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Abstract

The soils of a 10-ha agricultural field in the municipality of Guasave, Sinaloa, were characterized 
through electrical measurements and determination of petrophysical parameters. An electrical profiling 
survey for AB/2 = 2 m and 3 m was carried out in the study area. The apparent resistivity, soil moisture, and 
pore water salinity values were recalculated into petrophysical values using the Petrowin software, resulting 
in fine (clay+silt) content, and porosity and hydraulic conductivity maps. Using the Bouyoucos method, soil 
texture was determined for 30 soil samples collected in points matched with EP measurement points. The 
results of textural analysis indicated that the study area is quite complex, with the presence of eight textures 
of soil, and soil moisture and groundwater salinity variable in twice and five times, respectively. The fines 
content values obtained from Petrowin software and the Bouyoucos method were compared showing a high 
correlation (R = 0.91), giving reliability to fast and inexpensive techniques such as electrical profiling for 
the determination of the soil petrophysical parameters in extensive agricultural land. 
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Introduction

There is a wide variety of methods that use both direct 
and indirect techniques to characterize soils. The direct 
ones consist of conventional soil boring and subsequent 
tests made in representative soil samples in order to classify 
and determine the physical, mechanical, and hydraulic 
properties. The direct method is the most accurate for soil 
characterization, but conversely it is time-consuming and 
expensive. Accurate assessment of soil properties requires 
close-space drilling, which would be very expensive in 
many conditions. The direct observations of the soil are 
mainly destructive techniques. The process of perforation 
and sampling sometimes facilitates the vertical migration 
of contaminants, being expensive techniques and its 
effectiveness depends on factors such as the hardness of 
the soil and groundwater table depth. On the other hand, 
the indirect methods are used to determine the physical 
properties of the soils based on the measurement of other 
characteristics, such as electrical properties of the soils. 
Indirect techniques such as electrical resistivity surveys 
can provide a non-destructive and less expensive method 
for assessing soil properties [1].

Usually, the planting and harvesting of diverse 
agricultural products involves extensive land. We need 
to study and map the soil parameters as rapidly and 
accurately as possible. Geophysical methods, specifically 
electrical and electromagnetic methods, are effective, 
quick, and inexpensive for studies of agriculture fields 
[2], plus changes in the degree of salinization [3] or 
moisture [4]. Corwin and Lesch [5] proposed empirical 
relationships among the petrophysical properties of the 
soil and the electrical resistivity. Amakor et al. [6] stated 

an empiric hypothesis to relate soil salinity with resistivity, 
while Friedman [7] made apparent the influence of soil 
on electrical conductivity and Heil and Schmidhalter [8] 
did the same for soil texture and humidity. The electrical 
resistivity tomography (ERT) method has been efficiently 
applied on the definition of the plume boundaries in 
hydrocarbon-contaminated soils [9] and on the estimation 
of the petrophysical parameters of the soil; resistivity 
values from ERT and groundwater salinity values obtained 
in the field allow for the determination of clay content 
[10], porosity, and CEC sections and maps for the study 
site [11].

One of the geoelectrical methods widely used in  
near surface studies is Electrical Profiling (EP). The 
application of EP is faster than the ERT method; however, 
EP only provides apparent resistivity values (ρa). Now we 
consider that the ρa value obtained by EP for a study depth 
of 0.5 m is similar to the interpreted resistivity (ρ1) value 
obtained from ERT for a superficial layer of thickness 
greater than 0.5 m, at the same point. It is known that, 
for the left branch of the ρa curve versus AB/2 distance, 
the asymptotical value tends to ρ1 [12]; that is, the ρa 
value obtained for the lowest value of AB/2 is equal  
or similar to the true resistivity value interpreted for the 
first geoelectrical layer (soil). The EP method was used  
to outline areas with different subsurface resistivities, 
which indicated different hydrological conditions in soils  
[13].

According to the aforementioned background, this 
work is targeted to the application of EP as a fast-forward 
method, so that ρa values, along with the information of 
soil moisture and pore water salinity, are used to obtain 
fine content, porosity, and hydraulic conductivity (K) 

Fig. 1. Location of the study area and distributions of EP measurement points (black dots) and wells (black squares).
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parameters of the soils of an agricultural field. Fine 
content values will be compared with those determined 
from textural analysis in order to verify the reliability of 
the obtained results. 

