
Science of the Total Environment 896 (2023) 165293

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
The genesis of an extremely acidic perched aquifer within roasted pyrite
waste in a fully urbanized area (Zaragoza, Spain)
Jon Jiménez Beltrán a,b, Miguel Ángel Marazuela a, Carlos Baquedano a, Jorge Martínez-León a,
Jose Ángel Sanchez Navarro b, Noelia Cruz-Pérez c, Juan C. Santamarta c, Alejandro García-Gil a,⁎
a Geological and Mining Institute of Spain (IGME-CSIC), Spanish National Research Council, C/Ríos Rosas 23, 28003 Madrid. Spain
b Department of Earth Sciences, University of Zaragoza, c/ Pedro Cerbuna 12, 50009 Zaragoza, Spain
c Departamento de Ingeniería Agraria y del Medio Natural, Universidad de La Laguna (ULL), La Laguna (Tenerife), C/ Pedro Herrera, s/n, 38200 San Cristóbal de La Laguna, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
E-mail address: a.garcia@igme.es (A. García-Gil).

http://dx.doi.org/10.1016/j.scitotenv.2023.165293
Received 30 March 2023; Received in revised form 1
Available online 4 July 2023
0048-9697/© 2023 The Author(s). Published by Else
• Water stagnation due to concrete barriers
enhances acid drainage problems in
urban areas.

• Acid drainage from pyrite oxidation lead-
ing to SO4-rich waters increases concrete
dissolution.

• Water residence time may control acid
drainage development in urban areas.

• An extreme acidity (pH < 2) front propa-
gates due to differential residence times.

• Water collectors and restriction of re-
charge can prevent acid drainage in
urban areas.
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Contaminated groundwater is a serious problem in developed countries. The abandonment of industrial waste may
lead to acid drainage affecting groundwater and severely impacting the environment and urban infrastructure. We ex-
amined the hydrogeology and hydrochemistry of an urban area in Almozara (Zaragoza, Spain); built over an old indus-
trial zone, with pyrite roasting waste deposits, there were acid drainage problems in underground car parks. Drilling
and piezometer construction, and groundwater samples revealed the existence of a perched aquifer within old sulfide
mill tailings, where the building basements interrupted groundwater flow, leading to a water stagnation zone that
reached extreme acidity values (pH < 2). A groundwater flow reactive transport model was developed using PHAST
to reproduce flow and groundwater chemistry, in order to be used as a predictive tool for guiding remediation actions.
The model reproduced the measured groundwater chemistry by simulating the kinetically controlled pyrite and
portlandite dissolution. The model predicts that an extreme acidity front (pH < 2), coincident with the Fe (III) pyrite
oxidationmechanism taking dominance, is propagating by 30m/year if constant flow is assumed. The incomplete dis-
solution of residual pyrite (up to 18 % dissolved) predicted by the model indicates that the acid drainage is limited by
the flow regime rather than sulfide availability. The installation of additional water collectors between the recharge
source and the stagnation zone has been proposed, together with periodic pumping of the stagnation zone. The
study findings are expected to serve as a useful background for the assessment of acid drainage in urban areas, since
urbanization of old industrial land is rapidly increasing worldwide.
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1. Introduction

Demand for land is rapidly increasing as the population in Europe grows
(Eurostat., 2016). Urban sprawl tends to create rapid urbanization of
industrial sites (Chen et al., 2018; Chen and Ye, 2014; Jarah et al., 2019).
Sustainable urban development requires revitalizing and remediating con-
taminated land that is a legacy of past industrial sites. Industrial complexes
in urban areas may enhance the environmental hazard due to unregulated
or insufficient waste management policies (Allen et al., 1999). This indus-
trial heritage in Europe and poor environmental management policies
have left a legacy of contaminated sites, which pose a risk to human health
and the environment (Ana, 2018). Urbanization of these industrialized
areas, known as brownfields (Meuser, 2010), may lead to shorter life expec-
tancy, lower quality of life (Bech, 2020) and psychosocial issues (Bambra
et al., 2014).

Soils in brownfields may contain large amounts of mineral pollutants
that have accumulated over time, thus producing high pollution concentra-
tions or loadings of As, Ba, Cd, Co, Cr, Cu, Hg, Pb, Mo, Ni, V, and Zn (Li
et al., 2013; Wong et al., 2006). In particular, brownfields from mining
and the metallurgical and processing industries are especially contami-
nated by a large number of heavy metals, which eventually contaminate
groundwater (Del Giudice et al., 2020; Solcova et al., 2022). The environ-
mental problems, including air, land, and water pollution, arise from aban-
doned tailings, tailings piles, or disposal ponds and have been a topic of
concern for many years (Hossner and Hons, 1992; Kefeni et al., 2017).
Abandoned tailings often contain sulfide-bearing minerals (pyrite, pyrrho-
tite, chalcopyrite, arsenopyrite, cobaltite), with high potential for generat-
ing acid drainage (Berg et al., 1975; Fuller and Lanspa, 1975; Sorensen
et al., 1980). Oxidation of ferrous iron by oxygen in abandoned tailings
(Eq. (1)) is considered much slower than the oxidation of iron disulfide
by ferric iron (Eq. (2)). Once pH is reduced down to approximately 3, the
reaction from Eq. (2) is catalyzed by the Thiobaccillus ferroxidans iron oxi-
dizing bacteria (Nordstrom, 2000).

2FeS2 þ 15=2 O2 þ 7H2O ¼ 2Fe OHð Þ3 þ 4H2SO4 (1)

FeS2 þ 14Fe3þ þ O2 þ 8H2O ¼ 15Fe2þ þ 2SO4
2 � þ 16Hþ (2)

These reactions lead to extremely low pH values in the abandoned tail-
ings environment, resulting in increased solubility of the constituent min-
erals and in the mobilization of the mentioned heavy metals. In such
environments, pH measurements of tailings drainage ranging from 2.9 to
4.2 and maximum concentrations of sulfate 4.200 mg·L-1, Fe 1.860 mg·L-1,
and Mn 286 mg·L-1 are typically found (Dean, 1982).

Acidification of water by mining waste and the potential environmental
impacts on soils and water resources is a widely studied and documented
topic (e.g., Bell et al., 1989; Egiebor and Oni, 2007; Elliott et al., 1998;
Kefeni et al., 2017; Nordstrom, 2000; Song et al., 2022). In addition to
the extremely low pH in affected waters, the severe impacts of acid drain-
age are related to the subsequent mobilization and spread of toxic heavy
metals such as As, Fe, Cu, Cd, Ni, Pb, and Zn in highly oxidizing environ-
ments, and to the high SO2 �

4 concentrations reached (Tomiyama and
Igarashi, 2022). Once the acid drainage has spread through the soils and
waters, there are high treatment costs to controlling and remediating the
pollution processes (Anawar, 2015; Chen et al., 2021), with estimated re-
mediation costs up to 500M USD/year for abandoned mining waste de-
posits (Naidu et al., 2019). However, the recovery of rare earth elements
from acid drainage can potentially offset the costs of acid drainage treat-
ment (Ayora et al., 2016). Different remediation processes are widely
used to mitigate the acid drainage effects, including chemical neutraliza-
tion, adsorption, wetland construction, microorganisms and membrane
technologies (Chen et al., 2021). The risk assessment before using these
methods requires highly precise site characterization and quantification
of the acid drainage spread. During the last decades, the development of nu-
merical models with the capability to simulate multicomponent reactions
and transport in 3D heterogeneous media has provided a precise tool for
2

risk assessment and remediation of acid drainage (Malmström et al.,
2008). However, the development of acid mine drainage in a fully urban-
ized area is infrequent and these areas include additional heterogeneities
with respect to the natural environments, such as different minerals from
concrete used in the buildings (e.g., portlandite) and artificial physical bar-
riers that can drastically control the flow regime. In Spain, there are some
important examples, namely Huelva, in which urban acid drainage related
tomining activities in the Pyrite Belt was investigated (Guillén et al., 2011).
This acid drainage was spread through the Tinto and Odiel rivers, which
drain the world's largest sulfide mineral formation (the Iberian Pyrite
Belt) to their estuarine zones, where increased concentrations of Ni, Cd
and As were measured. These elements were not prone to be removed out
of solution due to precipitation/adsorption, unlike Fe, Al, Co, Cu, Mn, Pb,
Zn, and Th (Hierro et al., 2014). There are limited reports of acid drainage
occurrence in urban areas worldwide, the drinking groundwaters from the
urban area of Perth (Western Australia), for instance, which have been
enriched in As (7000 μg/L) due to the exposure of pyritic sediments
(Appleyard et al., 2006).

