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Abstract (num words: 244/300)

This work proposed a novel method to elucidate the controls of As mobility in complex
aquifers based on an unsupervised machine learning algorithm, Self-Organizing Map
(SOM) and process-based geochemical modeling. The approach is tested in the shallow
aquifers of the Venetian Alluvial Plain (VAP) near Venice, Italy, where As concentrations
seasonally and locally exceed recommended drinking water limits. SOM was fed using
information from two geochemical surveys on eight VAP boreholes, and continuous
reading of hourly groundwater head levels and weekly geochemical analyses from three
VAP boreholes between mid-October 2017 and end of January 2018. The SOM analysis
is consistent with redox-controlled dissolution-precipitation hydrous ferric oxides (HFOSs)
as a key control of As mobility in the aquifer. Dissolved As is positively correlated to Fe
and NH4* and negatively to the oxidizing-reducing potential (ORP). Negative correlation
between As and groundwater head levels suggests a redox control by rainfall-driven
recharge, which adds oxidants to the aquifer while progressively attenuating As. This
mechanism is tested using process-based geochemical modeling, which simulates
different transport modalities of oxidants entering the aquifer. Starting from reducing
aquifer conditions, the model reproduces correctly the observed ORP and the trends in
As and Fe, when the function describing the occurrence of oxidizing events scales
according to the temporal occurrence of rainfall events. Heterogeneity can strongly
control the local-scale effectiveness of recharge as a natural As attenuating factor,
requiring a different model analysis to be properly assessed to be developed in a follow-

up study.
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1 Introduction

Geogenic (i.e. naturally occurring) arsenic (As) contamination is a well-known issue that
affects unconsolidated and fractured aquifers worldwide (e.g. Desbarats et al., 2017;
Choudhury et al., 2018; Erickson et al., 2018; Huang et al., 2018; Jakobsen et al., 2018;
Pedretti et al., 2019), including Italian aquifers (e.g. Aiuppa et al., 2003; Ungaro et al.,
2008; Carraro et al., 2013; Molinari et al., 2013; Rotiroti et al., 2014). Identifying a valid
site-specific conceptual model able to describe As mobility in groundwater is fundamental
for many purposes related to As risk management. This includes the setup of process-
based geochemical models (e.g. Appelo and Postma, 2005; Postma et al., 2007; Rotiroti
et al., 2014; Michael and Khan, 2016; Rathi et al., 2017; Jakobsen et al., 2018; Gao et
al., 2020) predicting the spatial and temporal scales of occurrence of As concentrations
in groundwater (e.g. predicting where As concentrations exceed the 10 pg/L
recommended by World Health Organization, WHO).

While modern multicomponent reactive transport codes can resolve multiple nonlinear
processes concurring in the control of As mobility (Steefel et al., 2005), incorporating
spatial heterogeneity of entry parameters in such models remains computationally very
demanding. Simple and effective conceptual models of dominant geochemical processes
are preferred for applications such as As risk assessment in heterogeneous alluvial
systems (Michael and Khan, 2016; Jakobsen et al.,, 2018). However, the nonlinear
interplay of multiple physical and geochemical factors controlling As mobility in
heterogeneous aquifers (e.g. Smedley and Kinniburgh, 2013) makes the decision of the

selection of effective conceptual models uncertain.

In the recent years, machine learning (ML) has been increasingly used for exploratory
data analysis (EDA) of environmental variables (e.g. Solomatine and Shrestha, 2009;
Ejarque-Gonzalez and Butturini, 2014; Sahoo et al., 2017). Among the several existing
ML algorithms, Self-Organizing Map (SOM), also known as Kohonen map or network
(Kohonen, 2013) is an efficient and powerful technique for EDA. SOM is based on
unsupervised- or supervised-learning artificial neural networks (ANN), which can be used
for multiple purposes, from clustering analysis to correlation hunting or novelty detection.

SOM is popular for industrial, finance or linguistics applications (e.g. Kohonen, 1990,



Accepted manuscript, Water Resources Research 2020 doi: 10.1029/2019WR026234

2013; Vesanto and Ahola, 1999; Vesanto et al., 1999; Himberg et al., 2001; Kalteh et al.,
2008). Some studies evaluated its superiority compared to established methods for EDA,
such as the widely-adopted principal component analysis (PCA), particularly when
applied to large datasets (e.g. Reusch et al., 2005; Astel et al., 2007; Iseri et al., 2009;
Karafistan and Gemikonakli, 2020). For water related studies, SOM has been
successfully used for water quality classification (Li et al., 2018) or for interpreting
biogeochemical processes by correlating multiple variables in complex environments
(Melo et al., 2019).

While SOM could be potentially suited to assess nonlinearly coupled geochemical
processes controlling As mobility in heterogeneous aquifers, no documented applications
of this kind have been presented so far, to our best knowledge. In general, applications
of ML for the assessment of As-related geochemical mechanisms are still limited (e.g.
Manca and Cervone, 2013; Park et al., 2016; Singh et al., 2018; Smith et al., 2018). Smith
et al. (2018) presented a ML analysis based on random forests to assess the nonlinear
interdependency among subsidence, As concentrations and other variables. They
concluded that As mobility was linked to clay strata after finding a positive relationship

between aquifer clay content and As concentrations.

The overarching objective of this study was to showcase the combined use of SOM and
geochemical modeling as a novel and efficient approach to support elucidating physical
and geochemical processes controlling As mobility in aquifers. Specifically, we used SOM
to support the development of a simple and effective conceptual geochemical model that
could be used for process-based geochemical modeling able to quantify As dynamics in

space and time and the associated risks.

We demonstrated the proposed approach to elucidate the main geochemical processes
controlling As mobility in the Venetian Alluvial Plain (VAP) near Venice, Italy. The VAP
shows geogenic As contamination affecting the local shallow aquifers (Carraro et al.,
2013, 2015), leading to complex spatio-temporal variability of concentrations that locally
and temporally exceed 10 pg/L (Dalla Libera et al., 2016, 2017, 2018). To date, no
documented work has investigated with sufficient detail physical and geochemical
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processes linked to As mobilization in the shallow aquifers of the VAP, making this a novel
contribution for the understanding of As risk in the studied area. In particular, while it is
generally understood and accepted that As mobility in the VAP depends on the
geochemical interaction between freshwater and As-rich alluvial materials, the dominant
time-dependent mechanisms explaining local excess of As have not been isolated so far.
This issue urges clarification of the processes controlling As mobility, as shallow aquifers
are used for agricultural activities (e.g., crop irrigation), yard irrigation and potentially

direct human consumption unknown to authorities.

The adopted methodology is defined as follows. We identified a simple initial conceptual
model that could generally explain As mobility in the VAP. We chose it among previously-
presented conceptual models describing As mobility in other sites with similar geological
and hydrogeochemical setups (e.g. Smedley and Kinniburgh (2013). Then, site-specific
field data were collected to feed SOM analysis and the geochemical model, in order to
refine and adapt the conceptual model to the VAP conditions. Exploratory data analysis
(EDA) using SOM in correlation hunting mode (e.g. Vesanto and Ahola, 1999; Himberg
et al., 2001; Barreto and Pérez-Uribe, 2007) was performed to highlight correlated pairs
of variables that could be connected to geochemical processes controlling As mobility in
the studied area. Ultimately, we adopted the well-known geochemical code PHREEQC
(Parkhurst and Appelo, 2013) to evaluate the physical and geochemical validity of key
processes of the proposed conceptual model, in particularly to test redox controlling

mechanisms related to ground surface — aquifer interactions.

