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Abstract

Geothermal system formed deep inside the earth, but often show surface manifestations
in form of hot springs, which are often tourist attractions and their water can be used for
recreational or medical spa. Energy from these geothermal systems can be used for
electricity generation or direct uses. The main medium which transfers the energy in the
system is the geothermal fluid, which carries the heat from deeper reservoirs to the
surface through open fractures and faults, which act as higher permeability pathways.
Thus, the pattern of fluid flow is a key parameter to obtain details of the deeper parts of
the reservoirs. Geophysical surveys were often performed to study and identify these
fluid flow pathways and the water circulation in the subsurface in order to estimate the
reservoirs characteristic and potential and also provide evidence of geothermal systems
that have no surface expressions. This study focusses on self-potential (SP) surveys used
to infer permeable pathway at depth as the self-potential response is directly linked to
subsurface fluid movements. Moreover, electrical resistivity surveys, ground surface
temperature measurements, and geological surveys are integrated in order to provide
better interpretation and based on that drawing a hydrogeological model of the study
area. The exploration was conducted at Khlongthom Saline Hot Spring, located in
Krabi, Southern Thailand. The combination of the quantitative results from all survey
methods revealed a pattern of fluid flow in the relative shallow subsurface of the area.
Additionally, self-potential data showing that negative SP anomalies correlated well
with hot saline water flowing up, and positive SP anomalies can be associated with water
flowing down in an overall higher saline environment. The SP response is a result from
the sum of streaming potential and diffusion potential. It can be concluded that the saline
hot spring water in the area is often very shallow and separated by shallow fractures,
and additional hidden hot springs could be identified; locations where the saline water
flow upwards but not reaching the surface. Understanding of this unique hot spring
system is vital for further development in this area as the results from this study should
be considered when designing buildings or other infrastructure projects in this area.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

1.1.1 Importance and benefit

Hot springs are natural phenomena, the surface expression of a geothermal system,
where hot water flows up from depths to the surface. The occurrence of hot springs can
be utilized for the benefit of people, such as geothermal power plant for electricity
generation used for industry or agriculture, and the direct use for tourism, like spa. Hot
springs in Thailand are found in several parts, including northern part, central Thailand,
western part, and southern part. In Southern Thailand hot springs are distributed in many
provinces, especially in Krabi province, which is one of the famous tourism destinations
in Thailand due to the rich and diverse nature. Examples of hot springs in Krabi are
Khlong Nam Ron, Ban Nam Ron, Nam Tok Ron Saphanyoong and Saline Hot Spring
Khlongthom, which were developed for eco- and health tourism.

Saline Hot Spring Khlongthom is one of the most popular tourist destinations in Krabi
province and it is an important area for many people including local and foreign tourists
as well as local people. They use the hot spring as a natural spa because of the belief
that hot springs there have natural healing properties; such as the water can improve
blood circulation, help to relax and to release stress. Moreover, the importance of the
Saline Hot Spring Khlongthom is the fact that it is a unique geothermal area different
from general hot springs in Thailand, as the water contains high sodium chloride so that
the water itself tastes salty. The hot spring occurs from hot water in a deeper reservoir
flowing through fractures into groundwater layers that are saline water, then there is a
mixing between hot water and saline water in that shallow layer before the hot water
reaches the surface, thus resulting into a saline hot spring. Basic information about this
hot spring is obtained from surveys of geology, geochemistry and geophysics. However,
the complex system in the subsurface of this area is not yet really determined, and
recently the area attracted the larger scale tourism resulting in many new buildings that
can have an impact on the shallow subsurface. More understanding about the area is
important for conservation and sustainable development. Therefore geophysical surveys
of self-potential method, ground surface temperature, and resistivity method were
applied for obtained the characteristic of shallow subsurface water flow in this area.

1.1.2 Objective of the study

Saline hot spring Khlongthom is the surface expression of a geothermal system of
unconventional characteristics, as it is saline, and therefore needs to be better
understood. The distribution and occurrence of hot spring waters at depth can be imaged
with electrical resistivity methods, whereas for the flow patterns of hot waters upwards
the self-potential method can be applied. Therefore, the objective of this work is to
obtain patterns of fluids flow in the shallow subsurface, delineate the anomaly zones, as
well as the location and size of hot springs in the study area by using a combination of
geophysical methods, mainly self-potential, but also ground surface temperature
measurements, vertical electrical sounding and resistivity tomography, or 2D resistivity.



The self-potential method is the central part of this work because of its sensitive to water
flow related to hydrothermal systems.

1.1.3 Expected Outcome

This research is expected to provide more understanding about the fluid flow of the hot
water in the shallow subsurface of the saline hot Spring Khlongthom, Krabi, Southern
Thailand, which might lead to a better and sustainable utilization and conservation
during future development.

1.2 Literature Review

This part defines the review of literature related to the aim of this work including six
main topics as following: geothermal system and investigation of them by using
geophysical methods, intrusive zone cause saline or brackish water, the detail of self-
potential mechanisms and methods, ground surface temperature measurements, vertical
electrical soundings and resistivity methods, and finally a brief history of surveys at the
Saline Hot Spring Khlongthom.

1.2.1 Geothermal System

Geothermal energy refers to heat energy which generated and stored inside the earth.
Normally it is related with an area of higher heat flow or higher geothermal gradient,
with a general geothermal gradient of 25°-30° C/km as an average (Dickson and Feneli,
2002). The general geothermal gradient is the result of increasing temperature with
depth in the earth, whereas regions which a higher geothermal gradient represent
geothermal systems at depth. The main source of geothermal energy in the earth is the
decay of radioactive elements and heat flow from the core and mantle to the cooler
surface.

The basic concept of geothermal systems comprises three main parts shown in
Figure 1.1. When focusing from the bottom to the top in the schematic diagram the first
main part of the system is the heat source that drives the system, normally it is a
magmatic intrusions with higher temperature additionally to the normal temperature
increase as a function of depth (Marechal et al., 2012). The second component is a larger
reservoir (Bowen, 1989); this refers to hot permeable rocks where fluid circulation
extract heat and these permeable rocks were covered by impermeable cap rocks. In
general a reservoir requires a fluid pathway that has a connection between the reservoir
and the recharge area, and a way where the fluids can flow through up to the surface
and exiting in form of geysers, mud pools, and hot springs. The main fluid pathways are
faults and fractures in the subsurface. The final component is a fluid that is carrying the
heat energy; geothermal fluids can be liquid or vapor depending on temperature and/or
pressure, but the main working fluid in geothermal systems is water.
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Figure 1.1 Schematic diagram of a geothermal system (Natural Environment Research
Council, 2018).

The main mechanisms of geothermal systems are that fluids in the reservoir were heated
up by a heat source, and this then is causing the fluid convection because of gravity and
buoyancy force, because when the fluids were heated up the density decreases. Then the
hot fluids were replaced by cold fluids which have a higher density. The hot fluids
finally find a pathway upwards to an outflow at the surface.

Use of geothermal energy

Recently, geothermal energy was used in many applications that require heat. The basic
is that geothermal energy technology taps into subsurface areas where a suitable
temperature exists, whereas the use of this energy depends on the requirements. The
most common use of geothermal energy in the world is electricity generation because
there are many benefits, such as renewable energy, produces of no waste or pollution,
reliable method to create electricity and overall sustainable. However, electricity
generation from geothermal energy cannot be available everywhere because of it
requires higher installation costs and higher temperatures, but there are many ways for
uses of energy in case of low temperatures. There are many direct applications of
geothermal energy, such as heating propose, heating industries and home, greenhouses
serviced by combined space and hotbed heating, swimming pools and bathing propose
(Bowen, 1989). There are many ways for utilization of geothermal resources, as the
correct use of that depends on the classification of them (Mburu, 2012).

Classification of geothermal systems

Understanding geothermal resources are the main key to a successful exploration and
utilization of them, thus a clear definition of the nature and characteristics of geothermal
system is required (Axelsson, 2013). As mentioned in previous parts, geothermal
systems requires three main components that can vary, so there are in various ways of
classification based on heat source, heat transfer, their reservoir temperature, nature of
fluid, physical state, enthalpy, utilization and geological setting (Saemundsson et al.,
2009; Masum, 2015). All geothermal fields are individual, but also can broadly be
classified by certain common characteristics and different aspects. The first three most



common classifications of that comprise reservoir temperature, enthalpy, and physical
state (Gupta and Roy, 2007; Bodvarsson, 1964; Axelsson and Gunnlaugsson, 2000).
Additionally, geothermal systems also classified based on a regional perspective and
this work also focusing on the question of what is the geological settings of the study
area.

Geothermal systems are easy to be found when there are manifestations on the surface,
like hot springs, but in case of hidden geothermal resources the physical properties of
the system have to be utilized using geophysical methods. The geophysical properties
or the characterizations of possible geothermal resources can be investigated by
geophysical methods that have been performed in many studies. The geophysical
characterizations can estimate the heat source and the pathways of the hot water to the
surface, e.g. hot springs as surface exit; detailed explanations of investigation methods
are provided in the section of geophysical methods.

1.2.2 Natural occurrence of seawater intrusion

Seawater intrusion is the displacement of seawater into freshwater aquifers. Normally,
this occurs in coastal freshwater aquifers when there are the different densities between
seawater and freshwater, which seawater slightly heavier than freshwater, thus it can
intrude into aquifer forming a saline wedge below the freshwater. The encroaching
seawater will encounter an area known as the zone of dispersion, where the freshwater
is mixing with seawater at an interface. This interface is the boundary which is in a
dynamic equilibrium; it can move with seasonal variations of the water table and daily
tidal fluctuations. These movements along the interface are actually a transition zone of
mixed salinity.

Sea level
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Figure 1.2 Seawater intrusions into a coastal aquifer environment. This represents an
unconfined aquifer extending seawards and a water table merging with the shoreline.
Seawater intrudes the aquifer and it is higher density then freshwater, thus it extends
landward below the freshwater. Confined aquifers also extend seawards. In both aquifer
types, the degree to which sea water enters the aquifers largely depends on the overall
energy, or hydraulic drive of groundwater flow towards the coast. Some of this
freshwater can seep through the sea floor (http://www.geological-digressions.com).



1.2.3 Self-potential mechanisms and methods

Introduction

Self-potential (SP) refers to the natural occurring electrical potential difference that can
be found everywhere in the earth ground (Bérube, 2004). Anomalies of self-potential
can be generated by subsurface fluid flow, heat flow, or occurrence of ore bodies; in
geophysical investigations self-potential method is therefore applied for detect these
sources. Self-potential method has been used widely for several applications, such as
delineate conductive ore deposit, seepage analysis, investigations of groundwater flow
and geothermal exploration (Bérubé, 2004; Erchul, 1988; Corwin, 1989; Ravil and
Jardan, 2013). Recently, even really small self-potential signals are possible to be
measured. This part of the work is providing a detail description of self-potential
mechanisms and methods, and also provides a literature review of self-potential surveys
on geothermal areas and laboratory experiments on the effect of salinity self-potential
signals.

Governing equations of self-potential

Fundamental equations used to explain the generated and interpreted SP signals are
based on the quasi-static regime of Maxwell equations. When focusing on
thermodynamics, the existence of a possible measured electrical field at the ground
surface is related to the existence of a driving source current density in the ground (Js).
The total electrical current density (J) in a porous material is the sum of the conduction
current explained by Ohm’s Law and the driving source current density (Js) associated
with the pore fluid pressure field (Revil and Cathles, 1999),

where E is the electric field (V m™) (in the quasi-static limit of the Maxwell equations
written as E = —Vy, where v is the electric potential expressed in V), oo is the electrical
conductivity of the porous material (S m™), and Js is a source current density (A m2)
associated with any disturbance that can affect the movement of charge carriers. The
general equation for coupled flows can be written as following

]i = LiiXi .................................................. (2)

where Ji is flow per unit area of type i, Xjis the gradient or driving force of type i, and
Lii is the conductivity coefficient for type i flow. In the nature if these flows occur at the
same time, they will interfere with each other. The gradient of one type can drive a flow
of another; this is called couple flows, such as an electrical flow can be driven by
hydraulic gradient and the absorption of heat in the metal. So, the total flow can be
written in following form

]i = 1]:1=1 LUX] .............................................. (3)

wherei=1,2... n and Ljj is the couple coefficient relating flow of type i to force of type
J, and X; is the gradient or driving force of type j. If in the measured area is no external
electrical field, thus an electrical current density in the porous media will be driven by
a hydraulic, thermal, or chemical gradient that can be written in following form



] = LEth + LETI:L' + LECiC .................................... (4)

This equation indicates that SP at the surface is not only the result from electrical current
density of fluid flow, but also the result from thermal or chemical flows (Friborg, 1996).

Source of self-potential anomalies

For being major sources of self-potential there are several different electrochemical
mechanisms that can generate the natural potential difference in the earth subsurface
(Friborg, 1996). This multiplicity of sources can cause difficulties in interpretation,
because when several sources are contributing to the electrical potential and all of them
can be superposed, then there is no really a way to separate a self-potential anomaly by
their origin. Self-potential anomalies related with mechanisms of charge polarization
occurred in the deeper earth and can be divided into four main mechanisms. A
description of each mechanism follows, especially streaming potential because it is
important for this work.

Streaming potential

Streaming potentials are related with fluid flow in charged porous media as in case of
water flows through a rock and soil. This potential occurs whenever an electrolyte
moves with respect to a stationary slid that it is in contact with (Friborg, 1996). The
contribution of the self-potential signal resulting from streaming potentials is most
important for investigations of fluid flow in subsurface due to fact that it directly
provides information associated with subsurface fluid flow (Friborg, 1996).

Further, streaming potentials are related to the occurrence of electrical double layers
that can be found at pore water mineral interface, which refer to the coupling of fluid
flow with electric conduction within porous media that is known as electro-filtration.
This is one of several electrokinetic phenomena. Others include electro-osmosis,
electrophoresis and sedimentation potential (Overbeek, 1952). Electrokinetic
phenomena were first observed in capillary tubes in 1859 by Quincke and later in 1879
as formulated by a theoretical model developed by Helmholtz. This model is still in use
today and can represent to be almost true in case of electrolyte flowing through a porous
medium, thus the phenomena can be explained by the Helmholtz-Smoluchowski
equation and the electrical double layer.

Streaming potential requires two-phase systems to produce these effects, and the
concept behind that is based on electrical double layers. That occurs when a liquid is
moving with respect to a solid surface, the solid surface becomes charged and ions that
generally exhibit negative charges depending on the pH value of the mineral in the solid
phase, thus the opposite charge from the liquid will accumulate near the solid surface.
The accumulated charges result in a diffuse layer characterized by an excess of positive
charges and lack of negative charges with respect to the free pore water in the central
part of the pores. The excess positive charged ions in the diffuse layer are also dragged
along with when there is fluid flowing, which refers to pressure gradient forces, thus
causing an electric convection current (lconv). Therefore, this convection current will
cause an imbalance of mobile charges, which a lack in the upstream (low pressure) and
accumulation in the downstream (high pressure), thus generating an electrical potential



difference. This potential difference is the streaming potential and the opposite is
driving the conduction current (lcond) back through the fluid. In steady state the two
currents are balance each other. Additionally, the magnitude of the streaming potential
is depending on the resistance of the turn back current path.

Since 1989, as presented jointly, the Poisson’s equation, the Gouy-Chapman diffuse
layer, and the characteristics of the parabolic velocity profile of the Poiseulle’s flow
express the convection and conduction of the current as following (Morgan et al., 1989):

Loy = —T€ % e ()

Ieond = —TOWGAV oo (6)

where AP is the pressure difference driving the flow, AV is the potential difference, € is
the dielectric permittivity of fluid, § is the zeta potential, n is the viscosity of the fluid,
o, is the fluid conductivity and G is the geometric factor.

In case of steady state condition following will be obtained,
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This is the Helmholtz-Smoluchowski equation which was discussed before, and the ratio

AV _ . - . . .
as — refers to the streaming potential coefficient, C. This coefficient involves with the
dielectric permittivity, conductivity, viscosity of the fluid and the zeta potential.

Electrical double layer

The main concept describing the electrokinetic phenomena and self-potential signals is
the electrical double layer theory, which is the system of electrochemical coating at the
mineral surface. At a contact between two different phases, for example, between solid
and liquid or between two immiscible liquids there commonly occurs charge
redistribution. Generally the negative surface charge of minerals will attract positive
ions (counterions) and it repels the negative ions (coions) that cause the formation of a
diffuse layer. Whenever liquids or solids are moved with respect to each other, a small
layer of liquid is attracted to the solid; it occurs a shear plan inside as the liquid is located
at a short distance from the solid surface. This shear plan places somewhere in the
diffuse layer of counterions. The movement between solids and liquids resulting in
transport of charges and this is causing an electric current. Figure 1.3 shows that the
electrolytes flow through and along a solid-liquid interface. This flow refers to pressure
gradient and some of the counterions in the diffuse layer in the electrical double layer
would be shear off and transported along with the flow. Thus, this is resulting in an
excess of positive charges (counterions) at the downstream end of the flow. Lower
numbers can be found at the upstream end. This separation of charges results in the



occurrence of an electrical potential difference that in turns drives back a current in
opposite direction with fluid flow.

Figure 1.3 Schematic representation of the occurrence of an electrical double layer,
(a) indicating electrolyte flowing through a porous medium, (b) a close-up of the electric
double layer, after Bérubé (2004).

Zeta potential

A main physical property behind the electrical double layer is the zeta potential (§),
which is the electrical potential at the shear plan within the electrolyte (Jouniaux and
Ishido, 2013). Nowadays, the location of the zeta potential is unexplained by theories,
but it is an indicator of their electrical potential; a higher zeta potential refers to a higher
surface potential of the charged particles. In addition the zeta potential cannot be
measured directly; instead it can be calculated from measurements of the surface charge
or it can be estimated from electrokinetic measurements (Bérube, 2004).

Electric 1Shear
potential : plane
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Surface charge-

Figure 1.4 Simple model showing the distribution of charge at the solid-liquid interface
that corresponds to Gouy-Chapman model. The zeta potential is the electric potential
value at shear plane, which indicating by vertical dashed line (Bérubg, 2004).

Figure 1.4 presented the shear plan located at the point not far from the solid phase as
where the liquid begins to flow. The electrical potential at this point is the zeta potential,
and it is directly proportional to the surface charges forming on the solid. There are two
main key chemical processes that can act to develop a surface charge including



adsorption of ions and the hydrolysis of surface hydroxyl group; both of these ordinary
occur at the same time (Friborg, 1996).

The zeta potential is a complex function of several parameters, consisting of pH,
temperature, and chemical composition of solid and liquid. However, the most
importance factor is pH value of the electrolyte. It has an influence on the surface charge
on the solid in both chemical processes, when the surface charge is acquired through
hydrolysis of surface groups and when acquired through specific absorption
(Friborg, 1996). Chemical equilibrium equations indicate that the surface charge density
can decrease with increasing pH; so the influence on the zeta potential is that it will also
decrease with increasing pH (Stumm, 1992).

The pH of electrolyte also has a secondary influence on the zeta potential, as very low
and high pH values have an effect on the ionic strength. The ionic strength of electrolyte
is another property of their chemical composition. This involves the zeta potential by its
influence on the thickness of the double layer. The ionic strength is a measure of the
total amount of charge in the electrolyte, it is defined as

where c; the concentration of type | and z? is its charge. Increasing ionic strength will
cause a compression of the diffuse part of the double layer, which results in a decrease
of the magnitude of the zeta potential even if the surface potential is not affected.
(Friborg, 1996)

Temperature also is a factor that can influence the zeta potential. It is known to influence
all chemical processes that are involved with the formation of surface charges; and the
equilibrium constants of several materials and electrolytes depend on temperature. A
change in temperature will also affect the thickness of the double layer. At higher
temperatures the thermal motion of ions and the charged particles will have an increase
in the mobility, so this extends the double layer and results into an increase in the zeta
potential. However, the influence of temperature is really complex; an increase can
simultaneously act to reduce the zeta potential by reducing the adsorption of ions. The
combination of several temperature dependencies is difficult to predict; it might be
positive, negative, or insignificant, depending on how the different effects cooperate
(Friborg, 1996).

Diffusion potentials

Ideally, concentration differences in earth ground can create diffusion potential. Causing
this potential occurs at a point where there is an excess of ions of a certain species which
it will back to a homogeneous distribution by the diffusion force; this is causing an ion
transport in the direction of the concentration gradient, which would increase an
electrical convection current. Relocation of cation represents positive current and
relocations of anions represents negative current. For one to one electrolytes, such as
NaCl, the sample is monovalent, thus the net diffusion current flow density (Jo) which
is driven by the concentration gradient would be

]D = eOVC(DC - DA) ...................................... (10)
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where €° is the elementary electrical charge, C is the electrolyte concentration, Dc and
Da are the diffusivities of both, cations and anions, respectively. The net current flow
resulting from the difference between D¢ and Ds, in steady state this is balance with the
conduction current in the opposite direction. In turn, the conduction current causes a
potential drop causing a measured self-potential anomaly. In case of a known
concentration gradient, this can be estimated by the convection current as no other
sources are present; but naturally it is more complex due to the fact that there always
several kinds of ion involved creating the diffusion current. In most self-potential
investigations, it is believed that diffusion potentials can contribute to background
values; however it is not easy to determine their influence. One problem is that it is not
clear why the diffusion potential change over time; in fact all concentrations should
disappear over time, except a continuous source of ion is existing. However, no
continuous source has been present.

Thermoelectrical potential

In a survey associated with geothermal areas there have been several reports about SP
anomalies generated by temperature gradient. Many geothermal areas represents large
self-potential anomalies, assuming that they are generated from a combination of
electrokinetic and thermoelectric coupling. Additionally, both positive and negative
anomalies can occur in geothermal systems (Corwin and Hoover, 1979). Normally in
geothermal areas, self-potential coming from thermoelectric effects is of smaller
amplitudes and shorter wavelength than anomalies causing by electrokinetic effects,
however in this case electrokinetic occurs because the thermal source induces
convection in the groundwater. Nowadays, pure thermoelectric effects are not clear
understood, but the idea is that they are caused by differential thermal diffusion of ions
in the groundwater and of electrons and ions within soil and the rock matrix.
Thermoelectric coupling coefficient refer to the magnitude of thermoelectric coupling;
this coeeficient is the ratio of resulting gradient of electrical poptential to the applied
temperature gradient AV / AT. The ratio values were presented data in many rock types
in 1963 by Nourbehecht, the data shown ranging from -0.1 to 1.5 mV/°C.

