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a  b  s  t  r  a  c  t

After  early  exploration  during  the  1980s  and  1990s,  the  0.3  MW  Fang  geothermal  power  plant  was  built as
a  demonstration  to  supply  electricity  to  the  local  community.  The  shallow  well  (100  m)  drilling  program
produced  about  22 l/s  of 125 ◦C water,  and  two  wells  to 500  m  produced  about  10  l/s.  Due to  the  lack  of
detailed  information  on  the  geothermal  system,  the  plan  to expand  to a larger  power  plant  was halted
to  avoid  the  drilling  missing  the  hot  fluid. The  plan  was  resumed  in  the last  ten  years  starting  with
the  magnetotelluric  (MT)  survey.  Thirty  three  MT sites  were  deployed  on  the  southern  part  of the  Fang
geothermal  area.  A remote  site  was  installed  about 600  km  south  of  the  study  area  for  better  data  quality.
After  data  processing,  the  data  was  inverted  with  WSINV3DMT  to produce  the  3-D  resistivity  model
which  clearly  matches  the near-surface  geology  and  is  also  in  agreement  with  the conceptual  geology  of
the  Fang  geothermal  system.  The  high  resistivity  zone  is  interpreted  as the  crystalline  granitic  rock,  while
the  intermediate  resistivity  zone  is  associated  with  the Fang  sedimentary  basin.  The  resistivity  contrast
between  the higher  and  lower  resistivities  helps  reveal  the  orientations  of the  major  Mae  Chan  Fault
(MCF)  and  the two local  faults  of  the  area.  The  two main  conductors  of  interests,  C1  and  C2, are  directly
linked  to  the  hot  fluid  found  at the surface.  C1 is shallow  (<50  m),  and  found  only  beneath  the  Fang  hot
spring,  and  so  it  is  interpreted  as  the  fracture  reservoir.  C2,  which  was not  discovered  in previous  studies,
extends  from  near  the  surface  to a depth  of 500  m,  and at a depth  of  200  m, it is about  1  km  wide.  It is
about  1  km  south  of  the  Fang  hot  spring  where  the  warm  water  was  found  to  have  seeped  to the  surface
through  the  MCF.  Two  possible  interpretations  are  proposed  for  the  C2 conductor.  The  first  is  that  there
is  an  impermeable  clay  zone  trapping  a relatively  high  resistivity  geothermal  fluid  reservoir  beneath,  like
the  caprock  of a magmatic  geothermal  play  type.  This would  require  a deeper  well  to  extract  the  hot

fluid.  As  with  the  C1 conductor,  the  other  interpretation  is  that  the  C2  conductor  is  a fracture  geothermal
reservoir  where  hot  fluid  from  the  deep resides  within  the  pores  of the  sedimentary  rock  and  fractures  of
the  altered  granite.  This  would  require  a shallower  well. Both  interpretations  suggest  that  the C2  anomaly
is  of  value.  Since  it has  never  been  explored,  a drilling  over  the  C2 anomaly  is  recommended  to probe  its
characteristic  and  also  to  extract  more  hot  fluid  for the  future  expansion  of  the  geothermal  power  plant.

© 2016  Elsevier  Ltd.  All  rights  reserved.
∗ Corresponding author at: Department of Physics, Faculty of Science, Mahidol
niversity,  272 Rama 6 Road, Rachatawee, Bangkok, 10400, Thailand.
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1. Introduction
The Fang geothermal area is about 140 km north of Chiang
Mai city (Fig. 1). Evaluation of the area began in 1977 when
detailed geological and resistivity surveys were conducted in the
Fang hot springs area (rectangle in Fig. 1 and red dot in Fig. 2)
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Fig. 1. (a) Hot springs in northern and western Thailand are marked as circles with different colors for different temperature ranges. The regional geology of the blue rectangle
is  shown in (b) in which the survey and study area of this paper is marked with a red rectangle. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)

Fig. 2. Detailed geological rock units with major and local faults and topography of the Fang hot spring study area. The crosses indicate the MT sites. The observed data at the
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lue  stations are shown in Figs. 4 and 5. DKF is the Doi Kia Fault; MJF is the Mae  Jai 

ommunication, 2015). FX-2 and FX-4 are the intermediate 500 m depth wells. (Fo
he  web version of this article.)