2 Site description and initial conceptual model

2.1 Geological and hydrogeological background

The VAP (Figure 1A) is located in the proximity of the Venice lagoon (Northern Italy). The
VAP is characterized by continental climate, with limited rainfall events during the winter
and summer seasons, and higher rainfall amount in autumn and spring. Total annual
rainfall ranges between 600 mm and 1110 mm. Climatic data used in this work, including

daily rainfall data (presented later) were collected from a weather station managed by the
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Veneto Region Environmental Protection Agency (ARPAV) and located in the proximity
of the site. A summary of local climatic information is provided in Table 1. Figure 1B shows
the location of the Western Agricultural Areas (WAA), a subset (~3.8 km?) of the VAP
which served as experimental site for this work. The WAA includes all the important
elements representative of a typical agricultural area of the VAP (Ungaro et al., 2008;
Carraro et al., 2015; Beretta and Terrenghi, 2017), such as similar land use, geological,
hydrogeological and geographical setting. Moreover, the WAA is easily accessible for
experimental activities, making it suitable to infer key mechanisms controlling As mobility

in the shallow VAP aquifers.

Geologically, the VAP result from the morphological action of the Brenta River during the
last 30000 years (Pleistocene — Holocene; Figure 1C). The alluvial plain is characterized
by a marked heterogeneity in grain size distributions due to a past environment shaped
by the braided river (e.g. Bondesan et al., 2008). In the upper part of the plain, gravelly
and sandy alluvial deposits are present, whereas in the distal region, silty-clayey deposits
prevail in the alluvial system, according to the typical structure of the Brenta River's mega
fan (e.g. Fontana et al., 2008). Specifically, in the distal part of the plain, the subsurface
shows sequences of fine-grained sediments (silt and clay) and coarser materials (fine and
silty sand). Peat deposits, with a thickness up to several decimeters and a lateral

extension up to several hundred meters, are also present in the floodplain environments.

The resulting hydrogeological configuration of the VAP is a sequence of hydrofacies
typical of a distal plain, with overlapping sequences of silty-clayed aquitards and
aquicludes and fine-grained sandy aquifers. Overall, this sedimentological setting results
in a multilayered aquifer system with different degrees of confinement (Vorlicek et al.,
2004; Fabbri et al., 2011, 2016; Fabbri and Piccinini, 2013; Piccinini et al., 2016, 2017).
Such multilayer systems formed by sequences of low- and high-permeable layers (i.e.
aquitards and aquifers) are commonly found in other alluvial aquifers with elevated As
concentrations, such as the lower Mekong basin (e.g. Richards et al., 2019) or Red River

Floodplain, Vietnam (e.g. Postma et al., 2007).
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A stratigraphic sketch of the VAP, highlighting the position of the WAA, is shown in Figure
1C. The shallowest aquifers of the WAA are composed of fine and silty sands embedded
within a clayish-silty matrix. Slug tests performed in the WAA (not reported) suggested
that, on average, the study area shows hydraulic conductivities close to 5-10 m/d. The
regional-scale direction of groundwater is oriented NW-SE, with mean hydraulic gradient
ranging from 0.005 to <0.001 while approaching the Venice Lagoon. Local-scale
stratigraphic well logs obtained from the drilling of boreholes (used as groundwater
piezometers) in the WAA suggest that the aquifer comprises, on average, the first ten
meters below the surface. The aquifer is topped by a low-permeable fine-grained silty and
clayey layer. This stratigraphic configuration is observed throughout the entire WAA,
leading local administrations to traditionally consider the shallow aquifer as hydraulically

confined (i.e. continuously found under pressurized conditions) in all points of the WAA.
2.2 Initial conceptual model

We hypothesized redox-controlled dissolution-precipitation of hydro-ferric oxides (HFOS)
as the main mechanism controlling As mobility in the VAP. According to this model, in
iron-rich environments As tends to adsorb onto HFOs, which are precipitated during
oxidizing conditions and to desorb from HFOs when these oxides dissolve during
reducing conditions (Appelo and Postma, 2005). Previous works on the VAP had already
postulated this mechanism (Carraro et al., 2013, 2015; Dalla Libera et al., 2017, 2018),
which is commonly adopted when modeling As mobility in several other young aquifers
of the world (e.g. Smedley and Kinniburgh, 2013), such as Bengal Basin (Kinniburgh and
Smedley, 2001), the Mekong Valley and Red River aquifers in Vietham (Berg et al., 2001,
Postma et al., 2007) or in Cambodia (Richards et al., 2019). Redox-controlled As mobility
has been also reported in other Italian sites (e.g. Aiuppa et al., 2003; Ungaro et al., 2008;
Molinari et al., 2013; Rotiroti et al., 2014).

Maps of arsenic concentrations reported by Dalla Libera et al. (2017, 2018) depicted
“patchy” distributions of As concentration, suggesting that redox-controlled As variations
may be linked to a heterogeneous distribution of aquifer properties controlling the local

magnitude of redox variations in the aquifer. Previous studies suggested that reductive
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conditions in the VAP can be generally attributed to degradation of organic matter (e.g.
peat-rich layers), which is sparsely found in the local aquifers (Carraro et al., 2015).
Redox variations could be also controlled by surface-driven processes. For instance,
Ramesh Kumar and Riyazuddin (2012) reported that rainfall-driven recharge events
altered the redox status of reduced shallow aquifers in an Indian site, modifying the
relative ratios of As(lll) and As(IV) as well as other redox couples. Other studies also
identified the control of hydrological events on As mobility in young sedimentary aquifers
in South-East Asia (e.g. Chowdhury et al., 1999; Harvey et al., 2006; Postma et al., 2007;
Michael and Khan, 2016; Richards et al., 2019). In the VAP, the connection between the
surface and the aquifer can be controlled by “confining capacity” of the fine-grained layer
topping the aquifer. If a sufficiently thick fine-grained layer is uniformly settled all over the
studied area, poor connection between the aquifer and the surface can be expected. In
turn, this may limit short-scale variations of the redox status caused by ingress of oxidants
from the surface are inhibited. On the contrary, if the layer is locally more permeable, less
thick or even discontinuous (stratigraphic windows in low-permeable aquitards are
typically found in Northern Italy shallow aquifers, e.g. Pedretti et al., 2013), a connection
between the surface and the shallow aquifer can exist and be an important factor for the

control of As mobility.

