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• Arsenic was measured in industrially pol-
luted agricultural soils in Italy.

• As pesticide production wastewater was
used as irrigation water for 50 years.

• Vertical (up to 1 m) and horizontal (field
wide) gradients were obtained for soil.

• Concentrations were between 10 and
200 mg/kg and mostly in the plow layer.

• Fractionation of As species was related to
specific plant species potted in soil.
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Arsenic (As) is an element with important environmental and human health implications due to its toxic properties. It
is naturally occurring since it is contained inminerals, but it can also be enriched and distributed in the environment by
anthropogenic activities. This paper reports on the historic As contamination of agricultural soils in one of the most
important national relevance site for contamination in Italy, the so-called SIN Brescia-Caffaro, in the city of Brescia,
northern Italy. These agricultural areas received As through the use of irrigation waters from wastewater coming
from a factory of As-based pesticides (lead and calcium arsenates, sodium arsenite). Pesticide production started in
1920 and ended in the ‘70. Concentrations in the areas are generally beyond the legal threshold values for different
soil uses and are up to>200mg/kg. Arsenic contaminationwas studied to assess the long-time trend and the dynamics
related to the vertical movement of As down to 1 m depth and its horizontal diffusion with surface irrigation in the
entire field. Arsenic fractionation analysis (solid phase speciation by sequential extraction procedure) was also per-
formed on samples collected from these areas and employed in greenhouse experiments with several plant species
to evaluate the long-term contamination and the role of plant species in modifying As availability in soil. The results
of this work can help in the evaluation of the conditions controlling the vertical transfer of As towards surface aquifers,
the bioaccumulation likelihood in the agricultural food chain and the selection of sustainable remediation techniques
such as phytoextraction.
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1. Introduction

Arsenic (As) is ametalloidwith a relevant potential for bioaccumulation
andwhose environmental occurrence is ubiquitous. Arsenic can be found in
four different oxidation states:−3 (arsine), 0 (elemental arsenic),+3 (such
as, for example, arsenite) and+5 (such as, for example, arsenate). Its inor-
ganic compounds (such as trivalent arsenite and pentavalent arsenate) are
more toxic than the organic forms in terrestrial environments (Rahman
et al., 2014), where they can exert endocrine disrupting and carcinogen ac-
tivities. Inorganic As compounds are, in fact, classified as “Group 1 human
carcinogen” (IARC, 2012), whereas methylated As species exhibit signifi-
cantly lower toxicity (Kaise et al., 1989). On the other hand, bio-
methylation can increase the volatilization and biogeochemical cycling of
As, such as by the formation of volatile arsines (Wang et al., 2014). Arsenic
derives both from natural and anthropogenic sources (Huang et al., 2018).
Among the former, rock weathering and soil erosion are the main actors,
since As is the main constituent of >200 minerals (IARC, 2012); among
the latter, on the contrary, ore mining and smelting, use of As-
containing fertilizers and pesticides, and combustion of fossil fuels can
be found (Rahman et al., 2014; Wang et al., 2014). It was estimated
that mean background concentration of As in soils varies between
0.42 mg/kg for Florida soils to 2.8 and 8.25 mg/kg for California and
Mississippi soils, respectively (Zhang and Selim, 2008), while in a large re-
cent review on Chinese soils the median concentration was 10.4 mg/kg
(Gong et al., 2020). In other regions, As values around 5 mg/kg were de-
tected in the uncontaminated soils of Poland (Loska et al., 2004), similar
to the topsoil levels in the agricultural region of Yangzhong, China, around
10 mg/kg, below the Chinese natural background level, which is 15 mg/kg
(Huang et al., 2007).