Materials and Methods

Study area 

This work was carried out in an agricultural field 
located 11.7 km from the city of Guasave in Sinaloa, 
Mexico (25°36´29.27” and 25°36´42.12” north latitude, 
and 108°33´39.02” and 108°33´57.59” west longitude) 
and comprising an area of 10 hectares (Fig. 1). In this 
municipality the Vertisol (62.55%) and Solonchak (21.72%) 
soils predominate; Cambisol (3.17%), kastanozem 
(2.58%), Regosol (2.13%), Phaeozem (1.52%), Arenosol 
(1.24%), Fluvisol (0.92%), and Leptosol (0.56%) soils are 
also presented [14]. The weather is dry and warm, with 
an average annual temperature of 25.1ºC, and a minimum 
and maximum of 2 and 44°C, respectively. The average 
annual rainfall on Guasave is 510.5 mm, according to the 
1971-87 series [15]. The major rainfall occurs in summer, 
with a percentage of winter rain between 5.0 and 10.2% 
from the annual total. According to information obtained 
from private wells near the site, the average depth of the 
groundwater table is 1.2 m.

Determining soil moisture and texture

The application of direct methods requires the 
collection of soil samples. For this purpose, a hand-auger 
was used to collect 30 soil samples of 2 kg each, at a depth 
of 30 cm, in points matched with EP measurement points. 
Each sampling point was geo referenced using a portable 
GPS. The soil samples are labeled and stored in low-
density polyethylene bags. 

The soil moisture was determined in a lab following 
the proposed specifications in the lab’s soil manual [16] 
through the following expressions: 

                     (1) 

…where M = mass, Mag = water mass, Ms = solids mass 
(mass of soil dried in oven), and H is soil moisture.

For determining soil texture, the samples were 
subjected to a drying homogenate process following the 
specifications of the NOM-021-RECNAT-2000 [17] using 
the Bouyoucos method [18].

Determining groundwater electrical 
conductivity

Nine wells were drilled in the site to a maximum 
depth of 1.5 m. The electrical conductivity (EC) of 
groundwater was determined by the use of a portable 

conductivimeter model HI 98130 [19], obtaining an EC 
value in situ for each groundwater sample collected from 
wells. These values will be used to estimate the pore water 
salinity values needed in the calculation process of soil 
petrophysical parameters. 

Electrical profiling (EP) method

The EP are widely used to study aquifers and properties 
of the rocks [20-21], to support archaeological survey 
[22] and geotechnical studies [23-24], and for geological 
mapping and detection of fractures [25]. 

The principle of the method consists of performing 
resistivity measurements through a four-electrode array 
along a line or profile on the surface. During EP survey, 
current (I) is injected into the soil and subsoil through a 
pair of electrodes named A and B. The potential different 
(∆V) is measured by a pair electrodes M and N (Fig. 2). 
The electrical field is distributed in a soil volume whose 
size can be estimated from the distance among AMNB 
electrodes [26]. The geometric factor K can be obtained 
from the array geometry. 

The EP array is moved along the profile, keeping 
unchanged the mutual distances between electrodes, 
obtaining a value of ρa for each measurement point using 
equation (2). 

The ρa value is a bulk average resistivity of all soils and 
rock influenced by the current. The values of ρa obtained 
in the profile represent the lateral changes of electrical 
resistivity for a constant study depth:

                             (2)

…where ρa is the apparent resistivity (Ohms meters), 
K is geoelectric constant, ∆V is the potential difference 
measured (volt), and I is the current intensity (amperes).

In this work, an EP survey was conducted. Fifty-five 
EP measurements were distributed in five parallel profiles 
using a Schlumberger array for AB/2 = 2 m and 3 m  
(Fig. 2), guaranteeing the study depths of 0.5 m and  
0.75 m, respectively. 