Wanakasem and Takabut, 1986). Following the low resistivity
ones (Coothongkul and Chinapongsanond, 1985), the shallow well
<100 m)  drilling program around the hot spring yielded a flow of
2 l/s of 125 ◦C water (Ramingwong et al., 2000; Thienprasert et al.,
987). This flow rate was high enough to construct the 0.3 MW Fang
emonstration geothermal power plant that has operated since
988. It is currently the only geothermal power plant in Thailand.

Encouraged  by the high temperature of the shallow wells, deep

xploration was then continued in the 1990s in order to locate
eeper reservoirs. In addition to the geological, electrical and geo-
hemical surveys, four intermediate depth wells were drilled into
 MCF  is the Mae  Chan Fault drawn according to a recent survey by Wood (personal
pretation of the references to colour in this figure legend, the reader is referred to

the crystalline basement to a depth of 500 m.  Two wells (Fx-2 and
Fx-4 in Fig. 2) were successful in producing hot water at a temper-
ature of 125–130 ◦C from the granite fractures at depths of around
270, 337 and 417 m (Korjedee, 2002; Ramingwong et al., 2000),
while the other two were non-productive. The extracted hot water
from these wells is currently used to generate electricity. All of the
drilled holes were less than 200 m from the hot springs (Fig. 2). At
the end of the feasibility studies, previous investigators have con-

cluded that the deep drilling exploration has a very high risk of
missing the target if a conventional vertical drilling technique is
used (Korjedee, 2002; Ramingwong et al., 2000). It was  concluded
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hat the hot geothermal fluid mostly resides within the narrow frac-
ures of the steeply dipping faults. The geothermal project started
n the 1980s was therefore not continued until recently.

The  geothermal project at Fang was resumed in the 2010s. Stud-
es by Owens (2012) again suggested that the electrical power plant
f the Fang geothermal system could be upgraded from 0.3 MW
o 2.8 MW.  The idea is that the flow rate could be increased by
utting pump installations in the existing wells and drilling new
ells. To reduce the risk of deep drilling, a geophysical tech-
ique such as controlled source audio-magnetotelluric (CSAMT)
ethod was recommended to help define the narrow fracture

ones within the granite rocks (Singharajwarapan et al., 2012) and
o image the geothermal system of the area for the first time.
owever, the CSAMT method requires an extra source to pro-
uce an electromagnetic wave making it more expensive than
he traditional magnetotelluric (MT) method, and its investigation
epths are typically less than 500 m which is less than our tar-
et depth. Funded by the Department of Groundwater Resource
DGR), Ministry of Natural Resources and Environment of Thailand,
he audio-magnetotelluric (AMT) and magnetotelluric (MT) meth-
ds which are standard methods for geothermal exploration were
herefore recommended for the investigation of the Fang geother-

al system prior to further drilling and well-field design.
Geothermal systems have been classified into many types

ccording to the geologic controls of the area (Moeck, 2014). Many
T experiments have been conducted over very high temperature

eothermal systems which were mostly of the magmatic play type
ccording to the classification of Moeck (2014). They found that
he resistivity structure consists of a thin, conductive layer corre-
ponding to clay-rich rocks acting as low-permeability caprock on
op of a relatively higher resistivity geothermal reservoir where the
ot fluids reside (e.g., Gasperikova et al., 2015; Heise et al., 2008;
ritchett, 2004; Pellerin et al., 1996; Rosenkjaer et al., 2015; Uchida
nd Sasaki, 2006).

