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A protocol is presented to perform bulk magnetic susceptibility (BMS) analysis of simulated seawater/
saline water using MFK2-FA Multi-Function Kappabridge instrument at Laboratory for Analyses of
Magnetic and Petrofabric (LAMP), BHU to obtain a correlation between BMS and hydrogeological data
such as salinity and conductivity. This LAMP-BHU Protocol involves the preparation of simulated saline
water. It has been developed after BMS measurement of 20 simulated seawater samples in different
frequencies, i.e., F1 (976 Hz), F2 (3904 Hz), and F3 (15616 Hz) to prepare a standard data. This standard
data is further validated with Beld data. Fourteen water samples are collected from the Beld, and
hydrogeological data (salinity and conductivity) and BMS at three different frequencies were measured.
Further linear regression analysis is performed on the measured data. This protocol yields eDcient results
with F3, followed by F1 and F2 having an R2 value of 0.84, 0.60, and 0.54, respectively, for salinity, and
0.79, 0.51, and 0.40, respectively, for conductivity. Salinity and conductivity are showing a negative trend
with all the frequencies. This protocol enables to delineate saline water intruded zone or extent of saline
intrusion using BMS analysis. The proposed protocol is a rapid and eDcient mode of determination of the
saline water intruded zones in the coastal aquifers for prioritisation of groundwater assets facilitating
freshwater availability in coastal areas.
Keywords. Saline water; saline water intrusion; salinity; conductivity; magnetic susceptibility;
Kappabridge; protocol.

1. Introduction
As the world’s population continues to grow at an
alarming rate, freshwater supplies are continually
being depleted, resulting in the growing importance of groundwater monitoring, management,
and conservation. Along coastal regions, contamination of freshwater aquifers due to saline water
intrusion has become a global issue, aAecting water
quality, vegetation, and soil conditions, which in
turn aAects the freshwater supply for sustaining coastal communities and their economic

development (Cassardo and Jones 2011; Gain et al.
2012). Factors responsible for the deterioration of
freshwater resources in coastal regions include
(i) extensive discharge through freshwater wells,
(ii) aquifer stratigraphy, (iii) quality and quantity
of the system inCows and outCows, (iv) land subsidence, and (iv) proximity to seawater, amongst
other factors. Since the last few decades, multiple
attempts have been made worldwide to understand
the mechanism of saline water intrusion in coastal
aquifers and to develop strategies for its mitigation
(e.g., Van Dam 1999; Tsanis and Song 2001; Sherif
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and Hamza 2001; Todd and Mays 2005; Pool and
Carrera 2010; Kallioras et al. 2013). The vulnerability of saline water intrusion in coastal to inland
boundaries has been further discussed in recent
studies (Werner and Simmons 2009; Webb and
Howard 2011; Michael et al. 2013). With the help
of synthetic information or for exclusive locations
with prior geological information, several other
workers suggest that the geological architecture
such as aquifer stratigraphy and hydrological
properties play a critical role in governing the
occurrence and migration of saline water in coastal
aquifer systems (Simmons et al. 2001; Mulligan
et al. 2007; Carrera et al. 2010; Michael et al. 2013).
However, due to lack of multidisciplinary approaches integrating different types of observational,
simulated, or numerical data, the spatial distribution of saline water intrusions is not constrained
eDciently (Werner et al. 2013). The estimation of
saline water intrusion in coastal regions has been
approached by few authors employing geochemical
and geophysical methods (e.g., Hughes et al. 2009;
Pauw et al. 2012; Kumar et al. 2020). Other
methods include airborne electromagnetic data
(e.g., Faneca S
anchez et al. 2012; Jørgensen et al.
2012; Sulzbacher et al. 2012), borehole data (e.g.,
Siemon et al. 2009), and numerical modelling
(Meyer et al. 2018a, b). Thus, the determination of
the extent of saline water intrusion is extremely
crucial for the prioritisation of coastal aquifers and
possible strategies of mitigation. To the author’s
knowledge, the combination of using realistic and
simulated hydrogeological data complemented
with magnetic susceptibility measurements of
simulated and natural water samples to address the
saline water intrusion problem has not been
presented earlier.
Since the development and application of magnetic fabric techniques (Jelınek and Bucha 1973;
Hrouda 1982), magnetic susceptibility measurement of rocks and sediments has become a proven
and popular tool in geological studies. The study of
magnetic susceptibility and its anisotropy (AMS)
is commonly used in geological sciences to study
the magnetic fabric in rocks and sediments (Borradaile and Henry 1997; Borradaile and Jackson
2010 and references therein). Alternatively, magnetic susceptibility studies are also used across
disciplines, e.g., thermomagnetic analysis of meteorites and characterisation (Larson et al. 1974;
Macke et al. 2011), studies on induced magnetic
texture and magneto-crystalline anisotropy (Ye
et al. 1994; Dunlop et al. 2007), the reversal of the
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particle magnetic moments (Wanamaker and
Moskowitz 1994), glacial cycles and sea-level
changes (Stoner et al. 1995) and gauging the
retreat of ice sheets (Peck et al. 2007). Additionally, AMS studies have also been used for characterising tsunami deposits (e.g., Wassmer et al.
2010; Schneider et al. 2014) and for preferred orientation in speleothems (e.g., Zhu et al. 2012).
Earlier workers also envisage that for environmental and palaeo-climatological research, a frequency-dependent magnetic susceptibility is an
essential tool (Hrouda and Pokorn
y 2011). However, the application of magnetic susceptibility as a
proxy for gauging the extent of saline water
intrusion in coastal aquifers was not attempted
earlier. Through this contribution, we establish the
quantiBable relation that exists between the bulk
susceptibility and saline water to develop a standard protocol for assessing the saline water intrusion problem in aquifers of coastal regions across
the globe. We feel the proposed protocol will
accomplish the need for a rapid and eDcient mode
of determination of the saline water intruded zones
in the coastal aquifers for prioritisation of
groundwater assets facilitating freshwater availability in coastal areas.

