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A B S T R A C T

We report on the geochemical interactions between a synthetic urban runoff (SUR) and the minerals of materials
used in a multi-layered column filter (soil, sand, gravel, and tezontle) at the laboratory scale, which mimicked an
unvegetated low-impact development (LID) system. After five 8 h infiltration cycles using the SUR, the average
concentrations of Pb and Mn decreased slightly at the column outlet, as did HCO3

−, SO4
2-, and Na+, whereas Mg

increased and Cl−, Ca2+, and K+ were only detected at the outlet. The filter materials were comprised of
silicates, Mn-bearing oxides (hausmannite and manganite), carbonates (calcite), chlorides (sylvite), and sulfates
(anglesite, lanarkite, barite, and epsomite). PHREEQC modeling allowed the identification of the geochemical
processes that occurred in the filter. The results showed the removal capacity of the filter materials through the
formation of secondary minerals such as rhodochrosite (MnCO3) and the over-saturation of anglesite (PbSO4),
and also showed that they may mobilize ions from the upper to the interior layers (as Mg2+ from epsomite,
MgSO4·7H2O, and Ba2+ from barite, BaSO4). We highlight the importance of knowing the geological nature of
filter materials used in LID systems because they may lead to the geogenic mobilization of toxic contaminants to
the environment.
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1. Introduction

The growth of urban areas leads to the waterproofing of surfaces
that previously facilitated the infiltration of surface runoff and the
natural recharge of aquifers. To overcome this problem, low-impact
development (LID) systems are receiving attention for the recovery of
perviousness in built environments. Bioretention cells, vegetated
swales, and infiltration trenches, among others, are LID systems that are
extensively used because they are easily adapted to urban areas. These
systems are installed where the site hydrology favors the infiltration of
urban surface runoff, while maintaining a minimal negative impact on
infrastructure. The benefits of LID include low maintenance require-
ments, high volumes of surface runoff captured (Goulden et al., 2018),
and the mitigation of flooding risks (Nguyen et al., 2019). The tradi-
tional goals of LID systems have been aquifer recharge and urban runoff
reclamation for non-potable purposes; however, they are increasingly
being used as valuable water pollution prevention tools (Ortega-Villar
et al., 2019).

LID systems rely on the use of natural materials (i.e., soil, gravel,
and sand; Song et al., 2015; Monrabal-Martínez et al., 2018), in which
pollutants within runoff are intercepted, adsorbed, and stored or
transformed. Coarse soils such as loamy sands, loams, or sandy loams
are normally used to enhance infiltration (Monrabal-Martínez et al.,
2018). LID technologies such bioretention cells, rain gardens, or vege-
tated swales also use plants to restore the landscape ability to manage
water, and to exploit their unique phytoremediation mechanisms. Some
studies have focused on the capacity of LID systems to improve water
quality (Ivanovsky et al., 2018). Others have focused on elucidating the
removal mechanisms involved in order to determine the efficiency of
LID systems, mainly towards heavy metals (Kabir et al., 2017; Walaszek
et al., 2018), although their efficiency for nutrient removal has also
been studied (Wang et al., 2017; Robertson et al., 2018). In addition,
some studies have been conducted to enhance the pollutant adsorption
capacity of LID systems by adding engineered materials, such as Fe and
Al oxide granules to enhance sorption capacity (Shrestha et al., 2018).
Recently, biochar (a carbonaceous adsorbent made through pyrolysis of
organic waste) has been proposed as a high-performance material that
enhances the decontamination potential of LID systems (Lau et al.,
2017). Besides, biochar increases water storage and mitigate plant
drought stress in vegetated LID devices (Mohanty et al., 2018; Sun
et al., 2020). Engineered filter media must also maintain a high hy-
draulic conductivity, and consequently coarse-grained materials are
preferred.

Managed aquifer recharge studies have demonstrated that several
physicochemical processes can occur between groundwater and bed-
rock minerals, thus leading to deleterious effects on water quality
(Vanderzalm et al., 2010). For instance, Fe and Mn may be incorporated
into water through the dissolution of mineral oxides, and As can be
mobilized from bedrock following the oxidation of pyrite (Page et al.,
2018). Changes in the mineralogical composition of water-bearing
rocks in aquifers can occur too. Studies have reported that when
groundwater saturated with oxygen was pumped into exploitation wells
in an in-situ drinking water production process, secondary minerals (as
amorphous silica, clay, and rhodochrosite) were formed, whereas
siderite dissolved and was redeposited (Strakhovenko et al., 2015;
Kulakov et al., 2019). Nevertheless, there are not many studies that
explain which unfavorable geochemical processes occur in LID rock-
based filter materials, nor explain the mineralogical characteristics of
the materials that contribute to improving or hindering their treatment
capacity.

