)™ values developed
by the U.S. Bureau of Mines (Hedin et al., 1994) and commonly used as a system

designing criterion.
5. Conclusions
The passive treatment system implemented in Mina Esperanza offers a good example

of a simple design overcoming the most typical operational problems suffered by

13
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traditional passive treatment systems when they are exposed to highly metal polluted
waters. The high porosity and hydraulic conductivity showed by the limestone-DAS
reactive material enabled the system to treat a high inflow (ranging between 43 and 86

m?*/day) for 20 months without suffering any significant clogging problem.

During its long operation time the system achieved a high and consistent metal
removal with mean removal values of 144 + 9 mg/L Al, 16 + 6 mg/L Cu, 40 = 4 mg/L
Si, 490 £ 75 png/L As, 73 £ 9 pg/L Cd, 28 £ 6 pg/L Cr, 85 + 50 pg/L Ni, 10 £ 3 pg/L Ti
and 94 + 18 pg/L V. Iron was the main removed metal in the system ranging from 170
to 620 mg/L depending on the system performance. However, after one year of
operation the system showed a slight decrease on Al, Cu and Cd removal due to
limestone depletion in the reactive material and subsequent pH and alkalinity

decrement.

The high efficiency attained by the passive treatment system was illustrated by the
high inflow net acidity and the significant net acidity removed from the treated AMD.
These two parameters showed to be typically one order of magnitude higher than the
values reported for more than 80 traditional passive treatment systems in the USA.
Furthermore, the high acid load reduction, expressed in terms of g-(m?day)™, reached
by the treatment at Mina Esperanza was 10 times higher than the generally accepted 40

g-(m*-day)™ value commonly used as a passive treatment system designing criteria.

All these observations have important implications for the future design of complete
passive treatment systems to be exposed to highly polluted AMD, and their future
implementation in new remediation sites at the Odiel basin should be seriously
considered as an efficient and economic way of remediating the environmental
problems suffered by the waters of this region. To this end, a complete full scale passive

treatment system is under construction in Mina Esperanza. This new system (estimated

14
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costs of 300,000-500,000€) will comprise 3 limestone-DAS reactive tanks alternating 6
decantation ponds allowing to treat up to 2.5 L/s of highly polluted AMD. These
treatment improvements will address some of the problems observed on the present
experiment, namely: incomplete Fe removal from the water, Al-Cu-Cd incomplete
water removal after one year of operation and low water pH and alkalinity concentration

at the output of the treatment.
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FIGURE CAPTIONS

Figure 1. A) Location and schematic plan view of the passive treatment at Mina
Esperanza. 1 = Adit, 2 = reactive tank input, 3 = reactive tank supernatant, 4 = reactive
tank output, 5 = decantation pond input and 6 = decantation pond output. B) Schematic
cross section of the reactive tank.

Figure 2. Time evolution for pH, pe, alkalinity and flow rate at the six check points in
the passive treatment system. T-in = reactive tank input, T-sup = reactive tank
supernatant, T-out = reactive tank output, D-in = decantation pond input and D-out =
decantation pond output. Note: Alkalinity was zero throughout the entire study in Adit,
T-in and T-sup.

Figure 3. Box and whisker diagrams for the most significant major metals and net
acidity. Minimum, first quartile, median, third quartile and maximum values are shown
for the six check points in the passive treatment system.

Figure 4. Time evolution of metal relative removal (%) achieved by the system from
the adit to the outflow of the decantation pond. pH and pe values are plotted to compare
the effect of these factors on the removal of certain metals.

Figure 5. A) Box and whisker diagrams comparing inflow net acidity and net acidity
removal, and B) acid load reduction values for Mina Esperanza and more than 80
traditional passive treatment systems at the USA. AnW = anaerobic wetland, VFW =
vertical flow wetland, ALD = anoxic limestone drains, OLC = opened limestone
channels, LSB = limestone leach beds and ME = Mina Esperanza.
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Tablel. AMD composition and physico-chemical parameters at the adit.
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Table

Tablel. AMD composition and physico-chemical parameters at the adit

Major elements (mg/L)

Al Ca Cu Fe K Mg Mn Na S0~ Si Zn
128-167  146-194 12-24 755-1,100 5-34 149-215 4-6 21-26  3,324-4515 44-60 19-33
Minor elements (ug/L)
As Ba Be Cd Co Cr Li Ni Sr Ti \Y/
357-692 4-6.5 4-10 66-98 468-759 22-42  138-381 152-247 131-189 6.5-15 84-129
Physical-chemical parameters

pH Eh ~onductivity (mS/cm T (°C) Dissolved Oxygen (mg/L) Dissolved oxygen (%)
2.35-2.96  555-597 3.24-6.12 16.8-22.2 1.8-2.5 13-28

Minimum and maximum values obtained in the 42 sampling campaigns (March 2007-October 2008)
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