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Abstract

This thesis presents applications of geophysical methods in the fields of environment and 
hydrogeology. In relation to environmental problems, two different geophysical surveys have 
been carried out; one to study an arsenic contaminated area in the southern Thailand (paper I) 
and a second to locate shallow faults in Quaternary sediments in an area around the Ongkharak 
Nuclear Research Centre, central Thailand (paper II). For hydro-geological problems, surveys 
were conducted in southern Sweden (paper III) and in the Vientiane basin, Laos (paper IV).   

In the arsenic contaminated area, tin and associated minerals, i.e. arsenopyrite and pyrite, have 
been extracted from granites and natural processes and the mining activities led to arsenic 
contamination in the environment. Electrical resistivity and self potential (SP) have been used to 
define the distribution of arsenic contamination in the groundwater. Resistivities of 25 - 100 
ohm-m and a positive SP anomaly of 66.0 mV were observed in an area where the arsenic 
content in auger water at 3.5 to 5.0 m depths was high, 0.5 - 5.0 mg/l.  Integrated interpretation 
of resistivity, seismic refraction, GPR, and gravity data gave a clear image of subsurface 
structures at a depth to 30 m. There was a good correlation between the resistivity and the 
gravity data. A subsurface rise was found, which possibly acts as a naturally buried dam, 
separating a high contaminated area from a low contaminated area. This study has demonstrated 
that the combination of geophysical methods is successful in delineating contaminated areas and 
contributes to the understanding of a possible mechanism for the distribution of arsenic. 

In the Ongkharak Nuclear Research Centre area combined GPR and resistivity pseudosections 
(dipole-dipole and pole-pole arrays) have given a good image of shallow faults in Quaternary 
sediments, faults that were originally indicated from regional remote sensing interpretations.  
Horizontal discontinuities of reflected signals obtained by GPR and images of lateral resistivity 
variation have been correlated to faults or subsurface movement identified by geological 
mapping in trenches. This signature of the faults is caused by contrasts in dielectric permittivity 
and/or in resistivity, which originates from vertical displacement at sedimentary layers and from 
sediments filling the faults. The positions of sub-faults as identified by GPR and their strike 
directions obtained from the trenching data (N60°W - N70°W, N65°W - N70°W, and N30°W) 
agree with the general NW-SE trend of the major faults, the Mae Ping Fault Zone, the Nakhon 
Nayok-Prachinburi and the Ongkharak faults in central Thailand. Thermoluminescence (TL) 
dating showed that sub-faults in the area have been active at about 7,500-2,400, 4,800-1,750, and 
9,700-2,300 years ago. Thus, these sub-faults have been classified to be of the same generation 
and they are defined as “capable faults” with reference to the criteria of U.S. Nuclear Regulatory 
Commission. 

Magnetic Resonance Sounding (MRS) has been successfully tested for detecting groundwater 
and in combination with Vertical Electrical Sounding to characterizing aquifer in southern 
Sweden and in the Vientiane basin, Laos. The combination of MRS and VES in the southern 
areas of Sweden shows that low resistivity layers interpreted as clay are sometimes identified 
close to the surface. The results here have shown that the MRS signals penetrate through the clay 
and that deeper aquifer can still be detected. The MRS data suggest aquifers that are not only 
hosted in soft sediment materials (moraine, sand, and mixed materials), but also hosted in 
basement rocks. Based on the MRS and borehole pumping test data, the hydraulic conductivity 
of aquifers has been estimated and the results agree with yield, average water content and 
subsurface geological data. 



The results from the measurement in the Vientiane basin have shown that there is usually two – 
three water bearing layers, and the ˝best aquifer˝ is found at depths between 15 and 25 m, with 
regard to high water content, permeability and resistivities indicating fresh water. MRS has also 
shown to be an important tool in constraining layer thickness and distinguishing low resistive 
layers of impermeable rock from what could have been interpreted as water in the VES 
interpretation. MRS data also suggest a clay layer at depths between 30 and 50 m, which is 
overlying halite deposits. This clay layer may act as a naturally sealing layer to protect the fresh 
water in above aquifer from salt contamination. On the basis of this drilling for fresh water is 
recommended not to penetrate deeper than 20 to 40 m, depending of the local depth to the clay 
layer.
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Introduction

A number of subsurface geological problems related to e.g. groundwater occurrence, 
groundwater quality and pollution, ground stability for constructions, can be solved by different 
methods such as geochemistry, drilling test, trenching test etc. Most of these techniques are 
destructive and are dealing with underground samples for analyses. However these techniques 
are limited by high costs and time for operation and sometimes by poor resolution in data and 
drilling, digging, or excavating for samples can not be carried out in every place. 

With non-destructive geophysical methods, which are based on physical properties of the targets, 
provided by each method, problems as above can be solved. The advantage of these methods is 
that the data collection is cheaper and quicker than other methods and they can give a more 
continuous image of subsurface geophysical properties than e.g. drilling. Moreover geophysical 
data from each method can be integrated and compared with data from other sources such as 
geochemistry, to contribute to a better understanding of the cause of the problem. The limitation 
of each geophysical method depends on the potential of equipment and the variations in the 
physical properties in the ground, if there is no contrast in subsurface physical properties, 
geophysical methods can not be applied.  

Fig. 1 Locations of the study areas in this thesis work. 

This thesis is composed of four papers, which show applications of geophysical methods for 
solving environmental and hydrogeological problems in different parts of the world (Fig. 1). The 
methods, the measured parameter, and the expected contrast in physical properties of subsurface 
in each study are shown in Table 1. The basic theory of the methods used in this thesis can be 
found in published papers and to a large extent in common geophysics textbooks. 
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Table 1. Geophysical methods using in this thesis and mapped physical properties of subsurface.  

Method Measured parameter Physical properties of 
subsurface

    Applied in
    paper 

Electrical resistivity Earth resistance Electrical conductivity     I, II, III, IV 

Self potential Electrical potential Electrical conductivity     I, II 

Seismic refraction Travel time of 
refracted seismic 
waves

Density and elastic                
moduli, which determine 
the seismic velocities 

    I 

GPR Travel time and 
amplitude of 
electromagnetic 
waves

Dielectric constant     I, II

Gravity Earth gravity field Density     I 

Magnetic
Resonance
Sounding (MRS) 

MRS amplitude 
MRS relaxations 
MRS phase 

Water contents 
Relaxation times 
Electrical conductivity 

    III, IV 

In an arsenic contaminated area (paper I) the geological structures are not clearly known, while 
the arsenic content has been determined by geochemical sampling and analyses. The difference 
in arsenic concentration in a different part of the study area may cause changes in physical 
properties and be related subsurface geological structure. Here, five different geophysical 
methods have been applied to delineate contaminated area and to increase our understanding of a 
possible mechanism for the distribution of arsenic. In paper II the first investigation in Thailand 
is presented where geophysics has been joined with geology for study faults activity. This work 
is conducted in Quaternary sedimentary area where the Thai government has planned to develop 
a nuclear reactor research centre. Geophysics are here used to test an interpretation of faults 
suggested by remote sensing data and then to suggest positions for excavating trenches for 
paleoseismic investigations.  

Access to water, an inevitable factor for live, has become an increasing global problem, not the 
least with reference to climate change, and knowledge of ground water resources and their 
quality are thus increasingly important. With the Magnetic Resonance Sounding (MRS) 
technique we have been given a new method for ground water exploration. Using MRS we are 
able to directly measure the water content in the underground. This has not been possible with 
the classical geophysical methods, which are restricted to indirect indications of water. Amount 
of water, porosity and permeability as well as electric resistivity are parameters that can be 
provided by this method. Since the method is fairly new, it has thus to be tested in the different 
geological environment around the world (Schirov et al., 1991; Goldman et al., 1994; Legchenko 
et al., 1997; Vouillamoz et., 2007 etc.). Also this is taken into account with our work for 
characterizing aquifers in southern Sweden (paper III) and in the Vientiane basin, Laos (paper 
IV).
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Summary of papers 

Paper I 

In this paper, geophysical surveys were carried out in an arsenic contaminated area, in the Ron 
Phibun district, peninsular Thailand. Tin ore and associated minerals, i.e. arsenopyrite and pyrite, 
have been extracted from granites and natural processes and mining activities led to arsenic 
contamination in the environment (Suwanmanee, 1991). The people who consume arsenic 
contaminated surface water and groundwater suffered from skin lesions and hyperkeratosis 
(Paijitprapapon and Ramnarong, 1994). The arsenic concentration in these waters is up to 100 
times higher than that the World Health Organization (WHO) has recommended for portable 
water (0.01 mg/l) (Milintawisamai et al, 1997). Many research methods such as hydro-
geochemistry (Williams and others, 1996; JICA, 1999), isotope (Milintawisamai et al, 1997) and 
soil gas analysis (Wongsanoon et al, 1997) have been used in attempts to identify the source of 
contamination. However, in a conference at Prince of Songkla University (1997), the question of 
where and what was the source of arsenic contamination in the subsurface soil was raised and the 
former studies of the nature of subsurface structure were criticized.  

Thus, the aims of this study were to apply various geophysical methods to create an image of 
subsurface structures, and to determine the distribution of arsenic contamination by using 
integrated data from electrical resistivity, seismic refraction, self-potential (SP), ground 
penetrating radar (GPR) and gravity methods. If a correlation between geophysical data and 
arsenic content can be demonstrated it will be useful for future delineation of arsenic 
contaminated areas.  

Fig. 2 Map showing the study area and the distribution of arsenic content in augur water and in soil elution at 0.3 
and 1.0 m depths (modified after JICA, 1999).  
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The study area is a plain area on the foothill, which is located between the Huai Hua Mhuang 
River and the Khao Suang Chan Mountain (Fig. 2). One reason to choose this area for a detailed 
study is that there is information of arsenic content in soil at the depth of 0.3 and 1.0 m and in 
auger water at 2.0 – 5.0 m depths in the ground (JICA, 1999) (Fig. 3a). Based on the arsenic 
distribution, the area can be divided into two parts; a strongly contaminated and a less 
contaminated part. This gives the opportunity to test geophysical methods to look for a 
relationship between physical properties and arsenic content. Another reason for choosing this 
area is the information of geological structures obtained from logging data at four wells, JICA15, 
JICA2, MV479, and JICA1located at the distance of 0 m, 430 m, 720 m and 1010 m, 
respectively, away from JICA15. This can be used for constraining the geophysical 
interpretation. 

Pole-Pole resistivity pseudosections and self-potential were conducted along 14 profiles (A,
B,…, N) with 20 m a part between the profiles. GPR and seismic refraction surveys were 
performed along the central profile. In addition, gravity measurements at 127 stations were 
carried out covering an area of about 0.5 km2.

The image of subsurface structure beneath the central profile is obtained by integrated 
interpretation of GPR, seismic refraction, resistivity pseudosection, and gravity data (Fig. 3d). 
There is a good correlation between resistivity and gravity data (Fig. 5a and 5b). A highly 
conductive layer with a thickness of more than 16 m is found at the distances of 250 – 520 m and 
790 – 890 m along the central profile (Fig. 3b), suggesting two basin structures. This structural 
image correlates well with a rise of the high resistivity basement rocks at the distances of 80- 240 
m and 520 – 725 m and at 920 in the end of the profile.  

Two major layers beneath the central profile that can be obtained by integrated interpretation 
with based on a good correlation between the models based on resistivity, GPR, seismic 
refraction and gravity data. 

The highly conductive layer is composed of soft sediments with a density of 1,800 kg/m3. It can 
be subdivided into 2 minor layers, a thin layer on the top that has P-wave velocity lower than 572 
m/s, a high resistivity and a strong reflection of GPR waves (Fig. 3a). The base of this layer as 
defined from the seismic data (small dash line in Fig. 3b) follows more or less continuously the 
contour line, representing a resistivity of 100 ohm-m. Below this minor layer there is a thick 
layer of high conductive-water saturated clay and weathered mudstone with P-wave velocities 
lower than 2,224 m/s and a high absorbance of GPR energy. The depth to the bottom of this 
layer (the thick dashed line in Fig. 3b) is defined from changes in seismic velocity which agrees 
fairly well with a change of resistivity that gradually increases with depth. 

The second layer is interpreted as the basement is characterized by a high P-wave velocity (> 
2,541 m/s), a high resistivity up to ca. 6,300 ohm-m, and a density of 2,675 kg/m3. Along the 
central profile, the topography variation of basement can be defined from the interpreted depth to 
the high resistivity layer (Fig. 3b), the depth to the higher density rock and the depth to the third 
layer in seismic refraction model (Fig. 3b). The subsurface structures are very much influenced 
by the topography of the basement. The anticlinal shape of high resistivity and high density (Fig. 
3b,c) correlates well with a variation in layer thickness of the high conductive layer along the 
central profile. The final model based on all the geophysical and geological data is shown in Fig. 
3d.



5

Fig.3 The models of the subsurface beneath the central profile H defined by data of GPR (a), seismic velocities 
overlaid on a resistivity section (b), and bulk densities calculated from gravity data (c). The final model of the 
subsurface based on a combined geophysical interpretation (d). 
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Fig. 4 The distribution of arsenic in augur water and resistivity is shown at depths of 0.3 m (a), 3.5 m (b) and 5.0 m 
(c), respectively. The distribution of arsenic content in augur water at depth < 5.0 m and SP values in the study area 
(d). 

Inversion resistivity models along the 14 profiles showed the same pattern of subsurface 
stratigraphy. The horizontal resistivity variation at 0.3, 3.5, 5.0 and 34.0 m depths is showed in 
Fig. 4a, 4b, 4c, and 5a, respectively. At shallow depth (<3.5 m), the resistivity decreases with 
depth due to increasing of water content except for the two prominent high resistive areas at 
coordinate (360,200) and (960,120). These areas can be correlated to blocks of rocks, which are 
observed on the surface. These blocks are probably left there from dredging mine operation. Low 
resistivities are found at 3.0 and 5.0 m depths in the northern part of the area, close to a big 
swamp. For arsenic distribution in soil elution at 1.0 m depth some parts is below the indicated 
ground water table (0.4–1.3 m). Thus it is not possible to evaluate any correlation between the 
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resistivity and arsenic content of soil elution at this depth. The area of arsenic contamination at 
0.3 m is somewhat shallower than the depth to the determined resistivity, however, the resistivity 
at 0.4 m depth can be roughly compared with the soil arsenic concentration. The arsenic content 
varies between 0.1 and 0.5 mg/l, and there seem to be no correlation with the variations in 
resistivity. 

There is a fairly good correlation between high arsenic contents (0.5-5.0 mg/l) and low resistivity 
(25.0-100.0 ohm-m) at depths of 3.5 and 5.0 m in the central part of the area (Fig. 4b,c). This 
correlation may indicate a decrease in resistivity due to high arsenic content. Such a decrease in 
resistivity has been noticed in laboratory test on water with various contents of arsenic 
(Vanichapichat and others, personal communication, 2001). However, other factors like clay 
content and water content also affect the resistivity. Metals originating from the tin minerals 
(iron, copper and tin) may affect the resistivity as well. Metals were found in most core samples 
of unconsolidated sediments from shallow depths all over the investigated area, but not restricted 
to the central parts. Arsenic compounds and metals from the dressing waste may have been 
transported by the repeated flooding. Large floods were recorded in 1977 and 1988, but small 
floods happen repeatedly in the area (JICA, 1999). Nevertheless, the correlation between arsenic 
content and resistivity, suggests that resistivity data may be used to roughly determine the 
distribution of arsenic in auger water at these depths. 

The appearance of low resistivity at these depths is also fairly consistent with SP data, which 
shows high positive values in this area (Fig. 4d). This is interpreted as due to inflow of 
groundwater, wherein the SP-values increase in the direction of flow (Wanfang et al,1999), high 
degree of water content and more electrolytic concentration in this area. Thus it is possible that 
arsenic may have been transported and deposited in this part of study area.  

Fig. 5 Resistivity distribution at 34 m depth together with concentration of arsenic in auger water (a) and a contour 
map of depth to basement rocks (b). 
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To determine the correlation between the geological structures and arsenic content, the model of 
the deeper structures based on a good correlation between the resistivity and gravity data (Fig. 
5a,b). The contour of the topography of the basement as interpreted from the gravity data shows 
the bedrocks rising up close to the surface in the central part (400 – 650 m) and this rise 
elongates in the direction of ca. N40ºE (Fig. 5b). Also the resistivity at 34.0 m depths (Fig. 5a) 
shows a pattern of high resistivity at approximately the same position and with the same trend as 
that of the basement. This rise of the basement may acts as a subsurface dam. Thus, it is possible 
that groundwater, that carries arsenic, is obstructed by this subsurface dam and arsenic seems to 
be accumulated around and west of basement rise (Fig. 5a). This is agreement with the SP 
anomaly, which may be a small streaming potential originating from the topography of the 
basement and groundwater that flows from more shallow to deeper parts into the basin. 

Conclusions

By integrating different geophysical methods it is possible to define sedimentary structures and 
the topography of the basement. From the comparison of resistivity and SP-data distribution with 
geochemical data, the high concentration of arsenic in auger water (0.5 - 5.0 mg/l) in the central 
part of the study area is shown fairly well correlated with the area of positive SP values (up to 66 
mV) and low resistivity (< 100 ohm-m) at depths of 3.5 and 5.0 m beneath the groundwater 
table. Low resistivity can be caused by other factors like water, clay, and metal contents. Metals 
have been found at shallow depths however, not with any correlation to the area of low 
resistivity. The high arsenic contents area can also be correlated with the topography of the 
basement, which shows a rise of bedrocks that may act as a subsurface dam, creating a basin area 
in its western part of the investigated area. This natural subsurface dam seems to prevent the 
arsenic in the groundwater to spread further into the east. In this scenario the arsenic is then 
deposited in the basin where the high arsenic content auger water is found. This study has 
demonstrated that the combination of geophysical methods may be successful in delineating 
contaminated areas and contributes to the understanding of a possible mechanism for the 
distribution of arsenic. 

Paper II 

In this study geophysical methods have been applied to identify faults in the Ongkharak district, 
located about 60 km northeast of Bangkok, central Thailand (Fig.6). Here the Thai government 
has planned to construct a 10 MW nuclear reactor, the Ongkharak Nuclear Research Centre 
(ONRC). The nuclear reactor plant has to be constructed in a site where there are no active faults 
or faults that can be reactivated and a study of seismic stability is thus required (Kaznovskii et 
al., 2005). Safety criteria regarding faults have been defined by the U.S. Nuclear Regulatory 
Commission: a fault of potential risk is a fault that has moved at least once in the past 50,000 
years, or more than once in the past 500,000 years (Keller, 2002).

Thailand lies in Southeast Asia, which in its most parts are very quiet in terms of historical 
seismicity, except for the very northern part of the country, near the Myanmar-Thailand border 
(Chung and Liu, 1992). The largest recorded earthquake has not exceeded 6.5 (ML) in Richter 
magnitude (Fenton et al., 2003). However, historical earthquake data from 1983 to 2003 shows 
that there are some earthquake events, occurring in the Lower Central Plain of central Thailand 
(Thai Meteorological Department, 2003) with magnitudes of 3.06 to 5.9. These earthquakes 
indicate that the central Thailand is not perfectly stable and if there are faults in this region, they 
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can be reactivated by future earthquakes. Thus, the location of faults in the area around the 
Ongkharak district needs to be defined. 

In this work Ground Penetrating Radar (GPR) and electrical methods have been tested to locate 
faults, which is probably the first in its kind conducted in Thailand. Previous paleoseismic 
investigations were reported by Fenton, et al., (2003): They summarized the results of several 
investigations of active faults in Northern and Western Thailand. The location of faults zone and 
the position for trenching excavation were defined from a sequence of remote sensing 
interpretations (satellite image and stereoscopic aerial photographs), stratigraphic sediment, and 
geomorphological studies. The remote sensing interpretations can roughly determine the location 
of a fault zone or zone of subsurface deformation, but for trenching studies the exact position of 
the fault is needed. With the advantage of high-speed data collection, high-resolution, quick data 
processing and low man power for the survey, the GPR method was here used to test the remote 
sensing interpretations. Also resistivity mapping and self potential (SP) measurements were 
added with the purpose of testing the feasibility of these methods in fault detection. 

In order to test the existence of faults around the Ongkharak Nuclear Research Centre, ten small 
study areas based on the Landsat 7 ETM satellite image and aeromagnetic interpretations were 
selected to conduct a detail study of fault activity using aerial photographic interpretation, 
geomorphologic field surveys, and ground geophysics. In this paper we present they results from 
three areas (Fig. 6); area 2 (Baan Khao Ka Riang, Nakhon Nayok province); area 7 (Baan Cha-
Om, Saraburi province) and area 9 (Baan Beung Mai, Saraburi province). 

Fig. 6 Topography and major structure in the Nakhon Nayok province, including the investigated areas, area 2, area 
7, and area 9, included in this paper.  
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In these three areas, a common-offset GPR survey using RAMAC pulse GPR system (MALÅ 
GeoScience AB, Malå, Sweden) with antenna frequency 50 MHz, an antenna offset of 2.0 m, 
and a measuring interval of 0.5 m was first carried out perpendicular to the expected strike 
direction of the faults as determined from remote sensing interpretation and geomorphologic 
data. Possible positions of faults were then defined from the GPR data and locations for trenches 
were suggested. When the shallow subsurface structure was exposed down to a depth of about 3 
m, resistivity pseudosection and SP measurements were conducted along the trenches with the 
aims to compare the results with geological observations and GPR data. The SP measurements 
were performed only in the areas 7 and 9. 

Results from area 2: Baan Khao Ka Riang 

The GPR data from a profile (2C) suggest possible positions of faults at distances of 22 m, 34 m, 
and 60 m from the beginning of the profile. A trench was then dug along the profile at a distance 
from 60 to 80 m. A normal fault that was found on the trench wall at a distance of ~ 62.0 m with 
a dip of 60° toward the SW and a strike direction of N70°W is consistent with the positions of 
the interpreted fault. A vertical displacement of 0.25 m shows here that this normal fault cut 
through the lowest sedimentary unit (D) and terminate in the one on top (C). The two units above 
(A and B) are consequently younger than the fault.

The GPR image can be interpreted as 3 layers corresponding to: (1) top soil, (2) volcanic gravel, 
and (3) the weathered-volcanic rocks. The GPR velocity in this profile is 92 m/μs determined 
from the hyperbolic pattern of the reflected signal. The pattern of the reflected signal may also 
indicate the type of medium that the GPR waves traveled through; a fine-grained clay correlates 
well with low amplitude reflected signals, while a coarse sand coincides with high amplitude 
signals.

Pole-pole and dipole-dipole resistivity pseudosection of the upper 6 m may indicate 3 different 
layers: (1) an upper high resistive layer (100 – 794 ohm-m) with a thickness about 1.5 m, (2) a 
middle low resistive layer (63 – 251 ohm-m), and (3) a deeper part of high resistivity (251 – 
1,995 ohm-m). For depths below 6 m in the pole-pole pseudosection, a high resistive layer found 
at a depth of about 16 m, is interpreted as a fresh volcanic rock. The resistivity pseusection did 
not reflect any detailed stratigraphy, as compared to the trenching image. The low resistivity in 
the middle is found corresponding with the layers of gravel and the weathered-volcanic rocks 
(unit D and unit E), while the high resistivity layer in the upper part is consistent with the top soil 
material (units A, B and C), as interpreted from GPR data. In this profile the fault or shear zones 
that were found in the trench are not indicated in the resistivity pseudosections. 

Results from area 7: Baan Cha-Om 

Along one of the profiles (7A) in this area the GPR data suggest three locations of faults; at 86 
m, 113 m, and 123 m from the beginning of the profile. A trench was here dug at a distance from 
106 to 132 m. A distinct discontinuity in reflected waves is found in a gravel unit (D) at ~123 m. 
A fault can also be seen on the NW trench wall at a distance from 118 to 119 m, a fault that 
strikes N70°W and a dips of 40°. There is also a significant strike-slip movement, which is 
indicated by a difference in material on the both sides of faulting. This can also be seen at a 
distance from 116 to 118 m on the SE wall, where the measured trend direction and dip of the 
fault is N65W and 40°, respectively. The subsurface movements occurred after accumulation of 
the units on top (B and C). 
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Also in this profile the GPR section can be interpreted into three layers: (1) top soil, (2) volcanic 
gravel, and (3) the weathered-volcanic rocks. For the depth conversion of the GPR section, a 
constant average propagation velocity of 56.51 m/μs is calculated from the two-way travel time 
of waves reflected from the top of the big gravel layer known from trenching. The sediments at 
depths from about 60 to 300 ns can be subdivided into two layers: an upper layer with greater 
attenuation of reflected signals than that of a lower layer. This lower layer may correspond to 
weathered-volcanic rocks shown in the lowest part on the trenching wall. The upper part of this 
layer, a fine grained clay layer, correlates with low amplitude reflected signals, while the lower 
part, rich in coarse sand, coincides with high amplitude reflected signals. 

The pole-pole and dipole-dipole resistivity pseudosections covering the upper 6 m can be 
separated into three layers: (1) an upper high resistive layer (251 – 3,162 ohm-m) with a 
thickness of about 1.5 m, (2) a middle low resistivity layer (10 – 251 ohm-m), and (3) a lower 
high resistivity layer (251 – 3,162 ohm-m). The high resistivity layer found at a depth of about 
14 m should represent the basement extending from the Khao Sathon Sung Mountain.  

The low resistivity middle layer corresponds well with a gravel layer and with weathered-
volcanic rocks (units D and E) as shown in the trench. The high resistivity layer in the upper part 
corresponds to top soil (units A, B and C). In this profile there is no correlation between the 
resistivity pseudosection patterns and the fault found in the trench. 

SP measurements show some similarities with other data. If the minimum SP value is generated 
from the difference in electrical properties of materials separated by the fault or there are some 
fluid flows (streaming potential) in the fault plain, thus the minimum SP values can be an 
indicator of the fault position. However, only one of the SP minima may be related to the 
position of faults found in the trench and GPR data.

In the second profile (7B) located about 82 m southeast of the profile 7A, GPR data from the 
upper 3 m did not give any clearly evidence of faults. However, below a depth of ca. 4 m the 
patterns in reflection may indicate folded layers. A trench in this profile was dug from a distance 
of 10 to 35 m with reference to the beginning of the profile. The soil stratigraphy shown in the 
trench can be classified into four units, which is consistent with the stratigraphy found in the 
neighboring profile (7A). The structures in the trench do not indicate any faults but do suggest 
folding and varying thickness of the prominent-big gravel (cobble) layer (unit D). This folding 
can be seen at a distance from 14 to 20 m and from 29 to 35 m, which is believed to have 
occurred after the B and D units were formed. 

The GPR data suggest four layers: (1) a top soil layer that includes the sediments of the units A 
and B; (2) a cobble (volcanic gravel) layer overlaying a weathered-volcanic rocks layer. The top 
of this layer is indicated by hyperbola pattern from diffraction of the GPR signals. The third (3) 
layer is composed of weathered-volcanic rocks. This layer is quite thick with predominantly low 
amplitude of reflected signals. The fourth layer (4) is a fresh volcanic rock at a depth of about 
135 ns in a time scale. Below this depth a pattern of folding of the reflected signal can be seen, 
which may be an affect of the same stress that caused the folding of the second layer. The high 
signal amplitude that is found at a depth of about 170 ns of the time scale may be reflections 
from the groundwater table at a corresponding depth of ~ 4.8 m. This depth conversion is 
calculated by using a constant average propagation velocity of 56.73 m/μs. The velocity was 
calculated from the two-way travel time of the waves reflected from a known depth of cobble 
from a trench. The evidence of folding in the cobble layer, shown at a distance from 29 to 34 m 
in the trench correlates well with the curved pattern of the GPR signals.
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The Pole-pole resistivity pseudosection gives a high resistivity (251 – 3,162 ohm-m) of the top 
layer. This may represent the resistivity of the top soil (units A and B). The boundary between 
the high resistivity and low resistivity in the upper part should reflect the top of cobble layer. The 
low resistivity from a depth of about 2 to 8 m then represents the resistivity of weathered-
volcanic rocks; while the high resistivity in the lower part probably represent fresh basement 
rock. Such a high resistivity is also found in the lower part or in the mountain side on the profile 
7A. It is thus possible that there is a topographic variation of basement in this area, which may 
be associated with deformation.   

Results from area 9: Baan Beung Mai 

Geophysical data were collected along two profiles in the area 9. From the first one (profile 9A), 
GPR data suggest five potential faults for excavating trenches and detailed mapping, at 55 m, 70 
m, 101 m, 127 m, and 140 m from the beginning of the profile. A trench was then dug along the 
profile at a distance from 50 to 60 m. Evidence of subsurface rupture, an alluvial wedge 
(Mccalpin, 1996), was here found at a distance of 52.5 m and 52.0 m on the SE side and the NW 
side wall, respectively, which is related to the position of fault suggested by GPR data. This 
alluvial wedge indicates a fault with a vertical displacement of about 0.15 m and a strike 
direction of N30°W. The sediments of unit E-A were deposited after faulting. 

From the GPR section, the subsurface could be divided into four layers. The first layer is a top 
soil (units A, B, C, and D). It has a thickness about 1.5 m and is underlain by a layer, which may 
represent three sedimentary units (E, F, and G). Below the base of this second layer two other 
units (H and I) form a third layer. The forth layer corresponds to a basement of weathered 
volcanic rocks and it starts from a depth of about 6.2 m. A high frequency of the reflected signal 
can be seen from the basement. For the depth conversion of the GPR section, a constant average 
propagation velocity of 63.0 m/μs was used, which was calculated from the two-way travel time 
of waves reflected from the top of a gravel layer, the position of which is known from the trench. 

The result of SP measurements seems to indicate a correlation between low SP values and the 
discontinuity in GPR signals. This discontinuity, interpreted as a fault, is located at the distances 
of about 70 m and 100 m, where the SP values are 80 mV and 69 mV, respectively. However, 
there is no correlation between the SP values and the position of a normal fault at the distance of 
52 m exposed in the trench. 

From the pole-pole and dipole-dipole resistivity pseudosections the upper 6 m can be separated 
into four layers: (1) an upper high resistive layer of 708 – 1,585 ohm-m with a thickness of about 
1.0 m; (2) a middle high resistivity layer (1,585 – 5,012 ohm-m). This layer shows a strong 
lateral resistivity variation with a dipping contact almost vertical at a distance from ca. 46 to 48 
m for the pole-pole array and from about 44 to 48 m for dipole-dipole array. Here a fault, 
juxtaposing different soil layers, can be located at the surface, close to the alluvial wedge 
exposed at about 52 m on the trench walls. The third layer (3) is of low resistivity and it is 
followed by a fourth layer by pole-pole data defined at a depth of 3.8 m and resistivities in the 
range of 355 and 501 ohm-m. The corresponding depth on the dipole-dipole section is however 
only 2 m. The discontinuities in the resistivity in the second and fourth layer of pole-pole section 
coincide with the faults suggested by GPR data. However, these discontinuities can not be seen 
clearly in the dipole-dipole section. 

GPR data from the second profile (9B), located about 95 m east of the profile 9A, suggested four 
positions of subsurface horizontal discontinuities, at 92 m, 100 m, 105 m, and 122 m from the 
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beginning of the profile. A trench was dug along the profile at a distance from 90 to 102 m. 
Evidence of subsurface rupture, expressed as an alluvial wedge (Mccalpin, 1996), was found at a 
distance of 92.5 m on both trenching walls. It shows a normal fault that cuts through the 
sediments of the lower units (H, G and F), creating fractures, which were later filled by 
sediments (unit E). This position of a wedge is consistent with the fault indicated by GPR data. 
In this profile, there seem to be no correlation between low SP values and the fault locations 
interpreted from GPR data. 

Fig. 7 An example of geophysical data compared with geological images obtained from trenching along the profile 
9B, (a) SP data, (b) GPR section and it interpretation, (c) pole-pole section, (d) dipole-dipole section, (e) geological 
image (photo) from the SE trenching wall, and (f) the image from the NW trenching wall.  
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From the GPR section, the subsurface can here be divided into four layers, similar to the 
subsurface along the profile 9A. The first layer (1) is the top soil, which includes four 
sedimentary units (A, B, C and D). It has a thickness about 1.5 m and it is underlain by a layer 
(2), which represents sediments of three units (E, F, and G). The third layer is composed of two 
units (H and I) deposited on the basement volcanic rocks, which starts at a depth of about 6.2 m. 
The basement is characterized by a high frequency reflected signal as in the profile 9A. For the 
depth conversion of the GPR section, a constant average propagation velocity of 63.0 m/μs was 
used.