Sulfide-bearing minerals are also commonly found in brownfields con-
taining waste generated from the production of sulfuric acid for the fertil-
izer industry. Residue from the roasting of pyrite ore to obtain sulfuric
acid used in the fertilizer industry extends worldwide (Runkel and Sturm,
2009). The roasting process produces a residue known as pyrite ash, com-
posed mainly of iron-oxides (hematite) and secondary minerals (anglesite),
and high concentrations of Pb, Zn and Cu (Gabarrón et al., 2018; Oliveira
et al., 2012). The environmental impacts of residual pyrite ash have been
widely documented to be acid drainage, water erosion and runoff, loss of
vegetation and spreading of particles containing metals by wind erosion
(Kong et al., 2011). During the mid-20th century in Spain, the production
of sulfuric acid by pyrite roasting was a common industrial activity. Unfor-
tunately, the mismanagement of pyrite ash in Spain led to serious environ-
mental problems (Domènech et al., 2017). A notable example is found in
the industry legacy of Cartagena (southeast Spain), where pyrite ash
waste was landfilled over a number of ponds (Soriano-Disla et al., 2018).
Environmental risk management of affected areas still represents a major
challenge worldwide (Hiji et al., 2014; Lin and Quvarfort, 1996; Pérez-
López et al., 2007; Soriano-Disla et al., 2018; Vasilache et al., 2022).

In this study, the acid drainage generated in an industrial brownfield
with buried pyrite ash waste, located in the area of Almozara (Zaragoza),
was characterized and modelled. This acid drainage generated an ex-
tremely acidic perched aquifer. This paper aims to explain the
hydrogeological conditions and the geochemical reactions that led to the
genesis of this acidic perched aquifer and provides an example of redevel-
opment of post-industrial districts in the city of Zaragoza (Spain). The
main research questions addressed in this article are as follows: 1) Assessing
the influence of urban environmental elements such as physical barriers
formed by building foundations or retaining walls constructed as a mitiga-
tion measure for acid drainage on the geochemical evolution of the aquifer
2) Identifying the key parameters and limiting factors controlling the oxida-
tion and dissolution of sulfides that lead to rapid acidification of the
perched aquifer 3) Considering the aforementioned limiting factors, deter-
mining the most suitable acid drainage mitigation procedures for Almozara
in the future. For this purpose, the hydrogeological and hydrochemical
characterization of the perched aquifer is described; the genesis of the
acid drainage generation is examined and reproduced numerically by
means of a reactive transport model of the perched aquifer. Finally, consid-
ering the outcomes of the reactive transport model, the results of the suc-
cessful remediation actions taken and most efficient future management
procedures are discussed.

2. Study area

2.1. Historical industrial legacy: pyrite ash tailings

The investigated site corresponds to an alluvial aquifer (Fig. 1) located
in the urban area of Zaragoza (Spain). In 1899, an industrial complex



Fig. 1. Location of the investigated area. Projection: WGS 1984 Complex UTM Zone 30 N, Datum DWGS1984.
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dedicated to the production of fertilizers called La Industrial Química de Za-
ragoza (Fig. 2) was established in the study area. In order to produce sulfu-
ric sulfuric sulfuric sulfuric acid, sulfide ore roasting was included in the
industrial complex activities. This process resulted in the accumulation of
a large amount of sulfide (mainly pyrite) and associated pyrite ash. Specif-
ically, the cumulative industrial waste consisted primarily of sulfides,
mainly pyrite (FeS2), sphalerite (ZnS), chalcopyrite (CuFeS2) and arsenopy-
rite (FeAsS), and iron slag (TPA, 2001). The industrial complex occupied
85,000 m2 of the Ebro's fluvial terraces, located at about 360 m from the
Ebro River (Fig. 1). In the 1960s, the city's growth around the complex
led to an uncomfortable and unhealthy situation. In 1977, themunicipal au-
thority identified the industrial complex as a contamination source and
forced the company to end industrial activity in that location. The industrial
complex move was financed with the land sale, and >2000 apartments and
a public park (see the aerial photography from 2006 in Fig. 2) were built di-
rectly on top of the rubble and mixed waste, containing pyrite ash.

Extremely acidic leakage (pH < 2) was observed in some building foun-
dations (red arrow in Fig. 2) in 2001 (TPA, 2001). In response to evident en-
vironmental problems related to old industrial waste on the land parcel, the
Zaragoza City Council constructed a rainwater trap system,which consisted
of a drainage ditch, for the mitigation of the risks associated with metals in
pyrite ash. To design and construct the drainage system, as well as monitor-
ing and surveilling the recovery of the polluted perched aquifer, the City
Council commissioned a piezometer network, which allowed identification
of a perched aquifer developed in old pyrite ash tailings (TPA, 2001). In
2005, the rainwater collector system was built, three years before starting
the research, tests and associated results presented in this work.

2.2. Hydrogeological settings

The investigated aquifer consists of typical alluvial deposits and flood-
plain terraces, configuring an unconfined aquifer hydraulically connected
with the Ebro River (García-Gil et al., 2020; Garcia-Gil et al., 2014;
García-Gil et al., 2015). The water table in the studied area is in the range
of 7 to 8 m depth, and the main groundwater flow is SW-NE. The
contaminated perched water body, located 1 to 4 m deep (TPA, 2001), is
3

clearly differentiated from the 7 m deep water table of the Ebro river aqui-
fer (Garcia-Gil et al., 2014). The 33 piezometer network (Fig. 3) commis-
sioned by the Zaragoza City Council showed the extent of the perched
aquifer, exceeding 25,000 m2 (Alcaraz et al., 2016). During the drilling of
the piezometers, a layer of rubble industrial waste containing pyrite ash
was identified at 30 to 50 cm under the surface. This layer presented a var-
iable thickness, ranging from 1 to 3 m.

The main hydrochemical characteristics of the groundwater samples
taken from the perched aquifer in 2001 (TPA, 2001) (before the water col-
lector was installed in 2005) are summarized in Table 1, which shows min-
imum pH values below 2, and extremely high concentrations of Fe, Cu and
Zn, reaching values of grams per liter. In 2001, the presence of extremely
acidic water was found in piezometers S-2, S-3, S-27, S-28, S-29, S-30 and
S-31, all of them located between buildings 2 and 3 (Fig. 3), which is the
stagnation zone of the perched aquifer. Measured pH values ranged from
1.5 to 2 and conductivity ranged from 9000 to 15,000 μS·cm−1 (approxi-
mately 10 times as high as the alluvial water withwhich the perched aquifer
is recharged). Sulfate content (up to 57 g/L) dominates among the major
ions detected, and a very low sodium content (<5 mg/L) was found. How-
ever, the most remarkable feature was the high content of heavy metals
which, in the case of Cu, Zn and Fe, was up to grams per liter in order ofmag-
nitude. All previous concentrations will be compared to the measurements
obtained from the same piezometers during the 2008 campaign conducted
for this study, in order to assess the effect of installation of the water collec-
tor on the evolution of acid drainage in the perched aquifer. Additionally, a
reactive transport model will be used to reconstruct the concentrations mea-
sured in 2001 (when the acid drainage had its maximum incidence), in
order to better understand and quantify the primary reactions and limiting
factors influencing the observed geochemical evolution of the acid drainage.