The results reported in this study deal with As contamination in ag-
ricultural soils in one of the most important national relevance site for
contamination in Italy, the so-called SIN (Sito di Interesse Nazionale, in
Italian) Brescia-Caffaro, located in the city of Brescia, northern Italy.
Concentrations here are often beyond the legal threshold values for dif-
ferent soil uses (20 mg/kg d.w., 30 mg/kg d.w. and 50 mg/kg d.w. for
residential, agricultural and industrial areas, respectively) (Italian
Parliament, 2006; MOE, 2019). The site was contaminated by the activ-
ities of the former Caffaro S.p.A. chemical factory, which was the main
producer of polychlorinated biphenyls (PCBs) and other chemicals, includ-
ing As-containing pesticides (Di Guardo et al., 2017). Some of these
chemicals, including mercury (Hg) and As, ended up into wastewaters
(Morosini et al., 2021). The production of As-containing pesticides (lead
and calcium arsenates, sodium arsenite) started in 1920, with an estimated
initial production of 5 t/month, and ended in the ‘70, due to the law restric-
tion on As use in pesticides (Ruzzenenti, 2001). Since wastewaters were
discharged in an adjacent stream, these chemicals reached a wide network
of irrigation canals, and they were spread for a long period (∼50 years),
through the irrigation system, over an agricultural area of more than a hun-
dred hectares. Arsenic was incorporated into the soil which was continu-
ously cropped for the following 50 years. Previous studies on PCBs and
Hg discharged in the same way and in the same areas (Di Guardo et al.,
2020; Morosini et al., 2021) demonstrated that the highest levels of con-
tamination occurred in the topsoil (corresponding to the first 40 cm, the
plowing layer) and at the entry point of irrigation water into the cultivated
areas.

In this work, As was studied in three former agricultural areas of the SIN
Brescia-Caffaro with the main objective of assessing the long-time trend
and the dynamics related to the vertical movement of As down to 1 m
depth, as well as its horizontal diffusion with surface irrigation in the entire
field. Such information is peculiar to plan the effective bioremediation of
polluted areas, especially when multiple contamination is present (PCBs,
dioxins and furans, Hg) and single techniques cannot be operated. In addi-
tion, it is important, to accomplish such results, to evaluate the long-term
contamination and the role of plant species in modifying the As fractiona-
tion in soil, thus exploring the potential modification in the As mobility in-
duced by a specific plant cultivation.
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2. Materials and methods

2.1. Experimental locations

Arsenic was measured in three different agricultural areas (A, R, and T,
Fig. 1), located southwest of the Caffaro Plant. The area is flat land, border-
ing the Lombardy Prealps. This lowland sector is occupied by Quaternary
deposits, with the presence of a layer of fluvial deposits. This plane is
slightly inclined towards the South and altitudes varying from North to
South between 190 and 105 m a.s.l. (Provincia di Brescia, 2016). The aver-
age annual temperature is comprised between 10 and 14.4 °C. Average an-
nual rainfall is 1002 mm, with most abundant precipitation in Autumn and
May (Provincia di Brescia, 2016). Crop cultivation ceased by law in 2002;
while the input of As to soils ended with the end of production of As con-
taining insecticides in the late ‘70. No other arsenic sources are known.
The areas were selected for their different soil use and cropping, as well
as for their different distribution within the contaminated fields (Di
Guardo et al., 2020). For AREA A (5.1 ha), water meadows (with winter ir-
rigation) and corn were themain crops, whereas AREA R (5.5 ha) was char-
acterized by a peculiar crop rotation (e.g., corn, clover, and alfalfa). Finally,
AREA T (8.0 ha) was mostly cropped with alfalfa and corn; in this area, im-
portant leveling activities were historically performed since field and canal
rearrangement was accomplished. All these areas were assessed to evaluate
the vertical As distribution, whereas only the results for area A are shown to
illustrate As horizontal spatial spreading.

2.2. Sampling activity

A preliminary sampling activity was conducted in spring 2014 to evalu-
ate the range of concentrations in the topsoil of SIN Brescia-Caffaro (Di
Guardo et al., 2017) and As range was found to be comprised between 27
and 79 mg/kg. Based on these data, further sampling was scheduled to ob-
serve the vertical and the spatial (2D) distribution in soil.