The pole-pole and dipole-dipole resistivity pseudosections suggest that the upper 6 m thick can 
be separated into three layers: (1) an upper about 1 m thick layer characterized by resistivities in 
the range 708 – 1,585 ohm-m; (2) a high resistive layer (1,585 – 3,548 ohm-m) with a thickness 
about 1.0 m (depth from 1 to 2 m). In this layer there is a lateral resistivity variation with an 
almost vertical contact seen at the distances of about 92 - 95 m in the pole-pole section. This can 
be related to an alluvial wedge exposed on the trench wall. A third (3) layer, with resistivities 
varying between 251 – 1,585 ohm-m, extends from 2 m to 5 m depths. Also in this layer there is 
a lateral variation in resistivity as seen in the dipole-dipole section close to the position of the 
alluvial wedge. A high resistivity zone in the pole-pole section may represent a rise of the high 
resistivity basement rocks. 

Conclusions

In this study, GPR has successfully been used for detecting and locating shallow faults in 
Quaternary sediments. The positions of the interpreted faults are consistent with the positions of 
mapped faults: in area 2 a normal fault found at a distance of ~ 62 m; in area 7 (profile 7A), a 
discontinuity in gravel layer found at a distance between 118 and 119 m; in area 9 alluvial 
wedges related to faults were found at distances of 52 m and 92 m along the profiles 9A and 9B, 
respectively.

The correlation between the patterns of GPR reflected signals and the mapped sediment 
stratigraphy confirms GPR to be a powerful tool in defining sedimentary layers. The weathered 
layer with fine-grained clay correlates well with low amplitude reflected signals; layers rich in 
coarse sand coincide with high amplitude reflected signals; and the weathered-volcanic basement 
layer is related to a typical high frequency pattern of the reflected signals. Thus in the study area 
where the basement is composed of volcanic rocks, the depth to the basement can be defined 
from the top part of the high frequency reflected signals in the radargram.    

There is a difference in GPR velocities between the study areas, 92 m/μs, 57 m/μs and 63 m/μs. 
These differences are probably related to differences in composition and dielectric permittivity 
of the sedimentary units and the fact that the sedimentary sections are not the same in the 
different areas, i.e. in area 2 the section includes unit A, B and C, while in areas 7 and 9 the 
sections include units A and B, and units A, B, C, and D, respectively. 

The shape of the alluvial wedge or small vertical displacement is however not perfectly mapped 
by GPR, due to restricted lateral and vertical resolution of the GPR data. The signature of the 
faults is a contrast in dielectric permittivity, which originates from sediments filling the faults or 
from vertical displacement at sedimentary layers. 
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Resistivity pseudosections, determined with dipole-dipole and pole-pole arrays give the same 
pattern and indicate the same thickness of the upper high resistivity layer. The resistivity 
variation, the relative position of low and high resistivity zones of the two arrays is generally the 
same. However, the dipole-dipole array gave a better continuous image of the horizontal 
resistivity distribution than a pole-pole array and the vertical depth indicated from the dipole-
dipole data is shallower than that of the pole-pole data. The vertical depth obtained by the pole-
pole array coincides better with the true depth as determined by mapping in the trenches. 

Both arrays give only a rough image of the subsurface, however, the interpreted sections indeed 
reflect layers for which there is a big difference in geological composition. For a higher 
resolution a small distance between the dipole pair (in dipole-dipole array) and the electrode 
spacing (a, for pole-pole array) need to be adapted. Here the data provide images of lateral 
resistivity variation, which correspond to faults or subsurface movements expressed by alluvial 
wedges, although, with none of the arrays we can determine the exact position of the faults.  

The SP method gives no clear signature of faults. The reason for this may be that the potential 
difference generated by the faults is to small compare to other sources. 

Integrating GPR and resistivity pseudosection data seem to be a good combination of 
geophysical data to define faults as e.g. here is indicated by the regional remote sensing. The 
strike directions of sub-faults in the area 2 (Khao Ka Riang sub-fault), area 7 (Khao Sathon Sung 
sub-fault), and area 9 (Klong Baan Na sub-fault) provided by geological data from the trenches 
and the geophysical results are N60°W - N70°W, N65°W - N70°W, and N30°W, respectively. 
These strike directions agree well with he NW-SE strike of the major faults in the area, the Mae 
Ping Fault Zone, the Nakhon Nayok-Prachinburi fault, and the Ongkharak fault (Fig. 6). 
Thermoluminescence dating shows that movement along the sub-faults in the area 2, 7, and 9 
took place at ca. 7,500-2,400, 4,800-1,750, and 9,700-2,300 years ago, respectively. Thus these 
sub-faults are classified to be of the same generation and they are defined as capable fault (a fault 
which has moved at least once within the past 50,000 years or movement of a recurring nature 
within the past 500,000 years) with reference to the criteria of U.S. Nuclear Regulatory 
Commission. 

Paper III 

This paper presents the results of the first survey of Magnetic Resonance Sounding (MRS) 
carried out in Sweden. The purposes of this study are: (1) to test the efficiency of MRS method 
in the geological conditions of southern Sweden; (2) to characterize aquifers in the investigated 
areas where boreholes data suggest sedimentary layers of sand and moraine (area 1) and lime-
limestone layer (area 2) to host aquifers. Schlumberger vertical electrical sounding (VES) was 
applied together with the MRS measurements to obtain a stratigraphy of electrical conductivity 
and to use that for the inversion process of MRS data. VES and MRS data are also used in 
conjunction with boreholes data for an integrated interpretation. 

In groundwater exploration, classical geophysics methods such as seismic, electromagnetic and 
electrical methods can not directly calculate the quantity of water in the aquifers, since the 
existence of water is determined indirectly from the geophysical properties of the subsurface; 
electrically conductivity clay layers may be difficult to separate from water saturated sediments. 
This is now possible since a new geophysical method, Magnetic Resonance Sounding (MRS) has 
been developed as a tool for prospecting of underground fluids (Schirov et al., 1991), and the 
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amount of groundwater in the subsurface can directly determined. MRS was first tested in 1978 
by Russian physicists (Semenov et al., 1982; in Goldman et al., 1994) and it has since then been 
continuously developed and tested in many parts of the world (e.g., Schirov et al., 1991; 
Goldman et al., 1994; Lieblich et al., 1994; Gev et al., 1996; Legchenko et al., 1997; Yaramanci 
et al., 1999; Vouillamoz et al., 2007).  

In Sweden groundwater mapping in a surrounding of urban regions has been conducted by 
Geological Survey of Sweden (SGU), which use geophysics (seismic and GPR) and drilling 
methods for the mapping (SGU, 2006). However, there is no report of testing MRS in Sweden, 
where the magnitude of earth magnetic field (B) is higher than 49,900 nT. Therefore, with MRS 
we should here obtain a significant signal that is produced from groundwater as the MRS signal 
is proportional to 2B  (Roy and Lubczynski, 2000). 

MRS measurements in this study were carried out with the NUMISplus system (IRIS Instrument, 
2005) with a 100 m – sided square loop antenna in three measuring sites, Lönhult, Rögle, and 
Vegeholm located in the costal plain area close to the Kattegat Sea (area 1). While, only one 
measuring site, Landön, is located on the Baltic Sea coast (area 2) in a geological environmental 
that is different from the area 1. MRS data, the initial signal amplitude and the observed decay 
time as a function of pulse moment were then inverted to obtain a quantitative model of water 
content and the decay time 2T distribution with depth. This decay time is related to the mean 
pore-size and grain size of the water-bearing layer, and it can be in the order of a few 
milliseconds up to 1000 ms (Yaramanci et al., 2002). 

In the area 1 where the available boreholes that provide the geological and hydrogeological data 
for constraining the MRS and VES interpretation are located some distances away from each 
sounding site, VES measurements were conducted at the MRS sounding site and also close to the 
borehole. The resistivity models at the borehole will then help to interpret VES at the MRS 
sounding data.

Results from area 1 

In Lönhult, the MRS inversion model indicates two water-bearing layers; one at a shallow depth 
from 10 to 32 m, in which the water content ranges between 2.3 and 21.6% and with 2T ranging
roughly 84 to 267 ms, which may be related with the loose sandstone layer. The groundwater 
table is here estimated at a depth of 10 m. A second aquifer is indicated at a depth of about 42.5 
to 100 m where the water content varies from about 1.2 to 3.2% and 2T  from about 72 to 130 
ms. This aquifer may be hosted in a sandstone-siltstone layer with reference to the borehole data. 
There is quite a good agreement between the water content and 2T , which also indicates an 
impermeable layer at the depth of 32.0 – 42.5 m (in between the two aquifers) with a low water 
content and low decay time 2T . This impermeable layer may correspond to a mudstone-siltstone 
layer. The result from VES data agrees well with the MRS inversion model within depths from 
the surface to the shallow aquifer, but the resistivity data do not reflect basement rocks.  

In Rögle, at shallow depths and pulse moment <1,100 A-ms, the small signal amplitude (< 20 
nV) was within the mean noise level. This means that there is no water at this depth. VES results 
indicate a very low resistivity layer (~ 3 ohm-m) at depths about 3 – 39 m, an interpretation 
consistent with a very low resistivity (~ 5 ohm-m) of mixed materials (coarse-silt sand, clay-
moraine, medium sand, coarse silt, and mudstone), which is also found in a borehole located 
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about 740 m from measuring site. At pulse moments > 1,100 A-ms the MRS signal is higher than 
the mean noise level and the data is reliable. However, the low signal amplitude in this site (<100 
nV) affects the decay time estimation and the 2T  is here unreliable to be interpreted. Therefore, 
in the model of subsurface water content one water-bearing layer is indicated at depths of 32 - 
100 m, the water content increases from about 4 to 12.5%. This layer corresponds to the ~ 500 
ohm-m layers indicated in the VES models at MRS sounding site and based on borehole 342 it 
may be related with a mudstone-sandstone layer. 

In Vegeholm, two shallow and one deeper water bearing layers are indicated; (1) At a very 
shallow depth, from about 0.5 to 4.0 m, the water content ranges from 3.4 - 6.5% with a decay 
time of 30 - 54 ms. This range of a short decay time may be less reliable since the NUMIS 
system (IRIS-Instrument, France) does not permit measurements of very short signals (< 30 ms) 
(Legchenko and Valla, 2002). The shallow layer coincides here with the 17.0 ohm-m layer, 
which possibly correspond to a layer of sedimentary clay with lower clay content, while the 3.5 
ohm-m layer at the borehole 849 is represented by a sedimentary clay layer. (2) The thin layer, at 
depths from ca. 7 to 9 m, with water content of 4% and decay time of about 42 ms, corresponds 
to a ~ 42 ohm-m layer, which may coincide with a layer of sedimentary clay with a lower clay 
content than the 17.0 ohm-m layer as above. These two layers should be separated by the thin 
impermeable layer indicated by very low water content and decay time 2T . (3) At depth from 
about 35 to 80 m, the water content varies between 4.6 to 16.0% and the decay time varies from 
171 to 438 ms. This depth section may correspond to a layer of coarse sand, sedimentary clay 
and moraine-clay. The MRS model suggests that the groundwater table is here at a depth of ca. 
32 m. A good agreement between the water content and decay time can be seen with an increase 
of both at ca. 32 – 52 m depths, while at greater depths there is a negative relationship, i.e. the 
water content decreases while the decay time increases. This phenomenon may possibly occur in 
a sedimentary aquifer, which has a large mean pore size and high clay content, the latter is 
consistent with the resistivity of the ~ 42 ohm-m. The VES and MRS models agree fairly well in 
the shallow parts, where a resistivity of 17.0 ohm-m is determined and where there is no water 
i.e. a clay layer may exist at depths between 4 and 7 m, and in the deeper parts, at depths from 10 
to 32 m the resistivity of ~ 42 ohm-m may suggest a high content of clay possibly an 
impermeable layer. 

Results from area 2 

In area 2, The model of subsurface water content and decay time indicates two dominating 
water-bearing layers: (1) from a depth of about 8 to 30 m the decay time ranges between 70 and 
387 ms and the water content increases gradually and reaches a maximum 42.0% at a depth of 
about 20 m. The groundwater table is approximated at a depth of 9 m. This water-bearing layer is 
correlated with a thick layer of 62.0 ohm-m in the VES data and may correlate with a sand-lime 
and basement limestone layers. (2) A water carrying layer is also indicated at a depth below 35 
m with water content varying between 8.6 to 22.0% and the decay time is about of 84 - 143 ms. 
There is a positive relationship here between the water content and the decay time, meaning that 
the increasing water content can be correlated with an increased pore size of the materials. 
Geological data from other boreholes in the vicinity show a limestone layer with a depth down to 
> 50 m. Thus, this layer is suggested to be a water reservoir in the basement limestone in which 
the resistivity increases from 62 to 350 ohm-m. It may also be related to karst limestone, which 
is indicated from the weathering morphology in the region around the study site. 
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Conclusions

The Magnetic Resonance Sounding has been successfully tested to be an efficient tool in 
groundwater exploration in southern Sweden, in an area of sedimentary rocks and of high 
magnitude of earth magnetic field. The data obtained are of good quality due to low ambient 
noises, low variation in the earth magnetic field, and high amplitude of the MRS signal. 

Depth to water layers, their thickness, and water content were defined from the MRS data. A 
correlation between the water content and the decay time ( 2T ) reflects the depth to water table 
and properties of water storing materials. A positive correlation is found in all measuring sites 
and can generally be explained by a high water content that is related to a high porosity in water 
storing materials and high hydraulic conductivity. However, negative relations i.e. an increase of 
water content and decrease of decay time with depth, were found at such depths in Vegeholm 
and Landön. This may possibly be explained by differences in connection between the pores and 
geological composition with depth.

The MRS results agree well with the geological structures and the water productivity (yield) 
provided by boreholes data near to the investigated areas. In the area 1, an image of two-
dimensional hydrogeology can be created and matched with the image of geological structures 
(Fig. 8).

Fig. 8 The final geohydrological model in the area 1 obtained by Schlumberger VES and MRS data. The water 
content layers are overlaid on the geological cross section. 

Two types of aquifer have been characterized by the MRS data are: (1) high water content 
aquifer (>10%), which is the main aquifer hosted in basement rocks and soft sediments. This 
aquifer is somewhat different from an aquifer expected to be hosted only in soft sediments, (2) 
low water content aquifer (<5%), which is found in the deeper parts in Lönhult and at shallow 
depths in Vegeholm, an aquifer that is not linked to the main aquifer. The existence of this 
shallow aquifer could be confirmed by performing MRS measurement using a smaller loop size. The
water content 10.3% in Rögle and 9.8% in Vegeholm correspond to the estimated transmissivity 
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of 3 22.5 10 m / s  and 3 22.1 10 m / s , respectively. In Vegeholm, the aquifer is hosted in a thick 
layer of soft sediments, while in Rögle the aquifer is hosted in basement siltstone or sandstone. 
For Lönhult the highest transmissivity was found consistent with a high average water content 
(11.0%) and hydraulic conductivity. The aquifer here is hosted in soft sediments and basement 
rocks. The difference in the thickness of soft sediments and yield between Rögle and Vegeholm, 
may suggest a fault located somewhere between and separating the sites.

In the lime-limestone aquifer, area 2 (Landön), the MRS results showed a high water content 
(18% in average), low hydraulic conductivity (low decay time), and borehole data showed low 
yield. This is a typical property of a limestone aquifer, in which there are voids or fractures to 
trap water, but there is a lack of pore connection (low permeability) to discharge water. 

Although VES did not determine the depth to basement at Lönhult and Vegeholm, the results 
from the shallow depths are generally consistent with the MRS results. Water–bearing layers 
determined from water content can be linked to resistivities > 24 ohm-m. The reason for VES not 
reaching the basement rocks at the deeper depth is probably due to high conducting layers at 
relatively shallow depths. MRS data from Rögle is also a good example of a signal from deeper 
aquifers that still can be detected. Thus the MRS is a reliable tool in groundwater investigation. 
It can detect water even in areas where a high conductive clay layer is located close to the 
surface, a layer that limits the penetration depth of other geophysical tools like VES or 
electromagnetic methods such as GPR. 

Paper IV 

In this paper Magnetic Resonance Sounding (MRS) and Vertical Electrical Sounding (VES) 
methods have been used for hydrogeological studies in the Vientiane basin, Laos (Fig. 9). The 
main water source for Lao people who lives in the countryside in the basin area is water from 
dug wells, deep drilled wells, river and rain-water (Medlicot, 2001). Dug wells here generally 
dry out during the dry season and the water is often contaminated as results of infiltrations of 
domestic waste and excreta from farm animals, which causes waterborne diseases that has lead 
to a high morbidity rate (Medlicot, 2001; Takayangi, 1993). 

In 1993, the Japan International Cooperation Agency (JICA) launched the “Project for 
Groundwater Development in Vientiane Province” with the aim to raise the water supply ratio in 
the rural areas by drilling totally 118 deep wells. An evaluation of the project in year 2000 has 
shown that 60% of the wells were not used for drinking due to bad water quality or maintenance 
problem. Of the remaining 40% only ca 1/3 was sparsely exploited due to bad water quality 
caused by iron or saline tastes. The iron taste was partly due to iron pumps and partly due to 
laterite soil in the region (Takayangi, 1993; JICA, 2000). The salinity is caused by Halite 
deposits in the area as some deep wells penetrate down to salt affected groundwater (JICA, 
2000).

Thus, a combination of Magnetic Resonance Sounding (MRS) and Schlumberger vertical 
electrical sounding (VES) was applied to carry out and to integrate geophysical results with 
water quality data obtained from different geological environment in the basin. The purposes are 
(1) to define water bearing geological formations and (2) to test the possibility of using these 
geophysical techniques to determine the quality of the groundwater.
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Fig. 9 The Vientiane Province, with a low plain in the drainage basin of Nam Gnum river. The three study areas 
defined with rectangles. Salt mines are located in the Villages Khoksa and Ban Bo.

Based on the information of geological structures and water quality that was obtained from JICA 
and Department of Geology and Mining in Vientiane, three areas in the basin with low noise 
level, differences in geology and water quality were selected for the study. MRS and VES 
measurements have been carried out in 16 locations located in three different areas (Fig. 9). The 
MRS measurements were carried out using the NUMISplus system (IRIS Instrument, 2005) with a 
100 m – sided square loop antenna and for the VES measurements a DC Terrameter, ABEM 
SAS 4000 was used. 

Results from area 1 

Area 1 is located about 20 km north of Vientiane. Here data from three MRS measuring sites and 
two soundings of VES were collected. There is a similar pattern in distribution of water content 
in the models obtained from the MRS inversions in these sites. Two dominant water bearing 
layers are indicted. The first is an upper water bearing layer with a water content of 5-9%, which 
may suggest that the water is hosted by sandy clay or silt, when compared with a table of specific 
yield values. The decay time, T2

* varies here between 165-203 ms, which may indicate medium-
coarse sands. This layer begins at a depth of ca 5 m, and it has a thickness of ca 10 m in sites 1 
and 3, while in site 2, its thickness is found to be about 15 m. This layer corresponds to a layer of 
resistivity ranging between 531 and 600 ohm-m as suggested by the VES model. The second 
water bearing layer starts at depths between 12 to 14 m in sites 1 and 3, but at about 22 m in site 
2, and it continues down to ca 50 m depth. The water content ranges from 9-11%, which may 
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indicate an aquifer composed of sandy clay or silt, while the values of T2
*, which vary between 

130 and 180 ms, are equivalent to medium grained sands. This layer has a range of resistivity 
between 19 and 21 ohm-m, with reference to the VES model.  

There are another two water bearing layers, however they are not found in all sites. One is a 
layer with a water content < 4%, which is only found close to the surface in site 2 and it has a 
resistivity of ~ 2,324 ohm-m in VES model. The T2

* is here about 538 ms suggesting a gravel 
deposit. The other is a deeper layer and it is only found in sites 1 and 2 at depths from 50 m to 
100 m. This layer has a water content of < 2%.  

The MRS inversion models are here found fairly consistent with data from boreholes, which are 
located in the vicinity of the measuring sites. The decrease in water content at around 50 m depth 
(in sites 1 and 3) correlates quite well with clay layer of Tha Ngon formation (K2tn) found in two 
boreholes at 40 and 44 m depths, and to the depth of the Halite layer at about 63 and 64 m, 
respectively. 

There is a good agreement between the measured decay times indicating aquifer material of 
medium sand to gravel and the sand to coarse sand of the Vientiane formation found in the 
boreholes. Aquifer material of sandy clay or silt, which is suggested from the correlation 
between water content and specific yield, is thus not supported by borehole data.

Results from area 2 

The area 2 is located about 20 km north of the area 1. This area is divided into two parts. The 
northern part comprises three measuring sites (sites 5, 6, and 7), one at which the signal to noise 
ratio is very low and therefore it is excluded from the interpretation. In the second part of the 
area, which is located about 5.5 km south of the northern part, there are four MRS measuring 
sites (sites 8, 9, 10, and 11), separated about 500 m from each other. 

In the northern part the MRS inversion model in site 5 suggests only one water bearing layer. It 
extends from a depth of 2.5 to 35.0 m and with a water content averaging of 3.5% and T2

*

ranging from 100 to 150 ms the layer is suggested to be composed of fine to medium grained 
sand. A resistivity of ~ 68 ohm-m is estimated for this layer from the VES model. Also in the 
MRS inversion model from site 6, which is located ca. 1.5 km apart from site 5, only one water-
bearing layer is indicated, which extends from a depth of about 0.5 to 10 m. The maximum water 
content in this site is about 2.5% and a T2

* -value of 150 ms may be related with medium grained 
sands. This water bearing layer may correspond to the ~ 72 ohm-m layer in the VES model. 
However, the low S/N-ratio (1.76) in this site makes the results less reliable. 

The difference in water content and thickness of the upper water bearing layer in the site 5 and 
site 6 is possibly be due to compositional changes with depth, which is shown in a nearby 
borehole. Silt and sand from Quaternary deposits (formation Q2-3 ) is dominating in the upper 
part with a change in composition at ca 10 m to siltstone of the Xaysomboun formation. This 
agrees well with the shallow water bearing layer with low water content layer in site 6 and site 7, 
while the silt and sand layer in site 5 may be thicker. 

Water samples have been collected in 25 m deep wells, which are located close to site 5. The 
analyses show the groundwater to be rich in Calcium Chloride (CaCl), which could indicate that 
the water bearing layer is in the Xaysomboun formation. 
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In the southern part of the area, there is a similar pattern in distribution of water content in three 
of the four measuring sites. Three water bearing layers are here suggested by the MRS inversion 
models, except for site 10, which is the southernmost site of this area, where two layers of water 
are identified. These two water bearing layers seem to be synonymous with the second and the 
third layer in the three neighboring sites, however the water contents are different.

In site 10, there is a positive relation between the distribution of water content and decay time 
with depth. In the upper aquifer, starting at a depth from 5 to 30 m the water content of 12.5% 
suggests silt or fine sand to dominate in the aquifer, while T2

* -values of 282 ms is analogues to 
gravely sands. For the lower aquifer (from a depth of ~ 35 to 100 m) the water content is steady 
of around 8% with a T2

* of ca. 120 ms. This value of water content indicates sandy clay or silt, 
while the decay time value suggests fine sands to host the aquifer. 

In sites 8, 9, and 11 the models of subsurface water content and decay time suggest a firstly thin 
water storing layer close to the surface with water content of 2 – 6%, suggesting a composition 
of sandy clay or silt. The decay time in this layer, varying between 285 and 320 ms, may 
correspond to gravely sands to gravel deposits. A second water bearing layer start at depths of 
ca. 5-10 m and extends down to about 20-30 m. The content of water ranges from 3.9 to 6.7% 
and the decay time ranges from 212 to 283 ms indicating the water being hosted by gravely sand. 
A third water bearing layer starts around 35 to 40 m depths and continues down to 100 m with a 
water content varying between 3 and 5%. 

In site 9, no water is detected at depths from 20 to 30 m. The VES data indicates a low resistive 
layer of 0.6 ohm-m in this depth range, which can be interpreted as impermeable clay layer of 
the Tha Ngon formation (K2tn).

The difference in water content of the aquifers between the measuring sites in the southern part 
may confirm the geological mapping, where the sites 8, 9, and 11 are located on the Vientiane 
formation, while site 10 is located in the Quaternary sediment unit of Q2-3 formation.  

Results from area 3 

Area 3 is located ca. 60 km northwest of Vientiane and data have here been collected at five sites 
(sites 12 to 16). In sites 13 and 14 the S/N-ratio was too low and they were excluded from a 
quantitative interpretation. The sites 15 and 16 are located in a depression area where hills pile 
up to the west and the land rises towards a fault located to the east. The site 12 is located on the 
eastern side of the fault, ca 3 km east from site 15 and 16. 

In site 12, there is a low amplitude MRS signal (70 < nV), which affects the decay time 
estimation and the T2

* is here unreliable. In the model of subsurface water content two water 
bearing layers with low water contents are suggested by the MRS data. An upper water layer is 
indicated at depths of 1 to12 m, with the maximum water content about 2.4%, which may 
suggest siltstone to host the water. A lower water bearing layer with a water content < 1% is 
found at a depth between about 17 and 44 m. Both layers correspond to a ~ 25 ohm-m layer 
indicated in the VES model and based on borehole data it may be related with a mudstone of the 
Xaysomboun formation. 

In sites 15 and 16 (about 500 m apart) the MRS signal has a high amplitude (up to 500 nV) and 
the models of subsurface water content are similar. The models indicate three water-bearing 
layers. One extends from a depth of about 0.5 to 9 m with maximum water contents of 3.9% and 
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5.7% and with decay times of 563 ms and 257 ms for the sites 15 and 16, respectively. The water 
content may suggest the aquifer to be hosted in sandy clay or silt whereas the decay times 
indicate gravely sands to gravel deposits. The groundwater table is approximated at a depth of 
1.6 m. The second layer has a higher water content and it is indicated at depths from 9 to 26 m 
and from about 9 to 36 m in the sites 15 and 16, respectively. The water content varying between 
ca. 10 to 13% may indicate the water to be hosted by silt or sand deposits, while the decay time 
of 309 – 468 ms may suggest gravel deposits. The difference between the sites 15 and 16 for this 
layer is that the water content and the decay time in site 15 is higher than that of in site 16, while 
the resistivity and the thickness is lower than in site 16. The resistivity, which may be related to 
this layer in sites 15 and 16, is ~ 13 ohm-m and ~ 22 ohm-m, respectively. A third layer is found 
at depths below ca. 40 m for site 15 and at ca. 50 for site 16. The water content varies between 2 
to 5% and the decay time is 800 ms for site 15 and is 300 ms for site 16.  

The conductivities (EC) determined on water samples from this region show that high EC values 
of water samples from deep wells coincide with the layer of ca. 13 - 22 ohm-m of the second-
water bearing layer. Lower EC values are obtained on water from shallow wells and they can be 
correlated to the first shallow water-bearing layer with a resistivity of ~ 95 to ~ 190 ohm-m in 
the VES data. 

Based on geological data, the subsurface water in the first and second layers may be hosted by 
Quaternary sediments of the Q2-3 formation. No water is detected at depths from ~ 26 to ~ 32 and 
from ~ 37 to ~ 52 m. At these depth intervals there are probably impermeable layers of the Tha 
Ngon (K2tn) formation, an interpretation supported by the very low resistivity obtained from the 
VES data and the high EC on water samples from some deep wells.  

Conclusions

The Magnetic Resonance Sounding in the Vientiane basin has been successful in identifying 
water in the subsurface. The combination of MRS and VES has proven to be a good tool to 
reduce the uncertainty in the interpretation for groundwater exploration e.g. in the VES 
interpretation MRS data can help to distinguish low-medium resistive layers of impermeable 
rock from what could have been interpreted as layers rich in water if only VES measurements 
had been carried out. 

The study results of these MRS and VES measurements in the Vientiane basin verifies an earlier 
hydrogeological investigation made by Takayangi (1993), which suggested the Vientiane 
formation (N2Q1vc) and the Quaternary sediments (Q2-3) as the main water bearing formations. 
The geological formations in the Vientiane basin can roughly be characterized by parameters 
provided by the study results from this geophysical surveys and water quality data together with 
electrical resistivity data studied by Long et al., (1986) as shown in table 2. 
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Table 2. A rough summery of typical parameters; water type, water content ( MRS), decay time (T2
*) and resistivity 

( ) for characterizing the water bearing formations in the Vientiane basin. 

Formation Rock 
materials 

Water
type  [%] T2*

[ms]  (ohm-m) Comment 

Q4 Sand
Silt

< 5 150 450 – 4,500 Dry top layer, with a thickness of 
ca. 0.5 m 

Vientiane formation 
(N2Q1-3) and Q2-3

Silt
Sand
Coarse
sand
Gravel

Ca-HCO3 4 -13 100-300 10-20 Main aquifer in the area, usually 
between 25 and 50 m thick, with 
highly varying water content. 

Xaysomboun Claystone 
Siltstone

Ca-Cl < 4 100 25-55 Impervious layer with little or no 
water. Mostly find in the northern 
part of the study area close to the 
surface 

Tha Ngon 
Formation
(K2tn)

Breccia 
Clay 
Anhydrite 
Halite 

 1 – 2.5  0.5 – 8 
0.3 – 0.6 

3,500-5,000

Impervious layer with little or no 
water. Find throughout the whole 
study area. Lower resistivity than 
Xaysomboun in the upper part. 

The results also show that there are usually two to three water bearing layers, but the best 
aquifers are found at depths between 15 and 25 meters, with regard to high water contents and 
relaxation time together with resistivities above 10 ohm-m indicating freshwater. From the MRS 
and VES data clay layer generally situated between 30 to 50 m depth are identified, overlaying 
the halite deposits (see Fig. 10). The clay layers have resistivities as low as 0.5 ohm-m, which 
may suggest that the salinity in the layers is high. This clay layer may work as a naturally sealing 
layer to protect the fresh water in above aquifer from salt contamination. On the basis of this 
drilling for fresh water is recommended not to penetrate deeper than 40 m in area 1, 20 m in area 
2, and 25 to 30 m in area 3. 
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Fig. 10 Interpolated map of the depths down to the Halite layer from borehole data collected by Long et al., (1986). 
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Conclusions

In the study of an arsenic contaminated area (paper I), the combination of geophysical methods 
has shown powerful in delineating contaminated areas and in improving our understanding of 
possible mechanism for the distribution of arsenic in the subsurface. The high arsenic contents in 
auger water (0.5 - 5.0 mg/l) in the central part of the investigated area can be fairly well 
correlated with an area of positive SP values (up to 66 mV) and low resistivity (< 100 ohm-m) at 
depths of 3.5 and 5.0 m beneath the groundwater table. This area can also be correlated with the 
topography and a basement rise that may act as a subsurface dam, creating a basin area in the 
western part of the study area. This natural subsurface dam seems to prevent the arsenic in the 
groundwater to spread further into the east. The arsenic has then been deposited in the basin 
where the high arsenic content auger water is found. 

An application of geophysical methods in detecting shallow faults, which were indicated in 
regional remote sensing studies in the area around the Ongkharak Nuclear Research Centre 
(paper II), shows that an integration of GPR and resistivity pseudosection data seems to be a 
good way to define faults. Pole-pole and dipole-dipole pseudosections provide images of lateral 
resistivity variation, while GPR may show discontinuities in horizontally reflected waves, which 
correspond to faults or subsurface movements expressed by alluvial wedges. GPR has here 
proven to be an effective tool in detecting and locating shallow faults, which are also indicated 
by electrical data, although, with none of the resistivity arrays we can determine the exact 
position of the faults. The strike directions of sub-faults provided by geological and geophysical 
data from the trenches agree well with the NW-SE strike of the major faults in the vicinity of the 
study area. Thermoluminescence dating shows that movement along the sub-faults place at ca. 
7,500-2,400, 4,800-1,750, and 9,700-2,300 years ago, respectively. Thus these sub-faults are 
classified to be capable fault of the same generation. 

Magnetic Resonance Sounding (MRS) has been successfully tested for detecting groundwater 
and in combination with Vertical Electrical Sounding for characterizing aquifer in southern 
Sweden (paper III) and in the Vientiane basin, Laos (paper IV). The data obtained are of good 
quality due to low ambient noises, low variation in the earth magnetic field, and high amplitude 
of the MRS signal. The combination of MRS and VES in the southern areas of Sweden shows 
that low resistivity layers interpreted as clay are sometimes identified close to the surface, but the 
MRS results here have shown that the MRS signals penetrate through the clay and that deeper 
aquifer can still be detected. The MRS data provide new information of aquifers in the area 1 
that are not only hosted in soft sediments, but also in basement rocks (siltstone or sandstone) 
with high groundwater potential (water content up to around 10%). In area 2 water contents of 
18% has been indicated in a lime-limestone aquifer. Based on the MRS and borehole pumping 
test data, the hydraulic conductivity of aquifers has been estimated and the results agree with 
yield, average water content and subsurface geological data. 

