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Article abstract
ArtiClle history: . In this study, we assessed induced polarization as potential non-destructive method for root detection in dike
Received 30 April 2015 embankments. We used both laboratory and field experiment to describe the electrical signal with a focus on

2eceivtez ilnsr;visezdofloesrm 29 April 2016 54| water content. Our objective was to determine in which hydric state of the soil, and related electrical prop-
ccepte ay erties, roots could be accurately discriminated. We hypothesized that preferential water zone absorption near
Available online 19 May 2016 . o .
the roots could, in some conditions, contribute to locate them.
During the laboratory experiments, we compared the response of containers filled with the same homogeneous

'E(:q{,::,::,se'nt hydraulic structures silty clay bare material, and without (A) or with freshly cut root (B) at different levels of soil water content. Re-
Electrical prospecting sistivity and phase variations with soil water content indicated that it was preferable to work in dry conditions
Root detection since the contrast was higher.

Soil moisture Interactions and overlapping between polarization effects of both root and soil made it difficult to interpret first
Induced polarization (IP) chargeability maps. This led us to study temporal-spatial variations by considering the dynamics of water absorp-

tion during a field experiment.

High resolution time lapses images showed a correlation between root location and complex resistivity anoma-
lies. Although these first results have to be confirmed by further measurements, induced polarization seems to
add useful information to interpret anomalies produced by woody roots.

1. Introduction erosion by piping occurs when particles are torn off and transported a-
long preferential pathways and is one of the main causes of dike failure
1.1. Context and background (Foster et al., 2000). It can be initiated by the presence of root systems

that constitutes areas of heterogeneities particularly with root decay
Controlling the vulnerability of dike embankment is one of the main (Bambara et al.,2013) after tree death or coppicing.Information on the
concerns for river managers. A regular monitoring and diagnosis is nec-sj type is useful to assess the behavior of the pipe after root decom-
essary. Indeed, the failure of such dikes may have catastrophic socio- position. The more the soil material is cohesive, the longer the root way
economic impacts including casualties for neighboring populations. In js preserved (Deroo and Fry, 2014). Dikes which material is in majority
the World, tens of thousands of kilometers of dikes were inSUfﬁCientIy fine (Sllt and C|ay) as they genera”y have to be impermeab|e' are there-
maintained in the past (Sharp et al, 2013; Zanetti et al, 2011a, 2011b) fore vulnerable to root decay.External erosion (slopes and crest) is

and sometimes planted with trees/eading to the development of often related to trees blown over.Recent work by Vennetier et al.

woody vegetation on these embankments and their surroundings. (2015) and Zanetti et al. (2015) allowed understanding the way tree
Tree rooting in dikes generates significant risks, particularly a risk of  root systems and more specifically large roots develop in dikes: they
internal and external erosion (Patrice Mériaux et al.2006).Internal showed that this development depends on environmental conditions

such as material type, water-table level and climate as well as tree posi-

tion on the embankment. They related root system types and the archi-
tecture of individual roots to these conditions. This helps river managers

Provence, France. . . .
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Moreover neither the position of individual roots nor their size can be
accurately determined. To date, only a careful extraction of tree root sys-
tem allows checking this information, which is very expensive, binding
in terms of security and sometimes impossible without a full renovation
of the dike. Research programs offer strands on the contribution of geo-
physical methods applied to hydraulic structures (Corcoranet al., 2010).
Geophysical methods are commonly used to explore soil heterogene-
ities, nevertheless, given the complex variety of soil properties compos-
ing earth dikes, these non-destructive methods have to be adapted and
improved in order to obtain an accurate but cheaper map of coarse
roots.

1.2. Geoelectrical methods for root tomography: background and
limitations

1.2.1. Potential pitfalls of classical electrical resistivity tomography

Up to now, the electrical method has been used widely especially for
the study of root biomass (Amato et al., 2008, 2009). Basically the use of
a classical electrical resistivity tomography (ERT) provides an approxi-
mation of the distribution and the volume of the root system. This con-
stitutes a first limit to be tackled because in this case the resolution is
not high enough to discriminate individual dangerous roots.

