Iron geochemistry in a contaminated urban soil dedicated to stormwater infiltration
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Abstract

In urban areas, stormwater infiltration basins considerably trap suspended solids, which form a surface soil
(sedimentary layer) with high metals and organic compounds contents. Among metals, Fe is a key parameter,
which is one of the dominant redox-active elements in this soil and which affects a wide range of processes;
including biogeochemical cycling, toxicity and bioavailability of trace contaminants.

This study considers the spatial variability of major and trace elements (Fe in particular) from a surface soil in
Django Reinhart stormwater infiltration basin (Chassieu, eastern suburbs of Lyon, France), their speciation and
their potential reactivity characterization.

The sediments collected in three different zones (dry, wet, saturated) were mainly analyzed through partitioning
of iron (sequential extraction), mineralogical and infrared spectroscopy observation. The elements speciation
appears to be roughly homogenous, including the particle size, the total content and the mineral phases which are
typically alumino-silicates with high contents of Si, Al and Fe and the sediments are highly organic (18 - 27 wt.%).
Few differences in Fe portioning were spatially observed. Results demonstrated that acid soluble Fe (18 - 23 wt.%),
crystalline oxides Fe (28 - 30 wt.%) and residual Fe (40 - 45 wt.%) constitute the main part of the total Fe. Fe
bound to silicate is residing in this residual fraction. On the contrary, exchangeable Fe, organic-bound Fe and
pyrite-bound Fe involve small parts. The low content of Fe bound to pyrite is probably due to oxic conditions.
This study provides not only a basis for the rational interpretation of Fe partitioning and speciation in urban

sediments, but also provides important features regarding their management.

Introduction

The urban environment will soon become the most dominant human habitat in history. The pressure from the
activities of the urban population is intense, as anthropogenic emissions of potentially profound health implications
of toxic trace metals have accelerated considerably [1]. In urban environments, infiltration of stormwater and

runoff water is a management mode which is considerably developing in order to recharge groundwater aquifers,



to protect from flooding and to limit the direct release of those effluents in surface receiving environment [2].
Thus, stormwater infiltration systems concentrate, on ground surfaces of a few hectares, the supply of urban
catchment basin rainwater. Suspended matter carried on by the rainwater, accumulate on the surface and lead to
the formation of a sedimentary layer which is very organic and can be highly contaminated (trace metals, aliphatic
and aromatic hydrocarbons, pesticides, PCB, etc.) [2-4] . These materials are composed of a complex mixture of
natural and manufactured solid particles from the nanometric to the centimetric scale. These layers play a major
role in urban environmental biogeochemical cycles of major and trace elements. The environmental risk linked to
the presence of these polluted layers in urban environment need to be better described and studied. It is
consequently essential to carry out a continuous effort for the production of new knowledges on these specific
interfaces and improve their management.

The majority of the research works dedicated to urban stormwater sediments characterization have been focused
on heavy metal contents (Zn, Cu, Ni, Pb, Cr, etc.) assessment [5, 6] or on their speciation and potential mobility
evaluation [3, 6, 7].

Despite these numerous studies, it is still impossible to understand and predict the evolution and reactivity of these
sediments depending on different environmental conditions. We assume that it is necessary to include multi-
element studies to understand elemental cycles in urban interfaces [11-13]. In the context of urban sediments, very
few studies were dedicated to multi element studies coupling major and trace mineral and reactivity
characterization. Several studies [11-14] highlighted the key role of iron in natural environments. Despite iron (Fe)
was found in non-negligible concentration in urban sediments (from 2.52 to 3.92 wt. %), to our knowledge the
only data available on Fe speciation were produced by Clozel et al. (2006). Scanning electron microscope (SEM)
observations of samples from three different urban stormwater sediments coupled with Energy Dispersive
Spectroscopy distinguished spheroid of Fe?, different types of Fe oxi-hydroxides sometimes associated with traces
of Ti, Zn, Cu, alloys fragments containing Fe and Cr and glass fragments with Si, Fe, Al, Ca.

It is well known that Fe is intimately involved in the geochemistry of sediments essentially through the redox
couple Fe(I)/Fe(l11) that is of major importance to a number of major or trace elements cycling processes [12].
Fe(l11)- oxi-hydroxides are particularly effective, sorbents of metal cations and oxyanions [15-18] because of their
small particle size (i.e., high surface areas), in the case of cations, their relatively high pH value at the point of
zero charge [19, 20], thus favoring a negative electric charge under environmental pH, and cation exchange
capacity.