In the Vientiane basin, the measurements have shown that there are two to three water bearing 
layers. The most common aquifers, with water contents ranging between 4 to 13%, are suggested 
to be hosted by the Vientiane formation (N2Q1vc) and Quaternary sediments of the Q2-3
formation. The combination of MRS and VES methods has proven effective in distinguishing 
low- medium resistive layers of impermeable rock from what could have been interpreted as 
water bearing layers in VES interpretations. MRS also identifies the underlying confining clay 
layers, generally situated at depths between 30 to 50 m, overlaying halite deposits. The clay 
layers have resistivities as low as 0.5 ohm-m, which may suggest a high content of salt in these 
layers. This clay layer may act as a naturally sealing layer to protect the fresh water in above 
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aquifer from salt contamination. In this scenario the drilling for fresh water is recommended not 
to penetrate deeper than 40 m in area 1, 20 m in area 2, and 25 in area 3. 
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Paper I 





Introduction

Arsenic contamination in the environment can be found
as arsenic compounds in air, surface water, soils, and life
tissues. The contamination may originate from mining
operations, natural weathering processes of rocks and
soils, and industrial discharges. Environmental hazards
due to arsenic contamination have been reported from
several countries such as India (Chatterjee and Muk-
herjee 1999), Bengal basin in India and Bangladesh
(Acharyya et al. 2000), Japan (Kondo et al. 1999),
Ghana (Golow et al. 1996), and Mexico (Carrillo-
Cha’vez et al. 2000). In Thailand, serious arsenic con-
tamination has been reported, e.g. from the Ron Phibun
district, Na Khon Si Thummarat province, peninsular
Thailand and the problem has been known for a decade.

The peninsular Thailand lies within a South East
Asia’s tin belt, which runs ca. 3,000 km long and 75 km

wide from Myanmar in the north to the southern part of
Sumatra in the south. About 70% of the world’s his-
torical tin production has derived from this region
(Williams et al. 1996). The Ron Phibun district is located
in the central part of the belt (Fig. 1) where tin ore
formed by granite intrusion and following mineraliza-
tion (Ishihara et al. 1980; in JICA 1999). Primary tin
mineral contains sulfide of Cu, Zn, Fe, etc. (JICA 1999).
Tin has here been mined in two areas; the first one is
located west of Ron Phibun town, in the Ron Na-Suang
Chan mountain range. This site is a vien type ore deposit
that composes cassiterite (SnO2) and wolframite (Fe,
Mn) WO4 with abundant arsenopyrite (FeAsS) and
pyrite (FeS2). The deposit has been exploited by none
mechanized small scale mining (e.g., tunneling mining).
The second area is located at the foothill of the moun-
tain range. Tin, which is found as sedimentary deposits,
originates from weathering and leaching of the primary
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Abstract Geophysical surveys were
carried out in an arsenic contami-
nated area, in the Ron Phibun
District in southern Thailand. Here,
tin and associated minerals, i.e.
arsenopyrite and pyrite, have been
extracted from granites and natural
processes and the mining activities
led to arsenic contamination in the
environment. Electrical resistivity
and self-potential (SP) were used to
define the distribution of arsenic
contamination in the groundwater.
Resistivities of 25–100 Xm and a
positive SP anomaly of 66.0 mV
were observed in an area where the
arsenic content in auger water at
3.5–5.0 m depths was high,

0.5–5.0 mg/l. Integrated interpreta-
tion of resistivity, seismic refraction,
GPR and gravity data gave a clear
image of subsurface shallow
structures (< 30 m depths). There
was a good correlation between the
resistivity and the gravity data.
A subsurface rise was found, which
possibly acts as a naturally buried
dam, separating a high-contami-
nated area from a low contaminated
area.
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deposit. Dredging and open pit mining has been em-
ployed at this site. In the 1980s, more than 20 bedrock-
mining concessions in this region were ended due to the
declining world tin price (JICA 1999).

In September 1987, human health problems among
residents in Ron Phibun District were disclosed to the
public when the first serious case of keratosis and hyper
pigmentation was diagnosed. A clinical survey during

1987–1988 showed that more than 1,000 people, ages
between 4 months and 85 years, were affected (Chop-
rapawon 1995). In 1992, a joint Thai–Japan clinical
survey was performed by examining blood samples from
students in this area. The result showed that over 89% of
the students had high levels of arsenic in their blood, and
22% of them had incidence of skin lesions and hyper-
keratosis (Paijitprapapon and Ramnarong 1994). These
health problems in the residents were related to the
consumption of arsenic contaminated surface water and
groundwater. The concentration of arsenic in these wa-
ters is up to 100 times higher than that the World Health
Organization (WHO) has recommended for potable
water (0.01 mg/l) (Milintawisamai et al. 1997). Due to
this serious problem the government prohibited mining
activities in the area.

Suwanmanee (1991) reported that oxidation and
reduction processes play an important role in separating
arsenic from arsenopyrite. Arsenic is transported by
flotation and either deposited in absorbent structures, or
seeped to shallow and deep aquifers. Therefore, there are
two possible sources for arsenic contamination: (1)
extraction of arsenic caused by weathering and leaching
of soils or rocks that carry arsenopyrite, (2) mining
activities, ore-dressing and extraction of cassiterite by
the villagers, which left arsenopyrite in a widespread
area.

Samples for analyzes of arsenic content were collected
from the subsurface, sediments on the bottom of canals,
plants and animals, etc. The analyzes included various
methods, e.g. hydro-geochemistry (Williams et al. 1996),
isotope (Milintawisamai et al. 1997), and soil gas tech-
niques (Wongsanoon et al. 1997). In 1998 Japan Inter-
national Cooperation Agency (JICA) measured the
arsenic content in soil and water samples from more
than 318 wells in the area. The study of arsenic con-
centration in the wells samples showed that there were
four critical sites where the arsenic in soils and auger
water was higher than 1.0 mg/l. At the same time, in a
conference at Prince of Songkla University, the question
was raised of where and what was the source of arsenic
contamination in the subsurface soil. An image of geo-
logical structures based on the data of wells was also
presented (JICA 1999). However, the model was quite
rough as the distance between the wells was large
(Fig. 2).

Geophysical methods (e.g., resistivity mapping,
gravity, seismic refraction, GPR, etc.) may give a con-
tinuous subsurface image. These methods are non-
destructive and relatively cheap when compare with,
e.g., drilling. In addition, if there is a change of physical
properties due to the arsenic content in the subsurface
soil and water, the geophysical data may indicate the
distribution of arsenic.

Vanichapichat et al. (2001, personal communication)
found a negative relationship between the resistivity and

Fig. 1 Regional geological setting of Ron Phibun District, showing
the major granite province of South East Asia (modified after
Cobbing et al. 1992; from Williams et al. 1996)
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arsenic content in water samples (i.e., the resistivity will
decrease if the arsenic content increases). Therefore, the
resistivity method should be suitable for constructing a
map of contaminations.

The aims of this current study are to apply various
geophysical methods to create an image of subsurface
structures, and to determine the distribution of arsenic
contamination by using integrated data from electrical
resistivity, seismic refraction, self-potential (SP), ground
penetrating radar, and gravity methods. If a correlation
between geophysical data and arsenic content can be
demonstrated it will be useful for future delineation of
arsenic contaminated areas.

Geology and general physiographic of the Ron Phibun
district

The Ron Phibun district is located between longitudes
99�45¢ and 100�00¢E and latitudes 8�00¢ and 8�15¢N. It
covers an area of 505 km2 and it is situated at the eastern
edge of the Ron Na-Suang Chan mountain subrange.
This subrange has a high relief with mountains rising to
1,000 m and it is a part of the more extensive Khao
Luang Range, a series of north-south-trending en-eche-
lon ridges, which form a mountainous backbone to
peninsular Thailand. The subrange is here characterized
by S-type biotite and biotite-muscovite granitoids of
Triassic age, with abundant pegmatitic veins and its
elevation decreases from west to east. Williams et al.
(1996) have divided the geology of Ron Phibun district
into four units: Cambro-Ordvician sedimentary rocks,
Ordovician dark gray argillaceous limestone, Triassic
granitiods and quaternary colloidal, and alluvial
deposits (Fig. 3).

Mining activity in the area

Mining sites and dressing plants

The locations of mining sites and dressing plants in the
Ron Phibun district are shown in Fig. 3. There were
none mechanized small-scale mines (e.g., Maihom mine)

Fig. 2 Geological cross section
along the profile A–A’ in the
JICA study (from JICA 1999).
The main profile H of our
investigation partly coincides
with the cross-section

Fig. 3 A simplified geological map of the Ron Phibun District
(modified after Williams et al. 1996), the study area, and locations
of principal mining sites and dressing plants
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in the Ron Na-Suang Chan mountain range. In the
foothill area, Department of Mineral Resources (DMR)
reported that there are two major layers of placer de-
posit at the depth of 10 and 25 m (JICA 1999). Dredging
and open pit mines were operated here and the dredgers
were dug until the basement rocks were reached.

There were three mineral dressing plants in Ron
Phibun and two of them were located close to the Ron
Phibun town. The third dressing plant was located at
the junction of Huai Ton I Hong River and Huai Mai
Hom River (Fig. 3). These two rivers join together to
be the Huai Hua Mhuang River that flows on the right
side of the foothill area (Fig. 4). In the dressing pro-
cesses, sulfuric acid (H2SO4) was used for separating
cassiterite from arsenopyrite. The waste from dressing
processes (washing and separation) was drained into a
precipitation pond for large particle to be deposited. It
was suspected that the rest of wastewater in this pond
was later discharged into the Huai Hua Mhuang River
(JICA 1999). Most probably the arsenic contamination
in the foothill area has its origin in this dressing plant.
Furthermore, some cassiterite was also separated by the
villagers. Arsenopyrite was originally left and scattered
over the Ron Na-Suang Chan mountain range without
any covering layer. However, most of the scattered
arsenopyrite was collected later by the DMR and
transported to be stored at a confined mine waste
dump.

Arsenic in minerals releases to the environment

Arsenic compounds in the nature, such as arsenic in
rocks or soils, can be released to the environment by
redox processes. The reduction processes in nature are
generally slow, and arsenic compound from this process
is found as AsH3, AsCl3, and As2S3. Oxidation that
takes place during weathering of rocks containing ar-
senic (Boyle and Jonasson 1973), results in arsenic
compounds in the form of arsenate, AsO4

3). In strong
acid conditions the arsenate compound can easily be
dissolved in water. In weak acid, medium, or basic
conditions arsenic compounds are absorbed by the
compound of Fe, Co, Ni, Pb, and Zn. After that, they
will deposit in various forms of mineral sediments
(Wilson and Hawkins 1978; in Suwanmanee 1991). The
use of sulfuric acid in the ore dressing process resulted in
increased acidic condition in the environment and ar-
senic in its dissolved state could easily be distributed into
the area.

Study area

The study area is related to one of the most polluted
areas (JICA 1999), and covers about 163,200 m2. It is a

plain area on the foothill, and it is located between the
Huai Hua Mhuang River and the Khao Suang Chan
Mountain (Fig. 4b). To the west of this area is the Ron
Na-Suang Chun mountain range where many old tin
mines and an old dressing plant are located. These have
been pointed out to be the major contaminating sources
(JICA 1999). The study area lies down stream approxi-
mately 300 m away from the old dressing plant and
about 1.5 km to the west of the center of Ron Phibun
town. The area slopes with an angle less than 1� from the
west to the east. The surface is characterized by rock
blocks, gravel, and ponds from previous dredging min-
ing, swamps, and a small stream flowing through the
marginal part of the area. Some parts of the area were
covered by sand from a big flooding that took place ca.
10 years ago. Furthermore, some parts have been cov-
ered by soil brought from outside for plantation.

One reason to choose this area for a detailed study is
that there is information of arsenic content in soil at the
depth of 0.3 and 1.0 m and in auger water at 2.0–5.0 m
depths in the ground (JICA 1999) (Fig. 4a). Based on
the arsenic distribution, the area can be divided into two
parts; a strongly contaminated and a less contaminated
part. This gives the opportunity to test geophysical
methods to look for a relationship between physical
properties and arsenic content. Another reason for
choosing this area is the information of geological
structures obtained from logging data at four wells,
JICA15, JICA2, MV479, and JICA1 located at the dis-
tance of 0, 430, 720, and 1010 m, respectively, from
JICA15. This can be used for constraining the
geophysical interpretation.

Geophysical methods and their results

Electrical resistivity measurement

A Pole–Pole array was used to determine a continuous
2-dimentional image of the subsurface resistivity along
the measured profiles. An advantage of this array is that
it gives a great depth penetration, a wide horizontal
coverage and the least manpower for the measuring
procedure.

With the purpose of searching for an eventual rela-
tionship between resistivity and arsenic content in soil
and auger water down to a depth of 5.0 m, a high res-
olution was needed and achieved by using an inner
electrode separation (a) less than 6.0 m. The vertical
data point interval was determined by referring to the
median depth of penetration, 0.867a (Edwards 1977).
For depths of 5.0–35.0 m, a separation greater than
6.0 m was used with aims to map the geological struc-
tures, groundwater table, groundwater resistivity, and
depth to crystalline basement rock.
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Measuring procedure

Pole–pole resistivity pseudosections were measured
along 14 profiles (A, B,..., N) as shown in Fig. 4b. The
distance between the profiles is 20 m. A DC Terrameter,
ABEM SAS 300B with the current booster ABEM SAS
2000 and stainless steel electrodes were used. The current
electrode C2 and the potential electrode P2 were placed
at distances of more than 150 m (infinite for ideal) from
the mobile current electrode C1 and the mobile potential
electrode P1, respectively. The distance between the
current electrodes C2 and the potential electrode P2 was
more than 600 m. The measurements started by placing
the fixed electrodes, C2 and P2, then the mobile current
electrode C1, which acts as a point current source, was
put in position. The potential electrode P1 was then
placed at 0.4 m away from the current electrode C1, and

the first measured data was recorded. The distance be-
tween these electrodes was then increased by 0.4 m until
it reached 6.0 m. After that the distance increased by
2.0 m until the last position when a = 40.0 m. In this
way three data points per meter depth were obtained in
the upper part (0.4–6.0 m). For the deeper part (6.0–
35.0 m), the resistivity was obtained at every 1.7 m
(a = 2 m). When the distance between the potential
electrode P1 and the potential electrode P2 reached
150 m, the fixed current C2 and the fixed potential P2
electrodes were moved into new positions.

Data processing

The 2-D resistivity models were calculated by the inver-
sion program RES2DINV Version 3.41c (Loke 1999).

Fig. 4 a Arsenic contamination
in auger water and in soil
elution at 0.3 and 1.0 m depths
(modified after JICA 1999).
b Profiles along which
geophysical data have been
collected. R denotes the
reference point for the
self-potential (SP)
measurement (modified after
JICA 1999)
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This program creates a model of resistivity in a
pseudosection and adjusts this model to fit the measured
data by applying a non-linear least squares optimisation
technique (deGroot-Hedlin and Constable 1990; Loke
and Barker 1996). The resolution in the model is here
decided by setting the thickness of the first layer of
blocks at 0.9 times of the electrode spacing (a). The
thickness of the subsequent deeper layer was set to
increase by 10%. In the optimisation procedure, the
program basically tries to get the best fitting by adjusting
the resistivity of the model blocks to minimise the root-
mean square (RMS) error. We tried to force the pro-
gram to calculate models with RMS error lower than
2%. The best possible models were considered when the
RMS error did not change significantly, which usually
occurred between the fourth and eighth iteration of
calculation. However, models with small values of RMS
error sometimes might not represent the best models of
the geological features. Therefore, geological informa-
tion in the area had an important role for the choice of
the best model. For some models, the RMS error was
never lower than 2% because of noises in the raw data.
Nevertheless, all models have RMS errors lower than
5% and these models files were then saved for more
sophisticated contouring by the program Surfer7
(Golden Software Inc. 1999).

Pseudodepth control

The reliability of models obtained from the inversion
program was examined by comparing them with models
that was derived from 4Pole program (Thunehed 2000),
and geological data from the well. This was done for the
profile H at the position of well JICA2 (Fig. 2). The
inversion model of the subsurface layers beneath the well
JICA2 (Fig. 5a) can be divided into three major layers; a
highly resistive ca. 4 m thick top soil layer gradually

changing into a highly conductive layer with a thickness
of about 26 m. Beneath this layer there is a more resis-
tive layer. This model of resistivity agrees well with the
model that was derived by 4pole program (Fig. 5c),
which showed a highly conductive layer located between
two more resistive layers. The two models, based on two
different interpretations, are similar and reasonably
consistent with geological information of well JICA2
(Fig. 5b).

Resistivity pseudosection results

Inversion resistivity models along 14 profiles show the
same pattern of subsurface stratigraphy that has been
interpreted along the main profile H beneath the well
JICA2 (Fig. 6b). The difference in the layer thickness of
each layer between the profiles reflects the variations of
subsurface structures within the area. The horizontal
resistivity variation at 0.3, 3.5, 5.0, and 34.0 m depths is
showed in Figs. 7a, b, c and 8a, respectively. Each
resistivity images was obtained by contouring the
determined resistivity data at the same depth along each
profile. At shallow depth (< 3.5 m), the resistivity de-
creases with depth due to increasing water content ex-
cept for the two prominent high resistive areas at co-
ordinate (360, 200) and (960, 120). These areas can be
correlated to blocks of rocks, which are observed on the
surface. These blocks are probably left there from
dredging mine operation. Low resistivities are found at
3.0 and 5.0 m depths in the northern part of the area,
close to the big swamp. A highly conductive layer with a
thickness of more than 16 m is found at the distances of
250–520 and 790–890 m, suggesting two basin struc-
tures. This structural image correlates well with a rise of
the high resistivity basement rocks at the distances of
80–240 and 520–725 m and at 920 m in the end of the
profile (Fig. 6b). In the central area from 520 to 725 m,

Fig. 5 Subsurface models con-
structed by the resistivity
inversion program (a) and
compared with logging data of
the well JICA2 (b). A compar-
ison between the resistivity
model of the inversion program
and the 4pole program (c)
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the trend of the basement rise can be estimated at about
N40�E (Fig. 8a).

Seismic refraction measurement

A seismic survey was performed along the main profile
H, starting from the well JICA15 and running ca. 1 km
to the well JICA1. The system of a SmartSeis seismo-
graph, 24 channels (Geometrics Inc., San Jose, CA,
USA), and a sledgehammer source was used for data
collection. Generally, seven shot points were used per
spread: forward shot points, mid-spread shot points, and
reverse shot points. The geophone spread was in a
straight line with an interval of 3 m.

Data processing and interpretation

The data have been processed by using the SIP program
Version1 (Rimrock Geophysics Inc.). The interpretation
of data is based on iterative ray-tracing technique, in
which the ray propagation will be simulated through a
model. The model itself will then be adjusted until the
calculated refraction arrival time from the model is fitted
to the field-measured refraction arrival time. This pro-
cedure is a part of an inversion program by Scott (1973).
A first approximation depth of the model was obtained
by the delay-time method (Pakiser and Black 1957).

The refraction velocities of all layers beneath the top
layer have been calculated by two methods: (1) regres-
sion, in which straight lines of the arrival times are fitted
by least square technique. The velocities of the layer are
represented by the reciprocal slopes of the regression line
and average velocities of the layers are calculated by the
weighted average of the velocities in the same layer, (2)
the Hobson–Overton method (Scott 1973), by which the
velocities are defined by the reciprocal of arrival times
from two opposing source points at two or more geo-
phones position. The final velocities used in the inver-
sion process have been calculated by taking an average
of the two methods.

To model the subsurface along the profile, which
composes many spreads of data coverage, every two-
inline spreads that cover 141 m were processed. The
image of the subsurface along the total profile was then
conducted by joining the adjacent models.

Results and discussion

The final model from the seismic refraction data along
the main profile H, which is overlaid on the resistivity
section, is shown in Fig. 6b. Three layers are indicated,
except for an area between 688 and 724 m where
only two layers can be detected. At a distance of
430–490, 590–688, and 724–802 m in the profile, there is

Fig. 6 The models of the subsurface beneath the main profile H
defined by data of GPR (a), seismic velocities overlaid on a
resistivity section (b), and bulk densities calculated from gravity
data (c). The final model of the subsurface based on a combined
geophysical interpretation (d)
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no seismic data due to the geophone spread and shot
point locations are limited by housing and swamps.

The first layer thickness ranges from 1.4 to 5.0 m and
the P-waves velocities vary between 374 and 572 m/s,
with an average of about 467 m/s. This range of veloc-
ities represents the velocity of soil or gravel bearing
coarse sand (Fig. 5b). The highest velocity in this layer
(572 m/s) is found at the distance from 0 to 120 m, and
can be explained by an increasing amount of rocks and

gravels as observed on the surface. The lowest velocity,
374 m/s, was obtained at the distance between 688 and
724 m where loose sand layer is observed in the logging
data of well MV479 (at 720 m).

The second layer thickness ranges from 6.4 to 29.6 m.
The P-wave velocity varies between 1227 and 2244 m/s,
with an average of about 1558 m/s. This range of
velocities may represent the velocity of silt-sandy silt and
clay-weathered mudstone (Fig. 5b). The highest velocity

Fig. 7 The distribution of
arsenic in soil elution and the
resistivity at a depth of 0.3 m
(a). The distribution of arsenic
in auger water and resistivity at
depths of 3.5 m (b), and 5.0 m
(c), respectively. (d) The distri-
bution of arsenic content in
auger water at depth < 5.0 m
and SP values in the study area
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of this layer is found at the distance between 688 and
724 m. The logging data of well MV479 show this layer
to be composed of sand. However, the sand at this depth
is probably saturated with water because the velocity
2,244 m/s is higher than expected for unsaturated sand
(Redpath 1973).

The depth to the third layer, which is expressed by
the thick-dashed line in Fig. 6b, ranges between 9.1 and
34.2 m. The P-wave velocity in this layer ranges from
2,541 to 3,636 m/s, and is interpreted as the velocity of
basement rocks. This is in agreement with the depth to
basement of wells (JICA15, JICA2, MV479, and
JICA1) and the reference P-wave velocity of sedimen-
tary rocks (Redpath 1973). At the distance from about
140 to 200 m and between 310 and 420 m, the
boundary has an anticlinal shape. The biggest depth
34.2 m is found at 420 m along the profile. This agrees
with the logging data from the well JICA2 in which the
basement rock sandstone was found at a depth of
32.0 m.

A lateral variation of P-wave velocity can be seen in
the basement. This reflects different rock types along the
profile. The basement rock at well JICA15 (distance =
0 m) is limestone and at the well JICA2 (distance =
430 m) it is sandstone. From a distance of 0 to about
250 m, the P-wave velocity ranges between 2,541 and
3,088 m/s and may represent the velocity of limestone.
The velocity is higher from the distance 250 to about

420 m, ranging 3,463–3,636 m/s. These velocities prob-
ably represent a sandstone velocity. Therefore, the
limestone–sandstone contact should be located between
250 and 290 m. From the well JICA2 to the distance of
590 m, the P-wave velocity is higher than 3,200 m/s,
which may also represent the velocity of sandstone.
From the distance 590–688 m, seismic data could not be
collected due to a swampy area. The basement rock in
the well MV479 is granite. Thus the sandstone–granite
contact should be somewhere in the swampy area. From
688 to 802 m, a housing area hindered collection of data
and the third layer could not be detected. However, at
the distance from 802 to 946 m (end of profile) the
velocity is 3,211 m/s, possibly representing sandstone.
As the granite is found in the well MV479 the second
granite–sandstone contact is probably located between
688 and 802 m.

GPR measurement

A common-offset GPR survey was performed along the
main profile H to get additional structural information.
The RAMAC pulse GPR system was first tested along
a short profile with antenna frequencies of 50, 100,
and 200 MHz, respectively. The 100 MHz antenna and
an antenna offset of 0.6 m was found to be the most
suitable for a GPR survey.

Fig. 8 a Resistivity distribution
at 34 m depth, b a contour
depth to basement rocks
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Data processing

The GPR data have been processed by using software
package, Gradix Version 1 (Interpex Limited 1999). The
reflected signals are usually very weak from depths
corresponding to more than 100 ns travel time. Data
processing includes: (1) set time-zero for determining
where the surface is, (2) apply de-wow option for
removing low frequency noise that typically occurs as a
result of saturation of the recording instrument’s elec-
tronics with the large amplitudes of the air and direct
waves, (3) adjust automatic gain control (AGC) for
enhancing the reflected signal from the deeper layers,
and (4) apply depth conversion option for converting
GPR arrival-times to depth that requires the GPR
propagation velocity.

Results and discussion

The GPR image from the main profile H is shown in
(Fig. 6a). For the depth conversion of the GPR sections,
a constant average propagation velocity of 0.107 m/ns
was used. This velocity was calculated from the two-way
travel time of waves reflected from a known water level
in a dug well. There are no signals from depths below
4.0 m. This may be due to the fact that there is a high
conductive layer close to the surface. The existence of
such a shallow high conductivity zone is also indicated
by the resistivity data and may be interpreted as the
groundwater table reached of depths from 0.4 to 1.3 m.
Thus, it is difficult to get more information from the
deeper parts with GPR measurement. However, the
GPR data can be used to characterize the high con-
ductivity zone.

From the GPR section the subsurface could be
divided into three zones. The first zone is above the
groundwater table. The thickness of this layer varies
with the fluctuation of the groundwater table. The
second zone is a soft sedimentary layer saturated with
water and the depth to the bottom of this layer ranges
from 1.9 to 4.0 m. The resistivity of this zone is
normally lower than the water resistivity (100 Xm),

however some GPR waves can still penetrate through
it. Below the second zone there are no reflected waves,
most probably due to the high conductivity of this
layer.

Gravity measurement

The gravity survey was conducted to provide informa-
tion of deeper structures that can be combined with the
interpretation of seismic and resistivity data. A Lacost &
Romberg gravimeter, G-565, was used and measure-
ments were made at 127 stations with approximately
50 m station distance covering the study area of about
0.5 km2. The elevations were determined by leveling and
measuring positions were recorded by GPS (Trimble
Navigation Ltd., Westminster, CO, USA).

Data processing

For the Bouguer correction, an estimated overburden
density of 1,800 kg/m3 was used. The elevation of the
station JICA15 was used as a referenced datum level for
free-air and Bouguer corrections. Terrain corrections
were not considered necessary because of the low relief
in the small study area, in which all measured data are
assumedly affected by the same gravity resulting from
the higher topography in the surrounding. As only rel-
ative variations in gravity are of interest, a Bouguer
anomaly map was prepared with reference to the
JICA15’s station. Without removing a regional field, the
Bouguer data along the profiles—B, D, H, L, and N
were interpreted using a program GMM (Swedish
Geological Company, Uppsala, Sweden) for modeling.

Results and discussion

The Bouguer anomaly map with a contour interval of
2.0 g.u. (1 g.u. = 0.1 mgal) is shown in Fig. 9. The
gravity field in the area gradually decreases from the east
(flat plain area) to the west (mountainous area) with a
difference of ca. 50 g.u. This means that the basement

Fig. 9 Bouguer anomaly con-
tour in g.u. of the study area
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density in the east may be higher than the basement
density in the west.

However, the models calculated along the five se-
lected profiles suggest a high density rock beneath the
basement of limestone, sandstone and granite in the
eastern part, which may be the source of the large scale
gravity change in the area. To model the local Bouguer
gravity anomaly, a density of 1,800 kg/m3 for the soft
sediment and a density of the basement rock 2,675 kg/
m3 were chosen. From these interpretations a basement
topography map was constructed (Fig. 8b), which shows
the basement to rise up close to the surface in the central
part of the area.

Self-potential measurement

Electrical potential differences have their origin in the
potential that arises from several kinds of sources, such
as conducting minerals (sulfide, graphite, and magne-
tite), heat flow, fluid flow, etc. The application of SP
measurements is often related to studies for locating,
e.g., sulfide ores, faults, dikes, sinkholes, voids, ground-
water flow (Wanfang et al. 1999; Schiavone and Quarto
1984), drainage structure (Bogoslovsky and Ogilvy
1972), water leakages from reservoirs (Ogilvy et al. 1968;
Thunehed and Triumf 2001), etc.

The aim of using the SP method in this project is to
study the direction of the flow of subsurface water in the
contaminated area. The flow direction may possibly re-
late to the pattern of arsenic contamination. The SP
anomalies that result from groundwater flow have not
been fully explained. However, it has become widely
accepted that groundwater flows produce an important
part of the electrical potential, a so-called streaming
potential (e.g., Friborg 1996).

Field measurement

Non-polarization electrodes, copper–copper sulfate,
have been used for the SP measurements together with a
digital high-input impedance voltmeter (22 · 106 X),
with a measuring precision of 0.01 mV. At each mea-
suring point the vegetation was cleared and 0.2 m deep
holes were dug to reduce the SP effect from chemical and
moisture variations in the topsoil. One electrode was left
as a reference at a fixed point. The second electrode was
moved to measure the voltage along the profiles as long
as the SP remained stable (generally up to 500 m). After
that a new reference point was chosen and measure-
ments were made between the old and the new reference
point to determine the potential with respect to the old
one.

Four reference points were used in our measure-
ments. One of these points (R in Fig. 4b) was located on

the Triassic granite close to the study area in order to
limit regional effects, which may be caused by the dif-
ference in composition of the rocks. At this point the SP
value was assumed to be zero. Thus all the reference
points and all the points linked to each of them were
attributed SP values with respect to the SP value at R. A
voltage-averaging mode was used to ensure that the
reading was representative for each location. To record
the drift, repeated measurements with a time interval of
approximately 2 h were performed at the base station.

Data processing, results, and discussion

The data were corrected for drift and a contour map of
SP variation has been plotted (Fig. 7d). The anomaly
pattern clearly separates negative SP values in the up-
per and left parts of the map from the positive SP
values area in the lower part. There are some local
anomalies, which presumably are results of near-sur-
face resistivity variations caused by the rocks or min-
erals left from previous mining activities. There is a
good correlation between the positive SP values and
the moist area. A high magnitude of + 66.0 mV was
here observed, which is probably caused by a high
electrolytic concentration and/or a high content of clay
in the ground (Bogoslovsky and Ogilvy 1972). There
are four dominant areas with negative SP values at co-
ordinate (540, 200), (720, 160), (760, 140), and (610, 0).
These negative values appear to coincide with dryer
and high topography areas than the areas of positive
SP values. At the prominent SP minimum found at
coordinate (540, 200), there is a pond that might be a
remanent from mining activity. This anomaly possibly
originates from small amounts of sulfide minerals. Also
at co-ordinates (420, 200) and (460, 200), the SP min-
ima may originate from sulfide minerals. Others SP
minima were found at co-ordinates (240, 100) and (30,
100). In these areas, there are plenty of small pieces of
rocks and some minerals left over from previous min-
ing activity. In our study area, there is a small topo-
graphical variation of the ground surface and there is a
weak correlation (R = 0.26) between SP and elevation.
Also the topography of the basement will have an
influence on the SP and a small streaming potential
may be expected due to movement of groundwater.

Integrated interpretation

The ambiguity in the interpretation of geophysical data
can be reduced by combining data from several methods
since there may be a correlation between the physical
properties reflected by each method. With the integrated
interpretation we want to look for an eventual rela-
tion between: (1) arsenic contamination and physical
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properties of the soft sediments and groundwater; (2)
arsenic contamination and geological structure.

The subsurface structure beneath the main profile H

Two major layers beneath the main profile H can be
obtained by integrated interpretation of data. There is a
good correlation between the models based on resistiv-
ity, GPR, seismic refraction, and gravity data. The first
is a layer composed of soft sediments. It can be sepa-
rated into two minor layers, a thin layer on the top that
has P-wave velocity lower than 572 m/s, a high resis-
tivity and a strong reflection of GPR waves (Fig. 6a).
The base of this layer as defined from the seismic data
(small dash line in Fig. 6b) follows more or less con-
tinuously the contour line representing a resistivity of
100 Xm. Below this minor layer there is a thick layer of
high conductive-water saturated clay and weathered
mudstone, P-waves velocity lower than 2,224 m/s and a
high absorbance of GPR energy. The depth to the bot-
tom of this layer (the thick dash line in Fig. 6b) is de-
fined from changes in seismic velocity, which agrees
fairly well with a change of resistivity that increases with
depth. The second layer is interpreted as the basement
because of the high P-wave velocity ( > 2,541 m/s), the
high resistivity up to ca. 6,300 Xm, and the high density.
Along the main profile H, the topographic variation of
the basement can be defined from the interpreted depth
to the high resistivity layer (Fig. 6b), the depth to the
high-density rock (Fig. 8b) and the depth to the third
layer in the seismic refraction model (Fig. 6b). The
subsurface structures are very much influenced by the
topography of the basement. The anticlinal shape of
high resistivity and high density (Fig. 6b,c) correlates
well with a variation in layer thickness of the high
conductive layer along the main profile. The final model
based on all the geophysical and geological data is
shown in Fig. 6d.

