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Highlights:

(1) The time-domain induced polarization is used to image the clogging distribution in a
constructed wetland. (2) A linear correlation between normalized chargeability and the
amount of clogging is observed. (3) The effectiveness of the normalized chargeability as a

proxy for the clogging presence is therefore demonstrated and applied in field conditions.
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Abstract. During the last decade, constructed (artificial) wetlands have flourished in
Europe in order to treat sewage from small communities thanks to its low cost of
operation and simplicity. That said, the clogging of the gravel filters is an issue that can
affect their efficiency. The present work shows the results of the application of a
geophysical method called time-domain induced polarization to non-intrusively image in
3D the clogging of the gravel filters in a quick and efficient way. Induced polarization
characterizes the ability of a porous material to store reversibly electrical charges when
submitted to an electrical field. The material property characterizing this ability is called
normalized chargeability. We have developed a laboratory experiment to determine an
empirical relationship between the normalized chargeability and the volumetric amount of
clogging. Induced polarization measurements have been performed over a constructed
wetlands to get a 3D reconstructed image (tomography) of the normalized chargeability.
From this tomography and the previously defined relationship, we are able to image in 3D
the amount of clogging. We can therefore identify the areas where this clogging is
concentrated in the filter, an important task in order to take preventive measures to

minimize this issue.
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1. Introduction

During the last decade, constructed (artificial) wetlands have been developed for
the treatment of waste water of small communities of less than ~2000 people (e.g.,
Puigagut et al., 2007) as well as for treating industrial wastewater, greywater, and
stormwater runoff. Constructed wetlands are engineered systems that have been designed
to take advantage of the same filtration processes that occur in natural wetlands (e.g.
Vymazal, 2005; Puigagut et al. 2007; Vera et al. 2011). This filtration process involves the
influence of wetland vegetation and the role of microbial assemblages. The idea is to
apply this knowledge to assist waste water treatment in a more controlled environment.
Constructed wetlands may be categorized following their design parameters: hydrology
(open surface flow of water versus subsurface flow), type of macrophytes (emerged,
submerged, free-floating or none), and flow paths (horizontal versus vertical) (see
Vymazal, 2011).

Constructed wetlands act as a biofilter, filtering nutrients, organic matter, pathogens
from the wastewater. It is therefore perhaps not surprising that the main problem affecting
constructed wetlands is the development of clogging. Above a critical level; clogging can
obstruct the porous filter in which water is flowing. Clogging include the role of inorganic
and organic particles, the development of biofilms, plant biomass and accumulation of
chemical precipitates (Pedescoll et al., 2011). Some approaches have been developed to
minimize the development of clogging like the pretreatment of the influent in order to
eliminate solids in suspension and favouring the removal of the macrophytes responsible

for clogging (Pedescoll et al., 2011). There have been many attempts to limit or remedy to
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filter clogging. In this perspective, chemical treatments to oxidize the organic matter of
the filter using hydrogen peroxide has appeared as a potential solution (Nivala and
Rousseau, 2009), That said, engineers need to understand and if possible visualize flow
paths and the occurrence of clogging in the subsurface. The traditional restoration
procedure to a constructed wetland is to remove the clogged bed media and replace it with
clean media or, if it is a gravel-based system, wash it and return it to the wetland bed.
Both approaches are costly and may require sections of the facility to be taken offline for
extended periods of time (Nivala and Rousseau, 2009).

Existing classical techniques to understand the flow paths include tracer tests (Marzo
et al. 2018) and measurements of the hydraulic conductivity in a set of piezometers
installed in the filter (Marzo et al. 2018 and Licciardello et al. 2019). In this perspective
geophysical techniques such as the geo-radar (Tapias et al., 2013, Matos et al., 2019) and
electrical resistivity tomography (Tapias et al., 2013, Marzo et al., 2018) can play a strong
role in characterizing the filter. In order to be efficient in these approaches, non-intrusive
techniques able to quantify clogging would be extremely useful. However, to our
knowledge, no geophysical techniques provides a quantitative idea of the amount of
clogging in the subsurface.

Induced polarization is a geophysical technique that can be used to image two
key-properties of the subsurface, namely the electrical conductivity and the normalized
chargeability. The former refers to the ability to porous media to conduct an electrical
current while the second refers to the reversible accumulation of charge carriers (low
frequency polarization) under the influence of a primary electrical field (Schlumberger,

1920). The grains and bacteria are coated by an electrical double layer, which is
4
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responsible for the polarization of the material. A recently developed model called the
dynamic Stern layer concept (the Stern layer being the inner part of the double layer
coating the surface of the grains and bacteria) seems to explain all induced polarization
measurements to date made in the laboratory as well as in the field (see Rosen et al., 1993;
Revil and Florsch, 2010; Revil, 2012, 2013a).

