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Abstract
Water is essential for all life on the planet, sustaining and ensuring the earth’s ecosystem. Groundwater 
from a global perspective provides about 50% of the potable water supplies, 40% of the industrial 
water and 20% of the irrigated agriculture. For drinking water, deep groundwater has many advantages 
compared to surface water and shallow groundwater, since it demands little or no treatment and the 
access is secured against temporary droughts. However, salinity in deep groundwater is common 
in coastal areas and in areas where rock salt is occurring naturally in the soil and bedrock. Drilling 

location of salt affected groundwater. Vertical Electrical Soundings (VES) has been widely used to 
characterize aquifers and to identify salt affected water since there may be a relation between the 
conductivity of the aquifer and the salinity of the water. However, it is not possible to distinguish 
high conductive groundwater from e.g. increased clay content. Magnetic Resonance Sounding (MRS) 
gives a direct image of the water content of the ground and hence the vertical distribution of an 
aquifer. By combining MRS with VES, salt affected groundwater could be distinguished from high 

bearing geological formation and to test the possibility of using geophysical techniques to determine 
hydrogeological parameters and water quality parameters relating to salinity in the Vientiane basin, 
Laos. The investigation area is part of the Khorat Plateau where halite is naturally occurring as shallow 
as 50 m in depth in the Thangon Formation. 

In total, 32 sites and 28 sampled wells, located in three different areas were investigated. MRS and 
VES recognized the stratigraphic unit N2Q1-3, consisting of alluvial unconsolidated sediments, as the 
main water bearing unit. The aquifer thickness varies between 10 to 40 m and the depth to the main 
aquifer range from 5 to 15 m. The water content is here relatively high, up to 16 % and decay times 
varying between 100 and 400 ms, suggest a mean pore size equivalent to medium sand to gravel. 
The resistivity is highly variable, but usually around 10-100 ohm-m, which suggests fresh water. 

VES. MRS together with VES has also shown to be a useful and important tool in identifying the salt 
related clay layer of the Thangon Formation. This layer is characterized by low water content and a 
resistivity lower than 5 ohm-m. This formation can be found in all 3 areas on depth of 20 to 50 m.

Several approaches have been used to look for a relation between the water conductivity collected from 
wells and the aquifer conductivity determined from VES, including Archie’s law. The best correlation 

S/
S/cm], R2=0.81). The conductivity of water from shallow wells does not show 

any relation to VES conductivity (R2=0.09). This is probably because deep wells usually have higher 
conductivity than shallow wells and hence contributing more to the aquifer conductivity. Interpolated 
maps of TDS in area 3 from deep wells together with maps of the conductivity of the bottom layer 
and aquifer layer, MRS transmissivity and hydrostatic column indicates that the salt originate from 
the underlying layer situated beneath the main aquifer. The most important water quality parameters 

guidance of future drillings and water quality estimation.

Keywords: magnetic resonance sounding; vertical electrical sounding; resistivity; conductivity; 
transmissivity; transverse resistance; hydrostatic column; storativity; salinity; groundwater quality; 
Vientiane Basin, Laos; Khorat Plateau. 
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fL Larmor frequency
L Angular larmor frequency

B0
B1 Amplitude of the excitation magnetic   

B Amplitude of the perpendicular part of 

q Amplitude of the excitation pulse
I0 Current amplitude

h Planck’s constant

e(t) Amplitude of water signal
E0 Initial amplitude of the water signal
T1 & T2Longitudinal and transversal time decay 

constants
T2

* Measured transversal time decay   
constant

w(r) Water content distribution in the model
M0 Macroscopic magnetic moments of   

protons
 in respect to B0

r Coordinate vector

e Effective porosity
t Trapped porosity

Vpore Volume of the pore
Spore Surface area of the pore

Surface relaxivity factor
S Storativity
Sy
Sr
Sy
Sr
Se Elastic storage
Ss

f Free water content
b Bound water
c Capillary water
g

m Mobile water
t Trapped water

K Hydraulic conductivity
Tp Transmissivity from pumping test

T
T Absolute temperature

Apparent resistivity

EC Conductivity of water
m cementation factor
n Saturation exponent
a Structural parameter
F Formation resistivity factor

Nomenclature of Selected Parameters
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1. Introduction

1.1 Background
Water is essential for all life on the planet, 
sustaining and ensuring the earth’s ecosystem. 
Less than 3% of the entire world’s water is 
fresh, the remaining part is seawater and hence 
undrinkable. Of the 3% of freshwater, 68.7% is 
frozen and bound to the poles and glaciers, and 
therefore inaccessible. Thus, the lasting 32.3% 
is accessible to man and the whole ecosystem’s 
freshwater need. Most of that water, 30.1%, is 
stored as groundwater, whereas the rest is found 

2003). The water is not evenly distributed around 
the globe and seasonal variation, drought and 

Africa and the Middle East have a great shortage 
of freshwater (Fig. 1.1a), whereas countries like 

in excess (WRI, 2000). The Intergovernmental 

induced climate change. Their conclusion is that 
“freshwater resources are vulnerable and have 
the potential to be strongly impacted by climate 
change”. Among other things, they emphasize 
that higher water temperature and changes in 

destined to affect water quality with increased 
content of nutrients, salts and pathogens (Bates 
et al., 2008). Already today, 3900 children die 
each day due to dirty water or poor hygiene and 
1.8 million people die every year in diarrhoeal 

with a growing world population, increasing 
water stress (Shiklomanov, 1999; Fig. 1.1b) and 
pollution can in the future exhaust an already 
weakened natural resource.

Groundwater from a global perspective provides 
about 50% of the potable water supplies, 40% 
of the industrial water and 20% of the irrigated 
agriculture, although the relative use vary 

groundwater has many advantages compared to 
surface water and shallow groundwater, since it 
demands little or no treatment and the access is 

secured against temporary droughts. However, 
salinity in deep groundwater is common in 
coastal areas and sea-level rise from global 
warming is anticipated to increase salinisation 
even more (Bates et al., 2008). In some places, 
salt, precipitated from water and followed by a 
concentration of dissolved solids by evaporation 
are naturally occurring in sediments and bedrock 
(Wannakomol, 2005).  Since some deep wells 
penetrate down to salt affected groundwater the 
wells becomes useless. 

drilling is made without knowing the groundwater 
potential and the location of salt affected 
groundwater. Therefore, basic information 
that can guide drilling is essential. In 1993 the 

Vientiane Province, Laos” was implemented by 

aiming to raise the water supply ratio in the 
rural areas by drilling deep wells (Takayanagi, 
1993). Due to bad water quality and maintenance 
problems, only 30% of the total 118 deep wells 

water quality was partially due to salinity caused 

problems are common in central Laos and north-
east Thailand and have been studied by among 
others Wannakomol, (2005); Srisuk et al. (1999) 
and Williamson et al. (1989).

Geophysical methods have been successfully 
used in groundwater exploration, since they 
are usually non-invasive and relatively cheap. 
Many of the measured physical properties of the 

content, e.g. electrical conductivity, velocity of 
seismic waves (seismic methods) and dielectric 
permittivity (Ground Penetrating Radar). The 
most common methods for groundwater studies 
are based on electrical resistivity. The resistivity 

depending on the water content and salinity. This 

and an estimation of the groundwater quality 
(i.e. salt content). However, the resistivity for 
different materials, are not unique. For instance, 
salt affected groundwater can easily be mistaken 
for high conductive sediments like clay. Magnetic 
Resonance Sounding (MRS) is a relatively 
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new technique, which in contrary to other 
geophysical techniques gives a direct measure 
of the water content, and also of the pore size 
distribution with depth (Legchenko and Valla, 
2002). MRS is hence able to determine both 
storage and hydraulic related parameters far less 

ambiguous than classical geophysical techniques 
(Lubczynski and Roy, 2003). If combining 
MRS measurements with electrical resistivity 

and distinguished from salt affected water. 

Pacific
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Ocean
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Source:World Resources 2000-2001, People and Ecosystems: The Fraying Web of Life, World Resources Institute (WRI), Washington DC, 2000.
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Fig. 1.1 a) Availability of freshwater from rivers and groundwater in the year 2000 expressed in m3/capita
(UNEP/GRID-Arendal, 2002a) and b) The evolution and forecast of water use for different sectors (UNEP/
GRID-Arendal,  2002b).
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1.2 Aims

three parts:

geological formation according to their 
relative hydraulic and storage related 
properties (Paper I). 
Exploring the possibility to distinguish 
freshwater aquifers from salt affected 
groundwater (Paper I, Paper II). 
Investigate the possibility to determine 
the quality of the groundwater directly 
from geophysical parameters and water 
chemistry data (Paper II).

2. Study Area
The Vientiane Province is located in central Laos 
(Fig. 2.1), between latitude 18° and 18.67° and 
longitude 102° and 103°. The central part of the 
province is situated in the Vientiane Basin with 
an average elevation of 170 to 190 m. This fertile 

big irrigation systems. The surrounding mountain 
area is covered by forests with elevations ranging 
up to 1600 m. The whole region is within the 
drainage basin of Nam Gnum and Mekong 
Rivers. Laos has a tropical monsoon climate with 
a rainy season from May to October, followed by 
a cool dry season from November to February 
and a hot dry period from March to April. The 
average rainfall is about 1 780 mm, but it varies 
regionally. Temperature ranges from as high as 
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Fig. 2.1 The Vientiane Province, with the Vientiane Basin in the drainage basin of Nam Gnum and Mekong 
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the winter (Stuart-Fox; Rooney, 2006).

2.1 Geology and Hydrogeology
The Vientiane Basin is located on the very northern 
part of the Sakhon Nakhon Basin in the Khorat 
Plateau (Fig. 2.2). The Khorat Plateau covers an 
area of 170 000 km2 between latitudes 101° and 
106° and longitudes 14° and 19° in the region of 
north-eastern Thailand and central Laos. During 

but was sporadically isolated from the oceans. 
This created the Maha Sarakham Formation, a 
three layer salt unit separated by red-coloured 

the early Tertiary lead to severe folding and 
deformation of the salt beds, creating a variety of 
different salt structures such as domes, anticlines, 
synclines and ridges as shallow as 50 m below 
the surface. The upper and middle parts of the 
salt beds are often missing due to dissolution 
from groundwater percolation. The evaporites 
include thick successions of halite, anhydrite 
and potassic minerals like sylivite and carnalite 
(Tabakh, et al, 1999). 
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The geology (Fig. 2.2) and stratigraphy (Fig. 
2.3) are summarized in the section below using 
Lao nomenclature proposed by Long et al (1986) 

(Lovatt Smith et al., 1996) and hydrogeological 
data (Srisuk et al., 1999, Takayanagi, 1993). The 
equivalent to the Maha Sarakham Formation in 

Thangon formation (K2tn). It is most easily found 
in the south-eastern part of the Vientiane basin, 
where the salt beds have been mobilized into 
pillows and small diapirs. It is mainly composed 
of salt-layer bearing anhydrite interbedded with 
claystone with a thickness less than 550 m and a 
maximum halite thickness of of 340 m (Lovatt 
Smith et al., 1996). The depth to the salt layer 
generally ranges between 50 to 200 m in the 
southern part of the province (Long et al., 1986). 
The hydraulic conductivity (K) ranges between 
10-14 to 10-8

of (Sy) 10-7 Ss)
is 2*10-9, which makes K2tn an aquiclude or non 
water bearing formation (Srisuk et al., 1999). 
The Thangon formation is overlain by the 
Saysomboun Formation (K2sb) (not in map). This 

constitutes red-brown claystone that gradually 
change to siltstone. The maximum thickness of 
K2sb is 150 m. K2sb is found in the middle and 
northern part of the basin with a relative low 
K ranging from 10-8 to 10-5 m/s, a Sy of around 
0.01 and a Ss 10-6. The Neogene to Quaternary 
Vientiane Formation (N2Q1vc) has a thickness no 
more than 70 m. This formation is overlain by 
the stratigraphic units: Q2-3 (<25 m) and Q4 (<0.5 

m) of Quaternary origin. The N2Q1vc and Q2-3
are alluvial deposits found in abandoned river 
channels, and contain mostly gravel, sand and 
clay. Since they share the same characteristics 
they will be referred to as the N2Q1-3 unit in this 
paper. The equivalent Thai units have K ranging 
from 10-6 to 10-4 m/s, with Sy around 0.15 and Ss
around 2 to 3*10-3. The possibility for developing 
groundwater in these units is regarded as high. 
The above mentioned units are all part of the 
Phon Hong Group. Underlying the Thangon 
Formation is the Khorat Group, which among 

K2cp) and Phu 
Pha Nang formations (J-Kpn). These up to 400 
m and 350 m thick units, respectively, are found 
primarily in the western and eastern part of the 
basin on the border to the mountain area. They 

and Jurassic ages, with K ranging from 10-8

to 10-5 m/s, Sy of around 0.05 and Ss of about
5*10-6.

2.1.1 Sources of Salinity

Salinity can arise from natural causes or 

salinity within the Vientiane Basin, originates 
primarily from the salt structures of the Thangon 
formation.