2. Materials and methods
2.1 Rationale
Magnetic susceptibility is the ratio of the intensity
of magnetisation to the applied magnetic Beld
strength. When the strength of induced magnetisation per unit volume is directly proportional to
the strength of the applied magnetic Beld, it can be
represented as K = M/H (Tarling and Hrouda
1993), where M = induced magnetisation per unit
volume, K is the magnetic susceptibility of the
material, and H is the applied magnetic Beld
strength. As the magnetic susceptibility depends
on temperature and applied Beld strength, measurements are commonly done at room temperature. When a sample is placed in a magnetic Beld,
and a demagnetising Beld is induced, then
depending on the magnetic properties of the
material, it either opposes or adds to the static
magnetic Beld. Material is referred to as diamagnetic when the generated magnetisation is in the
opposite direction to that of the applied Beld, and
yield negative susceptibility values in the order of
*105 SI (Hrouda 1986). Quartz, calcite, and
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dolomite are some of the common rock-forming
minerals with diamagnetic properties. In contrast,
paramagnetic substances have incomplete electron
shells and are considered by a magnetic moment
which follows the applied Beld direction. Thus, the
magnetic moment of diamagnetic and paramagnetic materials disappears immediately after the
removal of the applied Beld. Paramagnetic minerals have positive susceptibilities that range
between 102 and 104 SI (Rochette et al. 1992) for
common rock-forming minerals (e.g., hornblende,
chlorite, biotite, muscovite, tourmaline). Alternatively, ferromagnetism materials are characterised
by substances in which magnetic vectors and the
applied Beld are in the same direction and retain
their magnetic alignment after removal of the Beld
(e.g., magnetite, haematite). These materials
acquire and contain a very strong magnetism and
yield strong positive magnetic susceptibilities
(Tarling and Hrouda 1993). Therefore, the magnetic moment, which arises from the motion of
electrically charged particles, under the application
of a magnetic Beld will be generated for every
material (even water) resulting in a magnetic
response. A dimensionless factor gives the magnitude of this response called the magnetic susceptibility (Tarling and Hrouda 1993; GutierrezMejıa and Ruiz-Suarez 2012). In the present
study, a protocol is developed in which bulk
magnetic susceptibility of simulated saline water
is studied and thereafter compared with a range of
saline water samples acquired from coastal aquifers during Beldwork. All the related measurements (as discussed below) were carried out in
MFK2-FA Multi-Function Kappabridge, installed
in the Laboratory for Analyses of Magnetic and