The motivation for our work is based on the following observatons and modelling
effort. We know that the dynamic Stern layer model of induced polarization implies that
the normalized chargeability is strongly controlled by both the Cation Exchange Capacity
(CEC) of clay materials (Revil, 2012, 2013a) and the presence of bacteria (Revil et al.,
2012; Zhang et al., 2014). Since clogging materials are expected to have a strong CEC
and biolfilms are present, imaging the normalized chargeability distribution of constructed
wetlands is the key to quantify the amount of clogging in the porous filter. We want to test
this idea in this work. If we can non-intrusively image clogging, this also means that we
can monitor its occurrence, both in space and time, and therefore anticipate complete
clogging of the porous filter and reduce ipso facto the cost of maintenance of these

system.

2. Materials and methods

An operational wetland located in Vedl (Spain) is used as a test site in the present
study. This constructed wetland treats the urban wastewater from Verdu (population of
919 people in 2019) with a maximum designed flow rate of 400 m3/d. This waste water
treatment system includes a pre-treatment of the waste water consisting on three septic

tanks in parallel to each other (Figure 1). The resulting effluent is distributed to four
5
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gravel-based horizontal subsurface flow constructed wetlands. After these constructed
wetlands, the pore water goes through two maturation ponds and finally two additional
small horizontal subsurface flow constructed wetlands (Figure 1). This site entered into
operation in 2002. All the four gravel-based horizontal subsurface flow units have been
affected by clogging problems. This issue was minimized by operating regularly some
gravel cleaning or substitution, which had the drawback to increase the operational cost of
the site.
2.1 Induced polarization

Induced polarization is a non-intrusive geophysical method investigating the
ability of porous materials to store reversibly electric charges under the action of an
external (primary) electrical field (Vinegar and Waxman, 1984 and Figure 2). Induced
polarization measurements can be performed in time-domain (TDIP) or frequency domain
(FDIP), but in the field TDIP measurements are preferred over FDIP because of their
easiness to be carried out with most resistivity meters.

The TDIP conceptualization data is sketched in Figure 3. A box current is injected
into the ground using two current electrodes (A and B) over a period T (typically T = 1 s)
The resulting electrical potential distribution is recorded between two potential electrodes
(M and N). In this study we use stainless steel electrodes. When the primary current is
shut down, the secondary current decays over time (Figure 3, Schlumberger, 1920). This
decay expresses the fact that the stored electrical charges comes back to their statistical
equilibrium position by electro-diffusion (e.g., Revil, 2013b). In order to image the
chargeability, the voltage curve is sampled over a series of windows. Then, the

polarization data are formed by partial (apparent) chargeabilities (dimensionless but often
6
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expressed in mV/V). These partial chargeabilities M; are obtained by integrating the
secondary voltage decay between times ti and tj+1.

M; = ——— [ Y(Ddt. (1)

1110 (tl.+1 _tl.)

In this equation, yo denote the potential difference between the voltage electrodes M and
N just before the shutdown of the primary current, y(t) denote the secondary voltage
decay curve associated with ground polarization, ti+1 - tj indicates the duration of the
window Wi. During the acquisition, it is recommended to separate the cables for the
current injection (containing all the bipoles AB) and the cable used for the voltage
measurements (containing all the voltage electrodes MN, see Dahlin and Leroux, 2012).
This is done to minimize electromagnetics capacitive and inductive couplings between the
wires and to avoid the potential electrodes (M and N) polarization, preventing to use them
as current electrodes (A and B).

In order to interpret induced polarization tomograms, we need to describe a
fundamental model developed in the past decade and called the dynamic Stern layer
model (e.g., Rosen et al., 1993; Revil, 2013b). This model implies that most of the
observed polarization in a metal-free porous materials is due to the polarization of the
Stern layer coating the surface of the grains. This Stern layer forms the inner part of the
electrical double layer coating the grains. Considering that an external harmonic electric
field E=E,exp(+iat) ,E, (V m?) denotes the amplitude, » denotes the pulsation
frequency (in rad s), and t (in s) is time applied to a porous material (primary field), the

complex conductivity of the porous rock can be written as (Revil et al., 2017b)

o* (@)=, M, [—%D) g @
o1+ (iw7)

7
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The quantity o denotes the pulsation frequency (expressed in rad s 1), h(z) designates a

probability density for distribution of the relaxation times associated with charges

accumulations at grain scales. In equation (1), M, signifies the normalized chargeability