2.2.1. Arsenic vertical distribution
Three sampling points were selected in each area (Fig. 1) from North to

South according to the (surface) irrigation direction, for a total of 9 points,
named A1, A2, A3; R1, R2, R3; T1, T2, and T3 (Di Guardo et al., 2020;
Morosini et al., 2021). Points were selected to gather levels close to the
points of entry (north points), central and end of the field (south points).
Soil cores were obtained at each point in October 2014, using a direct
push mechanical dual tube corer (Geoprobe DT7822), which utilized a
7.35 cm DT45 liner. For each area, the first sampling points (i.e., A1, R1
and T1) were located at about 11 m from the irrigation stream (Fig. 1,
top) (Mason, 1992; US EPA, 2023). Samples were collected by coring the
soil down to 1 m, after removal of turf. Three cores (within 1 m) were
obtained at each of the 9 sampling points, for a total of 27 cores. Seven sub-
samples were then obtained from each of the three cores for each point, for
the following depths (cm): 0–10; 10–20; 20–30; 30–40; 40–60; 60–80;
80–100. The subsamples gathered at the same depth interval for each
point were in situ pooled to get 63 homogenous composite samples in
total. The reason for collecting three cores for each sampling point was to
realize a suitable local average concentration for each depth, thus prevent-
ing potential outliers due to punctual sampling.

2.2.2. Spatial gradient of As in soils
The spatial trend of As concentration in area A was obtained by col-

lecting 17 soil samples (Fig. 1, B) in December 2014, using the corer de-
scribed above but with a different, ∼5 cm (2 in.), DT325 liner.
Specifically, 5 replicated samples (0–40 cm depth) were collected in the
center and at the four vertices of a 1 m2 square for each point. The samples
were in situ pooled to gather a homogenous sample for each point (Mason,
1992; US EPA, 2023). The points were selected in order to produce a regu-
lar spaced grid, with a distance of approximately 50 m among the different
points (systematic grid sampling) (US EPA, 2015). The concentrations
measured at each point were then interpolated using geostatistical



Fig. 1. Map of the agricultural areas. In section A, the agricultural areas (in yellow the perimeter, in blue the irrigation canal network, the red arrows show surface water
direction) with the points for vertical profile analysis (A1 to A3, R1 to R3, T1 to T3); in section B, the points used for the spatial analysis. Yellow arrows indicate the point
of entry of surface irrigation water.
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techniques. Sampling procedures as well as the chemical analyses for this
part of the study were realized by a commercial laboratory (Theolab S.p.
A., now Mérieux NutriSciences, Volpiano TO, Italy).

2.3. Greenhouse experiment

Arsenic fractionation and mobility were further investigated to
evaluate the role of plant species in altering these parameters in soil, by
performing a long-term (18 months) greenhouse experiment. Soil samples
3

(0–40 cm depth) were collected in a specific point of area R, selected
because the concentrations of As and other chemicals were high enough
to perform the greenhouse experiment in reasonably worst-case
conditions. Four plant species, i.e., Brassica juncea (L.) Czern (brown mus-
tard), Festuca arundinacea Schreb. (tall fescue), Medicago sativa L. (alfalfa),
Salix caprea L. (goat willow) were used (Terzaghi et al., 2019a). Plants
were grown in polypropylene pots containing about 6 kg of soil. The exper-
iment lasted from spring 2015 up to autumn 2016. As fractionation in soils
was measured at the beginning of the experiment (unplanted control) and
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at the end, after 18 months (planted soil). One soil replicate was analyzed
for As fractionation. Moisture level was kept at near field capacity condi-
tions (30 % of the soil total volume) using drip irrigation. Further details
on the experimental conditions were previously reported (Terzaghi et al.,
2019a).

2.4. Chemical analyses

2.4.1. Field soil samples
Soils were prepared following US EPA 3051AMethod (US EPA, 2007a).

In brief, about 0.5 g of sample (air dried and sieved at 2 mm) were miner-
alized using a microwave digester (Ethos Touch Control-Milestone) with
H2O2 (2 mL, 30 %), HNO3 (2mL, 65%) and HCl (6 mL, 37%). After the di-
gestion, samples were diluted to 500 mL using ultrapure water and finally
filtered with 0.45 μm pore size membrane filters (Millipore Millex-HA).
Total As was measured following US-EPA 6020A method (US EPA,
2007b) by inductively coupled plasma mass spectrometry (Agilent, model
7500). The internal standard used was Indium. Three washing steps were
employed after each sample to minimize memory effects: a 4 % mixture
of nitric and hydrochloric acid, a 2 % mixture of ammonia and hydrogen
peroxide and lately a 2 % mixture of nitric and hydrochloric acid.