The  Fang geothermal system is a relatively low temperature sys-
em. It was classified in the IFC-IGA report (IFC-IGA, 2014) as being
f an extinct magmatic play type controlled by batholiths without
ssociated volcanism or a plutonic play type if using the catalog
f Moeck (2014). The Fang conceptual model by Takashima and
awada (1981), Takashima and Jarach (1987), Geotermica Italiana
RI (1984), Praserdvigai (1986) and Raksaskulwong (2008) shown
n Fig. 3 proposed that a deep hot igneous body heats the trapped
roundwater at greater depths to form a high temperature, deep
eothermal reservoir. The hot fluid then rises up along the frac-
ures of the fault zones to mix  with the colder groundwater coming
rom above producing the geochemical equilibrium mixture of hot
uid with a temperature up to 160 ◦C. At shallower depths, the hot
uid is then stored along the fractures of the faults or within the
eathered and altered granite rocks and the permeable sediments

o form a shallower and lower temperature geothermal reservoir.
ome of the hot fluid then continues ascending through the fault
ractures to the surface in the form of hot springs.

According to the proposed conceptual model (Fig. 3), the results
f MT  surveys over the Fang geothermal system may  produce a
ifferent resistivity structure from the conventional interpreta-
ion of magmatic types. The batholith heat source would likely be
mapped” as a high resistivity body, while the weathered rocks and
ermeable sediment filled with fluid would have a moderate resis-
ivity. The hot fluid reservoir along the fractures of the fault might
e “seen” directly as a conductive zone. The possibility of mapping
he conductive clay caprock as in the magmatic play type is raised.
ne of our objectives of conducting the AMT  and MT surveys over
he Fang area is therefore to verify and validate the proposed con-
eptual model in Fig. 3 and to probe these major components of the
ang system. Location and size, particularly of the shallow hot fluid
eservoir, will be useful for the assessment of the capability of the
ics 64 (2016) 516–526

Fang  geothermal system to expand its power production. We  start
the paper with the geology of the Fang hot spring. The AMT  and
MT data acquisition, data processing and inversion are described
next. The interpretation to relate the inverted 3-D resistivity model
with the previously proposed geothermal system is then discussed,
followed by the conclusion.

2.  Geology of the Fang hot spring

The Tertiary Fang basin is oriented NNE-SSW and is 50 km long
and 20 km at the central widest part (Fig. 1). The Mae  Chan fault
(MCF) forms the NW boundary and separates the crystalline rocks
on the north from the sediments of the basin. The MCF  extends
150 km SW from the Thai–Lao border on the east to its termina-
tion in the Fang Basin (Fenton et al., 2003; Uttamo et al., 2003;
Kosuwan and Lumjuan, 1998). The west end terminates against a
N-S trending belt of west-dipping folded Paleozoic sediment. The
Paleozoic belt is not offset by the fault, and motion must be taken
up by N-S-trending western boundary faults of the Fang Basin. East
of the Fang basin, the MCF  exhibits an active left-lateral strike-slip
offset (Fenton et al., 2003; Kosuwan and Lumjuan, 1998). Its left
lateral motion implies that the SE block is pulling away from the
N-S western boundary fault, and this may  be the cause of per-
meable openings in the vicinity of the hot springs. Several hot
springs emanate from along the MCF  (Wood and Singharajwarapan,
2014) including the Fang hot spring. 40 km east of Fang is another
prominent geothermal system, the Mae  Chan hot spring studied by
Amatyakul et al. (2015).

Fig.  2 summarizes the geology of the Fang Hot Springs. The hot
springs and hot wells are in crystalline rocks comprised of gneissic
granite and mylonite. The Age of the rocks and mylonitization is
uncertain because no zircon ages have been obtained. Past stud-
ies have labeled these crystalline rocks as Carboniferous, and some
studies have labeled the rocks as Triassic. Overlying the crystalline
rocks are folded quartzose sandstone, quartzite, and lesser amounts
of limestone and shale. Imsamut and Krawchan (2005) considered
these sediments to be a part of the Mae  Tha Group of late Carbonif-
erous age.

