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Abstract: Thorough knowledge of soil lithology and its properties are of considerable importance to
agriculture. These parameters have a direct impact on water permeability and the content of the water
in soil, which represent significant factors in crop yield, decisively determining the design of irrigation
systems and farming processes. In the framework of this study, and considering the inevitable
impacts of climate change, the rational management of water resources and the optimization of
irrigation through innovative technologies become of significant importance. Thus, we propose an
interdisciplinary approach based on robust techniques from the allied fields of earth (geological
mapping, geophysical methods) and soil sciences (sampling, mechanical analysis) assisted by statistics
and GIS techniques. Clay or the sum of clay and silt soil content is successfully determined from the
normalized chargeability using induced polarization and electrical resistivity techniques. Finally, we
distinguished three classes (S1, S2 and S3) considering the clay or the sum of clay and silt soil content
in the study area (a) based on the dry period geophysical data and (b) using as classification criterion
the spatial distribution of the geological formations.

Keywords: soil water; irrigation; geological formations; electrical resistivity; induced polarization

1. Introduction

Globally, agriculture consumes most water resources since farming activities corre-
spond to 70% of global water usage with agricultural use in some developing countries
reaching as much as 95% of all uses [1]. Irrigation is inseparable from agricultural output,
since the 20% of cultivated land worldwide that is irrigated is also responsible for 40%
of global food production. The global trend of accelerated dryland expansion [2] and the
shifting of large portions of land to a dryer climate is well documented. Especially for the
Mediterranean climate change hot-spot [3], climate model projections indicate a high level
of susceptibility to water stress [4], thus risking the status of irrigation resources, which are
projected to become more scarce and fragile.

Available water content (AWC) is a critical concept in managing agricultural con-
sumption, since it is a descriptor of the effective storage of water in the soil [5], typically
associated with the difference in soil water potential between 33 kPa (soil field capacity)
and 1500 kPa (plant permanent wilting point). In the context of water resources man-
agement, high values of AWC per unit of soil volume allow for the longer retention of
rainwater and more infrequent irrigation scheduling. Thus, the pressure on rechargeable
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water resources (groundwater), vegetation growth and irrigation water distribution [6] de-
creases. On the other hand, uncertainty about AWC can lead to overirrigation and a loss of
valuable water resources below the root zone, with research showing losses that can exceed
30% of irrigated water [7–9]. The exact determination of water retention characteristics at
soil sample level typically involves expensive and time-consuming lab work [10,11] but
can also be predicted using data-driven approaches [12,13], the most popular of which is
arguably ROSETTA [14]. While spatial datasets of AWC do exist [15,16] and are widely
used [17], scaling AWC point values in space pose a challenge due to the high spatial
variability of determining soil properties (i.e., soil texture and bulk density). To overcome
the challenge of spatially explicit assessment of AWC, or the soil properties that control it,
various methods have been employed, for example, the use of hyperspectral imaging [18],
microwave backscatter [19–21] and geophysical methods [22]. The latter are especially
attractive because measurements can predict soil properties beyond the topsoil layer, thus
providing assessments more relevant to the root zone of tree crops.

Geophysical methods, assisted by geology, have been widely used in recent decades
to improve the understanding of spatial variation in soil moisture content and cation
exchange capacity (CEC) of soils. One of the most promising geophysical methods is the
ground-penetrating radar method (GPR), due to its high sensitivity to changes in moisture
content [23]. However, this involves the challenging task of building an appropriate velocity
model, which is directly associated with dielectric permittivity, used as an indicator of
water saturation [24]. Electrical resistivity and electromagnetic induction methods can
be combined to determine the electrical resistivity (ρ) of soils. The electrical conductivity
(σ = 1/ρ) of soil depends on the temperature, the porosity, its structure, the water saturation,
the dissolved salts content in the water and the clay content [25–28]. Induced polarization
(IP) is a geophysical method that can be used to image two geoelectrical properties of soil:
electrical conductivity (σ) and chargeability (M) [29,30]. The IP method determines the
physical properties of the soil, such as hydraulic conductivity [31], since the mechanism
governing IP phenomena mainly occurs in the contact between pores and soil grains.
The chargeability, a quantity determined by induced polarization method, is used in
environmental problems studies (i.e., pollutants detection, [32,33]) and for the identification
of the clay composition in geological formations [34]. The normalized chargeability (Mn),
defined as the ratio of the chargeability to the electrical resistivity, is an independent
parameter of the measured soil sample electrical resistivity. Mn is proportional to the
quadrature conductivity (σ), which is directly related to the polarization processes occurring
between pores and soil grains [35]. Consequently, Mn is proportional to the accumulation
of clay minerals in the soil.

Against this backdrop and considering the strong relation between soil characteris-
tics and water content in designing effective and climate-proof agricultural water man-
agement systems, we propose a new approach. This is based on agrogeophysical field
measurements [36] assisted by agrogeological [37–42] and pedometrical methods [43–47]
to both qualitatively and quantitatively characterize the agricultural land of Chania Plain
(Crete, Greece). Specifically, the objectives of the present work are (a) to highlight the effec-
tive use of the agrogeophysical and agrogeological methods, along with soil analyses, and
to interpret their results qualitatively and quantitatively and (b) to correlate the normalized
chargeability of soils with the percentage of the clay content or the sum of the clay and silt
content for different geological formations and for different time periods (wet and dry).
The proposed method is applied in the plain of Chania in western Crete (Greece), where
advancing crop-and-tree-planting planning and agricultural water-management strategies
is critical to maintaining local livelihood and avoiding desertification [48].

2. The Study Area

The study area, mainly cultivated with olive, avocado and citrus crops, extends in
northwestern Crete covering an area of 182 km2 (Figure 1). It presents a mild geomorphol-
ogy with altitudes ranging from sea level, along the northern coastline, to about 700 m
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above sea level (masl), close to the foot of the Lefka Ori Mountains to the south, while
the average altitude is 270 masl. The stream network of the study area is complex, with
prevailing rivers being the northward-flowing Keritis and Tavronitis (Figure 1). From the
geological point of view, this area is a tectonic basin, created under the intense tectonic
influence of normal faults within the neotectonic period [49–52]. In the middle of the Agyia
Plain (Figure 1), a significant group of springs exists, representing the natural discharges of
the Lefka Ori Mountains’ karstic aquifers, with an average annual discharge of 80 Mm3 [49].
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Figure 1. Morphological map (data from SRTMGL1 v003, NASA Shuttle Radar Topography Mission
Global, 1 arc second) of the study area, indicated by the gray polygon (see the embedded Google
Earth map and relief map) in the western part of Crete (Greece) in the eastern Mediterranean Sea.