2.4.2. Greenhouse soil samples
Fractionation of As in soil was investigated following the Selective Se-

quential Extraction (SSE) procedure by (Shiowatana et al., 2001),
(Table A1 in the Supporting Information) that is considered more suitable
for assessing the bioavailability of As in soil compared to other SSE proce-
dures developed for heavy metals (Wan et al., 2017). According to this pro-
cedure, As in soil is divided into five fractions: the water-soluble fraction
(F1), the surface-adsorbed fraction (F2), the Fe/Al associated fraction
(F3), the carbonate-bound fraction (F4), and the residual fraction (F5).
More details in the Supporting Information.

A procedural blank was concomitantly prepared for each step. Finally,
the solutions F1-F5 and the blanks were analyzed by inductively coupled
plasma optical emission spectrometry (Varian, model Vista Pro), measuring
the emission intensity at four specific wavelengths (188.980 nm,
193.696 nm, 197.198 nm, 228.812 nm) and compensating for the matrix
effects by internal standardization (Grotti et al., 2013).

2.5. QA/QC

2.5.1. Field soil samples
Calibration curves were obtained in the range 1–1000 μg/L, utilizing

multielement aqueous standard solutions (LGC, range 1–20 mg/L in nitric
acid) and external standard quantitation. LOQ was set as the lowest point
in the calibration curve, 1 μg/L. Laboratory Control Samples (LCS) were
used to monitor soil extraction (US EPA, 2007a) and recovery. Several
field and transport blanks were analyzed to evaluate the potential contam-
ination at the different times, especially for the volatile species. These
blanks, togetherwithmethod blanks (analyzed at a ratio of 1 out of 20 sam-
ples), were at concentrations lower than 0.5 LOQ. NIST 2711A Montana II
Soilwas employed as certified referencematerial for quality control. Recov-
ery was 95.11 % on average. Method detection limit (MDL) was obtained
according to (US EPA, 2016) and corresponded to 0.225 mg/kg d.w. Mea-
surement uncertainty was obtained according to (Horwitz et al., 1980), and
was 3.97 %.

2.5.2. Greenhouse soil samples
The detection limit, computed as 3 times the standard deviation of the

intercept of the calibration curve, was 0.3 μg/g. Since no certified reference
material was available to control the accuracy of the SSE procedure, the
method was verified by summing the fractions of extracted As in each
phase and comparing the obtained valuewith the total As in the sample, de-
termined by microwave-assisted acid digestion of an independent portion
(same conditions as step 5) and instrumental analysis. The ratio found
was 1.03 ± 0.05 (mean and 95 % confidence interval, n = 11). The
4

accuracy of the residual As and total As determination was validated by an-
alyzing the certified reference sediment MESS-2 from the National Re-
search Council of Canada. The reproducibility of the Shiowatana
procedure was assessed to be better than 10 % (Wan et al., 2017).

2.6. Statistical analyses

Statistical analyses were obtained using XLSTAT (Addinsoft SARL, Ver-
sion 2023.1.2, Boston, USA). Regression analysis was employed to analyze
the trend of As concentration with increasing distance from the surface irri-
gation canals. Correlation analysis was also employed to evaluate the
strength of the association between soil properties and As concentrations
in soil. Principal component analysis (PCA) was also used to evaluate the
correlation between the environmental properties and to highlight the dif-
ferences among the samples. The spatial concentrations map for area Awas
realized using the intrinsic kriging method with automatic identification of
the generalized covariance (Chilès and Delfiner, 2012; Goovaerts, 1999;
Goovaerts et al., 2008; Saito and Goovaerts, 2001). The map was then cre-
ated interpolating the estimated concentration points in the grid and the
isoconcentration curves were displayed.

3. Results and discussion

The agricultural soils of the SINBrescia Caffaro represent a peculiar case
in which the most important As contamination source derived from the in-
dustrial production of As based insecticides. No information exists on other
sources or uses of As in these areas. The scenario of contamination was as
follows: As was produced and released in wastewater for a long time
(about 50 years), chemical was discharged via surface irrigation, therefore
from single or a few points in each area (see the yellow arrows in Fig. 1, bot-
tom panel.), crop cultivation was carried out for many years after. This sit-
uation therefore allows to evaluate the movement of As in vertical and
horizontal profiles, as well as to investigate the role of plants in making
As more bioavailable and/or immobile in soil, a starting point for any bio-
remediation activity, among the only options available considering the size
of the SIN Brescia Caffaro.

