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Abstract. Soil electrical conductivity measurements are uniquely useful for environmental impact
assessment. Both surface and downhole methods may be used to monitor groundwater and soil quality.
This paper presents a site investigation that was conducted to characterize soil and groundwater quality in
the Imielin countryside in Poland, where traditional and precision farming have been applied. Two
methods for estimating the salinity of soils were used: electrical resistivity tomography (ERT) and the
EC-Probe for direct measurement of ground salinity. Based on electrical conductivity measurements,
several maps of electrical conductivity zones were produced to assess groundwater and soil quality on
agricultural land. Moreover, the empirical relationship between total dissolved solids (TDS) in water vs.
soil electrical conductivity (EC), moisture and fine particle content was obtained. The two different
techniques that were used in this study to measure the electrical conductivity of soil showed comparable
test results and demonstrated that the investigated area is not contaminated.
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Introduction

EU directives recommend using the principles of sustainable development for the
management of the soil-water environment. It is desirable to ensure a good quality of
surface water and groundwater in Europe by 2015. Therefore, the aim of the Nitrates
Directive (91/676/EEC) is to protect water quality across Europe, especially from
agricultural sources. Good farming practices, for example, precision agriculture
management, are among the most effective ways to decrease destructive impacts
deriving from agricultural sources. This directive implies the use of variable-rate
fertilization to ensure the optimal dose of fertilizer needed for crops and limits the
leaching of nitrogen forms from the soil to larger bodies of water (the Baltic Sea),
significantly reducing the problem of eutrophication.

Due to a significant increase in agricultural activities and closely associated
contamination, there is a need for monitoring, characterization and identification of the
soil-water environment. Current methods of environmental soil characterization mainly
involve soil sampling and laboratory analysis. Furthermore, geophysical methods for
obtaining soil electrical conductivity measurements have also been applied in soil and
water monitoring to identify contaminated zones and establish a relationship between
electrical conductivity and the presence of pollutants. Soil electrical conductivity is an
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indirect measurement that correlates very well with several soil physical and chemical
properties, for example, soil moisture and ion concentration in water solution.

The electrical conductivity of soil strictly depends on the soil salinity; therefore,
based on electrical conductivity measurements, it is possible to determine soil
salinization and identify contaminated zones. Salinization could be considered an
increased salt concentration of the soil and is most often related to the development and
expansion of agricultural practices. The increased occurrence of salt in soil significantly
impacts the environment, mainly degrading crop productivity and soil quality by
reducing the ability of crops and plants to take up water and leading to lower yields,
which are responsible for serious economic losses in agricultural production (Zaldis et
al., 2002; Dube and Chitiga, 2011). It should be emphasized that too much salt of any
type is detrimental to plants and other organisms.

Salinization also has an indirect effect, leading to the loss of soil stability through
changes in soil structure. Moreover, leaching salts from the soil can easily cause the
saline water to eventually enter groundwater basins. Thus, measuring soil salinity can
be considered a reliable way to assess the range of salinization impact on plant growth.
According to many authors (Gartley, 2011; Hardie and Doyle, 2012), salinity could be
divided into several classes signifying the range of soil salinization (Table 1). Harmful
effects of soil salinity can also be determined according to the scale presented by
Jakubiak (2010) (Table 2).

Table 1. Soil salinity classes (Jakubiak, 2010)

Salinity class EC [mS/m]
Non-saline 0-200
Slightly saline 200-400
Moderately saline 400-800

Highly saline 800-1600
Extremely saline >1600

Table 2. Soil salinity and its interpretation (Jakubiak, 2010)

So[':nsgllr':]' ty Interpretation
<50 Concentration tolerated by all plant species
50-100 The limit values for sensitive plants
100-200 Symptoms of salinity for many plant species; harmful concentration for many
plant species during the drought period
>200 Toxic concentration for almost all plant species

Moreover, if excess nitrate fertilizer is applied to a field, the nitrate that is not used
by plants can dissolve in porewater and move to groundwater, increasing its salinity
level. An excellent indicator of groundwater salinity is the total dissolved solids (TDS),
describing the inorganic salts and small amounts of organic matter that are present in
water (e.g. Pozdnyakowa et al., 2001). The most commonly used method of determining
TDS in water supplies is the measurement of specific conductivity with a conductivity
probe that detects the presence of ions in water. Conductivity measurements are
converted into TDS values by means of a factor that varies with the type of water (ISO
7888, 1985; Singh and Kalra, 1999). According to WHO guidelines for drinking water
quality (1996), water with a TDS above 500 mg/L is not recommended for use as

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 285-295.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1404_285295
© 2016, ALOKI Kft., Budapest, Hungary



Lech et al.: Monitoring of TDS on agricultural land using electrical conductivity measurements
- 287 -

drinking water. Water with a TDS above 1,500 to 2,600 mg/L (EC greater than 225 to
400 mS/m) is generally considered problematic for irrigation use on crops with a low or
medium salt tolerance.