(expressed in S m™) (Seigel, 1959; Revil et al., 2017) as

M =Z2 "% (3)
O,
MnEo-oc_O-O’ (4)

where o, and g, (both in S m™) denote the instantaneous and DC (Direct Current)
conductivity of the porous material, respectively. The quantity o corresponds to the
conductivity just after the application of the external (primary) electrical field. In this
situation, all the charge carriers are mobile (Revil et al., 2017a). The quantity o, (S m™)
defined the conductivity of the material for a long application of the electrical field
corresponding to steady-state condition. (Revil et al., 2017a). The DC conductivity is
necessarily smaller than the instantaneous conductivity since the charges responsible for
the polarization are not available anymore for the conduction process. Extending Archie’s
law (Archie, 1942) to include surface conductivity effects, Revil (2013b) obtained the

following expressions of the high and low-frequency conductivities,

o, =6, +6p,BCEC, (5)

o, =6°c, +6p,(B—-2)CEC. (6)
Respectively, and therefore, the normalized chargeability is given by

M, = 6p, A CEC. (7)

In these equations, 8 denotes the volumetric water content (equal to the porosity at
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saturation), o, (in S m™) is the pore water conductivity, pgy designates the grain density
(in kg m?, usually p, = 2650 kg m?), and CEC (C kg™ where C stands for Coulomb)
signifies the cation exchange capacity of the material. This CEC corresponds to the
density of exchangeable surface sites on the surface of the mineral grains. It is typically
measured using titration experiments in which the surface of the grains is exchanged with
a cation having a high affinity for the sites populating the mineral surface. It is often
expressed in meq/100 g with 1 meqg/100 g = 963.20 C kg 2. In equations (3) and (4), B
(in m?sVv1) denotes the apparent mobility of the counterions for surface conduction. By
surface conduction, we mean the conductivity associated with conduction in the electrical
double layer coating the surface of the grains. The quantity A (in m?stVv1) symbolizes
the apparent mobility of the counterions for the polarization. The surface conductivity
corresponds to the last term of equation (3) and is written as as. A dimensionless number
R has been introduced by Revil et al. (2017a) R = A/B. From our previous studies (e.g.,
Ghorbani et al., 2018), we have B (Na*, 25°C) =3.1+0.3x10° m?s*V and A(Na*, 25°C)
=3.0+0.7x10"° m?s1V1, and R is typically around 0.09+0.01. In the present paper, we are
interested in the dependence of the normalized chargeability with the amount of clogging
matter in a horizontal subsurface flow constructed wetland filter. The CEC describes the
quantity (in equivalent electrical charge) of the active (exchangeable) sites on the surface
of minerals and bacteria per unit mass of minerals and/or bacteria (e.g., Revil, 2012; Revil
et al., 2012). The CEC is controlled by the presence of clogging because of the increase of
specific surface area caused by the clogging coating the grains (Figure 4). Therefore, the
CEC can be used as a proxy of clogging weight content ¢, 0 CEC through the gravel

filter.
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2.2 Laboratory experiments

To test empirically the relation between normalized chargeability and the clogging
content ¢, of the gravels, nine one-point induced polarization measurements were
carried out on the horizontal subsurface flow constructed wetland. We use a Syscal Pro
equipment (from IRIS, www.iris-instruments.com). We use 72 electrodes with a regular
spacing of 0.5m and an injection time of 1 second with a dead time of 80 ms before the
chargeability sampling and a total of 20 induced polarization windows (Figure 5). Then
the gravel samples from the acquisition points were stored on plastic boxes to analyse
them in the laboratory. On the laboratory the samples were cleaned with distilled water,
this water was decanted three times and filtered to separate the clogging matter and the
clean gravels. The gravel and the clogging matter from each sample were dried at 50°C
for three days and then weighed to calculate the % of clogging matter (dry) in each gravel
sample.
2.3 Field data acquisition

A total of 5 induced polarization profiles (Figure 6) were acquired in the horizontal
subsurface flow constructed wetland studied (Figure 1); the constructed wetland showing
more evident clogging problems with surface flow of the wastewater near the inlet (Figure
7). Each one of these profiles were composed by 2 concatenated profiles with 72 stainless
steel electrodes per profile in order to cover the total length of the constructed wetland
without increasing the spacing between electrodes i.e. without resolution decrease. The
resistivity and chargeability measurements have been carried with the Syscal Pro
equipment separating the injection and acquisition electrodes to minimize the

electromagnetic coupling effects as well electrode polarization issues (Dahlin and Leroux,
10
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2012; Duvillard et al., 2018), a spacing between electrodes of 0.5 meters and 20 IP
sampling windows (Figure 8). A multigradient sequence with 234 quadrupoles, an
injection time of 1 second with a dead time of 80 ms before the chargeability sampling

and a maximum investigation depth of 1.12 meters was selected after trial and error tests.