In a 3000m2 area located between buildings 2 and 3, shown in Fig. 3, an
especially problematic area was identified, which coincides with the acidic
water leaks found inside building basements. In this area, prior to the con-
struction of the rainwater trap that runs through it, three pumping tests
were conducted (S-2, S-27 and S-29 piezometers), obtaining an average
permeability for the industrial waste of 1.5 m·day−1. The volume of con-
taminated water was estimated to range from 300 to 400 m3.



Fig. 2. Aerial photography of the industrial complex in 1956, 1986 and 2005. Location of acid leakage area is marked by a red polygon.

Fig. 3. Location of the piezometer monitoring network. Perched aquifer boundaries by TPA (2001) Projection: WGS 1984 Complex UTM Zone 30 N, Datum DWGS1984.
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Table 1
First analytical results from groundwater (GW) samples obtained from the piezometer monitoring network in 2001 (TPA, 2001).

Piezometer GW depth pH EC SO4
2− PO4

3− Cl− Pb Zn Cu As Fe Cd Cr

[m] [−] [μS·cm−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1] [mg·L−1]

S-11 2.2 2.5 9230 10,357 0.6 426 <0.1 920.00 500.0 0.048 455.0 2.75 <0.2
S-12 2.0 2.0 19,540 17,952 4.0 958 <0.1 850.00 1290.0 0.124 1260.0 9.00 0.5
S-18 2.2 2.2 4120 4106 <0.1 284 <0.1 81.20 55.0 0.027 38.0 0.98 <0.2
S-19 4.0 5.0 4890 2857 <0.1 639 <0.1 14.25 18.0 <0.001 0.4 0.98 <0.2
S-21 3.6 5.3 5580 1850 <0.1 692 <0.1 0.57 0.2 0.060 5.6 <0.02 <0.2
S-22 3.3 6.1 4880 2976 3.7 674 0.1 3.79 1.4 0.143 46.2 0.03 <0.2
S-26 2.1 6.0 3920 3214 20.5 639 <0.1 0.05 0.2 0.061 0.9 <0.02 <0.2
S-27 1.9 1.9 18,240 17,714 2.1 852 0.3 2120.00 1550.0 0.282 1700.0 13.00 0.6
S-28 2.0 1.9 19,110 13,571 13.1 887 0.1 3570.00 1100.0 2.900 6400.0 9.00 0.8
S-29 1.8 2.0 16,040 12,380 13.3 1242 0.3 2860.00 760.0 1.300 7250.0 7.00 0.6
S-30 2.0 2.4 18,850 12,857 11.4 1065 <0.1 6660.00 2080.0 4.000 3210.0 16.00 1.0
S-31 1.7 2.0 20,200 14,047 23.5 1065 0.2 5920.00 1750.0 5.600 5950.0 12.00 1.0
S-32 4.7 3.0 7150 4523 <0.1 532 <0.1 7.00 130.0 <0.001 7.0 2.48 <0.2
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3. Materials and methods

3.1. Sampling campaign

During the month of March 2008, a hydrogeological campaign was car-
ried out to evaluate groundwater levels, measure in-situ physico-chemical
parameters and obtain groundwater samples from the perched aquifer.
From each piezometer of the monitoring network, built in 2001 (Fig. 3),
the values of electrical conductivity (as μS·cm−1 at 20 °C), temperature,
and pH were measured in-situ. Additionally, groundwater samples were
taken from each piezometer for the determination of major cations
(Ca2+, Mg2+, Na+ and K+), anions (SO4

2−), and several metal concentra-
tions of interest related to pyrite ash contamination (Cu, Fe and Zn). A
total of 11 samples were collected where contaminated water still
remained, and they were analysed in accredited laboratories according to
872/LE1620 Spanish National Accreditation Body (ENAC). Groundwater
samples were collected from the piezometers at the upper section of the
water column. Conductivity measurements were obtained in situ using a
conductivity meter with automated temperature correction. The samples
were carefully transferred into sterilized polypropylene bottles and kept
refrigerated and protected from light until they were delivered to the
laboratory.

3.2. Reactive transport model

In order to reproduce the hydrochemical properties of the acid perched
aquifer, hosted in the pyrite ash waste from an initial solution of irrigation
water recharge, a reactive transport model was implemented. The PHAST
(Charlton and Parkhurst, 2011; Parkhurst et al., 2004) code developed by
the U.S. Geological Survey was utilized. This code allows modeling of
groundwater flow and associated solute transport with the capability to
simulate chemical reactions. The chemical reaction module of the code is
derived from PHREEQC (Parkhurst and Appelo, 2013). PHAST codewas se-
lected to reproduce, in a multidimensional dynamic system, the full range
of equilibrium and kinetic geochemical reactions controlling the pyrite dis-
solution and the precipitation of several secondary minerals.

3.2.1. Flow and solute transport calculations
A 3-D flow model embedding a heterogeneous distribution of lithologi-

cal materials was set up to simulate groundwater flow in the perched aqui-
fer. The spatial discretization and boundary conditions of the selected
domain are shown in Fig. 4. The possible effects of vertical flow on the re-
active and transport calculations were considered negligible compared to
horizontal flow, since the pyrite roasting waste deposits show reduced
thickness compared to their lateral dimension (TPA, 2001). Thus, only
one horizontal layer with discrete grid elements along the two horizontal
dimensions was used in the numerical model. The resulting grid was
204 × 95 × 1 elements, covering a 350 × 120 m surface and a 2 m
5

depth unique horizontal layer, which is the approximate average thickness
of the pyrite roasting waste deposits in the area affected by acid drainage.
The model assumed a steady-state flow regime under confined conditions,
since there were no changes in groundwater levels conditioning its trans-
missivity. Two different porous media were discretized in the active do-
main – the perched aquifer and the buildings (Fig. 4). The imposed
hydraulic regime corresponded to calibrated recharge which reproduced
2001 groundwater level measurements (TPA, 2001), adopting a hydraulic
conductivity of 1.5 m·day−1. The later value was obtained from a pumping
test carried out in the perched aquifer (TPA, 2001). For the buildings,
10−7 m·day−1 hydraulic conductivity was adopted as a low permeability
zone. A porosity of 0.2 and 10−4 were imposed to aquifer and building ma-
terials, respectively. Boundary conditions imposed for the groundwater
flow problemwere first-type for the cells in the three output points inferred
from the head contour maps, and second-type for the prescribed constant
flow of 2.82·10−3 m3·day−1·m−2 as surface recharge from the existent
parks in the domain (Fig. 4). Transient state was considered for the trans-
port problem, running the simulation for two years with a time step of
one day. To solve the transport problem, boundary conditions of first-
type, with prescribed constant concentration, were imposed in the recharge
and output zones. The initial solution imposed corresponded to a ground-
water sample (pH = 7.3, Na = 141 mg/L, Cl = 236 mg/L, SO4 =
299 mg/L, K = 2.7 mg/L, Ca = 200 mg/L, Mg = 38 mg/L, Fe =
0.1 mg/L; CHE, 2023) of the Ebro alluvial aquifer, since it is the water
used for irrigation of the affected area.