Recalculing values of apparent resistivity, 
soil moisture, and pore water salinity 

into fine content, porosity, and K maps

The ρa, soil moisture, and pore water salinity values 
were used to obtain the petrophysical parameters of the 

Fig. 2.  Schlumberger array used to perform the EP survey.



1080 Gastélum-Contreras A.K., et al.

soil using Petrowin software developed by A. Ryjov  [27-
28]. The experimental relationship between electrical 
resistivity as a function of the mineralization of pore 
water and clay content was first published in Russia 
by Sharapanov et al. [29]. Then Ryjov [30] published 
the above-mentioned theoretical relationship. Ryjov 
and Sudoplatov [28] proposed a model including the 
components of the poorly consolidated formation and the 
electrochemical calculation of the resistivity of free water 
and the water into pores. The solid grains of sand and 
clay form a nonconductive skeleton. The capillaries are 
considered as hollow cylinders, having different radium 
referring to sand and clay. The sand component contains 
a porous system of cylindrical channels with radii of  
10-3-10-4 m, which are much larger than the thickness of 
the electrical double layer. The thickness of the electrical 
double layer depends on water salinity and increases with 
decreasing salt concentration. At near-surface conditions, 
when the salt concentration changes from 0.02 to 2 g/l, the 
thickness of the electrical double layer varies in the range 
of 0.3-3 × 10-8 m. The micropores of the clay component 
are very narrow, and their average radii lie between 10-7 
and 10-8 m, which is close to the thickness of the electrical 
double layer. The capillaries of sand and clay can be 
connected in series, in parallel, or as a combination of 
both connections because some part of the clay is usually 
smeared on pore walls of the sand fraction, and some clay 
exists in the sand pores as plugs. The total volume of pores 
in sand and clay is expressed through porosity values 
on a separated form for sand and clay. A more  detailed 
explanation about characteristics of the theoretical model 
can be found in Shevnin et al. [10]. 

An example of the results obtained from a theoretical 
model is presented in Fig. 3. Different curves show 
the behavior of soil resistivity for different pore water 
salinities according to the clay content and soil porosity. 
The model considers soil moisture 100% and CEC of clay 
3 g/L. The values on curves indicate clay content from  
0 (sand) up to 100 (pure clay) and soil porosity in percentage. 
The dashed line indicates water resistivity. A process of 
fitting between the electrical resistivity curve calculated 
from the theoretical model (Fig. 3) previously described 
and the experimental curve obtained from electrical 
measurements performed in soil sample for different pore-
water salinity, shifting different petrophysical parameters 
of the theoretical model such as: clay CEC, radium of the 
capillaries of clay, and porosity of the clay and the sand. 
In the case of silt, the behavior of the electrical resistivity 
values versus pore water salinity is similar to clay with 
low CEC values. For this reason, we will hereafter refer 
fine content to the sum of the clay and silt contents. The 
final result is the determination of fine content (clay+silt) 
and porosity parameters. K value is a function of fine 
content according to the relationship proposed by Shevnin 
et al. [9] and Delgado et al. [31]. 

If we use the interpreted apparent resistivity values 
obtained from the EP survey and salinity values 
calculated in groundwater samples, instead of a curve 
of resistivity versus salinity for a soil sample from 

electrical measurements made in a laboratory, it is then 
possible to determine petrophysical parameter maps for 
fine content, porosity, and K. This procedure uses the 
same petrophysical modeling algorithm and can convert 
resistivity maps into petrophysical maps [11].

So, using the apparent soil resistivity values obtained 
from the EP survey, soil moisture, and groundwater 
salinity values, it is possible to determine the fine content, 
porosity, and K maps of the study site.

Results and Discussion

Soil moisture and textural analysis

The 30 soil samples were subjected to a dry and 
homogenate process to determine the percentage of 

Fig. 4. Soil textures present in the study area according to the 
results obtained using the Bouyoucos method.

Fig. 3. Theoretical dependence of the resistivity of a sandy-clay 
mixture on groundwater salinity.
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moisture in each soil sample. After that, textural analysis 
by the Bouyoucos method was performed and the results 
are shown in Table 1 with its respective percentages of 
moisture variables between 14.2% and 28.8%. Soil 
moisture content is influenced by site, seasonal effect 
represented by date of sampling, and soil depth [32] and 
soil degradation [33].