3.1. Soil properties

Several soil properties (organic carbon content, texture, pH and cation
exchange capacity) were obtained for the core samples of the three areas,
at different depths (Di Guardo et al., 2020) (Tables A3 and A4 in the
Supporting Information). Dissolved organic carbon (DOC) was measured,
for all samples in the plow layer (0–40 cm) and was comprised. Typically,
the most common textural class was sandy loam, but loamy sands
could also be found (Maidment, 1993). Organic carbon was highly var-
iable: from 0.34 % to 3.81 % in the plow layer (0–40 cm), and from
0.26 % to 1.86 % in deeper soil layers (40–100 cm). Cation exchange ca-
pacity generally reduced from plow to bottom layer, from 21.7 ±
3.1 meq/100 g (0–40 cm) to 16.6 ± 3.3 meq/100 g (40–100 cm). The
pH was comprised between 7.02 and 8.76. DOC was comprised between
2.44 and 9.60 mg/L.

3.2. Arsenic levels in soil and comparison with other sites

Arsenic was released in Caffaro outflowing streamwater which was
used for >100 years as part of the irrigation water of the agricultural
areas (Fig. 1). Surface water irrigation was the prevalent irrigation method
and water was generally spread from the north part of the fields until it
reached the end of the same field. Topsoil As concentrations (in the plow
layer) were generally comprised between 30 and 95 mg/kg, values well
above the general background concentrations in non-contaminated areas
and generally larger than the Italian As threshold for agricultural soils
(30 mg/kg) (MOE, 2019). In fact, the background values of As in soil
are generally reported in a range of 1 to 40 mg/kg, with an average of
5 mg/kg (IARC, 2012). For example, As background values of



Fig. 2. Variation of As concentration with depth at the three sampling points (areas A, R, T in Fig. 1). Bars represent the analytical measurement uncertainty (3.97 %).
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Fig. 3. Spatial map of As concentrations in area A. Values are in mg/kg.
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5–10 mg/kg were measured in an uncontaminated reference area (Norra
et al., 2005) in the agricultural area of Bengal Delta Plain, India. Average
concentrations of As in Brescia soils are instead closer to those present in
areas characterized by industrial activities and agricultural use of As
(Atafar et al., 2008). Areas characterized by higher levels than those
found in this work are mine soils, such as those of the Shimen realgar
mine area in China, in which total As concentration in soil was found up
to 5240 mg/kg (Wan et al., 2017).

3.3. Arsenic concentrations in soil profiles

Variations of As concentration with depth (Table A3) are plotted in
Fig. 2. Given the entry points, which were located north of point 1 in
the three areas (A, R, T), we decided to group the plots according to
point number to evaluate respective concentration gradients: points 1
of the three areas can be seen in the top chart of Fig. 2, points 2 in the
middle chart and points 3 in the bottom chart. Concentrations in the
plow layer (0–40 cm) were generally comprised between about 30 to
90 mg/kg d.w. in the first two points, while they were generally lower
(40–70 mg/kg d.w.) in the most distant points from the irrigation
water entry point.

Concentrations in area A were generally higher (up to about 50 %)
than those in areas R and T. This can be explained considering that the
irrigation water was used more intensively in area A because of the pres-
ence of a water meadow and the continuous use of water, especially in
winter, while the other areas were not continuously irrigated over the
year. When focusing on the layers comprised between 40 and 100 cm,
a different behaviour can be observed, with a consistent drop of concen-
trations (about 40–60 % lower than the corresponding topsoil levels in
each area and point). This reduction with depth is, however, smaller
than that reported by (Morosini et al., 2021) for Hg, probably due to
the higher mobility of arsenate in low clay soils (Walsh et al., 1977).
Mercury was also discharged at comparable times and went through
the same pathways, irrigation, plowing, redistribution, etc. For this rea-
son, a comparison with Hg can be useful to evaluate the behaviour of As
in the same soils.