The geological formations of the study area are shown in Figure 2 and in
Figures A2 and A3 (Appendix A). The geological structure of the study area corresponds
to a tectonic pile of nappes, successively superimposed on each other, within the Alpine
orogeny, in a compression regime, closely associated with the tectonic plates’ conver-
gence [50,53,54]. They include the lower nappes of the Plattenkalk unit (Pk), Tripalion
unit (Trip), phyllite–quartzite unit (Ph) and the upper nappes of Tripolis and Pindos as
well [50,52,55].
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Figure 2. Geological map of the Chania Plain, modified from [50] and references therein, showing the
spatial distribution of the 96 sites (colored circles). Class S1 (n = 10), S2 (n = 14) and S3 (n = 9) sites
resulting from geological classification are indicated with magenta, light brown and green circles,
respectively. Control points #19 and #54 are indicated by a cross in the circle.

In Miocene times, the southward migration of the convergence’s limit between the
Eurasian and African plates affected the extension in Crete region. This impacted the up-
lifting and the extensional exhumation of the lower tectonic nappes (carbonate rocks of the
Lefka Ori tectonic window) [50–52]. During this evolution, major fault zones enabled large-
scale uplift, resulting in normal faults [51]. Such fault zones, mainly trending NNW–SSE
and WSW–ENE, are nowadays the borders of the Lefka Ori Mountains and the related
tectonic basins. The largest of these basins is the Agyia-Galatas basin (Figure 1), where
the Neogene and Quaternary sediments from the Miocene to now were deposited. These
are the geological deposits of the Miocene (Ms, Me), Pliocene (Plm), Pleistocene (dl) and
Holocene (al), mainly consisting of marls, sandstones, marly limestones, conglomerates,
clays, sands, gravels and pebbles.

The map in Figure 2 provides the necessary information, especially regarding the
exact demarcation and lithology of the geological formations covering the study area. The
lithological differentiation of the geological formations is undoubtedly related to the upper
soil composition (0–3 m below the surface), which further affects the crop growth. The
upper soil layers are constantly enriched with the products of erosion, transferred from
surface water flow through the hydrographic network of the area. The water flow of the
streams erodes the geological formation passing through. So, the composition of the upper
soil layers varies according to the upstream geological formation.
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According to the Koppen climate classification, the area of West Crete is classified
in the Cs subgroup, so the climate is characterized as a wet, subtropical, Mediterranean
climate, with a rainy winter and six months of nearly dry summer ([50] and references
therein). Crete has a remarkable annual overall potential of groundwater (2.2 × 109 m3)
and surface water resources (1.2 × 109 m3) due to the high average annual precipitation
(7.7 × 109 m3) and the existence of the mountain ranges mainly consisting of permeable
carbonate bedrock [56]. The temperate climatic conditions contribute, among other things,
to the agricultural and rural development of the investigated area, as well as for the rest
of Crete. Agriculture is one of the main pillars of Crete’s economy, and its potential for
further development is based on (a) the improvement of the competitiveness of traditional
dynamic crops, (b) the introduction of new technologies and (c) the enhancement and
promotion of the agricultural production [57].

Unfortunately, despite the substantial volume of water resources, its insufficiency
for further agricultural development is an unpleasant reality. This is directly related to
the substantial imbalance between the uneven distribution of water resources availability
(i.e., rainfall only in winter–spring periods) and demand (significantly increased during
the dry season) [57]. Further development of Crete’s agricultural economy under the pres-
sure of increased demand and climate change [58,59] can only take place under strategic
adaptation [60] in all three types of water footprints: green (rainwater taken by plants),
blue (surface and groundwater used by irrigation) and gray (freshwater required to assimi-
late pollutants) [1]. To meet long-term future water demands, four main water resources
planning and management schemes have been implemented according to European direc-
tives [57]. The first water resources planning, and management scheme concerns the wider
area of the present study, aiming to supply fresh water for 300,000 inhabitants and tourists
and to irrigate 220 km2 of land. The project is approximately 70% complete and is now
currently in operation [61,62].

3. Methodology
3.1. Geological Mapping and Soil Sampling

The terrain model (Figure 1) in this work is from NASA Shuttle Radar Topography
Mission Global 1 arc second (~30 m) V003 (https://earthexplorer.usgs.gov/), while the
geological map, shown later, was compiled from [50]. In addition, soil sampling in arable
fields took place in 96 sites of the study area located in western Crete (the region of
Chania), in both wet and dry periods. Furthermore, a single soil sample from a depth
of 0.1 up to 0.3–0.4 m was acquired at each site, next to or very close to geophysical
sections, and was considered a representative sample for each studied site. Soil samples
were taken aiming to (a) characterize the geological nature of the arable soils (Figure A2,
Appendix A), (b) define the mechanical composition, (c) support and further interpret
the results of the geophysical survey and (d) contribute to the interpretation of the soils
hydro-lithological behavior closely related to their texture and physical properties. ArcGIS
Pro (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview, accessed on
1 June 2022) was used to visualize the spatial data, shown in this work.