The  contact between crystalline rocks and the quartz sand-
stone dips gently (∼12◦) to the southeast and is considered to be
a low-angle detachment fault and was called the Doi Kia Fault
(DKF) by Chaturongkawanich et al. (1980) and is shown in Fig. 2.
The crystalline rocks and the overlying Paleozoic sediment detach-
ment are faulted down to the southeast along the high–angle MCF
which appears here to have a large vertical displacement. The
downthrown southeast block of the MCF  is comprised of Cenozoic
basin-fill sediment overlying Paleozoic quartzite. Petroleum explo-
ration wells 4 km southeast of the fault were drilled to a depth of
772 m in this sediment resting on a “quartzite basement”.

The  Fang Hot Springs do not directly emanate from the trace of
the MFC. Instead they flow from crystalline rock north of the fault.
We observe that the hottest seeps (>90 ◦C) align along a 350–355◦

(N – NW)  alignment for a distance of 100 m.  One of the successful
500-m-deep wells is along this alignment 200 m south of the seeps.
This N – NW trend is parallel to the linear stream valley of the Mae
Chai creek (written as Mae  Jai creek in Fig. 2). Previous investi-
gators have assumed this lineament controls the fracture system
of the hot springs. The fault is not observed in the stream valley,
although bedrock exposure is good north of the hot springs. Shawe
(1984) noted a fault of this orientation, with horizontal grooves
and slickensides on the fault plane, in the open pit of the Huai Sai

Fluorspar Mine (Fig. 2). He also noted warm springs at the south-
east end of the pit. The mine pit, 1 km south of the 500-m well, is
now a pond and cannot be examined. We  use the name “Mae Jai
fault (MJF)” for this N – NW feature, but its understanding awaits
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ig. 3. The conceptual geothermal system of Fang hot spring redrawn after Takashi
rea  of our investigation.

ore detailed mapping. Note: the name “Mae Chai” appears on
he 1:50,000 topographic map  4848IV, but we use a spelling closer
o the Thai pronunciation: “Mae Jai” to avoid confusion with the
imilar sounding Mae  Chan fault.

. Magnetotelluric survey

.1.  Data acquisition and data processing

In December 2014, 33 MT  stations were deployed to cover the
 km × 8 km area of interest surrounding the Fang Hot Springs
Fig. 2). Since local communities are distributed in the area, the site
as designed according to the accessibility of land. The site spac-

ng between stations is 500 m on average. The northern part of the
ang hot spring is inaccessible as it belongs to the Doi Pha Hom Pok
ational park. Most of the sites are therefore located within the sed-

mentary basin which is easy to access, whereas only a few sites are
ocated on granite, limestone and sandstone rocks. Four sets of MT
quipment that record the electric fields in the x- and y-directions
Ex and Ey) and the magnetic fields in the x-, y- and z-directions
Hx, Hy and Hz) were deployed overnight at four locations for about
0 h in order to acquire broadband data up to 1000s, where x is ori-
nted north, y is oriented east and z is vertically downward. These
our sets of equipment were then moved to acquire data at other
ocations shown in Fig. 2 for the total of 33 stations. Coils, magne-
ometers and data acquisition units are from KMS  Technologies –
JT Enterprises Inc., Houston, Texas. To improve the data quality,
nother set of equipment was set up about 600 km south of the
tudy area in Kanchanaburi province (Fig. 1) as a remote reference
ite. The data from the four local sites was then processed with the
ata from the remote site using KMS  processing software based on
he robust multiple-station technique of Egbert (1997).

For  high frequency magnetic fields (>1000 Hz), high-frequency
oils replaced the broadband magnetic coils to acquire the high
requency data for less than 30 min  in each site. As we have only
wo sets of high-frequency coils, two local sites can therefore be
cquired simultaneously. The two local sites then become a remote
ite for each other. However, as both are not too far from each other
less than 2–4 km), the data quality is not greatly improved.