2.4 Inverse modelling

The filtering of the profiles has been done manually by analysing the voltage decay
curves obtained in the field. We have discarded an average 19% of the decay curves in
which the measurement exhibit erratic behaviours or negative voltage values. With the
profiles that have already been filtered, the chargeability data (using only the first window
acquired, W1) and resistivity data has been inverted with the Res2Dinv software, thus
obtaining the resistivity, conductivity and chargeability of each profile, which allows
finally obtaining the normalized chargeability profiles multiplying the chargeability by the

conductivity cell by cell.

3. Results

3.1 Laboratory experimental results

The relationship between normalized chargeability and % clogging shows a direct
correlation (R? = 0.76), obtaining a maximum M, value of 1021 S m™ for a sample with
@, = 4.6% clogging (dry) and a minimum value of 102 S m™ for a sample with ¢, =
1.8% clogging (dry), proving that there is an increment on the normalized chargeability
(more specifically on the CEC) as a consequence of an increment on the % of clogging in

the filter (Figure 9). From this data we obtain the expression to calculate the % of
11
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clogging on each cell from the normalized chargeability profiles as:

M
%) =—"—+1. 8
@y (%) 00017 (8)

3.2 Results of the induced polarization profiles and clogging estimation

The profiles made show a heterogeneous distribution of the normalized chargeability,
associated with the greater or lesser presence of clogging in the gravel filter, which can be
subdivided for a better compression into low (< 1028 S m™), moderate (> 102% S m*<
1022 S m™Y) and high values (> 1022 S m™) (Figure 8). The electrical conductivity
profiles used to calculate the My are presented on the Figure 11. Using the experimental
formula that has been obtained (point 3.1) it is possible to obtain profiles of % clogging
distribution from the M, profiles obtained in the field, which following the criteria applied
for M can be subdivided into low obstruction (< 2.4%), moderate obstruction (> 2.7% <
4.7%) and high obstruction (> 4.7%). The general pattern of distribution of clogging that
can be inferred from the profiles herein presented shows an upper layer with low
obstruction, except at the profile start (water inlet) that has moderate obstruction values,
that passes to moderate and high obstruction values in depth (Figure 10).

We also present 5 depth slices of the constructed wetland for My (Figure 12) and
percent of clogging (Figure 13) with depths at -0.1 m, -0.32 m, -0.56 m, -0.83 m and -1.12
m. To simplify compression only percent of clogging profiles are described since they are
the final objective of the present study.

In the -0.1m and -0.32 m slices the percent of clogging are similar, with low percent
of clogging values in the middle part of the constructed wetland and moderate values at
the start (water inlet) and on a zone at the end (water outlet). The -0.56m slice shows

12
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moderate obstruction values except in its central part following the flow direction were
low obstruction values are shown. This trend is also observed in the -0.83m slice were
high obstruction values are dominant in the laterals and at the end of the constructed
wetland, but moderate obstruction values are located at the start and at the central part of
the constructed wetland. The -1.12 m slice shows, in general, smaller obturation values
than the -0.83 m slice, with the higher obturation values still on the laterals of the
constructed wetland but occupying a smaller area being the moderate obstruction values

dominant.

4. Discussion

The technique herein presented allows to anticipate the critical situation involved in
the clogging of the filter since it is able to detect the areas where clogging is concentrated
in a fast, economical, effective way and easily replicable in time, thus giving information
on the evolution of this clogging and without need to stop the normal operation of the
plant. Normalized chargeability depends on the cation exchange capacity (CEC), which
will be increased in areas where clogging is accumulating thanks to the fixation of clay
particles and to the increase of the specific surface area caused by this clogging coating
the gravel. The depth slices give valuable information about the areas where clogging is
accumulating and an estimate of the accumulated amount; the two most superficial slices
(-0.1 m and -0.32 m) show that in general the condition of the filter at these depths is
good except for a part of the final zone (water outlet) and the start zone (water inlet) that
shows some higher clogging values, corroborated in the field since it is in these first

meters of the filter that surface water flow is observed. The slice corresponding to a depth
13
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of 0.56 m shows moderate clogging values except in the central part of the filter, where
they are low.