Recently, Mancuso (2011) and Vanderborght et al. (2013) proposed
an overview of the methods used for studying root zone properties.
They pointed out many gaps and challenges of the electrical approach.
Among the limits underlined, the main is that the classical electrical to-
mography is an indirect determination of the presence of roots. Indeed,
in some cases, the ranges of electrical resistivity of soil and roots overlap.
First, the range of electrical resistivity of roots depends on their nature
(Amato et al., 2009; Zenone et al., 2008). Typically coarse roots, due to
the effect of dead wood (heartwood) and the isolative layer of bark ap-
pear more resistive compared to fine roots (Hagrey and Michaelsen,
2002; al Hagrey, 2007). Electrical resistivity is also linked to the physio-
logical state of the roots. Depending on the season, roots carry more or
less electrical charges as sap composition is variable and sap flows
vary in intensity and direction. Wood composition and physical proper-
ties also change with root decay which implies a variation of electrical
properties (Martin and Giinther, 2013; Martin, 2012, 2009; Weller
et al,, 2006). Finally, water uptake from the soil by root activity and
the release of different exudates by fine roots change soil water content
and resistivity at several temporal scales: on a daily basis (night vs day,
sunny vs cloudy days) and seasonally (growth period vs winter or
drought season). Both roots and soil parameters act on the variations
and the range of electrical resistivity.

1.2.2, Extension to induced polarization to prospect for roots.

A promising approach for localizing more accurately root systems is
to consider the induced polarization (IP) method. Related to the classi-
cal ERT, this method includes a temporal dimension and allows
assessing an additional physics called polarization (Kemna et al.,
2000). The temporal dimension is linked to the time dependency of
the response of a material following the stimulation by an electrical al-
ternative field. The analogy with an electrical capacitor which stores and
restitutes electrical energy over time is common, particularly for root re-
sponse modeling (Aulen and Shipley, 2012; Gurin et al., 2013; Preston
et al., 2004). Any material is polarized on the passage of an alternative
electric field. So IP effect should be observed in the presence of organic
material. Plant and root materials are expected to polarize stronger than
the soil inthe presence of an alternating electrical field (J. Vanderborght
etal., 2013). According to Weller et al. (2006) and (Thierry et al., 2001)
the polarization effect in wood is caused by differences in the mobility of
ions through cell membranes and results in a separation of charge car-
riers of different polarity. Zanetti et al. (2011a, 2011b) has confirmed
by investigations of different types of wood that the porous structure
causes remarkable polarization effects. Beyond the polarizing power of
the root, the mechanisms of polarization of a biological material
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potentially allow us to obtain a specific signature necessary for soil dis-
crimination, The studies led by Martin (2012) and Schleifer et al. (2002)
respectively on living tree stems and an archeological plankway re-
ported the successful application of SIP (spectral induced polarization)
where IP effects were observed. These effects were all identified at fre-
quencies bellow 10 Hz. The ability to detect a root depends also on
the type of the surrounding soil. The higher the contrast of electrical
properties between soil and roots, the easier the discrimination. Accord-
ing to existing literature and especially to Zanetti et al. (2011a, 2011b),
gravel and sand provide better conditions for root detection using in-
duced polarization than silt and clay which seem closer to root samples
in term of electrical properties.

1.3. Contribution of the water content in root zone

Among the parameters controlling the ability to detect roots with IP
methods, water content of the soil seems preponderant since it affects
the contrast of conductivity between soil and root, Water content rela-
tion with electrical resistivity of the soil is known by some descriptive
law as Archie’s Law (Archie, 1942). Typically a non-linear increase of
the amplitude of resistivity is observed when the soil water content de-
creases, Physically this is understood as the decrease in available carried
charges. Therefore variations in soil water content may sometimes ex-
plain more variance in electrical resistivity than roots, and the effect of
woody roots should be detectable only if the root mass density is high
enough, Moreover electrical tomography is able to resolve targets and
structures (in 2D/3D) and monitor water processes (with additionally
a temporal dimension). Living trees interact with the environment to
access resources and root water uptake occurs at roots-soil interface
(Nadezhdina et al., 2008). The integration of induced polarization ef-
fects could be a real asset to the location of the roots via the dynamics
of water absorption. The study conducted on large-leaved lupine
(Lupinus polyphyllus) by Werban et al. (2008) provides an example of
roots mapping using the resistivity method before and after irrigation.
This study, however, only investigated the classical resistivity.