The main objective of this work is to identify the geochemical
processes that occur between two model heavy metals (Mn2+ and
Pb2+), which are typically found in urban runoff, and chemical ele-
ments in the filter materials of an unvegetated LID system. By doing so,
we aim to demonstrate the relationship between the mineralogy of the
selected filter materials and the mobilization or removal capacity of

toxic pollutants in LID systems.

2. Materials and methods

2.1. Description of filter materials

In filtration-based LID systems, different layers of materials with
high hydraulic conductivity are used. Coarse materials are usually
placed at the base to enhance water storage, while low water retention
soil is added at the surface to sustain plant growth in vegetated systems.
We therefore used the following filter materials (from bottom to top):
tezontle (volcanic scoria), gravel, coarse sand, and soil. Tezontle is a
cheap and abundant material that has been used for water depollution
purposes (Yáñez-Ocampo et al., 2009; Tejeda et al., 2017), and it is one
of the most used substrates for the production of vegetables and orna-
mental plants in Mexico (Ojodeagua-Arredondo et al., 2008). This
configuration of materials can be used in several LID devices: if the
upper layer is devoid of vegetation, the configuration of materials is
adequate for infiltration trenches, which are shallow excavations filled
with filter materials where runoff is temporarily stored for its sub-
sequent percolation into the underlying soil (Lizárraga-Mendiola et al.,
2017). As our experimental set-up was devoid of vegetation, infiltration
trenches would be the LID system simulated more closely by our con-
figuration of filter materials. By contrast, if a plant layer was added at
the top, then the system can mimic a bioretention cell, a rain garden or
a vegetated swale. In these cases, plants can lead to further modifica-
tions in the hydrological and mineralogical behavior of the LID systems
that are still to be investigated.

Soil was obtained from the campus of the Universidad Autónoma
del Estado de Hidalgo, Pachuca, Mexico; 20º05´39.97" N, 98º42´30.51"
W). All other materials were obtained locally from exploitation banks,
which formed at the same time and under the same geological processes
of mineral ore deposits, located in the Pachuca-Real del Monte mining
district. Since the sixteenth century, these ore deposits have produced
fine Ag and Au, as well as base metals, mostly in the form of Fe, Zn, and
Pb sulfides, with subordinate quantities of Cu (Clark, 1990). Fig. 1
shows the images of the filter materials obtained by scanning electronic
microscopy (SEM) (JEOL/JSM-IT300, Japan).

Granulometric curves (Fig. 2) were constructed for each dry mate-
rial from the particle-size distribution determined by mechanical sieve
analysis (ASTM, 2007). The percentages of size-class fractions in a
sample were determined using the ASTM C 1070–01 test (ASTM, 2014).
For tezontle and gravel, the predominating size of particles was
∼19mm diameter. The most abundant particles in sand were ∼2mm
diameter, whereas soil particles were predominantly< 0.6 mm dia-
meter.

The soil used in the study was mainly composed of sand particles
(63.3 %), followed by loam (24.9 %), and clay (11.8 %). The texture
was evaluated according to ASTM (2007), and determined to be sandy
loam according to the United States Department of Agriculture classi-
fication system (Soil Survey Division Staff, 2017). The method of
Primo-Yúfera and Carrasco-Dorrién (1973) was used to assess the soil
cation exchange capacity, which was 31.25 Cmol(+)/kg. The liquid
limit and plastic limit of the soil were 19.00 % and 15.94 %, respec-
tively, and were measured following ASTM D4318-10 (ASTM, 2010).
These values indicate that the soil is semi-permeable and slightly
plastic. As the plasticity index was 3.06 %, the Casagrande chart sug-
gests the presence of low-plasticity clays (ML/CL; ASTM, 2010). The
soil can be considered to be highly friable and of a soft consistency.