3.2. Geophysical Methods

A geophysical survey was conducted at 38 sites within Chania Plain (Figure 1), based
on the geological characterization of the arable soils. We applied electrical resistivity
tomography (ERT) and induced polarization (IP) geophysical methods as most appropriate
according to the nature and texture of the soils covering the study area. Specifically, the
geophysical survey took place at 30 sites twice, i.e., in the dry (June–August of 2020 and
2021) and wet (November–February of 2020 and 2021) periods, and at eight sites only once
in either the wet or dry period. The length of each geoelectrical section was 3.9 m, and
we used forty (40) electrodes spaced every 0.1 m. The gradient electrode array [63] was
applied, providing 0.83 m maximum depth of investigation (Figure 3). Since ERT and IP
methods map the electrical resistivity and the chargeability in two dimensions, we acquired

https://earthexplorer.usgs.gov/
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
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soil samples along the geoelectrical line, as near as possible to the center of the line aiming
to provide information for a single subsurface point (usually from 0.1–0.3 m depth).
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Figure 3. (a) Electrical resistivity section (color scale values in ohm.m) and (b) normalized charge-
ability section (color scale values in mV/V) from site #33, acquired during the wet period. The black
rectangle on the sections indicates the effective area of data used to evaluate the mean, median and
average values from each section.

An example of the collected data from two sites (#6 and #29) is shown in Table A1
(Appendix A) during the dry and wet periods.

3.3. Soil Analyses

Soil samples (n = 96) were air-dried at 45 ◦C for about 48 h; small rocks and root debris
were then manually removed, and samples were sieved in a 2 mm sieve. The fraction under
2 mm was collected and ground to homogeneity using a porcelain mortar. Soil texture
analysis was performed by dispersing samples of known dry weight in a column of water
and measuring the density of the suspension at predetermined intervals afterwards [43,44].
Precisely 50 g of the dried and sieved soil was placed in a tube along with 100 mL of 0.1 N
sodium hexametaphosphate, and the mixture was stirred for 5 min. The mixture was then
transferred to a 1250 mL cylinder, which was filled with distilled water to 1130 mL. Density
was measured using a hydrometer after 40 s, 2 h and 4 h to account for settling sand, silt
and clay fractions, respectively. During the procedure, the temperature was measured to
correct for density changes.

Saturated extract electrical conductivity ECse [dS m−1] was estimated from a 1:2 soil
solution in distilled water (EC1:2 [dS m−1]) after [64]:

ECse = 0.94[14 − 0.13C] EC1:2 (1)

where C is the percentage of clay in the sample. EC1:2 was determined using HQ40D Multi
(HACH). Available water content (AWC) [%] was estimated using the R implementation
of the ROSETTA model [65,66] in the 33 kPa to 1500 kPa interval using the sand, silt and
clay soil fractions as input. The unpaired Wilcoxon test was used to compare soil sample
groups for significant differences in soil texture, EC and AWC.

3.4. Sample Classification

According to the surface geological structure and the expected inherent resistivity [67],
soil samples were classified in three classes (S1, S2 and S3), as shown in Table 1. Class
spatial distribution is shown in Figure 2. Other classification scenarios were also considered
based on other geomorphological characteristics of the sampled locations. Nevertheless, the
classification based on geological features proved the most robust for the subsequent analy-
sis of the geophysical measurements. The proposed classification distinguishes between
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quartzitic–phylitic (S1) and alluvial parent material (S2), which have distinct resistivity value
ranges, and marls (S3), the resistivity value range of which largely overlaps that of S2.

Table 1. Sample classification according to surface geological structure. Geology symbols drawn
from Figure 2. Ranges of resistivity values based on [67].

Sample Class Geology Symbol Resistivity (ohm.m) Underlying Geology

S1 Me, Ph 103–2 × 106 Loose sediments consisting of red quartzitic–phylitic
conglomerate, breccia and phyllite–quartzite unit

S2 al 10–103 Alluvial deposits consisted of loose clay materials, sand, gravel
and pebbles

S3 Plm 1–102 White yellow and well-bedded marls

3.5. Statistical Analysis

To compare the properties of ERT and IP geophysical methods with the soil properties
deduced from sampling, we calculated (a) the average value, (b) the median value and
(c) the standard deviation of resistivity and normalized chargeability within an effective
length (1–3 m) and depth (0.1–0.3 m) of the corresponding section (see black frames in
Figure 3), as well as (d) the RMS error of data inversion (Table A1, Appendix A). The RMS
error is an expression of the section reliability (difference between observed and calculated
resistivity/chargeability), and it is based on the measured noise level. Namely, from each
geophysical section (resistivity or normalized chargeability), we selected a relatively narrow
window (see black rectangle in Figure 3), and we evaluated the mean and median values of
resistivity and normalized chargeability. These values are considered representative for the
entire studied site.

Furthermore, aiming to correlate the results of the geophysical survey with the me-
chanical composition of soils, we produced two types of cross-plots related to (a) the
resistivity versus normalized chargeability and (b) the normalized chargeability versus
the clay or the sum of the clay and silt soil content. Concerning the cross-plots (log–log
diagrams) of resistivity versus the normalized chargeability, we categorized the data into
three depth zones: the 1st zone ranges between the surface and 0.08 m, the 2nd zone
from 0.08 m to 0.28 m and the 3rd zone from 0.28 m to 0.83 m. For the cross-plots of the
normalized chargeability and the clay or the sum of clay and silt soil content, we selected
to present the dry period data within the effective data window (length, 1–3 m, and depth,
0.1–0.3 m) of the corresponding section (Figure 3). This is because the effect of water content
on electrical conductivity measurements during the wet season tends to mask the influence
of the soil texture [68]. Linear regression was performed on the data mentioned above
using both ordinary (OLS, [69]) and weighted least squares (WLS, [70]). The linear formula,
extracted from the regression, is:

log10(Mn) = a·log10(%cnt) + log10(b) (2)

where %cnt is the percent of clay content or the sum of clay and silt content, while a and
b are the slope and the intercept of the line, respectively. The weights (W) in WLS were
calculated using the normalized-to-the-mean value (mnv) standard deviation (std) of the
data within the effective window of the section, according to the formula:

W = 2 + log10(mnv/std) (3)

In order to increase the goodness of fit of the regression models, principal component
analysis (PCA) [71] was applied using as input data the log10(%clay) and log10(Mn) values
for the dry period data set (33 sites). Four (4) points were removed as outliers, while
the remaining 29 sites were distributed to two classes, providing high coefficients of
determination (R2) in regression. However, there was a difficulty in attributing any new
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measurement (Mn) points to the classes produced by PCA, because we could not establish
a generalized model of the classes considering the agrogeological and pedological data.
Thus, we decided to base the data classification on the spatial distribution of the geological
formations in the study area, and we finally classified the dry period data (33 sites) in three
new classes (S1, S2 and S3), as shown later in the text.