Considering the above-mentioned processes, the resulting initial conceptual incorporating
both redox-controlled precipitation/dissolution of HFOs and the impact of surface-driven
redox-altering processes is schematically illustrated in Figure 2. The aquifer is assumed
to lie below an initial vadose zone, in which oxidizing conditions may fluctuate in space
and time. The time dependency can be attributed to surface-related processes, and in
particular to rainfall events. As the aquifer is recharged during rainfall events, oxidizing
species may enter the aquifer, increasing the ORP and therefore progressively
precipitating HFOs. Thus, rainfall-driven recharge can be a direct factor controlling the
natural attenuation of As in the aquifer. The space dependency can be attributed to the
local connection between the surface and the aquifer. If the aquifer is locally well isolated
from the surface, recharge of oxidizing species is less efficient than in case of better

connection between the surface and the aquifer.
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In the VAP, existing boreholes are generally screened along the entire vertical section of
the aquifer. The geochemical composition of the borehole waters results from a (flux-
weighted) mixture of waters entering the borehole along the different depths of the
screened interval (e.g. Pedretti and Fiori, 2013; Pedretti et al., 2016). As the oxidation
front progresses downwards during recharge occurs, more oxidized groundwater enters
the boreholes and mixes with the resident water in reduced conditions. The resulting
geochemical composition of the groundwater pumped out from a well screened along the
entire aquifer vertical section during recharge events should therefore be a progressive
attenuation of As on HFO surfaces, which increasingly form in the aquifer while the
oxidation front progresses to deeper depths.

Verifying the validity of the postulated conceptual model presented in Figure 2 constitutes

the main goal of the remaining steps of the analysis.

3 Materials and Methods

3.1 Field data collection

A site-specific dataset was created collecting information from routine monitoring activities
performed by ARPAV and study-specific activities. The dataset is published in an online
data repository (see Acknowledgments), which contains supplementary information (SI)

supporting the analyses presented below.

Information obtained from ARPAYV includes the geochemical sampling of eight HDPE
boreholes (piezometers) in the WAA (Figure 1B). The piezometers are screened within
the shallowest aquifer, in which As concentrations exceed WHO limits and which
constitute the main target of this study. The piezometers are sampled twice a year by
ARPAYV as part of a larger quality monitoring network for the environmental purposes from
the European Directive 2000/60/EC. Measurements of multiple parameters relevant to
assess redox-sensitive As mobility, such as NH;, SO3*, Fe, Mn, pH, ORP, electrical
conductivity (EC), groundwater temperature (Tgw) and dissolved oxygen concentration
(DO), were performed in situ and at ISO-certified ARPAV laboratories. Since the

boreholes are screened along the entire vertical section corresponding to the aquifer
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levels, the information collected through groundwater sampling is interpreted as “depth-
integrated”. Unfortunately, there was no information from multilevel samplers available for

this study.

In-situ parameters such as pH, ORP, EC, DO and Tqw were evaluated through a multi-
parametric probe YSI Professional Plus, calibrated weekly to avoid drifting and other
measurements errors. The ORP was estimated with a platinum electrode and successive
automatically corrected to Eh with reference to the standard hydrogen electrode. The Eh
values were later converted in pE for geochemical calculations. Water sampling and
analyses followed the standard procedures suggested by the Italian Environmental
Protection and Technical Services Agency (APAT, 2003, 2006) and other protocols (UNI-
EN-ISO-17294-2:2016). Although ARPAV has been managing these piezometers for
about 10 years, the data before the beginning of this study were largely incomplete and
deemed not suitable to provide supportive evidences to identify As-related geochemical
processes (the main goal of this work).

Information from ARPAV was integrated through experimental activities on the WAA.
Specifically, these activities aimed at obtaining a detailed assessment of physical and
chemical variables that could affect its mobility at shorter scales than the average
frequency of ARPAV monitoring activities. A key aspect of the postulated conceptual
model is that rainfall-driven recharge can alter the redox status of the aquifer. As recharge
is generally occurring in the winter season in the studied area (e.g. Beretta and Terrenghi,
2017), an experimental survey was started on 6" December 2017 and concluded on 26™
March 2018, targeting three of the eight piezometers managed by ARPAV (PZP036,
PZP040, PZP041) (Figure 1B). The 115 experimental days covered the transition from a
dry season to a wet season, during which the local aquifer was expected to be
progressively recharged by rainfall events, hydrogeochemical analyses were performed
on a weekly basis in these three piezometers. The methodology and analytical
procedures were identical to those adopted by ARPAV for their routine monitoring. In
these same piezometers, groundwater head levels were continuously collected with an

hourly frequency using HOBO data loggers.
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The specific selection of the three piezometers PZP036, PZP040, PZP041 was based on
the zonation of aqueous As concentrations in the WAA described by Dalla Libera et al.,
(2016) and the spatially-variable thickness of the fine-grained deposits topping the
aquifer. Piezometer PZP036 is located in the central part of the site, PZP040 in its
northern part and PZP041 in its southern part. Close to these piezometers, three new
shallow boreholes (Figure 1B) were drilled and stratigraphic data were obtained from the
extracted soil cores. These cores allowed analyzing the stratigraphic sequence of the first
6m of soil below the ground, as well as the mineralogical composition of the soils. Bulk
concentrations of solid phases were analyzed through X-ray Powder Diffraction (XRPD),
X-ray Fluorescence (XRF) and Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) (technical details are provided in the Sl). We did not perform
specific mineralogical analyses to quantify the extent of amorphous and crystalline iron
and manganese phases, which could be relevant to identify solid-phase sorption sites
controlling As mobility. Such analyses are left open for future developments.

3.2 Self-Organizing Map (SOM)

The essential idea of SOM is to project objects onto a two-dimensional (2D) plane, such
that similar objects are close together and dissimilar objects are far away from each other.
Compared to other EDA approaches involving dimensionality reduction, such as PCA,
SOM tends to conserve the original topology of the data, which is important to perform
correlation among SOM maps, as described below. Objects are mapped to specific
positions in 2D planes called units. Each unit is associated with an object called a
codebook vector. During training, SOM calculates the distance of the new data points to
these codebook vectors and assign each object to the unit with the most similar codebook
vector (the best-matching or winning unit). Detailed information on SOM can be found in
Himberg et al., 2001; Kohonen, 2001, 2013; Kalteh et al., 2008. In this work, SOM
analyses were performed using the R code kohonen 3.0 (Wehrens and Buydens, 2007,
Wehrens and Kruisselbrink, 2018). The parameters adopted to run the simulations
(including the selection of initialization methods and neighboring kernels) are based on
the default values of the adopted code.
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The input of our SOM analysis was the N x m, matrix representing the time series of
aqueous concentrations from the N geochemical variables collected in the analysis (i.e.
the values reported in Table A, Sl). Here, my is the number of temporal measurements
collected for each variable. Groundwater head changes were also considered as SOM
input variables, as they can show possible correlations with the geochemical variables (a
key hypothesis of this study). Since our goal is to identify temporally dependent
correlations among As and other dynamic variables, we did not use SOM for correlations
with static solid phases (Table B, Sl). Data preprocessing and preparation, required in
any SOM analysis (as well as in any EDA), is described in the SI. This includes technical
details regarding data selection and segmentation, including error filtering and data
censoring. The Sl also reports the adopted methodology and results of the model training,
the estimation of fitting quality (i.e. quantization errors) and ML rate.