Salinity in shallow groundwater, originates from 
weathered salt accumulated in the upper clastic 
sediments transported from higher altitudes to 
nearby lowlands and valleys. Here, the water 
evaporates, leaving the salt in the upper surface 

in a recharge area penetrates down to the rock 
salt and then is transported to lowland discharge 
areas. Salt groundwater can also be transported 
upward through faults and fractures caused by 

et al., 1994). Human activity affects the transport 
of salt in many different ways. Within the Khorat 
Plateau, soil salinity has been reported due to 
deforestation, construction of water reservoirs, 
salt manufacturing and irrigation (Arunin, 
1987).
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3. Magnetic Resonance 
Sounding (MRS)
The Magnetic Resonance Sounding (MRS) 
technique, also known as Proton Magnetic 
Resonance (PMR) and Surface Nuclear Magnetic 
Resonance (SNMR), was developed in Russia 
during the 1980’s, but became commercially 

company Iris instrument and their instrument 
Numis. The principal behind the method is 
governed from Nuclear Magnetic Resonance 
(NMR) and has been utilized in medical 
tomography (MRI), well logging, oil exploration- 
and chemistry applications.

3.1 Theory of Method
MRS is based on the principal of Nuclear Magnetic 
Resonance (NMR), where the spin of protons 
is crucial to understand the basic phenomena. 
Spin comes in multiples of ½, where, individual 
unpaired protons possess a spin of ±1/2. The spin 
of the proton can be seen as a magnetic moment 

tiny magnet with a north and south pole. When 
B0, the 

low energy state (Fig. 3.1a). A proton can absorb 
L (the

larmor frequency). The frequency depends on 

     (3.1)

for hydrogen:

     (3.2)

This will cause the proton to switch to a higher 
energy state. The energy of the electro magnetic 
wave needed to cause a transition between the 
two spin states (Fig. 3.1a) is given by

     (3.3)

where h is the Planck constant. As the proton 
returns to its low-energy state it will emit a 
secondary electro magnetic wave (Fig. 3.1b). 
The phenomena can also be explained from Fig. 

(B0) in a precessional motion, with the angular 
L

B1

the perpendicular component of B1 contribute 
B1

returns back to its equilibrium state (Fig. 3.2c) 
generating a secondary relaxation magnetic 

B0 in a precessional 
motion in the larmor frequency. The amplitude 
of the secondary magnetic wave is proportional 

moments M =M0  with

     (3.4)

where N is the number of hydrogen protons per 
unit volume, T is the absolute temperature and k
is the Boltzmann constant.

3.1.1 The Principle of MRS

MRS measurements are usually conducted with 
a square or circular loop, where the energizing 

B1 is created by a pulse, q=I0  of 
alternating current (I0
larmor frequency

    (3.5)

b)

E

B

E=hωL

a)

Fig. 3.1 a) Energy diagram, showing the two spin 
states of the proton. The energy of the EM wave 
must match the energy difference between the two 
states for absorption to occur, given by the static 

0
). b) The proton transmits a sec-

ondary EM wave when returning to its low energy 
state.

L 2 fL B0

fL (Hz) 0.04258 B0(nT)

E 2 h fL

M 0 N B0

2
h

2

4kT

i(t) I 0 cos( L t), 0 t
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The pulse moment is followed by a 30 ms 
“dead time”, where the system switches from 
transmitting mode to receiving mode. The 
decaying signal e(t,q) induced in the antenna 
(Fig. 3.3a) by the relaxation of the protons can 
be approximated by

     (3.6)

where Td is the decay time or relaxation of 
the signal,  is the phase shift. E0 is the initial 
amplitude of the signal:

M0 is the nuclear magnetization of protons, B

perpendicular to the B0, w(r) is the water content 
in a unit volume dV at the location r(x,y,z).

From Equation (3.5) and (3.6) it can be deduced 
that E0 is directly related to the water content, 
(w(r)). Td is the characteristic time for which 
the signal has diminished to 1/3 of its initial 
value and is related to the mean pore size of the 
material, and hence the grain size and hydraulic 
conductivity. The recorded larmor frequency 
(fL L ) is associated to the magnetic 
inhomogeneities within the investigated volume 
and the phase shift ( ) is related to conductivity 
variation of the subsurface. By systematically 

increasing the pulse moment (q), the energizing 

volume and information of E0, Td together with 
fL and  and can be retrieved from deeper parts 
of the subsurface (Fig. 3.3b). The maximum 
investigated volume could be approximated 
by an area 1.5 times the loop size for a depth 
corresponding to the loop diameter (Yaramanci 

the protons varies between 10-12 and 4*10-9 T, 
which corresponds to 10 to 4000 nV in a wire 
loop of 100 m in diameter as receiving antenna 
(Legchenko and Valla, 2003).

3.1.2 Relaxation of the Signal

The realignment of the magnetization vector to 
its equilibrium state (Fig. 3.2c and Fig. 3.5b), can 
be described by two characteristic times: T1 (the 
longitudinal relaxation) and T2 (the transverse 

magnetic energy of the protons is transferred its 
surrounding. T1 is the relaxation in the direction 

0), whereas T2 is the 
relaxation perpendicular to B0, and is directly 
attainable with the MRS system. The measured 
transverse relaxation time T2*, is somewhat 
shorter due to two simultaneous phenomena 
(Fig. 3.4); (1) As the magnetic susceptibility of 

gradients will be generated at the pore-grain 

Fig. 3.2
0

magnetic moment vector aligned with B
0 1

),
where only the perpendicular component of B

1 1
 is removed, the proton generates a 

0
 in a precessional motion.

e(t,q) E 0(q)e
t /Td cos( L t )

E 0(q) 0M 0 B1 sin
1

2
B1 q

V

w(r)dV (r) (3.7)
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boundary. Also, (2) as water molecules due to 
diffusion collide with the grain walls they will 
automatically receive a new arbitrary magnetic 
moment.  This leads to differences in larmor 
frequency and therefore a loss of phase coherency 
in the spin rotation (Legchenko and Valla, 2002). 
The relaxation time (both T1 and T2*) is related 
to the mean pore size of the aquifer (Kenyon, 
1997) according to 

     (3.8)

where Spore and Vpore are the surface area and 
volume of the pore respectively. The surface 
relaxivity (
different for T1 and T2*. Typical values of T2* are 
presented in Table 1.1. T1
magnetic inhomogeneities compared to T2 and 

(e t E=) 0 -(pxe t T/ 2 )cos* ( t + )L
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Fig. 3.3 a) Time sequence of the MRS signal: (1) noise is measured, (2) energizing pulse at the larmor fre-
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L
) and (3) relaxation of the signal, where parameters like the initial amplitude (E

0
) and decay time 

(T
2
*) are recorded.  b) Measured (from Site 16, Laos) parameters like initial amplitude (E

0
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time (T
2

T1,2 ~
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will hence give more reliable estimations of pore 
size. T1 is longer than T2* (usually T1 2*),
and can therefore be determined, using a double 
pulse technique, known as saturation recovery 

followed by a second pulse with a short delay. 

component of the magnetization (M) in direction 
of B1  is completed (T2*), but not the component 
aligned with B0 (T1 0 is not fully 
recovered (Fig. 3.5b) and the initial amplitude 

second pulse as a function of pulse delay makes 
it possible to determine T1 (Fig. 3.5c). 

Grain

Grain

Grain

Proton

Pore

Fig. 3.4 The relaxation of the signal (T
2
*) depends 

on the ratio of the volume (V
pore

) to surface area 
(S

pore
) of the pore according to Equation 3.8. The 

surface relaxivity ( ) is affected by the magnetic 
mineral grains in the grain-pore boundary, inducing 

diffusion of water molecules.

Table 1.1 Values of T2* for different geological materials 
(Shirov et al., 1991; Allen et al., 1997)

Relaxation time Petrophysical Information MRS
T2* < 3 ms Clay bound water
T2* < 30 ms Sandy clays
30< T2* <60 Clay sands, very fine sands
60< T2* <120 Fine sands
120< T2* <180 Medium sands
180< T2* <300 Coarse and gravely sands
300< T2* <600 Gravel deposits
600< T2* <1500 Surface water bodies

Undetectable

Detectable

t

a)

b)
Z

M0

M

B0

B1

M

c)

T2

T1

Fig. 3.5 a) A two pulse sequence, where the initial amplitude (E
0
) is recorded for both pulses. b) T

1
 can then 

be estimated from the E
0
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maximum amplitude and shape of the E0(q)
curve depends among other things, on depth, 
thickness and number of water bearing layer 
within the subsurface. From a qualitative point 
of view, the shape, amount of water and location 
of the aquifer can be indicated from examining 
the sounding curve. Two aquifers with equal 
thickness positioned on the same depth but with 
different water content (Fig. 3.6a) will have a 
peak at the same pulse moment. However, the 

aquifer with higher water content will have a 
curve with higher amplitude. Analogous to this, 
two aquifers with equal water content with their 
centre point located on the same depth, but with 
different thicknesses will also have the same 
shape of the sounding curves but the thicker 
aquifer will have higher signal amplitude (Fig. 
3.6b). For a two layer aquifer, with equal water 
content and thickness, the sounding curve will 
have two peaks, where the second peak will be 
smaller in amplitude but more extensive in pulse 

3.6a, it is obvious that the maximum amplitude of 
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Fig. 3.6 The response on the sounding curve for a) different water contents for a single water layer, b) differ-
ent layer thickness for a single water layer, c) two water layers at different depths, d) one deep water layer, e) 
one water layer extending from 10 m depth to 100 m depth and f) a multi layer aquifer.
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the signal decreases for deeper positioned water 
layers. For aquifers with multiple layers, it might 

layers from one thick layer, since the resolution 
decreases with depth (Fig. 3.6e and f). Modelling 
results has shown that MRS is able to determine 
accurately the geometry of the aquifer down to 
a depth equivalent to roughly half the loop size 
(Legchenko et al., 2002).

The resistivity of the subsurface controls the 
depth of investigation, which can be estimated 
with the skin depth ( ),

     (3.9)

where the amplitude of the signal has been 

medium and f is the frequency of the transmitted 
signal. Modelling results for a 100 m square 
loop (Fig. 3.7) using the numerical modelling 
software Samogon (Legchenko, 2001) for a 10 
m thick water layer with 10% water content, 
T2*=150 ms, at different depths illustrates the 
detection limit for different resistive half spaces. 

inclination of 24° corresponding to the conditions 
in the Vientiane basin. The noise threshold is set 

to 10 nV. The 100 ohm-m and 50 ohm-m curves 
follow one another closely, indicating there is only 
a small effect on the amplitude of the signal. The 

resistivities. For a 1 Ohm-m halfspace, water can 
only be detected down to a depth of about 35 m. 
The noise level is however often higher than 10 
nV and the amount of water in many cases less 
than 10%, which reduces the detection depth. 

The signal of the water varies also with the 

poles (B0= 60000nT ~ fL 2500 Hz) and weakest 
around the equator (30000 nT ~ 1200 Hz). With 
lower larmor frequency, the penetration depth 
increases according to the skin depth formula 
(Equation 3.9). However, the initial amplitude 
of the signal (E0) is proportional to the square 

0 ~ B0
2). For low B0,

the investigation depth is more affected by the 
amplitude of B0, than the skin depth. The effect 
of B0 on the signal is illustrated in Fig. 3.8, where 
the signal response of an aquifer positioned 
between 10-20 m (Fig. 3.8b) and 50-60 m (Fig 
3.8c) is plotted for local earth magnetic conditions 
in Luleå, Sweden; Vientiane, Laos and Beira, 
Mozambique. There is a substantial difference in 
signal amplitude between Luleå and Beira, where 
the signal in Beira is reduced to 1/3 compared 
to Luleå. The inclination of the geomagnetic 

interpretation.

One of the main limitations of the MRS method 
is electromagnetic (EM) noise, since the signal 
of the water generally is lower than the amplitude 
of noise. Noise can be natural and uncorrelated, 
caused by magnetic storms, thunderstorms 
etc. Man made EM noise are commonly 
generated by power lines, radio transmitters, 
cars, electrical fences etc. Industrial noise is 
considered to be a superposition of harmonics 
of the industrial frequency 50 or 60 Hz. The 
MRS signal is severely affected by noise and 
different approaches can be applied to remove or 
at least decrease the noise during acquisition or 
inversion. In order to improve the signal to noise 
(S/N) ratio a stacking procedure is utilized during 
acquisition. In case of non correlated noise the 
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the number of stacks. If the noise is much larger 
than the signal and time-varying, i.e. not constant 

can be used, “weighted average”, to weight the 

inversely proportional to the noise and signal. 
When the noise suddenly increases during the 

the measurement must be low and the quality 
of the already stacked readings is left unaltered.  
By default, the Numis system applies a high 

pulse frequency, with a ±100 Hz bandwidth. In 
addition, in presence of industrial EM noise, a 

power line frequency and ±1 Hz of the bandwidth 
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industrial noise, but should be handled with care. 
If the larmor frequency is close to one of the 
power line frequency harmonics, the signal can 
suppress important information in the signal. Fig. 
3.10, illustrates two measurements conducted 
with a 100 square loop, using 64 stacks, in a 
small village outside Maputo, Mozambique. One 

and the other without. Here, it is obvious that the 

ratio and hence the quality of the measurement 
but also that acquisition time can be decreased 
since the number of stacks can be reduced. 
Legchenko and Valla (2003) summarize the use of 

pl) and 
the larmor frequency (fL) is greater than 8 Hz the 

2* > 200 ms. 
Another method to suppress noise is changing 
the 100 m square loop to a eight shape loop (2*50 
m) (Fig. 3.11). Here, the noise (n1 and n2) cancel 
each other since wires are crossed and therefore 
their corresponding surfaces have opposite signs. 
The signal on the other hand add each other, 
since the current circulates in opposite sense to 
one another in the small squares, reversing the 
effect of the opposite signs of the two surfaces 
(Bernard, 2007). The signal to noise (S/N) 
ratio can in this manner increase substantially 
compared to the 100 square loop, depending 
on the local noise condition. The negative side 

is that the penetration depth decreases to half 
of the penetration depth of the 100 square loop. 
Sometimes the loop size is changed due to lack 
of room, e.g. a 50 m, 2 turn square side loop. This 
decreases the signal, since the excited volume of 
water decreases and in addition the penetration 
depth decreases as well.