Mineral potentials

The mineral potentials are often called sulphide potentials due to these potentials are
generally most observed above sulphide mineralization. Almost all ore bodies that can
generate SP anomalies are good electronic conductors. Electrochemical gradients in
earth ground are the driving force of mineral potentials. Earlier ideas attributed these
phenomena to oxidation of the part of ore bodies over the groundwater table, as this
mechanism should cause positive anomalies over ore bodies. But the general
observation is opposite and this theory cannot explain for graphite. After that Sato and
Moony (1960) presented a review of earlier theories and they also have provided
explanations about electrochemical processes in which the ore bodies do not directly
take part in the chemical reaction but act only as an inert conductor of electrons. Since
ore bodies (electronic conductor) extends above the water table they cause differences
in electrochemical reactions at the upper and lower part of the ore body so that this
produces a potential at the interface of the mineralization with electrolyte. A cathodic
electrochemical form in the upper water table by the chemical reduction of the ions in
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the electrolyte (electrons gain), while at depth below the water table, anodic
electrochemical oxidation occurs (electrons loss). However, this hypothesis does not
explain all the occurrences of SP from minerals and no hypothesis is yet able to explain
for all observed mineral potentials (Parasnis, 1997; Reynolds, 2011).

o

Fe(OH),

HO
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Mineralisation

Figure 1.5 Self potential mechanisms, current and ion flow in the vicinity of an ore body
later (Sato and Mooney, 1960; Dentith and Mudge, 2014).

Field procedure of self-potentials

The concept of self-potential method is measuring the natural potential difference
between any two points; according to this the method is passive as it does not require
the injection of any current to the ground. The basic equipment necessary to perform
the survey is relatively simple. The required equipment consists of a pair of non-
polarizing electrodes, high input impedance voltmeter, and cables. This survey method
for determining electrical potential differences in the ground can be performed along
profile lines and loop surveys or grid surveys. The details description of equipment, data
acquisition and field technique are as following.

Equipment

In order to obtain self-potential values a pair of electrodes has to put into the ground and
connected by cable to a voltmeter. A special requirement is that the electrodes should
be non-polarizing electrode type (porous pot) because at metal electrode
electrochemical interaction with the ground can occur thus generating a noise potential.
A non-polarizing electrode is set by porous container containing metal electrodes
submerged in its own salt, for example, copper in copper sulfate solution. The salt
solution inside can seep through the porous pot thus creating electrical contact with the
ground (Figure 1.6).
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Figure 1.6 Non-polarizing electrodes (a) showing cross-section through a non-
polarizing porous-pot electrode and (b) showing walking stick of the electrode.
(Reynolds, 2011).

Field techniques

The field procedure of SP measurements has two alternative techniques, which can be
separated due to the electrode configurations (Revil and Jadani, 2013). The first is
leapfrog configuration, also called dipole or gradient configuration. This technique
refers to measuring of the potential gradient [mV/V], which is performed by two
electrodes fixed and generally separated 5 to 10 m apart and moves together along
staked lines (Dentith and Mudge, 2014). The midpoint between the two electrodes is
observed. The two electrodes are leapfrogged along the traverse, and it is required to
obtain the correct polarity of the recorded potential. The electrode’s trailing has to be
connected with the negative pole of the voltmeter. The leading electrode should be
connected with the positive pole. A disadvantage of this technique is that the error often
accumulates as the transverse is moving on. An advantage here is that it requires only
short lengths wires which are constantly moved along with the electrodes (Dentith and
Mudge, 2014; Figure 1.7).

Béée station

Figure 1.7 Field technique of self-potential measurement by leapfrog configuration.
(Dentith and Mudge, 2014).

The second procedure is the fixed-based configuration, also called potential amplitude,
performed by keeping one electrode at base point outside the survey area and other
electrode moved along a traverse (Dentith and Mudge, 2014). At each station the total
potential is measured directly. This method requires long wires connecting the
electrodes to cover an area. In order to obtain the correct polarity of the potential
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recorded, the reference electrode is connected to the negative pole of the voltmeter, and
the moving electrode is connected to the positive pole of the voltmeter. The base station
requires being located in an undisturbed area or a zone of low potential gradient assigned
as starting point with a potential value of 0 V. A disadvantage of method is that it needs
a long cable, but an advantage is that this method avoids the accumulation of electrode
polarization errors. In this technique absolute SP is measured (Dentith and
Mudge, 2014; Figure 1.8).

Base station

Figure 1.8 Field technique of self-potential measurement by fixed base configuration.
(Dentith and Mudge, 2014).

Self-potential mapping

The objective in self-potential is to build a map of the electrical potential distribution
on ground surface. In this case, fixed base configuration is used, so this map refers to
the potential map as a map relative to the base station. Self-potentials like all scalar
potentials in physics as defined to an additive constant. Generally, the fixed electrode is
buried in hole surrounded by mud as reference station. The roving electrode is used to
measure the electrical potential at a set of stations, which requires a GPS meter for
recording the geographic coordinates at each measurement station. The drift of the
voltage between both electrodes has to be kept as small as possible during measuring
time. For large-scale mapping of SP, this can be performed by several strategies, with
details discussed as following (Revial and Jadani, 2013).

The first strategy is called loop network, which has been used by numerous researchers
(e.g. Revial and Jadani, 2013). The concept of loop network is performed by choosing
one base station as reference and measurements are carried out with scanning electrodes
at different secondary stations. For extending the measurement area, the first base
station is moved and the reference electrode is then located at the position of the last
measurement station; additionally, this step requires a leap frog (Revial and
Jadani, 2013). Measurements have to be repeated to close a loop. The main issue when
closing the loop is to need to check the closure error and this closure error is used to
correct the SP measurements. The closure error is the effect from propagation of error
when changing the reference electrode. Making the correction along a closed loop can
be done by performing the naturally continuity of the electrical potential using the first
base station data as a base station for all loops, and then correct the closure error along
the loops (Revial and Jadani, 2013; Figure 1.9).
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(a) Single loop (b) Map resulting from a set of loops
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Figure 1.9 Self-potential mapping by using loop network strategies. (a) Single loop and
SO is the initial base station which the self-potential value should be close to zero (b)
self-potential map is done by combining information of several loops and using one base
station as reference for all loops (Revial and Jadani, 2013).

The second strategy is a star network, which is preformed when the difference of the
potential between a number of base stations is several hundred meters far from other
base stations, or the wires which were used between two points were not always
protected which can cause induction effects. For a star network, each base station is used
as the local reference of further profiles with a radially distribution more or less around
the base station (Revial and Jadani, 2013; Figure 1.10).

(a) Primary base stations (b) Map resulting from radial profiles
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Figure 1.10 Self-potential mapping by using a star network. (a) Set of base stations is
chosen and setup in the ground; then the difference in potential is measured between
these stations. (b) Each station is used as a secondary reference and profiles in radial
orientation from this station are measured. One of the base stations is used as a reference
for the entire survey in order to make the final self-potential map (from Revial and
Jadani, 2013).

The third strategy is the direct measurement of the electrical field (see Revial and
Jadani, 2013). This strategy is not measuring the electrical potential but directly measure
the electrical field at a set of stations. The advantage of this method is that it does not
require long wires and it is easy to perform in a field survey; but it is difficult to measure
the noise of the first spatial derivative. The electrical field at a station can be measured
by carrying out measurements of the potential difference in two normal directions. A
reliable electrical field value at this point is based on the average of the electrical field
magnitudes at several points over an area (Revial and Jadani, 2013; Figure 1.11).
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(a) Primary base stations (b) Map of the electrical field
Ref (com) : *

Figure 1.11 Large-scale mapping of the electrical field. (a) Each station is formed in a
L shape by three using measurement points. (b) Vector map of the electrical field done
from a pair of measurements repeated at various stations (from Revial and Jadani, 2013).

Correction of self-potential data

In order to evaluate and correct the drift obtained during the acquisition of the data; the
raw data of the self-potentials were processed after the survey, which generally requires
two corrections steps, including reference correction and closure correction.
Additionally, in case a self-potential survey is affected by terrain, a topographic
correction is required.

Reference correction

The first step is the reference correction that must be applied to each self-potential
profile when it has changed the reference electrode positions (e.g. Revial and
Jadani, 2013). This approach is to combine the different parts of a self-potential profile
and to correct various changes of the reference electrode. Each section of the survey
profile measured with a single reference must be shifted to the end of the previous
section. By this the first section will be the same but the rest will be will be shifted along
with in the direction of where the measurements were carried out.

Closure correction

In case self-potential data is taken from a closed profile, the first point is the same with
the last point; therefore their self-potential value measured should theoretically be the
same. Nevertheless, this usually not true in several surveys due to environmental
disturbance present during the survey, such as soil temperature, soil moisture,
instrumental error, thus causing drift. As the drift increases over time of measurement
and accumulates it has to be corrected; this refers to closure correction.
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Figure 1.12 Correction steps for the raw data of a self-potential profile along a closed
loop. Step 1-2: At each change of base station the potential is set continuous. Step 3:
Removal of closure error (after Barde-Cabusson and Finizola, 2012, unpublished SP
Processing Tutorial, provided by authors).

Figure 1.12a and b show the reference correction steps of self-potential data processing,
with the second part of the profile measured shifted to the end of the first part, and the
third part is also shifted to the end of the second part of profile. Figure 1.12c presents a
dataset of self-potential data containing ten data points, and closure correction applies
on these after steps of reference correction. The drift is accumulated along the
measurement between the first and the last point; so correction of this drift is required
for all data points. The initial point refers to the reference of the profile that does not
require the correction. The next point after the reference will be corrected as 1/10" of
the total drift, which 10 is the number of data points that is not including in the reference.
This is applied to every data point, such as for the second point will be corrected for
2/10™, etc.. .until the last point of profile that will be correct 10/10™ of the total drift.

Topographic effect

In general, self-potential values tend to become more negative with increasing elevation
as reported from several previous investigations, e.g. Jackson and Kauahikaua (1987),
Aubert and Atangana (1996) and Sasai et al. (1997). This phenomenon is called
topographic effect or terrain effect, which is caused by subsurface fluid flow along a
slope through a porous rock generating a electrokinetic potential. Thus, sometimes self-
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potential data already corrected by closure correction must be corrected for the
topographic effect; this correction can be calculated from equation

where Cre is topographic effect correction value (mV), K is the topographic correction
factor (mV/m), which can be determined from relationship between self-potential values
and elevation, an example of that showing in Figure 2.9 (Wanfang et al., 1999), and Ah
is absolute elevation difference from base station.

In case the topographic has an effect on the self-potential values, the residual self-
potential (SPresiqual) can be determined by removing the topographic effect from the
closure corrected self-potential (SPci) value as following:

SPCi = SPResidual + CTE .................................... (12)

Limitation of self-potential method

Self-potential surveys focusing only on the direct current field, all other electric
potentials are considered as noise, which should be avoided (Corry et al., 1983). The
first thing that should be avoided in a self-potential survey is the cultural noise. Changes
in the natural self-potential field can result from electromagnetic communications,
buildings, fences, power lines, pipelines, and others. There is a vulnerable of the surveys
to such noises. In order to avoid these noises measurements should not be taken within
10 m of a cable in the ground so any offset can be avoided. The base stations also should
not be within 500 m distance of such cables. Additionally, gas lines, metal pipes, fences,
railroad tracks, and industry area can also result in noise of self-potential values; if
possible measurement should not be conducted in such areas (Corry et al., 1983).

In choosing a field technique to employ self-potential measurements as leapfrog or fixed
base, it is important to care about polarities as it will minimize errors. The reference or
trailing electrode needs to be connected to the negative pole of the voltmeter, while the
moving or leading electrode should always be connected to the positive voltmeter pole
(Corry et al., 1983). Electrodes are one of the main things that have to be taken care of,
while electrodes themselves also can have an effect on self-potential variations. This
effect can be avoided by cleaning the bottom ceramic surface of the electrodes after each
measurement, keeping the electrodes out of sunlight if possible, shielding the pots from
diurnal temperature changes when taking any reading, and keeping them in a constant
temperature bath when not making measurement (Corry et al., 1983).

Moreover, a survey should not be carried out under conditions where the soil moisture
might have changed during the survey, as this can change the electrical potential of the
subsurface. A survey should be stopped if there is heavy rain or should stop for at least
a period of twelve hours after heavy or long rain. However, a survey might continue in
case of a short rain shower where water has not penetrated into the soil more than 1 cm
(Corry et al., 1983).

Analysis and interpretation of SP anomalies



18

After data processing, interpretation of self-potential anomalies can be used to evaluate
its source. Self-potential result can be interpreted both quantitatively and qualitatively.
Most of interpretation procedure depends on the target of investigation. There have been
several works on quantitative interpretation; normally quantitative interpretation can be
achieved through numerical techniques. Which techniques are used in the field data
compared with results from forward models is based on charged geometrical structures.
Self-potential anomalies are often interpreted qualitatively by profile shape, amplitude,
polarity (+ or -) and contour pattern.

Self-potential methods have been wildly used in many applications, like geothermal,
hydrology (Schiavone and Quarto, 1984; Rao, 1953) and environmental engineering to
determine sources of geothermal flow and groundwater investigation, additionally to
detect seepages at dams and embankments (Ogilvy et al., 1969). The most significant
application of self-potential is its direct correspondence with subsurface water
movements, and self-potential data are always analyzed as profiles which transect the
study area in part that are considered representative of the area. Figure 1.13 indicates
self-potential profiles related with hydrological meaning; the difference of profile
patterns delineate the most possible directions of groundwater flow (Richards et
al., 2010).

Normally, in case of hydrothermal zones positive self-potential anomalies are
characteristics of the upward movement of hydrothermal fluids and negative anomalies
are for downward movements of hydrothermal fluids. However, in several cases the
topography can be represent effects, so the self-potential/elevation gradient on each side
of a hydrothermal system can be asymmetric (Lénat, 2007). The interpolation of the
self-potential data in that situation might be improved by an analysis of the self-potential
and elevation relationship. In addition, positive and negative self-potential anomalies
do not have the same meaning in hydrogeological and hydrothermal areas. Such as in
case of active volcanoes, both areas are present, the hydrogeological zone is located at
the lower slope and in the shallow subsurface, the hydrothermal zone is on the upper
slope and at summit of the volcanic edifice; the amplitude of self-potential anomalies
can vary from one system to another; however, this not always the case (Finizola et
al., 2004; Aizawa et al., 2008; Lal, 2016).
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Figure 1.13 Common self-potential anomalies and their potential hydrogeological
explanation. Filled-triangles is noisy self-potential measurements measured at ground
surface and “Ref” is the reference electrode (zero potential) of the profiles (Richards et
al., 2010).

Salinity and self-potential method

Whenever fluid flow in the subsurface is a saline groundwater, the interpretation of self-
potential anomalies is often challenging and complicated. There have been several
works applied for understanding the relationship between salinity and self-potential
method.

Ikard et al (2012) described time-lapse self-potentials laboratory measurements
performed in a sand box associated with a salt tracer injection upstream. Their study
found that salt injection can be monitored with self-potential method. SP can be used to
detect in heterogeneous porous materials preferential fluid flow pathways. The salt
injection reduces the magnitude of the (negative) streaming potential coefficient, so that
a decrease in the magnitude of the self-potential field can be linked directly with the
groundwater flow. Additionally, the salt concentration gradient is responsible for a
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diffusional electrical current, thus creating a second type of self-potential anomaly.
Figure 1.14 shows results of their experiments indicating that at the top surface of the
tank there is another contribution that generates a positive self-potential. This anomaly
is related to the diffusion potential which is associated with the salinity gradient. In case
of a salt plume or saline groundwater this flow can produced a self-potential signal with
opposite sign compare to general cases of groundwater flow.
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Figure 1.14 Image of the 3-D resistivity distribution of self-potential anomaly map at
the top surface of the tank during a saline pulse experiment (from lkard et al., 2012).

Martinez-Pagan et al. (2010) reported a sandbox experiment of self-potential monitoring
of a salt plume. The leakage of a plume of salty water was monitored from a hole made
at the bottom of a small tank which was located at the top of the main sandbox. The SP
response related to the migration of the salt plume in the sandbox was measured over
time. Results showed that the SP anomaly was observed with amplitudes varying from
a few millivolts to a few tens of millivolts, at the start of the leak and after a few minutes,
respectively. They suggested that there are two mechanisms that created these
anomalies; a combination of streaming potential and diffusion potential related to pore
water flow, as well as the gradient in the chemical potential of ionic species,
respectively.

Vinogradov et al (2010) and Jaafar et al. (2009) measured the streaming potential
coupling coefficient in sandstones saturated with NaCl that dominated artificial and
natural brines up to 5.5 M, carried out on cylindrical sandstone core samples. They
report that the magnitude of the coupling coefficient decreases with increasing brine
salinity. According to the studies the magnitude of the zeta potential decreases with
increasing brine salinity in the low salinity domain (<0.4 M). However, it reaches a
constant value at higher salinity (>0.4 M). According to the authors, Vinogradov et al
(2010), a constant value of zeta potential monitored at high salinity indicated a
maximum packing of counterions in the electrical double layer's diffuse part.
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Esmaeili et al (2016) investigated the streaming potential coupling coefficients and zeta
potential at low and high salinity conditions. Streaming potential coupling coefficients
of 36 sand samples were measured with salinity values from 0.0005 M to 0.025 M of
NaCl solutions. They obtained the streaming potential coupling coefficients and zeta
potential and much lower scattering in the data points was accomplished for different
saline water injections. They also presented an empirical expression for the measured
coupling coefficients which can give streaming potential coupling coefficients and zeta
potential from 0.0001 M to 5.5 M salinity range.

Thus, in case of a saline groundwater environment, a positive self-potential anomaly
can be related with saline water flowing down, whereas a negative self-potential
anomaly can be related to saline water flowing up, opposite with anomalies of normal
groundwater (see Figure 1.14). Upwards flowing saline water would be likely hot saline
water due to natural hot springs in the area. There are two contributions to the total
source current density that generates SP signals: first is the streaming current density
associated with the flow of the pore water itself, and the second one is the diffusion
current density associated with gradient of the salinity (Ikard et.al, 2012).
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Figure 1.15 Interpretation the fluid flow, which generates self-potential signals; self-
potential signal generated from, a: normal groundwater flow up; b: salty water flow up;
c¢: normal groundwater flow down; d: salty water flow down. Scales are arbitrary.
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1.2.4 Ground surface temperature measurement

The geothermal system loses the heat to the ground when the fluids flow by conduction.
However, the soil temperature at 30 cm depth and deeper is protected from diurnal
temperature changes due to the poor thermal conductivity of soil (Pearson et al., 2008).
Surface temperature measurements can be performed by using a temperature probe at
30 cm of depth along same profiles of self-potential. The measurements have to done
avoiding huge diurnal temperature variations. A surface temperature anomaly of more
than 10° C above atmospheric temperature can be interpreted to geothermal activities.

1.2.5 Electrical resistivity surveys

Introduction

For the resistivity method man-made-generated electrical currents are introduced into
the subsurface and then resulting differences in the potential are measured at the surface.
The aim of this method is to determine subsurface resistivity distributions. Deviations
of measured potential differences from expected ones of a homogeneous subsurface can
provide information on the electrical resistivity of inhomogeneities in the subsurface
(Kearey et al., 2002). The ground resistivity depends on several geological parameters,
e.g., mineral and fluid composition, porosity, as well as the degree of water saturation.
Surveys utilizing electrical resistivity have been widely used for many applications,
such as in the search for potential groundwater sources, to observe types of groundwater
pollution, to locate subsurface cavities, faults and fractures, in stratigraphic correlations
of petroleum fields, and in prospecting conductive ore-bodies (Loke et al., 2013a;
Reynolds, 2011; Parasnis, 1979).

Basic resistivity theory and geometric factor

Considering an electrical material uniform in a cylinder of side length L through which
a current (1) is passing (Figure 1.15). Resistivity of this material is defined as the
resistance in ohms between the two opposite faces of a geometrical shaped container of
such material. As dR is the resistance of such container, dL is length, dA is the cross-
sectional area, with the resistivity p given by (Kearey et al., 2002; Reynolds, 2011):

- e

Figure 1.16 Basic parameter used in defining resistivity applied from Kearey et
al. (2002).
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From Figure 1.15, it can be seen that for an element of homogeneous material the current
() is going through the geometrical shaped container causing a potential drop -dV
between the ends. According to Ohm’s law that the ratio of potential drop to the applied
current also defines the resistance such that —dV = dRI, and from Equation 13 the
potential gradient (dV/dL) can be obtained by

v pl _
T o) [P SSRSR (14)

where dV/dL represents the potential gradient through the element in Vm ™1, and J is the
current density in Am~2. Generally, the current density in any direction within a
material is determined by the negative partial derivative of the potential in that direction
divided by the resistivity (Kearey et al., 2002).

A simplest case is shown in Figure 1.16 with a homogeneous subsurface and a single
point current source on the surface (e.g. Loke, 2000). For such a single current electrode
input into the surface of an Earth layer of uniform resistivity the circuit is completed by
a current sink at a larger distance from the electrode and with the current flowing from
the electrode radially away. The current distribution is uniform over hemispherical
shells centered over the source. At a given distance r from the electrode, the current
density J is the current divided by the area over which the current is distributed the (a

hemisphere;;lnRZ), so this is given by

v Current Electrode
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r

Equipotential
surfaces

Direction of
current flow

Figure 1.17 Current flows radially away from the electrode and the resulting potential
distribution (Loke, 2000).

From Equation 15, the potential gradient is associated with this current density by

d —_
= ) = (16)

The potential V, at point r from the current point source obtained by integration

Vi=[ldv=—[Pdr="" s (17)

o 2mr2 27tr



24

From Equation 17 the potential at any point on or below the surface of a homogeneous
half space can be calculated. Hemispherical shells as shown in Figure 1.17 indicate
surfaces of constant voltage, called equipotential surfaces. When the current sink is at a
finite distance from the source (Figure 1.17) the potential Vm at an internal electrode M
is the sum of both potential contributions, Va and Vy from the current source at A and
the current sink at B (Kearey et al., 2002); then

P1> P2
[ True resistivity
——  Current flow

........... Equipotential

Figure 1.18 Current flow lines from electrode B to electrode A, then measuring potential
between M and N, and indicating equipotential lines for a half space with two layers
with different resistivity characteristics (from Knodel et al., 1997).