4. Results and Discussion
4.1. Geophysical Properties of the Soils and Statistical Processing

High values of the normalized chargeability are observed in soils with high clay
content [72]. From the combination of a geoelectric section (electrical resistivity) with the
section of chargeability, it is possible to depict zones rich in clay minerals, as well as to
evaluate the volumetric water content in the soil pores’ space [73]. Under the assumptions
that the volumetric water content of soils is reduced during the dry period and that soil
bulk density variation (from 1 to 1.6 g/cm3 for heavy to coarse soil texture, respectively) is
neglected, soil clay content is the major parameter that affects the values of the normalized
chargeability. This implies that no great variations in water content and bulk density are
anticipated at the sites of the same class (same geological setting), and thus, the normalized
chargeability is mostly affected by the clay content. Furthermore, it has been observed
that high normalized chargeability values correspond to sediments with high clay content,
while soils with uniform size of sand and gravel particles tend to provide lower values of
resistivity and normalized chargeability in geoelectrical measurements. In addition, resis-
tivity values of 10 to 100 ohm.m and normalized chargeability (Mn) greater than 0.07 mS/m
correspond to soils with sufficient clay content, while Mn less than 0.07 mS/m correspond
to reduced or non-existent clay content [74,75]. Induced polarization measurements in the
frequency domain (SIP) can provide information on soil structure, such as the range of
grain size distribution [76].

Figures 4 and 5 display the resistivity and normalized chargeability data from the
sites #22 and #14 in log10–log10 diagrams. At site #22 (Figure 4), the electrical resistivity
(ρ) values are, in general, smaller during the wet period (blue color points) compared to
those of the dry one (red color points). This is because of the increased percentage of water
content. In addition, almost no measurements meet the criterion of increased clay content
(i.e., ρ < 100 ohm.m or log10(ρ) < 2 and Mn > 0.07 mS/m or log10(Mn) > −1.155) at site
#22 (see green frame in Figure 4). Concerning the data of the wet period, log10(ρ) and
log10(Mn) from all three zones are linearly correlated (blue line in Figure 4). On the other
hand, the data of the dry period are more scattered compared to those of the wet period,
thus a distinct separation between the 1st, 2nd and 3rd zones (crosses, circles and stars,
respectively) is present. Furthermore, there is a linear correlation between the log10(ρ) and
log10(Mn) data of each depth zone for the dry period data. Blue and red lines in Figure 4
indicate the linear regression of wet and dry period data (all zones), respectively, while the
black line shows the linear regression considering data from both periods.

At site #14 (Figure 5), the electrical resistivity (ρ) values are, in general, smaller during
the wet period (blue color points) compared to those of the dry one (red color points), due
to the increased percentage of water content. At this site, almost 50% of the measurements
meet the above-mentioned criterion of increased clay content (ρ < 100 ohm.m or log10(ρ) < 2
and Mn > 0.07 mS/m or log10(Mn)> −1.155—green frame in Figure 5). For the wet period
data, there is a linear correlation between log10(ρ) and log10(Mn) from all three zones (blue
line in Figure 5). On the other hand, the data of the dry period are more scattered, and the
different depth zones are not well distinct. The dispersion of datapoints in Figures 4 and 5 is
somehow regularized in this study by taking into consideration the mean (or median) value
from depths of 0.1 to 0.3 m along the distance of 1 to 3 m from each geophysical section.
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Figure 4. Log10–log10 diagram of normalized chargeability and resistivity values from the geoelec-
trical sections data of site #22 acquired at wet (blue) and dry (red) periods. The crosses, circles and
stars correspond to the three depth zones, respectively. Blue and red lines correspond to the linear
regression of wet and dry period data, respectively, while the black one corresponds to the total data
from both periods.
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Figure 5. Log10–log10 diagram of normalized chargeability and resistivity values from the geoelec-
trical sections data of site #14 acquired at wet (blue) and dry (red) periods. The crosses, circles and
stars correspond to the three depth zones, respectively. Blue and red lines correspond to the linear
regression of wet and dry period data, respectively, while the black one corresponds to the total data
from both periods.

The evaluated mean (or median) value of normalized chargeability is related to the
clay or the sum of clay and silt content of the sample and together consist of one point in the
charts of Figures 6–8. Specifically, the dry period data set (33 sites) was divided into three
classes (S1, S2 and S3) based on the geological classification of the surveyed positions, while
data from two control sites (#19 from class S1 and #54 from class S2) were excluded from
the regression to be used for regression evaluation. The data classification was essential,
both because the regression of the total dataset was a poor fit (R2 = 0.2658 and 0.2543 for
OLS and WLS in Figure 6a,b, and Table 2) and because the estimated mean value of the
clay content for the regression evaluation sites was unacceptable (Table 2). Specifically,
the red dots in Figure 6a,b correspond to the %clay vs Mn data from the 33 investigated
sites. The geophysical survey was conducted during the dry period (June–August). The
slanted thick solid and dashed lines, passing from the center of the data, correspond to
the best-fitted lines from the OLS and WLS regression, respectively. The slanted thin solid
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and dashed lines, passing from the outer part of the data, correspond to the data limits,
which are drawn based on ±1/4 of the regression standard deviation. Figure 6a,b shows
the evaluation of the clay content with its corresponding bounds (vertical solid and dashed
lines) from the Mn value measured at control sites #19 and #54, respectively. A total of
10.17% and 52.60% were the estimated mean values of the clay content for site #19 and site
#54, respectively, using OLS regression (Table 1), which are far from the corresponding
measured mean values (17.44% and 26.72%, respectively). The dispersion of datapoints in
Figure 6 is regularized by introducing the soil class into consideration. Thus, as indicated
by the regression results, the dispersion of data is considerably reduced in classes S1 and
S2, compared to the entire population of data.