The main objective of this paper is to determine whether induced
polarization brings useful additional information for the identification
of root anomaly in the soil. We hypothesized that, both soil and biolog-
ical material respond to polarization effects, but that this response could
be different according to soil properties, particularly water content,
which may allow the identification and mapping of anomalies related
to the presence of roots.

2. Material and method

During the experiments, we choose to work with only one type of
soil, a sandy and clayey silt representative of the material of many
dikes. The granulometry, determined according to the NF P 94-056
and NF P 94-057 norms, respectively for screening and sedimentation,
is described in Table 1. Also, we only investigated the ability of the
method to detect large woody roots {>5 cm), the most dangerous for
dikes.

In this section, we present successively: in Section 2.1, the IP method
used; in Section 2.2, a laboratory study on water-content-dependent P
properties of the material with and without buried root samples sug-
gesting the most favorable conditions of both current frequency and
water content for the discrimination between soil and roots, to be

Table 1

Soil grain size distribution.
<2 um Clay 22.7%
2 m-=-50 um Silt 51.6%
50 pm-2 mm Sand 19.2%
2 mm-100 mm Gravel 5.8%
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used in the field; in Section 2.3, the methodology adopted for the field
study.

2.1. Induced polarization and physical quantities measured

A survey by induced polarization is performed using an equipment
injecting, with two electrodes, a source of alternative current into the
soil. The measure of the resulting electric field E is carried out through
two other electrodes. To describe the electrical properties of a material,
we refer to the concept of resistivity (p) or its inverse, the conductivity
(o). Conductivity is directly related to the Ohm's law written under
complex form from Maxwell's equations.

Ohm'sLaw | (0) = 0" () E (1)

Conductivity is written as a complex quantity (Eq.Eq. 2) to describe
both the effects of conduction and polarization (Olhoeft, 1985; Weller
et al,, 2000) where @ is the angular frequency.

0" () = |o{w)[€?? = o' (w) + 0" (v) (2)

p(w) = 3)

07 (w)

i is the imaginary unit.

Both the real (o) and the imaginary (¢ ) parts are frequency depen-
dent (Schleifer et al., 2002). The real part ¢ is associated with the con-
duction of electrical charges whose direction is in phase with the
applied electric field E. The imaginary part o is related to the displace-
ment currents that are phase-shifted by 90° with respect to the applied
electric field.

As a complex quantity the conductivity can also in terms of modulus
and phase (Eqss. 4 and 5).

Modulus:
0" ()] = V(0" (@) + (0" (@) (4)
and phase:
©(w) = arctg o (v} (3)
B o'(w)

The phase represents the phase shift between the injected current
signal and the measured voltage caused by polarization effects. Classical
spectral induced polarization (SIP) instruments measure these two last
spectral quantities., We used Lippmann Geophysical instrument (IP
Earth Resistivity Meters 4 point light 10 W) during laboratory experi-
ments. It allows investigating polarization effect in the 0.26-25 Hz fre-
quency range, composed of discrete values according to an octave
scale. Compared to the other instrument design to study SIP, which fre-
quency typically varies from 10~ Hz to 10% Hz, the frequency range of
our study is reduced. Since Martin (2012) and Schleifer et al. (2002) re-
laxation frequency is located at respectively 0.02 Hz and 7 Hz, we ex-
pected a response with frequencies lower than 25 Hz. It was therefore
relevant and less time consuming to use the Lippmann device instru-
ment to assess the root polarization effect. For field experiment we
used a Terrameter SAS 4000 which performed time domain induced po-
larization measurements. An alternating field in the form of intervals of
current ON and OFF was applied. The frequency range depended on the
time duration of injection. Florsch et al. (2011) estimated covered fre-
quencies between 0.25 and 64 Hz. In this case the measure is a time-
domain quantity corresponding to the transient decay of the voltage
when the transmission is switched OFF and is called chargeability,
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defined as follow:

M, V(L (6)

1
b =)

where V(t) is the decaying voltage, t; and t; ;. ; are the start and the stop
time of the interval, and Vg is the voltage measured before the current is
turned off. The time domain chargeability is measured in milliseconds
(ms). The full integration on the entire interval tp and tepg, one often re-
fers to a so-called 'total chargeability'(Florsch et al,, 2011).

2.1.1, Data validation and inversion process

We worked on a controlled experimental device designed to per-
form measurements on a homogeneous soil. Therefore only the pres-
ence of buried roots could produce an anomaly of electrical signal. For
the field experiment, the interpretation of our results is robust thanks
to the accurate location of the roots as a result of ground excavation. Re-
sistivity anomaly ranges obtained could be compared with the resistiv-
ity of the root zones in the literature.