2.2. Synthetic urban runoff infiltration

The infiltration experiment was carried out in a 67mm diameter
glass column with a depth of 372mm for holding filter media. From
bottom to top, the column was filled with tezontle (56mm), gravel
(167mm), coarse sand (56mm), and soil (93mm), which were
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described in Section 2.1 (Fig. 1).
A synthetic urban runoff (SUR) was prepared using known volumes

of PbSO4 and MnSO4·H2O concentrated stock solutions (1000mg/L
each). To prepare 1 L of SUR, 1mL of each stock solution were added to
998mL of commercial bottled water to yield target concentrations of
1mg Pb2+/L and 1mg Mn2+/L, which simulate realistic concentrations
in local runoff at the beginning of the rainy season in Pachuca, Mexico
(Ortiz-Hernández et al., 2016). The column was operated in sequencing
batch cycles through the feeding over 8 h of a constant flow of SUR
(99mL/h) by means of a peristaltic pump (Masterflex, USA). Roughly,
after an 8 -h SUR feeding, the pump was stopped for the next 16 h with
the purpose of recovering the total volume of infiltrated runoff, and
then restarting one cycle every 24 h. The applied runoff flow in each
cycle is equivalent to a rainfall rate of 28 mm/h, which is the maximum
hourly rainfall registered during the rainy season (from April to

November) for Pachuca between 1951–2010 (SMN, 2017). An 8 h
feeding period used in our column experiment therefore corresponds to
a simulated rain depth of 224mm, which is the average maximum
monthly rainfall for Pachuca between 1951–2010 (SMN, 2017).

Five 8 h replicate cycles were performed through the same filter
column. In all of them, SUR prepared as specified above was fed.
Triplicate samples from the inlet and outlet were taken to check re-
producibility of analyses. Inlet samples were taken at the beginning of
each 8 h cycle, whereas outlet samples were obtained only at the end of
each 8 h cycle, when the fed water had passed through the column. The
temperature and pH of each sample was measured (Hanna Instruments
pH 210, USA). All samples were analyzed for major anions (HCO3

−,
CO3

2-, Cl−, and SO4
2-), major cations (Ca2+, Mg2+, Na+, and K+),

Mn2+, and Pb2+. HCO3
−, CO3

2-, and Cl− were measured using titri-
metric methods (2320-B and 4500-B; APHA, 2012). SO4

2- was analyzed
using a turbidimetric technique (4500-E; APHA, 2012). The con-
centrations of major cations, Mn2+, and Pb2+ were determined by
flame atomic absorption spectrometry using a SpectrAA spectro-
photometer (Varian 880, USA).

Water quality variables at the inlet and outlet of the column were
compared using a two-sided paired Fisher test in Minitab 16 (Minitab
Inc., State College, PA, USA). A significance level of α=0.05 was used
for all statistical tests.

2.3. Geochemical modeling

Geochemical modeling was performed using the PHREEQC software
(Parkhurst and Appelo, 2013), which uses ion-association and Debye
Hückel expressions to account for the non-ideality of aqueous solutions
(Kim et al., 2008). The software includes databases used for speciation
calculations based on the approach of the law of mass action, which
determines the ionic activities at equilibrium (Eq. (1)).

∑= =
=

lnK v lnα (m 1,...,M),m
i

N

mi i
1 (1)

Fig. 1. Scanning electronic micrographs of the filter materials. a) tezontle (volcanic scoria), b) gravel, c) coarse sand, and d) soil.

Fig. 2. Grain size distribution of the filter materials. The solid grey line is te-
zontle, the dashed line is gravel, the dash-dot line is coarse sand, and the solid
black line is soil.
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where Km is the equilibrium constant of the mth reaction, vmi is the
stoichiometric coefficient of the ith species in the mth reaction, and
negative vmi is used for reactants and positive vmi is used for products
(Leal et al., 2016). Several interactions may affect speciation: soluble
species, precipitates of solid phases, oxidation states, complexes, among
others (Magu et al., 2016). Within one-time step during the simulation,
geochemical equilibrium reactions are calculated, and then kinetic re-
actions for every cell in the simulation domain are modeled. This type
of aqueous model is adequate for low ionic strength solutions (e.g.,
fresh water) (Lipiec, 2017).

The saturation indices (SIs) of infiltrated water with respect to the
different minerals contained in the filter materials were assessed for
each infiltration cycle, and were calculated for several possible reac-
tions as determined by Eq. (2):

=SI IAP Klog [ / ],T (2)

where SI is the saturation index, IAP is the ion activity product calcu-
lated based on the water analyses (although it is assumed that a real
solution may not be in equilibrium), and KT is the equilibrium constant
of the reaction. If SI is zero, the aqueous solution is considered to be at
equilibrium. SI < 0 indicates a state of under-saturation (or dissolu-
tion), while SI > 0 for an aqueous solution indicates over-saturation
(or precipitation) (Appelo and Postma, 2005). Further information is
provided by Magu et al. (2016).