Petrofabric (LAMP), at the Department of
Geology, Institute of Science, Banaras Hindu
University (BHU) (Bgure 1). The logical sequence
of the experimental procedure for developing the
protocol is shown in Bgure 2.
2.2 Preparation of artiBcial seawater sample
A total of 20 water samples have been prepared in
the laboratory. ArtiBcial seawater has been prepared with Milli-Q water (40 ml each) and sea salt.
Salt has a speciBc amount of water impurity inside,
i.e., the impurity index due to the hygroscopic
nature of salt. For the preparation of simulated
seawater, the impurity index was calculated for
each sample as 25%. So, a 25% impurity index has
been added in the weight of salt measured based on
the calculated salinity (ppt) and the Bnal salt
amount (table 1) is given as:
Calculated Salt ðgÞ þ Impurity Index ðgÞ:
Subsequently, when the salinity (ppt) was
measured, the measured salinity was varying from
the calculated salinity due to the uncertainty in
measured value in measuring cylinder (±0.1 ml),
digital balance (±0.0001 g), and water analyser
instrument (±2% of FS ± 1 digit).
2.3 Hydrogeological studies
Salinity (ppt) and conductivity (lS/cm) were
measured for each of the 20 simulated seawater
samples and 14 Beld water samples using Systronics Water Analyser. Systronics Water Analyser is a
micro controller based instrument and can measure

Figure 1. MFK2-FA Kappabridge (AGICO, Czech Republic) setup for magnetic susceptibility measurements at the Laboratory
for Analyses of Magnetic and Petrofabric (LAMP) in the Department of Geology, Banaras Hindu University, Varanasi.
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Figure 2. Logical sequence of the experimental procedure (F1, F2, F3 are frequencies at 976, 3904 and 15616 Hzs, respectively).

Table 1. Hydrogeological data for simulated saline water.
Sample
no.
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20

Water
volume (ml)

Calculated
salinity (ppt)

Salt
(calculated)
(g)

Impurity
index (g)

Salt measured =
Salt (calculated) +
impurity index (g)

Measured
salinity (ppt)

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

0
1
3
5
7
9
12
15
18
20
21
24
27
30
33
35
36
39
42
50

0
0.04
0.12
0.2
0.28
0.36
0.48
0.61
0.73
0.81
0.86
0.98
1.11
1.23
1.36
1.45
1.49
1.62
1.75
2.1

0
0.01
0.04
0.07
0.1
0.12
0.17
0.2
0.25
0.28
0.29
0.34
0.38
0.43
0.47
0.5
0.52
0.56
0.61
0.74

0
0.05
0.16
0.27
0.38
0.48
0.65
0.81
0.98
1.09
1.15
1.32
1.49
1.66
1.83
1.95
2.01
2.18
2.36
2.84

0.07
1.27
3.78
6.13
8
10
12.8
15.6
18.6
20.9
21.1
24.8
27
29.6
32.4
33.1
34.2
35.7
39.9
50

pH, dissolved oxygen (DO), mV, salinity, conductivity, total dissolved solids (TDS), temperature,
colorimetric and turbidity of water. It has an
accuracy of ±2% of FS ±1 digit for salinity and
±1% of FS ± 1 digit for conductivity. The Btted
line graph between salinity (ppt) and conductivity
(lS/cm) is plotted for simulated seawater
(Bgure 3).

2.4 Bulk magnetic susceptibility (BMS) analysis
BMS of the water samples were measured in three
operating frequencies, i.e., 976 Hz (F1), 3904 Hz
(F2) and 15616 Hz (F3) and variable Belds ranging
from 2 to 700 A/m at 976 Hz, from 2 to 350 A/m at
3904 Hz and 2–200 A/m at 15616 Hz (e.g., Hrouda
and Pokorn
y 2011). To measure the sensitivities in
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is showing the maximum slope with a maximum
data range.
3.1.3 Bulk magnetic susceptibility vs.
conductivity

Figure 3. Regression plot between salinity and conductivity
for simulated data.

bulk susceptibility, the Beld intensity was chosen
as 200 A/m at all three frequencies. In quest of
establishing a relationship between individual
parameter, graphs for salinity vs. BMS (F1, F2,
F3) and conductivity vs. BMS (F1, F2, F3) have
been plotted (Bgure 4).