In this context, the main objective of the study was to focus on the speciation and the potential mobilization of Fe
and related heavy metals in urban stormwater sediments accumulated at the surface of an infiltration basin.
Through an experimental approach, based on multidisciplinary investigations [21-24], the spatial and temporal

evolution of the content and speciation of Fe was investigated and related to the functioning of the basin.

Materials and methods

Materials and experimental site

The infiltration basin studied is located at Chassieu, an urban area NE of Lyon, France. The one ha infiltration
basin receives stormwater from an urban and industrialized watershed of 185 ha and was described previously

[23]. The sampling area is located in the infiltration basin where sediments have accumulated since 2004.



In order to see the influence of the water saturation degree on iron speciation, sediments were collected in three
different areas (Fig.1) in July 2013. The first area is located at the basin entry which is always submerged by the
water. The 25 cm thick layer of sediment was colonized by aquatic vegetation. This zone is named “Saturated
zone”. The second area called “Wet zone” corresponds to a frequently immerged zone. The third one is located in
a “Dry zone” where sediments have been accumulated during 6 months between November 2012 and March 2013

due to a direct discharge of stormwater through a bypass near this zone.
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Fig. 1: Location of the 3 areas sampled in the infiltration basin

For each zone, a representative sample of 3 to 5 kg of sediment was constituted from three different collected
samples. They were homogenized and passed through a 4-mm sieve at the laboratory and immediately frozen,

Iyophilized and kept at 4°C before analysis.

Analytical methods

Chemical characterization

The sediments were characterized for pH, particle size distribution (PSD), chemical composition and total organic
carbon (TOC). Analyses for pH is performed at laboratory according to French standard methods [39]. Moisture
content is typically measured by oven-drying approximately 24 h at 105°C. PSD was determined by laser
diffraction (Malvern Mastersizer 2000G) after sieving the sediment at Imm. Total carbon content was determined
by induction furnace analyzer (ELTRA CS-2000). Chemical composition was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer Optima 3100 RL) after a HNO3/Bro/HF/HCI
digestion. Content in organic matter (OM) was determined by TOC through sample combustion within a furnace

heated to 500°C. The released gas was then analyzed with non-dispersive infrared gas apparatus.

Mineralogical characterization

X-ray diffraction

The mineralogy of samples was determined by X-ray diffraction (XRD) (Bruker AXS D8 advance) equipped with
a copper anticathode, scanning over a diffraction angle (26) range from 5° to 70°. Scan settings were 0.02° 20 step
size and 4s counting time per step. The DiffracPlus EVA software (v.9.0 rel.2003) was used to identify mineral
species and the TOPAS software (v 2.1) implementing Rietveld refinement was used to quantify the abundance of
all identified mineral species [24]. The absolute precision of this quantification method is of the order of £0.5-
1wt.%.



Optical microscopy and scanning electron microscopy

The samples mineralogy identification was completed by optical microscopy observations. Polished sections
prepared with bulk samples (sediment impregnated within an Epoxy resin) were observed by reflected light
microscopy (Zeiss Axio Imager.M2m). The chemical composition of the individual minerals (stoichiometry) was
determined using a scanning electron microscope (Hitachi S-3500N) equipped with an Energy Dispersive
Spectrometer (EDS, Silicon Drift Detector X-Max 20 mm?2, Oxford) operated under the INCA software (450
Energy). The operating conditions were 20kV, ~100 pA and 15 mm working distance.

The Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy (FTIR) measurements were performed using a Bruker AXS Model
IFS 55 equipped with a broadband (6000-600 cm™) mercury-cadmium telluride detector and cooled with liquid
nitrogen. FTIR contains relevant information on the molecular composition of inorganic and organic matter, which
is a promising tool for the quantitative assessment of minerals, organic functional groups, protein structures and

tissues. The FTIR measurements were performed on grinded sediment samples for compounds identification.

Sequential chemical extraction

In order to understand the operational fractionation (speciation) of iron in the surface sediments of the Django
Reinhardt infiltration basin, a sequential chemical extraction procedure adapted from Claff et al. (2010) was carried
out in triplicate. The objective was to determine the distribution of six fractions: defined operationally, namely
exchangeable Fe, acid soluble Fe, organic Fe, crystalline Fe oxides, Fe in pyrite and residual Fe, for the constituents

of interest in the sediment. The following six fractions were examined as showed in Fig.2:
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Fig. 2: Sequential extraction procedure adapted from Claff et al. (2010)

To carry out the experiments, 1 g of dry lyophilized sediment is weighed into a 40 ml polyethylene centrifuge tube
to which the sequential extraction protocol described in Fig.2 is applied. The dry sediment / extractant ratio for the
first 5 steps is 1g DM / 40ml. between two successive extraction steps, the sediment is centrifuged for 20 minutes
at 4000 rpm. The supernatant is then filtered (0.45 pm filter) and acidified if necessary with a few drops of nitric
acid and iron was then analyzed by ICP-AES. The filtrates are stored at 4° C in polyethylene bottles before analysis.
The remaining solid is used for the following characterization steps after washing with demineralized water (10
ml), centrifugation and filtration.