In this article data were interpreted after inversion process with
Res2Dinv®©. Before inversion, we checked all the decay curves and elim-
inated incoherent points (essentially negative chargeabilities present-
ing no continuity with neighboring points), Resistivity and IP were
inversed concurrently. We choose carefully proper inversion parame-
ters to experimental conditions including few measuring points and
small inter-electrode distances. Therefore we selected a suitable mesh
and allowed the number of node block to exceed datum points. We
choose to reduce effect of side blocks. All inversions presented a relative
change in RMS error lower than 5%.

22, Laboratory experiment

2.2.1. Data acquisition

During laboratory experiments, we performed electrical measure-
ments to study the IP response at different levels of soil water content.
During all the experiment, air temperature was maintained at 23.5 °C
and air humidity at approximately 38%,

The methodology used in this study was proposed by Florsch et al.
(2011) and Zanetti et al. (20113, 2011b). Measurements were per-
formed at the soil surface in plastic containers. The control container
(A) (length 37 cm, height 28 cm) was filled only with 20 cm of soil
while in a similar container {B) a root sample (diameter 4 cm length
20 cm) was buried at 6 cm in depth (Fig. 1). Value of geometric factor
(K = 0,37, for 10 cm spacing) has been determined from modeling
with finite element software COMSOL®. The root sample was placed

A= M N = B=
= Ch i i i J { ] A A
: - 1| 0.060m
0.030m - -(,100m > i
= A
0.040m
Y 0.200m
-— 0.200m >
Root
- Y
- -0.370m ——

Fig. 1. Sketch of the lzboratory setup. A cylindrical root sample is buried in the tank filled
with clayey silt soil. Stainless steel current and potential electrodes are placed at the
surface of the tank.
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in horizontal position and thus was integrated in radial direction, so that
results could be compared with previous studies, It also represented a
usual situation of running roots in earth dikes (roots growing horizon-
tally). A poplar (Populus alba) root sample, freshly collected in the
field, was used for this experiment. It was stored in a dark and cool
room into a plastic bag to preserve its humidity and fresh weight until
the measures. It was intact, displaying two layers, a thin bark and a ho-
mogeneous inner wood.

Here, soil is considered as a background and is supposed to be a less
polarizable medium than the root. We represented relative differences
between a control tank and one containing a root. [nitial conditions of
experiments are discussed more in detail in Section 2.2.2.

Measurements were conducted from a quadrupale of stainless steel
electrode, AWenner configuration (AMNB) of electrodes was used with
constant spacing between each electrode. Thus, measured point is lo-
cated in the middle of the tank. We choose to work with stainless
steel electrodes, first to be able to use them also in the field, then to
avoid the contamination of the soil by the chemical solution contained
in home-made electrodes. Moreover, such electrodes with a small di-
ameter (0.6 cm) can be considered punctual electrodes (Kruschwitz
etal, 2012).

The measure of the potential is less stable in time with polarizable
electrodes (stainless steel) than with non-polarizable (Cu/CuSO4) as
described by Abdulsamad et al. (2016) In Press. Nevertheless, in our
case, it was not a problem for a number of reasons. First, results are pre-
sented with relative (and not absolute) variations between a control
and a tank containing a root. Secondly, since the quadripole is moved
(carefully to always keep the same electrodes positions) between the
two tanks, the same electrodes are used between the two tanks and
thus the same additional derive (if existing) is applied to the measure.
Lastly, visually no oxydo-reduction processes happened between the
electrodes and the medium and electrodes remains intact without
corrosion.

The result of a measure corresponds to the mean of 30 stacks with a
relative difference between two stacks of 0.1% on the phase term (ap-
proximately corresponding to a resolution of A¢ = 0.2 mrad at
25 Hz). The electrodes were fixed on a device to accurately fix their po-
sition in the tank and their spacing intervals, The depth of investigation
depends on electrodes spacing (Dx). Two spacing Dx = 5 and 10 cm
were used to check the homogeneity of the drying with time. Although
we are quite far from semi-infinite homogenous medium conditions,
the effective depth, based on analytical relationship (Edwards and
Hillel, 1977), was z = 3.21 and 5.19 cm, respectively for Dx = 5 and
Dx = 10 cm. The root sample which top was lying at 6 cm depth
(roof) is fully integrated by Dx = 10 cm electrode configuration (Fig.
1). Effective depth was used only for reference to ensure that the root
was well enlightened by the electric field at the injection of current
knowing that investigation depth changes depending on soil water con-
tent, IP measurements were conducted each day during 25 days along
with soil water content.