3.3 Inversion of MRS Data
At the moment, only the inversion software 
Samovar, based on the least square solution 
with regularization is commercially available 
(Legchenko and Shushakov, 1998). Assuming 

the parameters e(t) and E0 are inverted using 
MRS

1,2
Fig. 3.12. A geoelectrical model is needed to 
account for the effect of a conductive subsurface 
through the MS-DOS based software, Nmr. 

S/N-ratio. Due to equivalence, several models 

(pr) controls the smoothness of the interpreted 
water content distribution with depth, where a 
high regularization (pr=1000) spreads the water 
in thick layers, and a low regularization (pr=1) 
concentrates the water in thin layers. The number 
of layers, can be altered to gain a more “blocky” 
or “smooth” model. 
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3.4 Instruments and Fieldwork
The Numisplus equipment (Fig. 3.13) utilizes a 

the 24 V parallel connected batteries to 400 
V. This will generate pulses up to 4000 V and 
current intensities up to 600 A by the main unit 
(Bernard, 2007). The maximum current (I0) that 
the equipment can transmit into the loop is given 
by ratio of the voltage (V) and the impedance (Z) 
of the loop

     (3.9)

with

     (3.11)

L=2 fL is the angular larmor frequency. 
R is the resistance and L is the inductance of 
the loop, respectively. In order to maximize the 
current (Iris instrument, 2005) the following 
conditions should be met

     (3.12)

capacitors tuning unit to meet the criteria in 
Equation 3.12. 

Before conducting a measurement a couple of tests 
must be conducted to ensure MRS compatibility; 

measured with the accompanying noise analyzer. 

proton magnetometer, should not vary more 
than ±20 nT within the loop (corresponding to 

detect, since the signal originate from multiple 
frequencies. The magnetic susceptibility of the 
surrounding sediments and rock should be as low 
as possible (3) as high magnetic susceptibility 

When starting an acquisition, the choice of 

into the acquisition software, ProDiviner, which 

capacitors. The number of pulse moments is 
usually a compromise between resolution of 
the subsurface aquifer and acquisition time. 
Usually a 16 pulse moment measurement is a 
good compromise. When measuring in a new 
environment, a 5 pulse moment measurement 
could give an idea of the noise in the area and 
if water is detectable. The number of stackings 

Fig. 3.13 Numis Plus equipment, consisting of a main unit, a DC/DC converter, a capacitor tuning unit, a PC, 
two batteries and 400 m of cable. 
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to the noise condition.  The number of stacking 
can also be altered during measurement. Finally, 
signal and noise acquisition time can be changed 
from default (240 ms) if longer decay times are 
expected, but this will increase the duration of 
the sounding. For better permeability estimates, 
the longitudinal decay time (T1) can be measured 
using a double pulse. This will increase the time 
of the sounding by 30% and require more power 
from the batteries. Normally, it is possible to 
achieve 2 soundings a day.

are: (1) the stacked signal should be on top of 
the noise and (2) decaying; (3) The frequency of 
the signal should be ±1Hz from the transmitted 

excitation frequency. The Numis system has an 
instrument noise (IN), which can be stacked down 
to 3-5 nV. Signal to Noise ratio (S/N) should 
be >2 for a reliable quantitative interpretation 
(Legchenko, 2006), which means that the 
lower threshold for detecting and quantitatively 
interpret a signal is 10 nV. If the S/N=1 and ratio 
of external noise (EN) to instrument noise equals 
one (EN/IN=1), the quality of the sounding is 
good, although no signal is obtained and the only 
conclusion is that the volume of free water in the 
subsurface is smaller than the threshold of the 
instrument. If EN/IN>1 and S/N=1, the sounding 
is of bad quality and the only conclusion is that the 
signal is lower than the noise level. Furthermore, a 
smooth transition of phase and frequency insures 
that the data are of good quality (Fig. 3.3b).

Fig. 3.14 Criteria for validating a MRS signal. The stacked signal should be on top of the noise (1) and de-
caying (2). The frequency of the received signal should not differ more than ±1 Hz (3) from the transmitted 
frequency.
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3.5 MRS Related to 
Hydrogeological Parameters
The occurrence and movement of groundwater 
depends on the subsurface characteristics, like 
lithology, texture and structure. An aquifer is 

amount of water and permeable material to yield 

Geological formations that serve as aquifers are 
gravel and sand deposits, fractured granite etc. 

the water table is in direct contact with the air of 
the unsaturated zone and is hence at atmospheric 

pressure is higher than the atmospheric pressure. 
The piezometric surface is here an imaginary 
surface for which water would rise if a well was 
drilled into the aquifer. 

Subsurface water can be divided into two zones. 
In the saturated zone, the pores are completely 

voids contain a mixture of water, moisture 
and air (Fig. 3.16). The part of the water that 
is attached to the grain walls due to molecular 

b). The remaining 
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d
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Fig. 3.16
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f). The unsaturated 
zone can further be divided into three different 
zones. The soil moisture zone (1) which differs 
in thickness depending on soil type and climate 
is the top layer. The movement of water can 
be either upwards or downwards depending on 
suction or gravity. In the intermediate zone (2), 
water is held due to intermolecular forces against 

g). The capillarity zone (3) is 
located above the water table and the water here 

c) acting against 
gravity (Sen, 1995). In the saturated zone water 

t m).
MRS f, since 

b with its short decay time is undetectable with 
current instrument limitation (40 ms dead time). 
This implies that in the saturated zone:

     (3.13)

zone:

     (3.14)

pore volume Vpore and total volume V. Porosity 
is of two types. Primary porosity is governed 
from the rock formation and secondary porosity 
is developed through weathering (Sen, 1995). In 

f b). In a coarse 
b tends be negligible, and hence 

f MRS. Since some voids are unconnected or 
t

term for hydrogeological applications is the 
e), which only includes the 

porosity available for transportation of liquids. 
t,

t

MRS. However, 
t can be neglected, 

MRS e.

3.5.2 Storage Related Parameters

f) are 
not good measures of the extractable water from 
the aquifer, since some part of the water can be 

e) is more 

related to this concept but lacks good methods 
for determination. The ability of an aquifer to 

the volume of water which a vertical column of 
the aquifer of unit cross-sectional area releases 
from storage as the average head within this 

y
volume fraction of water that is drainable due 
to gravity forces (Fig. 3.15a). In the same way, 
water held by molecular and surface tension 

r. Together 
they form the total porosity. Assuming, MRS ,
Sy
aquifers

     (3.15)

where SR
determined from other methods (Lubczynski and 
Roy, 2003). Vouillamoz et al., (2006) proposed 
that Sy could be determined from Sy y MRS,

y is a proportionality factor determined 
from comparing Sy MRS from pumping tests 
and MRS, respectively.

surface remain above the bottom of the 
groundwater table (1) the storativity depends 
on the elastic storage (Se) (Fig. 3.15b), which 
is the water that can be released due to the 
compressibility of the rock matrix and the pore 
water. When the potentiometric surface falls 

drainage (Sd)

MRS , the 
elastic storage (Se) can be calculated from

     (3.16)

where Ss
 is the density of water, g the gravity 

the acceleration,  and  compressibility of the 
aquifer and water respectively, which can all be 
estimated from tabled data or other methods. 

MRS. The Sd is determined in the same manner 
as Sy.

MRS f m t b

MRS f t c g b

Sy MRS SR

Se g( MRS ) z Ss z
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The hydrostatic column (Hw
3/m2] gives a 

direct volumetric estimate of the free water 
content with depth. Although, not widely used, 
this is the most reliable MRS parameter since it 
is insensitive to equivalence. It can be estimated 
for the targeted aquifer of the arbitrary depth 
intervals, e.g. maximum MRS investigation 
depth (Lubczynski and Roy, 2003).

     (3.17)

3.5.3. Hydraulic Conductivity and 
Transmissivity

Permeability (k) is a measure of the ability for a 

unit cross section area (A) under a unit gradient 

Transmissivity is the ability of the aquifer to 

average hydraulic conductivity (K) and the 

     (3.20)

There is a direct relation between the decay time 
(T1,2) and k and it has been found from Nuclear 
Magnetic Resonance (NMR) logging that

     (3.21)

Several different values for the parameters a and 
b have been suggested. Among other Kenyon 
(1989) proposed a=4 and b=2, which has 
proven to be particularly suitable for sandstone 
media, whereas Seevers (1966) proposed a=1 
and b=2, which proved to correlate better with 
secondary porosity media like diorite, gneiss and 
karstic limestone (Legchenko et al., 2002). The 

p, depends on the surface relaxivity 
of the mineral grains in rock matrix and is 

MRS must be correlated to hydraulic data for a 
precise estimation of permeability. In large scale 
measurement, it is more accurate to estimate 
the aquifer transmissivity. MRS is correlated to 
pumping test data, for which:

     (3.22)

T
from pumping test transmissivity TP:

     (3.23)

Using T1, with a=1 and b=2 has proved to correlate 
best with pumping test transmissivity. If only T2*
has been measured a better correlation is gained 
from a= 4 and b=2 (Vouillamoz et al., 2007) 
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     (3.18)

Hydraulic conductivity (K) is a measure of 
the ability of the medium to transmit water. It 
depends not only on soil/rock characteristics but 

     (3.19)

gravity.
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4. Vertical Electrical Sounding 
(VES)

1920’s work of the Schlumberger brothers and has 
been used for many decades in hydrogeological, 
mining, geotechnical and environmental 
investigations.

4.1 Theory of Method
Resistivity (
material and describes how well that material 

with the term resistance (R) (Fig. 4.1). The 
inverse of resistivity is called conductivity, 

The purpose of Vertical Electrical Soundings 
(VES) is to determine the variations in resistivity 
with depth. VES measurements are carried out 

current electrodes (A and B) and then measure 

two potential electrodes (M and N) (Fig. 4.2). 

The centre point of the electrode array remains 

and information from deeper sections of the 
subsurface can be retrieved. Different types of 

sensitivity of the resistivity meter. This study has 
been carried out using a Schlumberger array.

4.1.1. Resistivity Measurement

(Fig. 4.1), with the length l, cross-section A, is 
given by Ohm’s law:

     (4.1)

V (volt) is the potential difference 
between the ends of a conductor and (ohm)
is the resistance of the conductor. The negative 

high to low potential.  is directly proportional 
to the length (l) of the conductor and inversely 
proportional to the cross-section (A), which leads 
to

     (4.2)

where
4.2 results in

     (4.3)

Where is equal to the current density j (Am-1)
E (Vm-1).

In a homogeneous, isotropic half-space the 
current spreads radially through a hemisphere of 
equipotentials (Fig. 4.3), and the current density 
can hence be determined by

     (4.4)

Using Equation 4.4 the potential drop dV across
a shell dr at the distance r from the point current 
source is shown to be

     (4.5)
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Fig. 4.2 Outline of a Schlumberger array for Verti-
cal Electrical Soundings (VES). A and B are current 
electrodes and M and N are potential electrodes. 

Fig. 4.1 The resistance (R) for a cylinder with the 
resistivity ( ), where A is the cross section area and l
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The potential is assumed to be zero at an 

integrating, the potential V at a distance r from 
the current source, is given by

    (4.6)

In practice it is necessary to use four electrodes. 
Two current electrodes (A and B) and two 
potential electrodes (M and N), the resistivity 
is then calculated from the measured potential 
difference

     (4.7)

where

     (4.8)

     (4.9)

thus

     (4.10)

where AM, BM, AN and BN represents the 
geometrical distances between the different 
electrodes and is together called the geometric 
factor, K. The resistivity is then given by

     (4.11)

4.1.2. Apparent Resistivity

Equation 4.11 is only true for a homogenous earth. 

at different depths in the subsurface and also 

a and can be 
considered to be some kind of average of the 
different subsurface resistivities. To determine 
the true subsurface resistivity, an inversion of 
the measured apparent resistivity values must be 
carried out.

4.2. Data Processing

The data from this study were interpreted with the 
inversion software RESIST87 (Velpen, 1988), by 

( a) of a layered earth can be expressed by

     (4.12)

where T( ) is the resistivity transform and fk

type, which have been calculated once and for 

together with the corresponding thickness (Ti) and 
i) for the different layers denoted by 

i. The calculated curve is then matched against 
the measured curve in an iterative process, where 
the model parameters are updated until a given 
error criteria is met (Parasnis, 1997; Sharma, 
1997).