After the data processing (Egbert, 1997), the high frequency

and and broadband data were merged together. The very high
requency (>3000 Hz) and the very long period (>300 s) data are of

uch poorer data quality and were therefore removed. This leaves
s the data (impedance tensor Z and the vertical magnetic transfer
d Kawada (1981) and Takashima and Jarach (1987). The Black rectangle marks the

function  T) from a period of 3000 Hz to 300 s for each site. To pro-
ceed to the inversion part, about 16 periods per site of the data were
chosen at regular intervals on a log10 scale in this frequency range.
Although the impedance tensor Z was used in the inversion, here,
for simplicity, we instead plot the apparent resistivity and phase
of the xy- and yx-modes with the error bars for some selected sta-
tions in Fig. 4 and the vertical magnetic transfer function or tipper
in Fig. 5. Most of the on-diagonal data is severely contaminated by
local noise and will be discarded for the inversion.

3.2. Three-dimensional inversion and the inverted model

The  16 periods off-diagonal impedance tensors and the tippers
of all sites with the minimum error floor for both data sets at 5%
are included for the 3-D inversion using the WSINV3DMT parallel
version (Siripunvaraporn and Egbert, 2009; Siripunvaraporn et al.,
2005). The inverse model was  discretized using a 60 × 60 × 55 grid
(with air layers on top of the topography) in the north-south, west-
east and vertical directions, respectively. The grid spacing within
the study area (Fig. 2) for the horizontal direction is 100 m. To avoid
the boundary effects, the grid spacing is then increased in a loga-
rithmic scale in both directions. In the vertical direction, the grid of
the first layer was discretized finely enough to provide very high
accuracy responses for all periods where the size of each subse-
quent layer is 1.2–1.8 times that of the previous layer. The accuracy
of this discretized grid was tested with various half-space resistiv-
ity values from 1 to 1000 � m,  and was shown to have less than
1% error, which is also less than the minimum error floors set-
ting for the data. The workflow to obtain the final 3-D resistivity
model is analogous to those presented in both Amatyakul et al.
(2015) and Lindsey and Newman (2015) where coarse structures
are recovered first followed by further sequential refinements per-
formed here by adjusting the inversion parameters. The inversion
was run with different initial models from a 10 � m half-space to
1000 � m half-space with a large smoothing factor. The inverted
model from the initial half-space of 300 � m fits the data better. It
was then selected as a starting and reference model for re-inversion
with a smaller smoothing factor. At the end, we obtained a pre-
ferred inverted model that yields an acceptable RMS  of 2.1 and fits
well with the geology of the area. The observed data and calculated

responses of some selected stations are plotted in Figs. 4 and 5.

The  final inverted resistivity model is displayed in top view in
Fig. 6 and in cross-sectional views perpendicular to the MCF  in Fig. 7.
It  consists of four main structures which will be interpreted in the
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Fig. 4. Selected apparent resistivities (ohm-m) and phases (degree) as a function of log10 periods (second) computed from the off-diagonal impedance tensor at various
l blue i
m  invert
t

n
F
m

ocations acquired in the locations marked as blue crosses in Fig. 2. Red is xy and 

easurement, and the solid lines are the calculated responses generated from the
his  figure legend, the reader is referred to the web version of this article.)
ext section. (1) The high resistivity structure labeled as R (in blue in
igs. 6 and 7), where the resistivity is greater than 300 � m,  appears
ostly in the northern part of the study area before propagating
s yx mode. The “upward” and “downward” triangles and error bars are from field
ed model shown in Figs. 6 and 7. (For interpretation of the references to colour in
southeastward at greater depths. (2) The moderate resistivity struc-
ture marked as M (in yellow and green in Figs. 6 and 7), where
the resistivity is around 30–300 � m,  is mostly in the southern
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Fig. 5. Real and imaginary parts of vertical magnetic transfer functions (tipper) as a function of log10 periods (second) at various locations acquired in the locations marked as
blue  crosses in Fig. 2. Red is zx and blue is zy mode. The “upward” and “downward” triangles and error bars are from field measurement, and the solid lines are the calculated
responses generated from the inverted model shown in Figs. 6 and 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. The plane-view of the final inverted model shown as horizontal slices at (a) surface, depths of (b) 50 m,  (c) 200 m, (d) 400 m,  (e) 600 m, and (f) 1000 m. MT  locations are
marked  as crosses (for the station names, refer to Fig. 2). MCF  is the Mae  Chan Fault based on the surface trace. The local faults are drawn in red dashed straight lines based
o  high r
z o  low
t on of 