Figure 7a,b shows the corresponding estimated mean values of clay content for site
#19 and site #54, after the division of the data into three classes (S1, S2 and S3) based on
the geological classification of the surveyed sites. There is an improved correlation of Mn
values with the percentile clay content for S1 and S2 classes compared to the correspond-
ing correlation using the complete dataset. The same improvement does not apply for
class S3 (Pliocene marls). The evaluated mean clay contents at site #19 using OLS and WLS
regression on S1 class data are considered acceptable (Table 2). The relative errors (100 ∗
(measured clay − evaluated mean clay)/measured clay) in that case are 10.3% and 6.6% for
OLS and WLS, respectively. Similarly, the relative errors for site #54 are 26.3% and 27.7%
for OLS and WLS, respectively. The corresponding relative errors using the median values
of clay content for site #19 were 13.8% and 15.1% for OLS and WLS, respectively, while,
for site #54, the estimations are almost twice the measured values for both OLS and WLS.
The corresponding linear regression for S3 subset is shown in Figure 7c. No clay content
evaluation was performed due to the poor fit of class S3 data.
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Figure 6. Clay (%) versus Mn (mS/m) log–log diagrams considering the data from 33 sites, surveyed
during the dry period. Red solid and dark red dashed slanted lines correspond to the OLS and WLS
linear regression, respectively. (a) The evaluation of the clay content (vertical solid and dashed lines)
from the Mn value for site #19 (black circle); (b) the evaluation of the clay content (vertical solid and
dashed lines) from the Mn value for site #54 (black circle).
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Figure 7. Clay (%) versus Mn (mS/m) log–log diagrams with the data from the 33 sites surveyed
during the dry period. Red solid and dark red dashed slanted lines correspond to the OLS and WLS
linear regression, respectively. (a) The evaluation of the clay content (vertical solid and dashed lines)
from the Mn value for site #19 (black circle) from the S1 dataset; (b) the evaluation of the clay content
(vertical solid and dashed lines) from the Mn value for site #54 (black circle) from the S2 dataset.
(c) The corresponding linear regression for the S3 subset. No clay content evaluation was performed
due to poor data fit.
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Figure 8. Sum of clay and silt (%) versus Mn (mS/m) log–log diagrams with the data from the 33 sites
surveyed during the dry period. Red solid and dark red dashed slanted lines correspond to the
OLS and WLS linear regression, respectively. (a) The evaluation of the sum of clay and silt content
(vertical solid and dashed lines) from the Mn value for site #19 (black circle) of the S1 dataset and
(b) the evaluation of the sum of clay and silt content (vertical solid and dashed lines) from the Mn

value for site #54 (black circle) of the S2 dataset. (c) The corresponding linear regression for the S3
subset. No clay and silt content evaluation was performed due to a poor data fit.
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Table 2. Regression parameters and evaluation of the clay content at control sites #19 and #54, using
the data from all sites and from sites distributed in classes S1 and S2 deduced from the geological
classification of the surveyed positions.

All Sites (Dry Period)
(Apart from #19 and #54)

Class S1 Sites (Dry Period)
(Apart from #19)

Class S2 Sites (Dry Period)
(Apart from #54)

Parameters OLS WLS OLS WLS OLS WLS

a 2.2756 1.8909 2.5837 2.8014 3.3531 3.2618

log10(b) −5.2798 −4.7249 −6.0734 −6.3828 −6.4873 −6.3638

b 5.25 × 10−6 1.88 × 10−5 8.45 × 10−7 4.14 × 10−7 3.26 × 10−7 4.33 × 10−7

R2 0.2658 0.2543 0.6241 0.6181 0.4587 0.4581

variance(a) 0.5108 0.5188 0.6701 0.6808 1.3270 1.3284

variance(log(b)) 0.9027 0.9168 1.2074 1.2266 2.0489 2.0508

Control site # 19 54 19 54 19 19 54 54

Measured mean
Mn (mS/m) 1.029 × 10−3 4.330 × 10−2 1.029 × 10−3 4.330 × 10−2 1.029 × 10−3 1.029 × 10−3 4.330 × 10−2 4.330 × 10−2

Measured clay (%) 17.44 26.72 17.44 26.72 17.44 17.44 26.72 26.72

Lower limit of
clay content (%) 6.87 31.55 5.29 32.18 10.19 10.88 20.37 20.31

Evaluated mean
clay content (%) 10.17 52.60 8.30 59.94 15.64 16.29 33.73 34.12

Upper limit of
clay content (%) 16.09 95.70 14.31 >100 25.85 26.00 61.43 63.38

Figure 8a,b shows the corresponding estimated mean values of the sum of clay and
silt content for site #19 and site #54, after dividing the data into three classes based on
the geological classification of the surveyed positions. There was a small improvement in
the correlation of Mn values with the percentile of clay and silt sum for classes S1 and S2,
compared to the complete dataset’s corresponding correlation. The evaluated clay contents
at site #19 using OLS and WLS regression on S1 class data are both acceptable (Table 3).
The relative errors, in that case, are 9.8% and 6.4% for OLS and WLS, respectively. On
the other hand, the relative errors for site #54 are 16.8% and 20.8.3% for OLS and WLS,
respectively. The corresponding relative errors using the median values of clay content for
site #19 were 8.7% and 10.2% for OLS and WLS, respectively, while for sites #54, 47.3% and
49.1% for OLS and WLS, respectively. The corresponding linear regression for the S3 subset
is shown in Figure 8c. No clay content evaluation was performed due to the poor fit of the
class S3 data.

In summary, considering the cross-plot of mean normalized chargeability versus the
clay soil content values (Figure 7), we concluded that the correlation of the above-mentioned
parameters was not entirely clear. Since, with PCA analysis we were unable to distribute a
new measured position to the extracted-from-PCA-analysis classes, we decided to apply
the geological classification of the data, and we distinguished three classes (S1, S2 and S3).
This classification was essential because (a) the regression of the total dataset presents a
poor fit (R2 = 0.2648 and 0.2543 for OLS and WLS, respectively, Figure 6a) and because
(b) the results concerning the mean value of clay content from the regression evaluation
sites (#19 for class S1 and #54 for class S2) were poor (see the measured and evaluated
clay content from the control sites on Table 2). Considering the classification based on
the geology of the study area, classes S1 and S2 present an improvement in the goodness
of fit, while the S3 class does not. The S3 class related to the Pliocene marls will be the
issue of future research. This is because we believe that a denser network of geophysical
measurements on Pliocene marls, distributed throughout the whole year, is required to
check the efficient application of the normalized chargeability for clay content evaluation.
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Table 3. Regression parameters and evaluation of the sum of clay and silt content at control sites #19
and #54, using the data from all sites and from sites distributed in classes S1 and S2 deduced from the
geological classification of the surveyed positions.