When geological borehole data is present, it 
can be used to constrain layer geometry. Some 
interpretation problems for VES can occur when 
mapping subsurface salinity, since resistivities 
for salt water, saturated clay and sand overlaps. 
Furthermore, due to the high resistivity contrasts 
between an often high resistive, dry top soil and a 

detect on the sounding curve (Kirsch, 2006). 
These problems can be accounted for if using 

identify and constrain water layers in the apparent 
resistivity curve (Vouillamoz et al, 2007). 
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Fig. 4.3 -
mogenous halfspace. b) Geometry for calculation of 
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4.3. VES Related to Water Quality 
and Hydrogeological Parameters
The resistivity varies greatly for different 
geological materials, as can be seen in Fig. 
4.4. Most rocks and minerals are insulators in 
their dry state. However, in nature, they usually 
contain some water with different quantity of 
dissolved salts within their pores and cracks. The 

together with the concentration of dissolved salts 

resistivity of fresh groundwater varies usually 
from 7-100 ohm-m, depending on the degree of 
salt. Seawater or saline water has resistivities 
down to 0.2 Ohm-m, which makes resistivity 
method the ideal technique to distinguish the 
interface between salt and fresh water. As can be 
seen from Fig. 4.4, the resistivity of of different 
earth materials is not exclusive, e.g. clay overlaps 
with both freshwater and brackish water.

The value of n and m depends mostly on the 
wettability and cementation, respectively. If the 
mineral grains are insulator, then a = 1, which 
is the main condition for Archie’s formula. To 
a certain degree of decreasing resistivity of the 
mineral grains, the constant a decreases too 
(Worthington, 1993). If working in a geological 
environment without conducting grains (a = 
1) and assuming that bound water, dead-end 
unconnected porosity is negligible, the MRS 

MRS

0 can be 

0.
If the aquifer is assumed to be saturated (s=1), the 
cementation factor (m
material can be determined using regression 
analysis of the formation factor (F= / 0) and 

MRS on a bilogarithmic cross plot, where m is 
the slope of the curve. Vouillamoz (2007) argue 
that in an environment where aquifers are not 
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Lignite, Coal Dolomite &Limestone

Fig. 4.4
overlapping resistivities of clays, freshwater and brackish water indicated by the dotted rectangle.

The resistivity , of a porous, water-bearing 
material, free of clay minerals can be expressed 
with Archie’s law (Archie, 1942), which is an 
empirically determined formula that expresses 
the resistivity as a function of the water resistivity 

0, the porosity ( ) and the water saturation s.

     (4.13)

free of low resistive clayey material, a “rough 

through porous media is described by Waxman 
and Smits, 1968; De Lima and Sharma, 1990; 
Johnson and Sen, 1988. a 0

m
s

n
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on the concentration and mobility of ions, where 
mobility is highly temperature dependent. 

conductivity it is important to correct for the true 
temperature of the water. The conductivity of most 
groundwater varies with about 2% per °
et al. 1998). 

Transverse resistance is also known as the Dar-

     (4.14)

Where Ti is the thickness for layer i. i is free 
from the ambiguity of VES interpretation while 
Ti and 
Attempts have been made to correlate  with 
aquifer transmissivity (Niwas and Singhal , 1981; 
Ponzini et al, 1984; Salem, 1999), with good 
results in homogenous geological environment 
where aquifer resistivity is insensitive to 
variations in water conductivity (Niwas and 
Singhal , 1981)

Salinity is measured in Total Dissolved Solids 
(TDS), which is the total sum of cations and 
anions and the undissociated dissolved species 

however, can also be determined by multiplying 

with the TDS-factor (C ) (usually between 
0.55-0.90), which depends upon the types of salt 
present (Reynold and Richards, 1996).

     (4.15)

TDS is often used for evaluating the water quality 
for domestic usage. TDS less than 600 mg/l is 
considered to be of good quality (Table 4.1). 

The main source of cations and anions in 
groundwater is the slow dissolution of minerals 
in rocks, and soils when the groundwater moves 
through the strata (Reynolds and Richards, 1996). 

that contribute to the variation in chemical 
characteristics: (1) Variation in mineralogy of 
the aquifer; (2) Vertical and lateral variations in 

hence more ions in solution along the path of the 

factors like rainfall and evaporation, which 
results in groundwater in arid environments to 
generally be more saline than groundwater in 
humid regions.

The European drinking water standards 

quality suggested a level of no more than 400 

sometimes measured with reference to the level 
of chloride, which can also be directly related 

Administration, chloride concentrations >100 
mg/l can have a corrosive effect on metal pipes 
and concentrations >300 mg/l can cause taste 

of natural chloride in groundwater comes from 
dissolution of halite. Water with a high mineral 

2+) and 
Magnesium (Mg2+) ions, is considered as hard. 
Hardness of water is an important criterion for 
technical and esthetical reasons (Table 4.2), since 
hardness can produce a scale in hot water pipes, 
heaters and boilers. It also requires considerable 
amounts of soap before lather can be produced 
and it causes taste differences. Hard water can 
be expected in regions with large amounts of 

3 3)2)
(Reynolds and Richards, 1996). Hardness of the 
water with its polyvalent ions directly contributes 
to conductivity (Krawczyk and Ford, 2007).

TR i i Ti

TDS mg/ l CTDS * EC

Class
Excellent <300
Good 300-600
Fair 600-900
Poor 900-1200
Unacceptable >1200

Table 4.1 Palatability of drinking 
water (WHO, 1996)

3 Degree of Hardness
1-75 Soft
75-150 Moderately soft
150-300 Hard 
300 or more Very hard

Table 4.2  Hardness of water (Reynolds and Richards, 
1996).
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Total hardness (HT
2+

and Mg2+ content in the water using the equation:

     
              (4.16)

et al. 1998).

5. Summary of Research
Three areas were selected for geophysical studies 
(Fig. 2.1), where MRS and VES measurements 
have been performed in 32 and 18 sites, 
respectively. The most important geophysical 
site characteristics have been summarized in 
Appendix A. Water chemistry data have been 
collected from 13 deep and 15 shallow wells 
in near vicinity of the measuring sites. The 
most important water quality parameters are 
summarized in Appendix B. MRS measurements 
have been carried out, depending on the noise, 
with a 100 m square loop or an 8 shaped loop, 

when needed. The decay time (T2*) values 
matching the highest water content in a water 
bearing layer have been used to characterize that 

T2*
usually agrees well with borehole petrophysical 
information. VES measurements have been 

and  distances usually up to 200 m.

Examples of measurements from the sites 20, 
19 and 22 are presented in Fig. 5.1. The Signal 
to noise (S/N) ratios for the different sites is 
presented in Appendix A. The general trend is 

data quite well for low pulse moments but looses 
coherency for high pulse moments (Fig. 5.2). 
Regularizations between 300 and 700 usually 
results in a smooth aquifer model geometry, 
which corresponds quite well with the lithology 

T2* can vary 

Site19). VES measurements are generally of 
good quality with RMS varying between 2 and 
6% (Fig. 5.2). 

Characterization of Geological 
Structures
In area 1 (Figs. 2.1 and 5.3a), the K2cp is the 
dominant formation in the western part of the 
basin, whereas N2Q1-3 is dominant in the central 
part and the K2tn in the eastern part. In the 
geological cross section FE (Long et al., 1986) 
(Fig. 5.3b) in area 1, the different characteristics 
of the N2Q1-3 and the K2tn (see also Paper I) 
are illustrated. The N2Q1-3 holds in most parts 
coarser materials like sand and gravel but also 

K2tn on the other hand, contain materials such 
as clay and breccia overlying rock salt, all with 
poor potential for hosting aquifers. MRS usually 

the N2Q1-3 (e.g. Site 31, Fig. 5.3c). The deep, 
main aquifer generally starts at around 10 to 15 
m depth with maximum water content at around 

30 to 50 m depth. The maximum water content 
varies between 4 and 12%, but is usually about 6 
to 8 %. The T2* -values range from 100 ms (Site 
24, and 31) to 300 ms (Site 3) corresponding to 
medium to coarse sand and gravel sands. The 
resistivity for these water layers ranges between 
20 and 600 ohm-m. The K2tn is located below the 
N2Q1-3 with the exception for the south-eastern 
part where it is found from the surface and down. 
It is characterized by very low water contents and 
resistivities lower than 5 ohm-m (Site 31 and 24; 
Figs. 5.3c and d). Area 2 includes the sites 5 to 11 
and has similar MRS and VES characteristics as 

usually situated at depth of 20 to 30 m.

The knowledge of the depth to the halite layers 
is very important hence the shallower they are 
situated the greater the risk of increased salinity in 
the groundwater. Fig. 5.4 illustrate the distribution 
of MRS and VES measuring points and borehole 
data in area 1 together with an interpolated map of 
halite depths (Long et al, 1986) and the Bouguer 
gravity anomaly map (Na Wetcharin, 2007). 
Rock salt can here be found as shallow as at 52 m 
depth. With reference to the clay layer deposited 
on top of the halite layer, the depth to the halite 
is also an estimate of the maximum depth of the 

HT mg/ l asCaCO 3

2.497 Ca
2 ,mg/ l 4.118 Mg

2 ,mg/ l
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generally decreases from west to east. However, 
there is a local maximum, which correlates well 
with the shallow halite depths. This is probably 
an indication of an uplift of the higher density 
basement rock, where the upper part of K2tn has 
undergone erosion and been replaced by younger 
sediments of N2Q1-3. This supports a shallower 
halite layer here as compared with the eastern 
part of the area. The shape of the halite structure 

data.

(Fig. 5.5c) and MRS (Fig. 5.5d) data collected 
in this study, illustrates the geophysical soil and 
rock characteristics of the area. The stratigraphic 
unit, N2Q1-3 comprises two water bearing layers 
(Site 20 and Site 16) in the western part with a 
thickness of up 40 m, which transcends to one 

content in the middle of the cross section. The 
maximum water content is varying between 4 and 
16%, and the T2* generally varies between 100 
and 400 ms, with longer T2* in the western part 
of the basin. The resistivity for the main water 
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Fig. 5.4 Interpolated map of the depths down to the halite layer obtained from borehole data (Long et al., 
1986) in the southern part of the Vientiane basin (see Fig. 2.2) together with gravity data collected by Na 

The area 3 is located in the narrowing upper 
part of the Vientiane Basin (Figs. 2.1 and 5.5a) 
with the K2cp in the western and eastern border 
of the basin, the K2tn in the north and N2Q1-3 in 
the central part. The geological cross section GH 
(Fig. 5.5b) compiled from lithology borehole 

bearing layer varies considerably from site to site 
but usually ranges between 10 to 250 ohm-m. In 
the eastern part, the composition of the N2Q1-3
changes to more clayey material and the water 
content is lower than 4% and T2* lower than 
100 ms. The K2sb underlying N2Q1-3, consists of 
mudstone or siltstone (Fig. 5.5b). It has a fairly 
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low water content (<2%), and T2* around 50 to 
200 ms. The resistivity varies between 10 to 25 
ohm-m (e.g. site 23). Rocks from the K2tn has not 
been observed in any boreholes here, but VES 
measurement from the sites 15, 16  in the middle 
of the basin, show resistivities (< 5 ohm-m) that 
may indicate the existence of this formation as 
characterized in area 1.

Rock salt has a relatively high resistivity 
compared to the overlaying materials ( =1.1*106

identify it with VES since the current probably 
will not be able to penetrate through the 
superimposed conductive clay. However, the 
low resistive clay layer, sometimes lower than 
1 ohm-m, could work as an indicator of halite 
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or at least an indicator of the Thangon formation 
(K2tn). These low resistivities can be found in 
all three areas at depths of 20 to 50 m, and they 
are always related with very low water contents. 
Table 5.1 roughly summarizes the geophysical 
characteristics obtained in our study for some of 
the geological formations and stratigraphic units 
in the region.

gradient, with the length of the arrows denoting 
the gradient amplitudes correlates well with 
increasing T  and Hw in the western part. 
Transverse resistance (TR) has been calculated 
for the main aquifer layer in area 3 (Equation 4.14) 
and compared to TMRS

2=0.41)
obtained using TR=644.63*TMRS

0.3591 (Paper I). 
Transverse resistance is probably not a good 

Table 5.1 A rough summery of typical geophysical parameter like water content MRS), decay 
time (T2

*) and resistivity ( ) for different water bearing units in the Vientiane basin.