The outputs of the SOM analysis can be of different types. The most known is possibly
the unified distance matrix (or U-matrix), which is used SOM for clustering analysis. The
U-matrix is a single toroidal color map, where the results from the analysis of the
multidimensional N x m, matrix is plotted in a reduced 2D space. Hexagons are typically
used to highlight the boundaries of a gridded maps, on which the nodes are located, even
though other cell geometries can be equally selected. The U-matrix shows represent the
distances among neighboring input vectors, and they are used to identify the existence
of clusters in the entire dataset. However, cluster analysis does not provide information
on the pairwise correlation between As and other variables, which is the information of
interest to test the validity of the proposed conceptual model.

To obtain pairwise correlation between As and the other variables, we used SOM for
correlation hunting analysis (e.g. Vesanto and Ahola, 1999; Himberg et al., 2001). Using
this approach, the outputs from SOM analysis are the component planes, which can be
seen as the sliced version of the U-matrix in the different individual variables
(components) forming the map (e.g. Himberg et al. 2001). In our case, each component
plane reports the distribution of the normalized values (e.g. concentrations, pH, ORP)
which is mapped preserving the topology of the input vectors in the 2D toroidal maps
generated by SOM. The normalization approach is described in the SI.
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The comparison of component planes can be used to directly compute the pairwise

correlations, according to the following rationale:

e if two maps show similar color patterns, positive correlation between the pairs of
corresponding variables is likely;
e if the maps show opposite color patterns, negative correlation is likely;

e if the maps show dissimilar color patterns, correlation is unlikely.

To quantify the correlation between As and the variables, the Spearman’s correlation
coefficient p was calculated between the As SOM map and the other (N-1) maps through
the R package stats. The Spearman’s correlation coefficient is a nonparametric
measure of rank correlation, which determines how well a monotonic function describes
the relationship between two variables. The Spearman's correlation (p < 0.05) results in
p—0 for uncorrelated variables and p—+1 for positively (+) or negatively (-) correlated

variables.

3.3 Geochemical modeling

3.3.1 Preliminary considerations

PHREEQC has been widely adopted to simulate redox-controlled mechanisms
associated with As mobility in alluvial aquifers (e.g. Aiuppa et al., 2003; Sracek et al.,
2004; Appelo and Postma, 2005; Postma et al., 2007; Wallis et al., 2011). Since rainfall-
driven recharge was postulated as a relevant factor controlling the fate of HFO-controlled
As, we used PHREEQC to evaluate the effect of different transport modalities controlling
the rate of oxidizing species entering the aquifer during recharge. Specifically, we tested
if the ingress of oxidizing species, and consequently As mobilization, could be limited by
the frequency of rainfall events controlling aquifer recharge and by the transport
modalities of oxidizing species entering the aquifer bypassing the fine-grained layer

topping the aquifer.

Accordingly, a model was developed with the main purpose of reproducing the time series
of the three weekly monitored piezometers (PZP036, PZP040 and PZP041) by mimicking
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three possible transport mechanisms controlling the ingress of oxidizing compounds in

the aquifer:

a) Transport of oxidizing species (e.g. Oz2(g)) dissolved in the infiltrating water during

rainfall events.

b) Transport of gaseous oxidizing species (e.g. Oz()) in contact with the groundwater.

c) A mixed situation between Scenario (a) and (b).

Scenario (a) assumed a transient ingress of oxidizing species described by functions that
scales the flux of oxidants to the aquifer according to the frequency of recharge events
and the solubility of oxidation species in water. The worst case is when infiltrating water
reaching the aquifer penetrates the vadose zone so quickly that it does not equilibrate
with the soil mineralogical compositions, resulting in infiltrating water reflecting the
composition of rainfall. Scenario (b) implied a continuous, steady-state source of oxidizing
species. The best case occurs when the aquifer is perfectly connected to the atmosphere
(an open or untapped system). In this case, the concentration of oxidizing species is not
limited by the effects of gas solubility in water and gaseous molecules are also directly

added to the reactive system.

The mixed scenario (c) represented an intermediate scenario between (a) and (b)
scenarios. Here, both gaseous (e.g. Ozg) and dissolved aqueous species (e.g. Oz(aq))
can both equilibrate with the soils and bypass the vadose zone, for instance being
“‘pushed” downward by the propagation of the wetting front and transported to the aquifer,
as proposed by Healy and Cook (2002). While the amount of total oxidizing species
entering the aquifer can be still rate-limited by the occurrence of rainfall events, rainfall
events could trigger a mixture of oxidizing conditions in the system (with larger fluxes of
oxidizing species), creating a series of pulses that determine a progressive transition from
reducing to oxidizing aquifer conditions, precipitation of HFO and in turn attenuation of
As.
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3.3.2 Model setup and input data

The aquifer was conceptualized as a zero-dimensional batch reactor. Starting from
reduced aquifer conditions (i.e. low ORP values), the model replicated the increase in
ORP and the associated attenuation of As by sorption on HFOs following the addition of
oxidizing species to the reactive system. Speciation was performed using the
thermodynamic database WATEQA4F (Ball and Nordstrom, 1991). Far-from-equilibrium
(kinetic) reactions were described through Monod laws (Monod, 1949). Table C (SI)
summarizes key equations adopted for this analysis, with corresponding equilibrium
constants (keq) at 25°C.

In the first phase of the model setup, the goal was to find appropriate initial conditions
with low ORP. To this end, we modelled a water geochemical composition (Table 2)
similar to the one found at the first day of observations (6" December 2017, the model
“time zero”). This water was equilibrated with initial concentrations of mineralogical phase
estimated from the experimental characterization of the solid matrix (Table B, Sl) as well
as expert knowledge on the VAP The simulated minerals in the aquifer were calcite,
organic matter (OM) and ferrihydrite. Arsenic-bearing sulfides were initially included in the
simulations, yet the results were insensitive to the presence of these minerals, in
agreement with the analysis by Carraro et al. (2015) and were therefore removed (this
aspect is further discussed below). Calcite and ferrihydrite were assumed to be in
equilibrium in the system, while OM was simulated as a rate-limited degradation process

described by a Monod kinetic law, defined as

s_ S
at "k +S (1)

where S is the concentration of the organic substrate utilized by the microbes for the
degradation process, t is the time, kmax is the maximal rate and k’ is the half-saturation
constant. Specifically, this reaction was applied as an additive Monod kinetics model of

form
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dSSOC

dt = —CTrgy SSoc (2)

which considers the concentration of the main terminal electron acceptors (TEAS) in the
system (Appelo and Postma, 2005). In EqQ.(2), Ssoc IS the concentration of soil organic
carbon (SOC), c is a first-order reaction constant and rrz, represents the electron
exchange rate between the oxidants and the reductant (i.e. SOC). We considered
0,,Fe(OH);, NO3 and SO;~ as the main oxidants, such that

S [0,] [Fe(OH)s] [NO5] [S0Z7] (3)
TEA ™\ ko, +[02] " kpegom, + [Fe(OH)3] " kios +[NO3 |~ kiyo- + [SOZ]

03~

Preliminary analyses (not reported) were performed to find suitable OM kinetic rates that
enabled ORP reduction according to the observed results during the monitoring time (115

days).