2.2.2, Control of the evolution of the water content

In order to assess the influence of tap water (50 mS/m) content in
both tanks A and B, we first saturated the soil (top filling and we waited
a few hours to allow water penetration). Using a TDR probe (Time Do-
main Reflectometry, with a WET-2-Sensor DeltaT Devices) the values
ofwater content at soil surface were controlled before each IP sounding.
The measurements were repeated each day to study the evolution of the
signal with the decrease of water content of the soil. Surface measures
were stacked spatially and repeated in order to control accurately the
homogeneity of water content variations in both tanks. To give the ab-
solute water content level, TDR probe have to be first calibrated for
the concerned type of soil. In this case we were only interested in the
relative variations of water content between the two containers with
time (Fig. 2) and a precise calibration was not necessary.
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Fig. 2. Trend of the decrease of water content aver ime during the laboratory experiment:
in the control tank with only bare soil (A, plain line) as well as in the tank including a root
(B, dash line).

The decrease of water content with the time could be attributed to
the drying by evaporation and not to water absorption by the freshly
cut root which was saturated by sap. Its trend was similar for bath
tanks. It allowed us to consider that the electrical investigation was per-
formed in the same conditions for water content and that only the root
affected the measured signal.

2.3. Feld experiment

2.3.1. Site description

The study site is a grassland located in Aix-en-Provence, in Southern
France (N43°3124.0"N, E5°30'42.0"E). The climate is Mediterranean
and is characterized by hot and dry summers and mild wet winters. A
weather station is available nearby (200 m) and supplies information
on precipitations and temperature.

2.3.2. Experimental design methodology

As the natural soil was not homogeneous, an experimental device
with controlled conditions was established. Trees (1 year-old poplars)
were planted in large holes (1 m in depth, 1 x 2 m wide) filled with
the same homogeneous material than the two containers of the labora-
tory experiment. The position of each existing coarse root (orientation,
depth) was mapped during plantation. Poplars ( Populus alba) were cho-
sen because they are among the most common species on dikes, they
grow fast and generally develop long coarse roots.

One year after plantation, we selected a 320 cm high tree which ini-
tial root system was composed of superficial primary coarse roots. In a
first step, roots were carefully freed from the material in the first deci-
meters of soil and a 1-square meter grid with a 5 cm square mesh was
laid out ({Fig. 3a).

Then the roots were progressively buried again with the same soil, a
photo being taken for three different depths respectively z = — 35, — 10
and — 5 cm. These three images were analyzed with a Matlab® program
which consists in picking each root in corresponding grid elements and
computing a density map. A 10 cm grid was chosen for the final density
map, by merging the 5 cm elementary elements, corresponding of the
minimum spacing between electrodes in the field. The complex resistiv-
ity measurements were positioned with exactly the same grid.

2.3.2.1. Data acquisition. Considering root distribution (Fig. 3), induced
polarization measurements were performed along two profiles perpen-
dicular to the main roots. On each profile, the measurements were car-
ried out with 12 stainless steel electrodes, 10 cm spaced. This grid
spacing was chosen as a compromise between the spatial resolution
adapted to root position in the soil and measurement duration (Fig. 4b).
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Fig.3. Root distribution and density in the soil. (a) survey area with roots appearing under the grid (ruler unitincmy ; (b) root presence picked in elementary grid meshes; (c) roots density
computed per mesh. The mesh size corresponds to the minimum distance between electrodes.

