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ABSTRACT

Assessment of soil and soil-water salinity is essential in agricultural production, therefore it is necessary to
find out the non-costly, effective, rapid and reliable integrated methodology for this purpose. The paper
presents the results of using the electromagnetic induction instrument EM31-MK2™ in combination with
collecting and analyzing soil and soil-water samples, and applying GIS and geostatistical techniques to
assess the current status of soil and soil-water salinity in Ben Tre province. Apparent soil electrical
conductivity EC, measured from ground surface to 6 m in depth increases from inland to the sea in
northwest - southeast direction; EC, is closely related to topsoil salinity to 30 cm deep and to soil-water
salinity at depth of 10-100 cm. Current status of soil and soil-water salinity in 2018 was assessed with a 4-
fold increase in information, from 16 km?data point to 4 km?/data point. Consequently four maps were
established, consisting of electrical conductivity EC, and total solube salt TSS distributions of soil; electrical
conductivity o, and total dissolved solid TDS distributions of soil-water.
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INTRODUCTION

Soil and soil-water salinity is usually
determined by electrical conductivity (EC) [1,
2] according to traditional methods that involve
drilling in a network, collecting and analyzing
the physical and chemical properties of soil and
water samples in a study area. Recently remote
sensing method has also been applied in these
studies [3, 4]. However, generally the above
methods are still costly and laborious.

Over the past three decades, the
geophysical methods proved to have many
advantages in studying the soil and soil-water
salinity with the support of applying the
information technology to equipments and
developing the modern algorithms in data
processing. In particular, electromagnetic (EM)
instruments that measure the apparent soil
conductivity EC, have been used very widely
in assessing the soil [5-15] and soil-water [16—
21] salinity.

Ben Tre is one of the provinces in the
Mekong delta which was heavily affected by
climate change - sea level rise. In 2003, saline
intrusion began to become serious, especially in
dry season 2015-2016: Salinity of 4%. in the

main rivers intruded into the inland up to 45-70
km; salinity of 1%o covered throughout the
province (162/164 communes, wards and
towns). As a result, soil and soil-water became
salinization that caused severe damage to
agricultural production [22].

The article presents the results of using
EM31-MK2 electromagnetic instrument along
with collecting and analyzing the soil and water
samples; applying GIS and geostatistics to
assess the soil and soil-water salinity in Ben
Tre province.

DATA AND METHODOLOGY
Study area

Ben Tre has a natural area of 2,360.2 km?
with topographic elevation of 1-2 m above sea
level. Riverside and coastal low-lying regions
below 1.0 m are inundated regularly during
high tide. Ben Tre land is in the form of a big
river island in the Mekong river mouth, which
has been formed by alluvial deposition process
with an interlaced river/canal system,
including four big rivers Co Chien, Ham
Luong, Ba Lai and Tien, and a long coastline
over 65 km (fig. 1).
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Fig. 1. Map of study area (Ben Tre province)
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Establishment of monitoring network

To collect field data, a network of 150
monitoring points was established in the study
area; distance between points about 5 km;
average density 16 km?/point. A monitoring
point location was selected so that it is typical
of the survey place, i.e. rice/garden land,

river/canal banks... Coordinates of monitoring
points were determined by Garmin handheld
GPSmap 60CSx with an accuracy of £ 5 m in
national reference system (VN2000, longitude
105°45; zone 30) (fig. 2).

Data collection time is from the end of
2017 to June 2018.
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Fig. 2. Network of monitoring points and EM measurement points

Measuring electromagnetic induction and
collecting soil and water samples

EM survey was conducted at 600 points, in
which 150 measurement points coincide with
150 monitoring points; measurement points
about 15 km apart, average density 4
km?/point. Apparent soil electrical conductivity
EC, (mS/m) was measured by a EM31-MK2™
instrument with the array in the “vertical
dipole” mode (fig. 3). This instrumental
configuration was chosen because it is very
sensitive to lateral variations of apparent
conductivity and has a depth penetration of
about 4-6 m. Apparent soil electrical
conductivity data were collected with the

DAT31W program installed in the EMS31-
MK2™ jnstrument, which allows the transfer
of data files to a personal computer, and the
data can then be displayed, edited, printed and
plotted. The data files can serve as input for
Geosoft, Surfer and other contour softwares
with the suitable format [11, 12].