Resistivity, self-potential, and arsenic contamination

During 1998–1999, JICA did a detail survey of arsenic
contamination with a focus on the area of Ron Phibun
sub-district. The arsenic content was determined in soil
and water samples, collected from auger holes in a grid
of 141 m between the holes. In the soil the arsenic
content was determined at 0.3 and 1.0 m depths, deter-
mination based on the soil elution method. In the water
samples, arsenic content was determined from water,
which was collected at the bottom of the auger holes
( < 5.0 m deep) wherever water was found. Arsenic
concentration in the samples was analyzed by atomic
adsorption spectroscopy (AAS). For the soil elution
method, ten times the weight of the analyzed water was

used in the analyzing process, thus the value of arsenic
concentration in soil elution can be compared with ar-
senic concentration in auger water after dividing the
elution result (mg/l) by ten.

The distribution of resistivity and arsenic content in
soil elution at 0.3 m is shown in Fig. 7a. For arsenic
distribution in soil elution at 1.0 m depth some parts is
below the indicated ground water table (0.4–1.3 m).
Thus, it is not possible to evaluate any correlation be-
tween the resistivity and arsenic content of soil elution at
this depth. The area of arsenic contamination at 0.3 m is
somewhat shallower than the depth to the determined
resistivity, however, the resistivity at 0.4 m depth can be
roughly compared with the soil arsenic concentration.
The arsenic content varies between 0.1 and 0.5 mg/l, and
there seem to be no correlation with the variations in
resistivity.

Figure 7b,c shows the distribution of arsenic in auger
water and resistivity at 3.5 and 5.0 m depths, respec-
tively. At these depths, there is a fairly good correlation
between high arsenic contents (0.5–5.0 mg/l) and low
resistivity (25.0–100.0 Xm) in the central part of the
area. This correlation may indicate a decrease in resis-
tivity due to high arsenic content. Such a decrease in
resistivity has been noticed in laboratory test on water
with various contents of arsenic (Vanichapichat et al.
2001, personal communication). However, other factors
like clay content and water content also affect the
resistivity. Metals originating from the tin minerals
(iron, copper, and tin) may affect the resistivity as well.
Metals were found in most core samples of unconsoli-
dated sediments from shallow depths all over the
investigated area, but not restricted to the central parts.
Arsenic compounds and metals from the dressing waste
may have been transported by the repeated flooding.
Large floods were recorded in 1977 and 1988, but small
floods happen repeatedly in the area (JICA 1999).
Nevertheless, the correlation between arsenic content
and resistivity suggests that resistivity data may be used
to roughly determine the distribution of arsenic in auger
water at these depths. The appearance of low resistivity
at these depths is also fairly consistent with SP data,
which shows high positive values in this area (Fig. 7d).
This is interpreted as due to inflow of groundwater,
wherein the SP-values increase in the direction of flow
(Wanfang et al. 1999), high degree of water content and
more electrolytic concentration in this area. Thus, it is
possible that arsenic may have been transported and
deposited in this part of study area.

The geological structures and arsenic contamination

With reference to the good correlation between the
resistivity and the gravity data, the model of the deeper
structures can be used to correlate with the contour map
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of arsenic content (Fig. 8a,b). The contour of the
topography of the basement as interpreted from
the gravity data shows the bedrocks rising up close to
the surface in the central part (400–650 m) and this rise
elongates in the direction of ca. N40�E (Fig. 8b). Also
the resistivity at 34.0 m depths (Fig. 8a) shows a pattern
of high resistivity at approximately the same position
and with the same trend as that of the basement. This
rise of the basement probably acts as a subsurface dam.
Thus, it is possible that groundwater, that carries ar-
senic, is obstructed by this subsurface dam and arsenic
has been accumulated west of basement rise. This is in
agreement with the SP anomaly, which may be a small
streaming potential originating from the topography of
the basement and groundwater that flows from more
shallow to the deeper parts in the basin.

Conclusions

By integrating different geophysical methods it was
possible to define sedimentary structures and the
topography of the basement. The high concentration of
arsenic in auger water (0.5–5.0 mg/l) in the central part
of the area is shown fairly well correlated with the area

of positive SP-values (up to 66 mV) and low resistivity
(< 100 Xm) at depths of 3.5 and 5.0 m beneath the
groundwater table. Low resistivity can be caused by
other factors like water, clay and metal contents, and
metals have been found at shallow depths, however, not
with any correlation to the area of low resistivity.

The high arsenic contents can also be correlated with
the topography of the basement, which shows a rise of
bedrocks that may act as a subsurface dam, creating a
basin area in the western part of the investigated area.
This natural subsurface dam may prevent the arsenic in
the groundwater to spread further to the east. In this
scenario the arsenic is deposited in the basin where the
high arsenic content auger water is found.
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Abstract 

Ground penetrating radar (GPR) has been used successfully for detecting and locating shallow faults in Quaternary 

sediments in central plain Thailand. GPR measurements were carried out with 50 MHz antenna along profiles 

running perpendicular to the expected strike direction of the faults as determined from remote sensing interpretation 

and geomorphological data. The positions of the interpreted faults are consistent with the positions of mapped faults, 

which are expressed as discontinuities in sedimentary layers and alluvial wedges. All of these features indicate 

paleoseismic activity. The patterns of GPR reflected signals, low amplitude, high amplitude, and high frequency 

characterize the different sedimentary layers, i.e. the weathered materials with fine-grained clay, coarse sand, and 

the weathered-volcanic basement, respectively.  

Dipole-dipole and pole-pole pseudosections provide images of lateral resistivity variation, which correspond to 

faults expressed by alluvial wedges, although, with none of the arrays we can determine the exact position of the 

faults. GPR and resistivity pseudosection data seem to be a good combination of geophysical data to define faults 

here indicated from the regional remote sensing. The strike directions of sub-faults in the area 2 (Khao Ka Riang 

sub-fault), area 7 (Khao Sathon Sung sub-fault), and area 9 (Klong Baan Na sub-fault) provided by geological data 

from the trenches and the geophysical results are N60°W - N70°W, N65°W - N70°W, and N30°W, respectively. 

These strike directions agree well with he NW-SE strike of the major faults in the area, the Mae Ping Fault Zone, the 

Nakhon Nayok-Prachinburi fault, and the Ongkharak fault. Thermoluminescence dating shows that movement along 

the sub-faults in the area 2, 7, and 9 took place at ca. 7,500-2,400, 4,800-1,750, and 9,700-2,300 years ago, 

respectively. These sub-faults are thus classified to be capable fault of the same generation. 

Keywords fault detection; geophysical methods; ground penetrating radar; resistivity pseudosection; Thailand 
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1. Introduction 

Tectonic structures are related to deformation of Earth’s crust caused by movements and forces 
connected with contemporary geological processes. In engineering, the knowledge of tectonic 
structures are important for the design of e.g. buildings, dams, nuclear power plants, runways 
and other infrastructures as they are related to the stability of the ground. Natural hazards such as 
earthquake, landslide, mudflow etc., which give rise to economic and human loss are closely 
linked to and guided by the geological structures. The economical loss will be multiple if the 
natural hazards destroy man-made constructions like e.g. nuclear power plants. 

Earthquake hazards are one of the most costly natural hazards. The risks that earthquakes pose to 
society e.g. death, injury, and economic loss, can be reduced by better planning, construction, 
and mitigation practices. Large earthquakes are most often located in active faults and the 1995 
Kobe earthquake (MJMA7.2) is such an example, an earthquake that was caused by a movement 
along the Nojima fault (Ando, 2001). 

Fault is a geological structure that represents an evidence of ancient subsurface movement; a 
fracture or dislocation in the earth’s crust along which there has been displacement of the rock 
on one side relative to those on the other (Read and Watson, 1962). The damage from an 
earthquake varies spatially and is governed by the fault geometry and lithology. In assessing the 
seismic hazard in a region, three physical parameters of the potential source are required: (1) 
geometry of the fault; (2) rate of earthquake recurrence; (3) maximum magnitude of earthquake 
(Sarma and Srinagesh, 2005). 

In this study we want to test geophysical methods for the identification of faults in the 
Ongkharak district, located about 60 km northeast of Bangkok in the Nakhon Nayok province, 
central Thailand (Fig.1). The Thai government has here planned to construct a 10 MW nuclear 
reactor in the Ongkharak Nuclear Research Centre (ONRC). A study of seismic stability is 
required as in a mandatory order for nuclear power plant (Kaznovskii et al., 2005). The nuclear 
power plant has to be constructed in a site where there are no active faults or faults that can be 
reactivated. A criteria regarding faults for locating nuclear power plants, has been defined by the 
U.S. Nuclear Regulatory Commission: A fault of potential risk is a fault that has moved at least 
once in the past 50,000 years, or more than once in the past 500,000 years (Keller, 2002). 

1.1 Historical earthquakes 

Thailand lies in Southeast Asia (Fig. 2), which in its most parts are very quiet in terms of 
historical seismicity, except for the very northern part of the country, near the Myanmar-
Thailand border (Chung and Liu, 1992). The largest recorded earthquake in Thailand has not 
exceeded 6.5 in Richter magnitude scale (Fenton et al., 2003). However, historical earthquake 
data from 1983 to 2003 (Fig. 1) shows that there are some earthquake events, occurring in the 
Lower Central Plain of central Thailand (Thai Meteorological Department, 2003) with 
magnitudes of 3.06 e.g. in the Supanburi province in October 23, 1989, 3.3 in the Lopburi 
province in July 25, 1991, 3.1 in the Chonburi province in April 27, 1990, and 5.9 at Srinakarin 
dam in April 22, 1983, 230 km northwest of the Ongkharak district etc. These earthquakes 
indicate that the central Thailand is not perfectly stable and if there are faults in this region, they 
can be reactivated by future earthquakes. Thus, the location of faults in the area around the 
Ongkharak district needs to be defined. Geological information of historical earthquake can be 
used to calculate the recurrent and the expected magnitude of the future earthquake. 
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Fig. 1 The location of the study area surrounding the Ongkharak district, Nakhon Nayok province (square red line) 
and historical earthquakes in South East Asia from 1983-2003 with epicenters and magnitudes ranging  from 0.1 to 
4.0 Richter magnitude scales (Department of Meteorology, 2003). 

1.2 Methods 

The location of faults and evaluating the history of fault activity can be obtained by direct 
methods i.e. excavating exploratory trenches or drilling and by indirect methods i.e. with remote 
sensing methods (aeromagnetic, aerial photographic, satellite image interpretations) and ground 
geophysical methods (seismic, electrical resistivity, ground penetrating radar (GPR) and very 
low frequency (VLF) etc).

In this work ground geophysics, GPR and electrical methods are tested to locate faults. This test 
is probably the first in its kind conducted in Thailand. Previous paleoseismic investigations were 
reported by Fenton, et al., (2003). They summarized the results of several investigations of active 
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faults in Northern and Western Thailand. The location of faults zone and the position for 
trenching excavation were defined from a sequence of remote sensing interpretations (satellite 
image and stereoscopic aerial photographs), sediment stratigraphy, and geomorphological 
studies. By remote sensing interpretations the location of a fault zone or zone of subsurface 
deformation can roughly determine, but for trenching studies the exact position of a fault is 
needed. With the advantage of high-speed data collection, high-resolution, quick data processing 
and low man power for the survey, the GPR method was used to test the remote sensing 
interpretations. Also resistivity mapping and self potential (SP) measurements were used with 
the purpose of testing the feasibility of these methods in fault detection. 

The aims of using geophysical methods in this study are (1) to determine the exact position of 
shallow faults in Quaternary sediments suggested by satellite image, aeromagnetic, and 
stereoscopic aerial photographs interpretations together with geomorphological data, (2) to 
suggest the position for trenching excavation for a detailed study of palaeoseismic activities. If 
the geophysical data show a good correlation with faults identified from trenching, the 
combination of these geophysical methods or a selection of a method can be recommended for 
future studies. 

2. Tectonic features of Thailand 

Thailand is located on the southern part of the Eurasian plate, Southeast Asia. The Eurasian plate 
is bounded in the west by the Indian plate (a part of the Indo-Australian plate) and in the south 
by the Pacific plate. The boundary between the plates, i.e. subduction zones, faults, and some 
micro plates surrounding Thailand is shown in Fig. 2. The tectonic activity in this region depends 
on relative movements between these three major plates. It seems that the Eurasian plate is 
almost stationary, while the Indo-Australian plate moves northward, and the Pacific is moving 
westward. Earthquakes in this region have mostly occurred at or close to the plate boundaries, 
while intraplate earthquakes are rare. 

Due to the subduction of the India beneath the southern margin of the Eurasia plates in the 
middle Eocene, Southeast Asia was pushed and rotated clockwise and simultaneously moved 
southeastward along the Red River and Wang Chao-Three Pagodas fault zones (Peltzer and 
Tapponnier, 1988; in Fenton et al., 2003). Translation and rotation of the Southeast Asian crustal 
block resulted in a series of extensional basins extending from the Gulf of Thailand to the south 
of South China Sea (Harder, 1991; in Dheeradilok et al., 1992). Normal block-faulting in the 
Late Pliocene-Pleistocene formed horsts and grabens structure in the Chao Phraya basement, 
Lower Central Plain, Central Thailand (Nutalaya and Rau, 1981; in Sinsakul, 2000). Two 
different fault systems in Thailand can be defined: (1) the N-S normal faults and (2) the NW-SE 
strike-slip faults. The NW-SE trending faults occur in the Mae Ping and the Three Pagodas fault 
zones, while the NE-SW trending faults are the Uttaradit, the Khlong Marui and the Ranong fault 
(Polachan et al., 1991). These strike-slip faults created NE-SW extensional tectonic regimes at 
the end of faulting, which occurred sometimes between the Late Cretaceous and Early Tertiary. 
This resulted in the opening of Tertiary basins in Southeast Asia (Polachan et al., 1991; McCabe 
et al., 1988; Ducrocq et al., 1993; in Fenton et al., 2003). In the Lower Central Plain, Central 
Thailand, where this study is performed, Tertiary basins are found separately and they are 
overlain by unconsolidated Quaternary sediments with varying thickness of stratigraphic 
successions, e.g. 800–3,000 m thick in the Ayutthaya basin (Srikulwongse and Jarusiriwadi, 
1991; in Sinsakul, 2000). 
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Fig. 2 Major tectonic elements in Southeast Asia and Southern China. Arrows show relative directions of motion of 
crustal blocks during the Late Cenozoic. The MPFZ-Mae Ping Fault Zone; NTFZ-Northern Thailand Fault Zone; 
TPFZ-Three Pagodas Fault Zone; UFZ-Uttaradit Fault Zone are the fault zones most closely related to our study 
area. (modified after Polachan et al., 1991) 

3. Geological overview of the Lower Central Plain related to the study 
area

3.1 Structural, rock stratigraphy, and regional setting 

The Lower Central Plain or Chao Phraya Basin covers an area of approximately 36,000 km2,
with the northern boundary in the Chainat province and the southern boundary at the Chao 
Phraya River mouth, Gulf of Thailand. The western margin of the plain is bounded by the 
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western mountain ranges and the eastern margin is bound by the Phetchabun mountain ranges 
and a part of the western edge of the Khorat Plateau. At both margins of the plain are fault scarps 
(Bunopas and Vella, 1983; in Sinsakul, 2000) with associated terraces and alluvial fans. The 
plain slope generally ranges from 1.0 to 2.5 m/km (Thiramongkol, 1983). Horsts and grabens 
structures in the Chao Phraya basement were formed by block faulting in the Late Pliocene-
Pleistocene (Nutalaya and Rau, 1981). Normal faults trending north-south control the Chao 
Phraya and Tha Chin Rivers, which are the major rivers that flow across the plain. Others three 
minor rivers, Mae Klong, Bang Pa Kong and Pa Sak in the west, east, and northeast respectively, 
also flow through this plain area. These rivers have an important role in transporting and forming 
surficial sediments in the Low Central Plain area. 

The Nakhon Nayok province is located in the eastern edge of the Lower Central Plain, about 105 
km northeast of Bangkok, with a provincial area of 2,122 km2. The central, the western and the 
southern-southwestern parts of the province are dominated by a flat and low-lying plain area, 
which is located between the two river plains, the Chao Phraya River and the Bang Pa Kong 
River.  In the northern and northeastern parts of the province, the mountain and mountain ranges 
are associated with terraces and alluvial fans areas.  

For the detection of shallow faults in the area, information of surficial Quaternary sediments 
(unconsolidated materials such as gravel, sand, clay, clayey soil sediment, pieces of rock etc.) in 
the study area is most important. In the Nakhon Nayok province there are two generations of 
deposits: (1) the surficial Pleistocene sediments that are fluvial and alluvial fans deposited 
(Sinsakul, 1986), which mostly originated from weathering and erosion of Permian-Triassic (230 
- 260 Ma) volcanic rocks (tuff, rhyolite, and andesite) and some small portions of sedimentary 
rocks (shale, sandstone, conglomerate) of the Khorat group (Salyapong, 1986) on the mountain 
and mountain ranges in the northeastern part of the province and (2) Holocene sediments i.e. 
marine clay, intertidal flat deposits from marine processes (Sinsakul, 1986), overlying the 
Pleistocene sediments in the areas covered by the sea during Holocene sea-level rise, in which 
the Ongkharak district and some parts of Baan Na, Muang Nakhon Nayok, and Pak Phli districts 
became an embayment (Sinsakul, 2000). 

Fault structures in the Nakhon Nayok and neighboring areas have previously been reported by 
Lamjuan (1986). Base on geomorphologic data, seismic data, and drilling data, they indicated 
different generations of faults and some major faults, the Nakhon Nayok–Prachinburi, 
Ongkharak, Nang Rong, Nakhon Nayok, Klong Baan Na, and Pak Phli faults shown in Fig. 3. 
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Fig. 3 Topography and major structure in the Nakhon Nayok province, including the investigated areas presented in 
this paper.  

3.4 Remote sensing interpretations 

Remote sensing interpretations were preliminary conducted on the Landsat 7 ETM satellite 
image and on aeromagnetic data of the area between longitude of 100° 30' to 102° 00' and 
latitude of 13° 00' to 15° 00' by NRC-EHWM (2005) for identification of fault zones or 
subsurface deformation zones in the region. The interpretations show major lineaments trending 
in northwest-southeast and northeast-southwest direction, and minor lineaments trending in 
north-south direction.
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Fig. 4 Results of remote sensing interpretation in the area of the Nakhon Nayok and neighboring provinces, (a) 
lineament structures from Landsat 7 ETM satellite image, (b) aeromagnetic map shows the grey tone of magnetic 
intensity, applying the Reduction to the Pole option with the light from the north, and (c) an interpretation of (b). 
(modified after NRC-EHWM, 2005). 
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The aeromagnetic interpretation shows lineaments (Fig. 4c), mostly trending in NW-SE and 
generally coincide with the shallow lineament defined by Landsat 7 ETM satellite image 
interpretation. Lineaments that trend in north-south are mostly found parallel to the Chao Phraya 
River in the western part of the area, but they do not appear in the satellite interpretation. This is 
possible due to cultivation changing the morphology in this part of the area. However, the north-
south trending lineament in the central part is found consistent with the satellite image 
interpretation. Lineaments oriented in northeast-southwest also correlate well with the results 
from satellite image interpretation.  

3.5 Study area 

The Landsat 7 ETM satellite image and aeromagnetic interpretation provide a good correlation 
of lineaments, which may be related to faulting. Thus, from these interpretations ten small areas 
(Fig. 4a) were selected to conduct a detailed study of faults activity around the Ongkharak 
Nuclear Research Centre using aerial photographic interpretation, geomorphologic field surveys, 
and ground geophysics. Five of these areas are located in the Nakhon Nayok province, three 
areas are located in Saraburi province, and another two areas are located in Ayutthaya and 
Prachinburi provinces. GPR was applied to test the locations of the faults suggested by the 
geomorphologic data and remote sensing interpretations. The exact position of faults is very 
important in locating the position for trenching excavation for paleoseismic study. 

4. Subsurface investigation methods 

In order to test the existence of faults based on remote sensing interpretations and 
geomorphological data, a subsurface investigation was first carried out using GPR. Possible 
positions of faults were then defined from the GPR data and locations for trenches were 
suggested. When the shallow subsurface structure was exposed down to a depth of about 3 m, 
resistivity pseudosection and SP measurements were conducted along the trenches with the aims 
to compare the results with geological observations and GPR data. The resistivity pseudosections 
were conducted in area 2, area 7, and area 9, while the SP measurement was performed as a 
selective sites-study only in the areas 7 and 9. 

4.1 GPR measurement 

The fundamental concept of GPR is similar to that of the seismic reflection method; the 
difference is in using electromagnetic waves instead of elastic waves. The use of GPR to locate 
subsurface geological structures like faults has been reported in the literature (i.e. Wyatt and 
Temples, 1996; Demanet, et al., 2001; Liner and Liner, 1997; Salvi et al., 2003; Rashed and 
Nakagawa, 2004). GPR waves will be reflected at the lithologic boundaries where there is a 
contrast in the dielectric constants. Thus GPR may map the continuity of unconsolidated 
sedimentary layers and the shape of any displaced. 

4.1.1 Measuring procedure 

A common-offset GPR survey using RAMAC pulse GPR system (MALÅ GeoScience AB, 
Malå, Sweden) was conducted in 10 areas with a total distance of 4.22 line-kilometers. The 
direction of measuring profiles has been designed to run perpendicular to the expected strike 
direction of the faults as determined from remote sensing interpretation and geomorphic data. 
After the test profiles were conducted to find the best acquisition parameters to be used during 
the field survey; the system with antenna frequencies of 50 and 100 MHz, and an antenna offset 
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of 2.0 m and 1.0 m respectively were found to be adequate to map the shallow subsurface. The 
reflected signals from both frequencies were clearly seen down to a depth of 500 ns of the time 
scale, which corresponds to a depth of 30 m, when an average normal ground GPR wave 
velocity of 120 m/μs is used (Parasnis, 1997). A measuring interval of 0.5 m was used for all 
profiles. A GPR frequency of 50 MHz was then used in three areas, area 2, area 7, and area 9. 

4.1.2 Data processing 

The GPR data were processed by using software package, Gradix Version 1.3.1 (Interpex 
Limited, 1999). Data processing includes: (1) set time-zero for determining the surface, (2) apply 
de-wow option for removing low frequency noise that typically occurs as a result of saturation of 
the recording instrument’s electronics with the large amplitudes of the air and direct waves, (3) 
apply bandwidth filter for killing low and high noise frequencies from the recorded signals, (4) 
adjust automatic gain control (AGC) for enhancing the reflected signal from the deeper layers, 
(5) apply option for converting GPR arrival-times to depth, which requires the appropriate GPR 
propagation velocity of each site. 

4.2 Electrical resistivity measurement 

Pole-pole and dipole-dipole arrays were used to determine a continuous 2-dimentional image of 
the subsurface resistivity along the measuring profiles with the purpose of searching for 
relationship between resistivity and stratigraphy of unconsolidated sediments. If the stratigraphy 
can be imaged fault locations might be determined from discontinuities in the layers.  

The pole-pole array has been successfully used in mapping subsurface structures (< 40 m depth) 
in an arsenic contaminated area in southern Thailand (Wattanasen et al., 2006). An advantage of 
this array is that it gives a good depth penetration, a wide horizontal coverage and needs a 
minimum of manpower for the measuring procedure. As the structural data provided by 
trenching reach a depth of 3.0 m, a high resolution of the resistivity pseudosection is needed and 
this may be achieved by using an inner electrode separation (a) of less than 6.0 m. The vertical 
data point interval was determined by a median depth of penetration of 0.867a (Edwards, 1977). 
For depths of 6.0 - 18.0 m, a separation greater than 6.0 m was used with the aim of mapping the 
sediments and basement rocks. 

The dipole-dipole array has been widely used in resistivity and IP surveys because of the low 
electromagnetic coupling between the current and potential circuit. It is the array most sensitive 
to horizontal change in resistivity, thus vertical structures (changing in lateral resistivity) such as 
faults, dyke, cavities etc. are suitable to be mapped by this array e.g. Bano et al. (2002). The 
array has a relatively poor resolution of the horizontal structures like sills or sedimentary layers 
(Loke, 1999), however, it has a good horizontal data coverage for 2-D survey and can give a 
high resolution with overlapping data levels by combining measurements with different a and n
values, where n must be an integer (1, 2, 3,…etc, for explanation see below). 

4.2.1 Measuring procedure 

Pole-pole and dipole-dipole resistivity pseudosections were measured along profiles parallel to 
the trenches, using a DC Terrameter, ABEM SAS 1000 (ABEM Instrument AB, Sundbyberg, 
Sweden) and stainless steel electrodes. For the pole-pole array, the current electrode C2 and the 
potential electrode P2 were placed at distances of more than 90 m (infinite for ideal) from the 
mobile current electrode C1 and the mobile potential electrode P1, respectively. The distance (a) 
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between the current electrodes C2 and the potential electrode P2 was more than 300 meters. The 
measurements started by placing the fixed electrodes, C2 and P2, then the mobile current 
electrode C1, which acts as a point current source, was put in position. The potential electrode P1
was then placed at 0.4 m away from the current electrode C1, and the first measured data was 
recorded. The distance between these electrodes was then increased by 0.4 m until it reached 6.0 
m. After that the distance increased by 2.0 m until the last position when a = 20.0 m. In this way 
3 data points per meter depth were obtained in the upper part (0.4 – 6.0 m). For the deeper part 
(6.0 – 18.0 m), the resistivity was obtained at every 1.7 m (a = 2 m). 

To acquiring data with the dipole-dipole array, the Lund Imaging System (Dahlin, 1996) was 
used to specify the measurement sequence. This data collection system facilitates field work with 
only one person for the operation, while an old traditional instrumentation set up for the 
measurements of this array needs one person taking care of each of the four electrodes. The short 
32 protocol file was used to conduct the measurement with a distance between the dipole pair 
(C1C2 or P1P2), a = 1…3 m and n = 1… 6. This protocol gives totally 356 measuring points of 
apparent resistivity and the vertical depths of plotting points are 0.416a, 0.697a, 0.962a,
1.220a,1.476a, and 1.730a for n = 1…6 respectively (Edwards, 1977).

4.2.2 Data processing 

Two-dimensional resistivity models were constructed using the inversion program RES2DINV 
version 3.41c (Loke, 1999). This program creates a model of resistivity in a pseudosection and 
adjusts this model to fit the measured data by applying a non-linear least squares optimization 
technique (deGroot-Hedlin and Constable, 1990; Loke and Baker, 1996). The resolution in the 
model is here decided by setting the thickness of the first layer of blocks at 0.9 times of the 
electrode spacing (a). The thickness of the subsequent deeper layer was set to increase by 10%. 
In the optimization procedure, the program basically tries to get the best fitting by adjusting the 
resistivity of the model blocks to minimize the root-mean square (RMS) error. We tried to force 
the program to calculate models with RMS error lower than 2%. The best possible models were 
considered when the RMS error did not change significantly, which usually occurred between 
the 5th and 9th iteration of calculation. However, models with small values of RMS error 
sometimes might not represent the best models of the geological features. Therefore, geological 
information in the area had an important role for the choice of the best model. For some models, 
the RMS error was never lower than 2% because of noises in the raw data. Nevertheless, all 
models have RMS errors lower than 5% and these models files were then saved for more 
sophisticated contouring by the program Surfer8 (Golden Software Inc., 1999) 

4.3 Self Potential measurement 

Electrical potential differences have their origin in the potential that arise from several kinds of 
sources, such as conducting minerals (sulphide, graphite and magnetite), fluid flow, heat flow 
etc. An application of self potential measurements is often related to studies for locating e.g. 
sulphide ores, faults, dikes, sinkholes, voids, groundwater flow (Wanfang and others, 1999; 
Schiavone and Quarto, 1984), drainage structure (Bogoslovsky and Ogilvy, 1972), and water 
leakages from reservoirs (Ogilvy and others, 1968; Thunehed and Triumf, 2001) etc. At the fault 
zone where a planar structure is displaced, the change of ground resistivity from one side of a 
fault zone to the other or due some fluids flow at the boundary of the fault, can generate a SP 
signal.
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4.3.1 Field measurement and data processing 

Non polarization electrodes, Cu-CuSO4, have been used for the SP measurements together with a 
digital high-input impedance voltmeter (22 x 106 ohm), with a measuring precision of 0.01 mV. 
At each measuring point the vegetation was cleared and 0.2 m deep holes were dug to reduce the 
SP effect from chemical and moisture variations in the topsoil. One electrode was left as a 
reference at a fixed point. The second electrode was moved to measure the voltage along the 
profiles as long as the SP remained stable. Only one reference point was used in each site. In 
area 9, the referenced electrode was located on the foothill close to the measuring profiles, 9A 
and 9B in order to limit regional effects, which may be caused by the difference in composition 
of the rocks. At this point the SP value was assumed to be zero. For area 7, the referenced 
electrode was also put on the foothill at the beginning of the profile 7A and then the 
measurements were performed along the profiles 7A and 7ASP (Fig. 7b), with an offset of 50 m 
between the profiles. The measuring point spacing was generally 2 m, except in the trench area, 
where every 0.5 m was measured for an increased lateral resolution. A voltage-averaging mode 
was used to ensure that the reading was a representative for each position. To record the drift, 
repeated measurements with a time interval of approximately 2 h were performed at the first 
measuring point of the loop. 

5. Results and discussion 

5.1 Area 2: Baan Khao Ka Riang 

The Baan Khao Ka Riang area (area 2) is located in Sri Nawa sub-district (Figs. 3 and 5a). The 
study area is generally plain and used for growing paddy rice. The geology in this area (DMR, 
1998) comprises Permian-Triassic volcanic rocks (quartz, feldspar, and tuff), colluvium, and 
alluvial fans. A NW-SE trending fault segment, named Khao Ka Riang sub-fault is found close 
to Khao Ka Riang. This fault which is located southwest of Khao Ka Riang (Fig. 5a) coincides 
with the lineament identified in aerial photograph interpretation. In a geomorphological field 
survey evidences supporting the presence of this fault were found. Triangular faceted spurs were 
identified on the volcanic-mountain rock with an average base width of about 2 km, height and 
dip of about 100 m and 50° toward the SW, respectively; and a slickenside on the surface of 
rhyorite. Furthermore, in a dug well an accumulation of colluvium and a dip of the sediment 
layers was found, which probably was the result of faulting. 
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Fig. 5 An interpretation of aerial photography of the area 2, Baan Khao Ka Riang (a) and geophysical survey 
profiles with excavated trenches locations (b). (modified after NRC-EHWM, 2005) 
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With an integration of remote sensing and field geomorphologic data, three GPR profiles, 2A, 
2B and 2C, were measured perpendicular to Khao Ka Riang sub-fault, located by aerial 
photograph data (Fig. 5b). The GPR data from the profiles 2A and 2B did not give any 
significant pattern of reflected waves for determining the position of a fault, while the result 
from the profile 2C gave a clear image indicating that the continuity of the subsurface has been 
disturbed or breached at 22 m, 34 m, and 60 m from the beginning of the profile. At these 
distances there is a distinct discontinuity in the horizontally reflected waves (Fig. 6a), which is 
probably the result of subsurface movement. Thus this profile was recommended for excavation 
of a trench for geological studies. A 2 m wide and 3 m deep trench was then dug along the 
profile at a distance from 60 to 80 m. Dipole-dipole and pole-pole measurements were 
subsequently carried out beside and parallel to the trench at a distance of 50 - 130 m and 50 - 140 
m, respectively.

5.1.1 Geophysics results and trenching test 

The result of the GPR image, the pole-pole pseudosection, the dipole-dipole pseudosection, and 
the geological images on the both side of trench walls are shown in Fig. 6a,b,c,d, and e, 
respectively. 