All Sites (Dry Period)
(Apart from #19 and #54)

Class S1 Sites (Dry Period)
(Apart from #19)

Class S2 sites (Dry Period)
(Apart from #54)

Parameters OLS WLS OLS WLS OLS WLS

a 3.6491 3.5606 2.7730 3.0200 3.7427 3.5385

log10(b) −8.2898 −8.1050 −7.0375 −7.4469 −8.4434 −8.1086

b 5.13 × 10−9 7.85 × 10−9 9.17 × 10−8 3.57 × 10−8 3.60 × 10−9 7.79 × 10−9

R2 0.3131 0.3103 0.3833 0.3791 0.3858 0.3847

variance(a) 1.0434 1.0476 2.0616 2.0756 2.2299 2.2341

variance(log(b)) 2.8439 2.8555 5.2412 5.2768 5.9460 5.9572

Control site # 19 54 19 54 19 19 54 54

Measured mean
Mn (mS/m) 1.029 × 10−3 4.330 × 10−2 1.029 × 10−3 4.330 × 10−2 1.029 × 10−3 1.029 × 10−3 4.330 × 10−2 4.330 × 10−2

Measured clay +
silt (%) 32.00 66.72 32.00 66.72 32.00 32.00 66.72 66.72

Lower limit of
clay + silt

content (%)
17.78 46.34 16.99 45.26 12.89 14.10 37.32 37.00

Evaluated mean
clay + silt

content (%)
28.38 79.09 27.37 78.23 28.87 29.96 77.92 80.58

Upper limit of
clay + silt

content (%)
48.60 >100 47.47 >100 82.18 78.06 >100 >100

The water content and the content of clay minerals, as well as the bulk density of the
soil (through its effective porosity), affect the electrical conductivity and the chargeability
of the soil. The collection of geoelectric measurements over time for different humidity
conditions allows the estimation of soil properties, such as the electrical conductivity of the
solid, liquid and gas phases. During the wet season, the effect of water content on electrical
conductivity measurements tends to mask the influence of the other factors. In contrast,
measurements under dry conditions are more favorable for estimating the porosity and
the soil texture. This work shows that clay or the sum of clay and silt soil content within
the investigated area can be reasonably estimated from the measurements of the normal-
ized chargeability using IP and resistivity measurements under dry conditions. However,
classification analysis seems to be essential for the improvement of the correlation of the
above-mentioned parameters. In that case, the examined sites must be firstly distributed
to the classes considering the spatial distribution and the nature of the geological forma-
tions. Thus, it is possible to reasonably estimate the clay, or the sum of clay and silt soil
content, based on the normalized chargeability values, except Pliocene marls, which will
be investigated in more detail in the future.

4.2. Soil Analysis

Overall, the three classes show minor significant differences with respect to their
constituents (Figure 9), with clay content (Figure 9c) differences standing out only between
classes S2 and S3 (mean values of 18.6 and 28.8%, respectively). Classes S1 and S2 have
no significant differences with respect to sand (Figure 9a) and clay (Figure 9c) content but
show significant differences with respect to silt (Figure 9b) content (mean values of 17.1
and 27.0%, respectively). Based on their constituents, and according to the classification
triangle defined by the FAO Soil Map of Europe [77], the soils belong mainly to the medium
texture (see Figure A1 in Appendix A). This similarity, as well as the similarity of S1 and S2
with respect to clay content, highlights the importance of the classification of the sampling
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area based on other features, such as geology. Furthermore, as shown in Figure 10a, the
three classes present no significant differences in terms of electrical conductivity, which
would otherwise interfere with geophysical measurements. Finally, classes S1 and S2 show
significant differences with respect to AWC, with mean values of 14.1 and 15.6%, respectively
(Figure 10b). This difference can be attributed to the significant difference in the amount of
silt in these classes (Figure 9b). On the other hand, the AWC of class S3 shows no significant
differences from that of classes S1 and S2. While a mean difference of 1.5% in terms of AWC
between classes S1 and S2 seems small, one should also consider the variability of AWC
values, ranging from IQR (13.5–14.4%) for S1 to IQR (14.9–16.3%) for S2, both of which sit in
the medium and high values of AWC for medium texture soils [78], respectively.
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4.3. Agrogeology

Considering the findings of the agrogeophysical methods and soil analysis along with
the geomorphological and geological structure of the study area, it is worth stressing that:

â 70% of the members in S1, S2 and S3 classes are in altitudes below 100 m, and about
60% are in the vicinity of the hydrographic network.

â The S1 class, mainly present in the eastern part of the study area (Agyia), corresponds
to formations older than Upper Miocene also including the transitional zone between
the pre-Upper Miocene formations and the alluvial sediments. Specifically, the parent
material of S1 class soils most probably is (a) the phyllite–quartzite unit (Ph) of the
Permian–Triassic age and (b) the phyllitic–quartzitic conglomerate and breccia (Me)
of the Middle-Upper Miocene. Furthermore, most (70%) S1 members belong to a
cluster located in a small, closed basin (southeastern part of the Chania Plain–Fournes,
Figure 2). This closed basin has been generated from the action of normal faults
trending E–W, NW–SE, and NE–SW. The fault groups firmly control the ground slopes
in the area around Fournes, thus facilitating the water movement and the transfer of
erosional material from the parent rocks. The primary mineralogical component of the
phyllitic–quartzitic material is quartz, while minor components are the clay minerals
of muscovite and talc and rarely the gibbsite [79,80]. This supports the findings of
the present, i.e., the sand content, apart from prevailing in all three classes, is also
the highest for the S1 class (Figure 9). In addition, the S1 class corresponds to AWC,
ranging between 12.5% and 15% (Figure 10), which is lower compared to the S2 and
S3 classes. This is probably related to the fact that the phyllitic–quartzitic material
is impermeable to water. Class S1 presents an improvement in the goodness of fit
compared to the unclassified data. Thus, the predicted mean clay content at the test
site (#19) of class S1 is considered acceptable (Table 2).