All 150 hand-augering holes reach a depth
of 100 cm (fig. 4); 150 soil samples were taken
with a weight of 2 kg in a depth of 0-30 cm;
150 soil-water samples were collected with a
volume of 2 liters in a depth of 10-100 cm. All
soil and soil-water samples were stored in a
closed foam container at temperature 4°C and
brought to the laboratory.
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Fig. 3. Instrument EM31-MK2™, manufactured
by Geonics of Toronto, Canada

Fig. 4. Hand-augering at monitoring point
BT82N at Huong My commune,
Mo Cay Nam district

Laboratory analysis
Analysis of soil samples
Including 2 properties:

510

Soil electrical conductivity EC, (mS/cm)
was calculated by the empirical formula EC, =
EC(1:5) x 6.4. In which: EC(1:5) is the
electrical ~ conductivity calibrated to a
temperature of 25°C of the solution extracted
from a soil sample that is dried with water at a
temperature of 20°C + 1 in a ratio 1:5 (1 soil, 5
water) [23].

Total solube salts (TSS): Ratio between
the water soluble salt weight and the dried
weight of a soil sample, expressed as %.

Analysis of soil water samples

Including 2 properties:

Soil-water electrical conductivity oy
(mS/cm): Measured with the multi-indicator
device Sper Scientific 850081 (USA).

Total dissolved solids (TDS): Total
amount of minerals, salts and metals dissolved
in water was determined by gravity method,
expressed in mg/l.

Ordinary Kriging interpolation method

Kriging is a spatial interpolation method
based on the geostatistical principle of
regionalized variables, which allows predicting
an unknown value at a certain location by using
a combination of nearby data. Ordinary Kriging
interpolation method is most widely used
compared to other Kriging interpolation
methods [8].

Statistical analysis was performed with
SPSS 20 software in Windows (SPSS Inc., Mat
Lab, USA). Maplinfo 15 software was used in
geostatistical analysis and mapping.

RESULTS AND DISCUSSION
Apparent  soil  electrical
distribution

Apparent soil electrical conductivity EC,
from ground surface to a depth of 6 m is
divided into four distinct regions: (i) Northwest
region has low EC, ranging from 20-100
mS/m including Ben Tre city, Cho Lach, Chau
Thanh, Mo Cay Bac, Mo Cay Nam districts and
a part of Giong Trom district, accounting for
nearly half of province’s area; (ii) Central
region has EC, varying between 100-200
mS/m including Chau Thanh and Giong Trom
districts and a part of Binh Dai, Ba Tri and
Thanh Phu coastal districts; (iii) Coastal region
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with EC, of 200-300 mS/m is distributed along
Co Chien river banks to Mo Cay Nam district

boundary and (iv) Sea contiguous region with
EC, over 300 mS/m (fig. 5).
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Fig. 5. Map of EC, distribution from ground surface to depth of 6 m

Soil salinity status
Correlation between EC, and EC,

Because EC. is a standard data for
assessing soil salinity, it is necessary to
determine the correlation between EC, and
EC.. To replace EC, with EC,, the nonlinear
transformations or linear calibration methods
can be used [1, 2]. Here we choose the
correlation between EC, and EC. which is
determined by the regression equation:

In(EC,)=ag+ aiIn(EC,) Q)
Where: agand a; are regression coefficients.

Using EC. and EC, wvalues at 150
monitoring points of the network, we obtain:

a,=0.852 a,=0.237 )

These  coefficients are  statistically
significant (P < 0.05) for EC, and EC, data sets,
i.e. from equation (1) we can calculate EC, at
450 EC, measurement points that do not belong
to the monitoring network.

Analysis results of 150 soil samples allow
determining the correlation between TSS and
EC. as follows:

TSS =0.0002 + 0.0605EC,

With correlation coefficient R2 = 0.958.

From (1) and (3) it is possible to calculate
TSS with EC,, therefore 450 TSS values out of
the monitoring points can be determined from
450 measured EC, values.

©)

Soil salinity distribution

From the above results it is possible to
produce the soil electrical conductivity and
total dissolved salt distribution maps in 2018
according to soil salinity classification of FAO
(1976).

Non-salinity soil region with EC, < 4
mS/cm covers most inland area, including Ben
Tre city and Chau Thanh, Cho Lach, Mo Cay
Bac, Mo Cay Nam districts and a part of Binh
Dai, Ba Tri and Thanh Phu coastal districts.
Little salinity soil region (EC, = 4-8 mS/cm)
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accounts for most three coastal districts, except  8-10 mS/cm) along Tien river within Binh Dai
for a small area with moderate salinity (EC. = district (fig. 6).
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Fig. 6. Map of EC, distribution from ground surface to depth of 30 cm in Ben Tre province in 2018

Non-salinity soil region with TSS < 0.15% Nam districts. Little salinity soil region (TSS =
accounts for more than half of the province’s 0.15-0.35%) covers most three coastal districts,
inland area, including Ben Tre city and Chau except for some small areas with moderate
Thanh, Cho Lach, Mo Cay Bac and Mo Cay salinity (TSS = 0.35-0.65%) (fig. 7).
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Soil-water salinity status
Correlation between EC, and o,

Correlation between the apperent soil
electrical conductivity EC, and the soil-water
electrical conductivity o, is determined by
Archie’s empirical formula [2]:

EC. = a®"s, = Fo, (4)

Where: a and m are the experimental
coefficients; o,  soil-water  electrical
conductivity; @- porosity of soil-water bearing
layer; F- formation factor.