Fig. 6 Showing a comparison between geophysics results and trenching results on the profile 2C, GPR section and it 
interpretation (a), pole-pole section (b), dipole-dipole section (c), trenching wall photo in SE side (d), and the mirror 
image of trenching wall in NW side (e). The blue transparent shapes in (d) and (e) mark the gravel in sand layer. 
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A normal fault that was identified on the SE wall at distance of 61.5 m was also identified on the 
NW trench wall (Fig. 6e). The normal fault was found here at a distance of 62.0 m with a dip of 
60° toward the SW and a strike direction of N70°W. A vertical displacement of 0.25 m was 
measured. The shear zone was identified on the both sides of the wall at a distance of 78.0 m, 
with a strike direction of N60°W and a dip angle of 15° toward the NE. A displacement at the 
distance between 63 and 65 m shows that this normal fault cut through the unit D and terminate 
in the unit C. The unit B and the unit A are consequently younger than the fault.

The GPR image can be interpreted as 3 layers corresponding to: (1) top soil, (2) volcanic gravel, 
and (3) the weathered-volcanic rocks. The GPR velocity in this profile is 92 m/μs determined 
from the hyperbolic pattern at a distance of 22.5 m. The pattern of reflected signal may indicate 
the type of medium that the GPR waves traveled through. For example, the reflected signal at a 
depth of 60 to 300 ns, which corresponds to a weathered-volcanic rock layer found in the trench, 
can be clearly separated into 2 minor layers: a upper layer at depths from about 60 to 200 ns, 
with a reflected signals amplitude smaller than the amplitude of a lower layer at a depth of 200 to 
300 ns. The trenching confirms that the weathered-volcanic rock layer can be separated into an 
upper more weathered layer with fine-grained clay and a lower layer of coarse-sand. 

Pole-pole and dipole-dipole resistivity pseudosection of the upper 6 m may indicate 3 different 
layers: (1) an upper high resistive layer (100 – 794 m) with a thickness about 1.5 m, (2) a 
middle low resistive layer (63 – 251 m), and (3) a deeper part of high resistivity (251 – 1,995 

m). For depths below 6 m in the pole-pole pseudosection, a high resistive layer found at a 
depth of about 16 m, is interpreted as a fresh volcanic rock. Both arrays give the same pattern 
and the same thickness of the upper high resistivity layer. The resistivity variation, the position 
of low and high resistivity is relatively the same, and the dipole-dipole array seems to give a 
better continuous image of the resistivity layer in both vertical and horizontal direction, but the 
thickness of the resistivity layer below the top layer is thinner than that given by pole-pole 
measurements. The resistivity pseudosection did not reflect any detailed stratigraphy, when 
compared to the trenching image. The low resistivity in the middle (yellow-green label) is found 
corresponding with the layers of gravel and the weathered-volcanic rocks (unit D and unit E), 
while the high resistivity layer in the upper part is consistent with the material of unit A, B and 
C. In this profile, the resistivity pseusection patterns from both arrays do not indicate the fault or 
shear zones that were found in the trench. 

5.2 Area 7: Baan Cha-Om 

The Baan Cha-Om area (area 7) is located north of Ongkharak town (Figs. 3 and 7b). Geological 
data (DMR, 1998) shows that the subsurface materials in this area comprise gravel and 
pyroclastic rocks: tuffs (Permo-Triassic), colluvium, and alluvium fans, with an alternation of 
sand. A fault segment, named Khao Sathon Sung sub-fault, is located close to this study area and 
it has a NW-SE trending direction. This fault coincides with a fault lineament suggested by aerial 
photograph interpretation (see Fig. 7a), a fault that should be located on the boundary between 
the Permo-Triassic volcanic rocks and Quaternary sediments. Its location and trending direction 
is also supported by geomorphological evidences: (1) two triangular faceted spurs with the width 
of facet base of about 1 km, height of about 120 m, and dip of 60° to SW direction; (2) a 
meandering pattern of Klong Dasa and Klong Baan Na, which indicates a style of right lateral 
fault.  
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Figure 7. An interpretation of aerial photography including the area 7, Baan Cha-Om and the area 9, Baan Beung 
Mai (a) and a detail survey of geophysical profiles in the area 7 with excavated trenches locations (b). (modified 
after NRC-EHWM, 2005). 
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In this area, six profiles of GPR measurement were performed in profiles, 7A, 7B, 7C, 7D, 7E 
and 7F, located close to the Khao Sathon Sung Mountain (Fig. 7a,b). Some profiles runs 
perpendicular to the fault line suggested by aerial photographic data (Fig. 7a). The GPR data on 
profiles 7A and 7B indicating faults were checked by trenching. The profile 7A trends in a 
direction of N65°E. There are three locations on the profile 7A, at 86 m, 113 m, and 123 m from 
the beginning of the profile (Fig. 8a), where the reflected signals indicate that the continuity of 
the horizontal layer has been disturbed. Based on the GPR data, a trench was dug along the 
profile at a distance from 106 to 132 m with a width of 2.5 m and a depth of about 3 m. Dipole-
dipole and pole-pole resistivity pseudosection were later carried out beside and parallel to the 
trench from a distance of 85–155 m and 95–145 m, respectively. In addition, the profile 7B, 
which is located about 82 m southeast of the profile 7A a trench was dug from a distance of 10 to 
35 m with reference to the beginning of the profile. In the upper 3 m, the GPR data along this 
profile did not give a clearly evidence of faults, but below a depth of ca. 4 m the patterns in 
reflection may indicate folded layers. Pole-pole resistivity measurements for a pseudosection 
were also performed beside and parallel to the trench from a distance of 0 to 50 m. A dipole-
dipole pseudosection was also conducted here, but data were unfortunately lost due to a technical 
error. Self potential measurements have been performed in two profiles in this area; along the 
profile 7A and along the profile 7ASP located parallel and northwest of the profile 7A. 

5.2.1 Geophysics results and trenching test: Area 7 

Profile 7A 

The result of the SP data, the GPR image, the pole-pole pseudosection, the dipole-dipole 
pseudosection, and the trenching images of both side of trench walls are shown in Fig. 8a,b,c,d,e, 
and f, respectively.

In the photos of the trench walls (Fig. 9e,f) the stratigraphy of the soil can be identified as 4 units 
from top to bottom of the trench (Table 1). Evidence of tectonic disturbances in the NW trench 
wall was found at a distance between 118 and 119 m, where there is a discontinuity in the big 
gravel layer (unit D). This discontinuity in gravels is caused by a reverse fault, cutting through 
the unit E and D, with a strike direction of N70°W and a dip of 40° toward the NE. There is also 
a significant strike-slip movement, which is confirmed by a difference in overlying materials of 
the unit D on the both sides of faulting. This can also be seen at a distance from 116 to 118 m on 
the SE wall, where the measured dips and trend direction of the fault is 40° toward the NE and 
N65°W, respectively. It clearly suggests that subsurface movements occurred after an 
accumulation of unit B and unit C. 

SP measurements show an interesting pattern similar for the two parallel profiles, especially the 
location of minima in each profile. On the profile 7A, the minimum points are found at 59 and 
122 m, while corresponding minima are found at 68 and 110 m on the 7ASP profile. If the 
minimum SP value is generated from the difference in electrical properties of materials separated 
by the fault or there are some fluid flows (streaming potential) in the fault plain, thus the 
minimum SP values can be an indicator of the fault position. Based on this hypothesis, the strike 
of fault should be N35°W for the first minimum SP located at a distance from 50 to 70 m and 
another fault is trending of N12°W for the second minimum SP located at a distance between 
110 and 130 m. 
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Fig. 8 Showing the SP measurements on profiles 7A and 7ASP (a) compare to others geophysics and trenching 
results on the profile 7A, (b) GPR section and it interpretation, (c) the pole-pole section, (d) dipole-dipole section, 
(e) trenching wall photo in SE side, and (f) the mirror image of trenching wall in NW side. 
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Fig. 9 A comparison between geophysics results and trenching results on the profile 7B, GPR section and it 
interpretation (a), the pole-pole section (b), trenching wall photo of SE side (c), and the mirror image of trenching 
wall in NW side (d).  
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The GPR section can be interpreted into 3 layers: (1) top soil, (2) volcanic gravel, and (3) the 
weathered-volcanic rocks. For the depth conversion of the GPR section, a constant average 
propagation velocity of 56.51 m/μs calculated from the two-way travel time of waves reflected 
from the top of the big gravel layer known from trenching was used. The sediments at depths 
from about 60 to 300 ns can be subdivided into two layers: an upper layer at a depth of about 60 
to 200 ns with greater attenuation of reflected signals than that of a lower layer at a depth from 
200 to 300 ns. The lower layer may correspond to the layer of weathered-volcanic rocks (below 
the gravel layer) shown in the lowest part on the trenching wall. The upper part of this layer, a 
more weathered layer with fine grain clay correlates with low amplitude reflected signals, while 
the lower part, rich in coarse sand coincides with high amplitude reflected signals. 

The pole-pole and dipole-dipole resistivity pseudosections covering the upper 6 m can be 
separated into 3 layers: (1) an upper high resistive layer (251 – 3,162 m) with a thickness about 
1.5 m, (2) a middle low resistivity layer (10 – 251 m), and (3) a lower high resistivity layer 
(251 – 3,162 m). The high resistivity layer found in the lower left corner of the pseudosection 
at a depth of about 14 m should represent the basement extending from the Khao Sathon Sung 
Mountain.

Both arrays give the same pattern and indicate the same thickness for the upper high resistivity 
layer. From the resistivity section, the position of low and high resistivity of the two arrays is 
relatively the same, but the dipole-dipole array seems to give a more continuous image of 
resistivity in both vertical and horizontal directions, and the thickness of the layer below the top 
layer seems thinner than that given by the pole-pole array. The low resistivity middle (yellow-
green label) layer is found corresponding well with gravel layer and the weathered-volcanic 
rocks (unit D and unit E) as shown in the trench and also in the measurements in area 2. The high 
resistivity layer in the upper part corresponds to the material of unit A, B and C. In this profile 
there is no correlation between the resistivity pseudosection patterns and the fault found in the 
trench.

Profile 7B 

The results of the GPR image, the pole-pole pseudosection, and the trenching images of the both 
side of trench walls are shown in Fig. 9a,b,c, and d, respectively.

The soil stratigraphy shown in the trench 7B (Fig. 9c,d) can be classified into 4 units, which is 
consistent with the stratigraphy found in the neighboring profile 7A (Table 1). The structures in 
the trench do not indicate any faults but do suggest folding and varying thickness of the 
prominent-big gravel (cobble) layer (unit D). This folding can be seen at a distance from 14 to 20 
m and from 29 to 35 m, which is believed to have occurred after the B and D units were formed. 

The GPR data suggest 4 subsurface layers: (1) a top soil layer that includes the sediments of the 
unit A and the unit B. The base of this is defined by the strong reflected signal at about 25 ns 
depth, (2) a cobble (volcanic gravel) layer overlaying a weathered-volcanic rocks layer. The top 
of this layer is indicated by hyperbola pattern from diffraction of the GPR signals at the top of 
cobbles, which is labeled by a red transparent line in a radargram, (3) the weathered-volcanic
rocks layer. This layer is quite thick with a predominantly low amplitude of reflected signals, and 
(4) fresh volcanic rock layer labeled by a green-transparent line at a depth of about 135 ns in a 
time scale. Below this depth folding or bending of reflected signal can be seen, which may be an 
affect of the same stress that caused the folding of cobble layer in the second layer. The high 
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signal amplitude that is found at a depth of about 170 ns of the time scale may be reflections 
from the groundwater table at a corresponding depth of ~ 4.8 m. This depth conversion is 
calculated by using a constant average propagation velocity of 56.73 m/μs. The velocity was 
calculated from the two-way travel time of the waves reflected from a known depth of cobble 
from a trench. The GPR wave velocity in the profile 7A and 7B indicate a relatively small 
variation in the dielectric properties of sedimentary deposit in the area, but the GPR velocity is 
lower than that obtained in the area 2 where the subsurface sediment is found to be drier than 
that of the area 7. These differences are confirmed by the fact that the sedimentary sections are 
not the same in the different areas, i.e. in area 2 the section includes units A, B and C, while in 
areas 7 the section includes units A and B. The evidence of folding in the cobble layer, shown at 
a distance from 29 to 34 m in the trench correlates well with the curved pattern of the GPR 
signals; the thick top layer at 34 m coincides with a greater two-way travel time of a reflected 
signal.

The Pole-pole resistivity pseudosection gives a high resistivity (251 – 3,162 m) of the top 
layer. This may represent the resistivity of the unit A and unit B layers. The boundary between 
the high resistivity and low resistivity in the upper part should reflect the top of cobble layer. The 
low resistivity from a depth of about 2 to 8 m then represents the resistivity of weathered-
volcanic rocks; while the high resistivity (blue label) in the lower part at the left and the right 
sides of the section probably represent fresh basement rock. Such a high resistivity is also found 
in the lower part or in the mountain side on the profile 7A. It is thus possible that there is a 
topographic variation of basement in this area, which may be associated with deformation or 
sedimentation pattern of the surficial sediments in a shallow depth.

5.3 Area 9: Baan Beung Mai 

The Baan Beung Mai area is also located in the Cha-Om subdistrict (Figs. 3 and 7a). The 
geology and geography of this area are generally similar to that of area 7, which lies 
approximately 3 km to the south. Geomorphological indications of faults were found as a 
triangular faceted spur in the surrounding of Baan Beung Mai. The facet base of this spur is 1 km 
in width, the height is ca. 120 m and it dips 60° toward SW. Based on the topographic map (Fig. 
3), a major fault trending NE-SW (Klong Baan Na Fault) and a sub-fault called Klong Baan Na 
sub-fault trending in NW-SE are located in the vicinity of this area. 

GPR measurements were performed along two profiles; 9A and 9B running perpendicular to the 
fault line suggested by aerial photographic data (Figs. 7a and 10). The GPR data on profiles 9A 
and 9B were tested by digging a trench. The profiles, 9A and 9B trend about N20°E and N30°E, 
respectively (Fig. 10). There are five positions on the profile 9A, at 55 m, 70 m, 101 m, 127 m, 
and 140 m from the beginning of the profile (Fig. 11b), where the reflected signals indicate a 
discontinuity of the horizontal layers and all of them were suggested as potential positions for 
excavating trenches for detailed mapping. Based on this, a 2.5 m wide and ca. 3 m deep trench 
was then dug along the profile at a distance from 50 to 60 m. Pole-pole and dipole-dipole 
resistivity measurements were later carried out beside and parallel to the trench from distances of 
30 to 80 m and 40 to 80 m, respectively. Profile 9B is located about 95 m east of the profile 9A. 
GPR data indicated four positions of subsurface horizontal discontinuities, which may possibly 
be caused by subsurface movement. A trench was dug at a distance between 90 and 102 m with 
reference to the GPR data. Pole-pole and dipole-dipole resistivity pseudosections were 
subsequently carried out at a distance from 76 to 126 m and from 76 to 116 m, respectively. SP 
measurements were conducted at a distance from 0 m to 116 m for the profile 9A and from 23 to 
153 m for the profile 9B. Data were collected with a distance of 0.5 m between the measuring 
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points in the trench area. For a distance far away from the trench data were collected in interval 
of 1 to 2 m.  

Fig. 10 A detail of geophysical survey profiles in the area 9 with excavated trenches location. (modified after NRC-
EHWM, 2005). 

5.3.1 Geophysics results and trenching test: Area 9 

Profile 9A 

The result of the SP measurement, the GPR image, the pole-pole pseudosection, the dipole-
dipole pseudosection, and the trenching images of the both side of trench walls are shown in Fig. 
11a,b,c,d,e, and f, respectively. 
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Fig. 11 A comparison between geophysics results and trenching results on the profile 9A, (a) SP variation, (b) GPR 
section and it interpretation, (c) pole-pole section, (d) dipole-dipole section, (e) trenching wall photo of SE side, and 
(f) the mirror image of trenching wall in NW side.  
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The stratigraphic succession exposed by the excavation (Fig. 11e,f) is divided into 8 units (Table 
1). Evidence of subsurface rupture, alluvial wedge (Mccalpin, 1996), was here found at a 
distance of 52.5 m and 52.0 m on the SE side and the NW side wall, respectively. It shows a 
vertical movement with a displacement of about 0.15 m and a strike direction of N30°W.  

Another alluvial wedge, but smaller, was found at a distance of 54.4 and 53.4 m on the SE side 
and the NW side walls, respectively. It is suggested that the movement along this fault occurred 
after the accumulation of unit F. The sediments of unit E-A were deposited after faulting. 

The result of SP measurement seems to indicate a correlation between low SP values and the 
discontinuity in GPR signals. This interpreted fault (blue line, Fig. 11b) is located at the 
distances of about 70 m and 100 m, where the SP values are 80 mV and 69 mV, respectively. 
However, there is no correlation between the SP values and the position of a normal fault at the 
distance of 52 m exposed in the trench. Another low SP value (68 mV) at a distance of 37 m 
correlates neither with the GPR signal nor with the resistivity variation in pole-pole 
pseudosection.

From the GPR section, the subsurface could be divided into 4 layers. The first layer is a top soil 
layer which should correspond to the group of sediments of the units A, B, and C+D (see table 
1). It has a thickness about 1.5 m and is underlain by a layer, which may represent the layers of 
the units E, F, and G. Below the base of this second layer, as defined by the yellow transparent 
line in Fig. 11b, the units H and I form a third layer. The forth layer corresponds to basement and 
it starts from a depth of about 6.2 m or about 200 ns in the time scale (green-transparent line in 
Fig. 11b). A high frequency of the reflected signal can be seen from the weathered-volcanic 
basement. The depth to the top of the basement correlates well with the base of the 355-501 m
layer shown in the pole-pole resistivity pseudosection. For the depth conversion of the GPR 
section, a constant average propagation velocity of 63.0 m/μs was used, which was calculated 
from the two-way travel time of waves reflected from a top of gravel layer, the position of which 
is known from the trench of profile 9B. This velocity is different from GPR velocity in areas 2 
and 7, which is probably also related to differences in composition and dielectric permittivity of 
the sedimentary units. Here the sedimentary units A, B, C, and D are related to determination of 
GPR velocity. The alluvial wedges found in the trench walls could not be detected by GPR, 
which is probably due to the limited width of the wedge (~ 0.5 m) equal to the distance between 
measuring points. 

From the pole-pole and dipole-dipole resistivity pseudosections the upper 6 m can be separated 
into four layers: (1) an upper high resistive layer of 708 – 1,585 m with a thickness about 1.0 
m, (2) a middle high resistivity layer (1,585 – 5,012 m). This layer shows a strong lateral 
resistivity variation with a dipping contact almost vertical at a distance from ca. 46 to 48 m for 
the pole-pole array and from about 44 to 48 m for dipole-dipole array. Here the fault, juxtaposing 
different soil layers, can be located at the surface, close to the alluvial wedge exposed at about 52 
m on the trench walls. (3) a low resistivity layer (501 – 891 m) underlying the high resistive 
layer, and (4) a  layer of 355 – 501 m, at a depth of ca. 3.8 m as defined by the pole-pole 
section. The corresponding depth on the dipole-dipole section is however only 2 m. Furthermore, 
the discontinuities of the resistivity layer at the distances of about 44-50 m and 47-57 m in the 
second and the forth layers of pole-pole section, respectively, coincide with the direction of 
faulting suggested by GPR data at a distance of 55 m and the alluvial wedge at a distance of 52.0 
m. However, these discontinuity patterns can not be seen clearly in the dipole-dipole section.
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The base of the forth resistivity layer at a depth of ca. 6 m corresponds quite well to a depth to 
the weathered-volcanic basement suggested by GPR data. For depths below 6 m, the pole-pole 
array gives an image of decreasing resistivity with depth, which is possibly due to increasing 
water content that caused by water filled fractures in the weathered-volcanic basement rock.  

Profile 9B 

The trenching excavation in the profile 9B (Fig. 12e,f) shows the stratigraphic succession of 
sediments, which can be divided into 9 units (Table 1). Evidence of rupture (Mccalpin, 1996) 
was found at a distance of 92.5 m on both trenching walls. It shows a normal fault that cuts 
through the sediments of the units H, G and F, creating fractures which were later filled by 
sediments of the unit E. This position of a wedge is consistent with the fault indicated by GPR 
data.

There seem to be no correlation between low SP values and the fault locations interpreted from 
GPR data at the distances of about 92 m, 100 m, 105 m, and 122 m. The predominant negative 
SP values between 94 and 98 m are probably due to the root of a big tree at a distance of 95 m. 

From the GPR section, the subsurface could be divided into 4 layers, similar to the subsurface 
along the profile 9A. The first layer (1) is top soil, which may correspond to sediments of the 
units A, B, C and D (see table 6). It has a thickness about 1.5 m and is underlain by a layer (2), 
which represents the units E, F, and G. Beneath the base of the second layer, as defined by the 
yellow transparent line in Fig. 12b, units H and I from a third layer (3). The forth layer (4) is the 
basement volcanic rock, starting from a depth of about 6.2 m (green-transparent line). The 
basement is characterized by a high frequency reflected signal as in the profile 9A. This depth to 
the basement correlates well with the base of 251-1,585 m layer shown in the pole-pole 
resistivity pseudosection. For the depth conversion of the GPR section, a constant average 
propagation velocity of 63.0 m/μs was used. 

The pole-pole and dipole-dipole resistivity pseudosections suggest that the upper 6 m thick can 
be separated into 3 layers: (1) a high resistive layer of 708 – 1,585 m at the upper part with a 
thickness about 1.0 m; (2) a higher resistive layer (1,585 – 3,548 m; deep blue) with a 
thickness about 1.0 m (depth from 1 to 2 m). In this resistivity layer a lateral resistivity variation 
with an almost vertical contact is seen at the distances of about 92 - 95 m, 104 – 112 m, and 122 
– 126 m in the pole-pole section and at a distance of about 104 to 112 m for dipole-dipole 
section. The distance between 92 and 95 m in the pole-pole section is related to the location of 
alluvial wedge exposed on the trench wall; (3) a low resistivity layer (251 – 1,585 m at a depth 
of 2 to 6 m in pole-pole section and the 631-1,585 m at a depth of 2 to 5 m in the dipole-dipole 
section). A lateral resistivity variation in this layer is seen in the dipole-dipole section at around 
90 m, which is very close to the position of an alluvial wedge and is thus related to a fault zone. 
The pole-pole array gives an image of a high resistive 4 m thick wedge (282 – 5012 m) at a 
distance between 94 and 112 m. This high resistive wedge has a shape similar to an alluvial 
wedge identified in the upper part of trenching walls. The high resistive zone in the low-left side 
of pole-pole section may represent a rise of the high resistivity basement rock, which is probably 
controlled by the same tectonic movement causing the high resistive wedge shaped at 6 m depth 
and the alluvial wedge at a shallow depth. The electric signature of the wedge at 6 m depth can 
be explained by deposition of high resistive material and beside and below the high resistive 
wedge there is low resistivity material (40 – 251 m), which may represent the resistivity of 
marine clay. 
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Fig. 12 A comparison between geophysics results and trenching results on the profile 9B, (a) SP variation, (b) GPR 
section and it interpretation, (c) pole-pole section, (d) dipole-dipole section, (e) trenching wall photo in SE side, and 
(f) the mirror image of trenching wall in NW side.  
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6. Summary and Conclusion

The correlation between the patterns of GPR reflected signals and the mapped sediment 
stratigraphy suggests GPR to be a powerful tool in defining the sedimentary layers. The 
weathered layer with fine-grained clay correlates well with low amplitude reflected signals; 
layers rich in coarse sand coincide with high amplitude reflected signals; and the weathered-
volcanic basement layer is related to a typical high frequency pattern of the reflected signals. 
Thus in the study area where the basement is composed of volcanic rocks, the depth to the 
basement can be defined from the top part of the high frequency reflected signals in the 
radargram.    

The pole-pole and dipole-dipole arrays used for resistivity pseudosections give a less detailed 
image of the subsurface, however, the interpreted sections indeed reflect layers for which there is 
a big different in composition, size or type of geological materials. For a higher resolution a 
small distance between the dipole pair (in dipole-dipole array) and the electrode spacing (a, for 
pole-pole array) need to be adapted. The depth to the basement is reflected by the change from 
low to high resistivity in the deeper part of the pseudosections. 

There is a difference in GPR velocities between the study areas. In area 2 the velocity is 92 m/μs, 
in area 7 57 m/μs and in area 9 63 m/μs. These differences are probably related to differences in 
composition and dielectric permittivity of the sedimentary units and the fact that the sedimentary 
sections are not the same in the different areas, i.e. in area 2 the section includes units A, B and 
C, while in areas 7 and 9 the sections include units A and B, and units A, B, C, and D, 
respectively. 

In this study, GPR has been used successfully for detecting and locating shallow faults in 
Quaternary sediments. The positions of the interpreted faults are consistent with the positions of 
mapped faults: in area 2 a normal fault found at a distance of ~ 62 m; in area 7 (profile 7A), a 
discontinuity in gravel layer found at a distance between 118 and 119 m; in area 9 alluvial 
wedges related to faults were found at distances of 52 m and 92 m along the profiles 9A and 9B, 
respectively.

The shape of the alluvial wedge or small vertical displacement is however not perfectly mapped 
by GPR, due to restricted lateral and vertical resolution of the GPR data. The signature of the 
faults is a contrast in dielectric permittivity, which originates from sediments filling the faults or 
from vertical displacement at sedimentary layers. 

SP method did not give a clear signature of faults. The potential difference that may be generated 
by the fault may be very small compare to other sources. 

Resistivity pseudosections, determined with a dipole-dipole array gave a better continuous image 
of the horizontal resistivity distribution than a pole-pole array, but the vertical depth indicated 
from the dipole-dipole data is shallower than that of the pole-pole data. The vertical depth 
obtained by the pole-pole array coincides better with the true depth as determined by mapping in 
the trenches. Both arrays provide an image of lateral resistivity variation, which correspond to 
faults or subsurface movements expressed by alluvial wedges. Although, none of the arrays 
could determine the exact position of the faults, they give a good indication of the fault zone.
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Integrating GPR and resistivity pseudosection data seem to be a good combination of 
geophysical data to confirm the existence of faults as e.g. here was indicated by the regional 
remote sensing. The strike directions of sub-faults in the area 2 (Khao Ka Riang sub-fault), area 
7 (Khao Sathon Sung sub-fault), and area 9 (Klong Baan Na sub-fault) provided by geological 
data from the trenches and the geophysical results are N60°W - N70°W, N65°W - N70°W, and 
N30°W, respectively. These strike directions agree well with he NW-SE strike of the major 
faults in the area, the Mae Ping Fault Zone (MPFZ in Fig. 2), and the Nakhon Nayok-Prachinburi 
fault and Ongkharak fault (Fig. 3). Thermoluminescence dating showed that movement along the 
sub-faults in the area 2, 7, and 9 took place at ca. 7,500-2,400, 4,800-1,750, and 9,700-2,300 
years ago, respectively. Thus these sub-faults are classified to be of the same generation and they 
are defined as capable fault (a fault which has moved at least once within the past 50,000 years 
or movement of a recurring nature within the past 500,000 years) with reference to the criteria of 
U.S. Nuclear Regulatory Commission. 

Acknowledgements

This project was supported by a Ph.D., fellowship from the International Programme in the 
Physical Science (IPPS), Uppsala University, Sweden. Department of Physics, Faculty of 
Science, Prince of Songkla University is acknowledged for providing geophysics tools and 
infrastructure necessary for this research. Assoc. Prof. Dr. Panya Charusiri, Khun Suwit 
Kosuwan, Khun Preecha Saithong, Khun Kitti Khaowiset and Khun Parinya Rimmai are grateful 
thanked for affording useful information to this work. Special thanks go to a strong geophysical 
team work: Khun Somyot Vitchuwalun, Khun Apichai Kaewtawan, Khun Prayut Khaodee, 
Khun Akom Hajae-Uma, Khun Pranee Nhoothongkaew, Khun Santichai Chumnan, and Khun 
Chareonpong Thingkaewkhao for their helping during field work. Finally, we thank Khun 
Bancha Wichianchom (Sc´19) for his support during field work. 

References

Ando, M., 2001. Geological and geophysical studies of the Nojima Fault from drilling: An 
outline of the Nojima Fault Zone probe, The Island Arc, 2001, Vol. 10, 201-214. 

Barr, S.M., and Maacdonald, A.S., 1987. Nan River suture zone, northern Thailand, Geology, 
15, 900-910. 

Bano, M., Edel, J.B., Herquel, G., and EPGS class 2001-2002., 2002. Geophysical investigation 
of a recent shallow fault, The Leading Edge, July, 648-650. 

Bogoslovsky, V.V., and Ogilvy, A.A., 1972. Deformations of natural electric fields near 
drainage structure, Geophys. Prospect., Vol. 18(2), 716-723. 

Bunopas, S., and Vella, P., 1983. Tectonic and geological evolution of Thailand, Workshop on 
Stratigraphic Correlation of Thailand and Malaysia, 8-10 Sept. Hatyai, Thailand.  

National Research Centre for Environmental and Hazardous Waste Management (NRC-
EHWM), 2005. Investigation of Active faults, Nuclear Research Centre, Ongkharak, Trymoon 
subdistrict, Ongkharak district, Nakhon Nayok Province: Research report. 



30

Chung, W.Y., and Liu, C., 1992. The reservoir-associated Earthquake of April 1983 in Western 
Thailand: Source Modeling and Implications for Induced Seismicity, PAGEOPH, Vol. 138, No. 
1, 17- 41.

Dahlin, T., 1996. 2D resistivity surveying for environmental and engineering applications, First 
Break, 14, 275-283 

Demanet, D., Renardy, F.,Vanneste, K., Jongmans, D., Camelbeeck T., and Meghraoui, M., 
2001. The use of geophysical prospecting for imaging active faults in the Roer graben, Belgium. 
Geophysics 66, 78–89.

Department of Mineral Resource (DMR), 1998. Geological Map of Nakhon Nayok province. 

Dheeradilok, P., Wongwanich, T., Tansathien, W., and Chaodumrong, P., 1992. An introduction 
to geology of Thailand. In: The paper presented at the National conference on Geologic 
Resources of Thailand: Potential for Future Development, Bangkok, Thailand, 17-24 November 
1992.

Edwards, L.S., 1977. A modified pseudosection for resistivity and IP, Geophysics, Vol. 42, No. 
5, 1020-1036. 

Fenton, C.H., Charusiri, P., and Wood, S.W., 2003. Recent paleoseismic investigations in 
Northern and Western Thailand. Annals of geophysics, Vol. 46, No. 5, 957-981. 

Golden Software Inc., 1999. Surfer User’s guide. 

Interpex Limited, 1999. Gradix User’s manual. 

Kaznovskii, S.P., Filippov, G.A., and Lebedev, V.I., 2005. Check and guarantee of seismic 
stability of the equipment in the Leningrad nuclear power plant. Atomic Energy, Vol. 99, No.1, 
498-502.

Keller A.E., and Pinter, N., 2002. Active tectonics: Earthquakes, uplift, and landscape, second 
edition. Prentice Hall, 362p.

Liner, C.L., and Liner, J.L, 1997. Application of GPR to a site investigation involving shallow 
faults. Leading Edge, Vol. 16, 1649-1651. 

Loke, M.H., 1999, RES2DINV ver.3.4 Rapid 2-D Resistivity & IP inversion using the least-
squares method. ABEM Instrument AB, user manual. 

Lumjuan, A., 1986. Structural Geology of Nakhon Nayok Province, Research report on 
Environmental Geology of Nakhon Nayok  Province and Adjacent Areas, Department of Fine 
Art, 69-73 (In Thai). 

McCalpin, J.P., 1996. Paleoseismology, Academic Press, Inc. 588p. 

Nutalaya, P., and Rau, J.L., 1981. Bangkok The Sinking Metropolis. Episodes. V. 1981, No. 4, 
3-8.

Ogilvy, A.A., Ayed, M.A., and Bogoslovsky, V.A., 1968. Geophysical studies of water leakages 
from reservoirs, Geophys. Prospect, 17(1), 36-61. 



31

Parasnis, D.S., 1997. Principle of Applied Geophysics, Fifth edition. Chapman and Hall, 429p. 

Polachan, S., Pradidtan, S., Tongtaow, C., Janmaha, S., Intarawijitr, K., and Sangsuwan, C., 
1991. Development of Cenozoic basins in Thailand, Marine and Petroleum Geology, Vol 8, 84-
97.

Rashed, M., and Nakagawa, K., 2004. High-resolution shallow seismic and ground penetrating 
radar investigations revealing the evolution of the Uemachi Fault system, Osaka, Japan. The 
Island Arc, 13, 144-156. 

Read, H.H., and Watson, J., 1962. Introduction to geology, Volume, Principle, Second Edition. 
The Macmillan Press Ltd. 693p.   