Material and Methods
Characteristics of the test area

The test area is located in the central part of Poland in the Imielin countryside.
Geologically, the area lies within the Vistula River Valley, within the geomorphological
unit termed the Warsaw Basin. The Quaternary basement comprises lake deposits of the
youngest stage of the Tertiary — Pliocene, developed as clays, silty clays, silts, and
locally silty sands — referred to as the motley clays. These deposits are distinguished in
the topmost part of the regional tectonic unit called the Mazovian Basin.

Alluvial deposits occurring within the Vistula Valley form two structural elements.
The first element includes a set of Pleistocene terraces that developed during the
Vistulian Glaciation. The second structural element is the flood terrace with the
Holocene horizon — developed by the meandering Vistula and the present-day terrace —
formed by a braided river.

The test area was additionally characterized by fourteen drillings to identify
geological and hydrogeological conditions. Based on the drillings, it was found that
below the layer of top soil with humus (a thickness up to 0.6 m), cohesive soils (silts
and clays) occur to a depth of approximately 2.5 m. Below this layer, a permeable layer
of medium and silty sands was found, with the groundwater table at a depth of 2.7 m
below the ground surface.

Electrical conductivity measurements

This study was conducted as part of a larger research effort to assess the impact of
precision agriculture on the soil and groundwater environment. In this study, we
measured the vertical and horizontal distribution of bulk soil conductivity and the
specific conductance of water. Our objectives were to (1) determine the soil salinity
changes over a longer period of time (one vegetative period) depending on
environmental conditions and the type of agricultural practice (traditional agriculture —
constant dose of fertilizer, or precision agriculture — adjusted dose of fertilizer), (2)
determine the relationship between soil conductivity measurements obtained from field
investigations and TDS laboratory tests of water using piezometers and lysimeters, and
(3) assess the porewater and groundwater quality under in situ conditions.

The bulk electrical conductivity of the soil can be considered as a proxy for the
spatial and temporal variability of many other soil physical properties, i.e., structure,
water content or fluid composition (Zahody et al., 1974; Samouelian et al., 2005). The
electrical conductivity of the soil may be determined with a direct or alternating (low
frequency) current, in which the current is applied at two locations, and the potential
(voltage) difference is measured between two points. This method is non-destructive
and very sensitive and offers a very attractive tool for describing the subsurface
properties without drilling; it has been already applied in various contexts, including
groundwater exploration, landfill and solute transfer delineation, and the compaction
and hydrogeological properties of soils (Archie, 1943; Zahody et al., 1974; Samouelian
et al,, 2005; Lech et al., 2008; Reynolds, 2011; Lowrie, 2014). The apparent soil
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electrical conductivity has also become one of the most reliable and frequently used
measurements to characterize field variability for application in precision agriculture
(Allred, 2008). Soil resistivity is mainly influenced by the type of soil (clay, quartz,
etc.), moisture content, amount of electrolytes (minerals and dissolved salts) and
temperature (e.g. Reynolds, 2011; Lowrie, 2014). To obtain the physical and chemical
properties of soil using electrical methods, several techniques can be effectively used:
(1) the self-potential method (SP), (2) the four-electrode method (Vertical Electrical
Sounding, Electrical Resistivity Tomography), (3) electromagnetic conductometers
(EM) and (4) invasive techniques (RCPTU- resistivity cone penetration tests, EC
conductivity/salinity probe).

In this study, to determine the levels of soluble salts in the soil and water, in situ and
laboratory investigations were carried out. Data were collected from a field survey using
2-D electrical resistivity tomography (ERT) and an EC-Probe (Fig.1). The ERT was
carried out using the Wenner electrode array configuration. The Wenner array consists
of four collinear, equally spaced electrodes. The outer two electrodes are typically the
current electrodes, and the inner two electrodes are the potential electrodes. The current
() is applied to the two outer electrodes (A and B) and the arising difference in
potential (AU) is measured between the two inner electrodes (M and N). The electrical
resistivity (ER) is calculated from the Ohm’s law as:

AU
ER = KT (Eq.1)

where K is a geometrical factor [m] depending on the distance between the electrodes,
AU is the difference in potentials [V], and I is the magnitude of current [A].