Using EC, and o, values measured at 150
monitoring points of the network, we obtain F
= 0.062 with P < 0.01. Then from equation (4),
450 values of a,, at measurement points out of
the monitoring network can be calculated by
450 values of EC,,.

Analysis results of 150 water samples allow
determining the correlation between TDS and
o, as follows:

TDS = -446.16 + 846.714,, (5)

With the correlation coefficient Rz = 0.990.

From (4) and (5) it is possible to calculate
TDS with EC,, i.e. 450 values of TDS at
measurement points out of the monitoring
network can be determined by 450 values of
EC..

Soil-water salinity distribution

Soil-water total dissolved solid distribution
is classified according to classification of FAO
(1976), from this the classification of soil-water
electrical conductivity is obtained according to
formula (5).

Soil-water electrical conductivity ¢,, < 10
mS/cm covers the inland area, including Ben
Tre city and Chau Thanh, Cho Lach, Mo Cay
Bac and Mo Cay Nam districts. Most of Giong
Trom and Ba Tri districts has a, = 10-20
mS/cm; Binh Dai and Thanh Phu districts have
ow = 20-40 mS/cm. Coastal zone of Binh Dai,
Ba Tri and Thanh Phu districts has ¢, > 40
mS/cm (fig. 8).
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Fig. 8. Map of g, distribution at depth of 10-100 cm in Ben Tre province in 2018

Moderate saline region (TDS = 1,500-
7,000 mg/l) covers one third of the
northwestern area of the province, including
half of Ben Tre city and Chau Thanh, Cho

Lach, Mo Cay Bac and Mo Cay Nam districts.
High saline region (TDS = 7,000-15,000 mg/l)
accounts for most of Giong Trom district,
while most of Binh Dai, Ba Tri and Thanh Phu
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coastal districts has very high saline (TDS =
15,000-35.000 mg/l), especially there exist

two areas of salty water with TDS > 35,000
mg/l in coastal zone (fig. 9).
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CONCLUSION

Using EM31-MK2™  electromagnetic
instrument in combination with collecting and
analyzing soil and water samples identified the
correlation between soil and soil-water salinity
with apparent soil electrical conductivity.
Applying GIS and geostatistical techniques, the
maps of soil and soil-water salinity spatial
distribution in Ben Tre province have been
established.

From the obtained results the following
conclusions can be drawn:

Apparent soil electrical conductivity EC,
from ground surface to a depth of 6 m increases
gradually from inland to the sea in northwest-
southeast direction. It should be noted that the
high electrical conductivity zone is distributed
along Tien and Co Chien rivers from the sea to
Mo Cay Nam district boundary. It is a vestige
of saline intrusion into the river bed and
infiltration to both banks.

Apparent soil electrical conductivity is
closely related to soil salinity from ground
surface to a depth of 30 cm and to soil-water
salinity at a depth of 10-100 cm.
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10-100 cm in Ben Tre province in 2018

Current status of soil and soil-water
salinity in 2018 was assessed with a 4-fold
increase in information, from 16 km?data point
to 4 km?/data point. On this basis four maps
were established, consisting of two maps of
EC. and TSS distribution and two maps of gy
and TDS distribution.

Acknowledgments: We would like to express
our thanks to Department of Science and
Technology of Ben Tre province for the
project: “Determining causes, forecasting
saline intrusion into soil and water in Ben Tre
province in the context of climate change-sea
level rise. Proposal of appropriate adaptation
solutions”. The authors wish to express our
sincere thanks to the anonymous reviewers for
their helpful recommendations to improve the
quality of this article.

REFERENCES

[1] Corwin, D. L., and Lesch, S. M., 2005.
Apparent soil electrical conductivity
measurements in agriculture. Computers



Assessment of soil and soil-water salinity

(2]

(3]

[4]

(5]

(6]

[7]

8]

[9]

and electronics in agriculture, 46(1-3),
11-43.

Corwin, D. L., and Lesch, S. M., 2013.
Protocols and guidelines for field-scale
measurement of soil salinity distribution
with ECa-directed soil sampling. Journal

of Environmental and Engineering
Geophysics, 18(1), 1-25.
Cannon, M. E., Lachapelle, G., and

McKenzie, R. C., 1994. Soil salinity
mapping with electromagnetic induction
and satellite-based navigation methods.
Canadian Journal of Soil Science, 74(3),
335-343.