5.2 MRS and VES Related to 
Hydrogeological Parameters 
The hydrostatic column (Hw) has been estimated 
from the MRS (Equation 3.17) for different sites 
(Appendix A), and gives a direct volumetric 
estimate of the free water content of the aquifer 
within N2Q1-3. This is the most reliable MRS 
parameter since it is insensitive to equivalence. 
MRS Transmissivity (T ) has also been 
determined using Equation 3.22 for the aquifer of 
N2Q1-3 at different sites (Appendix A) where the 

CT = 1.81*10-13 (Equation 
3.23; Paper I) is derived from MRS data from 
site 17 and 20 and pumping test transmissivity 
from well 8-13. Interpolated maps of Hw values 
(Fig. 5.6a) and T  values (Fig. 5.6b) from area 
3 illustrates that high T and Hw values are 
found in the western part where N2Q1-3 is thick. 
The transgression to low T  and Hw values are 
found within the thin sediments deposited on top 
of the K2sb in the eastern part. The topographic 

parameter to determine aquifer transmissivity in 
the Vientiane Basin, since the aquifer resistivity 

(Sy s) have been estimated 
using Equation 3.15 and 3.16, respectively. The 

(SR) have been estimated from tabled values for 
different kinds of sediments indicated by T2*
(Paper 1; Table 1). Sy varies between 3 and 13% 
(Sr = 3) and Ss is roughly estimated to around 
10-4 for coarse grained aquifers. These values 

obtained in Thailand, Sy = 0.15 and Ss = 2 to 3*10-

3
R varies 
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Fig. 5.6 Interpolated maps of a) H
w
 and b) T

MRS
 values in area 3. T

MRS
 and H

w
values are high in the western 

part of the map and decreases towards east. The topographic gradient, expressed by the arrows, where the 
length denotes gradient amplitude, correlates well with T

MRS
 and H

w
in the western part of the basin. The full 

drawn line refers to the cross section GH in Fig 8b. 
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5.3 Estimation of Water 
Conductivity from Geophysical 
data

temperature has been compared to the modelled 

S/cm], R2=0.81 for 
water from deep wells (Fig. 5.7a), although the 

S/cm ]=
S/cm ]2), R2=0.78.

is very low (R2<0.1). This is because the data is 
very scattered for low VES conductivity (<200 S/
cm or >50 ohm-m) (Fig. 5.7b). The often higher 
water conductivity in deeper wells, probably 
contribute more to the VES conductivity. Shallow 
wells (shallow aquifer) are also more vulnerable 
to local anthropogenic activities whereas deeper 
wells (deeper aquifer) are more homogenous. 
This model does not take the aquifer material into 
consideration. In a recharge area, composed of 

could expect the water to have more dissolved 
solids, than in a recharge area containing coarser, 
less soluble material (Back and Hanshaw, 1966). 
Waxman and Smits (1968) provided a model for 

part of the current is conveyed through the pore 
water, and the other part is associated with the 
electrical double layer (i.e. clay), and the total 
resistivity is the sum of the two. Analogous to 
this, it should be possible to roughly estimate the 

the petrophysical information from T2*
estimator for deep wells would then transform 
to EC[ *VES[ *
T2 , with an unchanged R2 of 0.81 using the 
least squares method. Since, the P-value = 0.76 > 

T2*, there is no indication of serial autocorrelation 
and T2* should be removed from the model. This 
implies that the conductivity of the deeper aquifer 
is more controlled by the conductivity of water 
than by the aquifer material, but also that T2* is 
probably not a good parameter to estimate the 

The cementation factor (m) for different grain 
sizes indicated by the decay time from MRS 
(Paper II; Table 6), has been determined from 
Archie’s law (Equation 4.13) with poor results. 
This is because high conductive sediments are 
present in the N2Q1-3, which invalids Archie’s law. 
Moreover, the porosity estimation from MRS 
water content ( MRS) is probably underestimated, 

sediments.
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Fig. 5.7
for deep wells is obtained using EC[ S/cm ]= 0.3821VES[ S/cm] , R2=0.81.  For shallow wells the R2 <0.1, 
and the data is very scattered for low aquifer conductivity. 
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5.3.1 Water Quality Parameters Related 
to Water Conductivity

Water sample for chemical analysis were collected 
in January 2007 and 2008, from altogether 15 
shallow and 13 deep wells (4 wells in area 1, 7 

analysis for the most common ions together 

Department of Irrigation in Vientiane.

With reference to the analyzed TDS values 
(Appendix B), the groundwater from most wells 

or at least of good quality (<600 mg/l) according 
to WHO’s international standard. Neither, does 
any water samples exceed the limit of electrical 

quality according to the European water quality 

concentrations are also generally low. Only 
one sample exceeds the risk of pipe corrosion 
(>100 mg/l; well 8-4) according to SEPA, and no 
sample exceeds the limits of taste effects (>300 
mg/l, SEPA or >250 mg/l, WHO) (Paper II).

The correlation matrix, including all 28 sampled 
wells for 9 variables is presented in Table 
5.2, where each cell provides the correlation 

that the chloride concentration can be directly 
related to halite. Magnesium and calcium show 
a strong positive correlation to one another and 
to alkalinity.

The analyzed TDS-factor determined from 
Equation 4.15 has an average value of C
and is constant in all the three areas (Appendix 
B).

been diluted using de-ionized water and then 
measured in the laboratory at Luleå University 

concentrations. This analyze show an almost 
-; R2=0.998).

different wells in the three areas are here plotted 

concentrations is quite scattered and exceeds 

here, which could be explained by other ions 

the diluted chloride curve and the water samples 
from wells seems to be about the same.

Table 5. 2 
relation to TDS, chloride, sodium and alkalinity.

EC TDS Cl SO4 Ca Mg Na K Alkalinity
EC 1
TDS 1.00 1
Cl 0.76 0.76 1
SO4 0.36 0.36 0.42 1
Ca 0.70 0.70 0.25 0.24 1
Mg 0.73 0.73 0.33 0.23 0.96 1
Na 0.88 0.88 0.93 0.29 0.30 0.34 1
K 0.22 0.22 0.25 0.32 0.05 0.17 0.18 1
Alkalinity 0.85 0.85 0.40 0.11 0.89 0.88 0.56 0.12 1

also show a strong and positive correlation to 

to hardness. Furthermore, chloride shows a 

Total hardness (HT
2+

and Mg2+ content in the water from the Equation 

HT
2=0.90).

This analysis shows that the main water quality 

basin are TDS, hardness and chloride. 
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4.4 Comparison of TDS to Aquifer 
Conductivity and Hydrogeological 
Parameters
The Salinity (TDS) is caused by differences 

groundwater and climate factors. Therefore, the 

here plotted together with the VES conductivities 

of the main aquifer layer (Fig. 5.10b). TDS 
is also plotted together with hydrogeological 
parameters like transmissivity (T ) (Fig. 5.10c) 
and hydrostatic column (Hw) (Fig. 5.10d).

TDS determined on water from 7 deep wells in 
area 3 has a maximum in the northern central part 
of the basin, with the highest value of 558 mg/l in 
well 8-4. The TDS decreases towards the south, 
but also to the east in area 3. This agrees fairly 
well with the conductivity of the bottom layer 
located beneath the main aquifer on depths of 20 
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salt curve.
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to 40 m in the western part and at about 10 m in 
the eastern part. It has also a maximum in the 
central part of the basin, although shifted more 
to the south part (Fig. 5.10a). The main aquifer 
conductivity has a similar relation with the TDS, 
although the conductivity seems to be high in 
the eastern part of the basin as well (Fig. 5.10b). 
This might be an indication that the salinity of 
deep wells is more affected by the bottom layer 
than the main aquifer. The topographic gradient 
correlates well with increasing T  and Hw in 
the western part, and the maximum T  (Fig. 
5.10c) and Hw (Fig. 5.10d) correlates very well 
with the conductivity of the bottom layer and 

the aquifer and is thus also located somewhat 
different compared to the TDS maximum. This 
could imply that the amount of water and the 
rate of circulation could have an impact on the 
salinity of the underlying layer and the aquifer 
layer. It could also be an indication that salt in the 
northern part of area 3 is diluted and transported 
southward, where it contributes to the higher 
conductivity in the main aquifer layer and the 
underlying layer. Still the number of data is too 
small and scattered spatially to make a more 
quantitative interpretation possible. 
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Fig. 5.10 TDS contours together with maps of VES conductivity a) of the bottom layer and the b) aquifer 
layer, c) transmissivity (T

MRS
) and d) hydrostatic column (H

w
), together with topographic gradients expressed 

by arrows, where the length denotes gradient amplitude. The maximum conductivity of the bottom layer 
and the aquifer layer correlates well to the maximum H

w
 and T

MRS
 but is shifted to the south compared to the 

maximum TDS.
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6. Conclusions and 
Recommendations
The physical conditions in the Vientiane basin, 
Laos, with small variations in the magnetic 

and sediments and fairly low noise, make MRS 
a suitable method for groundwater exploration 
here. MRS demonstrated to be a good tool to 
identify and characterize aquifers in different 
geological environments. Where the MRS 
Signal to noise ratio was too low for a reliable 
interpretation, MRS and VES together proved 
to decrease the uncertainty in the interpretation. 
Moreover MRS has also shown to be a powerful 
tool in constraining layer thickness and to 
identify water layers with medium resistivity 
in between high and low resistive structures in 
the VES interpretation (e.g. site 9 and site 16). 
MRS also helps distinguishing between medium 
resistive layers of impermeable rock from what 
could have been interpreted as water if only VES 
measurements had been carried out.

MRS and VES recognizes the stratigraphic unit 
N2Q1-3, consisting of alluvial unconsolidated 
sediments, as the main water bearing unit. The 
results from the MRS measurements show that 
within the region there is usually one to two 
water bearing layers. The aquifer thickness 
varies between 10 to 40 m and the depth to the 
main aquifer range from 5 to 15 m. The water 
content is here relatively high, up to 16 % and 
decay times varying between 100 and 400 
ms, suggesting a mean pore size equivalent to 
medium sand to gravel. The resistivity of the 
water layers is usually between 10 to 100 ohm-m 
suggest that the water is fresh, which is supported 
by conductivity measurement on water from 
wells. MRS and VES also identify an underlying 

to 50 m depth. Since this clay is most probably 
related to halite layers and has a resistivity as low 
as 0.5 ohm-m, it is likely that it is affected by the 
salt. The clay layer might serve as an indicator of 
halite, and it probably works as a salinity barrier 
for the overlying aquifers. Hence, as a future 
drilling guidance in the Vientiane Basin, one 
should not drill deeper than 30 to 40 m in area1, 
20 to 30 m in area 2 and 20 to 30 m in area 3.

Several approaches have been used to establish 

aquifer conductivity, including Archie’s law and 
a model where the total conductivity is the sum 

2*.  However, 
both with poor results. There is still a strong 

S/
cm], R2=0.81. No relation is found between 
conductivity from shallow wells and VES 
conductivity (R2=0.09). This is probably because 
the often higher water conductivity in deeper 
wells contributes more to the VES conductivity. 
Interpolated maps of TDS from deeps wells 
together with maps of the conductivity of the 
bottom layer, aquifer layer, MRS transmissivity 
and MRS hydrostatic column indicates that the 
salt originate from the underlying layer situated 
beneath the main aquifer, but could also be 
transported from the northern part southward 
where it is trapped in the bottom of the thicker part 
of the aquifer. No wells in the investigated areas 
have water chemistry parameters exceeding the 
limit for unacceptable drinking water according 
to WHO or the European water quality standard. 

the water conductivity in the Vientiane Basin 
are TDS, hardness and chloride, which all have 

conductivity. This makes MRS and VES a very 
promising tool for guidance of future drillings 
and water quality estimation.
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Appendix A

Summary of the most important site characteristics for the sites 1 to 32 with coordinates expressed 
in WGS84 (Lat/Long). Geology unit, choice of MRS loop design: 100 square, 8-shape or 50 square 
2turn, MRS signal to noise (S/N) ratio, resistivity of the main aquifer ( ), transverse resistance (TR), 
hydrostatic column (Hw), MRS transmissivity (TMRS y s) and 

Name North [°] East [°] Geology  Loop MRS S/N VES TR Hw T MRS Sy Ss 

Site 1 18.15149 102.59822 N2Q1-3 100 10.77 1.83 29 42.5
Site 2 18.16318 102.58663 N2Q1-3 100 4.31 600 x 2.72 214 6.44 1.42 42.5
Site 3 18.15233 102.6011 N2Q1-3 100 6.27 19 x 2.58 157 9.97 1.59 40.1
Site 4 18.14991 102.60523 N2Q1-3 100 <2
Site 24 18.08789 102.5862 N2Q1-3 100 2.15 20 492 1.52 28 31.9
Site 25 18.08951 102.64348 K2tn 100 <2
Site 26 18.07345 102.64638 K2tn 100 <2
Site 29 18.10662 102.63969 K2tn 100 <2
Site 30 18.11939 102.62428 N2Q1-3 100 4.95 1.18 19 31.9
Site 31 18.05997 102.58526 N2Q1-3 100 2.19 150 5277 0.95 1 31.9

Site 5 18.32905 102.65276 N2Q1-3 100 9.75 6 97 1.18 17 29.5
Site 6 18.34009 102.64332 N2Q1-3 100 <2
Site 7 18.34072 102.6558 N2Q1-3 100 <2
Site 8 18.28359 102.67604 N2Q1-3 100 9.94 1.31 72 3.13 1.26 23.9
Site 9 18.2799 102.67656 N2Q1-3 100 5.38 13 233 0.55 5 1.18 17.9
Site 10 18.27501 102.67675 N2Q1-3 100 7.6 2.44 342 11.47 1.66 27
Site 11 18.28401 102.6701 N2Q1-3 100 8.89 1.06 33 4.69 1.34 23.9