Figure 1. Electrical resistivity tomography (ERT)
survey line (on the left) and EC-Probe measurements (on the right)
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The surveys were carried out using a resistivity meter that was equipped with a
multicore cable and 32 electrodes. The length for 3 survey lines with 32 electrodes was
15 and 70 meters and reached a depth of 2.75 and 14 meters in the central parts of the
measured sections. The second field method was the EC-Probe for salinity
measurements. This probe consists of a stainless steel rod with 0.1 m graduation and a
detachable handle. The probe has four electrodes, each separated by a sealing and
insulation ring, and a temperature sensor. The outer electrodes are current electrodes,
and the inner electrodes are measuring electrodes. Upon measuring the electrical
resistivity (ER) and determining the temperature correction factor (), the soil electrical
conductivity (EC) can be calculated according the formula below:

f
EC = KE—;{ (Eq.2)

where EC is the soil electrical conductivity in [mS/cm] at 25°C, K is the empirically
established cell constant [cm™](17.5 cm™), f, is the temperature correction factor for
converting the measured EC to the EC at 25°C [-], and ER is measured resistivity at the
prevailing temperature in [Q].

Dissolved salts largely affect the electric conductivity of the soil. Because
conductivity is measured directly under in situ conditions, the measured value stands for
bulk soil conductivity (mineral body and pore water). Only after the extraction of the
pore water (by soil moisture sampling) can we measure the EC of pore water alone.
Thus, the SDEC ceramic lysimeters were installed into the field to collect the soil water
that moves along the soil profile. These lysimeters consist of a porous ceramic cup fixed
to the bottom of an empty PVC tube. After creating a depression inside the tube (with
vacuum pump), the tube was placed into the soil at a depth of 0.3 m. The soil solution
was drawn out of the soil trough the porous ceramic cup into the tube. The soil solution
was analysed with a laboratory analyser (YSI Professional Plus, USA) that was
equipped with a combined electrode to measure the reference values of conductivity,
pH, temperature, salinity and oxidation-reduction potential.

Results and Discussion

In this study, two cross-sections that were obtained using electrical resistivity
tomography (ERT) method are discussed. The electrical conductivity cross-sections in
the northwest part of the field are shown in figure 2. The first of the sections is more
general and covers the ground to a depth of 14 meters. From the ground to a depth of
approximately 3.5 to 4.5 m, the electrical conductivity values oscillate from 25 to
35 mS/m (it gives approx. ER 30 m), which may indicate the presence of cohesive
soils in this area. This presence was confirmed by drilling results to install piezometers.
Below this layer is a soil layer with a conductivity from 6 to approx. 16 mS/m (60-
160 Qm). This value suggests the presence of a non-cohesive layer of medium and
coarse sands with gravel. It may be concluded that this layer is located below the water
table. The second section is more detailed and is located between 0 and 15 m in the first
cross-section. This shallow cross-section shows that, to a depth of approximately 1.2 m,
the conductivity values range between 5 and 15 mS/m, and this layer is formed by
clayey sands. The differences in conductivity in this layer could be caused by the fines
content, water content and salinity of the pore fluid. Below this layer, at a depth of
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1.2+2.75 m, the conductivity is approximately 2040 mS/m, which represents clays. In
the left part of the cross-section, from a depth of 1.6 m to 2,75 m is a layer that is
characterized by a conductivity of 50+100 mS/m (10 Qm), indicating the presence of
high-plasticity clays. The EC-Probe direct measurements that were conducted in this
location also show that at a depth from 1.3 to 1.6 m, the electrical conductivity ranges
from 47-128 mS/m and increases with depth (Fig. 2).
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Figure 2. Electrical conductivity cross-sections in Imielin based on Electrical Resistivity
Tomography measurements

Based on the laboratory investigations made in previous years on medium and coarse
sands (Lech, 2006) and assuming that the formation factor (FF) of sands occurring in
Imielin is between 5 and 7, it can be concluded that the electrical conductivity of
groundwater in the aquifer zone ranges from 45 to 83 mS/m (450+830 uS/cm).
According to Polish standards (Polish Journal of Laws no. 143 pos. 896, 2008) the
electrical conductivity of groundwater corresponds to water quality classes | or Il and
I11. Furthermore, according to the cited standards, the range of electrical conductivity
between 200 and 700 uS/cm may constitute a geochemical background, indicating the
absence of anthropogenic impacts on groundwater. Using the well-known equation (e.g.
Atekwana et al., 2004) and considering that the correlation coefficient ke is 0.65, it can
be found that the TDS for groundwater from the Imielin countryside varies between 290
and 540 mg/L.

In the next stage of in situ testing, the soil conductivity using the EC-Probe was
examined. Figure 3 shows the changes in soil electrical conductivity measured at a
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depth of 0.3 m. In Figure 3, there is a significant difference between the values of EC
within the investigated area. It appears that in the N-W direction, the values of EC are
slightly lower. Due to the soil water content variability associated with the direction of
groundwater flow (from S-E to N-W direction) and elevation, it was expected that the
values of EC will be higher than in the other parts of the investigated area. The values
of soil electrical conductivity range between 5 and 8 mS/m, while in the S-E direction,
they are more than 14 mS/m. Moreover, according to Tables 1 and 2 and considering
the results that are presented in Figures 2 and 3, there is no salt contamination in the
investigated area.