The percentages of sand, silt, and clay were plotted 
inside the texture triangle to obtain the classification 

of the soil, where a wide variety of soil texture can be 
observed: clay, silty clay, clay loam, loam, sandy loam, 
silt loam, sandy clay loam, and silt clay loam (Fig. 4). The 
low content of clay in sandy soils usually limits humus 
accumulation, nutrients, and water availability [34].

The clay content is higher in the SE and central portions 
of the study area, decreasing significantly toward the NW 
end of the site. The silt content is greater toward the N and 
SE ends of the site, decreasing in the central part, while the 

Table 1. Soil texture and moisture obtained for 30 soil samples collected in the study area.

Soil Sample*
Coordinates %

Sand
%

Silt
% 

 Clay
% 

MoistureX Y

1 744949 2834715 18 46 36 23.2

3 744863 2834761 43 21 37 14.2

5 744776 2834810 45 21 35 17.5

7 744690 2834857 31 67 3 20.2

9 744601 2834902 31 65 5 23.9

11 744524 2834938 21 77 3 26.3

12 744509 2834895 21 61 18 28.8

14 744578 2834856 31 67 3 21.5

16 744665 2834812 32 54 14 18.9

18 744751 2834762 48 25 27 18.1

20 744840 2834719 37 45 19 21.7

22 744927 2834670 27 21 53 21.7

23 744904 2834628 36 61 3 24.1

25 744817 2834675 39 59 3 26.8

27 744730 2834722 53 41 6 16.1

29 744643 2834768 41 55 5 19.7

31 744558 2834816 31 47 23 19.2

33 744486 2834854 28 69 3 23.9

34 744462 2834810 36 61 3 18.3

36 744539 2834770 23 47 31 21.8

38 744624 2834722 35 23 42 18.7

40 744714 2834671 41 17 43 21.2

42 744798 2834626 31 25 44 23.7

44 744880 2834584 29 69 3 21.0

45 744851 2834533 19 37 44 23.6

47 744777 2834578 19 37 44 22.0

49 744692 2834622 51 47 3 19.5

51 744602 2834674 37 59 4 18.7

53 744515 2834722 41 57 3 17.7

55 744438 2834766 35 61 4 21.3

* Sample number is assigned according to EP measurement point (see Fig. 1).
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sand content is inversely distributed to the silt, with higher 
concentrations in the central part of the study area (Fig. 5). 
Several authors have measured and assessed based on the 
triangular soil mixture diagram in order to establish the 

Fig. 5. Soil texture maps obtained using the Bouyocus method.

Table 2. Groundwater electrical conductivity (EC) and salinity values determined in nine wells.

Well
Coordinates EC 

(mS/cm)
Salinity 

(g/l)
 Water Table Depth  

(m)X Y

1 744531 2834937 0.58 0.35 1.2

2 744577 2834916 0.89 0.53 1.2

3 744640 2834881 0.83 0.50 1.3

4 744684 2834859 0.82 0.49 1.4

5 744730 2834835 0.77 0.46 1.3

6 744774 2834811 0.98 0.59 1.7

7 744816 2834786 2.67 1.60 1.2

8 744860 2834761 2.85 1.71 0.7

9 744904 2834740 2.99 1.79 1.8

Fig. 6. Apparent electrical resistivity maps from the application 
of the EP method for a) AB/2 = 2 m and b) AB/2 = 3 m.
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erosion level [35], irrigation capability [36], physical and 
chemical features of soils [37], and hydraulic properties 
[38], among others. 

Pore-water salinity 

Table 2 shows the electrical conductivity (EC) values 
determined for groundwater samples collected from 
nine wells. The behavior of groundwater conductivity  
is variable with minimum and maximum values of  
0.58 mS/cm and 2.99 mS/cm, respectively. According 
to Vargas [39], less than 1.254 mS/cm conductivities 
correspond to freshwater, so the study area includes both 
fresh and brackish water.