3. Results
3.1 Simulated saline water
3.1.1 Salinity vs. conductivity
The Btted line graph of salinity (ppt) vs. conductivity (lS/cm) (Bgure 3) shows an excellent relation (R2 value of 0.999) for the simulated saline
water. Salinity shows a direct connection with
conductivity, which depicts that conductivity is
increasing as salinity increases.
3.1.2 Bulk magnetic susceptibility vs. salinity
The relationship between BMS and salinity shows
an inverse trend. BMS vs. salinity at F1 (976 Hz) is
oAering an R2 value of 0.60 (Bgure 4a), whereas at
frequencies F2 (3904 Hz) and F3 (15616 Hz), R2
values are 0.54 and 0.84, respectively (Bgure 4b and
c). It is interesting to see that the F3 is showing the
maximum R2 value followed by F1 and F2. Hence,
it seems that BMS of seawater measured in frequency F3 has a better inverse correlation with
salinity in comparison to BMS measured in F1 and
F2. The line graph plot in Bgure 4(d) shows that F3

Similar to BMS vs. salinity graphs, the BMS and
conductivity are also showing an inverse relation.
The multiple line graph plot in Bgure 4(e) also
shows that F3 is oAering maximum slope and
maximum data range. BMS vs. conductivity at F1
(976 Hz) is showing an R2 value of 0.51 (Bgure 4f),
while at frequency F2 (3904 Hz) and F3 (15616
Hz), R2 values are 0.40 and 0.79, respectively
(Bgure 4g and h). Analogous to the BMS vs.
salinity, F3 is also showing maximum R2 value
followed by F1 and F2. Hence, for the interpretation of conductivity of saline water, data measured
in frequency F3 can be regarded as more reliable
than F1 and least reliable for F2.
3.2 Field studies
3.2.1 Study area
To validate the observed relationship between
BMS–salinity–conductivity in simulated saline
water, a Beld-based study was carried around near
Digha, in Contai Subdivision, Purba Medinipur
District, West Bengal, India (21°370 1200 N/
87°300 000 E) (Bgure 5a). The study is carried in the
direction transverse to the coast to see the latitudinal variation or extent of saltwater intrusion in
the study area. These regions are planned Bshlanding points, aquaculture spots, commercial
centres, and common visitor spots that have
engrossed a significant incursion of peoples from
India and abroad. Hence, there is a massive
demand for fresh water in these areas and the area
faces freshwater scarcity due to the saltwater
intrusion problem (Kumar et al. 2020).
3.2.2 Collection of water sample
In total, 14 water samples have been collected from
the study area, wherever tube-wells/hand-pumps
were available in the direction transverse to the
coast to Bgure out the extent of saline water
intrusion. The general depth of water (bgl) ranges
from 9 to 200 m. The data collected were plotted to
see their spatial distribution in the studied area
(Bgure 5b).
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3.2.3 Hydrogeological studies
3.2.3.1 Salinity
The salinity concentration of the collected water
samples was analysed and found to be ranging from
0.14 to 2.31 ppt, with an average value of 0.33 ppt.
High salinity zones were detected near the southern
part (i.e., near the coast) of the study area and
decrease towards the north (Bgure 5c).
3.2.3.2 Electrical conductivity
The electrical conductivity values vary from 368 to
6340 lS/cm with an average value of 899 lS/cm. A
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high value of EC shows the possible zones of saltwater intrusion. Similar to salinity data, zones of
high conductivity were seen near the southern part
(i.e., coastline) of the study area and a decreasing
trend has been noticed towards the north
(Bgure 5d).
3.2.4 Bulk magnetic susceptibility analysis
BMS of collected water samples were measured
with the Kappabridge instrument at three different
frequencies F1 (976 Hz), F2 (3904 Hz), and F3
(15616 Hz). BMS maps (Bgure 5e–g) in all three