Sarma, P.R., and Srinagesh, D., 2007. Improve earthquake locations in the Koyna-Warna seismic 
zone. Natural Hazards, Vol. 40 (3), 563-571. 

Salyapong, S., 1986. Rocks of Nakhon Nayok Province and Adjacent Areas, Research report on 
Environmental Geology of Nakhon Nayok Province and Adjacent Areas. Department of Fine 
Art, 15-37 (In Thai). 

Salvi, S., Cinti, F.R., Colini, L., D’Addezio, G., Doumaz, F., and Pettinelli, E., 2003. 
Investigation of the active Celano-L’Aquila fault system, Abruzzi (central Apennines, Italy) with 
combined ground penetrating radar and palaeoseismic trenching, Geophys. J. Int. 155, 805-818. 

Schiavone, D., and Quarto, R., 1984. Self-potential prospecting in the study of water movements, 
Geoexploration, Vol. 22, 47-58. 

Sinsakul, S., 1986. Surficial Sediment of Nakhon Nayok Province and Adjacent Areas, Research 
report on Environmental Geology of Nakhon Nayok Province and Adjacent Areas. Department 
of Fine Art, 15-37 (In Thai). 

Sinsakul, S., 2000. Late Quaternary geology of the Lower Central Plain, Thailand, Journal of 
Asian Earth Sciences, Vol. 18, 415-426. 

Thiramongkol, N., 1983. Reviews of geomorphology of Thailand. In: Proceeding on 
Geomorphology and Quarternary Geology of Thailand, Bangkok, Thailand, 6-23. 

Thunehed H., and Triumf C-A., 2001. Monitoring of seepage on embankment dams with SP 
measurements. Securing the Future, International Conference on Mining and the Environment, 
Proceeding. The Swedish Mining Association. 

Wanfang, Z., Barry, F.B., and Stephenson, J.B., 1999. Investigation of groundwater flow in karst 
areas using component separation of natural potential measurements, Environment Geology, 
Vol. 37(1-2), 19-25. 

Wattanasen, K., Elming, S.A., Lohawijarn, W., and Bhongsuwan, T. 2006. An integrated 
geophysical study of arsenic contaminated area in the peninsular Thailand, Environ Geol 51: 
595-608.

Wyatt, D.E., and Temples, T.J., 1996. Ground-penetrating radar detection of small-scale 
channels, joints and faults in the unconsolidated sediments of the Atlantic Coastal Plain. 
Environ. Geol. 27, 219–225. 





Paper III





Direct and indirect methods for groundwater investigations; 
a case-study of MRS and VES in the southern part of Sweden 

KAMHAENG WATTANASEN 1,2,*, STEN-ÅKE ELMING 1

1Division of Ore Geology and Applied Geophysics, Luleå University of Technology, SE-971 87 Luleå, Sweden 
2Department of Physics, Faculty of Science, Prince of Songkla University, HatYai, 90112 Thailand 

*Corresponding author: kawat@ltu.se, Tel.: +46-0920-492175, Fax: +46-0920-491399 

Resubmitted to Journal of Applied Geophysics 

Abstract

Magnetic Resonance Sounding (MRS) has been successfully tested for detecting groundwater in a two areas in 
southern Sweden. Measurements of Schlumberger VES have been conducted in the same place as the MRS and the 
results are generally consistent. Low resistivity layers interpreted as clay are sometimes identified close to the 
surface. The MRS result in site 2 is a good example of signals penetrating through the clay and deeper aquifer still 
being detected. The MRS data suggest aquifers that are not only hosted in soft sediment materials (moraine, sand, 
and mixed materials), but hosted in basement rocks. Based on the MRS and borehole pumping test data, the 
hydraulic conductivity of aquifers has been estimated and the results agree with yield, average water content and 
subsurface geological data.
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1. Introduction
Water is the most important natural resource for life on Earth. Fresh surface water can be 
reached easily for consumption in most countries except for countries in desert areas such as in 
Africa. However, as surface water is often polluted by waste from industry or agriculture, 
groundwater has become increasingly important since most of the groundwater is relatively safe 
from pollution (Walton, 1970). Groundwater will thus be the most valuable resource and 
necessary to be explored for a database of groundwater management - with reference to planning 
of land use, e.g. location of new roads, industries, agriculture, irrigation and landfill sites etc.  

In groundwater exploration, the environment and the flow system of the groundwater bodies has 
to be studied. Classical geophysics methods such as seismic, electromagnetic and electrical 
methods have often been used for mapping the geometry of aquifers. The locations, storage and 
transmission properties, and the aquifer materials can be estimated although the interpreted 
results have an ambiguity due to the limitations of each method and site dependence. The 
quantity of water in the aquifers is of cause important to be determined. However, with classical 
geophysics methods this quantity can not be directly calculated, since the existence of water is 
determined indirectly from the geophysical properties of the subsurface; electrically conductive 
clay layers may be difficult to separate from water saturated sediments.  

For more than two decades, a new geophysical method, Magnetic Resonance Sounding (MRS) 
has been developed as a tool for prospecting of underground fluids (Schirov et al., 1991). With 
this technique the amount of groundwater in the subsurface can be directly determined. MRS 
was first tested in 1978 by Russian physicists (Semenov et al., 1982; in Goldman et al., 1994) 
and it has since then been  continuously developed and tested in many parts of the world 
(Schirov et al., 1991; Goldman et al., 1994; Lieblich et al., 1994; Gev et al., 1996; Legchenko et 
al., 1997; Yaramanci et al., 1999).  

In Sweden groundwater mapping in a surrounding of urban regions has been conducted by 
Geological Survey of Sweden (SGU), which use geophysics (seismic and GPR) and drilling 
methods for the mapping (Geological Survey of Sweden, 2006). However, there is no report of 
testing MRS in Sweden. The magnitude of earth magnetic field (B) in Sweden is higher than 
49,900 nT. Therefore, testing MRS should here be detected a significant signal that is produced 
from groundwater as the MRS signal is proportional to 2B  (Roy and Lubczynski, 2000). The 
aims of this study are: (1) to test the efficiency of MRS method in the geological conditions of 
southern Sweden, (2) to characterize aquifers in the investigated areas where boreholes data 
suggest sedimentary layers (sand and moraine) and lime-limestone layer to host aquifers. If there 
are successful results, the MRS method may then be applied in other areas in Sweden for adding 
groundwater data to the national database. 

Schlumberger vertical electrical sounding (VES) will be applied together with the MRS 
measurements to obtain a stratigraphy of electrical conductivity and to use that for the inversion 
process of MRS data. VES and MRS data are also used in conjunction with boreholes data for an 
integrated interpretation. 

2. Test sites/southern Sweden 
The first time of testing the MRS method in Sweden was performed in the northern part of the 
country, outside Luleå town, where the earth magnetic field is ~ 53,000 nT. This test was 
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however unsuccessful, which shall be possibly due to (1) sometimes high background noise (> 
4,000 nV) caused by power lines etc., (2) high magnetic susceptibility of the glacial deposits and 
bedrock (> 310 SI ), (3) a variation of the earth magnetic field of about 100 nT within 100 m.  

With respect to the geological conditions, MRS sounding was expected to be more successful in 
the southern part of the country, where some kilometers thick sedimentary rocks cover the 
crystalline basement (Geological Survey of Sweden, 1977). 

2.1 Study area 

Fig. 1 a) The study areas in southern Sweden, b) a detail map of area 1 with MRS and Schlumberger VES measuring 
sites, site 1 – 3 (modified after Geological Survey of Sweden, 1977). 

Two study areas were suggested (Mattias Gustafsson, Geological Survey of Sweden), where 
there is an interest in defining the aquifers and where there are boreholes data that may be used 
for a geological and hydrogeological reference. The first area is located in the costal plain area 
between the Jonstorp and Ängelholm towns (longitudes 12°25'-12°28'E and latitude 56°10'-
56°14'N) with 3 measuring sites located close to the villages Lönhult, Rögle, and Vegeholm 
(Fig.1). The Lönhult and Rögle sites are located approximately 4.5 km from the Kattegat Sea and 
the Vegeholm sites about 1.8 km. Here there are cultural noise sources like stationary sources of 
electromagnetic field from power lines and an electrical railway (thick dashed line in Fig.1). The 
second area is located at longitude 14°38'E and latitude 56°5'N close to a small fishing village, 
Landön. The distance to the Baltic Sea is ca 250 m and around 5 km to the NW the village 
Trolle-Ljungby is located. The main noise sources are here power lines and electric fences. 
However, in both areas the background noise was preliminary checked with a MRS noise tester 
(Iris Instruments) and locations for MRS measurements with a background noise lower than 
1,000 nV were chosen. 
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2.2 Geological setting 

Hydrogeological and subsurface structure in the study area 

Gravity, seismic reflection, and magnetic data in the area 1 and a geological map based on these 
data have been published by Geological Survey of Sweden (1977). However, these geophysical 
data mainly provided information from depths that can not be correlated with the MRS data, 
since the depth of penetration of MRS is normally 100-150 m equal to the side of the square 
antenna lay out and it is site dependent. From drill holes information in the study area 
hydrological data such as yield, drawdown in the pumping well, composition of soft sediments, 
and sedimentary rocks down to ca 136 m are known. This is well within the estimated depth of 
MRS sounding. With reference to the boreholes data, a rough image of subsurface structures in 
area 1 is displayed on Fig. 2. It passes through the A A  cross-section located in Fig. 1. Soft 
sediments of clay, sand, moraine, gravel and mixed materials like sand & gravel, moraine & clay 
etc, with an overall maximum thickness of about 80 m are defined. The layers that consist of 
sand, moraine and gravel have been suggested to form aquifers. 

Fig. 2 Geological cross section along profile A-A' and average water productivity (yield) in the area 1 estimated 
from well data near the investigated sites.  

The sedimentary rocks beneath the soft sediments (Geological Survey of Sweden, 1977) are (1) 
Triassic-Jurassic unspecified clastic-lime and marine sediment, (2) clayey and silty sediment of 
middle Jurassic age, this type of rocks are dominating in the Vegeholm site, (3) lower Jurassic, 
Helsingborg member (Hettangian); silty, clayey, in parts bituminous deltaic sediments with 
scattered thin coalseams, (4) lower Jurassic, Döshult member (L.Sinemurian) Ferruginous sand 
and siltstone succeeded by marl and mudstone, which dominate in the Lönhult site, and (5) lower 
Jurassic, Pankarp member (L.Sinemurian) mudstone and shale, subordinate sand and sandstone. 
These rocks dominate the area of the Rögle site. Fracture zones, dip-slip faults and flexures are 
shown in Fig.1. From the point of view of groundwater potential, the sedimentary rocks at 
Vegeholm site, clayey and silty sediment and siltstone, marl, and mudstone at Lönhult site 
should be expected as a potentially poor aquifer due to low porosity of these rocks. A low 
electrical resistivity of these rocks could also be expected. While, at Rögle site, subordinate sand 
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and sandstone should have higher porosity and higher electrical resistivity than that of Vegeholm 
and Lönhult sites. Here, the sedimentary rocks, may be a potential good aquifer, should be 
expected.

3. Geophysical studies and their results 

3.1 MRS measurement 
Due to the magnetic moment of protons the H molecules in a fluid state, such as in water or 
hydrocarbon, polarize in the direction of a static magnetic field Bo (e.g. the earth magnetic field). 
If an alternating magnetic field B1, at specific frequency is applied, the polarized protons will be 
deflected from the equilibrium state along the Bo field. When the applied field is removed, the 
protons then realigned along the Bo field and will generate a relaxation magnetic field, while 
precessing around Bo with the Larmor frequency 

,
2

L
L o LB f       (1) 

where = 0.26752 Hz/nT, the gyromagnetic ratio for free hydrogen protons. 

The basis of MRS technique is to measure the relaxation magnetic field generated by the free 
processing protons, which are found in water molecules in the subsurface. The applied field is 
generated by passing an excitation pulsed current through a transmitting wire loop (usually a 
circular or rectangular loop) on the ground surface at the Larmor frequency, which depends on 
the amplitude of the earth magnetic field at a measuring location. The excitation pulse in the loop 
is described by 

( ) cos( )o LI t I t       (2) 

where t is time and oI is the amplitude of the input current. The excitation pulse intensity or 
pulse moment oq I  (  is the pulse duration) in the loop can be varied to penetrate different 
depths of sounding (Semenov et al., 1989). After the excitation current is turned off, the 
relaxation signal voltage ( , )E t q is induced in the same loop with an exponentially decaying 
function of time and is estimated by (Mohnke and Yaramanci, 2002): 

*
2( , ) ( ) exp( / ( )) cos ( )o LE t q E q t T q t q (3)

where oE is the initial maximum voltage induced in the loop at t = 0, *
2T is the free induction 

decay time constant. Under homogeneous magnetic field conditions it is equal to the spin-spin or 
transverse relaxation time of the water protons. This decay time is related to the mean pore-size 
and grain size of the water-bearing layer, and it can be in the order of a few milliseconds up to 
1000 ms (Yaramanci et al., 2002). It varies typically from 40 ms in very fine sand to 400 ms in 
gravel (Legchenko and Valla, 2003). The phase  is mainly influenced by ground conductivity 
( 0  for low conductivity rocks), but shift between frequency of magnetic field B1 and real 
Larmor frequency may also generate dephasing, especially in presence of shallow water. Thus 
the phase shift will give information of subsurface conductivity that can be correlated with others 
geophysical data to get a reliable model of the subsurface structures. Unfortunately, the phase 
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shift parameter has not been developed for a quantitative interpretation yet (Mohnke and 
Yaramanci, 2002). 

For a given pulse moment, the initial maximum amplitude of the relaxation voltage is measured 
on the ground surface after the excitation current is turned off. The initial maximum amplitude 
that is only related to the free water content (Yaramanci et al., 2002) is given by: 

( ) ( ) ( )sin(0.5 ( ) )o o o
v

E q M w r B r B r q dv (4)  

where ( )w r  is the water content at the location r(x, y, z), oM is the nuclear magnetization for 
protons in water at thermal equilibrium and ( )B r is the component of the excitation field 
perpendicular to the static earth magnetic field ( oB ) for a unit (1 A) current in the loop 
(Yaramanci et al., 2002). Thus, an inversion of the initial maximum voltage ( )oE q  and the 
relaxation time of MRS signal *

2 ( )T q for various pulse moments (Legchenko and Shushakov, 
1998) will give information of subsurface structure in term of their water content ( )w z and decay 
time *

2 ( )T z distribution with depth (z). Both are link with permeability. 

3.1.1 Estimation of the properties of aquifer using MRS parameters 

The basic properties of an aquifer are storage and flow related parameters. The MRS output 
parameters, water content and decay time can provide those aquifer properties. In confined 
aquifer, the MRS storage coefficient (SMRS) could be derived from (Vouillamoz et al., 2007): 

1MRS MRSS C w z       (5) 

where C1 is a constant obtained from calculation and comparison with pumping test data, MRSw
and z are water content and thickness of aquifer derived from MRS inversion, respectively. In 
unconfined aquifer, the storativity is approximately equal to the specific yield (Sy) (Fetter, 2001) 
and can be calculated from MRS data. For unconfined sandy aquifer _y MRSS  Vouillamoz et al. 
(2007) suggest: 

_ 2y MRS MRSS C w       (6) 

where C2 is a constant as above. 

For flow parameters, two important parameters used to express the ease of the water to move 
through the aquifer are the hydraulic conductivity (K) and the transmissivity (T). Hydraulic 
conductivity is defined as the amount of water which will flow through a unit cross-section area 
of the aquifer under a unit gradient of hydraulic head at a determined temperature (Mejias et al., 
2007). It depends on rock properties and fluid properties, while another parameter, intrinsic 

permeability (k) effected only on rock properties is linked to hydraulic conductivity by K k ,

where  and  are the specific weight and the viscosity of the fluid, respectively. In practice, for 
shallow groundwater where temperature gradients are not important, the names permeability and 
hydraulic conductivity are used indistinctly (Mejias et al., 2007). Transmissivity represents the 
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rate of flow through under a unit hydraulic gradient through a cross-section of unit width over 
the whole saturated thickness of the aquifer (Mejias et al., 2007).

Kenyon (1997; in Legchenko et al., 2002) has proposed an empirical formula for the intrinsic 
permeability of rocks: 

1(2)( )a b
MRS p MRSk C w T      (7) 

where a, b and Cp are the empirical site-dependent constants that need to be defined from 
borehole pumping test data. T1(2) is T1 or T2 decay time. Legchenko et al. (2002) modified the Eq. 
(7) by replacing T1(2) with *

2T  and by putting a=1 and b=2 as was proposed by Seevers (1966; in 
Legchengko et al., 2002) and found the best form to estimate the MRS hydraulic conductivity: 

* 2
2( )MRS p MRSK C w T      (8) 

If there are N boreholes and N MRS at the same place available in the investigated area, the Cp
can be calculated from (Legchenko et al., 2002): 

_
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1
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p N
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F
       (9) 

where _i bhT  is the transmissivity obtained by a pumping test in borehole i, and Fi is estimated the 

MRS data as * 2
2( )i MRS

Z

F w T dz . Based on the MRS results and applyingT K z , where K

and z are hydraulic conductivity and thickness of aquifer, respectively, the MRS transmissivity 
at each MRS measuring site can be expressed by: 

* 2
2( )MRS p MRS MRS

z

T C w T dz K z    (10) 

3.1.2 MRS data collection 

At the measuring sites, Lönhult, Rögle, Vegeholm and Landön, a background noise level of 500 
nV, 600 nV, 700 nV, and 900 nV respectively, were recorded with a testing loop using the noise 
tester. The local-total intensity of the earth’s magnetic field was carefully determined by a 
portable proton magnetometer (Geometrics, model G-816) with an accuracy of 1 nT. MRS 
measurements then were carried out with the NUMISplus system (IRIS Instruments, 2005) with a 
100 m – sided square loop antenna. Data acquisition was performed by ProDiviner software 
(IRIS Instruments, 2005). A preliminary check of the quality of the response signal was 
performed with setting parameters of 8 pulse moments and 16 stackings. When a signal of high 
quality was obtained, 16 pulse moments and 48 stacking were used for a complete recording. 
During the MRS measuring, the ambient noise level was recorded for every pulse moment. The 
average ambient noise in the area 1 was < 1,000 nV similar to what was measured by the small 
wire loop. In the area 2 there was a higher average ambient noise than in the area 1 possibly due 
to electromagnetic noise from power lines and electric fences. However, the ambient noise at 
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each site was reduced by stacking (up to 32 for site 1 and 48 for site 2), which dramatically 
increased the signal-to- noise ratio (Fig. 5a - 8a). 

Fig. 3 Comparisons of raw data for four measuring sites. (a) signal amplitude, (b) ambient noise level, (c) observed 
decay time *

2obsT , (d) frequency and (e) phase shift are plotted versus pulse moments. 
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3.1.3 MRS Field data 

The main parameters; oE (the initial maximum amplitude voltage or signal amplitude) indicate 
the content of subsurface water, while the observed decay time ( *

2obsT ) suggests a mean pore size 
that relates to the permeability of the water storage materials. Another two parameters, frequency 
and phase shift of the signal, plays a role in data acquisition quality control (Lubczynski and 
Roy, 2003). Legchenko and Valla (2002) expressed that the MRS signal can be regarded 
produced by a proton magnetic resonance response from underground water if the phase and/or 
the frequency of the signal vary smoothly as the pulse moment increases. The frequency is 
varying in agreement with daily variation of geomagnetic field, whereas phase should vary 
smoothly with ground conductivity. 

The sounding curves of signal amplitude, the ambient noise levels, the observed decay time, the 
Larmor frequency measured with Numis system and the phase shift from the four sites are 
plotted versus pulse moments in Fig. 3a, 3b, 3c, 3d, and 3e, respectively. The Larmor 
frequencies that were estimated from the magnetic field measured with a proton magnetometer at 
each site are 2,135 Hz (Lönhult), 2,137 Hz (Rögle), 2,127 Hz (Vegeholm), and 2,142 Hz 
(Ländon). A glance of hydrological characteristic at each site can be expressed by these curves 
and the observed decay times.  

With reference to Legchenko and Valla (2002), the data has been collected at the sites; Lönhult, 
Vegeholm and Landön (Fig. 3d and 3e) are of good quality. Only at Rögle, the frequency and the 
phase shift vary quite randomly with the pulse moments < 2,800 A-ms, and large variation in the 
observed decay time is found along the sounding. This is consistent with the low signal 
amplitude in this site. However, the frequency and phase shift signal at pulse moment in the 
interval 2,800 – 7,200 A-ms are less variable and the data from this part may be more reliable. 
Thus the MRS data from this site gives the decay time estimation less reliable and only water 
content will be discussed. At each of the measuring sites the observed decay times have been 
used to roughly determine the type of water containing strata with reference to a study result by 
Schirov et al., (1991).

At Lönhult the signal-to-noise (S/N) ratio is 7.62. The sounding curve gives amplitude maxima 
in the middle and at the end of sounding curve, which suggests that there is a layer of water at 
two levels in this site. The first maximum is found for pulse moment between 380 and 3,600 A-
ms, where the signal amplitude ranges from 163 to 473 nV and *

2obsT varies from 147 to 197 ms. 
This range of *

2obsT may represent the decay time of the material comparable in mean pore size to 
a medium grain size sand or coarse gravel-sands layer. The second maximum is identified at the 
end of the sounding curve for the pulse moment about 7,600 A-ms. The signal amplitude is here 
217 nV and the *

2obsT is about 150 ms, which may represent the decay time of a material with a 
mean pore size similar to a medium grain size sand layer. 

The sounding curve at Rögle shows the lowest initial maximum amplitude (<100 nV) with the 
S/N ratio = 2.53. Close to the end of the sounding curve from pulse moments of 5,800 to 8,900 
A-ms, the signal amplitude increases from 50 to 94 nV, indicating that water at this site exists 
only in the deeper parts. 

At Vegeholm the signal to noise ratio is 5.66. *
2obsT in this sounding site is higher than for the 

previous sites, especially for pulse moments > 1,200 A-ms. The sounding curve also indicates 
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only one water layer in the deeper part, which is reflected by the signal maximum within the 
range of pulse moments starting at 1,700 and running to 9,600 A-ms. The range of signal 
amplitude is from 143 to 410 nV and *

2obsT varies between 180 and 258 ms. This range of decay 
time may represent the decay time of a coarse gravel-sands layer. At pulse moments from 100 to 
1,300 A-ms the signal amplitude varies between 45 and 131 nV and *

2obsT in this part ranges from 
53 to 258 ms, which may represent the decay time of a fine - medium sand layer close to the 
surface.

Landön, the second area of the study, is located on the Baltic Sea coast in a geological 
environment that is different from the area 1. The noise is here higher, but since the signal 
amplitude is also higher, the S/N ratio 5.92 remains acceptable. Two water containing strata are 
indicated. A higher value of the signal amplitude reflects a higher amount of water. For pulse 
moments between 110 and 290 A-ms, the signal amplitude ranges between 240 and 248 nV and 

*
2obsT varies between 196 and 1,000 ms. The *

2obsT curve in this part rises up to 1,000 ms at 100 A-
ms and decreases sharply down to about 200 ms at 200 A-ms. *

2obsT = 1,000 ms for low pulse 
moment is an artifact of processing due to distortion of signal. Thus, the geological material at 
this part could not be interpreted with reference to *

2obsT . The signal amplitude at pulse moments 
between 390 and 2,900 A-ms ranges from 430 to 1,060 nV. The *

2obsT here varies between 115 
and 213 ms, which may represent the decay time of a medium-grained sand or coarse-gravel 
sand layer. The maximum amplitude of 700 nV at the end of the sounding curve reflects a 
second water bearing layer. This maximum is found within pulse moment from 3,500 to 8,800 
A-ms, and the signal amplitude ranges from 549 to 727 nV. The *

2obsT in this layer varies between 
103 and 197 ms, which possibly represent the decay time of a medium-grained sand layer. 

3.1.4 MRS inversion 

For the inversion of MRS data, the Samavor program provided with the commercial NUMIS 
system from IRIS Instruments was used. The Tikhonov regularization method has been used for 
data inversion (Legchenko and Shushakov, 1998). The initial signal amplitude and the observed 
decay time as a function of pulse moment were inverted to obtain a quantitative model of water 
content and the decay time 2T distribution with depth. For data inversion, two files must be 
applied to the program; (1) a MRS recorded data file and (2) a designed matrix file. Parameters 
needed for the calculated matrix file are: antenna type and size, number of wire turns used for the 
antenna, Larmor frequency, maximum expected depth of penetration defined in the matrix file, 
geomagnetic field inclination, maximum value of pulse moment, and the resistivity and thickness 
of each layer from the model of ground conductivity. The electrical conductivity in the 
subsurface influences the depth of penetration of excitation field (Shushakov, 1996; Legchenko 
et al., 1997). 

The Larmor frequency is defined from the total local earth magnetic field, while the number of 
conductive layers is estimated from interpretation of VES data. A geomagnetic field inclination 
of 70° for the study area was obtained from Rukstales and Love (2007). The maximum depth of 
penetration in the matrix file is defined from the size of antenna loop side (Iris Instruments, 
2005). Here, this parameter has been varied by setting the depth to 50%, 60%, 70%, 80%, 90% 
and 100% of the size of antenna loop side in an attempt to test equivalence rule between water 
content and layer thickness, i.e. how a shallower model can fit the data as well as a deeper 
model. The result showed no significant difference in the fitting error of the model calculations 
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for the setting depth of 60% – 100%. By determining the fitting error between MRS measured 
data and calculated model data, VES data, and borehole data, a depth corresponding to 100% of 
the antenna size was found most reliable for the model for the Lönhult and Rögle sites, while 
80% and 90% of antenna size seem more reliable at Vegeholm and Landön sites, respectively. 

3.2 Vertical Electrical Sounding 
A Schlumberger vertical electrical sounding (VES) was made in the centre of the MRS antenna 
loop at each of the MRS measuring sites for estimating the resistivity and thickness of 
horizontally layered soft sediments and sedimentary rocks. In the area 1, the available boreholes 
that provide the geological and hydrogeological data for constraining the MRS and VES 
interpretation are located some distance away from each sounding site. Thus VES measurements 
were also carried out in the vicinity of the boreholes with the aim to get the layered resistivity 
model which obtained from interpretation constrained by the available geological data in the 
borehole. The resistivity models at the borehole would have then helped to interpret VES at the 
MRS sounding sites. For characterization of the subsurface within the investigation depth of the 
MRS soundings a maximum AB/2 separation of 200 m was used, from which an investigation 
depth of about 80 m could be expected and would be less where conductive clay at relatively 
shallow depths is presented. The resistivity of the sediments is strongly influenced by the 
resistivity of fluids such as water that fill the open pores space and clay content, when metallic 
materials are not present. Thus, in this case low resistivity layers may be interpreted as a layer 
more or less saturated with water or as clay. 

3.2.1 Interpretation of VES data 

The resistivity data were interpreted by a computer program RESIS87 (Velpen, 1988). The 
geoelectrical sounding curves and interpreted models of the area 1, site 1 (Lönhult), site 2 
(Rögle), site 3 (Vegeholm) and the area 2, site 4 (Landön) are shown in Fig. 4a – 4f and Fig. 4g, 
respectively. The fit between the measured data and the calculated data is very good with RMS 
errors < 4%. In the area 1, three layers of different resistivity were detected at the MRS sounding 
sites and at the vicinity of borehole 342, while four layers were suggested in the vicinity of 
boreholes 931, 849, and in the area 2. The interpretation of the sounding curves in the sites 1 (in 
the vicinity of borehole 931) to site 4 can result in a number of models with reference to the 
equivalence rule between resistivity and layer thickness. Therefore the geological data from the 
boreholes located close to the measuring sites and the resistivity model (in case the boreholes are 
located far away from the VES measuring site) at the vicinity of borehole are very important 
constraint for the modeling.  

At Lönhult (MRS sounding site), the VES model has been constrained by a resistivity model 
obtained in the vicinity of borehole 931, which is located about 370 m from the site 1 (Fig.1). 
The resistivity models at the MRS sounding site and in the vicinity of borehole 931 (Fig. 5) show 
that layers with resistivities lower than 24 m at MRS sounding site may represent clay. Below, 
a layer of resistivity about 76 m may present a layer of loose sandstone, which could be water 
saturated. The sounding curve indicates that the measurements here do not reflect basement 
rocks.
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Fig. 4 The VES interpretation with calculated data fitting measured data and corresponding models for each site: (a) 
Lönhult (MRS sounding site), (b) Lönhult (Borehole site), (c) Rögle (MRS sounding site), (d) Rögle (Borehole site), 
(e) Vegeholm (MRS sounding site), (f) Vegeholm (Borehole site), and (g) Landön. 

For the VES model at Rögle there is a thick layer with a resistivity lower than 18 m from the 
surface down to a depth of ca 39 m. Below this layer the resistivity increases up to 500 m and 
there seem to be higher resistivities with increasing depth. This suggests that the sounding has 
reached the basement rock. The correlation between the resistivity model at MRS sounding site 
and at the closest borehole 342 (Fig. 6), which is located ca 740 m from the site 2 (Fig.1) 
indicates that the first and the second layers correspond to top soil and mixed material (coarse-
silt sand, clay-moraine, medium sand, coarse silt, and mudstone), respectively. The third layer of 
500 m may represent basement siltstone detected at ~ 63 m depth in the borehole 342. A layer 
of the same resistivity is indicated at a depth of ~ 39 m at the MRS sounding site. The difference 
in depth to the basement rock between the borehole and the MRS measuring sites probably mean 
that there is a significant change in geological structures.

The Vegeholm site is located ca 5.5 km from Rögle. The VES model here shows a thick layer of 
resistivity lower than ~ 42 m. The sounding curve suggests that the VES measurement does not 
reflect basement rock resistivities. The resistivity model in the vicinity of borehole 849, which is 
located ca 1,100 m from the site 3 (Fig. 1) does not reflect the resistivity of basement rock of 
claystone or siltstone at depths of about 85 m. There is no correlation between the resistivity 



13

models at the MRS sounding site and that in the vicinity of borehole 849 which can be helped to 
interpret the geological structure at the MRS sounding site. 

When comparing the VES models in the area 1 with the geological cross section A-A' (see 
Fig.2), the thicknesses of the soft sediment layer at Lönhult and Rögle are consistent with that of 
the bases of ~ 76 m layer and 3 m layer, respectively. The depth to the basement rock at 
Rögle (~ 39 m) corresponds well with the depth to the high resistivity (500 m) layer of the 
VES model. However, the resistivity <76 m for the deepest layer at Lönhult and Vegeholm 
suggest that the soundings do not reach basement rocks. The resistivity data also suggest that the 
layers with resistivity < 24 m are probably clay or contain some portion of clay. From the VES 
interpretation point of view water at Lönhult, Rögle and Vegeholm are thus possibly found at 
depths greater than ca 9 m, 40 m, and 6 m respectively. For Landön, the resistivity data suggest 
that the basement rock should start at depths below 50 m and water should here be present at a 
depth of about 6 m, where a resistivity of 62 m is suggested. 

3.3 Integrated interpretation of MRS inversion and VES results 

From the MRS inversion, models of free water content and the decay time ( 2T ) distribution with 
depth (Legchenko and Valla, 2002) are obtained. Inversion results for 2T with values below 30 
ms and over 999 ms are caused by an inversion tool artifact of processing due to distortion of 
signal. Thus, these 2T -values are not reliable and are rejected. The models can reflect major 
properties of an aquifer like aquifer geometry i.e. the hydrostratigraphic boundaries; unconfined 
groundwater table depth, layer boundaries (top and bottoms), and aquifer parameters such as 
water content, storage parameters (storability and specific yield), flow parameters (hydraulic 
conductivity and transmissivity). To determine the position of groundwater table, there is no 
universal and unique recipe. However, by using a combination of water content and the 
relaxation time, and by comparison this with field hydrogeological data, the groundwater table 
may be defined from inflection, bend or break point on either water content or on 2T curve or on 
both of them (Lubczynski and Roy, 2003). For the evaluation of hydrodynamic properties 
(storage and flow) of aquifer, borehole pumping test data is needed for calibration (Legchenko et 
al., 2002). In our work, although there are some boreholes pumping test data close to the 
investigated sites, there is only one borehole that has a complete data for calibration. 
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Fig. 5 MRS interpretation shows the measured signal fitting with the calculated signal from the inversion model (a) 
and the comparison between water content (b), decay time (c), Schlumberger VES result at MRS site (d), borehole 
data (e), and Schlumberger VES result at borehole site (f) with depth at Lönhult site. 