Once suitable initial conditions were obtained, the system was perturbed through a 115-
step function modulating the amount of oxidants entering the aquifer with time. This
effective approach was adopted since transport through the unsaturated zone cannot be
mechanistically simulated by PHREEQC. The function took three different general forms,

according to each of the postulated transport modalities of oxidizing species.

e For Scenario (a), the function added oxidizing species exclusively during the
recorded rainfall events. The composition of the infiltrating water reflected the
composition of the rainfall water (Table 2). No contribution from gaseous phases
was simulated. Dissolved oxygen (O2(aq) was assumed to be in equilibrium with
atmospheric gas composition at the ground level. A 94:6 ratio was assumed as the
effective mix between native and infiltrating water in each step, respectively, which
is similar to the estimate 6% of groundwater recharge found by Beretta and
Terrenghi (2017) for the VAP.

e For Scenario (b), the function added a steady ingress of gaseous oxidizing
species. Oz was simulated, mimicking the increase of groundwater heads that

tends to better connect the aquifer with the atmosphere. In this scenario, ingress
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of oxidants as aqueous species from recharge events was not considered. Oxygen
gas molecules at a partial pressure of 0.21 atm entered the aquifer.

e For Scenario (c), we considered both mechanisms accounted for in Scenarios (a)
and (b). Rainfall-controlled transient ingress of oxidizing species in dissolved form
was coupled with an extra contribution of O2(). The total oxidants flux is rate-limited
by a scaling function, which was manually calibrated to reproduce the observed
ORP. The function actively added oxidants solely during recorded rainfall events,

being zero otherwise.

The main redox-sensitive processes attenuating As and hypothesized in the study area
were electrostatic processes occurring at the molecular scale and responsible for the
sorption/desorption of As (e.g. Jessen et al., 2012; Biswas et al., 2014; Rawson et al.,
2016). We adopted a surface complex model (SCM) to provide a mechanistic
guantification of As adsorption behavior as a function of the dissolved As concentration
and speciation and the solution pH. The SCM considers the influence of competing ions
such as phosphate or bicarbonate as well as the density of adsorption sites on the host
minerals, mainly the HFOs (e.g. Rathi et al., 2017). Sorption and desorption of As to
reactive surfaces was therefore simulated through a set of surface complexation reactions
for As(lll) and As(V) based on the surface sorption sites defined for HFOs, the primary
expected sorption sites for As. The WATEQ4F database provided the reference stability
constants for thermodynamic equilibrium between HFOs and different compounds based
on the widely-adopted Dzombak and Morel (1990) database (Table C, Sl). We used the
HFO properties reported in Appelo and Postma (2005, Table 7.5).

To calculate the goodness-of-fit of the different models, we adopted the RMSE-
observations standard deviation ratio (RSR) (e.g. Moriasi et al.,, 2007), which
standardizes the root-mean-square error (RMSE) using the observations standard

deviation (o,ps), such that for a general variable Y,

RMSE _ \/Z?zl(yiobs _ YiSi‘m.)Z
OoBs ‘/Z?zl(ylpbs - 7)2

RSR = 4)
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where Y is the mean. Moriasi et al. (2007) suggested that a “very good” performance
rating is obtained when RSR<0.5, “good” when 0.5<RSR<0.6, “satisfactory” when
0.6<RSR<0.7 and “unsatisfactory” when RSR>0.7.

4 Results and analysis

4.1 Stratigraphic analysis

The analysis of the soil samples obtained from the manually-drilled boreholes confirmed
the presence of a fine-grained layer at the top of the stratigraphic sequence in the three
drilled points. However, the thickness of this fine-grained layer was observed to vary
significantly among the three points. The thickness was about 1 m at the manually-drilled
borehole located some 1.5 m away from one of the sites piezometers PZP036. In similar
proximity of another piezometer, PZP040, the thickness of the fine-grained layer

exceeded 3 m and in the proximity of PZP041 it exceeded 4 m.

Considering the strong variability in the fine-grained layer, we advocate that the
assumption of “perfectly confined conditions” of the shallow aquifer can be disputed. In
some points, the aquifer can be sufficiently thin to locally generate a better connection
between the surface and the aquifer. Such connection could be boosted by agricultural
activities, largely occurring in the VAP. Tillage is known to alter the natural oxygen flux
into the soil (e.g. Clay et al.,, 1992). In all boreholes, we observed a clear effect of
agricultural tillage, which has altered the natural compaction of the sediments in the first
0.2 mm potentially increasing the amount of macropores. Although we did not estimate
the change in permeability or porosity in tillage-altered soil profiles compared to unaltered
soil profiles, it seems reasonable that the conceptual model should also include, a
postulated, the potential effects surface-driven mechanisms controlling the redox

variations in the shallow aquifers of the studied area.
4.2 Exploratory data analysis

A summary of the results obtained from the combination of all temporal measurements

from the eight piezometers is provided in Table 1. We found that mean As concentrations
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were close to 10 pg/L, i.e. the WHO recommended drinking water concentration
threshold, with maximum As concentration of 45 pg/L. The ORP was found to vary
between negative values with minimum -178 mV (corresponding to reduced aquifer
conditions) and nearly zero values (corresponding to near-oxidized aquifer conditions).
The groundwater pH was found at circumneutral conditions, consistent with the
carbonate-rich nature of Northern Italy alluvial aquifers (e.g. Rotiroti et al., 2014). Under
reducing and circumneutral conditions, As is highly mobile Smedley and Kinniburgh,
2013). Small variations in pH should not substantially affect As mobility in the studied

area compared to the more pronounced variations in redox conditions.

Figure 3 shows the time series of As, ORP groundwater heads (H) from the three
boreholes with more frequently measurements. At PZP036, we observed a progressive
increase in H, up to a final difference AH=0.3 m compared to the initial values, and an
increase of ORP from negative values close to ORP =-110 mV to ORP = 0 m. During the
same period, the data revealed a decrease of As (from 2pg/L to <1 pg/L) and Fe (from
1200 ug/L to <200 pg/L). At PZP040, the trends of these variables were different. Head
levels still fluctuated with final AH=0.4 m, yet ORP remained negative, with an initial drop
ORP = -90 mV and a later recovering to ORP = -70 mV. Similarly, As and Fe showed an
initial increase in concentrations (opposite to ORP drop), followed by a reduction in
concentration (opposite to ORP recovery). PZP041 showed a third different behavior.
Again, head level changes remain comparable to those observed in the previous
piezometers (AH=0.4 m). However, a more marked inverse relationship between ORP
and As, with maximum concentrations of As close to 45 pg/L when ORP = -140 mV. The
difference in As concentrations and redox variations observed in the three experimental
piezometers may be due to the heterogeneous abundance of the local As source (e.g.,
variability in the abundance of previously existing As-bearing HFOs prior to dissolution)
and to the physical heterogeneity of the soils, which could limit the efficiency of rainfall-
driven recharge as a redox controller for the aquifer, according to the postulated

conceptual model.

The application of SOM helped quantifying the correlation between As and the multiple
variables that could be geochemically linked to its mobility. The results are shown at the
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top of Figure 4 in the form of black and white SOM component planes. From a visual
perspective, the As toroidal map (green frame) showed maximum values in the top part
of the map, with a peak in the middle-right part, and minimum value in the top-left corner
of the map. This peculiar distribution of values is a random outcome of the SOM analysis,
which depends on the random initialization (i.e. the seed) of the artificial neural network.
We highlight that these patterns does not correspond to a specific spatial organization of
As concentrations in real-life space. The same applies to the other maps of the variables.
The key point is that the component planes, by pairs, maintain the same relative
topological distribution of value, and thus their pairwise correlation, independently from
the adopted seed.