Results

The water content, OM content, major element content and particle size distribution of the sediments in the three
sampled zones are summarized in Table 1. The sediment particle size of the fraction < Imm is not homogeneous
throughout the basin, a decrease in particle size is noted from the dry zone to the saturated one. The dry zone has
received raw stormwater before the sampling period leading to erosion that may explain the change in particle size
spatial distribution. The organic matter content is ranging from 17.5 wt.% to 26.8 wt.%, which is higher than the
values classically reported for soils (0.93 wt.% to 4.5 wt.%) [26-28]. The high level of organic matter can be
explained by the accumulation of fine natural organic particles and hydrocarbon particles [2] carried on by
stormwater and deposited on the basin. In addition, the presence of vegetation on the surface also contributes to
the increase of organic matter content. The samples in the 3 zones have similar total element contents, with contents
of Si, Al and Fe, ranging from 20 to 24 wt.%, 3.3 t0 5.2 wt.%, and 2.7 to 3.9 wt.%, respectively. The main source
of Si and Ca (up to 6.2 wt.%), generally the most abundant element of the earth's crust, is probably the minerals
of the soil that were weathered and leached by stormwater and its own texture [28]. In these sediments, Ca is
mainly in the carbonate form like calcite, as revealed by X-ray diffraction (Table 2). Phosphorus (P) content varies
from 0.13 wt.% to 0.24 wt.%, meaning that urban sediments can be seen as good P sinks, the wet zone and saturated
zone have the similar content and the dry zone has the minimum content. It could be explained by the presence of
vegetation preferentially in the wet and saturated zones which can be rich in organic-bound phosphorus. The
homogenous sulfur content could be linked to the content of pyrite (Table 2). The trace metals concentration range
from 1655 to 2294 ppm for Zn, 223 to 286 ppm for Cu, 178 to 242 ppm for Cr, 163 to 269 ppm for Pb, 79 to 121
ppm for Ni. The concentrations of these five metals is above the thresholds (NOR: DEVO0650505A - Decree of
9 August 2006 concerning the levels to be taken into account for valorization of basin sediment in France) [40]
and then could be considered as a potential source of pollution in terms of risk assessment.

Table 1: Physicochemical characterization of the sediment

Thresholds
Characteristic Dry zone Wet zone Saturated zone (NOR:
DEVO0650505A)
Texture: Loam  Texture: Silt loam  Texture: Silt loam
D10: 6.64 um D10: 3.11 um D10: 3.33 pm
Granulometry -
D50: 59.93 pm D50: 22.32 pm D50: 20.38 pm
D90: 506.85 um  D90: 187.39 um  D90: 125.46 pm
pH 7.0 7.0 7.0 -
Wat(f/\r,tlc;gte”t 20.9+0.8 52.6+4.6 66.5+0.6 .
Org?\’,‘v'tclo/rl‘)a“er 175 26.8 222 :
Si (wt.%) 23.97 20.95 20.13 -
Ca (wt.%) 6.21 1.96 5.43 -
Al (wt.%) 3.23 5.17 4.24 -
Fe (wt.%) 2.69 3.91 3.29 -
P (wt.%) 0.13 0.24 0.23 -
S (wt.%) 0.22 0.29 0.22 -
Zn (ppm) 1655 2294 1873 300

Cu (ppm) 223 237 286 100



Cr (ppm) 242 193 178 150
Pb (ppm) 177 269 163 100
Ni (ppm) 112 121 79 50

The sediments sampled from the 3 zones have the similar mineral phases (Table 2). They are mainly composed of
quartz, illite and calcite. In addition, a small amount of rutile and magnetite, as well as pyrite were observed in
these 3 sediments, with less than 0.5 wt.%. The high calcite contents is directly associated to the calcareous subsoil
characteristic as mentioned previously. The contents of chlorite and illite show the same tendency: dry zone <
saturated zone < wet zone. The few content of chlorite and illite in the sediment of the dry zone can be explained
by the seasonal change of stormwater quality arriving in the basin (sometimes without arrivals in dry zone) and
the draining of the dry zone during the winter. The absence of calcite in wet zone is probably due to the leaching
in this zone with the circulation of water. In addition, the distance from the entry may have conditioned different
pattern in terms of sediment deposition.