Arrays were implemented on a Terrameter SAS 4000 (ABEM instru-
ments). The number of repetitions of the injection cycle performed for
each quadrupole depended on data variability but was at least two. Cur-
rent ON duration was set at 3 s for all experiments, approximately three
times longer than the characteristic time constant equal or more than
1 Hz in order to avoid any cumulative effects, The voltage was inte-
grated over six times intervals. The total integration time was set at
3200 ms covering the transient decay of the voltage when the transmit-
ted current was turn off. The first interval started after 10 ms corre-
sponding to the initial time delay. IP measurements used a Wenner-
Schlumberger configuration implemented following the recommenda-
tion of Dahlin et al. (2013) i.e. not measuring on the same electrode
the potential directly after an injection to prevent electrode polarization
{as witha dipole-dipole configuration). A root in a soil is a 3D heteroge-
neity located at shallow depth in all directions {angle, dip) which re-
quires a good vertical and horizontal resolution. Therefore, electrode
configuration must allow the best compromise between vertical and
horizontal resolution, but also works well for investigations at shallow
depths and be sensitive to heterogeneities in 3D, In this sense, by defini-
tion Wenner-Schlumberger configuration seems to be the mostadapted
configuration.

2.3.3. Mapping by monitoring root water uptake: measurement strategy
Simultaneously on the same device, we monitored the evolution of

the IP response with time, We hypothesized that biological processes

at the interface between roots and soil (root water uptake changing
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soil water content) could help localizing roots. We first tested the re-
peatability of measures to set a confidence level of the observed vari-
ability, related to instrumental accuracy. Monitoring started in August
5th 2014 following a 65 mm rain event and lasted 3 days. During the
two previous weeks, there was no rainfall at the site, and the mean tem-
perature during the day was 25 °C. No watering was provided to trees so
that they were under strong water stress. To assess the mean volumetric
water content evolution at soil surface, TDR probes were placed at both
ends and in the middle of each profile (Fig. 4) data being collected three
times a day.

In the case of a tree in field conditions, daily variations in water con-
tent and IP response mainly depend on temperature and tree physiol-
ogy, particularly sap flows (Burgess et al,, 2000). According to Boaga
et al, (2013) and Doussan et al. (2006) weekly variations associated
with the dynamics of water absorption by tree roots are expected. We
investigated these spatial and temporal soil moisture changes following
the methods proposed by Garré et al. (2011) and Werban et al. (2008).
The temperature was measured daily at the same time as IP investiga-
tions (9h00 AM.).

3. Results and discussion
3.1. Laboratory experiment: water content and root discrimination

In the laboratory experiment, very slight differences on complex re-
sistivity were found between the tank with bare soil and the tank

i
0.2m
He oo o o000 0]

Fig. 4. Square of network of investigation; positions of the two profiles composed of 12 stainless steel electrodes each. Position of temperature and TDR sensors.
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Fig. 5. Evolution of the real part and the imaginary part of conductivity with the decrease of water content (for 10 cm spacing). Black stars represent measurements in the tank including
the root, gray crosses in the bare soil. All frequencies from 0.26 to 25 Hz are shown for the imaginary part Vertical lines show the limits of water content in the field experiment

containing the root with 10 cm spacing between electrodes. Fig. 5 shows
that both real and imaginary parts of conductivity were affected by var-
iations of soil water content (8). Typically the electrical conductivity de-
creased with the decrease of water content, ranging between 27 and
14 mS/m for respectively 8 = 40% and 8 = 18%. The phase term was
also clearly dependent on water content as, in both tanks, the phase de-
creased with soil drying,

The high water content corresponds to the beginning of the experi-
ment. Initial conditions are not relevant for interpretation because the
system is still not stable. Water kinetics probably differs between the
two tanks due to the presence of the root. For water contents under
17%, differences reached 5.10~ ' mS/m for the imaginary part. From 36
to 21% of water content, no significant differences were found. The
same conclusions may be drawn from Fig. 6, showing that: (i) there is

no visible frequency dependency on the real part of conductivity what-
ever the water content level (36, 21 and 15%) and the real conductivity
of the tank with a root is higher than the control tank; (ii) for the imag-
inary part there is a peak corresponding to the relaxation frequency
around 0.52 Hz whatever the tanks. Maximum differences between
tanks were found at different frequencies depending on soil water
content.