Site 12 18.48658 102.45809 N2Q1-3 100 2.06 34 131 0.15 0 6
Site 13 18.49323 102.45568 N2Q1-3 100 <2
Site 14 18.48178 102.45693 N2Q1-3 100 2.02 0.20 0 13.4
Site 15 18.49086 102.43041 N2Q1-3 100 3.26 13 255 2.29 533 12.82 1.72 23.9
Site 16 18.48782 102.4263 N2Q1-3 100 9.44 22 705 2.23 341 8.27 1.51 31.9
Site 17 18.47934 102.41704 N2Q1-3 8 2.56 76 2292 0.91 0 31.2
Site 18 18.4388 102.39045 K2cp 2*50 <2
Site 19 18.49046 102.43666 N2Q1-3 100 2.63 194 873 0.38 2 10
Site 20 18.48913 102.41842 N2Q1-3 8 2.57 79 1468 0.77 11 19.1
Site 21 18.56654 102.38577 N2Q1-3 8/100 2.3 82 0.74 2 30.2
Site 22 18.51135 102.4336 N2Q1-3 8 3.19 863 12082 0.75 18 4.70 1.34 24.4
Site 23 18.4992 102.46492 N2Q1-3 8 <2 9 76 0.13 9.1
Site 27 18.48273 102.45195 N2Q1-3 100 2.07 103 405 0.14 0 6
Site 28 18.48104 102.43152 N2Q1-3 100 2.82 267 5201 1.70 18 31.9
Site 32 18.51975 102.44565 N2Q1-3 8 <2 11 113 0.16 8
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Fig. 1. The Vientiane Province, with the Vientiane Basin in the drainage basin of Nam Gnum and Mekong 
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and Williamson et al. (1989



2

g

for exploration the small

2. Study Area

regionally. Temperature ranges from as high as 

2.1 Geology and Hydrogeology

northern part of the Sakhon Nakhon Basin in 
The Khorat Plateau 

2



3

Thangon formation (K2tn

kilometres

0 10 20

Vientaine Basin 

102.6102.2 103.0
17.75

18.25

18.7

A

F

E

H

G

B

A

F

E

H

G

B

China

Vietnam

Thailand

LAOS

Vientiane

Cambodia

Khorat
Plateau

Geology
Fault

Geology profile 

Depth to Halite
interpolated area

Quarterny

Neogene

Cretaceous

Jurassic

Q4

Q2-3

N2Q1vc

K2tn
K2cp
J-Kpn

Accurated
Thrust
Normal
Under Cenozooic
Refered
Reverse

°

°

°°°

°°°

Fig. 2.

N
e

o
g

e
n

e
-

Q
u

a
te

rn
a

ry
C

re
ta

c
e

o
u

s

E
a

rl
y

L
a

te

Ju
ra

ss
ic

C
re

ta
c

e
o

u
s

Q4

Q2-3

N2Q1-2

K2sb

K2tn

K2cp

J-Kpn

0.5

20-25

70

150

>550

400

350

P
h

o
n

 H
o

n
g

 G
ro

u
p

K
h

o
ra

t 
G

ro
u

p

SymbolPeriod Thickness [m]
Vientiane

Stratigraphy

Vientiane Fm.

Saysomboun Fm.

Thangon Fm.

Champa Fm.

Phu Phanang Fm.

Thai

Equivalent

Phu Thok Fm.

Maha Sarakham Fm.

Phu Phan Fm.

Phra Wihan Fm.

Fig. 3.



4

K
10-8 to 10-14

of (Sy
-7 Ss

is 2*10-9 K2tn

K2sb

K2sb K2sb is found in the middle and 
K

ranging from 10-8 to 10 m/s, a Sy of around 0.01 
and a Ss 10-6.TheNeogene to Quaternary Vientiane 
Formation (N2Q1vc
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CT

pSy MRS SR

Ss g MRS

HW MRS z

TMRS CT

4
T2

*2
dz

z

Table 1. Typical values of decay time (T
2
*) for different geological materials (Shirov et al, 

Decay time SR [%] α [m^2/N] *10^-8 Petrophysical Information
T2* < 3 ms Clay bound water

T2* < 30 ms Sandy clays
30< T2* <60 Clay sands, very fine sands
60< T2* <120 Fine sands

120< T2* <180 Medium sands
180< T2* <300 Coarse and gravely sands
300< T2* <600 Gravel deposits
600< T2* <1500 [25°C] = 4.8*10-10 Surface water bodies

3-12 0.52-1

25-45 6.9-200

5-15 1.3-10

HW
3/m2

T2*, is the 

T2*
T2* and 

MRS

3.2 Vertical Electrical Sounding 
(VES)
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CT TP _ i /
i 1

n

zMRS MRS

4
T *1,2

2

i 1

n
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5. Results

5.1 Laboratory Measurements
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5.2 Field Measurements
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Name North [°] East [°] Geology  Loop MRS S/N VES TR T Sy Ss 

Area 1
Site 1 N2Q1-3 100
Site 2 N2Q1-3 100 x

N2Q1-3 100 x
N2Q1-3 100 <2
N2Q1-3 100 20 28
K2tn 100 <2
K2tn 100 <2
K2tn 100 <2

N2Q1-3 100
N2Q1-3 100 1

Area 2
N2Q1-3 100
N2Q1-3 100 <2
N2Q1-3 100 <2

Site 8 N2Q1-3 100
N2Q1-3 100

Site 10 N2Q1-3 100
Site 11 N2Q1-3 100
Area 3
Site 12 N2Q1-3 100 0

N2Q1-3 100 <2
N2Q1-3 100 0
N2Q1-3 100
N2Q1-3 100 22
N2Q1-3 8 0

Site 18 K2 <2
N2Q1-3 100 2 10

Site 20 N2Q1-3 8 11
Site 21 N2Q1-3 8/100 82 2
Site 22 N2Q1-3 8 12082 18

N2Q1-3 8 <2
N2Q1-3 100 0

Site 28 N2Q1-3 100 18
N2Q1-3 8 <2 11 8

Table 2.

w

(T
y s

3. Using Sr and
)

its T2* Sy and Ss

Sy Sr
N2Q1-3. The Ss for 

around 10-4

Sy
Ss 2 to 3*10-3 (

6. Discussion

on top of the halite layer, the depth to the halite 
is also an estimate of the maximum depth of the 
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MRS
(T2

*

MRS T2
*

T2
*

K2tn

and f

K2tn  N2Q1-3

2

Table 3. A rough summery of typical geophysical parameter like water content ( MRS), decay time
(T2

*) and resistivity (

/ f
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differs a lot from one site to another.
T2

*

relationship to MRS

if letting the T2
*

Sy
and Ss estimates for N2Q1-3

SR and  for the same type of 

7. Conclusions
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drill deeper than 30 to 40 m in area1, 20 to 30 m 
in area 2 and 20 to 30 m in area 3.
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Abstract
The aim of this study is to test the possibility of using MRS and VES together with groundwater chemistry 
data to distinguish freshwater aquifers from salt affected groundwater and moreover determine water 
quality parameters directly from geophysical data. Three study areas within the Vientiane basin, including 
32 sites and 28 sampled wells have been chosen for the study. The combination of MRS and VES 
allows distinguishing between the main fresh water bearing unit N2Q1-3 from the salt affected clay 
layer of K2tn in all three investigated areas. N2Q1-3 is characterized by relatively high water contents, 
up to 16 %, and decay times, suggesting a mean pore size equivalent to medium sand to gravel. The 
resistivity is highly variable, but usually above 10 ohm-m, suggesting predominantly fresh water in 
the aquifers according to the European drinking water standards 
high conductive clay layer overlying the rock salt of the Thangon formation can be found in all three 
areas on depth of 20 to 50 m characterized by low water content and resistivity lower than 5 ohm-m. 
Several approaches have been used to establish the relationship between the water conductivity collected 
from wells and the aquifer conductivity determined from VES, including Archie’s law. However, the best 

2

to VES conductivity (R2

shallow wells and hence contributing more to the aquifer conductivity. Interpolated maps of TDS from 
deep wells together with maps of the conductivity of the bottom layer, aquifer layer, MRS transmissivity 
and hydrostatic column indicates that the salt originate from the underlying layer situated beneath the main 
aquifer. The water quality parameters affecting the water conductivity most are TDS, hardness and chloride, 
for which all have shown to have a high correlation to the EC of water, and thus VES conductivity. This 
makes MRS and VES a very promising tool for guidance of future drillings and water quality estimation.

Keywords: magnetic resonance sounding; vertical electrical sounding; resistivity; conductivity, salinity, 
groundwater quality; Vientiane basin, Laos; Khorat Plateau. 
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1. Introduction
When evaluating aquifers for drinking water 
usage, quality of groundwater is as important as 
its quantity. In Lao People’s Democratic Republic 

the rural population had direct access to water 

live in rural parts and are heavily dependent on 
dug wells as their main water source. However 
deep wells, river water and rainwater are also 

out during the dry period and in addition, water-

waste and excreta from farm animals, have 

lead to a high morbidity rate (Medlicot, 2001; 

differences in the Vientiane basin, which makes 

from the visible physical environment. In 1993 
the “Project for Groundwater Development 
in Vientiane Province” was implemented by 

aiming at raising the water supply ratio in the 
rural areas by drilling deep wells (Takayanagi, 

when evaluating the project in year 2000, as 
much as 60% of the wells were not used for 
drinking due to bad water quality or maintenance 

was mainly due to salt in the groundwater. Rock 
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salt is naturally occurring within the basin as 
shallow as 50 m depth in the Thangon formation 
(Takayanagi, 1993; Wannakomol, 2005; Srisuk
et al., 1999 and Williamson et al., 1989

The aim of this study is to test the possibility of using 
geophysical techniques to distinguish freshwater 
aquifers from salt affected groundwater and 
furthermore explore the possibility to determine 
the quality of the groundwater directly from 
geophysical parameters. This we do by combining 

data from groundwater in different geological 
environments in the Vientiane Basin. Resistivity 
methods have been widely used to characterize 
aquifers as there is a direct relationship between 
hydraulic and electric parameters governed 
by electric conduction through porous media 

it is not possible to distinguish high conductive 
groundwater from e.g. increased clay content. 
MRS is based on the principal of Nuclear 

image of the water content of the ground and 
hence the vertical distribution of an aquifer. 
By combining MRS with VES, salt affected 
groundwater could be distinguished from high 
conductive sediments and freshwater aquifers. 
Similar MRS and VES investigations have been 
made in Cambodia and in Burma (Vouillamoz et 

hydraulic characterization of the aquifers.

2. The Vientiane Basin
The Vientiane Province is located in central Laos 

province is situated in the drainage basin of the 
Nam Ngum and Mekong rivers and the average 
elevation of the area is 170 to 190 m. This fertile 

big irrigation systems. The surrounding mountain 
area is covered by forests and the elevations in 
the area range up to 1600 m. Laos has a tropical 
monsoon climate with a rainy season from May 
to October, followed by a cool dry season from 

November to February and a hot dry period from 
March to April. The average rainfall is about 1 
780 mm, but it varies regionally. The temperature 

in the mountain area in the winter (Stuart-Fox 

2.1 Geology
The Vientiane Basin is located in the very 
northern part of the Sakhon Nakhon Basin within 

The Plateau covers an 
area of 170000 km2

north-eastern Thailand and central Laos. During 
the Cretaceous, due to relative sea-level rise, 

but was sporadically isolated from the oceans. 
This created the Maha Sarakham formation, a 
three layer salt unit separated by red-coloured 

include thick successions of halite, anhydrite 
and potassic minerals like sylivite and carnalite 

as at 50 m depth. 

The equivalent to the Maha Sarakham 
Formation in the Vientiane Basin is the 550 m 
thick, middle Cretaceous, Thangon formation 
(K2tn
eastern part of the Vientiane Basin (Long et 

mobilized into pillows and small diapers (Lovatt 
K2tn is overlain by the 

Saysomboun formation (K2sb
This formation originates from upper Cretaceous 
and is composed of red-brown claystone that 
gradually changes to siltstone with a maximum 
thickness of 150 m. The K2sb is mainly found 
in the northern part of the basin. This formation 
is overlain by the Vientiane formation (N2Q1-2

stratigraphic units Q2-3 4 (<0.5
. N2Q1-2 and Q2-3

have similar characteristics and will be treated 
as one stratigraphic unit in this paper (N2Q1-3
The N2Q1-3 unit is an alluvial deposit locally 
found in abandoned river channels, containing 
mostly gravel, sand and clay. The possibility for 
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developing groundwater in this unit is regarded 
Underlying the 

Thangon Formation is the Khorat Group, which 
among others consists of the Champa- (K2cp
Phu Pha Nang formataions (J-Kpn
400 m and 350 m respectively, thick formations 
are found primarily in the western and eastern 
part of the basin. They are largely composed of 
sandstone of Cretaceous and Jurassic age.

2.1.1 Salinity Caused by Natural and 
Human Activities

Salinity can arise from natural causes or from 
human activities. The major source of salinity 
within the Vientiane Basin, originates primarily 
from the salt structures of Thangon formation. 