p
r
t

n  the observed resistivity contrasts, in which they also change with depth. R is the
one corresponding to the sedimentary rock of the Fang basin. C1 and C2 are the tw
he  references to colour in this figure legend, the reader is referred to the web  versi
art and at shallow depth in the study area. At greater depth, it is
eplaced with the high resistivity structure. (3) The resistivity con-
rasts between both structures can be observed at shallower depth
esistivity zone associated with the granite rock, while M is for the lower resistivity
 resistivity zones expected to be hot geothermal reservoirs. (For interpretation of

this article.)
to  great depth. These resistivity contrasts seem to be associated
with the presence of the major and minor faults in the area.

(4)  Although there are many conductive anomalies distributed
throughout the study areas, we are solely interested in just the two
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ig. 7. (a) and (b) are cross-sectional plots of the final inverted model (Fig. 6) from 

DKF)  where (b) cuts through the Fang hot spring and (a) is about 1 km south of (b
hows the orientation of the MCF. (For interpretation of the references to colour in 

onductive anomalies (where the resistivity is lower than 30 � m)
ocated around the middle of the study area labeled as C1 and C2
Figs. 6 and 7) since there is direct evidence of hot fluid found in the
reas of these two conductors, and no hot fluid found in the area
f the other conductors. Conductor C1 is located in the vicinity of
he Fang hot spring zone but appears only within the upper 50 m.
onductor C2 is about 1 km south of the hot spring and can be seen
rom near the surface to a depth of 500 m.  Its width decreases and
ts resistivity increases with depth.

As conductor C1 and C2 are important and will be mentioned
umerous times in the next section, it is better to verify their exis-
ence. To validate the conductors C1 and C2 in Figs. 6 and 7, we
eplaced C1 first with the neighboring resistivity values (between
00–300 � m)  to simulate the case that C1 does not exist. We  then
an the forward modeling to fit the observed data. The relative
hanges of the RMS  values were calculated via

elative Change = 100% × (RMSnew − RMSoriginal)/RMSoriginal,

for each station and plotted in Fig. 7, where RMSnew is the fit to

he data after replacing the conductor with the neighboring resis-
ivity, and RMSoriginal is the RMS  value from the inverted model of
ig. 6. By replacing the conductor C1 with the neighboring resis-
ivity, the overall RMS  increases from 2.1 to 2.6 (a 24% increase)
est to southeast perpendicular to the Mae  Chan Fault (MCF) and the Doi Kia Fault
 red dashed lines are the estimated orientation of the DKF. The black dashed line

gure legend, the reader is referred to the web version of this article.)

indicating  that the observed data really requires the C1 conduc-
tor. The relative change of RMS  misfit at each site (Fig. 8a) shows
that the misfits at the stations in the surrounding area of C1 change
significantly certifying that C1 is needed by these stations.

A  similar experiment is performed for the C2 conductor. We
found that the overall RMS  increases from 2.1 to 2.3 (a 9.5%
increase). The overall change of RMS  for C2 is less than that for
C1. This is because C2 is deeper and smaller in size with a result
that contribution from C2 is much less than from C1. Fig. 8b shows
that the misfits of the stations in the surrounding area of C2 change
dramatically after replacing C2 with neighboring resistivities. Both
of these experiments (Fig. 8) confirmed that both conductors are
required by the data and are not artifacts from the inversion.