3.2.2. Reactive transport calculations
To solve the reactive transport problem, the chemical reactions

modelled were kinetically controlled pyrite oxidation, using the rates for
oxidation mechanisms by O2 and Fe3+ compiled by Williamson and
Rimstidt (1994), and thermodynamically controlled precipitation, impos-
ing a constant value of SI = 0 in case oversaturation was reached, of two
of the most common secondary minerals in the acid drainage of pyrite tail-
ings: ferrihydrite and jarosite-K (Huminicki and Rimstidt, 2009). Many
other secondary minerals have been documented to precipitate in similar
geochemical conditions, such as melanterite, ettringite, etc. (Grundl and
Delwiche, 1993). However, after calculating the evolution of the saturation
index of these secondaryminerals during pyrite oxidation, using PHREEQC,
only ferrihydrite and jarosite-K were prone to precipitate, so only these
phases were allowed to precipitate as secondary minerals in the reactive
transport model.

The analysis of pyrite ash performed by López Julián et al., 2020 was
adopted to estimate the initial available amount of pyrite residuals (mol/
kg of water) in the pyrite ash and the possible secondary minerals precipi-
tated. In that analysis, the presence of <5 % of pyrite and the secondary
mineral jarosite were reported. A more precise estimated value of the volu-
metric fraction of residual pyrite can be found in the work by Lin and
Quvarfort (1996), which reported a 2 % mass of residual pyrite, consistent



Fig. 4.Model domain discretization, and flow and transport boundary conditions.

J. Jiménez Beltrán et al. Science of the Total Environment 896 (2023) 165293
with the range of<5% estimated for the Almozara pyrite ash deposit. Thus,
a 2% initial mass of pyrite for the reactive transport modelwas set to obtain
the initial molality of 1.6 mol/kg. Next, to calculate the reactive surface of
pyrite in the aquifer (in m2/kg of water), the approximation method of cu-
bical grains of dimension d from Lichtner (1996) was applied, usingthe
equation:

s ¼ 6
d
∙ 1 � φð Þ ¼ 6

0:002
∙ 1 � 0:2ð Þ ¼ 2400 m2 ∙m � 3 (3)

where s is the specific surface area of the grains inm2/m3, d is the grain size
in m (with an average of 2 mm, as reported by López Julián et al., 2020),
and φ is the porosity of the pyrite ash. Finally, considering the previous
mass fraction of 2 % for pyrite and the calculated specific surface area of
the pyrite grains, the reactive surface area of the pyrite in the aquifer was
estimated to be 0.192m2/kg of water, thus setting this value in the reactive
transport model. In line with this approximation, it is noteworthy to high-
light that the heterogeneity of the aquifer materials constituted by a mix-
ture of pyrite roasting waste and concrete from old building debris
represents one of the main limitations of the numerical model. In particu-
lar, the uncertainty linked to heterogeneous porosity, particle size andmin-
eral proportions (e.g., particle size distribution of residual sulfides) along
the perched aquifer may significantly affect both the water/rock volume
ratio and the reactive surface of the minerals considered. Nevertheless,
given the known evolution of the chemical composition of the perched
aquifer, the similarity between the measured final chemical compositions
and thefinal computed concentrations can be used in this case as validation
criterion.

Finally, in the polygons that correspond to the concrete walls of the
building basements, an additional reaction of kinetically controlled
portlandite dissolution was considered to assess the possible effect of pH
neutralization and Ca release on the other reactions modelled. In this
case, there was no available information regarding the portlandite reactive
surface, volumetric fraction or precise dissolution rates in literature or in
the samples. However, given that concrete is the only material controlling
Ca release in this aquifer, and that the final Ca concentrations measured
in the samples could also be used, the portlandite dissolution rate was cal-
ibrated to obtain themeasured Ca concentrations in the order of magnitude
as the best possible estimation for this model. This estimation will be con-
sidered in the discussion of the model limitations.
6

4. Results and discussion

4.1. Acid drainage characterization by direct observations in piezometers and
groundwater chemical analyses

The observations and tests carried out in the piezometers placed in the
affected area, as well as the groundwater sample analyses performed in
2001 and 2008(before and after the rainwater trap was constructed), en-
abled a comparison of the effect of this structure on the extension, depth
and hydrochemical parameters of the perched aquifer. Table 2 shows the
water levels measured in the piezometers in March 2008, confirming the
persistence of the perched aquifer, but to a reduced extent compared to
2001. Recharge comesmainly from irrigation of the gardens. This irrigation
water is pumped by City Council wells from the regional alluvial aquifer of
the Ebro River. The alluvial aquifer water showed a calcium - sulfate com-
position, a neutral pH of 7.3 and a conductivity of 1305 μS·cm−1 (CHE,
2023). Fig. 5 compares 2001 and 2008 aquifer water levels, highlighting
the impact of the rainwater trap constructed in 2005. This collector system
reduced the extent of the perched aquifer. In fact, the perched aquifer has
disappeared in seven piezometers. However, in the area between buildings
2 and 3, which is the most problematic area, the perched aquifer remains,
with a water table about 2.6 m deep, slightly below the water table mea-
sured in 2001, which was around 2.1 m deep.

Fig. 6 shows a hydrogeological cross-section of the perched aquifer and
its relation to the surrounding buildings. The head contour map shown in
Fig. 5 suggests that the perched aquifer recharge occurs mainly by direct in-
filtration from the green areas on the surface. Since the construction of the
public park, its irrigation system provides an equivalent precipitation to the
aquifer of>1000mmevery sixmonths, whereas the average annual rainfall
of the area is 350 mm. At the same time, aquifer recharge can occur thanks
to irrigation network losses. With the partial lawn substitution of xeri-
scapes, the recharge has decreased significantly. In addition, if the rainwa-
ter collector is considered, the reason for the reduction of the perched
aquifer is found to be consistentwith the effect of this remediation structure
(Fig. 5B). The remaining groundwater is below the collector's topographic
height. However, the effect of acid drainage on the building basements
still represents a main concern, despite the water collector reducing the
extent of the perched aquifer, and this effectwill be quantified by the
numerical model implemented in order to discuss future management
possibilities.



Table 2
Groundwater levels measurement and hydrochemical analysis results from the piezometer network of the investigated perched aquifer in 2008.

Piezometer-sample GW depth
[m]

Cond.
[μS·cm−1]

Ca
[mg·L−1]

Mg
[mg·L−1]

Na
[mg·L−1]

K
[mg·L−1]

SO4
2−

[mg·L−1]
Cu
[mg·L−1]

Zn
[mg·L−1]

Fe
[mg·L−1]

S-2 2.60 9061 444.8 125.9 <5 <5 19,554 1100.0 206.7 844.6
S-3 2.65 9554 338.9 147.1 1.2 <5 13,604 108.10 258.3 928.8
S-4 2.75 3024 838.0 18.0. 40.6 62 2504 <0.50 0.7 <0.1
S-8 2.80 5752 575.8 97.5 117.8 440.2 3318 9.00 67.4 0.67
S-10 2.70 5325 684.0 397.9 188.8 67.6 5041 0.09 0.7 0.36
S-19 3.84 4283 552.4 109.5 71.0 141.2 3223 1.17 6.7 0.36
S-27 2.52 14,345 360.6 410.1 395.1 <5 57,178 405.60 944.7 482.5
S-28 2.49 15,198 421.8 322.6 <5 <5 44,019 277.10 600.6 783.7
S-29 2.42 12,061 329.0 412.6 <5 <5 36,192 224.60 675.0 418.2
S-30 2.64 10,321 498.6 50.0 <5 <5 16,352 58.40 139.5 366.9
S-31 2.64 6548 375.3 91.2 <5 <5 17,668 112.60 138.0 599.8