No differences between tanks were found with the five centimeter
spacing, (maximum differences o’ 1.1 mS/m and o"
7.410~2 mS/m). In this case, current density at the depth of the root
was too weak to observe a significant response. This observation con-
firmed the idea that variations observed with 10 cm spacing electrodes
could be attributed to the root. Buried root seems to increase real con-
ductivity because of the higher conductivity of the freshly cut root
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Fig. 6. Evolution of conductivity with frequency and comparison between tank A (bare soil) and tanik B (with root) for the real part {62) and the imaginary part {6b) of the conductivity

during soil drying at three levels of water content.
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which presented a thin layer of bark and no dead wood and is integrated
longitudinally. Finally the root seems to increase the integral conductiv-
ity of the ground. Then, the laboratory experiments showed that buried
roots samples could act on complex resistivity measurement. The trend
of the real part of conductivity was consistent with Archie’s Law and
existing literature (Ghorbani et al., 2009). For the imaginary part of con-
ductivity we clearly showed that there is a competition between mech-
anisms induced by roots and soil, whose dominance depends on soil
water content. For dry soils (8 < 17%), which is common in the field, po-
larization amplitude appears to be significantly higher for root than for
soil even if very slightly. The water content of the buried root sample
may vary slower than soil humidity during the drying phase, facilitating
polarization effects (Martin, 2012). The maximum conductivity ratio
between measurements with and without buried root samples for the
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imaginary part of conductivity was around 1,77 (0 = 15%). This is con-
sistent with results obtained by Zanetti et al. (2011a,2011b): a mean in-
crease close to 1.7 of the global imaginary part of conductivity in
presence of a buried root sample was observed compared to soil
alone. Finally roots polarization effects were observed at low frequency
(<25 Hz), which seems relevant and suitable for time domain instru-
ments in the field.

3.2. Maps of spatial variability in the field

A good correlation was obtained, for both sections, between the root
density index and respectively a high positive anomaly of resistivity and
a negative anomaly of chargeability (Fig. 7A). Some artifacts due to the
inversion process appeared on the edge of sections. The global
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Fig. 7. Resistivity and normalized chargeability inverted sections obtained the first day August 6th with 25% of water content A: inverted amplitude (Q-m) (in log scale) and global
normalized chargeability (ms/(2-m) for the two sections: A1—-20 am from the trunk and A2—70 cm from the trunk B: superposition of reot frequency (in dotted line) and respectively
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Fig. 8. Histograms showing the percentage of differences with initial measurement (T0) of
all apparent data points section 1 for apparent resistivity TO + 2 h and global apparent
chargeability TO + 2 h.

chargeability was strongly and inversely correlated with resistivity. Fig.
78 shows the excellent fit between root frequency and both resistivity
and chargeability in a profile at 25 cm depth, corresponding to the max-
imum coarse root density. We computed normalized chargeability to
free it from variation of resistivity due to the different ground water
contents.

The spatial accuracy of the method was sufficient to display two
peaks of resistivity and chargeability corresponding to 2 sets of main
roots close to each other, and show that roots were diverging progres-
sively with the distance to the trunk {Fig. 3). Spatial variations in resis-
tivity are observed in Fig. 7, and discussed in Section 3.3 as a
contribution to the interpretation of temporal variations.
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3.3. Mapping by monitoring root water uptake: temporal evolution

3.3.1. Repeatability of the measures

The method proposed by Fiandaca et al. (2013) was used to test the
reliability of measures. A second series of measures was obtained 2 h
after the first one at the beginning of the experiment. The confidence in-
terval was set at 5%, for resistivity and 7% for chargeability (Fig. 8) as the
range containing 95% of the relative differences between the two series.
A third set of measures 4 h after the beginning showed larger and nu-
merous variations from the beginning which may indicate a visible ef-
fect of biological activity.

3.3.2. Temporal variations

The resistivity showed only positive variations during the monitor-
ing experiment. Conversely, variations of chargeability were mainly
negative with a few exceptions (14% of points + 20% of relative
changes). These exceptions could be related spatially to the potential ef-
fects of root activity, which is supposed to increase the whole
chargeability when drying the soil as shown in the laboratory experi-
ment (Fig. 6): with soil drying, the relatively weight of roots compared
to soil is increasing in terms of polarization effects.

Spatio-temporal differences appeared between sections at initial
time (August, 06) and respectively one and two days later (Figs. 9 and
10).

From the first day, subsequent to a decrease of approximately 6% of
superficial water content, we observed: (i) on one hand approximately
a 5 ms decrease of the global chargeability in the non-root zone, and (ii)
on the other hand, simultaneously, a slight global chargeability increase
near the roots. The same trend was observed for next days with less in-
tensity. Although we clearly observed two opposite directions of the re-
sponse for soil and roots, parasite signal appeared, especially for section
2 (Fig. 7A2) where roots are located more in depth, thus variations of
chargeability with soil drying did not match roots density as well as
total chargeability at initial time.