From Equation 2.5 it can be followed that
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where K is the geometric factor that depends on the arrangement of the four electrodes,
Figure 1.18 showing that common arrays with their geometric factors. Resistivity meters
normally give a resistance value, R = V/I, so in practice the apparent resistivity value is
calculated by (Kearey et al., 2002)
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Figure 1.19 Some common arrangements of electrodes and their geometric factors
applied from (Milsom, 2003).

It has to be realized that the calculated resistivity value is not the true resistivity value
of the subsurface, rather an “apparent” value, which is the resistivity of a homogeneous
ground that gives the same resistance values when investigated by the same array. The
relationship between the “apparent” resistivity and the “true” resistivity is complex. In
order to determine the true values of subsurface resistivity inversions are required
(Loke, 2000).

Relationship between material and resistivity

At shallow depths the electric current flows in the earth through two main methods;
electronic conduction and electrolytic conduction (Kearey et al., 2002). In electronic
conduction, free electrons provide the current flow, for example in metals. In electrolytic
conduction, on the other hand, free ions moving in the groundwater provide the current
flow. In environmental and engineering surveys, electrolytic conduction is the more
common mechanism (Kearey et al., 2002). Electronic conduction is dominant when
conductive minerals are present. Resistivity values of common rocks and soils are
shown in Figure 1.19. Igneous and metamorphic rocks usually have higher resistivity
values, as the resistivity of these rocks considerably depends on the degree of porosity
and fracturing, and the percentage of the pores and fractures filled with water. A given
rock or soil type can exhibit a large range of resistivity, from about 1,000 to 10 million
Q-m, depending on porosity and pore fluid content. This can be applied for the detection
of fracture zones and other weathering features in engineering and groundwater surveys
(Milsom, 2003). Sedimentary rocks on the other side usually are more porous and have
higher water contents, thus lower resistivity values compared to igneous and
metamorphic rocks (Kearey et al., 2002).
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Resistivity values of the rocks and sediments depend mainly on the composition, the
porosity, and the salinity of the water contained in the pores and cacks. Unconsolidated
sediments, like sand, and soils generally show lower resistivity values than sedimentary
rocks. The resistivity value depends on their porosity as well as their clay content.
Clayey soils usually have a lower resistivity value than sandy soil. However, there is an
overlap in the resistivity values of different rock and soil types and classes. Because the
resistivity of an individual rock or soil sample depends on several factors, e.g., porosity,
degree of water saturation, concentration of dissolved salts. Seawater has a very low
resistivity (about 0.2 ©Q-m) because of relatively high salt content (36 ppt). Resistivity
method is therefore an ideal method for mapping the areas with saline waters (Keller et
al., 1966).
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Figure 1.20 Approximate ranges of electrical resistivity values (ohm-m) or conductivity
values (mS/m) for selected earth materials (based on Palacky, 1988).

1-D resistivity surveys and inversions

Since 1920’s when the resistivity method was originated, the conventional sounding
surveys is wildly used for quantitative interpretations (e.g. Kearey et al., 2002). For this
method the center point of the electrode configuration is fixed, while the spacing
between the electrodes is successively increased in order to get more information from
deeper sections of the subsurface (Reynolds, 2011).

Measured apparent resistivity data are generally plotted in log-log scale. In order to
interpret the obtained data it is assumed that the subsurface comprises of horizontal
layers. In case of a sounding survey, the subsurface resistivity therefore changes only
with depth and not in horizontal directions. A one-dimensional model of the subsurface
is used to interpret the measurements as shown in Figure 1.20a. The resistivity sounding
method's main limitation is that it cannot determine changes in the resistivity in
horizontal directions of subsurface layers (Loke, 2015).
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Figure 1.21 1-D (a) and 2-D (b) models used in the interpretation of resistivity

measurements (Loke, 2015). C and P are current and potential electrodes, respectively;
P12, etc. Indicate layers or areas of different resistivity .

2-D electrical surveys

Two-dimensional (2-D) models are more accurate models of the subsurface where the
resistivity changes in both the vertical direction and the horizontal direction along the
survey line (Figure 1.20b). However, it is assumed that the resistivity does not change
in a direction perpendicular to survey line, which is a reasonable assumption for many
cases; especially for surveys over larger geological bodies. In several geological cases,
this method can give useful results that are compatible with information from other
geophysical methods, such as seismic, which can map undulating interfaces better, but
has difficulties in mapping discrete subsurface bodies such as boulders, cavities, and
groundwater pollution plumes if not applying advanced data processing techniques
(Loke, 2015).
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CHAPTER 2

RESEARCH METHODOLOGY

This chapter describes the details of data acquisition during field surveys and procedures
of data processing used in this study. For the data acquisition, this chapter explains the
study area and how data were collected. For data processing, this chapter explains about
what corrections have been done for the data, how to corrected them, and steps of
processing.

2.1 Study Area

Khlongthom saline hot spring is a unique geothermal system, which information
provided from previous works in this area showing that the hot water from a deeper
reservoir is mixing with salty water from the ocean via intrusion into the shallow
groundwater layers thus representing the natural saline hot spring (Ngansom and
Dirrast, 2016). For this work, geological and geophysical methods, mainly self-
potential method, combined with ground surface temperature measurements and vertical
electrical sounding (VES) were applied to understand patterns of fluids flow in the
shallow subsurface and delineate anomaly zones in the Khlongthom saline hot spring.
The saline hot spring is located in Khlongthom District, Krabi Province, which is located
on Southern Thailand's east coast (Figure 2.1). It has a total area of 4,710 km?, 800
kilometers south of Bangkok; it is an area of outstanding natural beauty, with beaches
surrounded by tower limestone formations. Much of the coastline is covered by cave
and limestone rock formations, tropical islands, palm fringed beaches; waterfall, and
mangrove forest.

, THAILAND
KRABI CHANGWAT (PROVINCE) MAP

Phangnga

Nakhon Si Thammarat

o
Kn Thom ¢
= ;;x kfﬂ“\ 2 F e

t;mmmm

4

(
\'l
Trang <
b

Legend
E Coastline

71 Province Boundary

6 E) Province Capital

o2 s » i 2
I ——— Y Q
Conrnt @ 1014 www masecheore com

Figure 2.1 Khlongthom (red star) located in the south-eastern part of Krabi Province
(from: mapsofworld, 2017).
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Climate

The climate of Krabi province is influenced by the tropical monsoon; is warm all the
year and there are two seasons, the hot season in January to April and the rainy season
in May to December. In addition, two periods from April to May and September to
October are the hottest. Generally, the temperature range is 17 °C to 37 °C.

Geography

The topography of Krabi comprises mainly of mountains and highlands alternated with
plains in some parts. Additionally the Krabi provincial administration covers more than
130 islands in the Andaman Sea. There are mainly natural forests covering the area as
well as mangroves and Cassia trees. Sandy clay conditions are suitable for growing
agricultural products, including rubber trees, palm oil trees, mangos, coconuts, and
coffee. The Krabi River flows 5 kilometers through the city and falls into the Andaman
at Tambon Pak Nam. There are other several streams, such as the Khlong Pakasai and
the Khlong Krabi Yai, which originate from the highest mountain range in province,
Khao Phanom Bencha.

Geology

Spectacular land and seascapes of Krabi are defined by the geology. There are karst
landscape and headland cliffs along its shoreline, which both has been formed from
limestone. The tower karst is developed in massive Permian limestone and dolomitic
limestone of the Ratburi Group, and two types of tower karst are prominent in the region,
including peak forest karst and peak cluster karst.

The main study area of this work, the saline hot spring is located about 70 km southeast
of Krabi City. In an area of 0.5 km? 15 natural hot springs can be found, ten within the
mangroves and five outside and nearby. Hot spring surface exit temperatures range from
41 to 47 °C, and the water salinity is about 2.1 ppt. Saline hot spring is located 5 km
from the Andaman Sea, connected via the Phela river system and its mangrove rich
tributaries. Figure 2.2a presents the geological map of Khlongthom saline hot spring,
which indicates that the geology of the study area consists of sediments, gravel, sand,
silt, marine clay and sandstone. As cross- section AA’ showing that the geotectonic
evolution of the area, an initial the horizontal layering of stratigraphic units according
to age (see Fig. 2.2b), from the bottom to the top are getting younger. When
compressional tectonics was applied almost vertical fractures resulted in different
blocks with the current surface geology distribution (see Fig. 2.2c).
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Figure 2.2 Schematic drawing of the geotectonic evolution of the area (not to scale):
a) Overview geological map of Amphoe Khlong Thom, Krabi province and location of
cross-section AA’. b) Initial horizontal layering of stratigraphic units according to age.
c) Compressional tectonics with almost vertical fractures resulted in different blocks
with the current surface geology distribution.

2.2 Previous work in study area

Ngansom and Ddrrast 2016 investigated the saline hot spring Khlongthom by the
integration of several methods, geological, geochemical, and geophysical. Their results
show that the saline hot spring is quite unique in its occurrence. Hot spring waters from
the depth flow upwards and mix with saline groundwater aquifers as the result of
seawater intrusion from a nearby estuary and the existence of a salt marsh south and
east of the main hot spring site. Geoelectric data show very low resistivity values in the
shallow subsurface which that corresponding to black marine clay and groundwater
salinity. Geochemical analysis showed that saline groundwater and hot water from deep
aquifers mix while emerging along faults.

Wattanasen et al. (2015) investigated the subsurface geological structure of the saline
hot spring Khlongthom. They carried out geochemical, microbiological, and
geophysical methods including resistivity, seismic, and gravity, which covers an area of
about one square kilometer. They reported that the subsurface model in the area is
suggested to be of three main layers. The first is a top soil layer with a thickness of about
<2.5 m lying on the second layer of thick marine clay (8-22m thickness), and the third
layer is basement rock at deeper depth, possibly sandstone. The topographic variation
of sandstone causes a basin which lies elongate in E-W direction. Geological



31

investigation found fault breccia with geophysical data indicated that there are three
fault zones cutting through the area. The major one, its strike direction is between
E081W to E-W. In addition, two minor fault zones are in NO58W and NO35E. Chemical
analysis indicated the salinity in area has confirmed by the high content of K, Mg, Ca,
and Na ions that are higher than in normal, non-saline, hot springs; especially, the Na
content is more than 200 times higher.

2.3 Geological Survey

Geological surveys were carried out in study area before geophysical investigations
because it is crucial to understand the geology of the area. A geological survey will be
applied in this work depends on what data are needed and will be available from the
survey. This method will provide the information of sediment and rock types,
stratigraphic setting, and location of possible fault at shallow depth. The aim of
geological studies is an understanding about geology, hydrology, and lithology of the
study area in order to select the areas which should explore for obtaining more data
related to hot springs by using geophysical methods. The first survey was done before
geophysical investigations were done along line surveys (Figure 2.3), and the second
survey was done before geophysical methods were done in loop surveys (Figure 2.3).
Details of the geological surveys are as following:

» Survey the surrounding area of the study area, such as measurement of water
temperature, observation of sediment and rocks, and surface manifestations of hot
springs.

» Create lists of these manifestations in the study area.

> Plot the location of hot spring on geological maps.

» Estimate the boundary of hot spring area.

Geophysical line
Surveys

-~ | Geophysical loop .

Soil sample, 2A
Natural hot springs

1

Soil sample, 1A
natural
hot spring | ¥, ’J_L

Figure 2.3 Overview map of study area (Google Earth, 2018).
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2.4  Self-potential survey

The self-potential method is the main geophysical method survey of this work. This
method was carried out in Klongtom saline hot spring which composed of line surveys
and loop surveys for understanding the patterns of fluids flow in the shallow subsurface
and delineate the anomaly zones.

2.4.1 Field Equipment

In this work, self-potential measurements were performed by using basic equipment
consisting of Pb/PbCl2 non-polarizing electrodes connected by cables to the Terrameter
SAS 300B (Figure. 2.4). Potential differences between reference and moving electrodes
were measured by Terrameter SAS 300B which has high sensitivity able of reading 0.1
mV. For getting normal voltage from the measurements, the reference electrode was
connected with negative input of the Terrameter and the moving electrode connected to
the positive input.

~~ Reference
- electrodes

Figure 2.4 Basic eqipmt for self—pentlél measurements. Terrameter SAS 3008,
which has high sensitivity connected by cables to Pb/PbCl> non-polarizing electrodes.

A Pb/PbCl> non-polarizing electrode manufactured by WOLF Chemical Ltd, it is shown
in Figure 2.5. This electrode is usable in the very wet environment and under water until
a pressure of 10 at. While using, under the moving electrode a watered sponge was
placed (Figure 2.6) for a good contact between the electrode and the ground surface. In
case of wet soil it was not necessary to use the sponge. Additionally, this work
developed a carrier container (Figure 2.6) for carrying the moving electrode while
measuring the field survey. The references electrodes were buried into a hole and
electrodes were surrounded by mud from the soil which was dug from that hole. After
each survey electrodes were cleaned and placed back in their container which has the
sponge saturated with salty water at the bottom. The sponge in container have to be
always checked during the surveys because it must not be dried up, thus sometimes it
should be soaked with distilled water 30 to 50 ml. Electrodes should be stored and
transported in their container and protected from sunshine.
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Figure 2.5 Pb/PbCI2 nonpolarizing electrodes: the body is filled up with lead chloride
saturated hard gel and a lead spiral is cemented in it, the body-block of electrode has
been manufactured from a monolithic PP rod trough turning, and the holder of the
ceramic slab connect the block of the electrode by screw-thread and sealed by O-ring,
thus it is usable in the very wet environment and under water until pressure 10 at; the
electrode mass about 0.6 kg, height 100 mm and diameter 60 mm, (a) bottom of
electrode which has surface of the ceramic slab of 7 cm?, (b) top of electrode.

b
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Figure 2.6 Additional equipment: (a) sponges used for a good contact between the
electrode and ground surface, diameter of them is 60 mm, while using sponges must not
be dry up, (b) container for carrying the moving electrode; the bottom of it was cut out
for providing ground contact with a diameter of 52 mm, less than the diameter of the
electrode.

2.4.2 Design of self-potential survey and measuring procedure

Self-potential measurements have been done in two parts; all 312 measurement points
of this work consisted of two lines parallel to electrical resistivity tomography (ERT)
survey line from previous work (Ngansom and Durrast, 2016) in the eastern area and
several loops around in the northern area of the Klongtom saline hot spring area (Figure
2.7a).

Profile line measurements

Two self-potential surveys lines have been done along an ERT survey line with a total
of 300 m length (Line 1: 180 m, Line 2: 120 m). The first profile line is parallel to 251-
431 m on the resistivity profiles, and the second profile, measured one day after Line 1,
is parallel to 130-250 m. Data acquisition was done with fixed base configuration;
potential differences were measured between reference and moving electrode. Three
non-polarizing electrodes connected in a hole were used as the reference electrode
(base); one electrode was moved with 2 m spacing along the self-potential profile which
formed the line by using measuring tape.
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Figure 2.7 (a) Location of survey lines in the eastern area (yellow line, 430 meters), two
self-potential measurements and ground temperature measurements were performed
parallel along this line (Line 1: 180 m, Line 2: 120 m), the first profile line is parallel to
251-431 meters on yellow line, and the second profile, measured one day after Line 1,
is parallel to 130-250 meters (GoogleEarth, 2017). (b) Self-potential measurements in
study area, view to South; in the west are mangroves (c) KB4/10 natural hot spring
located close to survey lines.

Profile loop measurements

Loop measurements have been done over an area of approximately 0.1km? covering the
northern part of the study area shown in Figure 2.8. It composed of three loops
connected together. All 162 measurement points reconstructed along the loop with the
location of each point recorded by GPS meter (Figure 2.9); all loops were closed. Data
acquisition was done with the both field technique configuration, fixed base
configuration was used in single loop, and leapfrog configuration was used when having
to connect the loop with each other.
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Figure 2.8 Location of loop survey area in Khlongthom saline hot spring. (Google
Earth, 2017).
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Figure 2.9 Basic equipment was used at measurement points during self-potential loop
survey.
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2.4.3 Base station

The location where the electrodes were fixed when fixed-base configuration was chosen
is the base station, which all measurements refer to. It must be located at a suitable
location. The base station is chosen to lie outside any slope, be away from activity of
humans, and not be in area of large negative potential or soil condition dried up very
fast, for example sand.

After the location for base station was chosen the electrodes was put into dug holes, and
surrounded by mud made from the soil that was taken out from that hole before.
Normally, one electrode was buried at base station, but to evaluate the self-potential
error related with a particular base station, thus three electrodes were buried 30 cm from
each other and connected together (Figure 2.10).

- £

e BT e e i g4 R
Figure 2.10 Three non-polarizing electrodes in holes and connected as base station; they
were buried 30 cm from each other to evaluate the self-potential error related with this
particular base station.

During the survey, the drift will be observed as it increases usually over a period of
time; therefore the moving electrode requires returning to the reference point
measurement at the base station every 1-2 hours, and when the last point on the profile
was completed it must return there again. It is important that the electrodes at the base
station must not be dried up, thus it always checked.

In a large scale survey area like this work extending the measurements of the array for
covering the area always requires changing the base station. Then the base station is
moved and reference electrode is then at the point of the last measurement station. In
case of loop network any measurement point on the profile measured can be chosen for
establishing the new base station for the new loop in order to connect both loops.

2.4.4 Self-potential data processing

After the field survey data were processed, which generally requires two corrections
steps for the self-potential data. The first step is reference correction, that must be
applied to self-potential profiles when the reference electrode position has changed, and
the second step is closure correction (or drift correction) which must be corrected. For
this work the measurements were performed forming of profiles and loops in order to
correct the drift, the details of processing are as following:
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1) Processing a self-potential profile

This work uses Microsoft Excel for correct the data and present the self-potential data
in graphs as function of distance. During profile measurements this work use only one
reference station, thus it does not require the reference correction of the raw self-
potential data. The self-potential values of first measurement and the last one at the base
station should theoretically be the same; however during the survey a drift were
observed because at the same measurement point not obtained the same self-potential
values. That drift increase along the time of the survey (Wanfang et al., 1999); this drift
must be corrected by using closure correction, based on the equation below.

SPCi = SPI + SPdrift ....................................... (21)

where SPcis the corrected self-potential value of the drift correction and SPi is the self-
potential measurement value for point i and SPdrift is the drift correction value. The
drift value has been calculated as following (Wanfang et al., 1999):

SPdTift - ti + Cincrementdrift ............................... (22)
and
—(SP; —SPfirs )
Cincrementdrift = astAt S e (23)

where SPrirst and SPiastare the self-potential values at the base station of the first and last
measurement, At is the absolute time difference of first and last measurement at the base
station, Cincrementaritt IS the value of the gradient of the self-potential value per unit time
and t; is the absolute time difference of the base station and measurement point i.
Equation 2.1 was used in case of corrected data by using time recorded data. This work
was performed on line surveys because for this one it does not require the UTM records
via GPS at every measurement point. UTM locations of the first and last point of the
survey lines were recorded in order to check the measurement points on the tape. An
example of closure correction calculations for the line surveys is show in Table 2.1.
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Table 2.1 Example of drift correction calculation of self-potential data.

Moving electrode Time Average At (min) SPrift SPc (mV)
on tape (m) (hh:mm) SP
(mV)
base 9:33 0.336 0 0 0.336
4 9:35 0.895 2 -1.96656 -1.07156
6 9:36 0.14 3 -2.94984 -2.80984
8 9:42 0.284 9 -8.84952 -8.56552
10 9:47 -0.317 14 -13.7659 -14.08292
12 9:48 -1.373 15 -14.7492 -16.1222
14 9:50 -2.79 17 -16.7158 -19.50576
16 9:52 -2.15 19 -18.6823 -20.83232
18 9:53 -0.766 20 -19.6656 -20.4316
20 9:54 -2.08 21 -20.6489 -22.72888
22 9:55 6.73 22 -21.6322 -14.90216
24 9:57 -0.455 24 -23.5987 -24.05372
26 9:58 -1.483 25 -24.582 -26.065
28 9:59 -1.734 26 -25.5653 -27.29928
30 10:01 -0.797 28 -27.5318 -28.32884
32 10:02 1.449 29 -28.5151 -27.06612
34 10:03 4.2 30 -29.4984 -25.2984
36 10:05 3.96 32 -31.465 -27.50496
38 10:06 24 33 -32.4482 -30.04824
40 10:07 2.28 34 -33.4315 -31.15152
42 10:09 6.45 36 -35.3981 -28.94808
44 10:11 9.83 38 -37.3646 -27.53464
46 10:12 10.54 39 -38.3479 -27.80792
48 10:14 751 41 -40.3145 -32.80448
50 10:15 6.15 42 -41.2978 -35.14776
52 10:19 445 46 -45.2309 -0.73088
base 10:23 49.5 50 -49.164 0.336

In case of profile loop measurements that cover a large area of Khlongthom saline hot
spring including mangrove area and palm forest, the straight line survey was impossible,
thus the UTM of every measurement points was measured for closure correction
calculation by using Equation 2.4, and an example is show in Table 2.2:

SP,; = SP,; — (%) KT eeeeeeeeeeeeee e (2.4)

where SPyi is the self-potential value corrected from the reference correction, if the
reference electrode positions were not changed SP; was used for calculation, D is the
drift, N is the total number of data point in the profile, n is the place of the data point in
the profile.
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Table 2.2 Example of closure correction calculation of self-potential data.