4.  Interpretation and discussion

Our inverted resistivity model (Figs. 6 and 7) is consistent with
the surface geology of Fig. 2. By matching the surface resistivity
(Fig. 6a) to the surface geology (Fig. 2), the high resistivity (R) zone
in the northwest (in blue in Fig. 6a) is in agreement with the granite

rock (Fig. 2). The lower resistivity zone (M)  covering the southwest-
ern part of the area (in yellow and green in Fig. 6a) corresponds
to the Fang sedimentary basin in Fig. 2. The resistivity contrast
between the high zone and low zone in the north matches well with



524 P. Amatyakul et al. / Geothermics 64 (2016) 516–526

F alcula
( uctor 

t
c
o
J
c
a
i
l
a

t
(
a
t
d
i
t
e
o
i
(
i
o
s

c
p
c
s
s
s
r
f
t
(
i
(
g
m

t
a

ig. 8. Plots of relative change of RMS  misfit between the observed data and the c
Figs. 6 and 7) with the neighboring resistivities and (b) after replacing the C2 cond

he surface trace of the Doi Kia Fault (DKF). Similarly, the resistivity
ontrast at the end of the thin conductive C1 zone in the northeast
f the area appears to be consistent with the presence of the Mae
ai Fault (MJF). In Fig. 6a, for simplicity we represent the resistivity
ontrasts associated with both faults as straight lines instead of the
ctual surface trace as in Fig. 2. The intersection of both resistiv-
ty contrasts in the north encloses the high conductor C1 where its
ocation corresponds to the position of the Fang hot spring (Figs. 6a
nd 2).

To  infer the deeper structures, we assume that the same struc-
ures observed at the surface continue to greater depths. At depth
Fig. 6b–f), the resistive granite rock R showing in the northwest
t the surface (Fig. 6a) appears in the southeast (Fig. 6b–f) and
erminates at a depth of 600 m when it encounters the MCF. At
epths below 2 km (Fig. 7), the study area overlies a high resistiv-

ty zone indicating the granite rocks lie beneath. It also indicates
hat the Fang basin has a thickness of around 2 km in this area. In
arlier studies, geologists proposed that the possible heat sources
f the Fang geothermal system are either a deep hot (>300 ◦C)
gneous body or the radiogenic heat from the granite rock or both
Takashima and Kawada, 1981; Takashima and Jarach 1987). As our
nvestigation depth is within the upper crust, one possible source
f heat, the batholith granite lying beneath, is clearly imaged in this
tudy (Fig. 7).

At  the surface, the DKF separates the resistive granite and the
onductive structure. The cross-sectional plots of the profiles per-
endicular to the DKF and the MCF  show that the resistivity contrast
orresponding to the DKF at the surface dips southeast with a
hallow angle and ends at the MCF  (Fig. 7). Unfortunately, the cross-
ectional plot parallel to the DKF and the MCF  does not clearly
how the MJF  as in the case of the DKF. For the major MCF, the
esistivity contrast near the surface is not distinct as the MCF’s sur-
ace trace cuts through the high conductivity zones associated with
he sedimentary rock and weathered granite rocks filled with fluid
Figs. 6 and 7). However, at depths deeper than 600 m,  the resistiv-
ty contrast in the north and south of the MCF  becomes prominent
Figs. 6e, f and 7). The MCF  clearly separates the high resistivity
ranite rock in the northwest and the moderate resistivity sedi-

ents (M)  of the Fang basin in the south.
Although there are many high conductivity zones in Fig. 6, here

he most interesting feature and the focus of our study is just the C1
nd C2 conductors labeled in Figs. 6 and 7. As stated before, there
ted data of each station (a) after replacing the C1 conductor of the inverted model
with the neighboring resistivities.

is  evidence to link the hot fluid to both conductors. There are three
possible major sources for the low resistivity zones shown as C1 and
C2 in Fig. 6. The 120 ◦C water at Fang has a resistivity of 4–8 � m as
it contains ions dissolved from the rock mineral. When residing in
fractures of weathered and altered rocks or sediments, it thus brings
down the bulk resistivity of the rocks producing low resistivity
zones. Another possible source is the clay-rich rock as interpreted in
the other geothermal systems (e.g., Gasperikova et al., 2015; Heise
et al., 2008; Rosenkjaer et al., 2015; Uchida and Sasaki, 2006). The
third possible interpretation is a combination of both sources.