A correlation analysis between As and soil properties was performed for
the soil profiles (Fig. A1 in the Supporting Information) and reveals that As
was mostly correlated with organic carbon and cation exchange capacity
and to a lesser extent to silt, while the correlation with clay, sand and pH
was weaker. Similarly, the PCA on the samples from the different depths,
averaged as 0–40 cm and 40–100 cm for all the three areas and points
(Fig. A2 in the supporting information) showed that the points from areas
A and R generally behave differently from those in area T. This difference
is highlighted by the gradient of silt (areas A and R) versus sand (Area
T) by moving from top-right to bottom-left of the PCA plot. Moreover, a
partial differentiation of topsoil versus bottom soil samples along the first
axis can be observed, which can be explained by pH on one side and by
clay, organic carbon, cation exchange capacity and As content on the
other side. The results of the PCA in part differentiate areas A and R from
Area T, which was characterized by soil displacement and leveling. As is
inversely related to pH and directly to organic carbon, clay, and cation
exchange capacity.

Similar depth profiles of As concentration can be found in the literature.
In six orchard soils contaminated by former use of lead arsenate as insecti-
cide in the State of Washington, most of the As was concentrated in the
upper 40 cm of soil, where concentrations were comprised in the range
58–364 mg/kg (Peryea and Creger, 1994). The authors reported an As en-
richment between 45 and > 120 cm in the soil profile, thus demonstrating
that the high loading rates of lead arsenate, combined to the use of water
irrigation, a coarse soil texture and a low organic matter content contrib-
uted to the downward movement of As. Similarly, in an intensively culti-
vated agricultural area of the Bengal Delta Plain, India, As concentration
in the topsoil of a rice paddy field irrigated with As-rich groundwater
(38 mg/kg) was found to be higher than the As concentrations in soil of a
less irrigatedwheat field (18mg/kg) and in the soil of a rice paddy watered
6

with uncontaminated water (7 mg/kg) (Norra et al., 2005). In this study, a
decrease in As concentration with depth (up to 11 mg/kg at 100–110 cm
depth) was observed both in the rice paddy soil and in the wheat soil,
with a different enrichment along the vertical profile due to the different
use of irrigation water.

3.4. Spatial variability of As in area A

The spatial distribution of As in topsoil was studied for all the areas but
here illustrated for area A (Table A4 in the Supporting Information), char-
acterized by the highest concentrations and vertical gradient. The objective
in this case was to evaluate the spatial spreading along surface watermove-
ment at irrigation events, in order to determine the phenomenology oc-
curred, the point of As entry and the spreading of chemical in time and
space. This information is important to evaluate the mobility of As in real
field conditions, especially in a long-term contamination such as that in Bre-
scia, where precise information exists on soil use and water irrigation (Di
Guardo et al., 2020; Morosini et al., 2021).

Fig. 3 shows the 2Ddistribution of As in area A,where concentrations in
topsoil (0–40 cm) vary from about 42 mg/kg in the middle part of area
(point A03 in Fig. 1) up to 219 mg/kg in point A10, located in the north-
eastern part of the map. In fact, while concentrations in the western part
are lower and so is the gradient, much higher concentrations can be ob-
served close to the entry points in the eastern part of the field, showing ei-
ther a higher flow of contaminated water or higher concentrations in the
top canal compared to the western canal (Fig. 3). A similar pattern was ob-
served for Hg in the same area, even if, in this case, a much more evident
gradient is present both in the middle and in the eastern part of area A
(Morosini et al., 2021). In the eastern part of the area, As concentrations de-
creased from the top to the bottom part of the map by about 60 % in about
170 m. This depletion can be observed in Fig. 4 as well, where a relation-
ship between As concentrations in topsoil of area A and the distance from
the irrigation ditches is plotted both for the western and for the eastern
part of the area. Regression analysis shows a good fit as regards the eastern
part (R2 = 0.73), but not as regards the western one (R2 = 0.13), where a
sort of random pattern seems to take place. In the eastern part of areaA, his-
torically cultivated with water meadows and corn, a progressive depletion
in As concentrations occurred, within a distance, from the first sampling
point close to the inlet (A10) and the one where As concentration is halved
(A14), of 77 m. An analysis of the relationship and the influence of soil
properties and As presence can be seen in the correlation matrix calculated
for the spatial points (Fig. A3 in the Supporting Information). As is posi-
tively correlated mostly with the presence of clay and DOC, while inversely
correlated, although to a minor extent, to the presence of sand and organic
carbon. More details can be sought for the principal component analysis
(Fig. A.4 in the supporting information) which first confirms the direct cor-
relation among As and clay and DOC and the inverse correlation with
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organic carbon. In addition, the PCA allows to separate the two different
fields present in Area A, the bottom one (with a blue dashed oval), corre-
sponding to the eastern portion of the area, from the top one (with a
green dashed oval) corresponding to the western portion. PCA add there-
fore the type of cropping, which was different in the two portions: mostly
permanent meadows in the western area and mostly corn and water
meadows in the eastern area. The different cropping may have therefore
contributed to influence As distribution and some soil parameters (such
as DOC and OC).