3.3.1 Site 1: Lönhult (Fig. 5) 

The best fit between the measured and the calculated signal was obtained when a maximum 
depth of 100 m in the design matrix was applied (Fig. 5a). The model indicates two water-
bearing layers (Fig. 5b); one at a shallow depth from 10 to 32 m, in which the water content 
ranges between 2.3 and 21.6% and with 2T ranging roughly 84 to 267 ms, which may be related 
with the ~ 76 ohm-m layer in the resistivity model at the MRS sounding site. This layer 
correlates well with the ~ 74 ohm-m in the resistivity model at borehole 931, which may 
represent a layer of loose sandstone (see Fig. 5d, 5e, 5f). A second aquifer is indicated at a depth 
of about 42.5 to 100 m where the water content varies from about 1.2 to 3.2% and 2T  from about 
72 to 130 ms. This aquifer may be hosted in a sandstone-siltstone layer with reference to the 
borehole data. The groundwater table is estimated at a depth of 10 m. There is quite a good 
agreement between the water content and 2T , which also indicates an impermeable layer at the 
depth of 32 – 42.5 m (in between the two aquifers) with a low water content and low decay time 

2T . This impermeable layer may correspond to a mudstone-siltstone layer, even though the 
depth to this layer is not consistent with the depth to the mudstone-siltstone layer in the borehole 
data. However since the borehole is located rather far from Lönhult site (370 m), it serves as a 
poor constraint on the interpretation. The result from VES data agrees well with the MRS 
inversion model within depths from the surface to the shallow aquifer, but the resistivities data 
do not give any information from depths related to the impermeable layer and below that.  
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Fig. 6 MRS interpretation shows the measured signal fitting with the calculated signal from the inversion model (a) 
and the comparison between water content (b), decay time (c), Schlumberger VES result at MRS sounding site (d), 
borehole data (e), and Schlumberger VES result at MRS site (f) with depth at Rögle site. 

3.3.2 Site 2: Rögle (Fig. 6) 

Fig. 6a shows the best fit between the MRS measured and the calculated data in this site. At 
shallow depths and pulse moment <1,100 A-ms, the small signal amplitude was within the mean 
noise level. This means that the signal amplitudes produced by water at this depth  noise level. 
VES results (Fig. 6d) indicate a very low resistivity layer (  3 m) at depths about 3 – 39 m, an 
interpretation consistent with a very low resistivity (  5 m) of mixed materials layer (coarse-
silt sand, clay-moraine, medium sand, coarse silt, and mudstone), which is also found in a 
borehole located about 740 m from measuring site. At pulse moment > 1,100 A-ms the MRS 
signal is higher than the mean noise level and the data is reliable (see also Fig. 3d and 3e, small 
variation in frequency but not in phase shift). With reference to the quality of data, the data is 
reliable at pulse moment > 2,700 A-ms. However, the low signal amplitude in this site (<100 
nV) will affect on decay time estimation and the 2T  is here not reliable to be interpreted. 
Therefore, in the model of subsurface water content one water-bearing layer is indicated at 
depths of 32 - 100 m, the water content increases from about 4 to 12.5%. This layer corresponds 
to the ~ 500 ohm-m layers indicated in the VES models at MRS sounding site and at borehole 
342 site, which may be related with the mudstone-sandstone layer. 
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Fig. 7 MRS interpretation shows the measured signal fitting with the calculated signal from the inversion model (a) 
and the comparison between water content (b), decay time (c), Schlumberger VES result at MRS sounding site (d), 
borehole data (e), and Schlumberger VES result at MRS site with depth at Vegeholm site. 

3.3.3 Site 3: Vegeholm (Fig. 7) 

The inversion obtained from the best fit between the measured and the calculated data is shown 
in figure 7a. Two shallow and one deeper water bearing layers are indicated (see Fig. 7b); (1) At 
a very shallow depth, from about 0.5 to 4.0 m, the water content ranges from 3.4 - 6.5% with a 
decay time of 30 - 54 ms. This range of a short decay time here may less reliable due to the 
NUMIS system (IRIS-Instrument, France) do not permit measurements of very short signals (< 
30 ms) (Legchenko and Valla, 2002). However, the shallow layer coincides with the 17.0 ohm-m 
layer, which possibly correspond to a layer of sedimentary clay with lower clay content. While 
the 3.5 ohm-m layer at the borehole 849 is represented by a sedimentary clay layer. (2) A thin 
layer, at depths from about 7 to 9 m, with water content of 4% and decay time of about 42 ms, 
corresponds to a ~ 42 ohm-m, which may coincide with a layer of sedimentary clay with lower 
clay content than above layer of 17.0 ohm-m. These two layers should be separated by a thin 
impermeable layer indicated by very low water content and decay time 2T . (3) At depth from 
about 35 to 80 m, the water content varies between 4.6 to 16.0% and the decay time varies from 
171 to 438 ms. This depth section may correspond to a layer of coarse sand, sedimentary clay 
and moraine-clay. The groundwater table is here at a depth of about 32 m. A good agreement 
between the water content and decay time can be seen with an increase of both at ca 32 – 52 m 
depths and at greater depths there is a negative relationship, i.e. the water content decreases 
while the decay time increases. This phenomenon may possibly occur in a sedimentary aquifer, 
which has a large mean pore size and high clay content, the latter is consistent with the resistivity 
of ~ 42 m in VES model. The VES and MRS models agree fairly well in the shallow parts, 
where a resistivity of 17 m is determined and where there is no water content and decay time 
presented i.e. a clay layer may exist at depths between 4 and 7 m. In the deeper parts, at depths 
from 10 to 32 m the resistivity of ~ 42 m may suggests a high content of clay possibly 
impermeable layer. This agrees with the MRS model. However, there is no change in resistivity 
at depth below 32 m, where the MRS models show an increasing of water content and decay 
time. 
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Fig. 8 MRS interpretation shows the measured signal fitting with the calculated signal from the inversion model (a) 
and the comparison between water content (b), decay time (c), Schlumberger VES result (d), and geological data 
from a borehole (e) at the Landön site. 

3.3.4 Site 4: Landön (Fig. 8) 

In area 2, the inversion is based on a good fit between the measured and the calculated data (Fig 
8a). The model of subsurface water content and decay time (Fig. 8b and 8c, respectively) 
indicates two dominating water-bearing layers: (1) from a depth of about 8 to 30 m the decay 
time ranges between 70 and 387 ms and the water content increases gradually and reaches a 
maximum 42.0% at a depth of about 20 m. Below 15 m depth, there is no geological information 
from the borehole (Fig. 8e). However, data from other boreholes in the vicinity show a limestone 
layer with a depth down to > 50 m. Thus, this water-bearing layer may correlate with a sand-lime 
and basement limestone layers. At depths from 20 to 30 m, the decay time increasing up to ~ 230 
ms at 25 m depth may correspond to the limestone layer, which should be high voids. (2) A 
water carrying layer is also indicated at a depth below 35 m. The water content here varies 
between 8.6 to 22.0% and the decay time is about of 84 - 143 ms, which suggests a water 
reservoir in the basement limestone in which the resistivity increases from 62 to 350 m. This 
may be related to karst limestone, which is indicated from the weathering morphology in the 
region around the study site (MarkInfo, 2007). 

The groundwater table in this site is approximated at a depth of 9 m. From the surface down to 
10 m, the decay time here is not reliable due to a small S/N ratio (< 3). Low amount of water in 
this part corresponds to the moraine-clay as observed in the borehole.  From the depth of about 
10 to 30 m, a relation between water content and decay time for the maximum value are 
distorted. This may possibly be explained by a water content increasing with depth while the 
decay time at such depth may be affected by the change of connection between the pores and 
geological composition with depth. Below 35 m depth the water content and the decay time 
curves have a positive relationship, meaning that the increasing water content can be correlated 
with an increased pore size of the materials. 

VES data indicate four layers of different resistivity with the upper aquifer (up to 40% of water 
content) located within a thick layer of 62.0 m. The very low water content layer at depths 
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between ca 30 and 39 m, which may be a low permeability or less porous/fractured limestone 
basement, can not be indicated in the VES data. The basement limestone is in the VES data 
expressed by a ca 350 m layer at 50 m depth, for which the depth extension can not be defined. 
The bottom of deeper aquifer here suggested by MRS data is also possibly hosted in basement 
limestone. 

4. Transmissivity and Hydraulic conductivity estimation 
In these MRS measurements the transmissivity is estimated from data only one borehole 
pumping test data at each site. With this limitation, the equation (10) will give the same value of 
the transmissivity as estimated from pumping test data. However, the transmissivity of an aquifer 
can be estimated from specific capacity, yield of the well divided by the drawdown (Razack and 
Huntley, 1991). Their empirical equation was based on well specific capacity data in different 
geological environments and for area 1 with an alluvial aquifer the equation is expressed as: 

0.67

0

15.3 QT
h h

      (11) 

where T is the transmissivity (m2/day), Q is pumping rate (m3/day), 0h h  is drawdown (m) of 
the water table and a number, 15.3 and 0.67 are empirical constant obtained from field tests. 

In the area 2 where lime - limestone was suggested to host the aquifer, the transmissivity is 
estimated by equation:  

1.08

0

0.76 QT
h h

      (12) 

where Q, T, 0h h  and a number of 0.76 and 1.08 are parameters as above.   

The equation (12) proposed by Mace (1997) is based on specific capacity data and transmissivity 
data obtained from 71 wells in the karstic Edwards aquifer of Texas. Mace (1997) also found that 
the equation could be applied with some confidence to other karstic aquifers. 
Thus, the transmissivity in one borehole (Tbh) at each site was calculated from the specific 
capacity and it was approximated to be the transmissivity at the MRS sounding point. The MRS 
hydraulic conductivity (KMRS) can then be estimated from the equation (10) (Table 1). 

Table 1. Transmissivities (~ MRS transmissivities) and MRS hydraulic conductivity (KMRS) at the measuring sites 
are calculated from borehole data located close to each of the MRS test sites. The average water content Wav is 
calculated from the water content in the aquifers that are penetrated by the boreholes. 

MRS test 
site

Borehole 
No. 

Q
(m3/day) 

Drawdown
(m) Wav (%) 2avT

(ms)
Tbh ( TMRS)
(m2/s) zMRS (m) KMRS

(m/s) 
Lönhult 161 285.12 1.50 11.0 137 6.0 x 10-3 22.0 2.7 x 10-4

Rögle 342 362.88 7.00 10.3 291 2.5 x 10-3 68.0 3.7 x 10-5

Vegeholm 849 518.40 12.56 9.8 200 2.1 x 10-3 50.5 4.2 x 10-5

Landön 911 72.00 2.54 18.0 192 3.3 x 10-4 79.5 4.1 x 10-6
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The MRS hydraulic conductivity, KMRS, reflects the difference in the pore-size and fluid 
properties of an aquifer. In the area 1 the highest hydraulic conductivity (2.7 x 10-4 m/s) is found 
at Lönhult, with an aquifer hosted in a moraine and/or sand layer and basement sandstone 
(Fig.9). The hydraulic conductivity was in the same order of magnitude at Rögle and Vegeholm, 
3.7 x 10-5 m/s and 4.2 x 10-5 m/s, respectively. These conductivity values can only be used as a 
rough estimation as the borehole data are located about 1.4 km, 0.7 km, and 1.1 km from 
Lönhult, Rögle and Vegeholm sites respectively. However, they can give a general idea of the 
hydraulic conductivities in the area 1. 

The KMRS in the area 2 (4.1 x 10-6 m/s), is about 10 times lower than the KMRS in the area 1. The 
transmissivity and the yield are also smaller than in the area 1 and a lower hydraulic conductivity 
is consistent with the small values of decay time, even though the average water content (18%) is 
high. This is typical for a chalk aquifer (Bernard, 2004), which here corresponds to a lime-
limestone aquifer with reference to borehole data. In lime-limestone aquifer, the water is trapped 
in holes or fractures, but the pores are not connected to discharge water. 

The relationship between MRS hydraulic conductivities and the average decay time in the area 1 
is opposite to what was expected, as a high hydraulic conductivity should coincide with a high 
decay time. This may be due to the complexity of the geological formation in the area, where 
material with the same mean pore size or decay time estimated by MRS, may have very different 
permeability (Legchenko et al., 2002). However, at Landön a positive relation is found. 

Table 1 shows that in Rögle there is similar average water content and hydraulic conductivity 
(KMRS) as in Vegeholm, but the yield is lower than in Vegeholm. The reason for this is the 
difference in the geological materials hosting the aquifer. In Vegeholm, the aquifer is hosted in a 
thick layer of soft sediments, while in Rögle the aquifer is hosted in basement rocks, siltstone or 
sandstone. For Lönhult the highest hydraulic conductivity was found consistent with a high 
average water content (11.0 %) and high transmissivity. The aquifer here is hosted in soft 
sediments and basement rocks (see Fig.9). The difference in the thickness of soft sediments 
obtained by VES data, and the yield between Rögle and Vegeholm, may suggest a fault 
separating these sites of different geological and hydrological conditions. 
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5. Subsurface hydrogeological model in the area 1 

With the integration of MRS and VES models for the sites in the area 1, a possible image of two-
dimensional hydrogeology can be created and matched with the image of geological structures 
(Fig. 9). 

Fig. 9 The final geohydrological model in the area 1 obtained by Schlumberger VES and MRS data. The water 
content layers are overlaid on the geological cross section. 

The water bearing layers or aquifers can be characterized with reference to the water content as 
interpreted from the MRS data. There are two types of aquifers defined by amount of water: (1) 
water content >10% (~10.5% in average), (2) water content <5% (~3.7 % in average). An aquifer 
with > 10% of water content is defined by the hatched lines joining the MRS results from 
Lönhult, Rögle and Vegeholm sites. The upper part of this aquifer is located at a depth of about 3 
m (m.s.l.) and with a layer thickness of ca 20 m at Lönhult. This layer has its greatest thickness 
in Rögle, about 60 m, and it is decreasing to about 43 m when approaching Vegeholm. 
Unfortunately, there are no measuring points between Rögle and Vegeholm, which can support a 
more detailed image of this layer. From the model of this aquifer, the basement rocks at Rögle 
and to some extent in Lönhult seem to host the aquifer, while in Vegeholm the aquifer is mostly 
hosted in soft sediments. Low water content aquifers (<5%) are found at the depths of ca 44 to 
72 m (m.s.l.) in Lönhult and in a thin layers close to the surface in Vegeholm. If there is a 
difference in water content between the two types of aquifers, there should also be a difference in 
terms of physical properties and/ or geological composition. Thus in the deeper parts at Lönhult 
and Rögle, the difference in water content is possibly related to geological differences, as a 
fracture zone is found between the sites (Fig.9). The low water content layer at Vegeholm is 
found not deeper than about 3 m (m.s.l.) and it is not linked to groundwater in the deeper part. 
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6. Summary and conclusions 

The Magnetic Resonance Sounding has been successfully tested to be an efficient tool in 
groundwater exploration in southern Sweden, in an area of sedimentary rocks and of high 
magnitude of earth magnetic field. The data obtained a good quality due to low ambient noises, 
low variation in the earth magnetic field, and high level of MRS signal. 

Depth to water layers, their thickness, and water content were defined from the MRS data. A 
correlation between the water content and the decay time ( 2T ) reflects the depth to water table 
and properties of water storing materials. A positive correlation between water content and decay 
time is found in all measuring sites and can generally be explained by a higher water content that 
is related to a higher porosity in water storing materials and high hydraulic conductivity. 
However, negative relations i.e. an increasing of water content and decreasing of decay time with 
depth, were found at such depths in Vegeholm and Landön. This may possibly be explained by 
the change of connection between the pores and geological composition with depth. 

The MRS results agree well with the geological structures and the water productivity (yield) 
provided by boreholes data near investigated areas. In the area 1, two types of aquifer 
characterized by MRS data are: (1) high water content aquifer (>10%), which is the main aquifer 
hosted in basement rocks and soft sediments. This aquifer is somewhat different from an aquifer 
expected to be hosted only in soft sediments, (2) low water content aquifer (<5%), which is 
found in the deeper parts in Lönhult and at shallow depths in Vegeholm, aquifer that are not link 
to the main aquifer. The existence of this shallow aquifer could be confirmed by performing MRS 
measurement using a smaller loop size. The water content 10.3% in Rögle and 9.8% in Vegeholm 
correspond to the estimated transmissivity of 3 22.5 10 m / s  and 3 22.1 10 m / s , respectively. In 
Vegeholm, the aquifer is hosted in a thick layer of soft sediments, while in Rögle the aquifer is 
hosted in basement siltstone or sandstone. For Lönhult the high transmissivity was found 
consistent with a high average water content (11.0%). The aquifer here is hosted in soft 
sediments and basement rocks. The difference in the thickness of soft sediments and yield 
between Rögle and Vegeholm, may suggest a fault located somewhere between and separating 
the sites.

In the lime-limestone aquifer, area 2 (Landön), the MRS results showed a high water content 
(18% in average), low hydraulic conductivity (low decay time), and borehole data showed low 
yield. This is a typical property of a limestone aquifer, in which there are voids or fractures to 
trap water, but there is a lack of pore connection (low permeability) to discharge water. 

Although VES did not determine the depth to basement at Lönhult and Vegeholm, the results 
from the shallow depths are generally consistent with the MRS results. Water–bearing layers can 
be directly determined from water content and linked to resistivities > 24 m. The reason for 
VES not reaching the expected depth of investigation is probably due to high conducting layers 
at relatively shallow depths. MRS data from Rögle is also a good example of a signal from 
deeper aquifers that still being detected. Thus the MRS is a reliable tool in groundwater 
investigation. It can detect water even areas where a high conductive clay layer is located close 
to the surface, a layer that limits the penetration depth of other geophysical tools such as GPR. 
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Abstract 

The aim of this study was to define water bearing geological formation and to test the possibility of using geophysical 
techniques to determine the quality of the groundwater in three areas in the Vientiane basin, Laos. The investigation area 
is part of the Khorat Plateau where halite is naturally occurring as shallow as at 50 m depth in the Tha Ngon formation. 
This inevitable affects the water quality in some deep wells. This study was made using a combination of Magnetic 
Resonance Sounding (MRS), Vertical Electrical Sounding (VES) and water quality data from different geological 
environments. The result shows that in all three areas, MRS and VES succeeds in locating the salt bearing formation and 
characterize the different water bearing formations. In area 3, the difference in electrical conductivity collected from 
shallow and deep wells correlates well with resistivities measured with VES. In the 16 sites of measurements, MRS and 
VES recognize the Vientiane formation together with Q2-3 as the main water bearing formations. The water contents 
were relatively high, up to 13% and the decay times varied between 100 and 300 ms, suggesting a mean pore size 
equivalent to medium sand to gravel. The resistivity was usually around 20 ohm-m. 

MRS has also shown to be a useful and important tool in identifying water layers with medium resistivity located in 
between high and low resistive structures defined in the VES interpretation. MRS and VES together also distinguish 
medium resistive layers of impermeable rock from what could have been interpreted as water if only VES measurements 
had been carried out. The study also shows that water quality data can assist in characterization or at least decrease the 
uncertainty in the interpretation and MRS and VES can together be used to determine the water quality. 

Keywords aquifer characterization; magnetic resonance sounding; vertical electrical sounding; resistivity; 
groundwater quality; Vientiane basin; Laos
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1. Introduction 

Lao People’s Democratic Republic (Laos) is located in the middle south-east Asia bordering to 
Thailand, China, Myanmar, Vietnam and Cambodia (Fig. 1). Laos possesses great water resources 
as estimated 35% of all water in the Mekong River originates from watersheds in Laos. 
Approximately 80% of the precipitations arise in the rainy season. The two most important socio 
economic sectors to take advantage of this natural resource are irrigation and hydropower (UNEP 
RRC.AP, 2000).The annual renewable fresh water supply per capita amounts to 54,000 m3/person, 
compared to the current demand of 228 m3/person (STEA, 2000). This makes Laos the richest 
country in Asia of renewable freshwater per capita. Still, according to WRI (1998) only 60% of the 
urban and 51% of the rural population had direct access to water supply in 1998 (STEA, 2000).  

Most Lao people live on the country side and are heavily dependent on dug wells as their main 
water source, but also deep wells, river water and rainwater are used (Medlicot, 2001). Dug wells 
usually dry out during the dry period and in addition, water-borne diseases caused by infiltrations of 
domestic waste and excreta from farm animals, has lead to a high morbidity rate (Medlicot, 2001; 
Takayangi, 1993). There are little or no topography differences in the Vientiane basin which makes 
it difficult to evaluate the groundwater potential from the visible physical environment.  In 1993 the 
“Project for Groundwater Development in Vientiane Province” was implemented by Japan 
International Cooperation Agency (JICA), aiming to raise the water supply ratio in the rural areas by 
drilling deep wells. A preliminary study was carried out, where 80 villages were ranked according to 
their need for water supply. Based on the preliminary results from the project, a basic design study 
was implemented where the existing water supply system, topography and geology was 
investigated, together with core boring, geophysical measurements and pumping tests. As a result of 
this study 19 villages were excluded due to minimal potential of groundwater (Takayangi, 1993). In 
total 118 deep wells were drilled and 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 problem. Of the 40% 
in use, only about 1/3 was sparsely exploited due to bad water quality caused by iron or saline tastes 
(JICA, 2000). The iron taste was partly due to iron pumps and partly due to laterite soil in the region 
(Takayangi, 1993; JICA, 2000). The salinity was caused by Halite deposits in the area as some deep 
wells penetrate down to salt affected groundwater (JICA, 2000).  

The aim of this study is to define water bearing geological formation and to test the possibility of 
using geophysical techniques to determine the quality of the groundwater. This we do by combining 
Magnetic Resonance Sounding (MRS), Vertical Electrical Sounding (VES) and water quality 
analyses and existing water quality data from different geological environment in the Vientiane 
basin. Resistivity methods have been widely used to characterize aquifers as there is a direct 
relationship between the measured conductivity and the water content and salinity of the aquifer 
(Kirsh, 2006). However, resistivity methods only give an indirect image of the water content and 
high conductive sediments can easily be mistaken for an aquifer. MRS is based on the application of 
Nuclear Magnetic Resonance (NMR) and gives a direct image of the water content of the ground 
and hence the vertical distribution of an aquifer. The method and principles are thoroughly described 
in Legchenko and Valla (2002a), Kirsh (2006), Lubczynski and Roy (2003). Combining these 
methods should make it possible to delineate freshwater from conductive sediments and saline 
water. A Similar investigation has been made in Myanmar (Vouillamoz et al., 2006) but then related 
to the intrusion of saltwater in a coastal area. 
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2. The Vientiane Basin 

Topographically, Laos is characterized by three distinct features: heavily forested mountains in the 
north and south-east, fertile floodplains along the Mekong river and three high plateaus situated in 
the north, in the center and in the south. 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 40°C in the Mekong lowlands during the hot months to as low 
as 5°C in the mountain area in the winter (Stuart-Fox and Rooney, 2006). 

The Vientiane Province is located in central Laos (Fig. 1), between latitude 18° and 18.67° and 
longitude 102° and 103°. The central part of the province is situated in the drainage basin of the 
Nam Ngum river with an average elevation of 170 to 190 m. This fertile flat low-land is mainly used 
for agriculture with big irrigation systems. Salt production factories are located in the villages Ban 
Bo and Khoksa. The surrounding mountain area is covered by forests with elevations ranging up to 
1600 m. The whole region is within the drainage basin of the Mekong River (Fig.  1).  

Fig. 1 The Vientiane Province, with a low plain in the drainage basin of Nam Gnum river. The three study areas defined 
with rectangles. Salt mines are located in the Villages Khoksa and Ban Bo.
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2.1 Geology and Hydrogeology 

The Vientiane Basin is located on the very northern part of the Khorat Plateau (Fig. 2) and has a 
similar geology as in north-eastern Thailand.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 the Cretaceous, due to relative sea-level rise, the plateau underwent periods 
of marine influx but was sporadically isolated from the oceans, which lead to deposition of 
siliciclastics of fluvial origin. This created the Maha Sarakham formation, a three layer salt unit 
separated by red-coloured siliciclastics. Tectonism during the early Tertiary lead to severe folding 
and deformation of the saltbeds, 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). The hydraulic conductivity ranges between 10-8 to 10-14 m/s, which makes it 
an aquiclude or non water bearing formation (Srisuk et al., 2000).  

The corresponding evaporitic salt bearing structure in the Vientiane area is the middle cretaceous 
Tha Ngon formation (K2tn) is most easily found in the south-eastern part of the Vientiane basin (Fig. 
2). This formation shows many similarities to the Maha Sarakham formation. It is mainly composed 
of salt-layer bearing anhydrite interbedded with claystone with a thickness of less than 550 m. The 
depth to the salt layer generally ranges between 50 to 200 m in the southern part of the basin (Long 
et al., 1986). The Tha Ngon formation is overlain by the Vientiane formation (N2Q1vc) of neogene 
to quaternary origin (Fig. 2), which in turn is overlain by the stratigraphic units: Q2-3 and Q4 of 
quaternary origin. N2Q1vc and Q2-3 are diluvial deposits that mainly form small hills containing 
mostly gravel, sand and clay. The possibility for developing groundwater in these formations is 
regarded as high. Q4 is an alluvial deposit made up by sand, silt, clay and gravel situated mainly in 
lowland with lower groundwater potential than the N2Q1vc and Q2-3 (Takayangi, 1993). According 
to Takayangi (1993), another formation, the Xaysomboun formation (not in map) is situated beneath 
the Vientiane- and Tha Ngon formation. This formation originates from upper Cretaceous and 
constitutes of red-brown clay stone that gradually change to siltstone.  The Xaysomboun formation 
is found in the northern part of the basin and is regarded as impermeable. This structure shows some 
similarities with the upper parts of K2tn, which usually include siltstone and claystone. Underlying 
the Tha Ngon formation is the Champa- (K2cp) and Phu Pha Nang formataion (J-Kpn). These up to 
400 m, respectively 350 m thick structures are found primarily in the western and eastern part of the 
basin on the border to the mountain area. They are largely composed of impermeable sandstone of 
Cretaceous and Jurassic age (Long et al., 1986) and the potential of groundwater development is 
very low (Takayangi, 1993). 
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Fig. 2 Geology of Vientiane province (Long et al., 1986). Keymap after Tabakh et al., (1999). 

2.2 Study Area 

Three areas were selected for geophysical studies (Fig. 1), where data has been collected from 16 
sites. The locations have been chosen according to differences in geology and water quality, where 
geological and water quality data was retrieved from JICA and Department of Geology and Mining 
in Vientiane. In an initial survey, noise level and accessibility was evaluated, which in most cases 
meant dry rice paddies close to roads with a noise level allowing MRS measurements were selected 
for the study. Unfortunately, no pumping tests have been conducted close to any of the measuring 
sites.  
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3 Geophysical Methods and Interpretation Techniques 

The MRS measurements were carried out with the Numisplus equipment manufactured by Iris 
instruments. The magnetic field was measured using a G 816 magnetometer (Geometrics Inc., San 
Jose, CA, USA) with a resolution of 1 nT. VES measurements were conducted with a DC 
Terrameter, ABEM SAS4000 (ABEM Instrument AB, Sundbyberg, Sweden). Resistivity of core 
samples was determined in the geophysical lab at Luleå University of Technology. The conductivity 
of water samples was determined with the conductivity meter HI 8733 (Hanna Instruments Limited, 
Bedfordshire, UK).

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 initial amplitude of the received signal is directly related to 
the water content and the decay time is related to mean pore size of the material. Measured 
frequency and phase can reflect variations in the geomagnetic field and resistivity of the subsurface, 
but is usually more of a verification that the signal actually originates from underground water. A 
smooth variation is a good validation of such a signal (Legchenko et al., 2002b). The current 
limitation of the Numis equipment restricts detections of signals less than 30 ms. It is assumed that 
only free water can be detected, although Lubczynski and Roy (2003) argues that this statement 
requires further investigation. The water content ( MRS) is determined from the inversion of the 
initial amplitude (E0) and is presented as a function of free water versus depth.  

The total Porosity ( ) is a measure of voids in the rock formation. It is defined as the ratio between 
pore volume and total volume. Specific yield, Sy is defined as the volume fraction of water that is 
drainable due to gravity forces. In the same way, water held by molecular and surface tension forces 
is called Specific retention, Sr. Together they define the total porosity. Specific yield depends among 
other things on mineral compostion, grain size and other textural characteristics of the aquifer 
material (Singhal and Gupta, 1999). Effective porosity ( e) is sometime used as a synonym to Sy but 
is defined as the porosity available for transportation of fluids. One could expect that e  Sy in 
coarser grained aquifer, but in soils with a high content of soil aggregates, water can become trapped 
in dead-end pores, which will significantly differentiate the two parameters (Weight and 
Sonderegger, 2001).  

Parameters such as porosity  and effective porosity e can be roughly determined directly from 
MRS inversion, under the assumption that bound water, dead-end unconnected porosity is negligible 

(Lubczynski and Roy, 2003). The measured initial signal E0 then reflects the effective porosity. 
Under the assumption that e  Sy (Singhal and Gupta, 1999; Weight and Sonderegger, 2001), which 
is not completely correct (Lubczynski and Roy, 2003) but a reasonable simplification within the aim 
of this article, MRS can be compared with estimated Sy-values (Table 1). However, for accurate 
determination of the water content as Sy, MRS needs to be calibrated with pumping tests (Legchenko 
et al., 2002b). 
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Table 1 Values of Specific yield (Sy) for some geological materials (after Morris and Johnson, 1967; Johnson, 1967 and 
Hamill and Bell, 1986) 

Geological formation Maximum Minimum Average
Unconsolidated deposits
Clay 5 0 2
Sandy clay 12 3 7
Silt 19 3 18
Fine sand 28 10 21
Meduim sand 32 15 26
Coarse sand 35 20 27
Gravelly sand 35 20 25
Fine gravel 35 21 25
Medium gravel 26 13 23
Coarse gravel 26 12 22
Rocks
Sandstone 25 5
Limestone, dolomite 0.5 10
Shale 0.5 5
Siltstone 1 8

Specific Yield

The transverse relaxation time T2*, is the characteristic time for the loss of spin rotation coherency 
and is directly linked to the mean size of the water filled pores through two different phenomena. As 
the magnetic susceptibility of the surrounding rock is different than the pore water, magnetic field 
gradients will be generated at the pore-grain boundary. This leads to differences in larmor frequency 
and therefore a loss of phase coherency in the spin rotation. Also, as water molecules due to 
diffusion collide with the grain walls they will automatically receive a new arbitrary magnetic 
moment. Mutually, these processes will shorten the decay time for smaller pores more than for 
larger pores. (Legchenko et al, 2002a).Typical values of T2* are presented in table 2. Access to 
pumping test data makes it possible to relate T2* and MRS to hydraulic conductivity. 

Table 2 Typical values of T2* for different geological materials (Shirov et al., 1991), supplementary details by Allen et 
al (1997). 

Relaxation time 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 Surface water bodies

The MRS is the most reliable parameter retrieved from MRS. Modeling results (Legchenko et al., 
2002b) and actual measurements in field (Lubczynski and Roy, 2003) show that MRS is able to 
detect water down to approximately  the depth of the loop size but it is only able to resolve the 
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aquifer geometry down to roughly half the loop size. However, the resolution of T2* degenerates 
faster with depth compared to water content (Lubczynski and Roy, 2003). 

The MRS data was interpreted with the inversion software Samovar, based on the least square 
solution with regularization (Legchenko and Shushakov, 1998). Notch filter techniques were used to 
improve the S/N- ratios in data from most sites since the larmor frequency differed more than 8 Hz 
from the closest power line harmonics in all sites and hence the risk for distorting the signal was 
small (Legchenko and Valla, 2003). Legchenko (2006) defines a lower limit of signal to noise ratio 
of 2 (S/N>2) for data to be acceptable. Due to equivalence, several models can fit the data. The 
parameter of regularization (pr) controls the smoothness of the interpreted water content distribution 
with depth. A pr = 0 creates a model with water concentrated in thin multiple layers, whereas a pr = 
1,000 the water in the model is spread into thick layer (Iris instrument, 2004). Yaramanci et al., 
(2002) argues that a high 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 in small depth ranges. A moderate regulation 
scheme was applied, pr = 500 as this should corresponds quite well to the local geology consisting 
of clastic sediments of a wide range of grain sizes. The number of model layers was set to equal the 
number of pulses used in the sounding, hence creating a model corresponding to the actual 
resolution of the sounding. As the subsurface conductivity influences the depth of penetration of the 
excitation field (Legchenko and Shushakov, 1998), the MRS interpretation also requires an 
electrical model of the subsurface. 