Fig. 5. Extension and groundwater flow regime of the investigated perched aquifer in 2001 (TPA, 2001) (a) and 2008 (b).
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Fig. 6. Hydrogeological cross-section (A-B in Fig. 3) reflecting the situation of the perched aquifer and its relation to building 3.
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In the eastern part of the perched aquifer (between buildings 2 and 3),
water levels are very similar, so the flow is very low. The aquifer is bounded
laterally by the buildings and by the topsoil clays in depth (Fig. 5 and
Fig. 6). In the 2001 campaign, there was water overflow towards the east,
evidenced by the S-18 piezometer. In contrast, in the western part of the
perched aquifer, a SW-NE flow was observed, which was evident in 2001
and 2008. Moreover, the S-9 piezometer showed a downward vertical
flow produced by the connection between the perched aquifer and the gen-
eral alluvial aquifer, thus resulting in an intermediate water level ranging
from 3.8 to 4 m deep. In addition, the perched aquifer tended to disappear
further north, thus leading to the recharge of the general aquifer. This flow
regime indicates that main flow paths are directed towards the southern
and eastern walls of building 2 and the southern wall of building 3, thereby
making the area more prone to be affected by a higher incidence of acid
drainage. This higher incidence of acid drainage in the mentioned area
will be contrasted by the reactive transport model, so that if it is confirmed,
future mitigation procedures may consider focusing remediation preferen-
tially, diminishing the flow towards these building walls.

There is uncertainty about the existence of water flow beneath the
buildings. In principle, the excavation prior to the building's construction
extracted the rubble and the industrial waste (which constituted the
perched aquifer). Therefore, it is assumed that the brownfield materials
were all removed and the buildings are in direct contact with fine alluvial
deposits. Hence, the flow below the buildings would be inexistent.

Regarding the hydrochemistry of the perched aquifer in the sampling
campaigns of 2001 (see Table 1) and 2008 (see Table 2), two main compo-
sitional groups can be distinguished. The first group consists of samples
from the piezometers corresponding to the stagnation zone (S-2, S-3, S-
27, S-28, S-29, S-30 y S-31). These samples are characterized by extreme
acidity, with average pH values of 2.1 ± 0.24, and high concentrations of
Fe (3746 ± 2759 mg/L in 2001 and 632 ± 222 mg/L in 2008) y SO4

2−

(14,125 ± 2790 mg/L in 2001 and 29,224 ± 16,761 mg/L in 2008), the
main products from pyrite dissolution. Several of the heavymetals analysed
in the water, such as Pb, Zn, Cu, As, Cd and Cr, also show very high concen-
trations in the stagnation zone during the maximum extension of the acid
perched aquifer in 2001, reaching concentrations up to several grams per
liter for Zn and Cu (e.g. 6660 mg/L of Zn in piezometer S-30), entailing
high risk due to the toxicity of some of these heavymetals in case of leakage
into the alluvial aquifer. The outer areas (piezometers S-4, S-8, S-10, S-18,
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S-19, S-21, S-22, S-26 and S-32), with respect to the stagnation zone, are
characterized by higher pH values (4.6±1.62) andmuch lower concentra-
tions of Fe (11 ± 17 mg/L), SO4

2− (3417 ± 954 mg/L) than in the previ-
ously indicated heavy metals (up to a maximum of 130 mg/L for Zn,
compared to the 6660 mg/L of Zn in the stagnation area), both in the
2001 and the 2008 sampling campaigns. This compositional difference is
due to the fact that water spends less time in contact with pyrite out of
the stagnation zone, with lower potential for its dissolution and subsequent
acidification and release of SO4

2−, Fe and other heavy metals to solution.
Another important outcome of this analysis is that acidification is more ef-
fective in the stagnation zone of the perched aquifer, close to the contact
with the building basements, regardless the year of sampling. This means
that a natural neutralization of the extreme acidity in the future is not ex-
pected, so that remediation procedureswould be necessary. Further, the ex-
istence of extremely acidic groundwater (pH < 2), which is coincident with
the mentioned stagnation zone, is restricted to an area of 3000 m2 located
in the southern corner between buildings 2 and 3 (Fig. 5). However,
groundwater contamination by industrial waste is significant throughout
the whole extension of the old chemical plant and its vicinity (debris on
the river banks, filled land, etc.).

Another meaningful result is found in piezometers S-28, S-29 and S-31
(water stagnation zone), in which the molar ratio between sulfate and
iron in water was very close to 2:1 in the groundwater analysed in 2001,
which is consistent with the stoichiometric ratio of SO4

2− and Fe in the py-
rite dissolution. This demonstrates that the pyrite oxidation reactions
mainly control the SO4

2− and Fe concentrations in the aquifer, and that pre-
cipitation of sulfate and Fe oxi-hydroxide minerals did not significantly re-
move Fe and S from the solution. This is unlike what has been observed in
other acid drainage examples worldwide (e.g., Hierro et al., 2014). The
natural persistence of these elements in the perched aquifer should be con-
sidered when planning future mitigation procedures, as will be discussed
later. Nonetheless, a different result is observed for the 2008 groundwater
chemical analyses of the stagnation area, in which the molar ratios SO4

2−/
Fe are significantly higher than 2:1, that is, between 8:1 and 69:1. Given
the lack of sulfate minerals constituting the hosting materials of the aquifer,
these ratios suggest that the SO4

2−was still mainly coming from pyrite disso-
lution and subsequent S2− oxidation and increased between 2001 and 2008.
Fe was probably being removed by the precipitation of Fe oxi-hydroxides, as
observed in situ in several piezometers of the stagnation zone. This finding
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suggests also that the pyrite dissolution increases the SO4
2− concentrations

with time, without any process significantly removing it out of solution.
There is then the inherent risk of harmful effects of SO4

2−-richwaters leading
to degradation of concrete materials due to the mass formation of expansive
products and the dissolution of calcium-bearing phases (Ikumi and Segura,
2019). This evolution of the SO4

2− and Fe concentrations during acid drain-
age, as well as the precipitation of the secondary minerals will be contrasted
later by the reactive transport model.

Away from the stagnation area, groundwater experienced greater flow,
which reduced the interaction timewith industrial wastematerials, showing
a slightly higher pH and much lower concentrations of Fe and SO4

2−, com-
pared to the stagnation area. In several of the piezometers, precipitation of
oxi-hydroxides was observed, which has been considered as a possible pro-
cess in the reactive transportmodel in order to understand underwhich con-
ditions and in which areas these oxi-hydroxides tend to precipitate in the
aquifer, favoring its cementation and enhancing water stagnation.