Pearson correlation coefficients were calculated to identify the po-
tential relationships between mineral groups. The calculations were
performed using Minitab 16.

2.4. Mineralogical characterization of the filter materials

The identification of mineral phases in the filter materials was
carried out by powder X-ray diffraction (PXRD) (INEL Equinox 2000).
The diffractometer was used with an X-ray tube of cobalt anode oper-
ating at 30mA and 25 kV. Samples obtained after the SUR infiltration
tests and samples that had not been in contact with the SUR were air-
dried at room temperature (∼21 °C) to eliminate humidity. Samples
were powdered with an agate mortar and carefully transferred into an
aluminum circular sample holder (ϕ =10mm, 2mm depth) that was
horizontally placed in the center of the diffractometer’s goniometer (ϕ
=185mm). Debye-Scherrer geometry and reflection configuration was
used; the detector consisted of a curve position sensitive (CPS) detector
that covered an angular range of 110°. The simultaneous detection of
the whole of the 2θ Bragg range of this detector was divided into 4096
channels, thus resulting in an average step size of 0.031°. Every ex-
periment was scanned from ∼5° to ∼120° 2θ using CoKα1 radiation
obtained through a Ge-monochromator situated at the primary beam,
thereby allowing the experimental stripping of the Kα2 line.

These experimental conditions and the geometry features of the
diffractometer assure sufficient representation of the diffracted planes
to optimize the identification of mineral phases within, a priori, com-
plex geological samples (i.e., soils, sands, volcanic scoria, and gravel).

The identification of mineral phases was performed by a combina-
tion of automatic and manual peak searches based on the powder dif-
fraction file data base (version 4+, released by the International Centre
for Diffraction Data) and were implemented in the Jade 6.5 program
(Lilli et al., 2019).

3. Results

3.1. SUR infiltration tests

The means (and standard deviations) measured in the SUR before
and after the five 8 h infiltrations are presented in Table 1 along with
the Mexican drinking water quality standards (NOM, 2000) for com-
parison purposes. Although the same SUR was fed in each cycle, un-
expectedly high concentrations of some ions were detected in the

outlet, and only in certain cycles. For instance, in one of the cycles, the
Pb2+ concentration of the column outlet was even higher than the
concentration of the inlet. To take into account this fact, the maximum
values measured for each SUR constituent at the column outlet are also
included in Table 1. Since the SUR was prepared with commercial
bottled water, the concentrations of Ca2+, K+, and Cl− in the SUR
before the infiltration were below the limit of detection for the analy-
tical techniques used in this study. Considering the mean values of the
five 8 h cycles, the concentrations of these ions increased after column
infiltration and were detectable in the post-filtrate solution. Mean va-
lues (of the five 8 h cycles) of total alkalinity, and the HCO3

− and Mg2+

concentrations also increased after column infiltration, whereas the
mean values of pH and temperature, and the mean concentrations of
SO4

2-, Na+, Mn2+, and Pb2+ diminished. CO3
2- ions were not detected

in the SUR at the inlet or the outlet. Filter materials modified the SUR
composition in a significant way, because, with the exception of tem-
perature, Mn2+, and Pb2+, other mean concentrations in the SUR at the
inlet were significantly different (p < 0.05) from those at the outlet
(considered as the mean values of the five 8 h cycles).

Before infiltration, Mn2+ and Pb2+ concentrations in the SUR ex-
ceeded the Mexican drinking water quality standard of 0.15mg Mn/L
and 0.01mg Pb/L (NOM, 2000). As mentioned, we used Mn and Pb
concentrations that were representative of those previously measured
in local runoff at the beginning of the rainy season. This seasonal “first-
flush” effect results in highly polluted streams due to the length of the
preceding dry period (Ortiz-Hernández et al., 2016), and often leads to
concentrations of metals exceeding Mexican drinking water quality
standards and even wastewater discharge limits, for example,> 0.2–1
mg Pb/L (NOM, 2018). However, although the mean Mn2+ and Pb2+

concentrations in the SUR diminished at the outlet, the reductions were
not statistically significant (p > 0.05), and concentrations were still in
excess of drinking water standards (Table 1).