Figure 4. Regression plot between salinity and BMS: (a) F1, (b) F2, (c) F3. Line graph plot between BMS (F1, F2, F3) and
salinity (d), and conductivity (e). Regression plot between conductivity and BMS: (f) F1, (g) F2, (h) F3.
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Figure 5. (a) Location map of the study area and validation of protocol from Beld data: Comparison showing the relationship
between salinity, conductivity, and bulk magnetic susceptibility (F1, F2, F3). (b) Location map, (c) salinity map,
(d) conductivity map, and (e–g) bulk magnetic susceptibility (F1, F2, F3) map, respectively.

frequencies show that there is low magnetic susceptibility in the southern part of the study area,
and it increases towards the north with minor
zones of anomaly.
4. Discussion
4.1 Interpretation of Beld data
The analysis of water samples collected from the
Beld shows that salinity and conductivity decrease
towards the North and also oAer a direct correlation with an R2 value of 0.999 (Bgure 6). In the
regression plot (Bgure 6), a single data point shows
the maximum salinity and conductivity with
respect to other data points, as it is in close

Figure 6. Regression plot between salinity and conductivity
for Beld data.
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proximity to the coast. The same location also
shows maximum intrusion of saline water in comparison to the other locations which are away from
the coast. While, the BMS values increase towards
the north in all three frequencies (F1, F2, F3) with
the decrease in salinity and conductivity
(Bgure 5e–g). Out of all the three frequencies, the
correlation between measured BMS in F3 and
hydrogeological data (salinity and conductivity)
shows the best result, followed by BMS in F1 and
F2. Figure 5(g) depicts that the BMS value in F3
has the lowest value (–4.06E05) for the area
having the highest salinity (2.31 ppt) and conductivity (6340 lS/cm) (i.e., southern part), and the
highest value (–2.84E05) for the area having
lowest salinity (0.14 ppt) and conductivity (368
lS/cm) (i.e., northern part), and showing the least
anomaly value for the area showing an unusual
anomaly in all the three frequencies maps. It is also
observed that a few locations are showing mixed
results in the given study area, which could be due
to the presence of mixed zones (Brackish water) or
possible sites of groundwater recharge zones.
4.2 Correlation between simulated and Beld data
Laboratory simulated saline water data and Beld
data show a similar trend, and salinity and conductivity are showing an inverse relationship with all
the three frequencies (F1, F2, and F3). In both cases,
BMS measurements carried out in F3 is oAering the
best-Bt result with hydrogeological data, followed by
F1 and F2. It has been observed that a 100% formation Brine (higher salinity) shows more negative
mass magnetic susceptibility than less negative for
100% seawater (lower salinity) (Imhmed 2012).
Moreover, Gutierrez-Mejıa and Ruiz-Suarez (2012)
studied the AC magnetic susceptibility of water at
different salt concentrations. They concluded that
there is a transition from diamagnetic to paramagnetic property in pure water, but not in a saline
solution. As there is an increment in paramagnetic
behaviour for higher frequencies, it was suggested to
investigate the magnetic susceptibility of water at
higher frequencies. A correlation between salinity
and BMS (F3) for all 20 simulated samples were
plotted, which shows an inverse trend. This Bnally
conBrms that with an increase in salinity, BMS will
decrease and vice versa (Bgure 7a). This relationship
is also shown with a schematic diagram where near
to the coast, the saline water intrusion is higher as
compared to inland (Bgure 7b) because of the
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withdrawal of groundwater from such regions.
Excessive withdrawal of groundwater will shift the
saline water/freshwater interface towards inland,
and hence, it will contaminate the freshwater
aquifer.
4.3 LAMP protocol for bulk magnetic
susceptibility analysis
MFK2-FA Multi-Function Kappabridge is the
most sensitive commercially accessible laboratory
instrument for determining the magnetic susceptibility and anisotropy of magnetic susceptibility
(AMS). MFK2 is a modernised version of the
well-known MFK1 Kappabridge with improved
resistance in opposition to external disturbances,
better-quality processing of the signal, and stateof-the-art data acquisition (Chadima et al. 2018).
MFK series of Kappabridges permits the measurement of magnetic susceptibility of rocks/sediments/liquids under three different frequencies,
viz., 976, 3904, and 15616 Hz, respectively (Chadima et al. 2018). The accuracy of the instrument
within one range is 0.1%, and the accuracy of the
range divider is 0.3%. To measure the bulk susceptibility of specimens in the static method up to
40 cm3 of liquid is used. The magnetic Beld is set to
200 A/m. To calculate the bulk magnetic susceptibility, at Brst, Kappabridge was switched on and
ran the SAFYR7 program. Then the ‘Activate’
button is pressed to initialise the instrument.
Sigma test will be performed after 10 min of thermal stabilisation. This routine consists of 10 sets of
10 measurements of the empty coil. From the
outcomes of such measures, the average value (*0
SI) and standard deviation are calculated. The updown mechanism and rotator are disabled during
the routine in the Execute [ Auxiliary Commands
(Chadima et al. 2018). If the up-down manipulator
is disabled, make sure that the plastic cylinder is
installed in the coil. Calibration of Kappabridge
should be performed regularly to achieve the best
possible results. The instrument must be calibrated
and recommended to execute the calibration every
day before starting the work. For instrument calibration, click on Execute[Instrument Calibration
in the main menu to launch the instrument correction window. Then standard calibration values
(maximum and minimum) is veriBed to the used
calibration standard. Fix the calibration standard
into the manual holder and insert the cylinder axis
oriented horizontally. Hit ‘Start’ to start the
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Figure 7. (a) Salinity and BMS plot for simulated water samples compared with (b) simpliBed schematic diagram of saline water
intrusion in the coastal aquifers (modiBed after Ma et al. 2019).