â The S2 class is present in the eastern and western part of the study area. It corresponds
to Holocene and Pleistocene formations that include the alluvial (al) and dilluvial (dl)
deposits and the transitional zones al-dl, al-Me and dl-Plm. Markopoulos et al. [81]
collected samples of mudstones and soils from the wide area of the present study,
aiming to evaluate their properties as raw materials. The soil particle distribution, plas-
ticity, and the mineralogical content (through X-ray diffraction and calcimetry) were
determined. Generally, quartz, illite, muscovite, chlorite, and calcite, with some Fe-
minerals, feldspars and traces of gypsum, halite and anhydrite were identified in the
samples, while clay minerals are between 30 to 50%. The high percentages of quartz
and mica are because of the phyllite–quartzite unit in the area, while the presence of
gypsum, anhydrite and halite is related to the deposition of marine sediments [82,83].
Especially for the Agyia (the eastern part of the study area), Markopoulos et al. [81]
determined that the content was 79% sand, 13% clay and 8% silt. The interpretation of
Markopoulos et al. [81] is supported by the findings of the present study. Specifically,
the sand content of the S2 class members in this research ranges between 33% and
74%, and most of the members reveal sand content around 58%. Most of the S2
members reveal AWC higher than 15%, probably attributed to the nature of these
alluvial sediments (high sand percentage, clay content ranging between 15 and 27%,
high porosity, low compaction). Class S2 presents an improvement in the goodness of
fit compared to the unclassified data. Consequently, the predicted mean clay content
at the test site (#54) of class S2 is considered acceptable (Table 2).

â The S3 class is present in the western part of the study area, and it corresponds to
the white and yellow well-bedded Pliocene marls of the Tavronitis Formation [84].
The upper part of this formation is a 25–50 cm thick layer of well-bedded medium-
to-fine grained and brown soft sands, which alternates with massive white marls,
interspersed with many unoriented worm tracks [85]. From the mineralogical point of
view and considering the analogue of Pliocene marls for the Heraklion basin in central
Crete [86], clay minerals are montmorillonite (up to 25%), illite (10–15%) and chlorite
(less than 13%), while non-clay components are calcite (16–82%) and quartz (15–25%),
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with some grains of plagioclase and mica to be present. Furthermore, Tsiambaos [86]
classified the Heraklion Pliocene marls in two groups, based on the calcium carbonate
content. The marls of the first group are mainly marls and limey marls showing
calcium carbonate content of 35–85%, and those of the second group are clayey marls
revealing calcium carbonate content of 26–35%. These could possibly explain the
findings of the present study, concerning class S3. The observed scattered clay content
and AWC of class S3, compared to the other classes, shown in Figures 9 and 10, might
lead to low correlation between the normalized chargeability and the measured clay
content. Furthermore, if class S3 consists mainly of limey marls, then it contains high
sum of clay and silt content but a low concentration of clay minerals, which is the
parameter that affects the normalized chargeability.

â The prediction of clay when the soil shows a small variation of clay content is another
challenging part of this work. We show in this work that, in some cases, this can be
feasible by taking into consideration geophysical and geological data as well.

4.4. Impact on Crop and Water Management

This empirical relationship between normalized chargeability and soil clay content in
combination with the appropriate agrogeological soil classification can contribute to better
crop-and-tree-planting planning and agricultural water management. The effect of soils
on irrigation water requirement is essential to accurately evaluating regional water-saving
potential and irrigation water needs [47,87]. Soils with different characteristics present
significantly different irrigation times and total irrigation amounts. This is because of
their different water-holding capacities, infiltration, water distribution in the soil profile
and water retention time in the soil. While the volume of irrigation is a function of a
combination of soil characteristics, plant growth stage and climate conditions, irrigation
frequency depends only on soil characteristics [47]. The proposed approach facilitates a
more efficient assessment of soil texture by allowing clay and the sum of clay and silt content
to be estimated in 2-dimensional geophysical measurement cross-sections and potentially
in 3-dimensional, rather than point-scale, samples. This improvement can contribute to
better informed agricultural planning and agricultural decision support systems [88–90],
as well as better strategic planning [60], which are essential for the Mediterranean.

The clay-based irrigation strategy is very different from the sand-based soil irrigation
strategy. Clay-based soils have flat, small, compact particles with large surface-to-volume
ratios. Thus, water is absorbed and moves slowly through clay soils, but they retain
substantial amounts of moisture once wet. This means that water rapidly applied to clay
soil tends to run off instead of moving into the ground. Therefore, when irrigating clay
soils, water should be applied slowly for an extended period of time [45]. On the other
hand, sand-based soils have large particles with a small surface-to-volume ratios. In these
soils, water is absorbed and moves quickly beyond the root zone, making it unavailable to
the plant and contributing to soil leaching. Thus, for sand-based soils, the irrigation dose
should be applied in small quantities and more often (short intervals) [46].

In addition, as for drip irrigation system, the emitter flow rate can also be selected to
accommodate different soil types, with high flow emitters used on sandy-based locations
and low flow emitters on clay-based locations. Emitter distances can also vary, with longer
distances in clay soils and shorter distances in sandy sites. Farmers using drip systems
should take advantage of the above to maximize water-use efficiency [47]. As proposed
in this study, easily applied field agrogeophysical and agrogeological approaches [91–95]
can offer an accurate estimation of clay content for the upper soil layer (root zone soil
depth), information, which is very important for farmers to apply the irrigation water to
their plants with the proper frequency. In such cases, irrigation could be more efficient and
environmentally safe.
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5. Conclusions

In the present work, we explore the application of agrogeophysical properties (resis-
tivity, conductivity, chargeability) assisted by agrogeological mapping and pedometrical
analysis to both qualitatively and quantitatively characterize the arable fields in the plain
of Chania in western Crete. Principal component analysis (PCA) in our case study failed to
distribute a new measured position to the extracted from PCA analysis classes, while geo-
logically based classification recognized three classes (S1, S2 and S3). The main conclusions
from this research are:

• Agrogeophysical measurements aimed at investigating the clay or the sum of clay and
silt soil content in medium-texture soils, such as in the arable fields of the Chania Plain,
it is better to carry out the dry period of the year. This is because the effect of the water
in the wet period of the year masks the influence of other factors (porosity, soil texture).
The clay or the sum of clay and silt soil content within the investigated area can be
successfully estimated by the normalized chargeability using induced polarization (IP)
and resistivity measurements under dry conditions. Based on geological classification
analysis for the above-mentioned measurements, we distinguished three classes (S1,
S2 and S3) for the dry period data. For the first two classes (S1 and S2) associated
with phyllites–quartzites, phyllitic–quartzitic conglomerate and breccia, and alluvial
deposits, respectively, the estimation of clay or the sum of clay and silt soil content is
feasible from measurements of the normalized chargeability. The S3 class, geologically
related to Pliocene marls, is not statistically correlated to geoelectrical measurements.
A denser network of geophysical measurements on Pliocene marls, distributed in the
whole year, is required to check if normalized chargeability for clay content evaluation
is suitable for Pliocene marls.

• The unpaired Wilcoxon test showed that classes S1, S2 and S3 present slight differences
with respect to soil characteristics, while, according to the FAO European classification,
they belong mainly to the medium texture. The sand content, relative to silt and clay
contents, clearly prevails in all three classes. Considering the clay content, the S3 class
presents the highest clay content compared to the S1 and S2 classes. In addition, classes
S1 and S2 show differences with respect to available water content (AWC) probably
attributed to the significant difference in the amount of silt in these classes. There are
slight differences among the three classes considering the electrical conductivity.

• The S1 class mainly corresponds to formations older than the Upper Miocene, com-
prising the parent material of S1 class soils. These formations, older than the Upper
Miocene, are (a) the phyllite–quartzite unit (Ph) of the Permian–Triassic age, and (b) the
phyllitic–quartzitic conglomerate and breccia (Me) of the Middle-Upper Miocene. The
primary mineralogical component of the phyllitic–quartzitic material is quartz, thus
explaining the large (greater than 54%) sand content of S1 class members. The S2 class
corresponds to Holocene and Pleistocene formations, including the alluvial (al) and
dilluvial (dl) deposits and some transitional zones (al-dl, al-Me and dl-Plm). Most
of the S2 class members reveal sand content around 58%. A reliable explanation
for the high percentage of sand content in Holocene and Pliocene formations of S2
class members is the extended presence of the phyllite–quartzite unit that feeds with
erosional material places of lower elevation in the study area. The S3 class corresponds
to the Pliocene marls of the Tavronitis Formation, which exhibit scattered clay content
and available water content (AWC), compared to the other classes. This might lead to
low correlation between the normalized chargeability and the measured clay content
in the data of class S3.

Future crop and tree planting planning and agricultural water strategy for the Chania
Plain may consider the above findings since soil texture is significantly affected by the
agrogeological characteristics in this area. The proposed combination of geophysical and
geological approaches may be used to assess clay, the sum of clay and silt and, by extension,
the available water content with significant detail in depth and scale. Soil texture should
always be considered in the interpretation of the results. Probably, specialized geological
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analyses (such as mineralogical) could assist a more detailed characterization of the arable
fields in the study area. Further work will concentrate on adding more observation points
(collecting both soil samples and geophysical data) for all classes and performing analysis
of the samples’ mineralogical content.
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Appendix A

Table A1. Collected data from sites #6 and #29.

Parameter Site 6 Site 29

Position (X,Y) (HGRS87) 1 494983, 3927674 490678, 3923134
Local area Galatas Vatolakos

Soil sampling date 17 December 2019 14 February 2020
Soil sample name deficit 6 deficit 29

Clay (%) 21.12 11.44
Silt (%) 41.28 20.56

Sand (%) 37.60 68
EC (dS/m) 0.34 1.07

EC sterr. (dS/m) 0.03 0.01
pH 8.33 5.27

pH sterr. 0.09 0.07
P Olsen (ppm) 14.33 100.06

P Olsen sterr. (ppm) 1.90 3.87
TKN (mg/kg) 1026.67 2298.33

TKN sterr. (mg/kg) 222.59 30.87
Ca / Mg (mg/kg) 4142/4.98 713.30/5.01

Ca / Mg sterr. (mg/kg) 334.0/0.04 22.30/0.01
Texture Lo SaLo

Crop Grapes Avocado
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Table A1. Cont.

Parameter Site 6 Site 29

Geology Marly sandstone series Alluvial deposits

Geological description Brownish-yellow loose marly gravel Lose soil consisting of clay mixed with gravel
of mostly fillites–quartzites composition

Geological age Middle-Upper Miocene Quaternary
Period of geophysical

measurements (wet|dry) November 2020 August 2020 November 2020 August 2020

Resistivity section RMS (%)
(wet|dry) 1.53 8.28 3.49 14.86

Mean resistivity
(Ohm.mOhm.m) (wet|dry) 28.7 666.1 319.0 2230.6

Median resistivity
(Ohm.mOhm.m) (wet|dry) 29.2 236.2 239.2 1628.4

Resistivity standard deviation
(wet|dry) 3.7 1160.8 265.4 1893.7

Norm. Chargeability section
RMS (%) (wet|dry) 2.49 11.44 4.51 9.21

Mean Norm. Chargeability
(mS/m) (wet|dry) 4.86 × 10−2 4.50 × 10−3 2.13 × 10−2 1.25 × 10−3

Median Norm. Chargeability
(mS/m) (wet|dry) 2.94 × 10−2 2.12 × 10−3 1.94 × 10−2 4.38 × 10−4

Norm. Chargeability standard
deviation (wet|dry) 6.04 × 10−2 7.79 × 10−3 1.07 × 10−2 1.97 × 10−3

Regression weight (wet|dry) 1.91 1.76 2.30 1.80

Note: 1 Hellenic Geodetic Reference System 1987.
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