Table 2: Mineral phase’s characterization and contents (% of dry mass)

Mineral phase Formula Dry zone Wet zone  Saturated zone
P (WL.%) (WL.%) (WL.%)

Quartz SiO; 32.0 22.4 21.3

Calcite CaCOs 14.1 4.6 12.4

IIIite Ko_esAlz,o[Alo,ssSi3,35010] (OH)z 10.0 22.0 14.0
Chiorite [(Mg,Fe,Ni, Mn)sAl](AISiz) O10(OH)s 48 11.0 9.0
Plagioclase NaAlSi;0s — CaAl,Si>0s 7.5 6.6 6.8
Orthoclase K(AISi30s) 34 0 4.3

(Ca,Na,K)2(Mg,Fe?*,Fe®* Al)s

Hornblende [SiB(AIS1)2022](OH,F)2 5.0 0.7 1.1
Pyrite FeS; 0.4 0.5 0.4
Rutile TiO, 0.4 0.5 0.4
Magnetite Fe?*Fe3*,04 0 0.1 0.1

Optical and Scanning Electron Microscopic observations were performed to describe mineral and trace element-
bearing phases (Fig. 3). SEM analyses pointed out the occurrence of micrometric pyrite (around 10 to 15 um, Fig.

3). Its mass percentage was calculated on the basis of the sulfur content in the sample (element to mineral
conversion). Some pyrites showed a minor replacement into pyrrhotite.

T0pm

T0pm

Fig. 3 : SEM microscopy images (a) and (b) showing minerals pyrite and framboid pyrite in
the wet zone



In general, the similar spectra indicates that the composition of these three samples is very close (Fig.4). The
sediment spectra can be divided into few main regions. The broad absorption bonds between 3400 cm™ and 3620
cm™! were dominated by O-H stretching vibrations of the organic matter and clay minerals. The 2860-2930 cm™!
range was primarily responsible for C-H of the sediment organic matter. The peaks at approximately 1874 cm™!
and 1797 cm ! respectively indicate the presence of quartz. The intensity of bond at around 1645 cm™! was assigned
to C=C bending in aromatic cycles. More pronounced difference related to the vibration of CaCOj3 at 1451 cm™!
was observed for the wet zone, in accordance with the observations of the mineral phases in Table 2 (14.1wt.%
and 12.4wt.% by mass in the dry zone and saturated zone, only 4.6wt.% for the wet zone).
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Fig. 4 : Typical FT-IR spectra of sediment: dry zone (a), wet zone (b), saturated zone (c)

The results obtained for the triplicates through the Fe sequential extraction shows less than 5% of variability,
allowing the presentation of the arithmetic average of the three values for each fraction. The Fe speciation specified

through the sequential extraction procedure of Claff et al. (2010) is shown in Fig.5.
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Fig. 5: Fe content in the sequential extraction phases adapted with the Claff et al. (2010) method



Results indicate a very low Fe content in the exchangeable fraction (MgCl, extraction) (<0.02 wt.%) for the 3
samples. This observation coheres the results obtained (<1wt.%) by Claff et al. (2010). The acido-soluble Fe is
much higher with contents ranging from 18.1 wt.% to 23.2 wt.%. This phase corresponds to the solubilization all
the minerals sensitive to low pH, including carbonates and poorly ordered sulfides and oxides. The organic-bound
iron fraction is quite low (approximately 4 wt.%). The fourth extraction step represents crystalline iron oxides and
corresponds to nearly 30 wt.% of the total Fe. The pyrite-bound iron extracted by HNO; appears to be very stable
depending on the sampling zones (3.74 wt.% to 3.49 wt.%). The residual iron content obtained by subtracting the
sum of iron extracted from the first 5 steps to the total iron sediment content, is high with contents ranging from
40.41 wt.% to 45.19 wt.% for the 3 samples.