Salinity in shallow groundwater, originates from 
weathered salt accumulated in the upper clastic 
sediments transported from higher altitudes to 
nearby lowlands and valleys. Here, the water 
evaporates, leaving the salt in the upper soil 
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in a recharge area penetrates down to the rock 
salt and then is transported to lowland discharge 
areas. Salt groundwater can also be transported 
upward through faults and fractures caused by 

of salt in many different ways. Within the Khorat 
Plateau, soil salinity has been reported due to 
deforestation, construction of reservoirs, salt 

2.2 Study Area
Three areas were selected for geophysical studies 

been performed in 32 and 18 sites, respectively. 
Water chemsitry data have been collected from 
13 deep and 15 shallow wells in near vicinity of 
the measuring sites. The sites have been chosen 
according to differences in geology and water 
quality, where geological and water chemistry 
data were retrieved from JICA (Takayanagi, 

initial survey, noise level and accessibility was 
evaluated, which in most cases resulted in that 
dry rice paddies were chosen as measuring sites. 

3 Geophysical Methods and 
Interpretation Techniques
The MRS measurements were carried out with 
the Numisplus equipment manufactured by Iris 

resolution of 1 nT. The VES measurements were 

in laboratory were made using the conductivity 

3.1 Magnetic Resonance Sounding 
(MRS)
MRS is a non invasive geophysical technique 
that energizes the protons in groundwater 
by transmitting an electromagnetic pulse in 
the larmor frequency and then measures the 
resonance signal sent back from the protons. The
method and principles are thoroughly described 

amplitude (E0

MRS
decay time (T2*
size of the material. With current limitation of 

can not be detected. The water content ( MRS
determined from the inversion of the E0 and is 
presented as a function of  MRS together with T2*
versus depth. 

Parameters such as porosity (
porosity ( e
from E0 inversion in coarse grained aquifers, 
under the assumption that bound water, dead-end 
unconnected porosity is negligible (Lubczynski 

E0
then MRS
relaxation time T2*, is the characteristic time for 
the loss of spin rotation coherency and is directly 

Typical values of T2* are presented in Table 1. 

Decay time Petrophysical Information MRS
T2* < 3 ms Clay bound water
T2* < 30 ms Sandy clays
30< T2* <60 Clay sands, very fine sands
60< T2* <120 Fine sands
120< T2* <180 Medium sands
180< T2* <300 Coarse and gravely sands
300< T2* <600 Gravel deposits
600< T2* <1500 Surface water bodies

Undetectable

Detectable

Table 1. Values of decay time (T2*) for different geological materials
(Shirov et al, 1991; Allen et al 1997) .



5

MRS is able to resolve the aquifer geometry 
down to half the loop size and detect water 
down to approximately the depth of the loop size 
(Lubczynski and Roy, 2003 and Legchenko et al, 

The MRS data was interpreted with the inversion 
software Samovar, based on the least square 
solution with regularization (Legchenko and 

for reliable interpretation. Due to equivalence, 

of regularization controls the smoothness of 
the interpreted water content distribution with 

regularization will not present sharp boundaries 
or changes in water content with depth in medium 
to coarse sand aquifers in an accurate way. A low 
regularization on the other hand could cause 
unrealistic variations within small depth ranges. 

he MRS 
interpretation also requires an electrical model 
of the subsurface. 

3.2 Vertical Electrical Sounding 
(VES)
18 VES measurements were conducted on or in 
proximity of the MRS sites using a Schlumberger 

AB/2 distances usually up 
to 200 m. The data were interpreted with the 

and where geological borehole data is present, 
it has been used to constrain the layer geometry. 
However, in some sites this kind of information 
was not available. The interpretation of VES data 
is complicated by the fact that  resistivities for 
salt water, water saturated clay and sand overlap. 
Furthermore, due to the high resistivity contrasts 
between the often high resistive, dry top soil 
and the low resistive saline aquifer, interjacent 
freshwater layers with medium resistivities are 

.

3.4 Water Quality Related to 
Conductivity.
Salinity is measured in Total Dissolved Solids 

is the total sum of cations and 
anions and the undissociated dissolved species 

however, can also be determined by multiplying 

with the TDS-factor (CTDS

       

TDS is often used for evaluating the water quality 

Class TDS (mg/l)
Excellent <300
Good 300-600
Fair 600-900
Poor 900-1200
Unacceptable >1200

Table 2. Palatability of drinking water 
(WHO, 1996)

The main source of cations and anions in 
groundwater is the slow dissolution of minerals 
in rocks, and soils and minerals when the 
groundwater moves through the strata (Reynolds 

three types of sources that contribute to the 
variation in groundwater chemical characteristics: 

i.e. increasing dissolution and hence more ions in 

and evaporation, which results in groundwater in 
arid environments to generally be more saline 
than groundwater in humid regions.

The European drinking water standards 

quality suggested a level of no more than 400 

TDS mg/ l CTDS * EC
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sometimes measured with reference to the level 
of chloride, which can also be directly related 
to EC. According to the Swedish National Food 

of natural chloride in groundwater comes from 
dissolution of halite. Water with a high mineral 
content, primarily of Calcium (Ca2+

Magnesium (Mg2+

Hardness of water is an important criterion for 

hardness can produce a scale in hot water pipes, 
heaters and boilers. It also requires considerable 
amounts of soap before lather can be produced 
and it causes taste differences. Hard water can 
be expected in regions with large amounts of 
limestone (CaCO3 3 2

water with its polyvalent ions directly contributes 

0 can be 
determined from the EC of water from the wells. 

0.

the cementation factor (m

where aquifers are not free of low resistive clayey 
material, a “rough estimator” for the water EC 
can still be made using a linear relationship 

measured from water wells. The conductivity of 

and mobility of ions, where mobility is highly 
temperature dependent. Conductivity of water is 

EC of water with aquifer conductivity it is 
important to correct for the true temperature of 
the water. The conductivity of most groundwater 
varies with about 2% per °C (Clesceri et al. 

4. Results

4.1 Result from the Geophysical 
Investigation

between 43620 to 43850 nT equivalent to a larmor 
frequency of 1859 to 1868 Hz. Depending on the 
noise, a 100 m square or a 8 shaped loop was 
used together with 64 to 100 stacks. The power 
line frequency is here 50 Hz, which allowed for 

matching the highest water content in a water 
bearing layer have been used to characterize that 

T2*
usually agrees well with borehole petrophysical 
information. However, borehole data can 
not always be directly related to the sites of 
measurements.

Examples of measurements from the sites 20, 19 
and 22 are presented in Fig. 3. The Signal to noise 

between 2 and 10. The general trend is that the 

3 Degree of Hardness
1-75 Soft
75-150 Moderately soft
150-300 Hard 
300 or more Very hard

Table 3. Hardness of water (Reynolds and Richards, 1996)

The resistivity , of a porous, water-bearing 
material, free of clay minerals can be expressed 

empirically determined formula that expresses 
the resistivity as a function of the water resisitivity 

0, the porosity ( and the water saturation s.

The value of n and m depends mostly on the 
wettability and cementation respectively. If the 
mineral grains are insulator, then a = 1, which 
is the main condition for Archie’s formula. To 
a certain degree of decreasing resistivity of the 
mineral grains, the constant a decreases too 

environment without conducting grains (a = 

unconnected porosity is negligible, the MRS 
MRS

a 0
m

s
n
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well for low pulse moments but looses coherency 

between 300 and 700 usually results in a smooth 
aquifer model geometry, which corresponds 
quite well with the lithology mapped in adjacent 
boreholes. T2*

are generally of good quality with RMS varying 

materials such as clay and breccia overlying 
rock salt, all with poor potential for hosting 

one deep aquifer in the N2Q1-3 (e.g. Site 31, Fig. 

around 10 to 15 m depth with maximum water 

positioned  from 30 to 50 m depth. The maximum 
water content varies between 4 and 12%, but is 
usually about 6 to 8 %. The T2* -values range 
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of Geological Structures. 

K2cp is the dominant 
formation in the western part of the basin, whereas 
N2Q1-3 is dominant in the central part and the K2tn
in the eastern part. In the geological cross section 

different characteristics of the N2Q1-3 and the K2tn
N2Q1-3

holds in most parts coarser materials like sand 

like clay and silt. K2tn on the other hand, contain 

gravel sands. The resistivity for these water layers 
ranges between 20 and 600 ohm-m. The K2tn is 
located below the N2Q1-3 with the exception for 
the south-eastern part where it is found from the 
surface and down. It is characterized by very 
low water contents and resistivities lower than 5 

The area 2 is located in the eastern part of the 
N2Q1-3 as the 

dominating stratigraphic unit in the southern part 
and the K2sb

Fig. 4.
MRS model for high pulsemoment with low initial amplitudes.
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However, geological borehole data is sparse in 
this area, and no measurement has been conducted 
in close proximity to a borehole. In the southern 
part
at about 500 m apart. From the MRS data, 2 water 

main aquifer 
of about 5 m depth extending down to around 
20 to 30 m with the same MRS characteristics 
as in area 1. The underlying low water content 
layer has a resistivity of 0.6 ohm-m, which is 
equivalent to the low resistive clay of the K2tn in 
area 1. The northern part includes the sites 5 to 7. 

In site 6 only a low water content is found in the 
upper 10 m of the N2Q1-3 , which then change into 
the K2sb
is found. At a depth of 45 m, the K2sb change 
into clay and anhydrite associated with the K2tn.
The site 5 shared the same MRS characteristics 
as in the sites in the southern part. However, the
resistivity of the two upper water bearing layers 
is 6.2 ohm-m and. The third deepest water layer, 
starting at 18 m depth, has a resistivity of 0.3 
ohm-m, which could be an indication of salt 
affected water.

11
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The area 3 is located in the narrowing upper 

with the K2cp in the western and eastern border 
of the basin, the K2tn in the north and N2Q1-3 in 
the central part. The geological cross section 

this study, illustrates the geophysical soil and 
rock characteristics of the area. The stratigraphic 
unit, N2Q1-3 comprises two water bearing layers 

thickness of up 40 m, which transcends to one 

content in the middle of the cross section. The 
maximum water content is varying between 4 
and 16%, and the T2* generally varies between 
100 and 400 ms, with longer T2* in the western 
part of the basin. The resistivity for the main 
water bearing layer varies considerably from 
site to site but usually ranges between 10 to 250 
ohm-m. In the eastern part, the composition of 
the N2Q1-3 changes to more clayey material and 

the water content is lower than 4% and T2* lower 
than 100 ms. The K2sb underlying N2Q1-3, consists 

T2* around 50 to 
200 ms. The resistivity varies between 10 to 25 

K2tn has not 
been observed in any boreholes here, but VES 
measurement from the sites 15, 16  in the middle 

may indicate the existence of this formation as 
characterized in area 1.

4.2 Result from the Groundwater 
Analysis
Water samples for chemical analysis were 
collected in January 2007 and 2008, from 
altogether 15 shallow and 13 deep wells (4 wells 
in area 1, 7 wells in area 2 and 17 wells in area 

for the most common ions 

was made by  the Department of Irrigation in 
Vientiane. pH values from old water quality 
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same wells or neighboring wells (in area 2 and 
3 and CO3 from alkalinity. 

Chloride and EC data from area 3 collected by 

interpretation.

4.2.1 Quality Control of Chemical 
Analysis

The following quality assurance tests (Standard 

relatively complete analysis are made, including 
pH, conductivity, TDS and major anions and 
cations. Here, 6 tests are presented, where the 

All samples except 8-2 and 8-6 passed the criteria 

cations are more dominant when looking at all 
the samples. None of the samples passed the 

where the calculated TDS is always higher than 
the measured. The measured TDS to conductivity 

implies that the measured TDS is suspect. The 
conductivity has in some wells been measured in 

analysis, which even more implies that the 
measured TDS is too low. Measured EC matches 

generally lower than the calculated conductivity, 
which suggests that other constituents can be 
poorly analyzed as well. Many of the samples 
meet the criterions of calculated TDS to EC ratio 

imply poorly dissociated calcium and sulfate. In 

the salinity in the sampled groundwater is the 
measured EC.

4.2.2 Water Quality

With reference to the analyzed TDS values, the 

TDS (TDSc

3. However, it does not exceed the limit of 1500 

the European water quality standard (directive 
The chemical characteristics of the 

sampled water are listed in Table 4 where the 
water has been characterized according to their 
main constituents. Most Na-Cl type of water is 
collected from shallow wells whereas water from 
deep wells are dominated by Na-HCO3 or Ca-
HCO3, This may imply that salinity in shallow 
wells are caused from evaporation rather than 
migration of salt from deeper structures. The
analyzed TDS-factor does not vary much in the 
three areas, with an average value of CTDS
and prove to be insensitive to different types of 
water. The calculated TDSc factor determined 
from regression analysis gives a CTDS of 0.86 
(R2

TDS c
factor seems to be lower for Na-Cl and K-Cl type 
of water than for water of the type Na-HCO3 or 
Ca-HCO3. Chloride concentration usually varies 

according to SEPA. However, no sample exceeds 

Water samples 
from area 3 were also analyzed by Takayanagi 

salt factory of Ban Bo has been diluted using de-
ionized water and then measured in the laboratory 
at Luleå University of Technology for EC for 

2.5841*Cl-, R2

from water samples in different wells in the three 

of the chloride concentrations is quite scattered 
and exceeds the EC of the diluted chloride 
graph, which could be explained by other ions 
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contributing to the EC. However, the gradient of 
the diluted chloride curve and the sampled EC 
and chloride concentration from wells, seems to 
be about the same.