Similarly, groundwater salinity is variable with 
maximum and minimum values of 0.35 g/l and 1.79 g/l, 
respectively. EC values and, consequently, groundwater 
salinity increase five times in the direction SE-NW. The 
salinity values will be considered as water pore salinity 
during the calculation process of the petrophysical 
parameters.

Analysis of the apparent resistivity values 
obtained from EP survey

We considered the site as a complex study area due to 
the high variability of soil moisture and texture, and pore-
water salinity, which should be reflected in the distribution 

Table 3.  Apparent resistivity values of the 55 EP points for AB/2 = 2 m and 3 m.

EP 
point

Coordinates ρa (Ohm.m ) ρa (Ohm.m)

X Y AB/2 = 2 m AB/2 = 3 m

1 744949 2834715 5.7 5.7

2 744904 2834740 5.8 5.0

3 744863 2834761 5.6 5.1

4 744821 2834787 8.1 8.6

5 744776 2834810 8.4 8.7

6 744733 2834833 7.4 8.3

7 744690 2834857 9.1 8.6

8 744645 2834879 7.7 8.5

9 744601 2834902 7.8 7.8

10 744553 2834924 7.3 7.7

11 744524 2834938 8.3 8.2

12 744509 2834895 4.3 4.8

13 744533 2834882 7.3 6.7

14 744578 2834856 7.2 8.5

15 744621 2834831 9.5 7.2

16 744665 2834812 9.2 9.5

17 744708 2834786 7.8 8.1

18 744751 2834762 6.7 7.7

19 744799 2834740 4.4 5.7

20 744840 2834719 5.2 6.0

21 744887 2834697 6.2 5.5

22 744927 2834670 9.1 7.5

23 744904 2834628 5.3 4.4

24 744861 2834650 5.2 6.9

25 744817 2834675 5.0 5.4

26 744773 2834698 8.8 8.2

27 744730 2834722 10.4 7.5

28 744684 2834747 9.3 9.1

29 744643 2834768 7.8 8.0

30 744601 2834792 7.3 7.8

31 744558 2834816 5.8 5.9

32 744513 2834840 4.3 4.1

33 744486 2834854 4.5 6.0

34 744462 2834810 6.3 5.5

35 744494 2834794 4.1 4.5

36 744539 2834770 5.3 5.8

37 744580 2834744 10.9 9.5

38 744624 2834722 6.3 6.0

39 744668 2834697 6.3 8.3

40 744714 2834671 5.9 8.4

41 744755 2834648 7.6 9.5

42 744798 2834626 5.1 6.5

43 744842 2834601 8.0 8.4

44 744880 2834584 4.3 3.9

45 744851 2834533 4.7 4.3

46 744822 2834556 5.7 6.0

47 744777 2834578 6.1 6.1

48 744732 2834600 8.2 9.0

49 744692 2834622 6.3 7.3

50 744646 2834649 8.0 8.3

51 744602 2834674 9.2 9.3

52 744557 2834699 6.5 6.0

53 744515 2834722 6.7 6.3

54 744471 2834749 3.4 3.7

55 744438 2834766 7.3 6.1
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of ρa values. Fig. 6 shows the apparent resistivity maps 
for a) AB/2 = 2m and b) AB/2 = 3m, which are presented 
showing great similarity. A central resistive zone and 
decrease in ρa values toward NW and SE ends of the site 
are observed in both maps. 

The similarity between the two maps of Fig. 6 is 
backed up on the analysis of ρa values for AB/2 = 2 m 
and 3 m, presented in Tables 3-4. The mean ρa value for 
the AB/2 = 2 m is 6.8 Ohm.m, with maximum, mini-
mum, and standard deviation values of 10.9, 3.4, and  
1.74 Ohm.m, respectively. For AB/2 = 3 m the mean 
value is 6.9 Ohm.m with a maximum of 9.5 Ohm.m, 
minimum of 3.7 Ohm.m, and standard deviation of  
1.63 Ohm.m. Table 4 shows the mean resistivity and 
standard deviations values. According to the T-test for 
independent samples, no significant difference between 
AB/2 values was observed (p>0.05), so we decided to 
use only the apparent resistivity values for AB/2 = 2 m, 

i.e., a study depth of 0.5 m, ensuring that the value of ρa 
is not affected by soil substrate. Measurements of soil 
ρa are useful in near-surface studies [40], investigating 
soil contamination [41], and planning and analyzing 
agricultural experiments [42].