Compared to Claff et al. (2010), citrate buffered dithionite (CBD)-extractable Fe is much higher in our sediments
(40 wt.% versus ~5 wt.%). CBD is a strong reducing agent and widely used to extract both the poorly ordered and
crystalline iron oxide fraction, such as ferrihydrite, goethite and hematite [28]. The enrichment of Fe in oxidized
layer may have been caused by periodic freshwater flooding and redox cycling. Dissolved Fe?*, produced by the
reductive dissolution of Fe minerals during freshwater flooding, could be transported by diffusion to the upper
oxidized layer and also by leached from the overlying topsoil [31, 32]. Dissolved ferrous iron may have moved
upward via evaporation transport during dry conditions to oxidize and to form Fe(hydr)oxides such as
schwertmannite, ferrihydrite, lepidocrocite, jarosite, natrojarosite, goethite, and hematite [32]. These results
indicate for 3 sediment samples where iron oxide contents (from 27.77 wt.% to 29.93 wt.%) are very high, but the
CBD extraction step isnot able to completely dissolve crystalline iron oxide minerals, especially goethite, hematite
and other crystalline minerals. It means that the crystalline iron oxides remains in the residual fraction of the
sequential extraction procedure [32]. Thus, the major form of Fe in the sediment was crystalline oxide minerals.
The proportion of pyrite-bound Fe was low in comparison the results of Claff et al. (2010), when comparing the
sediment sampled at depths 2.0-2.2m, whereas it was similar for the surface layer (0.49-0.52m). These results are
in good agreement with those of Huang et al. (2017) (acid sulfate paddy soils) and Sukitprapanon et al. (2018)
(acid sulfate soil), who have also indicated that the proportion of pyrite-bound Fe was lower in the partially
oxidized zone.

The total Fe content in the studied basin, 25.69 mg/g Dry Matter, is very similar to the average total Fe content in
sediments collected in others stormwater infiltration basins in French industrial watersheds (25.80 mg/g DM,
Table 3).

Table 3 : Total iron content in different type of sediments collected in different context

Resource Name Sediment Countr Fe (mg/g Mean Fe
collection context y DM) (mg/g DM)
Leopha France 25.68
Minerve France 29.51
PAE Mi-plaine France 35.39
Charbonnier _ §tormwater _ France 18.25
Winiarski (2014) D, Reinhardt infiltration basin 0 o569 25,80
in industrial
IUT DOUA watersheds France 20.49
ZAC des Pivolles France 13.36
ZAC du Chéne France 30.55

ZAC Pesseliere France 33.29




Chemin de Feyzin France 13.78

Grange Blanche stormwater France 25.42
. infiltration basin

Parilly in agricultural France 18.64 20.43

Pierre Blanche watersheds France 23.34

Villardier France 20.97

Couvidat et al.(2018)  Mediterranean harbor France 34.00

E. Agarry and N. . . N

Owabor (2011) Rivers State marine Nigeria 20.20 31.57

Séez et al.(2003) Bay of Cadiz Spain 40.50

On the other hand, the iron content of the sediment basin is higher than the average iron content for agricultural
watershed (20.43 mg/g DM) and lower than that for marine sediments (31.57 mg/g DM). The comparison of total
iron content among industrial drained basin sediments, drained marine sediments and agricultural basin sediments
not only shows the iron content in environmental context but also gives the information that iron is fairly

concentrated in urban basin sediments.

Conclusions

This study highlights the significant amount of Fe found in the sediment of urban stormwater infiltration basin,
probably because Fe being a key energy source for microbes, the redox cycling of Fe is intimately linked to other
elemental cycles. Indeed the reduction of Fe(ll1) is often tied to the oxidation of sulfur (from sulfide to sulfate)
[11], this process can act as long-term sinks for contaminant metals. In the studied sediments, approximately 20
wt.% of total Fe was HCl-extractable Fe. This fraction can be related in this case to carbonates, oxides and poorly
ordered sulfides, which could be linked to Fe redox transformation, i.e. pyrite oxidation under oxic conditions.
The Fe sequential extraction proposed by Claff et al. (2010) was dedicated to acid sulfate soils, whereas the studied
sediment are carbonated neutral materials. Whilst results of this study provide a basis for the rational interpretation
of iron partitioning in the urban sediment via this sequential extraction procedure. In addition, this study highlights
the need to optimize the quantity of iron mineral analyzed as CBD is not able to completely dissolve crystalline
iron oxide minerals, e.g. the minerals in the residual Fe fraction. Iron minerals are not only under crystalline forms
but also exist in amorphous Fe, and a part of them are reducible.

On the other hand, this study aims to combine other sequential extraction methods (such as VVan Bodegom et al.
2002) to better understand the key factor that controls Fe speciation, its role in sediment oxidation-reduction
process and the potential mobilization of iron and heavy metals. These are valuable information for the urban
sediments management, environmental assessments and in the stormwater infiltration organization.
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