4.2. Reactive transport modeling of the perched urban aquifer affected by acid
drainage

The previous observations and characterizationwere reproduced by the
reactive transportmodel, to further understand the processes that led to the
genesis of the acid drainage. It was also used as a tool to predict the
long-term evolution of the aquifer, and to discuss these results in regards
to planning future remediation strategies. The main hydrogeological and
geochemical parameters and processes deduced by the groundwater analy-
ses and piezometer observations are consistent with the reactive transport
simulation results obtained, in terms of orders of magnitude (Fig. 7 and
Fig. 8). Fig. 7 shows, at the end of the simulation (2 years), the spatial dis-
tribution of the main parameters involved in the geochemical processes
modelled. Fig. 7A displays the calculated pHdistribution,mainly controlled
by pyrite oxidation, in the area of the perched aquifer. An important result
is that pH values are much lower close to the interphase between the pyrite
ash and the concrete buildings, which can be related to the fact that flow is
slowed down in this area due to the much lower permeability of the con-
crete. This physical barrier ensures a higher residence time of the water
in contact with the buildings, and a higher reaction time with pyrite, lead-
ing to a higher acidification, with pH computed values between 0.8 and 2,
while in the areas further from the buildings, pH ranges from 2 to 5. This
computed pH distribution is coincident with the measured values during
the 2001 sampling campaign (see Table 1), coinciding with the maximum
extent of the acid perched aquifer. Within the inner area of the building
polygons, pH shows values up to 7.2, due to the portlandite dissolution,
which consumes H+ from solution, neutralizing the acid drainage. How-
ever, this neutralization process entails a harmful impact to the concrete
structure due to its partial dissolution in the building walls (Fig. 7A shows
the acid groundwater infiltrating through approximately 3–5 m inside the
building walls). The pyrite dissolution is displayed in terms of dissolution
rate (Fig. 7B) and remaining moles (Fig. 7C) at the end of the simulation,
with respect to the initial available amount of 1.65 mol/kgw. In both
cases, the most remarkable result is that pyrite dissolution has a maximum
incidence of up to 5:15∙10 � 4 mol/kgw/day in the areas close to the build-
ing walls, which is consistent with the fact that the interaction time be-
tween the groundwater and pyrite is higher in this stagnation area than in
the borders of the aquifer. Nevertheless, the remaining amounts of pyrite
after the two-year simulation are between 1.65 and 1.35 mol/kgw; be-
tween 0 % and 18 % of the initial pyrite has been dissolved, depending
on the proximity to the stagnation area. These results indicate that the
availability of pyrite is not a limiting factor for the development of extreme
acidity in the hanging aquifer, as these conditions are achieved by dissolv-
ing only a small proportion of the total available residual pyrite. Thus, the
main factor controlling this acidification in the system is the flow regime
and the subsequent contact time of water with pyrite, whereas acidification
is significantly greater in the stagnation area regardless of the amount of
available pyrite. The implications of these findings for the planning of fu-
ture mitigation measures will be discussed subsequently.
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The main reaction products of the pyrite oxidation, Fe2+ and S2−, are
rapidly oxidized during the simulation to Fe3+ and SO4

2−, so that the con-
centrations of the reduced species of Fe and S are negligible and not
worth displaying. A similar spatial pattern to that of the pyrite dissolution
can be observed for the total Fe (Fig. 7D) and SO4 (Fig. 7E) concentrations.
Close to the interphase between the pyrite ash and the concrete walls, they
reach maximum values of up to 10,000 mg/L and 34,000 mg/kgw, respec-
tively, with a higher pyrite dissolution and the subsequent higher Fe and
SO4 released to the solution. In areas further away from the buildings, Fe
and SO4 concentrations range in several orders of magnitude lower than
near them, finding values close to the initial solution of the irrigation
water. It is also remarkable that, as in the case of the computed pH vs. mea-
sured pH, both computed pH, Fe and SO4 concentrations are close to the
values measured in the groundwater analyses, or at least in the same mag-
nitude order. Thereby, it can be stated that the reactive transport model has
reproduced the measured final chemistry of the perched aquifer in terms of
the main parameters involved in the ongoing chemical reactions. This re-
production now provides a precise tool for predicting the future evolution
of the modelled chemical reactions and parameters, which is necessary in
planning future remediation procedures. This represents one of the main
objectives of this paper.

Another important outcome of the reactive transport model results re-
lates to the precipitation of secondaryminerals; pH, Fe and SO4 contents re-
leased by the pyrite dissolution control the S.I. and precipitation of the
secondary minerals considered – ferrihydrite (Fig. 7F) and jarosite-K
(Fig. 7G). The S.I. of both phases is mainly controlled by pH, Fe (III) and
SO4 concentrations, the latter only affecting jarosite SI. Ferrihydrite stabil-
ity is typically found at pH > 4.8, while jarosite-K is stable and can precip-
itate in a pH range of 2–4 (Keene et al., 2010). Thus, ferrihydrite only
reaches oversaturation and precipitation close to the building walls,
where the pH neutralization leads to the pH > 4.8 needed for its precipita-
tion. Jarosite-K precipitates in the external areas, further away from the
stagnation area, where the pH values are over 2.5, mainly related to the
areas where the Fe (III) oxidation mechanism for pyrite dissolution has
not started. The model shows that the dominance of this oxidation mecha-
nism, along with the subsequent extreme acidity (pH < 2), propagates dur-
ing the simulation time from the stagnation area towards the aquifer's outer
limits. The importance of this computed distribution is that, instead of ex-
pecting future natural attenuation of the acid drainage, the model shows
that the extreme acidity front would tend to propagate across a higher
area, potentially affecting new buildings. Propagation of the secondary
minerals precipitation front can be responsible for cementation in the
base of the pyrite ash in this area, thereby enhancing water stagnation,
with a positive feedback effect on pyrite oxidation and water acidification.
The implications of this propagation process for remediation actions will be
discussed later.

Another important result of the reactive transport model is the calcula-
tion of the effect of portlandite dissolution (Fig. 7H) on Ca concentrations
(Fig. 7I) and gypsum S.I. (Fig. 7J). The maximum portlandite dissolution
rates, up to 1:87∙10 � 5 mol/kgw/day, are reached in the interphase pyrite
ash – concrete, especially in the areas of lower pH values (see Fig. 7A). The
portlandite dissolution is pH neutralizing and locally releases, in the inter-
phase area, an important amount of Ca to solution, reaching maximum
values of 436 mg/L. This, together with the maximum concentrations of
SO4, entails a local increase in the gypsum SI in the eastern wall of building
2. This is the only area where gypsum almost reaches oversaturation, and
thereby potential precipitation, if slightly higher simulation times are con-
sidered. This SO4

2−-rich water interaction with concrete could drastically
enhance its alteration in the future (e.g., Ikumi and Segura, 2019).

The temporal evolution of the main hydrochemical variables along a
streamline in the perched aquifer (see Fig. 4: P1, P2, P3 and P4) is shown
in Fig. 8. In this figure, only processes related to the acid drainage are
shown, since the processes and parameters related to portlandite dissolu-
tion are restricted to a reduced area in the model and do not show a signif-
icant temporal variability or effect over water chemistry. The simulation
results show that pH (Fig. 8A) decreases over time at all the selected points



Fig. 7. Spatial distribution of (A) pH (B) pyrite dissolution rate (C) remaining pyrite moles (D) total Fe concentration (E) sulfate concentration (F) ferrihydrite precipitated
moles (G) jarosite-K precipitated moles (H) portlandite dissolved moles (I) Ca concentration (J) gypsum SI, calculated with the 2-year PHAST reactive transport model.
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along the streamline,mainly controlled by pyrite oxidation (Fig. 8B), so that
the minimum pH values (ranging from 1 to 1.5), are reached in the stagna-
tion area (P4), where the pyrite dissolved mass is at its maximum due to
higher water residence time. It is also worth highlighting that pH decreases
with an approximately constant rate, excepting a strong decrease rate below
3.5 related to Fe (III) oxidation of pyrite triggered approximately below this
pH value. Since this mechanism shows a faster kinetic dissolution rate com-
pared to O2 oxidation, acidification is rapidly enhanced once Fe (III) starts
oxidizing pyrite. This is observed at different times for each point, since
the water residence time for pyrite dissolution is at its maximum at P4
10
and at a minimum at P1, where a fast pH drop below 3.5 is observed after
600 days. In the stagnation area (P4) and the close points (P2 and P3), the
drastic pH drop below 3.5 starts after 300 days. This is consistent with prop-
agation of the Fe (III) oxidation mechanism front towards the outer areas,
with respect to the stagnation zone near buildings 2 and 3, which is
displayed in Fig. 7. The computed time distribution of this propagation pro-
vides a propagation rate of this extreme acidity front (pH < 2) of approxi-
mately 30 m/year under the constant flow regime considered in the model.