calibration routine. After calibration, ‘Save’ and
use the new calibration constants. The instrument
should always be calibrated when the operating
frequency is changed. For holder correction, click
on Execute [ Holder Correction in the main menu,
and the holder correction window appears. The
routine involves three measurements of the bulk
susceptibility of the vacant manual holder. The
average value and standard error are calculated
from these measurements (Chadima et al. 2018).
The typical value of the susceptibility of the clean
empty manual holder is from –109106 to 09106
SI units. The standard error should be lower than
1009109 SI. Successful holder correction is indicated in the status bar, and holder correction values can be saved by pressing the ‘Save’ button in
the holder correction window. Holder correction
routine measures empty holder and the resulting
value is used for the further subtraction of the
susceptibility of the holder from the measurement
of the specimen (Chadima et al. 2018). Then BMS
of samples is measured and saved in a newly created data Ble. As stated earlier, the primary
objective of this paper is to establish a relation
between bulk magnetic susceptibility in frequencies
F1 (976 Hz), F2 (3904 Hz), and F3 (15616 Hz) and
hydrogeological data (salinity and conductivity),

which can be further applied to delineate saltwater
intruded zone.

5. Concluding remarks and prospects
A standard protocol to measure the bulk magnetic
susceptibility of saline water has been proposed in
the present study. Salt is a diamagnetic material,
and the quantitative value of magnetic susceptibility depends on the quality of water and the
presence of salt/ions in it. Seawater contains salt
which in turn makes it a diamagnetic material.
Hence, analysis of BMS of seawater yields lower
magnetic susceptibility value as compared to the
groundwater. The study of laboratory-based simulated seawater shows a low bulk magnetic susceptibility which is highly saline and vice versa. A
similar inverse trend is also observed for seawater
samples acquired from the Beld. It has been found
that the most rapid process to investigate the saline water intrusion problem is to use the BMS
measurements at higher frequency F3 (15616 Hz)
followed by F1 (976 Hz) and F2 (3904 Hz). Based
on the bulk magnetic susceptibility data, the saltwater zone can be demarcated very eDciently
where there is a gradual change in the salinity of
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freshwater aquifers. The modus operandi adopted
here is hereafter referred to as the LAMP-BHU
protocol for assessing the saline water intrusion
problem. This method can be used as an additional
tool along with remote sensing, hydrogeological,
geochemical, and geophysical studies to decipher
saline water intrusion problems in the coastal
aquifers around the world. A combination of isotopic analysis and magnetic susceptibility measurements of water from coastal aquifers can
be employed in the future for developing similar
protocols for more eAective results.
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