Point UT™M Time V1 V2 \% SPeorrected

E N (hh:mm) (mV) (mV) (mV) (mV)
0 511978 873812 9:44 3.2 321 3.205 3.205
1 511979 873824 9:46 12.76 12.65 12.705 12.72844828
2 511976 873831 9:51 1.986 1.961 1.9735 2.020396552
3 511979 873845 9:56 16.46 16.34 16.4 16.47034483
4 511981 873856 10:00 14.68 14.23 14.455 14.5487931
5 511977 873884 10:05 214 214 214 2151724138
6 511979 873905 10:08 28.2 28 28.1 28.24068966
7 511964 873906 10:13 29.8 30.1 29.95 30.11413793
8 511956 873890 10:19 26.8 26.9 26.85 27.03758621
9 511967 873888 10:22 13.87 13.71 13.79 14.00103448
10 511967 873877 10:26 11.26 11.05 11.155 11.38948276
11 511950 873876 10:30 11.49 11.34 11.415 11.67293103
12 511951 873862 10:34 8.68 8.9 8.79 9.07137931
13 511947 873848 10:44 4.27 4.29 4.28 4.584827586
14 511964 873844 10:46 10.01 10.76 10.385 10.71327586
15 511961 873827 10:53 3.7 4.61 4.155 4506724138
16 511926 873734 12:03 -0.962 -0.9 -0.931 -0.368241379
17 511906 873735 12:12 -1.229 -1.494 -1.3615 -0.775293103
18 511927 873713 12:23 0.919 0.663 0.791 1.400655172
19 511910 873708 12:33 3.82 3.64 3.73 4.363103448
20 511934 873728 12:41 1.691 1.669 1.68 2.336551724
21 511978 873812 12:53 2.92 2.13 2.525 3.205

2) Processing a dataset of several profile
As mention previously, self-potential measurements were performed forming loops in
the study area covered to build a self-potential map. This work composed of three loop
profiles; all loops must be connected together in order to build maps of results by using
Surfer Software. For correction steps, each profile must be corrected independently for
reference correction if reference electrode points were changed. After that all profiles
were joined together, with the first loop was choose as reference for the closure
correction steps (Cabusson and Finizola, 2012). An example is show in Table 2.3. The
steps of closure correction are:
» Correction of the first reference loop and closed profile.
» Connecting the next loop to the reference loop
1) Choosing the next loop to be corrected.
2) Shifting the self-potential data of connected points from the reference loop
to the new loop and apply closure correction.
» Connecting the next loop to the data already corrected and performed the same
steps than before.
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Table 2.3 Example of closure correction calculation for several loops of self-potential

data.
point UTM SPcloop 1 | Point UTM Average SP SP shift SPcorrected
mv) loop 3 loop 3
E N E N (mv) (mv)
0 511978 | 873812 3.205 0 512008 873731 10.38 8.20245 8.20245
1 511982 | 873782 | -0.654931 1 512032 873727 -5.295 -7.4726 -6.5811
2 511964 | 873779 | -0.8813621 2 512025 873709 -9.075 -11.253 -9.4696
3 511945 | 873776 | 0.4192069 3 512043 873723 -3.93 -6.1076 -3.4331
4 511988 | 873767 | -1.5322241 4 512051 873731 -11.22 -13.398 -9.8317
5 511973 | 873759 | -1.3926552 5 512040 873710 0.391 -1.7866 2.6708
6 511988 | 873750 | -2.2000862 6 512035 873702 4.18 2.00245 7.35127
7 511996 | 873728 | 0.1394828 7 512022 873689 -7.23 -9.4076 -3.1673
8 511980 | 873729 | -7.6234483 8 512038 873686 3.88 1.70245 8.83421
9 511949 | 873723 | -1.8433793 9 512014 873691 -3.335 -5.5126 2.51068
10 511924 | 873729 | -7.3793103 10 512007 873699 2.89 0.71245 9.62715
11 511911 | 873673 | 0.1372586 11 512087 873711 0.298 -1.8796 7.92662
12 511930 | 873690 | 5.7798276 12 512072 873696 -5.015 -7.1926 3.5051
13 511928 | 873683 | 11.916897 13 512062 873691 -8.865 -11.043 0.54657
14 511946 | 873693 | -2.6575345 14 512073 873678 -0.251 -2.4286 10.052
15 511940 | 873709 | -2.2494655 15 512092 873686 -2.56 -4.7376 8.63451
16 511977 | 873704 | -1.5648966 16 512098 873696 -2.51 -4.6876 9.57598
17 511976 | 873684 | 7.9801724 17 512008 873731 -4.775 -6.9526 8.20245
18 511994 | 873686 11.542241 LOOp 3
19 512004 | 873710 | 2.1613793
20 512008 | 873731 | -2.1775517
21 511992 | 873831 | 40.627931
22 511978 | 873812 3.205

Reference loop

Topographic effect

As discussed in the review of the literature several observations obtained that

topography can affect the electrical self-potential. In general investigations showed
that the self-potential is increasing in downhill direction. Therefore, in this work the
effect of terrain was also checked to ensure that the self-potential anomalies caused
only from the flow of water in subsurface. Topographic correction was applied after
reference and closure corrections were finished.



41

2.4.5 Field Tests

Self-potential field tests were carried out at the Science courtyard of Prince of Songkla
University, Hat-Yai District, Songkhla Province, Southern Thailand (Figure 2.10a). The
aims of testing including the understanding of the conditions of environmental effect on
self-potential measurements, developing tools for support the electrode, and designing
the measurements for the good practices during field surveys. Details of the surveys
under different conditions are as following.

¢

¢

Testing area
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Figure 2.11 Location of the testing area, Science courtyard of Prince of Songkla
University, Hat-Yai District, Songkhla Province, Southern Thailand. (Google
Earth, 2017).

(1)  Testing efficiency of Pb/PbCl2 non-polarizing electrodes

The Pb/PbCI2 non-polarizing electrodes were used in this work. Thus, before making
the field survey in the study area, the efficiency of every electrode has to be tested, and
the acquisition data of them have to be compared with each other for checking the
accuracy. The reference electrode was put on the ground and placed onto a watered
sponge (Figure 2.13 b); the moving electrode was moved along a survey line and
measured at position 0.2, 0.4, 0.6, 0.8 and 1.0 m on a tape, with the last point on line
profile measured before the moving electrode was changed to a new one.

Figure 2.12 (a) Testing area at Science courtyard of Prince of Song University,
(b) efficiency tests of Pb/PbCI2 non-polarizing electrodes.
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(2)  Testing of measuring time of moving electrode

The purpose of this test is to obtain the optimal time for measuring after putting the
moving electrode on the ground surface at the measurement point. During the survey,
moving electrode were removed and dropped at measurement point, as the moving
electrode should have time for good contact with the ground; thus this work tried to
study about that time. Here, the reference electrode was buried into the ground, the
moving electrode was moved along line profile survey and varied the time for reading
at each measurement point with 0, 30, 60 and 120 second after placement. The self-
potential value was measured and compared with each other.

3) Testing of rainfall effect to self-potential measured:

The first field survey carried out at Klongtom saline hot spring had rainfall over the
study area, which is not a controlled environment. Because of that, testing was
performed to understand the effect of rainfall and what to do in the case of rainfall next
time. This testing was set up in the morning of the day after heavy rainfall over night
(Figure 2.14a), and immediately after rainfall stopped. Moreover, this testing also
checked the base station during rain and compared data with a new base station prepared
after rain stopped (Figure 2.14b).

Figure 2.13 (a) Tests of measuring self-potential after rainfall over night, (b Tests of
measured self-potential immediately after stopping of rainfall; a new hole for buried
reference electrode was prepare near the old one.

(4) Testing of water add to sponge for sensor of moving electrode

For having a good contact between the ground and moving electrode a watered sponge
was placed under the moving electrode. During surveys the sponge must be soaked all
the time, so sometime it was necessary to add water to the sponge. Thus, with this test
it was studied to optimize the water addition to the sponge. Normally, the sponge were
prepared by soaking in water at least 30 min before measuring; in addition testing varied
the water volume as 0.5, 1.0, 1.5, 2.0 and 2.5 cm®. The obtained data were compared
with the standard that also used soaked sponges, but did not add any water.

2.5 Ground temperature survey

A main physical property of the geothermal system is heat, thus a thermal method that
directly measures the temperature of the ground was used in the study area. Soil or near
surface temperature also was measured at the same point with self-potential
measurement; both survey lines and loop surveys. The aim of this method was to
understand the hot springs by using the temperature measurement in order to correlate
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the data with self-potential method. In this work type k thermocouple which has an
accuracy of 0.1°C and capable range of -50.0 °C to +1,300.0 °C was used. The
thermocouple was applies as shown in Figure 2.13a. The steps for measuring the ground
temperature at each point are as following:

» Using a steel electrode to make a hole at a depth of 305 cm.

» Putting type K thermocouple probe into the hole.

» Closing the hole and waiting of about 2-3 minutes; then recording the

temperature reading.

e e Au:‘ -
Figure 2.14 (a) Type K thermocouple, (b) Ground temperature measurement set-up and
(c) Ground temperature measurement along line survey.

2.6 Vertical electrical sounding survey

Self-potential method is the main method of this work, which can be applied for
indicated the location of fluid flow and possible faults in the subsurface of the study
area, but it cannot determine geological layers and structures at depth. For improving
the interpretation of the subsurface it was necessary to determine the geological layers
and structures. The vertical resistivity sounding (VES) can indicate that, thus VES was
chosen for this work. Schlumberger array (Figure 2.16) was used in this work.
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Figure 2.15 Schlumberger array and geometric factor (K), with A and B is the current
electrode pair, and M and N is potential electrode pair (www.ocsa-

geofisica.com/tomografia-electrica.html).

2.6.1 Field Equipment

VES survey requires four steel electrodes put into the ground; two of them for inducing
current from a battery source to the ground and two for measuring voltage difference of
the respond signal. All electrodes were connected with resistivity meter (Terrameter
SAS 1000) by cables; two long cables for current electrodes and two short cables for
potential electrodes. The distance from center point was fixed by tape, and also recorded
was the UTM of every center line location and the direction of line.
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Figure 2.16 Basic equipment for VES measurement, Terrameter SAS 1000 connected
by cables to steel electrodes.

2.6.2 Design of VES survey and measuring procedure

The aim of VES survey of this work is determining the geological structures of shallow
subsurface. Therefore, VES surveys were designed to cover the same or a larger area of
the saline hot spring than the self-potential survey. The VES survey lines were planed
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after obtaining data of self-potential anomaly. Positive and negative self-potential
anomalies were used for placing the center point of VES lines. Due to the objective of
understanding shallow subsurface the AB/2 length was focused at around 100 m; the
total length of lines was about 100-240 m. Some lines were slightly shorter due to roads,
construction, outcrops of sandstone, and muddy areas.

For measured the resistance value, every measuring points were measured at least two
times for obtaining a satisfactory value. Measurement points or electrode spacing of
each line were based on following table (Table 2.4), but some for lines the position of
some measurement points were changed depending on surface conditions of the area.

Table 2.4 Electrode spacing AB/2 and MN/2 for vertical electrical sounding including
geometry factor.

Point AB/2 (m) MN/2 (m) K-Factor
1 1.3 0.5 4.5
2 1.6 0.5 7.3
3 2 0.5 11.8
4 2.5 0.5 18.8
5 3.2 0.5 31.4
6 4 0.5 49.5
7 5 0.5 77.8
8 6.5 0.5 131.9
9 8 0.5 200.3
10 10 0.5 3134
11 10 2 75.4
12 13 2 129.6
13 16 2 197.9
14 20 2 311.0
15 25 2 487.7
16 32 2 801.1
17 32 5 313.8
18 40 5 494.8
19 50 5 777.5
20 65 5 1,319
21 80 5 2,003
22 100 5 3,134
23 100 10 1,555
24 130 10 2,639

2.6.3 VES data processing

Data obtained from VES surveys are resistivity values (R) used for calculating the
apparent resistivity (pa) by multiplication of the resistivity value with the geometric
factor (K) of the array (Equation 2.7). Figure 2.18 shows the graph of the relationship
between apparent resistivity values with AB/2 in a log-log scale. This work used
IP12win (2008) inversion software for data processing,
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Figure 2.17 Plot between apparent resistivity values (ohm+*m) and AB/2 (m) in log-log
scale graph (IP12win, 2009).

After data input the apparent resistivity versus AB/2 into IPI2WIN the program
analyzed the number of layers in subsurface, the apparent resistivity and the thickness
of subsurface layers by inversion (Figure 2.19, 2.20).

Figure 2.18 Blue curves shows smooth curve that IPI2WIN calculated from input
apparent resistivity data (IPIWIN, 2008).
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Figure 2.19 Data were analyzed using calculated smooth curve (red curve) to obtained
pq, thickness and depth that shows in insert table, black curve present input data and
blue line is geoelectrical model of layer (IPlwin, 2008).
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2.6.4 Inversion of apparent resistivity data into geoelectrical model

As demonstrates in part of VES data processing data input into the inversion program
IP12win software was used to create a geoelectrical model. This part shows that the
inversion can be obtained from the data processing. The case shown in Figure 2.21 there
is only one layer with one resistivity value; in this case the inversion of data represent a
straight line with the resistivity and the depth of that one layer is infinite.
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Figure 2.20 Inversion cases of one layer with one resistivity value.
In case of two layers or more with a difference in the apparent resistivity values, the

curve calculated from data will not be a straight line as shown in Figure 2.21. In that
case the geoelectrical model has two layers.
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Figure 2.21 Inversion of two layers with apparent resistivity values.
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In case of three layers shown in Figure 2.23, the geoelectrical model from the inversion
gives three layers. The first one has a higher apparent resistivity then the second layer
and the third layer; the second layer has a lower apparent resistivity then other, and the
apparent resistivity of this layer will not go down to the true value because of the higher

apparent resistivity
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of the third layer.
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Figure 2.22 Inversion cases of three layers with apparent resistivity values.

2.7 Electrical resistivity tomography
The electrical resistivity tomography (ERT) is method which used to image the
distribution of electrical resistivity. The resistivity data acquisition from field work are
filtered on the basis of quality criterions, and after that was inverted by using
RES2DINYV software (Loke and Barker, 1996).The electrical resistivity results should
be compared with other geophysical techniques for estimated to geothermal system. In
this work ERT data from previous work was used.
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2.8 Work flow

Self-potential is the main methodology for locating and estimating patterns of fluid flow
at Khlongthom saline hot spring. For a better understanding of the hot spring system
self-potential data can be combined with resistivity and ground temperature
measurements, which are used for co-interpretation. Figure 2.23 indicates a work flow
of this study. After finishing the step of literature review associated with this research,
the planning of the survey design has been done. First, field testing of self-potential
measurements in several environmental conditions were conducted as Prince of Songkla
University. Then line measurements and loop measurements as Khlongthom saline hot
spring were done, respectively.
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CHAPTER 3

RESULTS

This chapter presents the results and detailed description of geological and geophysical
surveys including self-potential measurements, ground surface temperature
measurements, and vertical electrical sounding at the Khlongthom saline hot spring in
Krabi province. Additionally, results of self-potential testing performed at Science
courtyard of Prince of Songkla University are also shown in the first part of this chapter,
and then the results of surveys in saline hot spring are following.

3.1 Testing Results
Self-potential field tests were performed at the Faculty of Science courtyard of Prince
of Songkla University. The results obtained from each testing are as following.

(1) Result of testing efficiency of Pb/PbCl2 non-polarizing electrodes

The efficiency and accuracy of new Pb/PbCI2 non-polarizing electrodes were tested.
All of electrodes were marked by numbers 1 to 6; for this testing electrode number 1
was used as reference electrode and the others were used for moving electrode. There
are five short profile lines of self-potential from five moving electrode measured the
same location. Acquisition data were plotted with the distance along survey line shown
in Figure 3.1. The self-potential measured by different moving electrodes along the
same line showed a difference ranging from 0.1 mV to 1.0 mV, and all profiles exhibits
the same trend. That shows that the SP value is independent from the electrode.
Normally, the mean standard deviation in practical applications is around 2.5 mV, when
measured in different time at the same point (Friborg, 1996). Therefore, the values
measured from this testing are acceptable when comparing all electrodes with each
other.
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Figure 3.1 Self-potential profile of different moving electrodes along short survey line,
Pb/PbCI2 non-polarizing electrodes number 2 to 5 were used for moving electrodes, and
electrode number 1 was used for reference electrode.
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(2) Result of testing of measuring time of moving electrode

For checking the suitable time or the optimization time of SP measurements after putting
moving electrode on the ground at each measurement point, the self-potential was
measured by varying the time reading each measurement points with 0, 30, 60, and 120
seconds.

The self-potential profiles shown in Figure 3.2 presents the values at different time for
reading each measurement points; difference are ranging from 0.5 mV to 5 mV, but all
profiles exhibit the same trend. The obtained datawere compared with published results.
Friborg (1996) reported that for normal conditions the first and last reading at each point
really seldom differentiate more than 0.5 mV if the electrode was placed in the ground
for several minutes, but a second reading could differ by a few millivolts. Friborg (1996)
also suggested that reading the data should be always taken as soon as the moving
electrodes had been placed to the ground, as it was assumed that a stabilization occurred
in a similar character at all points. Waiting for the reading stabilization at all
measurement points is consuming more time. Data errors should be reduced by several
readings taken at each point, at least two stacking were always recorded if the
differences are not more than 5 mV, and four stacking if the difference is more than 10
mV.
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Figure 3.2 Self-potential profiles of differenced time for reading at each measurement
point; time varies with 0, 30, 60 and 120 seconds.

(3) Result of testing rainfall effect on self-potential data

This work also measured the self-potential under uncontrolled conditions of the
environment, such as rainfall during the survey. Data measured after heavy rain
overnight were compared with results measured under normal conditions. Generally, it
is well known that rain is the one of the limitations of self-potential method, but this
work aimed to understand the rain effect for good practice in surveying.
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Figure 3.3 shows the profiles of self-potentials at two different conditions; firstly normal
conditions, and secondly after rain overnight. The two profiles exhibit a different trend
line and also present a higher variation when comparing the values between them for
each point. Variations range between 0.5 mV and 12 mV. This testing confirms that the
self-potential measurement should not be carried out after onset of heavy rain; however,
for a short rain shower the survey does not necessary have to stop.
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Figure 3.3 Self-potential profiles measured as normal conditions (black line), and
measured after rainfall overnight (red line).

Moreover, this work also measured the self-potential after the stop of heavy rain. This
was divided into three different conditions. The first one was measured earlier after rain
overnight, the second one immediately measured after heavy rain stopped using the
reference electrodes that was prepared before the rain started, and the other one was
performed when finished measuring the first one but a new reference electrode was

prepared close to the old one. The profile of these measured data is presented in Figure
3.4, with all profiles measured on the same day.

From Figure 3.4 it can be observed that all self-potential profiles exhibit the same trend.
Considering the profile of self-potential data under rain fall overnight (black line) and
the profile after heavy rain by using a new reference station (blue line), the variation of
the values for each point is not more than 10 mV. However, the profile of self-potential
immediately after heavy rain is showing a very high variation from both other profiles.
The explanation of this occurrence is the soil condition; the wet soil when immediately
measured after heavy rain can strongly affect SP data. Additionally, the reference
electrode holes fill up with rain water due as they were prepared before the rain; this
also can affect the self-potential. This testing can conclude that when it is required to
measure self-potential after rain then there should be some waiting time before the
survey starts and a new hole for the reference electrodes should be prepared.
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Figure 3.4 Self-potential profiles for three different conditions: black line measured after
rainfall overnight, red line measured immediately after stop of heavy rain with a
reference electrode used that was prepared before rain, and blue line is measured after
the same heavy rain but using a new reference electrode which was prepared close to
the old one.

(4) Result of testing water optimization added to sponge for moving electrode
The aim of this test was to answer the question how much water should be added to
sponges without having an impact self-potential data. This testing varied the water
added from 0.5, 1.0, 1.5, 2.0, to 2.5 cc. The obtained data were compared with the
standard that also used a soaked sponge, but did not add any water. The self-potential
profiles are presented in Figure 3.5.
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Figure 3.5 Self-potential profiles with varied volume of water added to the sponge, from
0.5,1.0,1.5, 2.0, to 2.5 cc, and standard.
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All of self-potential profiles in Figure 3.5 show the same trend. Considering the
variation of self-potential at each point it can be observed that lower water volumes
added to the sponge, 0.5, 1.0 and 1.5 cc, are similar to the standard value. However, for
2.0 and 2.5 cc higher variations of self-potentials were measured when compared to the
four previous profiles. From this result it can be assumed that in the surveys not more
water should be added than 1.5 cc, thus avoiding variations of the self-potential values.

3.2 Regional Geology Khlongthom saline hot spring

From the geology surveys it was found that most of the hot springs are located on
sandstone of the Triassic Sai Bon Formation (Figure 3.6a). The shallow subsurface of
alluvial deposits consist of distribution of sand, medium to coarse grained, black marine
clay, clay, and plant roots. Two sandstone outcrops (Figure 3.6b) with a height of about
15 meters were found in the area. In addition, calcium carbonate crusts occur around
several natural hot springs with a thickness of the crusts of about 30-150 centimeters
(Figure 3.6¢). They are the results of precipitation from the hot spring water. In the
eastern part of the saline hot spring is a salt marsh area, which is seasonally flooded with
marine water.

Figure 3.6 Geology in Khlongthom saline hot spring: (a) sandstone (Triassic Sai Bon
Formation), (b) sandstone outcrops in a community forest, (¢) Calcium carbonate crusts
occur around natural hot springs, (d) Layer of carbonate crust with organic material.

3.3 SP Profile Lines

In order to understand the fluid flow in the subsurface of salty hot water environment,
self-potential survey lines and ground temperature measurement were performed in the
location of the eastern salt marsh area. Two survey lines parallel to 2D resistivity
profiles from previous work (Ngansom and Diirrast, 2016) were measured, which are
close to the natural hot spring KB4/10 located east of the sandstone outcrops (Figure 3.7)
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Figure 3.7 Location of self-potential measurement lines and ground temperature
measurement lines at salt marsh area; also location of ERT line distance and local hot
springs are shown.
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Figure 3.8 (a) Study area: view to the South: to the east salt marsh, in the west
mangroves. (b) Soil profile and soil resistivity in the area; upper part: black clay, below:
clayey sand with sandstone fragments.

3.3.1 Survey time and weather conditions

Survey lines of self-potential and ground temperature measurements in salt marsh area
were carried out in early April; normally that month is summer in Thailand. But during
the field survey there was slightly rainfall over the study area. Data from the Thai
Meteorological Department (TMD) of Krabi in Figure 3.9a show that the amount of
rainfall on the day of survey. The measurements were stopped because of the rain and
continued after rainfall on the wet area (Figure 3.9b).
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Figure 3.9 Rainfall or study area in Apl; (a) data of rainfall iharly priI from TMD
Krabi, (b) survey after rainfall.