Both pyrite oxidation mechanisms (O2 and Fe (III) oxidation) entail the
release of Fe (II) to solution, which is rapidly oxidized to Fe (III). The Fe



Fig. 8. Temporal evolution of (A) pH (B) pyrite dissolved moles (C) total Fe concentration (D) SO4/Fe ratio (E) ferrihydrite SI (F) jarosite-K precipitated moles. The vertical
axes are displayed in logarithmic scale (log 10).
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oxidation rate is higher at the points and time coincident with the highest
pyrite mass dissolution values, as it increases the oxidizing character of
the aquifer. This entails higher values of total dissolved Fe (Fig. 8C), and
Fe (III) dominating over Fe (II), since the pyrite dissolution starts at the be-
ginning of the simulation. Fe (III) concentration is several orders of magni-
tude higher than Fe (II), due to the oxidizing environment maintained with
the constant O2 re-equilibrium in solution up to the atmospheric partial
pressure. The maximum values of dissolved Fe, up to 0.17 mol/kgw
(9490mg/L), are reached by the end of the simulation, related to the higher
pyrite dissolved mass, and these values increase in the streamline from P1
to the stagnation area in P4. The computed ratio SO4

2− – Fe (Fig. 8D) was
maintained, indicating that the effect of the precipitation rate of the second-
ary minerals over sulfate and Fe contents is negligible compared to the dis-
solution rate of pyrite; otherwise the SO4-Fe ratio would deviate from the
2:1 trend. This is consistent with the measured values, which also fit the
2:1 ratio in the stagnation zone, except for the 2008 measurements,
which show higher SO4

2−/Fe ratio. This is probably due to the precipitation
of slightly higher amounts of Fe oxi-hydroxides than predicted by the
model, which provides closer ratios to those measured if simulation time
is increased.

In line with the distribution of pyrite oxidation and secondary minerals
precipitation, the most favorable pH conditions for ferrihydrite precipita-
tion (pH > 4.8) are reached by the end of the simulation in P2 and P3,
where the ferrihydrite SI (Fig. 8E) is closer to 0 in the area with high Fe
(III) concentrations but further from the minimum pH of the stagnation
area. However, as previously shown in Fig. 7F, ferrihydrite only
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precipitates induced by the pH neutralization produced by portlandite dis-
solution that takes place locally in the walls of the buildings. Jarosite-K
widely precipitates over time and along the streamline, so that the jarosite
precipitated mass (Fig. 8F) is displayed instead of the SI. The precipitation
of this phase increases over the simulation time at all points, reaching low
precipitated amounts up to 3E-04mol/kgw,much lower than the pyrite dis-
solved mass. Jarosite-K precipitation stops after the pH values are approxi-
mately below 2, which is out of the theoretical stability pH range for this
mineral. Interestingly, neither ferrihydrite nor jarosite-K precipitation
have a significant effect on the groundwater chemistry, but they could con-
tribute to the aquifer cementation, favoring water stagnation close to the
building walls.

Precipitation of ferrihydrite has also been observed in piezometers. Sev-
eral authors (Blowes et al., 1991; Boorman, 1976) identified that the ce-
mentation of tailings was caused by Fe(III) minerals. This cementation
generates an impermeable barrier called hardpan layers. Thus, this precipi-
tation process could have been crucial in sealing the base of the industrial
waste, therefore contributing to and enhancing both the generation of the
perched aquifer and the acidification of the groundwater due to the in-
crease of water residence times.

4.3. Remediation and envrionmental management outcomes

After characterization of the acid perched aquifer and the water sample
analyses, the observations in piezometers and the simulation results show
that the ongoing acid drainage represents an environmental problem that
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needs to be properly remediated in the next years, given the temporal and
spatial evolution of the acidity reproduced by the reactive transport
model. Considering that the simulation indicates only a small fraction of
the total pyrite mass is dissolved, and the ultra-acidic front is migrating to-
wards the external borders of the aquifer, this means that the acid drainage
would continue and could show an even higher intensity in the future.
Thus, remediation procedures are essential to reduce the extension of the
perched aquifer and the interaction of the acid drainage with the concrete
basements of the buildings as much as possible.

A possible final solution for this environmental problem could be the
complete removal of waste from the affected area – about 10,000 m3 be-
tween buildings 2 and 3 (Fig. 5). However, because the residue occupied
far more extension than just the problem area, the construction company
dismissed that solution due to limited economic resources. Instead of re-
moving the materials, the company decided to extract the contaminated
water with pumps through the existing piezometers. Pumping of the acidic
groundwater of the perched aquifer began in February 2008, using a
compressed-air-powered double-diaphragm pump. The results were unex-
pected and unsuccessful: 12 h of pumping at the S-27 piezometer removed
only 8000 L. After 15 h of simultaneously pumping at piezometers S-2, S-28
and S-20, 12,000 l were removed. After the last 15 h of pumping, the water
level dropped to the base of the piezometers, while the observation piezom-
eters recorded subtle water level decreases. The hydraulic characteristics
observed are, therefore, markedly different from those reported in 2001
(TPA, 2001). The construction company proposed to drill a large-
diameter well to pump out the water, but this alternative was not accepted
by the LocalWater Authority due to the high risk of connecting the contam-
inated perched aquifer with the regional alluvial aquifer. Finally, it was de-
cided to build a retainingwall beside the garage of building 3, thus avoiding
contact with the acidic water. Additionally, the acidic groundwater of the
aquifer is periodically pumped.

This collector system has effectively reduced the extent of the perched
aquifer, with the aquifer disappearing in seven piezometers, indicating
the success of the rainwater trap. However, the collector has not signifi-
cantly altered the chemical composition or extreme acidity conditions
that still affect the buildings in the remaining area of the perched aquifer.
Hence, additional remediation actions will be necessary in the future. The
modeling results also demonstrate that extreme acidity is achieved by dis-
solving only a small proportion of the available pyrite. This finding implies
that the primary limiting factor in this process is the contact time of water
with the pyrite, regardless of the amount of sulfide available. Therefore, if
pyrite waste removal is considered, complete removal of all waste material
rather than partial removal would be necessary. Actions aimed at reducing
the main limiting factor, such as flow control and reducing water residence
time in contact with pyrite waste (e.g., periodic water pumping or addi-
tional water collectors to prevent infiltration), would be more efficient
than partial pyritewaste removal. Considering that themajority of recharge
is attributed to artificial irrigation as opposed to rainfall, and since the nu-
merical model results demonstrate that the flow and reaction time between
water and pyrite roasting residues is the primary limiting factor for extreme
acidification, it is strongly recommended to significantly reduce artificial ir-
rigation in the green areas surrounding the Almozara aquifer.

Regarding validation of the numerical model, the hydrogeological and
geochemical parameters and processes deduced from groundwater analyses
and piezometer observations alignwith the reactive transport simulation re-
sults in terms of magnitude. This indicates that themodel provides a precise
tool for predicting the future evolution of the modelled chemical reactions
and parameters. In the water stagnation zone, the proximity in the ratio
between sulfate and iron in water of 2:1 indicates that the pyrite oxidation
reactions mainly reactions controlling the SO4

2− and Fe concentrations in
the aquifer, and that precipitation of secondary minerals was not signifi-
cantly removing Fe and S out of solution by 2001, necessitating a high per-
sistence of these elements in the water. On the contrary, samples from 2008
show higher sulfate – iron ratios, indicating Fe removal out of solution by
ferrihydrite precipitation, although sulfate values still increase and residual
pyrite remains. This implies that, when planning for mitigation, natural
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attenuation of the increased concentrations of SO4
2− cannot be expected.