To find the correlations among variables, the Spearman’s correlation coefficient p was
computed. The results (bottom of Figure 4) support the hypothesis of redox-controlled
dissolution-precipitation of HFOs controlling As mobility. We found direct correlations
between As and Fe (o = 0.66) and NH7 (o = 0.58) and negative correlations with ORP (o
= -0.42), which is consistent with the enhanced mobility of As when the aquifer tends to
reduced conditions - and contrarywise. The inverse correlation between As and H (o = -
0.43) suggests that potentiometric head changes and redox variations may be mainly
driven by rainfall-driven recharge in the studied area, as postulated. Recharge typically
occurs from October to May and occasionally from June to September in the VAP.
Recharge could drive the ingress of oxidants into the aquifer, which would explain the
observed progressive increase in ORP within the aquifer as the experimental time
elapses (Figure 3). The positive correlation between As and Cl (o = 0.54), which is a
conservative element that can also be introduced into the system during recharge events
(e.g., salts accumulating on the surface and quickly leached into the aquifer during rainfall

events), seems also consistent with these hypotheses.

The fact that short-term rainfall event controls the redox variation means that a connection
between the surface and the aquifer exists in the VAP, further corroborating the analysis
at the end of Section 4.1. The fine-grained layer topping the aquifer could be considered
as an aquitard, allowing connection between the surface and the sandy aquifer. However,

it should be recalled that the SOM analysis lumps together the results from all boreholes.
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Soil heterogeneities may determine a spatial variability in the control of recharge on the
change in redox status, thus generate local departures from this generalize behavior. As
such, the fine-grained layer may be differently impervious in the different portion of the

studied area.

Initially low ORP values were probably due to the degradation of organic matter
concentrated within peat horizons and dispersed in other sediments, a process that has
been already hypothesized to be associated with dissolved As concentrations in the VAP
(Carraro et al., 2013, 2015), in other Italian aquifers (e.g. Rotiroti et al., 2014) and in other
sites in the world (e.g. McArthur et al., 2001). The correlation of As with NHf (0=0.58)
and, more weakly, with TOC (0=0.3) supports these hypotheses. The degradation of
organic components may thus be involved in the control of the redox conditions of the

subsurface, which favors the dissolution of HFOs.

Another important result from the SOM analysis was the inverse correlation between As
and S0;2 (o =-0.71), which suggests a decoupled geochemistry of As and sulphate under
variable redox conditions. Sulfide-bearing sediments are sometimes assumed to be a
source/sink of As in alluvial aquifers (Saunders et al., 2008). While pyrite and other
sulfides were identified by bulk mineralogical analyses on solid sample, As uptake or
release by sulfides is not expected to be a predominant in the studied aquifer. Maximum
concentrations of SO;2 during high ORP stages are far below the expected values when
pyrite oxidation occurs, suggesting that the oxidation of As-bearing sediment may not be
a primary actor explaining the occurrence of As in the aquifer. These results agree, for
instance, with the observations reported by Harvey et al. (2002). It is noted that much
lower ORP values than those characterizing the shallow aquifers were observed at
deeper depths of the VAP. Carraro et al. (2015) conducted a study in the central VAP,
reporting ORP as low as -285 mV at average depths of 31 m below the ground surface.
At redox conditions with ORP below -250 mV, peculiar relationships between As and S
compounds were observed, and the solubility of As could be modelled considering the
possible occurrence of pararealgar, which was detected in the aquifer (Artioli et al., 2019).
The conditions determining redox-controlled As-bearing sulfides solubility were never

found in shallow aquifers (Carraro et al., 2013 and this study), further supporting the



Accepted manuscript, Water Resources Research 2020 doi: 10.1029/2019WR026234

hypothesis that HFO precipitation and dissolution can be a more plausible mechanism
controlling As mobility under recharge-controlled redox variations.

The SOM analysis revealed high correlation between As and other variables not directly
linked to the proposed conceptual model. These correlations are still in agreement with
the initial hypothesis, even if they are not connected with the mechanism of As release.
One example is the high correlation value between As and Si. This can be the result of
silicate solubility in aquifers where organic matter occurs (e.g. Bennett et al., 1991), which
is the case of the studied area. More specific dissolution processes of silicates can
develop when specific types of organic ligands occur in the solution. These effects were
studied for instance by Ramos et al. (2011), who defined a ligand-promoted over the
proton-promoted dissolution process for silicates. Similarly, the inverse trend for As and
Ca can be a simple dilution effects of sediment detrital carbonates, as these minerals
have very low As. The poor correlation between the As and pH is consistent with the low
variation of pH in the systems, corroborating that pH conditions are not expected to affect

the mobility of As in the studied area.

4.3 Geochemical modeling

4.3.1 PZP036

At PZP036, we found dissolved As concentrations ranging between 2-3 pg/L during
reducing conditions and progressively dropping to 1 pg/L as the system gets more
oxidized. We recall that PZP036 is located in the central zone of the WAA (Figure 1),
where the topping fine-grained layer of soil sediments is thinner than around the other
two experimental boreholes PZP040 and PZP041.

Figure 5 compares the measured ORP and the PHREEQC model output for each of the
simulated transport mechanisms (a, b, ¢) controlling the ingress of oxidants in the aquifer.
We observe that Scenario “a” (black dashed line) underestimated the observations. This
suggests that the effect of recharge solely due to the infiltrating of rainfall water was not
enough to progressively increase the ORP to oxidizing conditions. This is explained

considering the limited solubility of oxygen in water. All oxygen molecules are rapidly
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consumed by the OM, while the contribution of other oxidizing species such as sulfate
and nitrate does not seem to contribute to alter the redox status of the aquifer. An opposite
situation is observed for Scenario “b” (blue dashed line), for which the model severely
overestimates the observed ORP with time, resulting in an increasing trend of ORP which
quickly reaches an asymptotic value close to 800 mV. The result is explained considering
that the rate of oxygen molecules entering the system in gaseous form exceeds the
consumption rates of oxidants by OM degradation. The model was insensitive to different

OM Kinetic rates, as similar results were obtained setting near-equilibrium conditions.

Scenario “c” (red line), which reproduced the mixed condition between “a” and “b”,
matched well the observations. Using the RSR to evaluate the goodness-of-fit (Equation
4), we found a “very good” fitting (RSR<0.06) between observed and simulated ORP data
as also shown in Figure 6(a). Such fitting is due to the ad-hoc tuning of the rate-limiting
function, which scales the total amount of Oz and dissolved oxidizing species entering
the aquifer with time. The shape of the rate-limiting function is shown in Figure 6(b). It
shows mild pulses of oxidizing species entering the batch system, which agrees with the
temporal occurrence of the main rainfall events recorded in the area. The correlation
between rainfall events and changes in ORP supports the hypothesis that recharge
events are connected to redox variations, and in turn to As mobility. The total
concentrations of oxidizing species entering the aquifer increases from 10 mol/L to
4 x 10~* mol/L, a reference value to be compared with the amount of oxidizing species

computed for the other two piezometers, described below.