3.2 Vertical Electrical Sounding (VES) 

VES measurements were conducted on or in proximity of each MRS site using a Schlumberger 
configuration and AB/2 distances up to 400 m. Due to acquisition problems like lateral 
inhomogeneities and short circuits the real AB/2 distances were in many cases shorter. The data 
were interpreted with inversion software RESIST87 (Velpen, 1988).  Some interpretation problems 
for VES can occur when mapping subsurface salinity, as resistivities for salt water, saturated clay 
and sand overlaps. 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 difficult to detect on the sounding curve or sometimes misinterpreted (Kirsch, 2006). 

3.3 Interpretation Method 

The VES interpretations have been used to constrain aquifer geometry and they have been linked to 
geological borehole data and data of groundwater level depths when present. In most of the sites this 
kind of information was not available. However, MRS may be used to constrain layer thickness of 
the VES-model. Legchenko et al., (2002b) argues that resistivities higher than 50 ohm-m do not 
influence the MRS signal severely. Therefore, the interpretation is more accurate if the resistivity 
distribution of the subsurface is relatively high and that the subsurface water content is reflected in 
the resistivity distribution of the aquifer. A first MRS model with a homogeneous half space 
resistivity of 1,000 ohm-m was created, where the number of layers and their geometry was 
identified and then used as an input for calculating a first VES model. This model was in return used 
for a second MRS model and correction of the first VES model could be made rendering a second 
and final VES model. This model was applied to a third and final MRS model. Problems with this 
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methodology involve the already mentioned assumptions above and that an error in the initial model 
can proceed through the whole inversion process.  

3.4 Water Quality Related to Conductivity and Geology 

Salinity is measured in Total Dissolved Solids (TDS), which is the total sum of cations and anions 
and the undissociated dissolved species after evaporation and filtration of a sample. TDS can be 
determined in a much easier manner by multiplying the electrical conductivity (EC) in 
microsiemens/cm at 25°C with the TDS-factor (CTDS) (usually between 0.55-0.90), which depends 
upon the types of salt present (Reynold and Richards, 1996). 

[ ] σ*/ TDSClmgTDS =         (1) 

TDS is an important factor for evaluating the water quality for domestic usage (Table 3).  

Table 3 Palatabillity of drinkingwater (WHO, 1996) 

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

The main source of cations and anions in groundwater is the slow dissolution of rock, soils and 
minerals when the groundwater moves through the strata (Reynolds and Richards, 1996). Shoeller 
(1959) identified three types of sources that contribute to the variation in chemical characteristics. 
(1) Variation in mineralogy of the aquifer. (2) Vertical/lateral variations, increasing dissolution and 
hence more ions in solution along the path of the groundwater flow and; (3) the difference in 
climatic factors like rainfall and evaporation which results in groundwater in arid environments to 
generally be more saline than groundwater in humid regions (Singhal and Gupta, 1999). Chemical 
characteristics of groundwater can be visualized in Hill-Piper diagram (Singhal and Gupta, 1999). It 
is composed of two triangular fields, one for the major cations and one for the main anions, and a 
central diamond shaped graph showing the overall chemical characteristics of the water sample, 
where the ions of highest percentage defines the type of water (Fig. 4).  

The European drinking water standards (EC directive 80/778EEC) defines the upper limit of 
maximum admissible EC to 1,500 S/cm at 20°C (Brassington, 2007). Salt content is sometimes 
measured with reference to the level of chloride, which can also be directly related to EC (Fig. 3). 
According to the Swedish National Food Administration, chloride concentrations >100 mg/l can 
have a corrosive effect on metal pipes and concentrations >300 mg/l can cause taste differences 
(SEPA, 2007).  

Resistivity data gathered from VES is influenced not only by the pore water but also from the 
surrounding rocks and minerals. Resistivity for fresh groundwater usually varies between 10 to100 
ohm-m, whereas sea water has a resistivity less than 1 ohm-m (Loke, 2004). Rock salt has a 
resistivity of 106 to 107 (Parasnis, 1997).  
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4. Results 

4.1 Result from the Groundwater Analysis 

The water quality samples gathered from altogether 14 wells (3 wells in area 1, 8 wells in area 2 and 
3 wells in area 3) were analyzed by the Department of Irrigation in Vientiane for the most common 
analytes together with EC and TDS. The measured TDS and EC indicated a CTDS 0.5 and a peak 
conductivity of EC<300 S/cm, which shows that the water from none of the sampled wells is 
polluted by salt in such a degree that it would not pass the groundwater quality criterias from WHO, 
EEC and Swedish EPA. Water quality samples were also gathered by Takayangi (1993) in area 3, 
where EC>1,000 S/cm and Cl->100 mg/l were measured in some deep wells. The chloride 
concentrations from area 3 plotted against EC (Fig. 4) fits poorly with the EC/Cl graph determined 
on halite samples from the northern part of the basin. The samples gathered in area 2 (this study) 
shows a better correlation but there seems to have larger gradient in the distribution, which could be 
explained by other ions contributing to the EC. 
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Fig. 3 The EC measurements at 25°C on diluted NaCl samples collected from Ban Bo salt production factory (this 
work), together with with water samples gathered by Takayangi (1993) ( ) and water samples from this study (x).  
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The chemical characteristics of the sampled water is illustrated in figure 4 where the water has been 
characterized according to their main constituents. Provided that the difference in chemical 
composition is mainly due to mineralogy differences, the samples have been related to different 
geological environments. The groundwater from wells located in the formations N2Q1vc and Q2-3 in 
the areas 1, 2 and 3, is mainly groundwater of Calcium Bicarbonate type (CaHCO3) although some 
shallow wells in a area 1 has water classified to Sodium Chloride (NaCl) and area 2-1 has water of  
Calcium Sulphate (CaSO4) and Calcium Chloride (CaCl). Wells in area 2-2 and well l in area 3 are 
located on a geology dominated by the Xaysoumbon formation with water belonging to CaCl.  

Fig. 4 Hill-Piper diagram illustrating the water quality data gathered from wells in all three areas. From this it is possible 
to classify different types of water according to their chemical composition. 

4.2 Result from the Geophysical investigation 

Resistivity measurement on Halite samples from Thakhek indicated resistivities between 3,500 and 
5,000 ohm-m to be compared with rock salt, 106 to 107 ohm-m (Parasnis, 1997).  
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The geomagnetic field had an inclination of 24° and varied between 43,620 to 43,850 nT equivalent 
to a Larmor frequency of 1,859 to 1,868 Hz. No filters were used in field but depending on the 
noise, 64 to 100 stacks were adapted to the different situations. The frequencies of the received 
signal for all measured sites was stable within ±1Hz, but always lower than the frequency obtained 
from the geomagnetic field. The phase was however often fluctuating in an irregular manner. The 
decay time values matching to the highest water content in corresponding water bearing layer have 
been used to characterize that specific layer. 

4.2.1 Area 1 

Area 1 is located about 20 km north of Vientiane (Fig. 1). The Vientiane formation (N2Q1vc)
overlying the Tha Ngon formation (K2tn) are the two dominant geological features, but sediments of  
Q4 and Q2-3 can also be found (Fig.5). There are a large number of boreholes with geological 
information in the region (Fig. 15). Borehole, LK6 is located closest to the measuring sites, about 
800 m from Site 1 and LK 33 is located about 3.3 km from both site 1 and 3. With reference to 
borehole and VES data gathered by Long et al., (1986), a geological cross sections running in 
northeast-southwest direction (Profile AB, Figs. 7 and 9) was compiled. For groundwater studies 
only shallow wells with depths of 5 to 9 m are accessible here and the water tables are located at 1.5 
to 5 m depths. Four MRS measurements were conducted, although site 4 was disregarded, due to 
high noise. Site 1 is located some 350 m south-west from site 3. These two measuring sites are 
situated on the formation Q2-3. Site 2 is situated 2 km north-west of site 1 and 3 on the Vientiane 
formation (N2Q1vc). Two VES measurements were performed, one in connection to site 3 and 
another one in connection to site 2. 

Fig. 5 Area 1, situated close to the village Thangon. Site 2 located in the northern part on N2Q1vc, whereas sites 1 to 3 
are situated in the southern part on Q2-3.
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The geological cross section along profile AB (Fig. 7) illustrates the different characteristics of the 
two formations. The Vientiane formation holds for the most part coarser materials like sand and 
gravel, while the Tha Ngon formation (K2tn) withhold materials such as clay, breccia overlying rock 
salt, all with poor potential for hosting aquifers. In general the halite beds are positioned deeper 
where K2tn is the superficial layer compared with areas where K2tn is overlain by N2Q1vc and Q2-3
(Fig. 7a). Rock salt has a relatively high resistivity compared to the overlaying materials, but it 
would be difficult to identify it with VES since the current probably will not be able to penetrate 
through the superimposed conductive clay.  

The MRS S/N-ratio at site 1 is 10.77 and the model fitting error is 2.4% (Fig. 6a). Site 2 has a MRS 
S/N-ratio ratio of 4.7 and a fitting error of 4.3% with a rather high noise level of the end of the 
sounding.  The fitted VES curve at Site 2 has a RMS of 6.7% (Fig. 6b). The MRS S/N-ratio for site 
3 is 6.5 with a fitting error of 6.3%. The inverted MRS data seems to fit the raw data quite well in 
the beginning but looses coherency in the middle part and in the end of the sounding. The fitted VES 
sounding curve has a RMS of 2.73% (Fig. 6c).  
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Fig. 6 Raw data and model fit for MRS in a) Site 1 and raw data and model fit for MRS and VES for b) Site 2 and c) Site  
3. 

MRS data reflects two to four water bearing layers in this area. In site 1 and 3 (Fig.7c-d), the upper 
water bearing layer begins at about 3-5 m depth, and it has a  thickness of about 5-7 m. The water 
content is 5-6% which may suggest that the water is hosted by sandy clay or silt, under the 
assumption that the free water measured with MRS is comparable with specific yield values (Table 
1). The decay time varies between 165-203 ms, which is analogous to medium and coarse sands 
(Table 2). The resistivity at this depth range is modeled to 531.1 ohm-m.  The second water bearing 
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layer starts between 12 to 15 m and continues down to around 40-50 m. It has a resistivity of 18.8 
ohm-m, a water content of 9-12% analogous to sandy clay of silt and T2

* varying between 130-180 
ms, equivalent to medium sands. It is superimposed by a about 2-5 m thick layer with low water 
content, < 4% and a resistivity of 5150 ohm-m, where the position of that layer the electrical model 
is displaced upwards compared to the MRS model. In both sites 1 and 3, the water content decreases 
suddenly to 0% at about 45 to 50 m depth, but in site 1, the water content then slowly increases to 1-
2% down to 100 m depth. In site 2 (Fig. 7a), water can be found close to the surface and continuous 
down to about 2.5 m, where there is a thin impermeable layer. The resistivity of the upper part is 
modeled to 2,323.9 ohm-m, the water content is less than 4%, and the T2

* from MRS is 538 ms 
suggests a gravel deposit. Between 2.5 m and 20 m, a second quite heterogeneous water bearing 
layer is found with two peaks in water content at about 10 and 15 m respectively. In both peaks the 
water content is about 8-9%, and the resistivity is about 600 ohm-m. The T2

* values for the 
heterogeneous layer vary between 314 to 470 ms, indicating that also here the middle water bearing 
layer is composed of gravel. From 25 to 50 m a third water layer appears, with a peak in water 
content at about 6% and a T2

* of about 300 ms suggesting gravel deposits. The resistivity of this 
layer is 20.6 ohm-m. At the depth of 50 m the water content decreases abruptly to a value of < 1% 
and then increases slowly to 2% down to 100 m, just like in site 1. 

Fig. 7 a) Complemented geological cross section after Long et al. (1986). Inverted MRS data presenting MRS and T2
*

together with the VES result in order of geographical appearance from b) Site 2, c) Site 1 and d) Site 3. 
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The sudden decrease in water content around 50 m depth is fairly consistent with close by borehole 
data from LK6 and LK33, where clay of the Tha Ngon (K2tn) is found at 40, respectively 44 m 
depth and the depth to the Halite is 63 and 64 m, respectively (Fig. 7d). The aquifer material in both 
LK6 and LK33 is sand to coarse sand of the Vientiane formation, which is found at 19 m in LK33 
and at 1.5 m depth in LK6 respectively and continuing downward. This agrees quite well with the 
measured decay times indicating aquifer material like medium sand to gravel, but not with the water 
content which indicates sandy clay or silt. The VES at site 2 and 3 agrees reveals resistivities of 
about 20 ohm-m for the middle water bearing layer, which agrees fairly well with measurements 
made by Long et al., (1986) from which resistivities between 63 to 122 ohm-m were measured of 
the concerned depth. The electrical soundings at site 2 and 3 do not identify the high conductive clay 
with resistivities around 0.5 ohm-m located at about 50 m. The low resistivity could imply salt in the 
clay layer. The upper 5 m of dry soil (Q2-3, N2Q1vc and Q4) has resistivites ranging from 500 to 
5,000 ohm-m, but the rather high resistivity in the upper part of the second layer in site 3 and third 
layer of site 2 can not be explained from borehole data, where the aquifer material predominately 
consists of coarse sand and MRS indicates water, for which the resistivity in that case should be 
considerably lower. Long et al (1986) also determined high resistivites (about 4,400 ohm-m) in the 
upper part. 

4.2.2 Area 2 

Area 2 is located around 40 km northeast of Vientiane (Fig. 1). In the southern part of the area 
measurements were performed at four sites (site 8-11). Sites 8 and 9 are situated in the Vientiane 
formation (N2Q1vc), while sites 10 and 11 are situated in sedimentary deposits of Q2-3 (Fig. 8). Only 
one VES was successfully performed in this area, in site 9. The distance between each MRS is about 
500 m. A creek runs through the area separating site 11 from the other sites. Around 5.5 km north of 
sites 8-11, the sites 5 to 7 are located. Site 5 is situated on sedimentary deposits of Q4 and sites 6 and 
7 on Q2-3. The Champa formation (K2cp) can be seen in the north-eastern part of the area (Fig 8). 
There is only one available borehole (B-6) in relation to the measurements and it is located in the 
northern part. Unfortunately, S/N-ratio for site 7 was too low to allow a good interpretation.  
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Fig. 8 Area 2, Sites 5 to 7 located in the northern part close to village of Phakho, whereas sites 8 to 11 are situated in the 
southern part close to village of Haignon-Mai.  

In site 5 in the northern part, the S/N-ratio is 9.8 and the model fitting error is 2.1% (Fig. 9a). Here 
only one water bearing layer can be detected with a water content averaging 3.5% and a T2

* -values 
ranging from 100 to 150 ms analogous to fine to medium grained sand (Fig. 9c). The resistivity of 
the water bearing layer is modeled to 54.9 ohm-m, but this value is doubtful since the sounding ends 
abruptly probably due to short circuits at about AB/2 = 40 m depth. Also at site 6, with a S/N-ratio 
of 1.76 and a fitting error of 3.29% (Fig. 9b), there is only one water bearing layer extending from 
the surface down to 10 m. The water content at its maximum is 2.5% and the corresponding T2

* -
value of 150 ms indicates medium sands in this layer (Fig. 9d). However, the low S/N-ratio makes 
the result from this site 6 less reliable. The resistivity of the water bearing section is modeled to 71.9 
ohm-m, but again this value is highly uncertain due to lack of data for AB/2 >15 m. The MRS data 
from site 7 has a similar appearance as that from site 6 but with an even lower S/N-ratio of 1.24 and 
the data is thus not reliable for modelling. The data from site 5 differs from that of site 6 and 7 
regarding water content and thickness of the upper water bearing layer, although the distance from 
site 5 to sites 6 and 7 is only about 1.5 km, with no particular difference in elevation or vegetation. 
The compositional change in geology with depth is shown in the borehole, B-6 (Fig.9d). Silt and 
sand from sedimentary deposits of Q2-3 is dominating in the upper part with a change in composition 
at about 10 m to siltstone of the Xaysomboun formation. This agrees well with the shallow low 
water content layer in both site 6 and 7. At about 50 meters the siltstone transcend to Anhydrite, 
which generally is associated with the Tha Ngon formation (K2tn). The sudden decline of water 
content at 35 to 40 m depth at site 5 is most probably related to geological changes with the 
Xaisomboun formation changing to the K2tn, as no water can be found below. The water samples 
gathered in 25 m deep wells (i and k close to B-6 and j close to site 5) are all of CaCl-type, which in 
that case could indicate that the water bearing layer is in the Xaysomboun formation. Also an 
electrical sounding performed by Takayangi (1993) 2.2 km south of site 5 close to the road indicates 
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siltstone between 10 and 36 m. The water bearing layer is probably recharged from both an adjacent 
lake and creek that passes by, which explains the higher water content in site 5 compared to site 6 
and 7. It is however not possible to exclude the possibility that the variation in water content 
between the different sites may reflect different geological materials. 
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Fig. 9 a) Raw data and interpreted model for MRS and VES from Site 5. Raw data and interpreted model for MRS from 
b) Site  6, Inverted MRS data presenting MRS and T2

* together with modeled VES from c) Site 5 and d) Site 6 together 
with geological data from borehole B-6. 

In site 9, the MRS S/N-ratio is 5.4 and the model fitting error is 3.3% (Fig. 9b). There is a good fit 
between the calculated and the measured data in the upper part of the sounding, but from about 
2,000 A-ms the inverted data fits poorly, which is common for all inversions in this area. The fitted 
VES graph has an RMS of 3.8% with large resistivity contrasts between first and last part of the 
sounding (Fig. 10b). At the other sites, the corresponding RMS and S/N-ratio for the different MRS 
models are at site 8, 2% and 9.9 (Fig. 10a); at site 10, 2.7% and 7.6 (Fig. 10c) and site 11, 2.2% and 
8.9 (Fig. 10d), respectively. 
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Fig. 10 Raw data and model for MRS from a) Site 8. Raw data and model for MRS and VES from b) Site 9. Raw data 
and model for MRS c) Site 10 and d) Site 11.  

The MRS results indicate two water bearing layers in site 10 (Fig.10a). The depth distribution of 
water content and decay time for site 10 is coherent, which suggests that the T2

* -values are reliable. 
In the upper aquifer, the water content of 12.5% suggests silt or fine sand to dominate in the aquifer, 
while the T2

* -values of 282 ms, is analogues to gravely sands. In the lower aquifer the water content 
is steady around 8% with a T2

* of about 120 ms. The water content indicates sandy clay or silt, while 
the decay time designate fine sands to host the aquifer. The sites 8, 9 and 11 (Fig. 10b-d), the MRS 
models are similar with water contents varying between 2 and 6%, suggesting sandy clay or silt in 
the upper section and irregular decay time varying between 285 and 320 ms corresponding to 
gravely sands to gravel deposits. The second water bearing layer at about 5-10 m down to 20-30 m 
has a water content of 3.9 to 6.7% and also a highly irregular decay time of 212 to 283 ms indicating 
the water being hosted by gravely sand. A third water bearing layer starts around 35 to 40 meters 
and continues down to 100 m with a water content varying between 3 and 5% at the different sites. 
In this layer the MRS signal has long decay times even though the measured water content is very 
low. The resistivity of the second water bearing layer in site 9 is modeled to 17.8 ohm-m. At depth 
of about 20 m, no water is detected and VES data indicate a low resistive layer of 0.6 ohm-m, which 
is interpreted as clay of the Tha Ngon formation (K2tn). The high water content and the decay time 
in the lower part of site 10 (8% and 120 ms) is higher than what could be expected for this 
formation, as K2tn has shown before to poorly host as an aquifer but the very high conductivity of 
the clay layer is nevertheless a good indication of K2tn.  
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4.2.3 Area 3 

Area 3 is located about 60 km northwest of Vientiane (Fig. 1) and includes the measuring sites 12 to 
16. In sites 13 and 14 the S/N-ratio was too low to make a quantitative interpretation. The sites 15 
and 16 are situated in a depression where hills pile up to the west and the land rises towards a fault 
located to the east. Two creeks are located on opposite side of the measuring points. The site 12 is 
located on the eastern side of the fault, about 3 km east from site 15 and 16. There are 10 to 15 
working deep wells in the area with depths of 40 to 50 m, but also a number of shallow wells. The 
power line that runs through the study area is a big source of noise. Two boreholes with geological 
data, B-1, close to site 12, and B-2 are located in the center respectively eastern part of the study 
area (Fig. 12).  

RMS: 2.65%
S/N = 7.60 RMS: 3.29%

S/N = 5.38

RMS: 1.96%
S/N = 9.94

RMS: 2.22%
S/N = 8.89
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Fig. 12 Area 3, close to the village of  Phonhong.  Site 12 located in the western part, whereas sites 15 and 16 are 
situated in the eastern part.  

At site 12, mostly mudstone of the Xaysomboun formation is found in the nearby borehole, B1, and 
it extends from about 2 m and downward (Fig 13-b). The inverted MRS model (S/N=1.9 and fitting 
error 3.5%) (Fig. 13a) shows two layer with low water contents (Fig. 13b). The highest water 
content is 2.4% related to a decay time of 146 ms. The water content may suggest siltstone while the 
decay time suggests medium sand to host the water. The water table, measured in a shallow well, is 
located at about 2.5 m depth, which agrees quite well with the inflection point of the fist layer of 
MRS and VES. Adjacent shallow wells have lower EC than deep wells, however, the VES 
resistivity is modeled to 25.3 ohm-m in both water bearing layers. This is lower than the resistivity 
measured in area 2 in the same formation. 



21

0 2000 4000 6000
Q [A-ms]

0

10

20

30

40

50

60
A

m
pl

itu
de

 [n
V]

10
1

100

1000

10 000

10010 1000

A
pp

er
an

t r
es

is
tiv

ity
 [o

hm
-m

]

AB/2 [m]

No.    Res. [ohm-m]   Thickness [m] 
 1              1071                      0.5
 2              133.8                     1.6
 3               25.3                        -
                            

RMS: 2.6%

Site 12a)

0
10
20
30
40
50
60
70
80
90

100

Borehole
B1

0
10
20
30
40
50
60
70
80
90

100

0
10
20
30
40
50
60
70
80
90

100

D
ep

th
 [m

]

0 2 4 6 8 10
Water content [%]

0 200 400 600 800 1000
T2 [ms]

Mudstone

Sandy clay1074133.8

25.3

Site 12

Laterite soil

?

Resistivity [ohm-m]
b)

RMS: 3.457 %
S/N = 1.86

MRS

T2
*

*

RMS: 2.6%

Noise
Measured signal
Calculated signal
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and T2

* together with modeled VES and geological information from borehole B-1. 

The S/N-ratio for site 15 is 4.14 and the RMS is 4.6% (Fig. 14a). The model fit is good in the first 
part of the sounding, up to about 3,000 A-ms pulse moment. The RMS of the corresponding VES 
model is 6.2%. The S/N-ratio in site 16 is 13.2 and the fitting error 1.3% (Fig. 14b). The model 
shows a good fit throughout the whole sounding. The VES data vary smoothly in the beginning of 
the curve, but gets more scattered towards the end, which leads to a rather high RMS of 6% for the 
interpreted model.  
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Fig. 14 Raw data and interpreted model for MRS and VES from a) Site 15, b) Site 16. Inverted MRS data presenting 
MRS and T2

* together with modeled VES from c) Site 15 and d) Site 16. 

The MRS in site 12 differ significantly from site 15 and 16 in both appearance and water content. 
MRS data reveals three water bearing formations with relatively high water contents in sites 15 and 
16 (Fig. 13c-d). At both sites there is an upper water bearing layer that begins just below the surface 
and continuous down to around 10 m, where it transcends to a richer water bearing layer. The depth 
to the groundwater in well n (Fig. 12), situated close to site 16 is 1.6 m, which agrees well with the 
inflection point of the first water layer. The highest water content is 3.9% for site 15 and 5.7% for 
site 16 with decay times of 563 ms and 257 ms, respectively. The water content may suggest the 
aquifer to be hosted in sandy clay or silt whereas the decay times indicate gravely sands to gravel 
deposits. The peak in water content of the second water bearing layer is situated around 15 and 20 m 
and ends around 25 and 35 m for site 15 and 16, respectively. The water content is about 13% in site 
15 and about 10% in site 16 with corresponding decay times of 351 to 468 ms in site 15 and 309 to 
420 ms in site 16. The water content indicates the water to reside in silt or sand deposits, while the 
decay time points to gravel deposits. In comparison with site 15, the second layer in site 16 seems to 
be displaced downwards but with a lower water content. A third water bearing layer begins at about 
40 m for site 15 and at about 50 for site 16 and this layer continues down to the lower limit of 
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detection range. The water content for this layer is 2-5% with a decay time of 800 ms for site 15 and 
300 ms for site 16. 

The upper and middle water bearing layers show distinct differences in resistivity for both site 15 
and 16. In site 15 the resistivity is modeled to 12.9 ohm-m for the middle water bearing layer 
compared to 191.4 ohm-m for the upper water bearing formation. In site 16, the resistivity of the 
middle water bearing layer is modeled to 22.1 ohm-m and that of the upper layer 94.8 ohm-m. This 
corresponds well with water analysis data from the region, for which the conductivities (EC) of 
water sampled from deep wells are higher than those from shallow wells (Fig. 16).  

The upper water bearing layers belongs to sediments of Q2-3. The lack of water at depths of about 30 
to 35 m layer probably indicate that the Tha Ngon (K2tn) formation. A low resistivity can be 
expected for this formation, which is supported by the VES data, and the high EC from some deep 
wells also supports such an interpretation.  

5. Discussion 

The knowledge of the depth to the halite layers is very important hence the shallower it is situated 
the greater the risk of causing salinity problems. Figure 15 illustrates distribution of measuring 
points and boreholes data in area 1 together with an interpolated map of halite depths. Rock salt can 
here be found as shallow as at 52 m depth. With reference to the clay layer covering the halite 
deposits, this agrees fairly well with the maximum depths of the middle aquifer indicated by MRS.  

The halite resistivities of about 5,000 ohm-m as determined in laboratory measurements is 
significantly lower than the tabled values presented by Parasnis (1997), but they are considerably 
higher than that of the superimposed clay of the Tha Ngon formation.  
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Fig. 15 Interpolated map of the depths down to the Halite layer from borehole data collected by Long et al., (1986). 

Because of the high conductivity of the clay, it is difficult to detect the halite beds with VES. 
However, the low resistive clay layer could work as an indicator of halite or at least the Tha Ngon 
formation (K2tn). These low resistivities can be found in all three areas at depths of 30 to 50 m, 
always related with very low water contents. Table 4 roughly summarizes the geophysical and water 
quality characteristics obtained in our study together with some complementary resistivity data from 
Long et al., (1986) for some of the formations in the region. Our MRS and VES verify earlier 
hydrogeological investigation made by Takayangi (1993) and recognize N2Q1vc and Q2-3 as the 
main water bearing formations. These formations can be found in all three areas. They are 
characterized by relatively high water contents, up to 13% and decay times varying between 100 and 
300 ms, suggesting a mean pore size equivalent to medium sand to gravel. The resistivity is usually 
around 20 ohm-m, which suggests fresh water according to Loke (2004). Xaisoumbon formation has 
similar MRS characteristics as K2tn, i.e. low groundwater potential, but has generally higher 
resistivity and is usually located closer to the surface, which makes it possible to delineate it from 
K2tn.
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Table 4. A rough summery of typical parameters; water type, water content ( MRS), decay time (T2
*) and resistivity ( )

for characterizing the water bearing formations in the Vientiane basin. 

Formation Rock 
materials 

Water
type  [%] T2*

[ms]  (ohm-m) Comment 

Q4 Sand 
Silt 

< 5 150 450 – 4,500 Dry top layer, with a thickness of ca. 
0.5 m 

Vientiane formation 
(N2Q1-3) and Q2-3

Silt 
Sand 
Coarse
sand
Gravel 

Ca-HCO3 4 -13 100-300 10-20 Main aquifer in the area, usually 
between 25 and 50 m thick, with highly 
varying water content. 

Xaysomboun Claystone 
Siltstone 

Ca-Cl < 4 100 25-55 Impervious layer with little or no water. 
Mostly find in the northern part of the 
study area close to the surface 

Tha Ngon 
Formation 
(K2tn)

Breccia 
Clay 
Anhydrite 
Halite 

 1 – 2.5  0.5 – 8 
0.3 – 0.6 

3,500-5,000

Impervious layer with little or no water. 
Find throughout the whole study area. 
Lower resistivity than Xaysomboun in 
the upper part. 

In site 15 and 16 in area 3, MRS together with VES data suggests vertical variations in the aquifer 
resistivity, which is confirmed by EC measurements of water from nearby deep and shallow wells 
(Fig. 16). This does not necessarily mean that deeper located water is more affected by the Halite 
bedrock, since there is a natural solving of minerals as the water moves through the strata. The slight 
difference in conductivity between VES and EC is most probably due to the conductivity 
contribution from the surrounding rock matrix or clay material within the aquifer. This might open 
up the possibilities to map salinity in this area. Yet, measuring points are quite few and wells are 
sometimes far away from the measuring sites, which makes a direct comparison between EC of the 
water from the wells and resistivity from VES difficult. More measurements are hence necessary in 
order to better determine the relationship between EC of water and VES resistivity distribution in 
aquifers in area 3. The comparison between Cl- concentrations and EC from wells shows that the 
correlation between the two parameters are quite good for area 2 (this study) but with poor 
correlation for samples analyzed by Takayangi (1993) (Fig. 3). The results from Takayangi (1993) 
are probably a consequence of other elements than Cl- contributing to the EC. However, TDS has 
shown a constant relation to EC in wells from all three areas, which suggests that there is the same 
type and ratio of salts present in all three areas. The water quality data characterized to certain types 
of waters should be interpreted with caution as many of the wells are shallow and most likely 
affected by human activities and therefore might not represent the geological characteristics of that 
area. Water type could also differ in the same formation depending on direction of flow or if it is 
located on a recharge or discharge area (Singhal and Gupta, 1999).  
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Fig. 16 Conductivity comparison between EC measurements from shallow (k, l and m) and deep wells (p, q, n and o) 
and VES measurements close by a) site 12 and b) sites 15 and 16.  

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 horizontal exponential fit of the relaxation, hence creating large T2
*.

Even for sites with an overall relative high S/N-ratios >10, T2
* sometimes agrees poorly. This 

usually happens in the later part of the sounding and it is a well known fact that the resolution of T2
*

degenerates faster than MRS. Nevertheless, MRS and T2
* differs even for the highest water contents, 

which could imply that measured water content is not comparable to specific yield in the Vientiane 
basin or/and that the measured decay times are not of the best quality. The increase in water content 
below the non water bearing layer identified as clay from K2tn is more difficult to 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. This could depend on a somewhat heterogeneous clay or 
halite layer with lenses of aquifer material in between. Although MRS is able to detect water in the 
lower part of the sounding, as resolution gets poorer with depth, the water can either reside in thin 
layers or in thick layers, i.e. a problem of equivalence. 

6. Conclusions 

The physical conditions in the Vientiane basin, Laos, fulfill the many demands for successful MRS, 
i.e. stable magnetic field, low magnetic susceptibility and fairly low noise, which makes MRS a 
suitable method for groundwater exploration here. VES on the other hand is problematic due to 
lateral variation and sometimes high conductivities in the top soils, which made it difficult to obtain 
an image of deeper structures. Still MRS and VES together proved to decrease the uncertainty in the 
interpretation and moreover to be a good tool to identify and characterize aquifers in different 
geological environments.  

The results from the MRS measurements show that within the region there is usually two to three 
water bearing layers. The highest water content are found at depths between 15 and 25 meters with 
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decay times suggesting fairly high permeabilities. The resistivities in the aquifers are higher than 10 
ohm-m suggesting that the water is not contaminated by salt. MRS also identifies the underlying 
confining clay layer usually situated between 30 to 50 m depth. As this clay is overlaying the halite 
deposits and has resistivities as low as 0.5 ohm-m, it is likely that it is affected by the salt. The clay 
seems to work as a salinity barrier for the overlying aquifers. Hence, one should not drill deeper than 
40 m in area1, 20 m in area 2 and 25 to 30 m in area 3, although these depths are probably highly 
variable. 

MRS has also shown to be a useful and important tool in constraining layer thickness and to identify 
water layers with medium resistivity in between high and low resistive structures in the VES 
interpretation. MRS and VES also distinguish between medium resistive layers of impermeable rock 
from what could have been interpreted as water if only VES measurements had been carried out. 
The study also shows that water quality data can assist in characterization or at least decrease the 
uncertainty in the interpretation and MRS and VES could together be used to determine the water 
quality. However, more data is needed to confirm this. 
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