The correlation matrix, including all 28 sampled 
wells for 9 variables is presented in Table 5, where 

two sets of analytes.

the change is conductivity perfectly. EC and 
TDS also show a strong and positive correlation 

to Na, Cl and alkalinity but also to Ca and Mg, 
which suggest that EC can be directly related 
to hardness. Furthermore, chloride shows a 

that chloride concentration, can be directly 
related to halite. Magnesium and calcium show 
a strong positive correlation to one another and 
to alkalinity.

Total hardness (HT
Ca2+ and Mg2+ content in the water from the 
equation
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Dilluted NaCl

Limmits for assessment of
current conditions (Swedish EPA)

Area 2
Area 3

Wells

aLow
aModerate

aRelatively high

aHigh; risk of pipe corrosion

aVery high; risk of taste effects

Area 1 EC=2.5841*Cl-
R2=0.998

Table 5. 
TDS, chloride, sodium and alkalinity.

EC TDS Cl SO4 Ca Mg Na K Alkalinity
EC 1
TDS 1.00 1
Cl 0.76 0.76 1
SO4 0.36 0.36 0.42 1
Ca 0.70 0.70 0.25 0.24 1
Mg 0.73 0.73 0.33 0.23 0.96 1
Na 0.88 0.88 0.93 0.29 0.30 0.34 1
K 0.22 0.22 0.25 0.32 0.05 0.17 0.18 1
Alkalinity 0.85 0.85 0.40 0.11 0.89 0.88 0.56 0.12 1

Fig. 8. __),

are quite scattered but the overall gradient is the same as the diluted salt curve.
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as described in Standard Methods 2340 B 

HT is 

HT=0.43*EC-11.07 (R2

sediments of different grain sizes comprises the 
N2Q1-3, , water bearing layers have been grouped 
according to mutual grain sizes indicated by T2*

m has been determined for 

MRS is then 

was no correlation found for coarse and gravely 
sands. The number of samples in medium sands 
is too few for interpretation.

temperature has been compared to the modeled 

2=0.81

achieved with the double squared method: 

2 2

of determination is very low (R2

because the data is very scattered for low VES 

HT mg/ l asCaCO 3

2.497 Ca
2 ,mg/ l 4.118 Mg

2 ,mg/ l

Table 6. Unconsolidated sediments of N
2
Q

1-3
 have been grouped according to 

mutual grain sizes indicated by T
2
*, where  the cementation factor (m) have been 

determined from regression analysis. 

Soil characteristics m R2 no of samples
Clay sands 1.75 0.72 4
Fine sands 1.18 0.42 10

Medium sands 2
Coarse and gravely sands 0.56 0.03 8

4.3 Estimation of Water Conduc-
tivity from Geophysical data 
Within the basin, VES data suggests vertical 
variations in the aquifer resistivity, which is 

from nearby deep and shallow wells. However, 

MRS
VES resistivity (  for the N2Q1-3. This implies that 

MRS within N2Q1-3
the . The cementation factor (m
by a regression analysis of the formation factor 
(F= 0 MRS on a bilogarithmic cross plot, 
where m is the slope of the curve (deduced 

material into consideration. In a recharge area, 

minerals, one could expect the water to have 
more dissolved solids, than in a recharge area 
containing coarser, less soluble material (Back 

media, where one part of the current is conveyed 
through the pore water, whereas the other part is 
associated with the electrical double layer (i.e. 

two. Analogous to this, it should be possible 
to roughly estimate the contribution from the 

information from T2*. The EC-estimator for 
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deep wells would then transform to
]= 2*[ms], for 
deep wells with an unchanged R2 of 0.81 using 
the least square method. Since, the P-value = 

T2*, there is no indication of serial 
autocorrelation and T2* should be removed from 
the model. This implies that the deep aquifer 
conductivity is controlled by the conductivity of 
water and not the material of the aquifer. 

4.4 Comparison of TDS to Aquifer 
Conductivity and Hydrogeological 
Parameters

groundwater and climate factors. Therefore, the 

here plotted together with the VES conductivity 

TDS is also plotted together with hydrogeological 
parameters like MRS transmissivity (TMRS (Fig.

Hw
together with the topographic gradients, where 
the length of the arrow indicate the relative 
change in elevation. Hw estimated from MRS, 
gives a direct volumetric estimate of the free 
water content in an aquifer:

N2Q1-3
unit. TMRS is a measure of the hydraulic properties 
of the aquifer (Legchenko et al. 2002; Vouillamoz 

and is estimated from 

CT = 1.81*10-

13

data from site 17 and 20 and pumping test 
transmissivity from well 8-13. 

The measured TDS is too low according to the 
quality control, although it correlates perfectly 
with the conductivity of the groundwater and 

of the aquifer. TDS determined on water from 7 
deep wells has a maximum in the upper middle 
part of the basin, with the highest value of 558 

south, but also to the east in area 3. This agrees 
fairly well with the conductivity of the bottom 
layer located beneath the main aquifer on depths 
of 20 to 40 m in the western part and at about 10 
m in the eastern part. It has also a maximum in 
the middle of the basin, although shifted more 

conductivity has a similar relation with the TDS, 
although the conductivity seems to be high in 
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This might be an indication that the salinity of 
deep wells is more affected by the bottom layer 
than the main aquifer. The topographic gradient 
correlates well with increasing TMRS and Hw in the 
western part, and the maximum TMRS
and Hw
conductivity of the bottom layer and the aquifer 
and is thus also located somewhat different 
compared to the TDS maximum. This could be 
an indication that the amount of water and the 
rate of circulation could have an impact on the 
salinity of the underlying layer and the aquifer 
layer. It could also be an indication that salt in 
the upper part of area 3 is diluted and transported 
southward, where it contributes to the higher 
conductivity in the main aquifer layer and the 
underlying layer. Still the number of data is too 
small and scattered spatially to make a more 
quantitative interpretation possible. 

5. Discussion
The geophysical data are of overall good quality, 
although some VES data are more scattered 
towards the end of the sounding, usually associated 
with low resistivity. The water content ( MRS and
T2

* are seldom coherent and often show a reverse 
proportional relationship. That is, when MRS is
low, T2

* is usually high. This can be explained by 
the low initial amplitude that creates an almost 

T2
*. The increase in 

water content below the non water bearing layer 
K2tn

explain. Geological data from boreholes suggests 
that only clay or halite should be found on these 
depths, which in turn imply little or no water. In 
large pulse moments, water in shallow aquifers 
can generate signals equivalent in amplitude to 
water from deeper aquifer, creating artifacts of 

8-04

8-06

8-08

8-10
8-12

8-13

8-14

8-15

Site 12

Site 13

Site 14

Site 15

Site 16

Site 17

Site 19
Site 20

Site 22

Site 23

Site 27
Site 28

Site 32

102.41 102.42 102.43 102.44 102.45 102.46 102.47
18.47

18.48

18.49

18.5

18.51

18.52°

°

°

°

°

°
° ° ° ° ° ° °

0

1.6

3.1

6.3

12.5

25

50

100

200

300

400

500

T [m /day]

100

TDS [mg/l]

0 1 2

km

8-04

8-05

8-06

8-08

8-10
8-12

8-13

8-15

Site 12

Site 13

Site 14

Site 15

Site 16

Site 17

Site 19
Site 20

Site 22

Site 23

Site 27
Site 28

Site 32

102.41 102.42 102.43 102.44 102.45 102.46 102.47
18.47

18.48

18.49

18.5

18.51

18.52

0
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2.10
2.20
2.30

Hw [m m²]

100
TDS[mg/l]

0 1 2

km

8-04

8-05

8-06

8-08

8-10
8-12

8-13

8-15

Site 12

Site 13

Site 14

Site 15

Site 16

Site 17

Site 19
Site 20

Site 22

Site 23

Site 27
Site 28

Site 32

102.41 102.42 102.43 102.44 102.45 102.46 102.47
18.47

18.48

18.49

18.5

18.51

18.52°

°

°

°

°

°
° ° ° ° ° ° °

0 1 2

km

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

Conductivity [uS/cm]

100
TDS[mg/l]

°

Measuring site Deep well Altitude gradient

8-04

8-06

8-08

8-10
8-12

8-13

8-15

Site 12

Site 13

Site 14

Site 15

Site 16

Site 17

Site 19
Site 20

Site 22

Site 23

Site 27
Site 28

Site 32

102.41 102.42 102.43 102.44 102.45 102.46 102.47
18.47

18.48

18.49

18.5

18.51

18.52

0 1 2

km

0

250

500

750

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

Conductivity [uS/cm]

100
TDS[mg/l]

Fig. 11.
c) transmissivity (T

MRS w
) together with topographic gradients expressed by 

arrows, where the length denotes gradient amplitude. The maximum conductivity of the bottom layer and the 

w
 and T

MRS
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The EC of water samples have been determined 

coherency, which makes EC a reliable parameter. 
This is also the parameter which can be directly 
related to VES conductivity. Although the 
measured TDS factor (CTDS

in EC in water perfectly and is hence a reliable 
parameter to illustrate the variation in salinity. 
The vertical variations in the aquifer conductivity 

EC collected from 
shallow and deep wells. In most cases, the EC
is higher for water from deeper wells than from 
shallow wells, which can be explained either by 
a natural dissolution of minerals as the water 
moves through the strata or from salt dilution 
from the deeper positioned Thangon formation. 
NaCl-type of water could work as an indicator of 
halite polluted water in deeper wells. However, 
most NaCl-type of water is found in shallow 
wells, which might be explained by salt water 
moving from higher areas to lower areas where 
the water evaporates leaving the salt in the 
upper surface. In many deep wells, even those 
with high conductivity, the water is of CaHCO3
type. The halite structures in the Thangon 
formation is usually overlain by a thin layer of 
anhydrite (CaSO4
increased calcium and hardness in some deep 
wells. The interpolated map of TDS and the 
VES conductivity bottom layer underlying the 
aquifer indicates that the high TDS originates 
from there and the similarity between the bottom 
conductivity map and hydrogeological maps of 
Hw and TMRS could imply that the amount of water 
and rate of circulation could have an affect on the 
salinity of water in deep wells. It is also possible 
that the salt is transported from the northern part 
of area 3 southward, where the salt affected water 
is trapped in the bottom of the  thicker parts of 
N2Q1-3, contributing to the salinity of  the aquifer 
and the underlying layer.

The higher R2 for VES conductivity and water 
EC in deeper wells than for shallow wells may 
depend on the often higher water conductivity in 
deeper wells, which contribute more to the VES 

are also more vulnerable to local anthropogenic 

are more homogenous. The water EC estimation 
relating VES conductivity and decay time (T2
show that T2
should be removed. This implies that that deeper 
aquifer is more controlled by conductivity of 
water than the aquifer material, but also that T2* is 
not a good parameter to estimate the conductivity 

estimation in shallow wells suggest that for very 

no correlation at all. However, for higher VES 
conductivity there seem to be some correlation. 
Archie’s law works poorly in the N2Q1-3, since 
the unit is quite heterogonous and contains high 
conductive sediments. Furthermore, the porosity 
estimated from MRS is probably underestimated 

to the pore walls, which can not be detected 
by MRS. Still, a better result can be achieved 
when sediments within the N2Q1-3 have been 
grouped in different grain sizes, indicated by 
T2*
the conductivity contribution from the aquifer 
material. Different approaches are described by 
Waxman and Smits, 1968; De Lima and Sharma, 
1990; Johnson and Sen, 1988. 

6. Conclusions
In the Vientiane basin, the combination of 
MRS and VES allows to distinguish between 
the main fresh water bearing unit N2Q1-3 from 
the salt affected clay layer of K2tn in all three 
investigated areas. N2Q1-3 is characterized by 
relatively high water contents, up to 16 %, 
and decay times, suggesting a mean pore size 
equivalent to medium sand to gravel. The 
resistivity is highly variable, but usually above 
10 ohm-m, suggesting predominantly fresh 
water in the aquifers according to the European 
drinking water standards 

overlying the rock salt of the Thangon formation 
can be found in all three areas on depth of 20 
to 50 m characterized by low water content and 
resistivity lower than 5 ohm-m. 

Several approaches have been used to establish 
the relationship between the water EC and the 
aquifer conductivity, including Archie’s law 
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and a model where the total conductivity is 
the sum of the water EC and the conductivity 

T2*. Both models, returned poor results. There 
is still a strong relationship between water 
EC from deep wells and VES conductivity, 

2=0.81. No relation 
is found between conductivity from shallow 
wells and VES conductivity (R2

is probably because the often higher water 
conductivity in deeper wells contributes more 
to the VES conductivity. Interpolated maps of 
TDS from deeps wells together with maps of 
the conductivity of the bottom layer, aquifer 
layer, MRS transmissivity and MRS hydrostatic 
column may indicate that the salt originate from 
the underlying layer situated beneath the main 
aquifer, but it could also have been transported 
from the northern part area 3 southward where 
it is trapped in the bottom of the thicker part of 
the aquifer. No wells in the investigated areas 
have water chemistry parameters exceeding the 
limit for unacceptable drinking water according 
to WHO or the European water quality standard. 
The main water quality parameters affecting 
the water conductivity in the Vientiane Basin 
are TDS, hardness and chloride, which all have 
shown to have a high correlation to the water EC 
and thus VES conductivity. This makes MRS and 
VES a very promising tool for guidance of future 
drillings and water quality estimation.
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