The resulting concentrations for As and Fe simulated by the model and embedding
Scenario “c” is shown in Figure 6(c) and Figure 6 (d), respectively. In general, the model
correctly reproduces the observed trends, with RSR<0.5 for both variables. In the case
of PZP036, the model simulated a reduction in As concentrations towards the end of the
experimental time, which is consistent with the minimum value of As concentrations
obtained from laboratory analysis. For Fe, the decreasing concentrations were also
correctly captured, supporting the hypothesis of As attenuation by precipitation of HFOs

as ORP increases.
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4.3.2 PZP040

The results from PZP040 displayed a different behavior compared to PZP036. In contrast
with PZP036, PZP040 showed a generally stable trend in ORP between -40 and -100 mV
throughout the experimental monitoring period (Figure 6(a)). Consistently, the resulting
fitted function required to match the observed ORP data from PZP040 was steadily close
to about 10-° mol/L, which is approximately one order of magnitude lower than the amount
of oxidants simulated for PZP036. The RSR was below 0.5.

This result is explained considering that PZP040 is located in the northern part of the site,
where the fine-grained sediments topping the aquifer is thicker that around PZP036
(Section 4.1). As such, a lower influx of oxidizing species is consistent with the hypothesis
that the thicker fine-grained layer at PZP040 inhibits more the connection between ground
surface and the aquifer than at PZP036. A more limited connection with the surface for
PZP040 is also consistent with the observed delayed response of groundwater head
changes to rainfall events, when compared with the more rapid response observed at
PZP036 for identical rainfall events (Figure 3). Hence, PZP040 could represent a more

confined aquifer condition than around PZP036.

The geochemical change in As (Figure 6(c)) and Fe (Figure 6(d)) at PZP040 agreed with
the lack of redox-perturbing recharge events. At the beginning of the experimental activity,
As concentrations ranged between 12 pg/L and 20 pg/L, i.e. higher concentrations than
those found at PZP036 and largely exceeding the WHO recommended threshold. These
concentrations were generally stable throughout the experimental time. This is also true
for Fe, which was well correlated to As, and matched well the expected behavior of the
system based on the proposed conceptual model. The geochemical model reproduces
steady As and Fe concentrations, achieving a “good” fitting for As (RSR=0.54) and “very
good” fitting for Fe (RSR=0.17). Simulated concentrations of Fe at PZP040 were one
order of magnitude higher than at the other piezometers, according to the experimental

observations.
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4.3.3 PZP041

The results from PZP041 provided a different way to corroborate the validity of the
proposed conceptual model. At PZP041, As concentrations exceeding 40 pg/L were
observed initially. Progressively, As concentrations decreased as ORP increased,
according to the postulated processes. Concentrations of observed As, Fe and ORP
showed well-defined peaks, suggesting a more direct and efficient ingress of oxidizing
species than at the other piezometers. The amount of oxidizing species needed to model
these peaks was approximately 10-2 mol/L (Figure 6(b)), i.e. an order of magnitude higher
than at PZP036. Nonetheless, observing the stratigraphic log from the three boreholes
(Section 4.1), PZP041 showed a thicker layer of fine-grained materials topping the aquifer
than at PZP036. Thus, the quick fluctuation of oxidizing conditions observed at PZP041

seems to contrast with the conceptual model presented so far.

We explain this apparent anomaly considering that that PZP041 might be strongly
influenced by a quick external perturbation that “unnaturally” drove oxidizing species to
the aquifer. During a site visit during rainfall events, we observed ponding water the
around the PZP041 wellhead. This could likely result in the direct flow of the surface runoff
water into the piezometer, which might explain the very fast response of the
potentiometric head to rainfall events (Figure 3(c)). This anomalous perturbation invalids
the observations at PZP041 for the evaluation of the natural aquifer response around this
piezometer. However, the “very good” match between the simulated values and the
observations (RSR < 0.32 for all variables) further corroborates the hypothesis that the
ingress of oxidizing species and the subsequent sequestration of As by HFOs

precipitation could explain As mobility in the system.

5 Discussion

The combination of experimental observations, machine learning (SOM) and geochemical
modeling (PHREEQC) consistently suggested the validity of the initially hypothesized
conceptual model (Figure 2). The role of rainfall-driven recharge events as redox regulator

of shallow aquifer is in line with the results from previous studies in other alluvial aquifers
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(e.g. Ramesh Kumar and Riyazuddin, 2012). This result has multiple implications both
form a scientific perspective and from a decision-making perspective, particularly for As

risk management by local authorities.

One of these aspects is how crop irrigation could affect natural recharge. Since VAP
aquifers are affected by irrigation during the dry season, irrigation-related processes could
in principle trigger a reduction of As by adding oxidants to the soils (as a sort of “artificial
recharge” process). However, other coexisting processes may render the role of irrigation
less straightforward to disentangle. For instance, in a Bangladesh site, Harvey et al.
(2006) indicated that irrigation water tended to pond over the low-permeable layers,
thereby changing not only the hydrologic budget but also the biogeochemistry of the
recharge water. We have no accurate long-term data to calculated seasonal water
budgets, which could help at least inferring the volumetric contribution of irrigation-driven
recharge in the aquifers. One problem is that the amount of water volumes used for
irrigation is strongly farmer-dependent. Specific surveys to obtain farmer irrigation data

will be one goal of future studies in the VAP.

Another aspect to be considered is about the use of multicomponent reactive transport
modeling to perform As risk assessment at larger scales than those characterizing the
experimental site. Such risk assessment cannot be performed using the limited number
of spatially-distributed piezometers available for the present analysis. The models
presented here are also limited in this sense, being based on zero-dimensional batch-like
reactors. A 3D model is deemed better suited for risk analysis in the VAP. Such a model
could include, for instance, the hydro-stratigraphic units of VAP subsoil reconstructed
using the transition probability based code spMC (Sartore et al., 2016; Fabbri et al., 2020).
This code allows evaluating the impact of the random spatial variability of key parameters,
including peat distributions or recharge rates at regional scales. The resulting 3D model
could then be used to quantify the magnitude of the As release in the VAP and the risk
associated to seasonal changes in recharge patterns in all point of the system. The model
could directly inherit the simple conceptual geochemical model developed in this work.
Codes such as PHT3D (e.g. Prommer et al., 2003) or PHAST (e.g. Parkhurst et al., 2004)
use PHREEQC as geochemical engine, and the geochemical system adopted for the
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batch models developed here could be directly used to build a multidimensional model
using those codes. The model could also help clarifying the spatial variability in

confinement status of the studied aquifer.

Ultimately, we recall that a goal of this study was to propose SOM as a novel and efficient
machine learning approach to perform EDA, in particular to quantify nonlinear correlation
among variables. It was not a goal of this work to demonstrate that this method is superior
to other methods for correlation hunting, such as regressive methods, PCA or even other
machine-learning algorithm. Such an evaluation requires solid synthetic benchmarks or
larger experimental datasets than those adopted in this work. We carried out a PCA (not
reported) and obtained qualitatively similar results as those obtained by the SOM analysis
when considering the distribution of analyzed data on the biplots of the first two principal
components. However, the variance associated to the first two components was less than
50%, suggesting that a more complex analysis involving more components would be likely
needed if PCA was used for EDA. Since such more complex analysis lies beyond the

scope of the model, it was not analyzed further.