A similar trend was observed by (Dittmar et al., 2007), who reported a
decrease in As concentration with increasing distance from the water entry
point in paddy fields irrigated with As-rich groundwater. They observed a
reduction of about 50 % of As concentration (from about 30 to about
15 mg/kg) in the topsoil (0–10 cm) of one of the investigated field in
about 60m from the inlet irrigation point. They attributed this loss to chem-
ical changes in the irrigation water, which interacts with the soil surface.
They furtherly stated that the As distribution pattern is strongly dependent
on the type of irrigation system used. In field A the same reduction (50 %)
was obtained about 100 m away from the inlet point (Fig. 3), probably de-
pending on the surface irrigationmethods, in which a laminar flowof water
is produced on the entire field to properly reach the entire area.

3.5. Arsenic fractions in soil

Arsenic is generally associated with sulfide minerals and its mobility in
soils is strictly related to the pH, the redox potential, the ionic composition
and the mineral type (Bauer and Blodau, 2006). The As compounds can, in
fact, undergo oxidation/reduction and methylation/demethylation pro-
cesses that could affect their mobility, which also depends on their
Fig. 5. Percent distribution of As in the soil fractions inwhich different plant species
were grown: the water-soluble fraction (F1), the surface-adsorbed fraction (F2), the
Fe/Al associated fraction (F3), the carbonate-bound fraction (F4), and the residual
fraction (F5). The soil was planted with Brassica juncea (L.) Czern (brown
mustard), Festuca arundinacea Schreb. (tall fescue), Medicago sativa L. (alfalfa),
Salix caprea L. (goat willow) and bare soil (no plant species present). Error bars
represent reproducibility of the measurement (10 %).
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chemical form (e.g., arsenite is much more soluble and mobile than arse-
nate) and on changes in solid phase speciation (Bauer and Blodau, 2006;
Peryea and Creger, 1994). When present in soils with neutral pH and oxic

Image of Fig. 5
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conditions, As is sorbed or co-precipitate with metal oxides, since it is influ-
enced by compounds of iron, manganese, aluminum, calcium and magne-
sium, natural organic matter, and clay minerals, which could represent
important adsorbents for dissolved As, thus affecting its movement. In the
case of lower pH values and reduced redox potential, instead, the mobility
of As increases due to dissolution of metal oxides. The sorption of As is
favoured by dissolved calcium and decreases when anions like phosphate
and bicarbonate are present; wetland soils rich in dissolved organic carbon
(DOC) content show an increase in As mobility (Bauer and Blodau, 2006;
Kalbitz and Wennrich, 1998; Peryea and Creger, 1994).

The SIN Brescia-Caffaro soils are characterized by neutral or sub alka-
line pH (average pH =8) (Table A4 in the Supporting Information), little
organic carbon percentage (around 1.8 %) and therefore presumably low
DOC concentrations, and general oxic conditions due to the sand-
dominated textural properties. In these conditions, a limited mobility of
As is expected, as confirmed by the results discussed in the previous sec-
tions. Since the investigated area is used for agricultural purposes, it is im-
portant to evaluate whether different crops could affect the bioavailability
of As, especially in long-contaminated soil, in which higher adsorption
could be expected due to the diffusion of arsenate species to reaction sites
within the soil matrix, also influenced by the long residence time of As in
soil (Zhang and Selim, 2008).