3.3.2 Result of self-potential surveys

Two self-potential profile line measurements were conducted in salt mash area along
ERT profile line studied before. The total length of both self-potential profile lines is
300 m (line 1:180 m, line 2: 120 m). The measurements of line 1 started from UTM
0512459 E, 0873597 N and finished at UTM 0512445 E, 0873511 N, and the reference
electrode located at UTM 0512472 E, 0873754 N. For line 2 the measurement started at
UTM 0512482 E, 0873762 N and finished at UTM 0512449 E, 0873597 N, and the
reference electrode located at UTM 0512475 E, 0873747 N (all WGS-84). Corrections
were done as outlined in Chapter 2.
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Figure 3.10 self-potential data from two survey lines along a rural way in the
Khlongthom Saline Hot Spring area. Both lines were measured along the ERT line from
previous work.

Figure 3.10 represents two self-potential profiles obtained from measurements at salt
mash area; the self-potential profile line 1 (right) shows values ranging from -488 to -
166 mV, and the profile line 2 shows self-potential values ranging from -1 to 49 mV.
Both profile lines exhibit clear positive anomalies.

3.3.3 Result of ground temperature measurements

As describe in previous chapters geothermal systems such as hot springs are directly
related with heat. Therefore ground temperature was measured along the same line of
self-potential measurement points and obtained data were plotted as function of distance
along survey line.

Figure 3.11 shows the profile of ground temperature measured at a depth of 30 cm along
survey line. The profile shows that temperature data (black line) ranged from 28.5 °C to
32.8 °C, and the temperature average line (red line) exhibits a positive anomaly with a
peak at around 220 m of distance on the survey line.
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Figure 3.11 Temperature data (black line) along the main survey line of self-potential
survey. Average curve of data (red line) exhibits a positive anomaly with a peak at
around 220 m.

3.4 SP profile map
In order to determine the fluid flow in the subsurface of the larger saline hot spring area
self- potential and ground temperature were measured at 162 measurement points as
shown in Figure3.12.
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Figure 3.12 Location of profile loop survey (yellow rectangle square) and 162
measurement points (red point) in saline hot spring Khlongthom; KB4/1 and KB/5 are

natural hot springs, which were developed as pools for tourism (Google Earth, 2017).
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Google Earth

Figure 3.13 Six loops of self-potential measured in Khlongthom saline hot spring area
and their measurement points (Google Earth, 2018).

3.4.1 Survey time and weather conditions

The survey was carried out in July, three months after there the SP lines. Loop profile
measurement also required to observe the rain. Rain data from TMD Krabi are shown
in Figure 3.14a, clearly indicating that there was no rain before and during the days of
survey.
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3.4.2 Result of self-potential surveys

Six self-potential profile loops were measured for cover the area of the saline hot spring,
thus star network strategy was chosen in order to approach the large mapping area. The
first base station was used as a reference for all loops, established at UTM 0511980 E,
0873811 N. The second one is located at UTM 0512009 E, 0873731 N, and the third is
located at the same location of first base station. A total of 162 self-potential data was
obtained from measurements, corrected and then plotted for building a self-potential
distribution map.
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Figure 3.15 Results of self-potential surveys of the area, UTM (Zone 47, WGS-84).

Figure 3.15 shows the drift corrected self-potential data of the study area plotted and
contoured. The map shows both positive and negative anomalies; the magnitude of self-
potential values range from -25 to 50 mV. Negative anomalies indicated by blue were
observed in the north-east, north-west, south-east, and two zones in the middle of the
study area; one is at the southern part and another small one is in the northern part of
study area. Almost all major negative anomalies were observed as manifestation of hot
springs. For positive anomalies indicated by red in the map were observed in the north-
west, middle part of northern area, south-east, and south-west.

For this work, the topographic effect on the self-potential data was checked. The data
of self-potential values with elevation were plotted as shown in Figure 3.16, but the self-
potential data do not significantly correlate with topography of the saline hot spring area
(correlation coefficient, R?= 0.159). The poor correlation may be due to self-potential
in study area is dominated by other source especially the salinity, thus resulting to lack
of topographic effect. Thus topographic correction is not required for self-potential
values of this area.
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Figure 3.16 Correlation of self-potential values and elevations. The plot shows poor
correlation, the elevations parameter probably has no influence on self-potential values.

3.4.3 Result of ground temperature measurements

The purpose of this ground temperature surveys was to understand the saline hot spring
system by using shallow temperature measurements, measured at 30 cm depth. In order
to provide a map of the ground temperature data values were measured at the same
locations of the self-potential measurement points. Ground temperature values were
plotted and contoured and shown in Figure 3.17.

Figure 3.17 shows the shallow ground temperature data plotted over the survey area.
The temperature distribution map presents several thermal anomalies; the major
anomalies are observed in the western part and eastern part of the saline hot spring.
Additionally, the map shows that temperature values range from 28 °C to 35 °C, the
highest ground temperature in the surveyed area is 35 °C, observed at UTM 0511964 E,
0873779 N.
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Figure 3.17 Ground temperature data at 30 cm depth plotted and contoured, UTM (Zone
47, WGS-84).

3.5 Result of vertical electrical sounding surveys

Natural
hot
springs

Sandstone outcrops

Figure 3.18 Locations of survey points VES 1 to VES 8; red line is 1-D resistivity survey
line, KB4/1 and KB4/5 are the natural hot springs which were developed as pools for
tourism, numbers in red point is number and center of each VES survey line (Google
Earth, 20018).



64

Table 3.1 Center locations (UTM, Zone 47, WGS-84) and line direction of the VES
measurements.

1-D VES Direction UTM East UTM North

(number) (N over E) (m) (m)
VES 1 NO8OE 0511951 0873798
VES 2 N275E 0512082 0873785
VES 3 N195E 0511994 0873852
VES 4 N240E 0512085 0873863
VES 5 N225E 0512129 0873846
VES 6 N215E 0512216 0873834
VES 7 N255E 0512119 0873732
VES 8 N185E 0512172 0873712

3.5.1 Vertical Electrical Sounding 1 (VES 1)
The survey point VES 1 is located at UTM 0511951 E, 0873798 N; the direction of line
in azimuth is 240, and maximum AB/2 is 100 m. The resistivity values obtained from
field surveys were calculated to apparent resistivity values in order to analyze the
resistivity model by IP12win inversion program.
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Figure 3.19 VES model of survey line VES1. Result of the analysis of IPI2ZWIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 3.08%.

Figure 3.19 shows that the VES model of survey line VES 1 is interpreted as a four-
layer model. The first layer has a resistivity value of 14.1 ohm-m and 1 m of thickness.
The second layer has a resistivity value of 2.84 ohm-m and 6.06 m of thickness. The
third layer has a resistivity value of 1.26 ohm-m and 15.5 m of thickness. Finally, the
forth layer has a resistivity value of 31.5 ohm-m and more than 22.6 m depth.
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3.5.2 Vertical Electrical Sounding 2 (VES2)
The survey point VES 2 is located at UTM 0512082 E, 0873785 N; the direction of line
in azimuth is 275, and maximum AB/2 is 50 m.
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Figure 3.20 VES model of survey line VES2. Result of the analysis of IPI2ZWIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 0.776%.

Figure 3.20 shows that the VES model of survey line VES 2 is interpreted as a four-
layer model. The first layer has a resistivity value of 13.7 ohm-m and 0.65 m of
thickness. The second layer has a resistivity value of 3.73 ohm-m and 1.07 m of
thickness. The third layer has a resistivity value of 1.66 ohm-m and 14.7 m of thickness.
Finally, the forth layer has a resistivity value of 10.7 ohm-m and more than 16.4 m
depth.

3.5.3 Vertical Electrical Sounding 3 (VES 3)
The survey point VES 3 is located at UTM 0511994 E, 0873852 N; the direction of line
in azimuth is 195, and maximum AB/2 is 105 m.

Figure 3.21 shows that the VES model of survey line VES 3 is interpreted as a four-
layer model. The first layer has a resistivity value of 108 onm-mand 1.21 m of thickness.
The second layer has a resistivity value of 16.8 ohm-m and 7.33 m of thickness. The
third layer has a resistivity value of 1.27 ohm-m and 3.09 m of thickness. Finally, the
forth layer has a resistivity value of 12.2 ohm-m and more than 11.6 m depth.
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Figure 3.21 VES model of survey line VES3. Result of the analysis of IPI2ZWIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 5.91%.

3.5.4 Vertical Electrical Sounding 4 (VES 4)
The survey point VES 4 is located at UTM 0512085 E, 0873863 N; the direction of line
in azimuth is 240, and maximum AB/2 is 50 m.
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Figure 3.22 VES model of survey line VES4. Result of the analysis of IPI2WIN
program. Apparent resistivity values versus AB/2 (left); Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 21.2%.

Figure 3.22 shows the VES model of survey line VES 4 is interpreted as a three-layer
model. The first layer has a resistivity value of 868 ohm-m and 2.07 m of thickness. The
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second layer has a resistivity value of 19.8 ohm-m and 7.08 m of thickness. Finally, the
third layer has a resistivity value of 0.841 ohm-m and more than 9.15 m depth.

3.5.5 Vertical Electrical Sounding 5 (VES 5)
The survey point VES 5 is located at UTM 0512129 E, 08737846 N; the direction of
line in azimuth is 225, and maximum AB/2 is 50 m.
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Figure 3.23 VES model of survey line VES5. Result of the analysis of IPI2WIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 6.68%.

Figure 3.23 shows the VES model of survey line VES 5 is interpreted as a three-layer
model. The first layer has a resistivity value of 70.6 ohm-m and 1.6 m of thickness. The
second layer has a resistivity value of 14.2 ohm-m and 24.1 m of thickness. Finally, the
third layer has a resistivity value of 0.131 ohm-m and more than 25.7 m depth.

3.5.6 Vertical Electrical Sounding 6 (VES 6)
The survey point VES 6 is located at UTM 0512216 E, 0873834 N; the direction of line
in azimuth is 215, and maximum AB/2 is 100 m.

Figure 3.24 shows the VES model of survey line VES 6 is interpreted as four layers
model. The first layer has a resistivity value of 70.6 ohm-m and 0.699 m of thickness.
The second layer has a resistivity value of 2.02 ohm-m and 4.39 m of thickness. The
third layer has a resistivity value of 1.29 ohm-m and 9.45 m of thickness. Finally, the
forth layer has a resistivity value of 20 ohm-m and more than 14.5 m depth.
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Figure 3.24 VES model of survey line VES6. Result of the analysis of IPI2ZWIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 2.35%.

3.5.7 Vertical Electrical Sounding 7 (VES 7)
The survey point VES 7 is located at UTM 0512119 E, 0873733 N, the direction of line

in azimuth is 255, and maximum AB/2 is 50 m.
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Figure 3.25 VES model of survey line VES7. Result of the analysis of IPI2WIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 19.6%.
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Figure 3.25 shows the VES model of survey line VES 7 is interpreted as a four-layer
model. The first layer has a resistivity value of 31.5 ohm-m and 0.65 m of thickness.
The second layer has a resistivity value of 11.3 ohm-m and 8.47 m of thickness. The
third layer has a resistivity value of 1.33 ohm-m and 4.09 m of thickness. Finally, the
forth layer has a resistivity value of 433 ohm-m and more than 13.2 m depth.

3.5.8 Vertical Electrical Sounding 8 (VES 8)
The survey point VES 8 is located at UTM 0512172 E, 0873712 N; the direction of line
in azimuth is 185, and maximum AB/2 is 40 m.
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Figure 3.26 VES model of survey line VES8. Result of the analysis of IPI2WIN
program. Apparent resistivity values versus AB/2 (left). Inversion results (right table)
with N=layer, p= resistivity of layer (ohm-m), h=thickness of layer (m), d=depth below
surface (m), RMS error is 8.42%.

Figure 3.26 shows the VES model of survey line VES 8 is interpreted as a three-layer
model. The first layer has a resistivity value of 7.4 ohm-m and 2.85 m of thickness. The
second layer has a resistivity value of 2.58 ohm-m and 26.9 m of thickness. Finally, the
third layer has a resistivity value of 308 ohm-m and more than 29.8 m depth.
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CHAPTER 4

DISCUSSION AND CONCLUSION

This chapter combines the results of all measurements carried out in this work with the
results taken from previous works in the study area in order to make conclusion
regarding the objective. In addition illustration and detailed discussion of the
measurements are provided for a better understanding.

4.1 Profile lines analysis and interpretation

The self-potential surveys along the rural way in the east of the study area located close
to a natural hot spring KB4/10 has been carried out in order to understand the fluid flow
in the subsurface of this salty hot water environment. The soil temperature also
measured as the same location to support the interpretation of the self-potential data.
Another reason for choosing this section was because there is an ERT line that was
measured earlier. In general, self-potential can indicate fluid flow in the subsurface but
cannot determine geological structures of the subsurface. In some situations the
interpretation of self-potential data is more complicated due to multiple source.
Therefore, it is preferable combining self-potential result with ERT. Moreover drilling
data at well 04 for also were used correlation as it confirmed the result of ERT.
Integration of those results included self-potential profile, soil temperature profile, ERT
distribution along survey lines, and drilling data as presented in Figure 4.1.

The patterns observed in both self-potential profile lines exhibit clear positive
anomalies, however there are difference in the absolute self-potential values, with the
first self-potential profile line shows values ranging from -488 to -166 mV, and the
second profile line shows self-potential values ranging from -1 to 49 mV, this difference
were caused by rain between the measurements of the two lines. During the
measurement of the first line rain was falling; then the measurements were paused and
started again after rain with the second line. So rain and moisture of the soil caused the
changing of self-potential magnitudes.

Soil temperature measurements along the survey line ranged from 28.5 °C to 32.8 °C,

and the trend line shows both positive and negative anomalies. From Figure 4.1 can be
observed that the trend line exhibits a positive anomaly due to higher heat flow from the
geothermal system at depth.

The ERT section that was measured before and parallel with the self-potential and
temperature profiles is displayed in Figure 4.1. The bottom part of the ERT section
shows high to very high resistivity values corresponding to dense sandstone with almost
no water content confirmed by drilling which show here as well 04. Further above parts
of the ERT section show very low resistivity values (blue color) corresponding to saline
groundwater in clayey sand layers. Some shallow higher resistivity (red color) layers
(e.g., 350-400 m) represent dryer sand. The very shallow part with black marine clay on
top (see drilling data well 04 and soil profile in Figure 3.10) is not resolved by ERT.
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Figure 4.1 Self-potential data from two survey lines (top), temperature data (middle)
and electrical resistivity tomography section (bottom) along the main survey line, a rural
way in the Khlongthom Saline Hot Spring area.

Ordinary interpreting of self-potential data in this study area is quite complicated. Since
2010 a simple interpretation of self-potential data was provided by Richards et al (2010),
where the patterns of profiles are an indicator to determine the direction of groundwater
flow in the subsurface; increasing self-potential profiles pattern indicate groundwater
flows up and opposite. This work expected to see that positive self-potential anomalies
are associated with hot water depths flowing up at a distance of around 275-300 m (blue
dashed circle) on the profile surveys and that it should correlate with higher soil
temperatures. However, results in this work show an opposite pattern. From Figure 4.1
it can be seen that both self-potential profile lines exhibit clear positive anomalies,
which correlate with lower temperatures compared to the overall trend line (pink
highlighted bars). However, not all soil temperatures below the trend line can be
correlated with positive self-potential anomalies. In order to interpret this complex study
area, geochemical data of water were also used for consideration (Table 4.1).
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Table 4.1 Geochemical data of saline groundwater analysis from hot spring KB4/5 at
Khlongthom saline hot spring.

Parameters Results (mg/L) Parameters Results (mg/L)
Fe 0.008 Cu Not detected
Mn 0.01 Zn 0.001
Ca 1,097 SO4 1,330
Mg 544.9 CI 10,413
Na 4,923 F 1.3
K 274.4 COs Not detected
HCOs 122.7 TDS* 16,350
Total hardness 3,471 Noncarbonate 1,227
hardness
pH 6.77
Resistivity 38.31 Q.cm

*Total Dissolved Solid. All parameter determined at the Laboratory of the Faculty of Science, Prince of
Songkla University, HatYai.

Geochemical data presented in Table 4.1 show that the natural hot spring pool KB4/5
has relatively high concentrations of Na and Cl, causing the saline character of the water.
Based on the mechanism of self-potential signal, the salinity can contribute through the
diffusion potential to the total self-potential signal in the study area. With a pH of 6.77
the water has a neutral character, which is a common case for the contribution of the
streaming potential; therefore is no change in the polarity (positive and negative) of the
self-potential signal in term of streaming potential. Moreover, the geochemical data also
show Ca, K, and Mg are higher, while Fe is quite low. This can be classified that the
water as having bicarbonate and chloride character. As the total hardness of water is
higher, it is possible that this can influence on the ionic strength, that decrease the zeta
potential even if the surface potential is not effected (Friborg, 1996). However, this can
be neglect when considering the magnitude of the streaming potential and the influence
of this factor is still not clear.
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Figure 4.2 Scenario of shallow fluid flow generated self-pot
area of Khlongthom saline hot spring. (a) The normal condition of geological structure
in subsurface of study area, (b) rain water mixes with NaCl, (c) salty water is flowing
down, this generated self-potential signal based on mechanisms of streaming potential,
(d) self-potential signal generated from diffusion potential related to NaCl concentration
differences, (e) measurement points that performed measuring on the surface taken the
total self-potential signal from sum of both sources, streaming potential and diffusion
potential.
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Figure 4.2 shows the steps of a scenario that can explain all observations. Rain water
falling onto the ground picks up NaCl from the highly saline marine clay (salt marsh) at
the surface and in the very shallow subsurface, thus becoming saline groundwater. This
colder rain water is gravitationally flowing down as groundwater, thus decreasing the
near surface soil temperature with respect to the higher temperature trend line due to
geothermal heat flow (Figure 4.1 and 4.2). Groundwater flowing down usually creates
a negative self-potential base on streaming potential. However, in this case the
groundwater flowing down through the porous clayey sand is highly salty, thus reducing
the magnitude of the (negative) streaming potential coefficient, which results in a
decrease of the self-potential field associated directly with the flow of the groundwater
(Ikared et al., 2012).

Further, due to higher salinity in the near surface layer and lower ones in the layers
beneath a salinity gradient occurred, which created a diffusion potential of the self-
potential field generating a larger positive anomaly (lkared et al., 2012). The total SP
anomaly, a sum of the streaming and diffusion potential, therefore is positive in this
environment as measured (Figure 4.1 and 4.2). At locations with negative temperature
but not positive self-potential anomalies rain or groundwater is only flowing down into
the upper black marine clay layer, but not deeper into the porous clayey sand (see
Figure 4.1 and 4.2), as the permeability of the clay layer is relatively low. Flow further
down might be along fissures or cracks. Finally, self-potential measurements in
combination with soil temperature data have revealed shallow gravitational water flow
paths in an overall saline environment resulting in strong positive self-potential
anomalies, which override any possible signal from geothermal water flow at depth.

Additionally, a summary schematic diagram has been created as shown in Figure 4.3.
All steps of explanation are here illustrated in one figure.

A
R ( ) total SP anomaly
Surface .

Marine clay

(mV)

‘ 2 istrcaming potential

(mV)

diffusion potential

LA

Figure 4.3 Schematic diagram of the shallow fluid flow, which generates the self-
potential signal; R: rain water; A: self-potential measurement point (total self-potential
anomaly); (1): rain water mixes with NaCl; (2): self-potential signal generated from
streaming potential; (3): self-potential signal generated from diffusion potential related
to NaCl concentration differences; CL: clay layer; S+CL: clayey sand layer; for (2) and
(3): red curve indicates self-potential signal from salty water flow, blue curve self-
potential signal from normal groundwater flow.

(mV)
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4.2 Profile map measurements

In order to determine the distribution of fluid flow in shallow subsurface which covers
an area requires self-potential mapping. For better interpretation also soil temperature
mapping is needed, as well as additional VES data. Self-potential and soil temperature
measurements were conducted at the Khlongthom saline hot spring in approximately
0.1 km? over few days. VES were conducted after that where the points of VES were
chosen based on self-potential anomalies. Reason for choosing them was mentioned
before as self-potential can give information about subsurface fluid flow but cannot
determine the geological structure of the subsurface. Therefore, for further interpretation
VES were measured over self-potential anomaly zone.

Self-potential and temperature exhibit both positive and negative anomalies range from
-25 to 50 mV for SP and from 28 °C to 35 °C for soil temperature. Those distribution
data will be correlated with each other and with additional geological information, and
the locations of hot springs, both natural and man-made, in the study area.
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Figure 4.4 Correlation of self-potential mapping with locations of hot spring and wells
in study area. KB4/1 and KB/5 are natural hot springs, which were developed as pools
for tourism, and the blue dashed line indicates a zone of main pool for tourism. Another
four natural hot springs were found in the study area indicated by black triangles.
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Figure 4.4 shows self-potential distribution map correlated with locations of natural hot
spring and man-made well, in order to make the interpretation and confirmed that
observation in profile lines analysis and interpretation discusses earlier. Upward flow
of saline hot spring water at Khlongthom created total negative self-potential anomalies.
Considering all natural hot springs (black triangles), including KB4/1 and KB4/5, all
exhibit negative self-potential anomalies associated with the existence of hot spring. It
can be concluded that in case of this study area the upward flow of water in an overall
saline environment resulting in negative self-potential anomalies. That confirms the
interpretation from earlier measured SP line data, where shallow gravitational water
flow in an overall saline environment resulted in strong positive self-potential
anomalies. Two man-made wells are located at UTM 511921 E, 873793 N and 512015
E 873816 N (see Figure 4.4); both of them indicate a magnitude of self-potential at
almost zero. It is expect to see self-potential signal in same pattern with the location of
natural hot spring, but this is not true for the wells. Key difference causing is that there
is a pipe inside the man-made well, which is the pathway of the hot saline water up, not
porous sand. In general, self-potential signal caused from couple phenomena, which in
this case is electrokinetic potential referring to the flux of electrical current induced by
a driving force of the flow. In case of the pipes there is no flux of electrical current.
Furthermore, a small positive self-potential can be suggested possible of saline water
movement in lateral direction (Karakilcik, 2015).