Based on the relative dominance of major cations and anions in
Piper diagrams, two types of hydrochemical facies were identified in
the SUR before and after passing through the column (Fig. 3). The SUR
composition at the column inlet was predominantly of a SO4-Mg type
water, whereas after being in contact with the filter materials the SUR
composition was predominately of a SO4-Mg-Ca type water.

3.2. Geochemical modeling

Some geochemical processes such as precipitation (over-saturation)
or dissolution (under-saturation) can occur in LID systems.
Precipitation may contribute to heavy metals immobilization, particu-
larly in the case of contaminated infiltration water, whereas dissolution
may lead to the mobilization of heavy metals (Stumm, 1992).

The inlet SUR solution had an ionic strength (I) of 0.2163mol/kg,
and an electrical balance of -0.276 eq. (error 1.11 %). From the max-
imum values of the SUR constituents (Table 1) recovered at the outlet
after passing through the filter we obtained a simulated solution with
similar ionic strength (0.205mol/kg) and electrical balance (-0.28 eq.,
error 4.15 %) to the inlet solution.

The results obtained using the PHREEQC database and software
(Parkhurst and Appelo, 2013) indicated the interactions between the
SUR and the filter materials. These calculations assumed that the dis-
solved species in the infiltrated water were at chemical equilibrium
with the filter materials. When the solution enters to the filter, no
chemical reaction intervening in its composition has occurred yet.
However, at a certain point, this equilibrium ends and the geochemical
exchange between the infiltrated water and the minerals ensues. This
exchange can lead to a dissolution or to a precipitation affecting the
water quality in a favorable or unfavorable way.

As mentioned above, some ion concentrations decreased slightly at
the outlet (SO4

2−, Na+, Mn2+, and Pb2+), whereas Mg2+ increased
and others were detected only at the outlet (Cl- and Ca2+) and not at
the inlet. Hence, the geochemical interactions were focused on sulfates,
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carbonates, oxides, and chloride mineral groups. Independently of the
oscillation of the water quality, the SIs calculated for these mineral
groups were similar over the five infiltration cycles. Therefore, we
discussed only the maximum values obtained at the inlet and outlet of
the column (Table 2).

At the inlet, the SUR solution was under-saturated with respect to
lead sulfate (anglesite), carbonates (calcite), and manganese oxides
(hausmannite > manganite). At the outlet, the simulated SUR solution
(e.g., the solution having the maximum values of all its constituents)
showed the following geochemical behavior: anglesite oscillated be-
tween a state of under-saturation and over-saturation, whereby the
over-saturated state had the highest SI value (0.65). In addition, two
new sulfates (epsomite < lanarkite) appeared at an under-saturated
state (as secondary minerals). Manganese oxides (hausmannite >
manganite) maintained their under-saturated state, although their SIs
decreased slightly. Other carbonates such as calcite (under-saturated
state) and rhodochrosite (as a secondary mineral, over-saturated state)
were identified. The presence of chlorides such as sylvite (under-satu-
rated state) was also determined after the maximum values simulated at
the outlet.

The identification of correlations between the minerals as indicated
by the geochemical model can reveal the behavior and origin of solutes
and the processes that generated the observed water composition
(Sánchez-Salcedo et al., 2017). A direct correlation exists when an in-
crease or decrease in the value of one parameter is associated with a
corresponding increase or decrease in the value of another parameter. If
the correlation coefficient (r)> 0.7, two parameters were considered to
be strongly correlated at a significance level p = 0.05 (Table 3).

From Table 3, when the SI of anglesite increased and became over-
saturated, minerals such as calcite > lanarkite > sylvite decreased
and became under-saturated. On the contrary, when anglesite de-
creased its SI and became under-saturated, these other minerals in-
creased. In the case of calcite, its under-saturation corresponded to the
under-saturation of manganese oxides (hausmannite > manganite),
thus favoring the formation of a secondary mineral (rhodochrosite) and
the under-saturation of chlorides (sylvite). On the other hand, manga-
nese oxides (hausmannite > manganite) correlated almost perfectly
with each other (under-saturated state).

3.3. PXRD results

Fig. 4a–d show the diffractograms (ordered from top to bottom of
the infiltration column) of soil, coarse sand, gravel, and tezontle (vol-
canic scoria). Each diffractogram provides a comparison of each ma-
terial before and after contact with the SUR. In general, the resolution

Table 1
Physicochemical composition of synthetic urban runoff (SUR) measured at the inlet and the outlet of the infiltration column and Mexican drinking water quality
standards.