The solid phase speciation analysis performed on greenhouse soil sam-
ples showed that the most soluble fractions, F1 and F2, generally repre-
sented a small percentage, comprised in the 2.1–13.7 range (Table A5 in
the Supporting Information and Fig. 5), similarly to what occurred for Hg,
even if the F1 and F2 fractions where even lower in that case (Morosini
et al., 2021). F1 represented the smallest percentage among the five frac-
tions and its value did not greatly differ among the treatments and the
unplanted control, except for tall fescue and alfalfa, whose F1 was almost
half of that in goat willow planted soil or the control soil. The most abun-
dant fraction was F5, the so-called residual fraction, followed by F3,
which represents the As bound to iron and aluminum, and by F4 (As
bound to carbonates). This means that the actual forms of As present in
soil are relatively low mobile and characterized by low bioavailability. In
fact, looking at the overall data, most (between 78 and 91 %) of As in soil
samples was actually present as relatively refractory compounds and this
can explain its relatively low vertical and horizontal dispersion in these
soils. By looking at the percentages of the different fractions compared to
the control soil, it is evident that little changes among different planted
soils occurred during the 18 months of the experiment. However, although
it is not possible to observe statistically significant differences, possibly
such differences could be obtained in the long run since tall fescue, alfalfa
and perhaps brown mustard seem to be the species most influencing the
fractions.

In the Shimen realgarmine area in China, the Shiowatana sequential ex-
traction procedure was applied to 9 of the 34 topsoil samples collected to
evaluate As pollution of the area. In agreement with our results, F1 repre-
sented a small portion of the total extracted As, ranging from 0.9 to
4.5 %, while F2 varied from 0.4 to 7.9%. F3 fraction was an important por-
tion of total As and togetherwith the residual fraction F5 (Wan et al., 2017).
In a pot experiment carried out by (Hartley et al., 2009), As mobility was
studied in three different brownfield soils cultivated with Miscanthus and
differently amended in order to investigate the plant role in enhancing As
mobility. However, no effect was found.

4. Conclusions

The behaviour of As (likely arsenate, derived from the pesticide produc-
tion in the Caffaro plant) was investigated in soil samples from three agri-
cultural areas of the National relevance site for contamination (SIN)
Brescia Caffaro. The contamination, due to irrigation with polluted waters
deriving from the Caffaro plant, took place for about 50 years while in
the following 50 years the soil was normally cultivated. The results ob-
tained confirm that As was mostly confined in the plow layer (0–40 cm),
with concentrations up to about 100 mg/kg, although not negligible
8

amounts were leached to deeper soil layers (concentrations around
10–30 mg/kg). When the surface water input was about double (area A),
concentrations at bottom layers were not increased proportionally but
were generally comparable in the three areas, confirming the slow vertical
moment of As in these soils. Also, the spatial gradient in topsoil showed that
concentrations are reduced with distance, with 50 % of As found at about
60 m from the inlet. The 2D plot clarified that the slow spreading in time
from a single entry point allowed to react a gradient from >240 mg/kg
near the irrigation canal to about one third at about 200 m away in the ir-
rigation water flow direction. The fractionation analyses confirmed that
most of As occurs as relatively immobile or slowly exchangeable forms,
but also illustrates the role of several plant species in making As more
(bio)available in soil, first condition for plant uptake and therefore to con-
duct an effective phytoextraction of As and therefore deploy a bioremedia-
tion strategy. The plant species responsible for these effect were goat
willow and brown mustard which were among the species (Terzaghi
et al., 2019a, 2019b), effective for the rhizoremediation of PCBs, other
compounds heavily polluting these areas. Other plant species (alfalfa and
tall fescue) seemed to be capable to additionally reduce the soluble fraction
and increase the more immobile ones, therefore reducing As movement
with soil water. This result shows that, even in long-contaminated soil,
plants could have a role in influencing As mobility in soil.

The results of this work can be helpful in the evaluation of the condi-
tions controlling the vertical transfer of As towards surface aquifers and,
in contrast, the bioaccumulation likelihood in the agricultural food chain
even in long-time contaminated soils, although further work is needed to
corroborate the results obtained and to select the best species and condi-
tions to phytoextract As from soils for an effective bioremediation of con-
taminated sites. Additionally, more research is needed to measure As
runoff from contaminated soil in order to fully evaluate the mass balance
and the potential for contamination of further areas along the irrigation
canal pathway. Also, the fine details and the temporal trends of As fractio-
nation obtained by selected plant species should be evaluated, possibly
with focused lab or greenhouse experiment. These studies would permit
to select the best conditions for As removal, in conjunctionwith other prob-
lematic co-pollutants of this andmany other areasworldwide, such as PCBs,
dioxins and furans an mercury.
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