Conclusion

This paper presented a novel combination of exploratory data analysis (EDA) based on
machine learning and geochemical modeling to infer the key processes controlling As
mobility in complex systems. We applied this approach to the Western Agricultural Areas
(WAA), a small area of the Venetian Alluvial Plain, VAP (near Venice, Italy), with the
overall goal of identifying key mechanisms determining variations of As concentrations
observed at different piezometers. Starting from an initial general conceptual model that
accounts for HFOs as key redox-dependent phase controlling As  mobility and
recharge-controlled redox variations, the analysis of the WAA served as an experimental

site to study the geochemical processes in the VAP.
The main conclusions achieved from this work are listed as follows.

e The interpretation of the key controls of As mobility in the WAA benefitted from the
combined used of SOM and PHREEQC. While visual assessment of time series



Accepted manuscript, Water Resources Research 2020 doi: 10.1029/2019WR026234

provided insight to correlate specific pairs of variables, the use of SOM assisted to
corroborate quantitatively the nonlinear relationships among all variables obtained
from a hydrogeological and geochemical assessment of the WAA.

e SOM-based correlations between As and other variables were consistent with the
initial general conceptual model. However, SOM-identified correlation between As,
ORP and groundwater head changes was a key factor to link rainfall-driven
recharge events to redox variations in the aquifer. In the VAP, natural attenuation
of As may be thus depend on the local intensity of recharge to the aquifer and its
impact to oxidize the system, tending to precipitate HFOs on which As adsorb and
become immobilized.

e Process-based PHREEQC modeling was useful to test the conceptual model by
simulating three possible transport mechanisms delivering oxidants to the aquifer.
It was found that the infiltration of rainfall water was not sufficient to increase the
aquifer oxidation potential, while it seemed unlikely that a perfect connection
between aquifer and atmosphere exists in the studied domain. An intermediate
mechanism between infiltration of pure rainfall water and direct input of Oz()
molecules is instead more plausible. The simulations generated good match with
the field observations when the rate-limiting function scaling the amount of
oxidants entering the aquifer scales according to the occurrence of rainfall events,
which are directly connected to aquifer recharge.

e Aquifer heterogeneities determine a distinct local response of As concentrations
to the effects of recharge in the study area. This is possibly occurring also at the
scale in the VAP. The spatial variability of the confining or semi-confining fine-
grained layer topping the aquifer could be a key limiting factor scaling the amount

of oxidants entering the aquifer in the different part of the system.
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Figure 1 A) The red line marks the limits of the Venetian Alluvial Plain (VAP), located between Padova (PD), Treviso
(TV) and Venice (VE). The VAP is crossed by the Brenta River near its entrance to the Venice Lagoon. The small black
square shows the location of the Western Agricultural Area (WAA). B) A topographic map of the WAA, showing the
eight piezometers used in this study, and the three red piezometers (PZP036, PZP040 and PZP041) with more frequent
analyses. C) A schematic geological cross-section of the VAP (modified from Piccinini et al., 2017).
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Figure 3 Time series of measured variations of groundwater head, oxidizing-reduction potential (ORP), arsenic (As)
and iron (Fe) concentrations for the three piezometers PZP 036 (A), 040 (B) and 041 (C). with weekly geochemical
monitoring and continuous groundwater head level logging.
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Table 1 Summary table of the WAA dataset. The column “head” represents the hydraulic head. The extended name
of the variables can be found in the text.

ma.s.l. °C °C mbar mV mg/L uS/em ppt mg/L  mg/L mg/L mg/L  mg/L

head T_air T_gw P_atm pH ORP DO EC SAL HCO3 NH4 PO4 So4 F

Min -1.28 -0.60 11.20 998.90 6.68 -173.70 0.09 734.00 0.41 475.00 0.04 0.02 0.50 0.10
1st_Q -1.03 5.83 12.93 1010.20 6.88 -102.62 0.13 876.80 0.49 522.40 0.14 0.02 20.50 0.18
Median 0.23 8.15 13.95 1018.80 6.95 -84.70 0.17 881.50 0.49 543.40 0.46 0.02 42.00 0.20
Mean -0.14 9.39 13.66 1019.10 6.96 -83.35 0.26 947.70 0.53 553.70 1.04 0.05 66.61 0.28
3rd_Q 0.44 1045 14.20 1028.80 7.01 -55.15 0.26 887.50 0.50 565.40 2.07 0.07 73.75 0.29
Max 0.85 23.90 17.00 1035.00 7.23 090 1.12 2481.00 1.45 827.00 3.73 0.34 1125.00 1.60
mg/L  mg/L mg/L  mg/L mg/L  mg/L mg/L  mg/L ug/L pg/l pg/l pg/l ug/L  pg/t

cl Na K Mg Ca Si TOC TSS Al As B Cu Fe Mn

Min 21.00 18.80 0.50 29.00 46.30 395 0.60 2.50 0.50 0.50 8.00 0.50 75.00 109.00

1st_Q 2400 19.73 0.80 34.20 113.80 5.07 1.10 5.00 1.00 2.25 1425 0.50 487.50 129.00
Median 33.50 26.50 2.00 36.75 123.00 6.81 1.45 9.00 1.00 11.00 64.50 0.50 1248.50 160.00
Mean 36.66 30.78 1.90 43.27 123.40 691 198 189.60 1.17 11.33 6150 0.86 1232.00 183.90
3rd_Q 43.00 29.73 2.30 46.95 137.60 8.44 2.70 30.00 1.00 1475 82.75 1.00 1800.20 198.20
Max 135.00 15160 7.20 140.80 294.00 10.41 590 5925.00 3.00 45.00 266.00 3.00 3222.00 696.00
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Table 2 Chemical composition of the background groundwater and the rainfall used as input for the PHREEQC models.

Parameter PZP 036 PZP 040 PZP 041 Rainfall (Pieri et al., 2012)
T[°C] 14.200 15.000 14.300 14.2
pH 7.220 7.140 7.100 6.55
pe -1.870 -1.180 -3.010 4 (function of 02 atm)
Chemicals [mg/Ll]  [mg/L]  [mg/L] [umol/L]
Al 0.001  0.002 0.001 \
Alkalinity (as HCOyz) 533.600 555.600 572.700 \
As 0.002 0.011 0.014 \
B 0.083 0.013  0.077 \
Ca 136.700 123.700 117.900 105.22
cl 23.000 32.000 45.000 63.3
F 0.180  0.280  0.160 \
Fe 1.198 1.203 1.682 \
H(1) \ \ \ 0.3
Mg 33.700 46.000 34.900 37.95
Mn 0.160 0.139 0.194 \
N(+5) \ \ \ 62.25
N(-3) 0.770 0.150 3.730 \
Na 27.800 18.800 31.700 97.8
P 0.030  0.015 0.030 \
5(6) 80.000 24.000 17.000 41.95

Si 5.190 7.330 10.410 \
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