Mean inlet values (SD)A Mean outlet values (SD)A Maximum outlet values B Drinking water standard C

pH 7.5 (0.01) 6.36 (0.17) 6.5 6.5 – 8.5
Temperature [°C] 21.3 (2.22) 19.8 (1.30) 21 –
Total alkalinity [mg CaCO3/L] 128.83 (0.84) 177.24 (12.32) 195.32 –
HCO3

− [mg/L] 157.18 (1.02) 216.23 (15.03) 238.29 –
Cl− [mg/L] < DL 0.006 (0.002) 0.0087 250
SO4

2− [mg/L] 76.03 (1.02) 56.57 (6.46) 66.0 400
Na+ [mg/L] 1.032 (0.01) 0.422 (0.024) 0.45 200
Ca2+ [mg/L] < DL 0.218 (0.008) 0.23 –
K+ [mg/L] < DL 5.476 (0.424) 6 –
Mg2+ [mg/L] 0.052 (0.002) 0.336 (0.011) 0.35 –
Mn2+ [mg/L] 0.913 (0.002) 0.782 (0.261) 0.940 0.15
Pb2+ [mg/L] 0.943 (0.018) 0.678 (0.588) 1.185 0.01

DL=Detection limit.
A n=15, standard deviation values are shown in parentheses.
B Mean values were calculated from the maximum triplicates, n=3.
C NOM (2000).

Fig. 3. Piper diagram of the inlet (green points) and the outlet (red points)
synthetic urban runoff composition.

Table 2
Maximum saturation indices (SIs) calculated at the inlet and the outlet of the
infiltration column.

Phase Maximum SIs inlet
values

Maximum SIs outlet
values

Sulfates
Anglesite (PbSO4) −0.52 0.65
Epsomite (MgSO4·7H2O) – −2.11
Lanarkite (Pb2O(SO4)) – −1.78
Carbonates
Calcite (CaCO3) −1.7 −1.26
Rhodochrosite (MnCO3) – 1.97
Oxides
Hausmannite (Mn3O4) −7.46 −18.66
Manganite (MnOOH) −3.32 −7.39
Chlorides
Sylvite (KCl) – −8.59
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and optics of the diffractometry technique resulted in 2θ-I data that
serve to identify a great number of phases in each of the diffractograms.
Although differences between both types of diffractograms are not easy
to appreciate, an accurate study of overlapping peaks along with pre-
vious knowledge of the whole rock and SUR chemistry allow us to make
some inferences.

Samples of soil (uppermost or surface layer in the filter column)
showed more mineralogical differences in comparison to the rest of the
filter materials. The presence of a clay fraction (including illite, kaoli-
nite, and mixed clay kaolinite-montmorillonite), Mn-bearing oxides,
and the only carbonate of the filter system (calcite) were the most re-
levant differences in this layer before the infiltration of the SUR (i.e.,
virgin soil; Fig. 4a). As the geochemical model indicated, the supply of
Ca2+ in the column outlet originated from the dissolution of calcite in
the soil by the infiltrating SUR. The formation of another carbonate
(rhodochrosite) was the result of the combination of Mn2+ from the
SUR and CO3

2− from the decomposition of the original calcite. The
other Mn species were identified as dissolution products based on the
SUR composition at the column outlet. Originally, these latter phases

only belonged to the oxide group: hausmannite and manganite, and
were only represented in the soil layer of the filter. Partial dissolution of
calcite and Mn oxides (refer to Fig. 4a differences in peak intensities
between the two patterns) allowed the formation of Mn carbonate
(rhodochrosite). Thus, principal diffracted peaks of these oxides and
calcite remained after the SUR infiltration. With regards to the peaks
that represent quartz and albite (pure Na or very Na-rich plagioclase
feldspar), no changes were observed and these are considered as fixed
minerals or, in other words, reference silicates for all the layers of the
filter. In the case of clay minerals, which are also silicates, a constant
intensity of the diffracted peaks is not straightforward to corroborate
because of the usual preference for an orientational trend in phyllosi-
licates.

Besides quartz and albite (common phases in all filter materials),
lanarkite, barite, and anglesite conformed to their common mineralogy
in the three inferior layers (i.e., coarse sand, gravel, and tezontle). All of
these latter sulfates are solid reservoirs for Pb and Ba. On the one hand,
the PXRD patterns of coarse sand (Fig. 4b), both before and after con-
tact with SUR, did not differ in their relative intensities of these phases,

Table 3
Correlation matrix among the mineral constituents for the infiltration column simulation (coefficients> 0.7 are shown in bold).