D—n ot
e TTECe N
L aadias o)
P2
\ J w % E
o o
NN \ v
470300 |
Legend.
'3'31 Piezometer
470200 | E%'1 EC - Probe
Sr;j SDEC Lizimeter
; OVOV-1 Soil sampling
470100
‘ ERT-1,2  Ejlectrical Resistivity Tomography ERT
470000 ) S
’ oA Electrical conductivity [mS/m]
TR ———
| 70 90 110 130 150
469900 | 0
\
469800 «

469700+ 37,
| D

649000 649100 649200 »<¢ 649300

Figure 3. Electrical conductivity map based on EC-Probe measurements and location
of in situ tests in Imielin

Factors that significantly impact the measured EC values include the water content
and soil type (percentage of well conductive minerals). For this purpose, 107 soil
samples were collected to evaluate the differences in these parameters within the field.
Figure 4 presents changes in the water content and the content of grain fraction less
than 0.063 mm at a depth of 0.3 m. The soil moisture corresponds to the content of fines
and, in combination with the salinity of pore fluid, could affect the recorded EC values.

The tests results indicate the possibility of estimating the TDS of water contained in
soil pores based on the electrical conductivity of soil, its water content and fines (less
than 0.063 mm). The following relationship that is suggested for clayey sands will be
helpful in estimating the TDS characteristics without the need for water sampling,
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which is a problem from the point of view of lysimeter installation and subsequent
laboratory tests. TDS can be expressed as:

TDS = 3,35-EC-w0.5-FC (R*=68%) (Eq.3)

where TDS is the total dissolved solids in water [mg/L], EC is the electrical conductivity
of soil [uS/cm], w is the water content [-], and FC is the fines (<0.063 mm) content [-].

0.22

0.2

012 0.14 0.6 0.18
Fines content FC [-]

Water content w [-]

0.1

0.08
0.12 0.18 0.24 0.3 0.36 0.42 A0.48< 0.54 0.6 0.66

Figure 4. Distribution of water content and fines content in Imielin

The response surface plot for the proposed relationship is shown in Figure 5.

TDS [mg/L]

EC [mS/m]

Figure 5. The response surface plot for the proposed relationship
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The following graph (Fig. 6) illustrates the TDS reference values that were obtained
from laboratory measurements on water samples from lysimeters and the calculated
values of TDS according to the proposed formula. Both graphs indicate that in the N-W
part of an object are the highest values of TDS. There is a good correlation between the
electrical conductivity, water content and fines content. In zones with a small amount of
fine particles and low moisture, small values of TDS were also reported. These results
indicate the possibility of the leaching of salts derived from fertilization in these areas
deeper into the soil profile. The highest values of measured TDS were recorded in the
S-W part of the investigated area (approx. 300 mg/L), while the highest calculated
values were registered in the S-E part (approx. 320 mg/L).

" a7
Reference values Calculated values
Total Dissolved Solids TDS [mg/L]
[ . ]

120 160 200 240 280 320
Figure 6. The reference and calculated values of TDS in Imielin

The results of the total dissolved solids analysis that was carried out in the laboratory
show a good agreement with the values calculated according to (Eqg.3) (Fig. 6). Thus,
the TDS estimation according to the proposed formula provides reliable data, which
may have a number of applications. The data can also be used to monitor the impact of
natural and farm management factors on the extent of visible salinity.

It seems reasonable to use the mapping of electrical soil properties to discover the
heterogeneity of soil. The ability to obtain high-resolution maps of soil electrical
conductivity at different levels could be helpful to assess the impact of agricultural uses
of land and to classify soil and water salinity.
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Conclusions

Electrical conductivity measurements can be commonly used both in geotechnical
engineering and precision agriculture as a very effective tool for creating spatially dense
datasets to describe the soil variability within a field. Based on electrical conductivity
measurements, it is possible to create electrical conductivity maps that could have a
wide application in environmental and agricultural management, for example, in
contamination identification, yield map interpretation, soil sampling within more
accurate soil boundaries, and deriving input recipes for nutrients, seeds and herbicides.

The procedures that are presented in this paper for measuring soil salinity may be
considered relatively simple tools to assess the solute transfer delineation in an
agricultural area. The two different techniques that were used in this study to measure
the electrical conductivity of the soil show no differences in the measured values, which
is crucial in further interpreting test results. Laboratory and field methods that are
commonly used for soil salinity determination are highly dependent on soil properties,
such as texture, moisture and measuring conditions. It is necessary to identify all of
these factors before applying any of the methods that are mentioned in this paper.

The results that were obtained from the laboratory EC measurements for samples that
were taken from the Imielin site and in situ tests demonstrate that the test area is not
contaminated with salts and thus can ensure favourable conditions for crops.
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