The distribution of the soil temperature also can be compared with the locations of all
hot springs in the study area similar to self-potential distribution, as shown in Figure 4.5.
Observed zones of higher soil temperatures show a good correlation with all hot springs
and included man-made well, as the temperature is measured near the well outflow. In
the zone of the natural hot springs dominates higher soil temperature, because of
geothermal fluids lose their heat by conduction to the ground which is surrounding them.
Figure 4.6 shows the mapping of soil temperature distribution overlain by positive self-
potential anomalies (black line) and negative self-potential anomalies (blue line) as
observed, both type of survey methods conducted in the same time and similar location.
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Figure 4.5 Correlation of temperature mapping with location of hot springs and wells in
study area. KB4/1 and KB/5 are the natural hot springs which were developed as pools
for tourism, and the blue dashed line indicates a zone of main pools for tourism. Another

four natural hot springs were found indicated by black triangles.
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Figure 4.6 Correlation of self-potential anomalies with temperature mapping in study
area, positive self-potential (black line) and negative self-potential (blue line) were
overlapped with soil temperature map.

Considering the comparison map between self-potential and soil temperature shown in
Figure 4.6, the observed correlation can be divided into three cases. The first case is
distribution of negative self-potentials related to higher soil temperature, and all of these
cases represent locations of hot spring manifestation. It can be concluded that the
upward flow of saline hot spring water as the expression hot spring on the ground
resulted in generating a negative self-potential anomaly and higher soil temperature. In
opposite way, whenever obtains the data of negative self-potential overlap with higher
soil temperature this can be referred to the hot saline water upward flow towards the
surface.

The second case is distribution of negative self-potential associated with low soil
temperature. In this case no observations show hot spring at the surface; an example is
the negative self-potential anomaly at UTM 512092 E, 873860 N. This can be referred
to saline water moving upward to the very shallow subsurface, but not presents itself on
the surface. The explanation behind is the limitation of soil temperature was taken at 30
cm depth, while self-potential method can see deeper. That means that sometimes self-
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potential can investigated the subsurface flow but soil temperature cannot. The
relationship between self-potential and temperature of such case indicates a hidden
saline hot spring.

The third case is the correlation of positive self-potentials with low soil temperature,
and also no hot spring was observed on the surface similar to the second case. This result
suggested a downward flow of saline water into the subsurface. Whenever the saline hot
water moved upwards but cannot expresses itself at the surface it has to find another
pathway. The temperature of the hot saline water should decrease by the time and
distance from the reservoir, so the saline hot water is getting cooler and also decrease
its pressure, so it is possible that it slowly flows lateral and mixes with meteoric water
or saline ground water. Finally this saline water should find a way to flow down to a
deeper part.

Positive self-potential anomalies related with low temperature may indicate downward
flow of meteoric water in a saline environment. However, there are zones of positive
self-potential correlated with higher soil temperatures that were observed in the north-
western part of the study area, which is different from the third case. Here a final
interpretation is not conclusive.

In order to determine the characteristics of the study area results from ERT section and
VES data were used to correlate with self-potential, soil temperature and geological
data. Wattanasen et al. (2015) investigated the saline hot spring Khlongthom by
conducting ERT along a survey line located in the study area defined by a blue line in
Figure 4.7; obtained data was used for a correlation in this work as shown in Figure 4.8.

Figure 4.7 Location of self-potential area measurements (yellow rectangle square), ERT
section (blue line). Cross-section 1 includes VES 3, VES 4, VES 5, and VES 6 and
cross-section 2 comprises VES 3, VES 2, VES 7, and VES 8.
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Figure 4.8 Electrical resistivity tomography section with interpretation of possible faults
(top), applied from Wattanasen et al. (2015). Self-potential mapping included
interpretation of possible faults, location VES points, and cross-section lines for VES
(bottom).

Figure 4.8 shows the ERT section (top) with the location of measurement (AA’, blue
line) on the distribution of the self-potential map. The ERT section suggests that there
are three layers of subsurface associated with resistivity values. The first layer exhibit
low resistivity value as 5-100 ohm-m (green color), and 0.1-8 m of thickness, this layer
can be sand gravel, clayey sand or topsoil. The second layer shows very low resistivity
as 0-15 ohm-m (blue color), and associated with 8-22 m depth. In this layer were
observed should be saline water as 80-160 m and 320-440 m of ERT section. Finally,
the third layer has a resistivity value more than 100 ohm-m, as more than 22 m depth.
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This layer can be sandstone. Further, ERT suggests possible faults and fractures at 60,
80, 125, 140, 180, 200, 220, 260 and 330 m on the section.

Considering the distribution of the self-potential anomalies (see Figure 4.8) it can be
used for determining possible faults or fractures. Normally, the positive and negative
transitions indicates a faulting zone (Karakilcik, 2015), as fault zones allowing or not
allowing fluid flow depending on the fault characteristics. In this work, the distribution
of self-potential suggested that there are several possible faults or fractures at locations
and with orientations indicated by black dashed lines in Figure 4.8. However, exact
orientations and locations of these faults cannot be determined using only self-potential.
Accordingly, for a subsurface interpretation in the study area a combination with
electrical resistivity VES has been done

Eight VES points were conducted in the study area over positive and negative SP
anomalies and for further analysis two cross-sections have been constructed connecting
several measurement locations. In this work made two straight lines were done as cross-
sections (yellow lines in Figure 4.7 and Figure 4.8), first from VES 3 to VES 6, and
second, a cross-section from VES 3 to VES 8.

Figure 4.9 presents the cross-section 1 located at BB’ (yellow line, Figure 4.8), including
VES 3, VES 4, VES 5, and VES 6 with a direction from West to East. In this area there
are mainly oil palm plantations. Considering the resistivity values of the top layer which
are relatively higher than each other since Figure 4.9 shows the shallowest saline water
level is about 6 meter depth (VES 5) and on the other hand, the deepest is about 24 meter
with very low resistivity values (VES 6). Therefore, in this cross-section there has to be
a vertical fault or fracture between VES 5 and VES 6, and likewise between VES 4 and
VES 5; although both points are close the layers are extremely different. Between VES
3 and VES 4 there is a little difference between the layers suggesting no fault, but the
self-potential values are quite different, suggesting saline hot water flowing up at VES
4, whereas saline groundwater flowing down at VES 3.

Therefore in cross-section 1 this work suggested at least three faults between the
different measuring points, especially between VES 4 and VES 5 in the same way
between VES 5 and VES6, but also between VES 3 and VES 4. However, the exact
location of each fault cannot be determined.
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Figure 4.9 Cross-section 1 from West to East with the VES locations shown in bars,
with depths, distance, the resistivity of the layers (see also Figure 4.7), as well as
interpreted fault locations.

Figure 4.10 present the cross-section 2 located as CC’ (yellow line, Figure 4.8),
including VES 3, VES 2, VES 7, and VES 8 with line direction from Northwest to
Southeast. This second cross-section connects four VES points via a straight line
between these points.

In the second cross-section sandstone was found, which is the bedrock in this area.
Furthermore, there is a sandstone outcrop nearby VES 8.The resistivity value which was
measured is lower than the real resistivity value of sandstone as though it was weathered
sandstone and there is saline water inside the pores. Considering VES 7 and VES 8 it
was found that the depth of the weathered sandstone layer is very different. For this
reason, there should be a fault between both locations. In the same way at VES 2 it was
found that the sandstone maybe deeper, but this work has not deeper data. However, the
saline water level between VES 2 and VES 7 is very different, also between VES 3 and
VES 2. Hence this cross-section should have at least three faults similarly to cross-
section 1.
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Figure 4.10 Cross-section 2 from Northwest to Southeast with the VES locations shown
in bars, with depths, distances, and the resistivity of the layers (see also Figure 4.7).

As a result of VES, at both, the first and second cross-section, three faults were found.
Some faults maybe the same fault in particular the fault between VES 3 and VES 2 and
VES 2 and VES 4. Nevertheless, there are not enough data for identifying the faults, not
only the exact location and direction but also the orientation of these faults as well.

The combination between self-potential data and shallow VES measurements proved to
be a good tool for this area, as is believed that the self-potential anomalies have been
created by the same geological sources, such as a zone of fluid flow, heat, and ions as
self-potential sources (Karakilcik, 2015). Furthermore correlations between self-
potential data and VES measurements in this work suggested that self-potential can be
investigated the source down to a depth of about 10 m. The negative self-potential
anomaly at VES 4 suggests that saline hot water is flowing up as shallow as 9 m but not
present itself at the surface because there is high resistivity on the top, likely drier sand.
This work has not seen a negative self-potential anomaly coming from saline hot water
flowing up deeper than that depth.

The results of this study shows that the saline groundwater and the saline hot spring
water in the area of the Khlongthom hot spring are very shallow, often only a few meters
deep below surface. Further, the shallow subsurface is seemingly heavily fractured by
assumingly vertical fracture (see in Figure 4.11); exact orientation and location of these
faults cannot be determined using only VES and self-potential. These fractures can
obstruct the pathways of saline hot water and saline groundwater flow.
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In case of the manifestation of hot springs hot water can flow up along faults or fractures
up to the surface. Section AA’ (see Figure 4.8) a hidden hot spring. The flowing up of
saline hot water along pathway, vertical faults or fractures, were observed at two parts
on the section obtained from negative self-potential values. The first one at 180-200 m,
which fluid can flow up until 9 m depth but cannot move to the surface because there
are a layer of very high resistivity overlay on the top (868 ohm-m) which data obtained
from VES 4, this can be the zone of strongly soil packing and low permeability. When
the saline hot water mixes up with meteoric water or saline ground water from seawater
intrusion it getting cooling down and find the other way down, thus resulting in saline
water possible lateral movement and finally flowing down at some location. The second
part of saline hot water flowing up was observed at the western part at 380-400 m of the
section, obtained from negative self-potential values. In this zone the hot saline water
also cannot presents itself to the surface, as there is a clay layer on top which shows
resistivity of 2.02 ohm-m (obtained from ERT, VES 6). A larger zone of positive self-
potential were observed at 125-140 m and 220-260 m on AA’ section. This corresponds
to the flowing down of meteoric water or saline ground water. Furthermore, at the end
of eastern part in model section at 0-80 m a zone of water capture is indicated resulting
from lateral fluid flow, obtained from small positive self-potential.

Figure 4.11 Location of cross sectionl and 2, and the assumed location of possible faults
or fracture base on the combination of self-potential with VES.

4.3 Conclusion

In conclusion, self-potential technique as a central survey method in this work is a
powerful tool for indicating patterns of fluid flow in the subsurface. Furthermore, self-
potential method is an effective tool for mapping fluid flow in shallow subsurface, as
shown here with the saline hot spring Khlongthom. However, this method should not
be used stand alone in order to determining the overall subsurface structure, which is a
complex system such this study area. There are several techniques that can support and
confirm the results of self-potential. All obtained results from all surveys show a good
correlation.

From the earlier part of this study, it can be concluded that self-potential measurements
in combination with soil temperature data have revealed shallow gravitational water
flow paths in an overall saline environment resulting in strong positive self-potential
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anomalies, which override any possible signal from geothermal water flow at depth.
Therefore, the interpretation of self-potential pattern in this area is different from cases
associated with normal groundwater flow. The generating of the self-potential signal is
always complex and depends also on the concentration of the salinity.

The integration of self-potential methods, soil temperature measurement, electrical
resistivity methods with ERT and VES, and geological studies of the area was illustrated
in a conceptual model that explains the system of the study area (see Figure 4.12). The
conceptual model reflects that the saline groundwater and the saline hot spring water in
the area of the Khlongthom saline hot spring are very shallow, often only a few meters
deep below surface. This schematic cross section represents the generalized flow pattern
of hidden saline hot springs in Khlongthom saline hot spring, where saline hot water is
flowing up to the shallow subsurface through vertical fractures. Whenever saline hot
water cannot present itself at the surface possible lateral movement and saline hot water
mixing with meteoric water can occur. Additionally, self-potential anomalies suggest
that in the study area also there are places of fluid circulation down to the depth.

4.4 Recommendations

This work has revealed some of the subsurface characteristics of the saline hot spring.
Future work is recommended for identifying and verifying the faults with more data or
different methods, especially in oil palm plantation where it is relatively easy to do
measurements. Additionally, as the self-potential is directly associated which sources in
study area both fluid flow and salinity, repeated measurements over a period of time
should be carried out in order to observe changes.

From the conclusion of this work further development in this area should consider these
findings when designing buildings or other infrastructure projects. Therefore new
buildings should avoid some locations where the saline water level is relatively shallow
including areas around VES2 and VESS, as at these locations the saline water level is
shallower than three meters. Nevertheless, more surveys should be done in areas where
new buildings might be built in order to avoid a negative effect on the hot spring system.
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Table A 1: Raw data of measured self-potential and ground surface temperature

measurement line 1
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UTM_E UTM_N
SP reference position (base) 512472 873754
First point of line 512482 873762
Distance on tape (m) Time(hh:mm) Vi (mV) V, (mV) Temp (C)
0 29.8
base 11:41:00 90.3 86.3 30.7
120 11:45:00 1.999 2.31 326
122 11:55:00 -0.355 -0.287 326
124 11:56:00 4,01 4.1 322
126 12:03:00 -1.855 -1.883 32
128 12:04:00 -1.546 -1.473 322
130 12:05:00 2.36 2.4 325
132 12:07:00 151.6 153.4 322
134 12:09:00 52.7 52.3 30.1
136 12:11:00 0.545 0.533 30.9
138 12:14:00 1.065 0.912 30.6
140 12:15:00 -0.331 -0.307 30.6
142 12:17:00 -1.23 -1.271 324
144 12:18:00 29 275 318
146 12:20:00 573 -0.629 311
148 12:23:00 5.08 5.2 312
150 12:25:00 4.95 4.95 312
base 12:32:00 179.9 178.8
152 12:36:00 17.86 16.89 30.8
154 12:38:00 6.27 7.86 312
156 12:41:00 136 12.71 311
158 12:43:00 4.44 5.49 314
160 12:45:00 2.33 2.31 30.7
base 14:03:00 0.594 0.576
162 14:08:00 7.76 7.27 311
164 14:10:00 2.28 2.16 31
166 14:12:00 443 4.42 30.8
168 14:13:00 3.78 3.88 304
170 14:16:00 0.889 0.998 312




172 14:02:00 5.59 5.67 30.9
174 14:25:00 2.94 3.07 314
176 14:27:00 -0.808 -0.943 31.9
178 14:29:00 1.033 1.275 316
180 14:32:00 2.09 1.951 313
182 14:35:00 2.04 1.948 313
184 14:36:00 1.458 1.487 314
186 14:38:00 1.217 1.506 31.6
188 14:40:00 2.77 2.73 316
190 14:41:00 2.96 2.01 315
192 14:43:00 231 2.48 315
194 14:45:00 2.26 2.25 311
196 14:46:00 1.82 1.885 31.2
198 14:48:00 0.363 0.657 311
200 14:52:00 2.13 2.19 30.8
base 15:00:00 423 4.42

202 15:05:00 8.12 8.27 304
204 15:06:00 30.3 29.1 30.3
206 15:08:00 8.65 8.35 304
208 15:09:00 10.67 10.75 30.3
210 15:10:00 6.45 6.71 31
212 15:11:00 11.74 10.83 30.9
214 15:14:00 9.2 9.1 31.2
216 15:15:00 11.09 11.23 31
218 15:16:00 171 16.24 29.9
220 15:18:00 10.68 10.51 29.3
222 15:19:00 21.7 21.7 29.1
224 15:21:00 354 35.6 28.6
226 15:23:00 40.5 39.8 28.8
228 15:27:00 69.3 67.9 28.6
230 15:29:00 79.7 79.9 28.5
base 15:34:00 185 189.3

232 15:44:00 234 235 29
234 15:46:00 129.3 127.5 294
236 15:48:00 119.8 1188 29.5
238 15:49:00 150.4 147 29.6
240 15:52:00 1475 147.7 30.6
242 15:54:00 145 142.8 30.3
244 15:55:00 136.2 137.8 30.7
246 15:56:00 133.3 133.3 31
248 15:57:00 140.2 146 30.7
250 16:00:00 85.2 84.2 30.7
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252 16:01:00 93.8 93.1 30.7
254 16:03:00 1136 1136 311
256 16:04:00 120.7 121.8 30.7
258 16:05:00 127.9 127.8 30.3
260 16:07:00 130.3 1304 29.7
262 16:08:00 172.8 1735 29.6
264 16:09:00 194.3 190.6 29.3
266 16:11:00 1355 132 30.2
268 16:14:00 126.5 1254 30.1
270 16:16:00 165 163.6 30
base 16:23:00 193.6 193.3
base 16:29:00 214 21.2
272 16:04:00 9.43 9.66 30.4
274 16:41:00 7.84 8.61 30.4
276 16:43:00 10.66 10.52 30
278 16:44:00 10.6 10.43 30.1
280 16:46:00 13.46 13.39 30.3
282 16:47:00 40.8 40.8 30.5
284 16:49:00 44.8 45.7 30.4
286 16:50:00 34.2 34.9 30.2
288 16:53:00 269 271 30.7
290 16:57:00 277 278 30.6
292 16:58:00 277 279 29.9
294 17:00:00 84.3 82.4 29.8
296 17:02:00 277 274 29.6
298 17:03:00 280 280 28.8
300 17:06:00 280 282 29.4
base 17:18:00 262 264
Table A 2: Corrected data of measured self-potential line 1

Distance on ERT line (m) Distance on tape (m) SPcorrected
251 4 -139.2889768
253 6 -180.8490832
255 8 -177.3045938
257 10 -209.9131683
259 12 -213.4246789
261 14 -213.3391895
263 16 -180.1402108
265 18 -178.2812321
267 20 -238.0772534
269 22 -249.0187853

94



271 24 -254.2352959
273 26 -262.7753172
275 28 -236.3658278
277 30 -268.0968491
279 32 -279.388381

281 34 -287.1594023
283 36 -269.310743

285 38 -280.9064133
287 40 -273.5849188
289 42 -282.7505891
291 44 -284.8662594
293 46 -277.4478384
295 48 -283.06447

297 50 -282.0511016
299 52 -279.4494173
301 54 -284.8653647
303 56 -280.4376279
305 58 -283.4292068
307 60 -287.3138384
309 62 -285.60947

311 64 -284.7574173
313 66 -285.0123647
315 68 -285.6626805
317 70 -286.0403121
319 72 -284.6239437
321 74 -284.5022594
323 76 -285.288891

325 78 -285.4755226
327 80 -285.9838384
329 82 -286.39047

331 84 -286.0837331
333 86 -304.2231449
335 88 -290.8950273
337 90 -319.538792

339 92 -325.7106743
341 94 -332.1525567
343 96 -332.114439

345 98 -350.4100861
347 100 -353.7719684
349 102 -353.0138508
351 104 -369.9376155
353 106 -364.1694978
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355 108 -360.9732625
357 110 -366.3770273
359 112 -356.980792

361 114 -361.4883214
363 116 -166.929954

365 118 -279.5182806
367 120 -296.9066071
369 122 -270.2507703
371 124 -284.9832601
373 126 -295.3715867
375 128 -308.1157499
377 130 -314.9599132
379 132 -312.0040765
381 134 -378.8365663
383 136 -374.1807295
385 138 -362.2690561
387 140 -359.1132193
389 142 -355.8573826
391 144 -361.3457091
393 146 -322.7898724
395 148 -305.2340357
397 150 -371.9223622
399 152 -392.754852

401 154 -407.0431785
403 156 -456.3540765
405 158 -463.2841581
407 160 -471.1443214
409 162 -476.544403

411 164 -484.3645663
413 166 -462.3646479
415 168 -469.0448112
417 170 -474.9848928
419 172 -266.2051377
421 174 -287.5654642
423 176 -284.9055459
425 178 -488.2857091
427 180 -315.2658724
429 182 -308.605954

431 184 -324.6261989

96



97

Table A 3: Raw data of measured self-potential and ground surface temperature

measurement line 2 UTM_E UTM_N
SP reference position (base) 512472 873754
First point of line 512482 873762
distance on tape (m) Time(hr:m) Vi(mV) V,(mV) Temp (C)

base 11:41:00 0.791 1.166 30.7

4 11:42:00 12.09 13 315

6 11:43:00 7.52 7.4 315

8 11:45:00 7.21 5.88 31.9
10 11:46:00 1.752 2.28 313
12 11:48:00 5.95 4,78 30.6
14 11:49:00 9.6 8.13 30.6
16 11:51:00 4.66 3.93 30.7
18 11:52:00 7.46 4.34 31.3
20 11:53:00 6.37 5.77 30.8
22 11:54:00 11.54 11.12 30.6
24 11:55:00 20.8 23.6 30.7
26 11:57:00 18.4 20.5 30.7
28 11:58:00 24.2 24.3 31.54
30 12:00:00 25.6 26 31.7
32 12:02:00 13.13 14.06 315
34 12:03:00 12.03 11.28 314
38 12:10:00 19.53 20.6 31.6
40 12:11:00 24.2 25.2 31.6
42 12:13:00 29.8 30.7 314
44 12:14:00 289 29.3 314
46 12:15:00 29.3 30 31.6
48 12:16:00 22.8 23.4 31.2
50 12:17:00 49.1 49.1 31

52 12:18:00 313 31 31

54 12:20:00 23.7 231 31

56 12:21:00 16.02 18.65 311
58 12:22:00 20.5 23.3 314
60 12:24:00 6.12 6.12 313
62 12:25:00 5.92 5.35 31.6
66 12:29:00 5.03 5.03 31.6
68 12:31:00 20.4 20.8 31.6




70 12:33:00 3.73 3.68 31.6
72 12:34:00 1.724 1.723 31.8
74 12:34:00 3.16 3.14 321
76 12:36:00 1.645 1.64 31.8
78 12:37:00 2.52 249 32.3
80 12:38:00 1.717 1.699 323
82 12:39:00 0.744 0.748 322
84 12:41:00 -0.435 -0.476 321
86 12:42:00 3.786 3.7 31.9
88 12:43:00 0.251 0.253 32
90 12:44:00 -1.14 -1.137 32.6
92 12:45:00 -0.576 -0.566 324
94 12:46:00 -0.472 -0.486 324
96 12:47:00 -0.561 -0.563 32.7
98 12:47:00 -0.445 -0.449 32.8
100 12:48:00 -0.356 -0.366 32.8
102 12:49:00 0.853 1.081 31.9
104 12:50:00 0.676 0.671 31.8
106 12:51:00 9.32 9.52 31.8
108 12:53:00 9.34 9.41 31.7
110 12:54:00 12.27 12.36 31.9
112 12:55:00 16.37 16.41 32
114 12:56:00 18.96 8.99 325
116 12:57:00 1.425 1.425 324
118 12:58:00 9.84 9.89 326
base 13:28:00 -0.012 -0.017
Table A 4: Corrected data of measured self-potential line 2
distance on ERT line (m) distance on tape (m) SPcorrected
135 4 12.09750467
137 6 7.535009346
139 8 7.240018692
141 10 1.789523364
143 12 6.00253271
145 14 9.660037383
147 16 4.735046729
149 18 7.542551402
151 20 6.460056075
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153 22 11.63756075
155 24 20.90506542
157 26 18.52007477
159 28 2432757944
161 30 25.74258879
163 32 13.28759813
165 34 12.1951028