Anglesite
(PbSO4)

Epsomite
(MgSO4·7H2O)

Lanarkite (Pb2O
(SO4))

Calcite
(CaCO3)

Rhodochrosite
(MnCO3)

Hausmannite
(Mn3O4)

Manganite
(MnOOH)

Sylvite
(KCl)

Anglesite (PbSO4) 1.00
Epsomite (MgSO4·7H2O) −0.36 1.00
Lanarkite (Pb2O(SO4)) −0.79 0.45 1.00
Calcite (CaCO3) −0.75 −0.01 0.20 1.00
Rhodochrosite (MnCO3) −0.42 −0.49 −0.49 0.66 1.00
Hausmannite (Mn3O4) −0.18 −0.26 −0.32 0.85 0.85 1.00
Manganite (MnOOH) −0.23 −0.28 −0.13 0.92 0.92 0.99 1.00
Sylvite (KCl) −0.87 0.51 0.48 0.85 0.85 0.56 0.63 1.00

Fig. 4. Powder X-ray diffraction diagrams for samples (ordered from top to bottom of the filter column). (a) Virgin soil (black) and soil infiltrated by synthetic urban
runoff (red), where □: Quartz; ○: Albite; △: Hausmannite; ☼: Manganite; ●: Calcite; ◊: Illite; ✰: Kaolinite; ◼: Kaolinite-montmorillonite; ▲: Rhodochrosite. (b)
Virgin coarse sand (black) and coarse sand infiltrated by synthetic urban runoff (red), where □: Quartz; ○: Albite; △: Lanarkite; ☼: Barite; ●: Anglesite; ◊: Sylvite.
(c) Virgin gravel (black) and gravel infiltrated by synthetic urban runoff (red), where □: Quartz; ○: Albite; △: Lanarkite; ☼: Barite; ●: Anglesite; ◊: Sylvite; ✰:
Mendipite; ◼: Epsomite. (d) Virgin tezontle (black) and tezontle infiltrated by synthetic urban runoff (red). □: Quartz; ○: Albite; △: Lanarkite; ☼: Barite; ●:
Anglesite.
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which is consistent with the low solubility of sulfates. On the other
hand, the gravel samples showed relatively large differences in the
solubility of sulfates. In fact, Pb sulfates were found to precipitate in
this layer (e.g., the evolution of the peak of anglesite in Fig. 4c), thereby
increasing the weight fraction of preexisting anglesite and lanarkite
after infiltration. In the same layer, epsomite was notably dissolved due
to SUR infiltration, and this scenario is the only explanation to justify
the increase in the Mg concentration at the column outlet. Similarly,
although we did not measure the Ba concentration, the barite presence
in the gravel is suggested as the only source of Ba at the outlet. This is
corroborated by the significant decrease in the principal diffracted peak
in the infiltrated gravel (Fig. 4c). It is worth noting that Ba is also a toxic
metal, and its presence in the gravel layer is an indication of the hazard
derived from the use of this material in LID filters. Due to its potential
effect on human blood pressure, Ba concentrations higher than the
World Health Organization guideline value (i.e., 1.3 mg/L) are con-
sidered unsafe (WHO, 2016).

Tezontle (volcanic scoria), the most inferior layer of the filter,
showed an inverse behavior with respect to Pb sulfates, as the solubility
of these minerals is very clear in the PXRD patterns (Fig. 4d). Both
anglesite and lanarkite dissolved when the SUR passed through this
layer. Thus, the tezontle layer is a source of Pb; however, this Pb input
is still lower than the removal that occurred in the upper layer, and the
outlet SUR was found to have a slightly lower Pb concentration than of
that in the inlet SUR. Consequently, by considering the opposite effects
of gravel and tezontle on the precipitation/dissolution of Pb sulfates,
we conclude that the effects of particle size and porosity were de-
terminants in the geochemical exchange of Pb in our experiment.

3.4. Interactions between SUR and filter materials

Infiltration-based LID systems are well known for their ability to
treat urban runoff water (Shrestha et al., 2018). In the present study, a
model for metal geochemical processes was coupled to a chemical and
mineralogical characterization method in order to determine the in-
teractions between filter materials and urban runoff pollutants
(Sánchez-Salcedo et al., 2017). In our study, the relationship between
the mineral content of the materials used in the filter and their ability to
remove or mobilize toxic pollutants from synthetic urban runoff was
analyzed. Fig. 5 summarizes the geochemical exchanges that occurred
between the mineral content of filter materials when they were exposed
to SUR.