Excavation and mapping of the tree root system, and comparison
with the measured values, allowed us to interpret anomalies with a
good spatial accuracy. In addition, the verification of the confidence in-
tervals for resistivity and chargeability values showed that variations re-
corded during monitoring experiments were significant. Resistivity is
easier to measure since chargeability is a weak phenomenon with a
low ratio signal/noise. Chargeability is the result of the combination of
the effects of roots and soil for the selected frequency. Nevertheless
roots are embedded in soil and, in this experiment as well as more gen-
erally, represent only a small proportion of the studied soil section, Dur-
ing the first day of field monitoring (8 = 25%), roots appeared logically
as a strong positive anomaly of resistivity (al Hagrey, 2007). We deal
with a homogeneous soil texture and an important root density at low
depth which are ideal conditions to detect an anomaly of resistivity.
But we obtained unexpected results since root zone did not increase

T0+ 2 days
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Fig. 9. Histograms showing the evolution of global trend of all data points of section 1 measuring during the tomography measurement 1 day (left) and 2 days (right) after reference

measurement
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the whole chargeability and appeared as a negative anomaly. The strong
anomaly of resistivity at the initial time is the consequence of mainly
two parameters; a high root mass density associated with lower soil
water content than elsewhere in the profile, It means that at the initial
time, the section was not homogenous in water content. Soil was
dryer in root zone, due to water uptake by roots before watering.
Watering by rain progressively rebalanced soil water content, This
may explain that even if root mass density should increase the whole
chargeability, initial water content is preponderant on the response of
chargeability. As the soil was decompacted when removed around the
roots to map them, but not at the very border of the plot, some effects
of soil compaction may affect IP signal at plot boundary after inversion
(Fig. 10), as soil compaction act on pore space (Schleifer et al., 2002).
Due to a higher soil compaction and to potential water flows from out-
side the plot, the decrease of water content may logically be slower at
plot border, consistently with the response to IP signal. Compared to
laboratory experiment, measurement of global root system integrates
also thin roots which contribute to the response of polarization
{Kemnaetal., 2011 ). All previously cited studies dealing with frequency
dependency of roots sample used SIP instruments; conversely during
field experiment we investigated time domain induced polarization. Ac-
quisition parameter settings and particularly injection time (Time
ON = 3 s) seem essential to limit the overlapping in the response of
soil and roots. Nevertheless, transition from frequency to temporal is
complex and the choice of TON =3 s may not be optimal for roots exci-
tation. Thereby we should probably obtain another chargeability map
when time duration is changing. The water content variations are stud-
ied here as a parameter that can provide useful information on the loca-
tion of root zones: root water uptake leads to a hydraulic conductivity
drop between the bulk soil and the soil-root interface (Schroder et al.,
2009). With the drying of the soil, the chargeability section tends
more and more to look like the resistivity section. Other variations
disturbing the interpretation in the field study may be attributed to
other variations in water content, either by evaporation at soil surface
(differences in shading by tree branches) or by water gravity and capil-
larity flows into the ground from the surroundings.

4, Conclusion and prospects

This paper aims at adding induced polarization to the classical resis-
tivity concept in order to map roots systems in the soil. The ability to

detect the roots including polarization effects was highly related to
root mass density and soil water content, which both affect polarization.
The laboratory experiment showed a slight anomaly of complex resis-
tivity in presence of a buried root sample, mainly at low water content.
The field experiment demonstrated that, unexpectedly, resistivity and
chargeability at low frequency were inversely correlated for high
water contents, even if root mass density was high, suggesting a pre-
ponderant effect of root activity on soil hydric status in the response.
The evolution of soil water contentdue to root uptake brought useful in-
formation to locate them. However the resolution of the method needs
to be improved to map roots accurately. To conclude, it appears that po-
larization of roots increases the whole chargeability in dry loamy soils.
Additional investigations are necessary for a better understanding of
the frequency dependence of roots sample, to find a frequency range
less affected by loamy soil polarization, and to adapt the method and pa-
rameters to other soil types and deeper roots. Ongoing work includes
spectral induced polarization (SIP) to investigate soil and roots polariza-
tion response to multiple-frequency and particularly at very low
frequencies.
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