Tran, T. V., Tran, D. X., Myint, S. W.,
Huang, C. Y., Pham, H. V., Luu, T. H,,
and Vo, T. M. 2019. Examining
spatiotemporal salinity dynamics in the
Mekong River Delta using Landsat time
series imagery and a spatial regression

approach.  Science of the total
environment, 687, 1087—1097.
Amezketa, E., 2007. Soil salinity

assessment using directed soil sampling
from a geophysical survey with
electromagnetic technology: a case study.
Spanish Journal of Agricultural Research,
5(1), 91-101.

Cameron, D. R., Read, D., Jong, E. D.,

and Oosterveld, M., 1981. Mapping
salinity using resistivity and
electromagnetic  inductive  techniques.

Canadian Journal of Soil Science, 61(1),
67—78.

Diaz, L., and Herrero, J., 1992. Salinity
Estimates in Irrigated Soils Using
Electromaanetic Induction. Soil Science,
154, 151-157.

Wang, H., Ren, S., Hao, Z., Meng, L.,
Wei, W., and Jing, C., 2016. Quantitative
Evaluation and Uncertainty Assessment
on Geostatistical Simulation of Soil
Salinity Using Electromagnetic Induction
Technique. Journal of Environmental
Protection, 7(6), 844—-854.

Herrero, J., Ba, A. A., and Aragiiés, R.,
2003. Soil salinity and its distribution
determined by soil sampling and
electromaanetic techniques. Soil use and
management, 19(2), 119-126.

[10] Lesch, S. M., Rhoades, J. D., Lund, L. J.,
and Corwin, D. L., 1992. Mapping soil
salinity using calibrated electromagnetic
measurements. Soil Science Society of
America Journal, 56(2), 540-548.

[11] McNeeill, J. D., 1980. Electromagnetic
Terrain Conductivity Measurement at low
Induction Numbers. Geonics Technical
Note TN-6.

[12] McNeill, J. D., 1992. Rapid, Accurate
Mapping of  Soil Salinity by
Electromagnetic Ground Conductivity
Meters. Advances in Measurement of Soil
Physical Properties: Bringing Theory into
Practice, 30, 209—-229.

[13] Rhoades, J. D., and Corwin, D. L., 1990.
Soil electrical conductivity: effects of soil
properties and application to soil salinity
appraisal. Communications in soil science
and plant analysis, 21(11-12), 837—860.

[14] Sheets, K. R., and Hendrickx, J. M., 1995.

Noninvasive soil water content
measurement  using  electromagnetic
induction. Water resources research,

31(10), 2401-24009.

[15] Slavich, P. G., 1990. Determining ECa-
depth profiles from electromagnetic
induction measurements. Soil research,
28(3), 443-452.

[16] Benson, A. K., Payne, K. L., and Stubben,
M. A., 1997. Mapping groundwater
contamination using dc resistivity and
VLF aeophysical methods—A case study.
Geophysics, 62(1), 80—86.

[17] Cook, P. G., Walker, G. R., Buselli, G.,
Potts, 1., and Dodds, A. R., 1992. The
application of electromagnetic techniques
to groundwater recharge investigations.
Journal of Hydrology, 130(1-4), 201-229.

[18] Kachanoski, R. G., Wesenbeeck, I. V.,
and Gregorich, E. G., 1988. Estimating
spatial variations of soil water content
using  noncontacting  electromagnetic
inductive methods. Canadian Journal of
Soil Science, 68(4), 715—-722.

[19] Trinh Hoai Thu, Nguyen Nhu Trung, Do
Van Thang, Vu Van Manh, Nguyen Thu
Hang, 2016. Study current stuatus of TDS
distribution in the Pleistocene aquifer in
coastal zone of Nam Dinh province.

515



Le Ngoc Thanh et al.

Vietnam Journal of Marine Science and [22] National Target Program for Adaption to

Technology, 16(2), 151-157. Climate Change of Ben Tre Province’s
[20] Nguyen Nhu Trung, Trinh Hoai Thu, Office - People’s Committee of Ben Tre
Nguyen Van Nghia, 2008. Application of province, 2016. Climate change and sea
the electrical resistivity and hydrogeology level rise scenario in Ben Tre province.
modeling methods to map and forecast the  [23] Sonmez, S., Buyuktas, D., Okturen, F.,
saltwater intrusion in Thai Binh province. and Citak, S., 2008. Assessment of
Journal of Geology, 31-32, 241-248. different soil to water ratios (1: 1, 1: 2.5,
[21] Vaughan, P. J., Lesch, S. M., Corwin, D. 1: 5) in soil salinity studies. Geoderma,
L., and Cone, D. G., 1995. Water content 144(1-2), 361-369.
effect on soil salinity prediction: a [24] Archie, G. E., 1942. The electrical
geostatistical study using cokriging. Soil resistivity log as an aid in determining
Science Society of America Journal, some reservoir characteristics.
59(4), 1146-1156. Transactions of the AIME, 146(01), 54—62.

516