In this distribution, two problems are obvious. The degree of clogging increases with
depth clogging is not homogeneously distributed, which generates preferential water flow
paths. The highest clogging values are shown at a depth of 0.83 m, on the sides of the
filter giving rise to a preferred water flow zone at the beginning and through the center of
the filter. The deepest slice corresponds to a depth of 1.12 m where differences in the
degrees of clogging are also observed, which continues to give rise to preferential flow
zones. These data show the existence of differences in the degree of clogging of the filter
that in general is greater in depth, but if we observe in detail the depth slices we can
identify for the same depth areas with greater and lesser degree of clogging and therefore
areas of preferential flow and areas with a more residual flow or even without flow which
will favour the formation of more clogging and drastically reducing the effectiveness of
the system. The information obtained with the method presented here allows to identify
the areas where clogging is being concentrated. This could offer the possibility to monitor
the occurrence of clogging over time, which can be useful to anticipate potential problems
such as surface water flow or the creation of areas without flow in depth. It is possible to
plan a partial substitution of the gravels, affecting only the area of high clogging values,

thus reducing both the economic cost of the operation and the time to stop the system.

5. Conclusions

Time-domain induced polarization is used for the first time to image clogging

distribution of a gravel filter from a horizontal subsurface flow constructed wetland.
14
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Experimental data performed on the laboratory demonstrates the linear relationship
between the normalized chargeability and the amount of clogging in the gravel filter
because of the substantial increase of the cation exchange capacity caused by clogging
coating these grains. This is expected since clogging contains fine particles and bacteria
characterized by high cation exchange capacity. Therefore, we were able to convert the
3D normalized chargeability tomogram obtained with the field data into a 3D distribution
of the percent clogging. This method allows to identify the zones were the clogging has
accumulated trough the filter and therefore predict preferential flow paths and dead flow
zones. This is an important task to plan preventive measures and anticipate the filter

obstruction that may decreases the effectiveness of the waste water treatment system.
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Figure 1. Verdu horizontal subsurface flow constructed wetland scheme. A; small
horizontal subsurface flow constructed wetlands, B; maturation ponds, C; horizontal
subsurface flow constructed wetlands and D; pre-treatment stage. The arrows indicate the
flow direction. The horizontal subsurface flow constructed wetland shaded in grey in the
studied filter.
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Figure 2. Clogging can be made of fine particles and biofilms formed by bacteria, a. In an
imposed electrical field Eo, Fine particles like here a clay particle get polarized. b. In a
similar way, bacteria gets polarized in an applied electrical field. In both cases, the
polarized particle behaves like a dipole generating a secondary electrical field, responsible
for the observed induced polarization. The short application of the electrical field defines
the instantaneous conductivity while a long application of the electrical field defines the
Direct Current (DC) conductivity.
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Figure 3. Time-domain induced polarization measurements. Measured potential
difference between two voltage electrodes M and N for a box current input through
current electrodes A and B. The decaying secondary voltage (for t > 0) is sampled into
windows (W1, W, etc.) separated by characteristic times (to, t1, t2, ...). The partial or
apparent chargeabilities are determined for each of these windows by integrating the
voltage decay over the duration of the window.
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439  Figure 4. Influence of clogging on the texture. A) Microscopic scheme without clogging.

437
438

440  B) Microscopic scheme with clogging coating the grains, showing how this clogging may
441 block the water flow and how the specific surface area able to exchange cations is
442 increased (i.e. how the CEC is increased and therefore the normalized chargeability). G =

443 gravel grains, C = Clogging.
444
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Figure 5. Apparent chargeability decay curves for 5 of the samples used in the laboratory
to test the correlation between the normalized chargeability and the percent of clogging.
We have sampled the voltage decay over 20 windows Wi (i from 1 to 20). The lines are
just guides for the eyes.
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454 Figure 6. Location of the five induced polarization profiles (P1 to P5) on the horizontal
455  subsurface flow constructed wetland studied. The small arrows indicate the water inlet

456  and the flow direction from the inlet inward.
457

25



458
459
460

461
462

Figure 7. Picture of the constructed wetland investigated in the present paper. The surface

flow can be seen along the water inlet as well as the nine piezometers.
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Figure 8. Selected apparent chargeability decay curves from the field profiles. We have
sample the voltage decay over 20 windows like for the laboratory data. The range of the
apparent normalized chargeability is reasonably similar in the field and in the laboratory.
The lines are just guides for the eyes.
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Figure 11. Conductivity profiles (P1-P5) inverted. The black arrow indicates the water
inlet and the flow direction, SW-NE.
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Figure 12. Normalized chargeability (in S/m) depth slices. The crosses show the electrode
locations at the ground surface.
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492 Figure 13. Percent of clogging depth slices obtained with the expression presented on the
493 point 3.1. The crosses denote the electrode locations at the ground surface.
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