We found that the greatest variety of minerals were present in the
soil layer. Among these minerals, Mn oxides (hausmannite >
manganite) and carbonates (calcite) were dissolved, thus mobilizing
Mn2+, Ca2+ and CO3

2−, respectively, towards the inferior layer. In the
coarse sand layer, CO3

2- and Mn2+ were mobilized from the soil layer,
and then combined to form an endogenous, new secondary mineral
(rhodochrosite) by means of precipitation (Strakhovenko et al.,
2015). Mn2+ that was not combined with carbonates (possibly from
hausmannite, since it was the mineral that had the highest under-sa-
turated state), as well as Ca2+, continued to move towards the inferior
layers. In the coarse sand layer, chlorides were also dissolved, and the
K+ and Cl- ions were mobilized towards the lower layers.

Several geochemical processes occurred in the gravel layer. Pb
sulfates (lanarkite > epsomite > barite) became dissolved and fa-
vored the mobilization of Pb2+, Mg2+, and possibly Ba2+, respectively.
In this same layer, another Pb sulfate (anglesite) was over-saturated,
thus favoring the precipitation of Pb (Marani et al., 1995). Meanwhile,
the chlorides were also dissolved, and again K+ and Cl− were mobi-
lized. In the most inferior layer of volcanic scoria (i.e., tezontle), dis-
solution of sulfates occurred again (anglesite > lanarkite) and mobi-
lized Pb2+ to the natural substrate.

Among the metal geochemical processes potentially occurring in the
filter materials, our model included those occurring between pollutants
commonly present in real urban runoff (Ortiz-Hernández et al., 2016).

We found that not only did the filter have a removal capacity for some
elements, but also acted as a source of geogenic contaminants. This
induced geogenic pollution allows us to hypothesize that the expected
filter treatment capacity was altered by the geochemical exchanges that
occurred between minerals in the filter materials and the synthetic
urban runoff.

4. Conclusions

This study highlights the importance of characterizing the mineral
composition of filter materials prior to their use in an unvegetated LID
system. The materials employed in our filter came from a bank formed
from a metallic ore deposit where Ag, Au, and base metals have been
exploited. This geological origin resulted in a variety of minerals that
interacted with the SUR pollutants in the column experiment. We
identified the presence of toxic pollutants such as Pb2+, and Mn2+ in
the filter outlet, which came partially from the inlet SUR but also from
the filter material itself. We hypothesize also the presence of Ba2+ in
the infiltrated SUR (due to the confirmed presence of barite in sand,
gravel, and tezontle), but we did not actually measure it. Geochemical
modeling indicated that the main intervening process was mineral
under-saturation (dissolution), which added new ions to the infiltrating
water (Cl− and Ca2+) and also increased the contents of other ions
contained in the SUR (Mn2+, Pb2+, Mg2+, Ca2+, and K+). We conclude
that it is important to know the mineral composition of materials se-
lected for use in LID systems as a means of determining any unfavorable

Fig. 5. Geochemical modeled interactions between urban runoff pollutants and
the filter materials.
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geochemical interactions, and therefore preventing the addition of
contaminants to infiltrating runoff. Furthermore, the determination of
the possible geochemical interactions that occur between a filter and
runoff water allows a better understanding of the mechanisms involved
in runoff pollution removal.

A limitation of this study was the evaluation of only one SUR pH
value (7.5). It would therefore be useful to carry out additional ex-
periments to assess the effect of acidic or alkaline pH values on the
mobilization of toxic metals. Better yet, these results should be vali-
dated in a real-scale LID system, where pH fluctuations are likely to
occur and a higher filter height could modify the outcomes of this
study.

Based on the results of this study, it is advisable to further explore
the effect of the following variables on the geochemical exchange be-
tween urban runoff and the filter materials in an unvegetated LID: a)
the urban runoff pH; b) the height of the column and the granulometry
of the materials; c) the presence of other metals of interest (Cr, Cu, Ni,
Zn, As, Hg, Ni, Cd, or Ba) at the inlet and outlet of the filter column. As
well, the characterization of materials to be used in the filter in terms of
elementary analysis by scanning electron microscopy might be in-
sightful.
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