This poses a risk to the quality of groundwater in case of leaks from the
perched aquifer to the alluvial aquifer, and also due to the potential degra-
dation of concrete by the sulfate-rich solutions. Therefore, additional reme-
diation measures are necessary in addition to preventive measures.

The model shows that the dominance of this oxidation mechanism,
along with the subsequent extreme acidity (pH < 2), propagates during
the simulation time from the stagnation area towards the aquifer's outer
limits. The computed time for this propagation provides a propagation
rate of this extreme acidity front of approximately 30 m/year under the
flow regime considered in the numerical model. This calculated propaga-
tion rate suggests that it would be advisable to monitor the lateral spread
of the extreme acidity front through periodic pH measurement campaigns
performed at least once a year. Further, mitigation efforts should focus on
this limit to prevent its further propagation. In particular, the use of surface
water collectors placed between the water recharge sources and the ex-
treme acidity front could help reduce the flow rate and diminish the prop-
agation rate. Additionally, the precipitation front of jarosite-K is advancing
towards the outer areas, away from the stagnation zone, so that cementa-
tion of the aquifer due to this process could promote water stagnation
and pyrite dissolution. Further research is needed to investigate the correla-
tion between secondary mineral precipitation in acid drainage and the sub-
sequent local permeability reduction, enhancing water stagnation, pyrite
oxidation, and water acidification.

Finally, regarding the acidic water interaction with the concrete mate-
rials in the inner area of the building polygons, the interaction of acidic
water with concrete materials has been computed. The pH values reach
up to 7.2 as a result of portlandite dissolution, effectively neutralizing the
acid drainage. This contrasts highly with the pH values below 2 a few me-
ters out of the concrete polygon. However, it is important to note that this
neutralization process has a detrimental impact on the concrete structure
due to partial dissolution occurring in the building walls (see Fig. 7A).
Thus, in addition to the suggested prevention and remediation procedures,
it would be recommended in the future to monitor the effects of acid
drainage on the concrete in the southernwalls of the buildings, through pet-
rographic microscope analysis, for instance.

5. Conclusions

The hydrogeology and geochemistry of an urban area built over a for-
mer industrial zone and presenting acid drainage problems in underground
car parks was examined. A reactive transport model has been developed for
acid drainage from pyrite roasting waste in an urban area, where flow is
controlled by artificial physical barriers represented by building basements,
resulting in significant differences in water residence time across different
zones of the model. Drilling and piezometer construction, along with
groundwater samples, revealed the existence of a perched aquifer within
old sulphide mill tailings. A detailed hydrogeological and hydrochemical
characterization was carried out, which served as the basis for the develop-
ment of a groundwater flow reactive transport model. The chemical analy-
sis of the groundwater sampled from the perched aquifer provided extreme
acidity values (pH < 2), high SO4 (up to 57,000 mg/L) and Fe (up to
7250 mg/L) contents and high concentrations of several heavy metal
trace elements such as Pb, Zn, Cu, As, Cd and Cr, reaching values of several
grams per liter. The characterization of the aquifer, water sample analyses,
observations in piezometers, and reactive transport modeling, have
exposed the urgent need for proper remediation of the ongoing acid drain-
age, due to a propagating front of extreme acidity (pH< 2) computed as ap-
proximately 30 m/year (under constant recharge assumption used in the
reactive transport model) and due to the remaining sulfide available in
the pyrite waste deposits. The model predicted that only a maximum of
18 % of the initially available pyrite has been dissolved. This suggests
that the acid drainage will continue and potentially intensify in the future.
Therefore, remediation procedures are essential to minimize the extent of
the perched aquifer and mitigate the interaction of acid drainage with con-
crete structures.
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Themeasured groundwater chemistry has been successfully reproduced
by the reactive transportmodel, validating its predictive potential. The sim-
ulation results indicate that the extreme acid character of the groundwater
(pH< 2) is drastically triggered by kinetically controlled Fe+3 oxidation for
pyrite, tends to propagate towards the outer limits of the perched aquifer. It
is limited by the water residence time in contact with the mineral, rather
than by the initial sulfide availability Therefore, reduction of artificial irri-
gation in the area surrounding the Almozara aquifer is recommended.

To address this environmental problem, a possible solution is the com-
plete removal of waste material from the affected area. However, economic
constraints limited the feasibility of this approach in this study area. In-
stead, the extraction of contaminated water through pumps installed in pi-
ezometers was attempted. However, the results were unexpected and
unsuccessful due to the low volumes extracted, indicating the need for al-
ternative remediation strategies. The construction of a water collector
alongside the garage of one of the buildings in 2005 proved to be an effec-
tive measure to significantly reduce the extent of the perched aquifer; how-
ever, the extremely acidic water in contact with the southern walls of
buildings 2 and 3was not solved in the remaining areas of the perched aqui-
fer, mainly in the water stagnation zone. Therefore, additional remediation
actions will be necessary in the future. In particular, monitoring the lateral
spread of the extreme acidity front through periodic pH measurements is
crucial for effective mitigation. Implementing surface water collectors be-
tweenwater recharge sources and the extreme acidity front can help reduce
the flow rate and slow down the propagation.

The advancement of the jarosite-K precipitation front away from the
stagnation zone suggests that cementation of the aquifer could further en-
hance water stagnation and pyrite dissolution. Further research into the
correlation between secondary mineral precipitation and local permeabil-
ity reduction would be needed to address this effect when designing the re-
active transport models. For instance, coupling the permeability change to
each iteration of the model could help in increasing the precision of the
flow regime reproduction, more important in cases like the scenario that
has been studied in this paper, where water flow represents the main limit-
ing factor of extreme water acidity development.

Finally, the interaction of acidic water with concrete materials in the
inner area of the building polygons has been shown to have both pH neu-
tralizing and harmful effects. While portlandite dissolution locally neutral-
izes acid drainage, it also leads to partial dissolution of concrete in building
walls. Therefore, in addition to preventive and remediationmeasures, mon-
itoring the effects of acid drainage on concrete structures, particularly in
southern walls, is recommended.

The numerical model successfully reconstructed the geochemical evolu-
tion and the flow regime leading to the formation of a stagnation zone in a
hanging aquifer, where water acidification increases significantly to pH< 2
due to pyrite oxidation by Fe (III) under conditions of prolonged reaction
time. The model predicts the propagation of an extreme acidity front be-
yond the stagnation zone, indicating that, in cases where acidification is
limited by flow in acid drainage issues, the installation of water collectors
between the recharge area and the acidification front may be the most effi-
cient remediation technique, together with artificial recharge restriction
and water pump out being performed periodically. These findings aim to
serve as a background in the numerical modeling of acid drainage in
urban areas.

The findings of this study have broader implications for the study and
mitigation of acid drainage effects in urban areas worldwide. The temporal
and spatial evolution of acidity, the potential future intensification of acid
drainage, and the detrimental effects on aquifers and concrete structures
are common challenges faced in urban environments globally. The remedi-
ation strategies proposed in this study (complete waste removal, retaining
walls, periodic pumping, and surface water collectors as themost successful
procedures in this scenario) can serve as valuable references for other loca-
tions grappling with similar acid drainage issues.

Future research on the reactive surface areas and mineral composition
of these pyrite ash deposits needs to be addressed, considering the high sen-
sitivity of reactive transport models to these parameters, representing one
13
of the main model limitations in this study. Nevertheless, the results of
this paper through the validation of a reactive transport model with the
groundwater chemical analysis has been used to guide the planning of fu-
ture remediation actions to mitigate the acid drainage process. Thus,
these outcomes are expected to serve as a practical background for the as-
sessment of acid drainage in urban aquifers globally, since urbanization
on former industrial land occurs in most cities worldwide.
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