167 36 19.74763551
169 38 24.42514019
171 40 30.04014953
173 42 29.14765421
175 44 29.55515888
177 46 23.06266355
179 48 49.37016822
181 50 31.5776729

183 52 23.99268224
185 54 16.32018692
187 56 20.80769159
189 58 6.442700935
191 60 6.250205607
193 62 5.390224299
195 64 20.77523364
197 66 4.120242991
199 68 2.121747664
201 70 3.557747664
203 72 2.057757009
205 74 2.940261682
207 76 2.144766355
209 78 1.179271028
211 80 0.014558152
213 82 4.243785047
215 84 0.71628972

217 86 -0.667205607
219 88 -0.095700935
221 90 0.015803738
223 92 -0.065691589
225 94 0.050308411
227 96 0.146813084
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229 98 1.363317757
231 100 1.19382243

233 102 9.845327103
235 104 9.880336449
237 106 12.81784112
239 108 16.92534579
241 110 19.52285047
243 112 1.99535514

245 114 10.41785981
247 116 1.770364486
249 118 -1.282121495

Table A 5: Self-potential data and ground surface temperature data loop 1
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Number UtT™Mm Time(hr:m) Vi(mV) Vo(mV) SPCorrected
(mv)
E N

0 511978 873812 9:44 3.2 321 3.205

1 511979 873824 9:46 12.76 12.65 12.72845
2 511976 873831 9:51 1.986 1.961 2.020397
3 511979 873845 9:56 16.46 16.34 16.47034
4 511981 873856 10:00 14.68 14.23 14.54879
5 511977 873884 10:05 214 214 21.51724
6 511979 873905 10:08 28.2 28 28.24069
7 511964 873906 10:13 29.8 30.1 30.11414
8 511956 873890 10:19 26.8 26.9 27.03759
9 511967 873888 10:22 13.87 13.71 14.00103
10 511967 873877 10:26 11.26 11.05 11.38948
11 511950 873876 10:30 11.49 11.34 11.67293
12 511951 873862 10:34 8.68 8.9 9.071379
13 511947 873848 10:44 4.27 4.29 4.584828
14 511964 873844 10:46 10.01 10.76 10.71328
15 511961 873827 10:53 3.7 4.61 4.506724
16 511964 873828 10:59 3.1 419 4.020172
17 511938 873812 11:07 6.51 7.49 7.398621
18 511955 873810 11:10 3.85 3.97 4.332069
19 511942 873800 11:19 0.87 0.811 1.286017
20 511921 873793 11:26 2.07 2.06 2.533966
21 511918 873783 11:41 2.27 2.35 2.802414
22 511923 873762 11:49 1.398 1.323 1.876362
23 511906 873755 11:57 3.39 411 4.28931
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24 511926 873734 12:03 -0.962 -0.9 -0.36824
25 511906 873735 12:12 -1.229 -1.494 -0.77529
26 511927 873713 12:23 0.919 0.663 1.400655
27 511910 873708 12:33 3.82 3.64 4.363103
28 511934 873728 12:41 1.691 1.669 2.336552
29 511978 873812 12:53 2.92 2.13 3.205

Table A 6: Self-potential data and ground surface temperature data loop 2

Number UTM Time(hr:m) Vi(mV) V,(mV) SPcorrected (MV)
E N

0 511978 873812 12:53 3.205

1 511982 873782 14:16 -0.57 -0.524 -0.654931034
2 511964 873779 14:23 -0.636 -0.695 -0.881362069
3 511945 873776 14:27 0.753 0.733 0.419206897
4 511988 873767 14:34 -1.106 -1.095 -1.532224138
5 511973 873759 14:42 -0.832 -0.874 -1.392655172
6 511988 873750 14:53 -1.558 -1.547 -2.200086207
7 511996 873728 15:03 0.889 0.901 0.139482759
8 511980 873729 15:12 -6.58 -6.94 -7.623448276
9 511949 873723 15:19 -0.877 -0.867 -1.84337931
10 511924 873729 15:30 -6.7 -5.9 -7.379310345
11 511911 873673 15:43 1.32 1.329 0.137258621
12 511930 873690 16:02 7.15 7 5.779827586
13 511928 873683 16:09 13.37 13.27 11.91689655
14 511946 873693 16:22 -1.179 -1.114 -2.657534483
15 511940 873709 16:30 -0.63 -0.631 -2.249465517
16 511977 873704 16:41 0.186 0.138 -1.564896552
17 511976 873684 16:50 9.78 9.85 7.980172414
18 511994 873686 16:56 13.42 13.55 11.54224138
19 511999 873699 17:01 -1.857 -1.853 -3.905689655
20 512004 873710 17:16 4.07 457 2.16137931
21 512008 873731 17:27 0.093 0.085 -2.177551724
22 512006 873753 17:38 0.623 0.883 -1.621482759
23 512005 873942 18:03 26.5 27.4 2446758621
24 512000 873909 18:08 374 38 35.10965517
25 511998 873882 18:13 16.44 16.57 13.80672414
26 511996 873857 18:17 154 15.69 12.7387931
27 511994 873846 18:32 46.2 46 43.18586207
28 511992 873831 18:36 435 43.8 40.62793103
29 511978 873812 18:48 6.38 6.29 3.205




Table A 7: Self-potential data and ground surface temperature data loop 3

Number UTM Time(hr:m) Vi(mV) V,(mV) SPcorrected
E N
0 512008 873731 9:40 10.57 10.19 8.202448
1 512032 873727 10:23 -5.33 -5.26 -6.58108
2 512025 873709 10:32 -9 -9.15 -9.46961
3 512043 873723 10:41 -4.01 -3.85 -3.43314
4 512051 873731 10:48 -11.19 -11.25 -9.83167
5 512040 873710 10:56 0.331 0.451 2.670801
6 512035 873702 11:03 4.01 4.35 7.351272
7 512022 873689 11:11 -7.19 -7.27 -3.16726
8 512038 873686 11:20 4.14 3.62 8.834213
9 512014 873691 11:29 -3.47 -3.2 2.510684
10 512007 873699 11:37 2.99 2.79 9.627154
11 512087 873711 11:56 0.316 0.28 7.926625
12 512072 873696 12:02 -5.02 -5.01 3.505095
13 512062 873691 12:07 -8.82 -8.91 0.546566
14 512073 873678 12:14 -0.229 -0.273 10.05204
15 512092 873686 12:23 -2.65 -2.47 8.634507
16 512098 873696 12:30 -2.45 -2.57 9.575978
17 512008 873731 12:40 -4.63 -4.92 8.202448

Table A 8: Self-potential data and ground surface temperature data loop 4

Number UT™M Time(hr:m) Vi (mV) V,(mV) SPcorrected
(mV)
E N
0 512008 873731 13:59:00 -5.37 -5.35 -7.97659
1 512109 873703 14:10:00 -0.257 -0.311 -3.12061
2 512105 873715 14:18:00 -4.24 -4.33 -7.34163
3 512121 873712 14:22:00 -0.204 -0.319 -3.53814
4 512088 873724 14:31:00 1.215 1.1032 -2.33756
5 512093 873736 14:37:00 -0.824 -0.831 -4.54417
6 512116 873728 14:41:00 213 214 -25.2867
7 512103 873743 14:45:00 -2.64 -2.46 -6.70671
8 512119 873735 14:50:00 -4.7 -4.93 -9.19172
9 512128 873720 14:58:00 -0.849 -0.78 -5.41124
10 512147 873730 15:05:00 -0.265 -0.227 -5.06275
11 512162 873721 15:11:00 317 311 26.36323
12 512175 873750 15:16:00 39.9 38.2 33.79321
13 512175 873712 15:23:00 52.9 54.1 48.0232
14 512131 873704 15:34:00 -1.488 -1.411 -7.14632
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15 512135 873715 15:43:00 -1.016 -1.05 -6.94984
16 512147 873696 15:50:00 0.57 0.571 -5.56635
17 512124 873701 15:56:00 3.5 3.38 -2.91687
18 512198 873755 16:25:00 0.986 0.982 -5.59288
19 512225 873766 16:31:00 2.76 291 -3.9619

20 512259 873758 16:37:00 6.4 6.46 -0.58692
21 512269 873749 16:42:00 1.638 1.78 -5.52793
22 512278 873725 16:47:00 0.484 0.427 -7.00145
23 512276 873702 16:54:00 9.59 9.57 1.903036
24 512266 873691 16:57:00 -0.69 -0.698 -8.59098
25 512259 873684 17:05:00 -1.541 -1.811 -9.793

26 512253 873689 17:09:00 9.06 9.03 0.707987
27 512243 873775 17:22:00 524 5.55 -3.16203
28 512251 873781 17:29:00 6.62 6.74 -2.09704
29 512262 873788 17:35:00 6.56 6.89 -2.27206
30 512264 873787 17:40:00 4.55 4.74 -4.57208
31 512008 873731 17:57:00 1.457 1.464 -7.97659

Table A 9: Self-potential data and ground surface temperature data loop 5

Number UTM Time(hr:m) Vi(mV) V,(mV) SPcorrected
g N (mV)

0 511978 873812 9:40 2.49 2.34 5.62

1 511994 873795 9:42 -2.55 -2.89 0.470345
2 512009 873765 9:49 -1.034 -0.743 2.28719
3 512031 873754 9:57 -1.151 -1.166 2.002534
4 512015 873789 10:02 19.48 19.56 22.66638
5 512023 873800 10:08 1.355 1.558 4.588224
6 512051 873790 10:25 1.808 1.764 4.903069
7 512051 873785 10:34 -0.745 0.756 3.107914
8 512066 873785 10:44 212 2.33 5.312759
9 512059 873758 10:56 2.18 2.16 5.243103
10 512080 873752 11:02 5.03 5.14 8.143448
11 512097 873786 11:09 2.16 2.15 5.198793
12 512104 873773 11:16 0.16 0.107 3.162638
13 512112 873762 11:23 -5.94 -5.97 -2.94052
14 512114 873741 11:28 1.973 1.886 4.929328
15 512126 873787 11:37 -2.37 -2.22 0.690172
16 512128 873769 11:48 -0.64 -0.644 2.328517
17 512135 873752 11:56 1.236 1.236 4.191862
18 512140 873739 12:00 2.53 261 5.511207
19 512161 873784 12:14 -3.64 3.78 2.996552

103



20 512168 873776 12:22 -7.23 -7.2 -4.3031

21 512186 873796 12:33 -1.809 -1.81 1.087741
22 512203 873777 12:41 -0.85 -0.853 2.031086
23 512204 873819 12:50 -1.087 -1.619 1.514931
24 512232 873843 13:00 -0.37 -0.314 2.511276
25 512227 873823 13:07 -0.955 -1.064 1.829121
26 512224 873802 13:13 -0.41 -0.521 2.358466
27 512258 873868 13:22 -3.18 -3.2 -0.38069
28 512265 873854 13:28 -0.511 -0.539 2.269655
29 511978 873812 13:43 331 2.37 5.62

Table A 10: Self-potential data and ground surface temperature data loop 6

Number UT™Mm Time(hr:m) Vi(mV) V,(mV) SPcorrected
£ N (mV)

0 511978 873812 13:43 331 2.37 6.045

1 512009 873825 15:14 -1.904 -1.908 1.278531
2 512014 873844 15:21 4.68 4.68 7.844063
3 512022 873856 15:27 3.77 3.59 6.823594
4 512037 873826 15:37 9.26 9.69 12.59813
5 512060 873838 15:42 2.83 342 6.227656
6 512074 873805 15:47 11.86 11.88 14.95219
7 512064 873828 15:51 8.23 8.69 11.52172
8 512076 873846 15:55 15.35 15.89 18.66125
9 512074 873813 16:00 11.52 11.68 14.62078
10 512074 873833 16:04 16.36 16.85 19.60531
11 512092 873860 16:08 -12.99 -12.81 -9.92016
12 512090 873810 16:14 20.7 204 23.50938
13 512092 873835 16:17 11.93 12 14.90391
14 512109 873864 16:20 12.76 12.77 15.68344
15 512107 873812 16:25 14.34 13.94 17.03797
16 512110 873842 16:29 19.81 19.77 22.6675
17 512130 873874 16:04 14.33 14.43 17.23703
18 512132 873824 16:40 21.6 21.6 24.43656
19 512134 873851 16:43 25.9 26.1 28.81609
20 512163 873893 16:47 17.98 18.08 20.82563
21 512163 873840 16:53 8.76 8.81 11.56016
22 512165 873863 16:57 22.8 229 25.60469
23 512196 873896 17:02 14.73 14.7 17.44922
24 512180 873847 17:06 51 5 7.76375
25 512192 873829 17:08 -0.57 -0.581 2.117781
26 512189 873872 17:13 0.943 0.672 3.480313
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27 512221 873898 17:18 3.27 3.4 5.987344
28 512223 873860 17:22 2.71 2.74 5.356875
29 512225 873875 17:25 -3.88 -2.73 -0.69359
30 512244 873879 17:28 -5.89 -5.85 -3.27906
31 512238 873910 17:33 -4.47 -4.15 -1.73953
32 511978 873812 17:45 3.6 3.39 6.045
APPENDIX B
Table B 1: Data from VES survey at VES 1.
AB/2 MN/2 K-Factor R Rho app
[m] [m] [m] [ohm] [ohm m]
1.3 0.5 4.5 2.4628 11.14
1.6 0.5 7.3 1.444 10.48
2 0.5 11.8 0.74094 8.73
25 0.5 18.8 0.3438 6.48
3.2 0.5 314 0.15161 4.76
4 0.5 49.5 0.0857 4.24
5 0.5 77.8 0.043836 341
6.5 0.5 131.9 0.022228 2.93
8 0.5 200.3 0.013196 2.64
10 0.5 313.4 0.0078488 2.46
10 2 75.4 0.035066 2.64
13 2 129.6 0.018833 2.44
16 2 197.9 0.011423 2.26
28 2 612.6 0.0036964 2.26
32 2 801.1 0.0030672 2.46
32 5 313.8 0.0081157 2.55
50 5 7775 0.0043525 3.38
65 5 1,319 0.0036413 4.80
80 5 2,003 0.0026865 5.38
100 5 3,134 0.0019645 6.16

Table B 2: Data from VES survey at VES 2.

AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
13 0.5 1.9249 8.71
1.6 0.5 0.99465 7.22

2 0.5 0.45933 541
25 0.5 0.22944 4.32
3.2 0.5 0.10708 3.36
4 0.5 0.052566 2.60
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5 0.5 0.028778 2.23
8 0.5 0.0092914 1.86
10 0.5 0.0059077 1.85
10 2 0.026671 1.97
13 2 0.015416 2.00
16 2 0.010789 2.13
20 2 0.0074468 231
25 2 0.0053085 2.59
32 2 0.0036881 2.95
32 5 0.0092458 2.89
40 5 0.0070671 3.49
50 5 0.005125 4.04
Table B 3: Data from VES survey at VES 3.

AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
13 0.5 45 90.22
1.6 0.5 7.3 88.26

2 0.5 11.8 69.81
25 0.5 18.8 60.34
3.2 0.5 314 43.07
4 0.5 49.5 32.47

5 0.5 77.8 22.47
6.5 0.5 131.9 18.18
8 0.5 200.3 16.52
10 0.5 3134 14.52
10 2 75.4 13.91
13 2 129.6 11.36
16 2 197.9 9.46
20 2 311.0 8.23
25 2 487.7 6.55
32 2 801.1 6.15
32 5 313.8 5.84
40 5 494.8 6.91
50 5 777.5 7.62
65 5 1,319 9.69
82 5 2,105 8.33
93 5 2,709 7.88
93 10 1,343 6.69
105 10 1,716 7.69
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Table B 4: Data from VES survey at VES 4.

AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
1.3 0.5 45 800.64
1.6 0.5 7.3 891.86

2 0.5 11.8 847.55
25 0.5 18.8 729.43
3.2 0.5 314 483.45
4 0.5 49.5 355.24

5 0.5 77.8 246.41
6.5 0.5 131.9 136.85
8 0.5 200.3 78.01
10 0.5 313.4 35.93
10 2 75.4 34.17
13 2 129.6 16.12
16 2 197.9 5.10
20 2 311.0 6.02
25 2 487.7 5.14
32 2 801.1 1.01
32 5 313.8 9.16
40 5 494.8 9.33
50 5 T777.5 9.66

Table B 5: Data from VES survey at VES 5.

AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
13 0.5 45 65.56
1.6 0.5 7.3 63.23

2 0.5 11.8 57.87
25 0.5 18.8 51.46
3.2 0.5 314 42.78
4 0.5 49.5 34.61

5 0.5 77.8 24.34
6.5 0.5 131.9 19.44
8 0.5 200.3 17.41
10 0.5 3134 17.25
10 2 75.4 16.86
13 2 129.6 15.33
16 2 197.9 13.85
20 2 311.0 13.01
25 2 487.7 10.85
32 2 801.1 8.82
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Table B 6: Data from VES survey at VES 6.

Table B 7: Data from VES survey at VES 7.

32 5 313.8 9.64
40 5 494.8 8.04
50 5 7775 7.41
AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
13 0.5 45 35.98
1.6 0.5 7.3 24.29
2 0.5 11.8 15.63
25 0.5 18.8 8.33
3.2 0.5 314 4.05
4 0.5 49.5 2.69
5 0.5 77.8 2.14
6.5 0.5 131.9 1.94
8 05 200.3 1.88
10 0.5 3134 1.92
10 2 75.4 1.85
13.6 2 142.1 1.69
16 2 197.9 1.85
20 2 311.0 2.10
25 2 487.7 2.35
32 2 801.1 2.82
32 5 313.8 271
40 5 494.8 3.27
50 5 777.5 3.96
75 5 1,759 5.75
100 5 3,134 6.31
AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
13 0.5 45 21.58
16 0.5 7.3 20.27
2 0.5 11.8 17.64
25 05 18.8 13.28
3.2 0.5 314 12.90
4 0.5 49.5 12.47
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5 0.5 77.8 11.08
6.5 0.5 131.9 10.66
8 0.5 200.3 10.68
10 0.5 3134 10.60
10 2 75.4 9.40
13 2 129.6 8.35
16 2 197.9 8.64
20 2 311.0 7.23
25 2 487.7 6.42
32 2 801.1 5.47
41 2 1317.11 6.22
50 2 1960.35 21.86
Table B 8: Data from VES survey at VES 8.

AB/2 MN/2 K-Factor Rho app
[m] [m] [m] [ohm m]
1.3 0.5 45 7.21
1.6 0.5 7.3 7.01

2 0.5 11.8 7.37
25 0.5 18.8 6.88
3.2 0.5 31.4 6.85
4 0.5 49.5 6.41
5 0.5 77.8 5.49
6.5 0.5 131.9 4.75
8 0.5 200.3 3.87
10 0.5 3134 3.39
10 2 75.4 5.52
13 2 129.6 5.52
16 2 197.9 5.24
20 2 311.0 5.34
25 2 487.7 3.90
32 2 801.1 6.62
32 5 313.8 9.50
40 5 494.8 7.33
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Abstract

Geothermal energy is a renewable energy source based on the almost unlimited amount of heat
generated by the Earth interior. Geothermal areas depend on a reservoir of hot water, which will be recharged
after taking it out, thus making it a sustainable energy source. Geoscientific exploration provides a range of
methods for the exploration of geothermal sources, with a variety of geological, geophysical and geochemical
methods. Geophysical exploration surveys utilize differences in the physical properties of the earth's materials.
This paper further presents results from a case study, the saline hot spring in Khlongthom District of Krabi
Province. Different methods have been applied and based on that a final geological model has been drawn.

Keywords: Geothermal system, hot spring, Geophysics, Resistivity survey

AT OVMILVRINEINUNALNUaZ I AiBN 1SHERNT Y TN
Wuradafvinduinsiarunsoannisuassine

<13 =

1. uniih
Yagtumlanmdssyavivlyminnunauaau

NFINUDENTURTI MIFumundndinunaunuisie
Wuitusiavdnveainidendanuynay afuannusiudle
wazin3atnemsuidyming1933ads uanaindgymidiu
wimweueau Jyginisudesiemiveulneenledi
Udssaangtuussemeaiiiuaanaspuuasiuualiu
getuyn® nildluannaudniuiainnsruiunisudn
nsvualiidedemasdiuiuwazthify dafumnis

afuaulaeenledgiuussermadnuis laenan1sdrsnn
naundumawnuiivassieasusulasenlymiseiian
Iasyylindsnuanuiouldfinn (Geothermal energy)
Wundsuazerawazgniiimduundmdanumuieud
dhifvindu
v, Vo - v ¥ & g vy
mwdauldiinn Ao wisnumuiauiigndnifivl

S &

Tetalanluuinnidfuninazandegluseduiu wie

1263

ALIMENAENT TINAU amivendewily
“gREMNTIN-NAI isawanUsznalne”




ENERB Y@yt
THAILAND

msvseinneiorondsmuwisUssmalnended 12
12th Conference on Energy Network of Thailand

vinadiimsiedeusivesddenianiliinmsdenainy
Sousuautusnuuinlan fegheitliduiuilumuly

g'd‘naufm%'au (hot spring) Fufuusingnisal
sssuvRdiithfeulwatumanldianu lnenszuaunts
wothwou Uit 1) dedhenindulnaduiude e
fuadluldmalanauluiinuvesiuiuiiviwiibidu
wdsinifiu wdrennidlethldunissremarudouan
wndsvasnnudouiteglilan dwmalithifuiigninuiueg
Huwvswisuanmituhiou dedusediuiuinudlnady
dieuuinlandisusasedinuuiianeisesunnuay
souidauvadiiu vinliAnusingnisaisssumAfient
Taofaludnhydoutu

geyser

Sy Sleam S e
aroundwater
~

\ !