Fines content, porosity, and K maps

The ρa values, along with information of soil moisture 
and salinity of pore water, were processed using Petrowin 
software to obtain fine content, porosity, and K values. 
Figure 7 shows similar maps of fines content determined 
from Petrowin software (Fig. 7a) and the Bouyoucos 
method (Fig. 7b) are presented. Fines content values 
from the Bouyoucos method were determined as the sum 
of clay and silt content values (Table 1). The similarity 
between both fine content maps (Fig. 7) is verified in the 
linear correlation graph presented in Fig. 8, showing a 
value of high positive correlation, R = 0.91, and variance 
of 0.82, giving reliability to the results obtained from 
petrophysical modeling.

The petrophysical parameters constitute basic data 
for diverse investigations or practice works of economic 
interest [43-44]. The knowledge of these parameters 
allows for the optimal use of soils; for example: hydraulic 
conductivity (Fig. 9) and porosity (Fig. 10) maps help 
us understand the capacity infiltration and storage of the 
soil; the capacity of soil salinization and contamination 
vulnerability are related to the fine content, which is useful 
for making decisions regarding management, protection, 

Fig. 7. Comparison between the distributions of fine content 
obtained using a) Petrowin software and b) Bouyoucos method.

T-test for independent samples

  Mean t-value df p Std. Dev. F-ratio   Variances p  Variances

Group 1   (ρa for AB = 2 m) 6.93
0.42 108 0.68

1.6324
1.14 0.63

Group 2   (ρa for AB = 3 m) 6.80 1.7435

Table 4. Statistical analysis of the resistivity apparent values for AB/2 = 2 m and 3 m.

Fig. 8. Linear correlation graph between fine contents values 
determined by using the Bouyoucos and EP methods.
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and prediction of contaminant migration. So knowledge 
of petrophysical parameters is needed to advance the 
knowledge of a geological environment. 

Fig. 10 shows the behavior of porosity, with values 
between 24% and 66%. This soil property is tightly related 
to efficiency of the agricultural exploitation. According to 
[45], the porosity fluctuates as a function type of soil and 
soil use, for example soils with natural vegetation have 
higher porosity due to the intense biological activity and 
the lack of human interference, having better physical 
properties than soils used for pasture or agricultural 
activities. 

Conclusions

The characterization of soils in extensive agricultural 
fields requires the application of fast-forward and 
inexpensive methods. The application of direct methods 

is expensive, slow, and destructive, while indirect 
techniques such as electrical methods offer low-cost and 
nondestructive tools for soil studies. In an agricultural 
field of 10 ha in the municipality of Guasave, Sinaloa, we 
applied EP as a fast-forward indirect method so that ρa 
values, along with the information of soil moisture and 
groundwater salinity, were processed using Petrowin 
software to obtain petrophysical parameters of the soils. 
The results obtained using Petrowin are presented in maps 
of fines content, porosity, and K – all useful in the analysis 
of soil characteristics such as predicting contaminant 
migration, capacity infiltration, storage of the soil, and 
soil fertility. 

Using the Bouyoucos method, soil texture was 
determined for 30 soil samples collected in points 
matched with EP measurement points. The results of 
textural analysis showed the presence of a wide variety 
of soil texture, moisture, and groundwater salinity. So 
the agricultural field is a complex site, optimal for testing 
the efficiency of the EP method for determining soil 
characteristics using Petrowin.

The fines content values obtained from Petrowin 
and the Bouyoucos method were compared, showing 
a good correlation  (R = 0.91) and giving reliability to 
the EP method as a fast and inexpensive technique for 
determining the petrophysical parameters of soil in 
extensive agricultural land. This result will be the basis for 
the future application of EM profiling (e.g., EM38, study 
depth of 0.75 m) as a faster technique (although more 
sensitive to EM noise).
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