D

-superheated
\ \ \\ waler
e
I
porous

rock A X =4

® 2006 Encyclopadia Britannica, Inc. =
Ui 1 maiintmdau (hot spring) [1]

dmfuseifeaduiliiaueiBnsdrsaunds
thmfoudunassion Yminnsyd Taedsnismsssd
fidndfiednulnssadronessafiveldiupuielusydu
Aunarin wavnsadruuuassdnvaslasiaiiama
salienivsuiudnenmvaunanimiou sely

2. M3d15IMsIiiing
mydnadnvaziusasssdiverlasiairaiu
mMsAnwdfutuiunisuiaveulakaznsfnuneny

v
wa &

vasypiusluidinwinuantiifuguvesiuuiavein

I

am v 4w PR vy
’Jﬁﬂ'ﬁ’lﬂu'ﬁli‘l’al;!ﬁvl"I\lﬁiﬂn'ﬂﬂ"luuﬂﬂ"Nl‘UUﬂ']ﬂ.‘U'JﬁVIU
Anvaunz (Well logging)

3. msdsramaesaiad
nsdnwnasUsznaumaevaavanimiou e

Answivlauazauanivewimaiiarmeegluumdnh

Tng3smstinsziilelelnuiutunsed Wudu

4. nsdrsramessainand
n15d151INNesIEAAndANSANwIAN Y
Tnssad1s wie asrUsznaudieg neldialan lnsande
nanminMuuaniwaInuaniinamenmuesingang
wilaffu (physical property) feta3esilofifinisosnuuy
W iled157901muAN AT BIRAENTRLI NI EF M
menmuesingld auaniinanenmussingieguans
¥in Feannsafnuldlanisdrsranassdiandd
unnsinatueenly sgratu msrnwndulmaziiiou e
maniewdulufuiy msdseaunuuimén e
Anumanmeadulimauimdnvesiunarus msd1n
Aawnalifudaitemanauuliudsfinunfinazaai
wuwiuresiaRunsdTIAtan mEun e e
Annmanminummiliihesduiu Hudue

s o, daa <
A5 1 N15ANTIINETUNENS

AnaNUIMInIemMwiAnwm

Bmsdsn

. 2 T
amusinauluduiu-iu
(Seismic velocity, Vg, V. )

msdsrardulinasiiou

MsEsIvauIwivAn manmeaniulimawivan
(Magnetic susceptibility, k)

msdmamaunliugn AAIMULLILTB T uRY
(Density)

msdsvanmdumnilwin | danmdumuliiiluiuiu
(Resistivity, )

sseatuil fadiuluiinisdnviuazdsiouvas
nFauaudeuldiandieisnisdrsivinanmiumiu
v (Resistivity survey) n13d@1529 3nan mAunulvidn
WumsTnmmusiedndlnilnemsddesnssualihas
WluiAumediudelwiinszuanss dsfifnaseanig
Wasuuvasvesnnuiisdndludi Aequandinig
mMenmvasiu-fufiusenaudie usesiusznau Ny
vouvadlugngy uazasdusznoudu iegluiedu-u
Fofuusylenildannnisdrsasanmuniulings
18t Tamduduiiiiosdusznouroaus swguuarinsdy

1264

AngInemans Ny s ivendeuald
“gREMNTIN-NAI isawanUsznalne”

112



(na ]

—

-

mMsvssimmsieletendsauisUssinalnendail 12

12th Conference on Energy Network of Thailand

H

NERGYApt:
H’A;‘L”KN%IZ

shufiwandnafiu Tdduiuduimiedumhuina Tdm

<

YBULUATDINSUNI nivestuiuAy Tdnnlnsdlatiafu
3 5 i Bavm i a
visadsraseRunlafRuiudiu 2]
& &
wanmsiUasiulunisdrsasamwinuniuluin
3 %
anmwdunulvihvasing
Aranmdumulnivasing (Resistivity, p) tJu
auaudilawemnieameesiagiivanliniui ag

]
A

Tufianudnumlni viesenlinszualwnlvasiiuunn
v - - s ao & 4 v o
eeiieda 91n3U7 2 defiinganuens L fiudimihda A
uazAIALAmUNIY R ansafmuinanmiuniulngi
vaTnglenail [3]

p=— @

JUR 2 Msemnamanwiunlnih Wetnglimnu
8 L fiufivihdia A Aranudunulnih R

msIaamuarunulwih1ifi2fu
1n3UT 3 Wevimstndalviiwisdtasuuiofu
Tnglidalvidi A uag B 1utaildlunmsuasynsualvifia
uardaludh M wag N Hudaildlunisudesnszualuiin
; ; " e v
azamsanuanatanwaumuliih ldiafulaleg
aung

_ AVyy 21

— ) @
AM BM AN BN

o AV ferrudnedngluisewineta M uaz
N (v), Ao nszualvihildlunisudesasgléfiafiu (A), AM,
BM, AN 1@ BN @ szozvissevinadalvii (m)

Naun1sh (2) manindrunuladiaiuisa
Muanildainaunis

p =Rk ®)

dia R Aemaudmumulviihiila (Ohm), K fed
Geometric factor GsTupgiunsdnTestalvi (m)

Source Meosse

Curant Flow
Ihrough Eanh,

<< 820)nG DUN0I) MO UIdeg

U 3 sUnuumsdnBeadaluin e A uay 8 Aedaluih
fldlunsudesnszua uaz M way N fathlwiiildlunis
Tadnglviv [3]

A1519 2 AManwiunuliih wazanisiilad 3]

Material Resistivity (Qem) Conductivity (Siemen/ra)

Inm:«n-._mvrl Metamaornhic Rocks

Gr: 107 -2x10

Tasalt 010

Slae fx10' - 4x10 25010° -1 7x10°

Marble 107 -2:5000° 10" 10"

Quartzite 10" - 2x10° 5x107 -107
Sedimentary Rocks s !

Sandstone 8-4x10° 25x107 -0.125

Shale 20-2x10" sx10” - 0.05

Limesnonie 50-4x10° 25x107 -0.02
Soils and waters

Clay 1-100 001 -1

Alluvium 10 - 800 1.25x10° - 0.1

Groundwater (fresh) 10-100 0.01-0.1

Sea water 02 5
Chemicnls

Tron 9.074x10° 1.102x10°

0.01 M Potassium chloride 0.708 1.413

0.01 M Sodium chloride 0.843 1185

0.01 M acetic acid 613 0.163

Xylens 6.598x 10" 1.420x10"

e <«
mimuaua:qﬂnsm

wdnalovdnlldlunisasnmamuiumuli
Usznaumeniasindanménumulnin Falviilane
wazanellilumsiSoudegunsaifauundasiu uenani
algunsaisndudug lunsfudeyaniraundu dou
puLeT winataRinshuviua (GPS) gy

msdsamamwiruulviuuuvdadnuuaie

nsdrsanmirumulviiuundadnuuaia
(Vertical electrical sounding, VES) t{un1sd1saaanin
sumsldiniigelagemilednadluliingu nadildainms
dsareaamniumuliivestusuiiudsusdasmy
anudn Ssannsodmaiildlundanusuiudeyams
ssimeniteWlfviauasanumuivesduiu ($re8ald
ndeyaranmenunulninvestuusiazeiia)

1265

AngInemans Ny s ivendeuald
“gREMNTIN-NAI isawanUsznalne”

113



mMsvssimmsieletendsauisUssinalnendail 12

12th Conference on Energy Network of Thailand

JUT 4 fhagevesraiildnnnisdrsavanmsmmilih
wuurddnuwafs Aanmduniulvive siuiui
wWasuuvawmuauin

msasramwanansadmwatuniulnih
v o i ¢ .

msasenmanveatamudunulwildiafu
(Electrical resistivity tomography, ERT) tflun1sdrsiaem
amwinumulwivesduaulu 2 07 Wednwimsnszane
P ; 5 oo o
fvesaranmdruniulvildfdfuislunuifay
wu251u waflaannsdrsivvihlvinsuiisdnuuy
Tnssasraldfiafiu

saren
trreean
tarreeean

IERT R

R R

o +ratereatar
trar e ae ey
Sarereares
rressaas

Uil 5 fhagmsaiunmdnrnsdtanmsumulng
5. mydsauwauhydeuiduaaswion Smiansed

nsd1srluasaiiidmuneiiednwiuazihany
Wilalasearanassdlingrlussiuiuyssunanimiou
Wunassien Yaninnsylmeisnisdrsnanmdumu
Ivifhuuundednuuafs waznisainnmdavinadtanin
y Fodde o a o w ¥
grumulwihfiufiivhnisfnvdaegluduareiin
gunanaawvie wuIlhnisdTRegunamwaulive
valmiaufimdnuaznnauldvecimeiay meluth

PR ) T S - ' 9
weauluiifiiendefusnnsydifielwlugnuadun
_— v 2 o da¥ v
fugfimanslaeiluvesiivifudivneauiiiimsou
i Tumanaumile wardarudrduidusazenanis
Tumanauld (4]

[

Hot spring poolé . gt
- KB4/1

Natural hot spring
KB4/10

4
3UR 6 Tufidnw

viumdnvasthwieufe KBa/s wavasvthwiou
fignaireiunmeasylnswismgungiidmiulilunis
9 KB4/5 tuiithdoustaszide uavkea/10 Wuvetm
SoussumnA

doyan1sdrsavssdliafiann KB4/ uansliifiuin
Na warcl fmmndudugiluuinaiduiviuuenandu
Samun Ca, K way Mg dxiiaamidudugadle Fe fiandau
vwimhaunsaduunldnudnvuasursslumiveiun
uavaanlsn

é’nwmxmaﬁiiﬁ‘iwﬂﬂmudau‘lunﬂagﬁm%auﬁ"aad

4
a &

UAuN"e (Triassic Sai Bon Formation) fuiiuyuliind
saupimieuduunamninmssnazneuvenhiounin
mdeu

s

Bnsmsdrsae

N15d19734UY VES 1ain1n5v2189ad1919
aanillu 7 90 avouaquituiiuvaniyiou wuadisiad
AINE1IVTUI 200-300 wns viliaudngegaiild
NMI1539887 60 Wing Han1sdarIalagnihanAnm
solnemsihfeyauniiessvinufuiieuadranmsinrang
mvsvaveswnanimisu Mndeyanisdrsivamne
afanmdnwld 2 wua (3 Duwaznisd19aERT 1
Hauua 2 wuad1513 (Linel uaz Line 2) aglufia
nzTusanidsuniiovanguuuadisia VES unidrsindl
ATNYNUTEAI 400 LINTAINANGIFPAINNNTANTIRY
fiuszanal 55 wng [5]

L
msAamnuAanudeya
= v ° o, 13 & v

msfianudeyavilalaenis ihaateyadildain
mMsd1srannssdiidnduiuvanasiufudayanis
sidiinenedradu Yeyadnuuvvesdunynauluiiud
Foyannvamziusiu Feashlivhlimsiiadeyad
AwiugmIN Ty

1266

AngInemans Ny s ivendeuald
“gREMNTIN-NAI isawanUsznalne”

114



115

ENE EYIZih nﬁ\.]i.“,'qu%‘mmim?mhuwﬁmuuﬁq\hzmﬁlﬂuﬁixﬁ 12
12th Conference on Energy Network of Thailand

Depth _Reration 9 RMS emor = 36.5 %
00 250 500 750 100 125 150 175 200 225 250

Inverse Model Resistivity Sect!
) [ . ) ) .

0451 110 268 653 159 388 947 231
Resistivty in ohm m

$UT 7 ) mafiudegrainiteanamsssdiniiivauimou kBa/10 waznsifiawiuiiuyuseutathviou
b) msdranessiiive famneluiivivedmiou o) msdisnamwiumuiliiuuunddnuuiaduinidnm
d) nsdrmanuvaiunmdarianmsum il e) mwdarinamwdnmiulviivinaiedmiou kB4/10

1267

ALIMENAENT TINAU amivendewily
“gREMNTIN-NAI isawanUsznalne”




ENE EVYIZXh nﬁ\.]i.“,'q:ﬁ‘mmim?mhuwﬁquuuﬁqﬂiztwﬁTﬂuﬁ%ﬁﬁ 12
THAILAND 12th Conference on Energy Network of Thailand
6. dgUna

a_ o«

s amnssdiidandaruisalelunisdnwn
Tassadraneg nmeldduiaauldidiuegned Faildaannsa
T4lun1sfine) 95U18 LATMIVBULYA VD IUNE INEINY
mwouliianldsniduiu lunsinuiteagunateys
tusntiugesdanuswiutoyaduq adhasu Tayams
s3iAnen Foyannvainy Wusou wielinsaguna uas
ssuednunrlasiaddldifuianuaiudiun ety

Joua
|

U 8 wiunmuansdnvglasaainamassdinen LS e
Fuyu SS Apfiunsne cc fApuruiuyu MC Aoduwiladu
i HW Aotdeu How Aevsewudu sw At 1
Founnunasinifivlusydudin uasifunavziaunsnid
wiludihunaseduiu wauavegsmtudnduy
%’aumuﬁimmﬁﬁuméﬁaﬁu

7. inAnsauUsEme

vorauANAINTEANG uay andidussdliiand
wninendeasvaruniunidmivieyauaziaiaaiionns
dr9vssiiiandniaaun

8. 1aNA1581984

[1] Encyclopedia Britannica (2006)

[2] Sartarak, P., (2007). Exploration geophysics, Faculty
of Technology,KhonKaen University

[3] Kearey, P., Brooks, N. and Hill, . (2002). An
introduction to geophysics exploration 3rd ed. ,
Blackwell science Ltd., Oxford, England, pp 183-185
[4] Pothaworn, K. andDurrast, H., (2015). Shallow
subsurface structure around the north western part of
the saline hot spring in Khlongthom, Krabi, from 1-D
VES., Department of physics, Faculty of Science, Prince
of Songkla University

[5] Chaiyarak, N., Ngasom, W and Durrast, H., (2016).
Shallow geological structure of Khlongthom hot spring
area, Krabi, Thailand, from 2D- resistivity, Department
of physics, Faculty of Science, Prince of Songkla

University

1268

ALIMENAENT TINAU amivendewily
“gREMNTIN-NAI isawanUsznalne”

116



117

SWAT SEEA 2017

THE &' ~_l_..l._.;u ATER ASSESSMER
COMFEREENCE & LIF‘r-""HLJF |

23 - 26 OCTOBER 2017
%  HOTEL BANGI - PUTRAJAYA
%, BANGI SELANGOR

PROGI;AMME

ABSTRACTS

BOOK

HETAr, f g

seromne (50} Q2
v g i FONEECTN




118

Near surface flow characteristics from self-potential measurements at
the Khlongthom Saline Hot Spring in Krabi, Southern Thailand

Maytipa Phalakarn and Helmut Durrast

Geophysics Research Center and Department of Physics, Faculty of Science, Prince of
Songkla University, HatYai 90112 Thailand

E-mail: kati_aar_@hotmail.com; helmut.j@psu.ac.th

Abstract

Self-potential or streaming potential (SP) anomaly measurements is one
geophysical method which is often used to localize fluid flow pathways in porous rock
and soil, as the SP response is directly linked to subsurface fluid movement. Here,
measurements of SP in the Khlongthom saline hot spring area, located in Southern
Thailand, are presented. Self-potential profiles were combined with soil temperature
and electrical tomography resistivity data to identify preferential fluid flow pathways in
the subsurface. Due to water flow in an overall higher saline environment the SP signal
is positive, a sum of streaming and diffusion potential, thus reflecting only relative
shallow groundwater flow.

Introduction

Khlongthom saline hot spring (7.904° N, 99.110° E) is located in the southern
part of Krabi Province, Thailand, about 85 km east of Phuket; it is close to one of
tributaries of the Phela River system, which connects to the Andaman Sea. The hot
spring water reaches temperatures of around 40-47 °C; it is salty (around 2 ppt) because
of the mixing of hot water, which emerges from the subsurface, and salty groundwater
related to river water influx. The area is surrounded by mangrove forests, salt marsh,
and palm oil plantations (Fig. 1). The saline hot springs are located on Triassic
sandstone; the shallow subsurface consist of alluvial deposits with of medium to coarse
grained sand, clay, black marine clay (Fig. 2). Additionally, calcium carbonate crusts
found around several natural hot springs as the result of precipitation from the hot spring
waters. Self-potential (SP) surveys have been carried out in order to understand the fluid
flow in the subsurface of this salty hot water environment.
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Figure 1: Study area, view to South; to Figure 2: Soil profile and soil
resistivity;
the east salt marsh, in the west mangroves. upper part: black clay, below: clayey
sand
with sandstone fragments.

SP measurements are usually used to characterize subsurface fluid flow and to
localize fluid pathways in various geophysical surveys, such as in geothermal areas or
for saline aquifers (Jaafar et al., 2009). This method is a passive measurement of the
naturally potential that is occurring and distributed in the Earth. This natural potential
is results of fluid flow passing through a porous media or capillaries thus generating an
electrical field; this process is also called streaming potential (Friborg, 1996). Streaming
potentials arise from the electrical double layers occurring at solid-fluid interfaces. Main
key petrophysical property associated with streaming (VV) and fluid (VP) potential
gradients is the streaming potential coupling coefficient (C); when the total current

density (j) is zero C is expressed (Sill, 1983):

C = V_P jog s (1)

In the case of an environment related to salty water flow in the subsurface, the
magnitude and sign of streaming potential coupling coefficient depends on the salinity,
which is the electrical potential associated with the counter charge in electrical double
layer at the mineral-fluid interface (Jaafar et al., 2009). The transport of the conductive
salty water through the porous rock changes the localized streaming potential coupling
coefficient, which is associated with the advective drag of the excess charge of the pore
water and is also responsible for a diffusion current associated with the salinity gradient
(Ikard et al., 2012). Several studies found that the magnitude of the streaming potential
coupling coefficient decreases when salinity increases (Jaafar et al., 2009; Vinogradov
etal., 2010; Ikard et al., 2012). When salty water moves in a porous material, e.g. porous
rock or sand, the total source of the current density generated self-potential signal is
associated with two contributions. The first one is streaming potential, which occurred
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by the flow of pore water itself. The second is the diffusion current density, which
related to gradient of the salinity (Ikard et al., 2012).

Materials and Methods

An electrical resistivity tomography (ERT) survey was carried out in 2015 using
dipole-dipole configuration, along a 430 m profile line, with electrode spacing of 25 m,
n=8, and an effective depth of 50 m. Data processing was done with RES2DINV
software to produces a cross section of the electrical resistivity (Ngansom and Durrast,
2016). Two SP surveys have been done in April 2017 along the ERT survey line with a
total of 300 m length (Line 1: 180 m, Line 2: 120 m). The first profile line is parallel to
251-431 m on the ERT line, and the second profile, measured one day after Line 1, is
parallel to 130-250 m. SP were performed by using Pb/PbCl2 non-polarizing electrodes
connected to Terrameter SAS 300. Data acquisition was done with fixed base
configuration; potential differences were measured between reference and moving
electrode. Three non-polarizing electrodes connected in a hole were used as the
reference electrode (base); one electrode was moved with 2 m spacing along the SP
profile. Soil temperature was measured along the SP profiles on the SP data locations
shortly after SP measurements. A type K thermocouple was put into the ground at a
depth of 30 cm.

Results and Discussion

ERT profile with parallel SP and temperature data are displayed in Fig. 3. The
bottom part of the ERT section shows high to very high resistivity values corresponding
to dense sandstone with almost no water content; confirmed by drilling (not shown
here). Further above parts of the ERT section show very low resistivity values
corresponding to saline groundwater in clayey sand layers. Some shallow higher
resistivity layers (e.g., 350-400 m) represent dryer sand. The very shallow part with
black marine clay on top (see Fig. 2) is not resolved by ERT. The first SP profile line
shows values ranging from -488 to -166 mV, and the second profile line show SP values
ranging from -1 to 49 mV; difference in the absolute SP values were caused by rain
between the measurements of the two lines. Both SP profile lines exhibit clear positive
anomalies, which correlate with lower temperatures compared to the overall trend line.
The temperature trend line exhibits a positive anomaly with a peak at around 220 m due
to higher heat flow from the geothermal system. However, not all soil temperatures
below the trend line can be correlated with positive SP anomalies (Fig. 3).
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Figure 3: Electrical resistivity tomography section (top), self-potential data from two
survey lines (middle), and temperature data (bottom) along the main survey line, a rural
way in the Khlongthom Saline Hot Spring area (see Fig. 1).

Following scenario might explain all observations (see Fig. 4): Rain water
falling onto the ground picks up NaCl from the highly saline marine clay (salt marsh) at
the surface and in the very shallow subsurface, thus becoming saline groundwater. This
colder rain water is gravitationally flowing down as groundwater, thus decreasing the
near surface soil temperature with respect to the higher temperature trend line due to
geothermal heat flow (Fig. 3). Groundwater flowing down usually creates a negative SP
streaming potential. However, in this case the groundwater flowing down through the
porous clayey sand is highly salty, thus reducing the magnitude of the (negative)
streaming potential coefficient, which results in a decrease of the SP field associated
directly with the flow of the groundwater (Ikared et al., 2012).

Further, due to higher salinity in the near surface layer and lower one in the
layers beneath a salinity gradient occurred, which created a diffusion potential of the SP
field generating a larger positive anomaly (Ikared et al., 2012). The total SP anomaly, a
sum of the streaming and diffusion potential, therefore is positive in this environment
as measured (Fig. 3). At locations with negative temperature but not positive SP
anomalies rain/groundwater is only flowing down into the upper black marine clay
layer, but not deeper into the porous clayey sand (see Fig. 3), as the permeability of the
clay layer is relatively low. Flow further down might be along fissures or cracks.
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Figure 4: Schematic diagram of the shallow fluid flow, which generates the SP signal;
R: rain water; A: SP measurement point (total SP anomaly); (1): rain water mixes with
NaCl; (2): SP signal generated from streaming potential; (3): SP signal generated from
diffusion potential related to NaCl concentration differences; CL: clay layer; S+CL.:
clayey sand layer; for (2) and (3): red curve indicates SP signal from salty water flow,
blue curve SP signal from normal groundwater flow.

Conclusions

SP measurements in combination with soil temperature data have revealed
shallow gravitational water flow paths in an overall saline environment resulting in
strong positive SP anomalies, which override any possible signal from geothermal water
flow at depth.
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