The  C1 conductor is shallow (<100 m depth) and located only
beneath the Fang hot spring zone (Figs. 6 and 7). The area beneath
C1 was  drilled during the 1980s and 1990s from a shallow depth
(<100 m)  to an intermediate depth (<500 m)  (Raksaskulwong,
2011; Thienprasert et al., 1987; Wanakase and Takabut, 1986;
Geotermica Italiana SRI, 1984). According to the X-ray diffrac-
tion analysis of the cuttings from one well near the hot spring
(Ratanasthien et al., 1985), clay content is found intervening with
weathered boulders and cataclastic granite at shallow depths (less
than 50 m).  Unfortunately, no other information about the clay con-
tent can be found from the other wells. It is therefore not certain
that the low resistivity zone C1 is a result of just the clay-rich rock.
Since hot fluid can be extracted from the shallow wells from various
depths, one possible interpretation of the C1 is a shallow fracture
reservoir trapping the hot fluid within the fractures of altered rock
mixed with clay content. The hot fluid from the C1 reservoir then
seeps through the surface via the DKF and the MJF. The hot fluid
from the C1 reservoir has been used to generate the electricity for
many decades.

Another interesting anomaly is the C2 conductor (Figs. 6 and 7)
which was not discovered in the past exploration. It is about 1 km
south of the Fang hot spring directly below the Huai San Fluorspar
Mine (Fig. 6), and just south of the MCF. Unlike C1, the C2 anomaly
extends from a shallow depth to a depth of 500 m.  At a depth of
200 m,  it is roughly 1 km wide. Based on the USGS open report
(Shawe, 1984), there are warm water springs (whose temperature
was not recorded) found at the bottom of the Huai San Fluorspar
Mine, coincidently above the C2 zone. The warm spring is likely to

rise along the MCF  from a greater depth. Since hot fluid is found in
the area, we  proposed two  possible interpretations for C2.

First,  the low resistivity might just be due to the clayey sedi-
mentary rock (Fig. 2) which is part of the Fang basin. This is similar
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o the case of the low resistivities found near petroleum explo-
ation wells (Giao et al., 2011). Since hot fluid is found to rise from
elow, it is possible that this clay-rich semi-consolidate terrace
eposit acts as an impermeable zone that traps the hot fluid reser-
oir directly beneath. This interpretation is basically similar to the
aprock concept of the geothermal high temperature magmatic
ype (e.g., Gasperikova et al., 2015; Heise et al., 2008). According
o the Fang conceptual model shown in Fig. 3, conducting an MT
urvey along the surface, we would expect to “see” the fracture
eothermal reservoir as a conductive zone, as with the C1 conduc-
or. Our second interpretation of the C2 conductor is therefore a
racture geothermal reservoir. The hot fluid ascending from deep
elow is stored in the pores of the sedimentary rock and the frac-
ures of the altered granite beneath before rising to the surface.

hether it is the first or second interpretation, hot fluid residing at
epths beneath the C2 anomaly is probably the source of the Fang
ot spring. Since the high angle MJF  and low angle DKF intersect
he MCF  in the north of the C2 zone, these local faults act like a pas-
ageway for the hot fluid to flow upward to the Fang hot spring as
learly shown in Fig. 7a and b. This is supported by the successful
ells located along these faults (Fig. 2) to extract the hot fluid at

ntermediate depth.
Both  interpretations indicate the value of the C2 anomaly as it

elps with locating the geothermal reservoir. We  therefore need
o prove its existence. If the C2 zone fits with the first interpreta-
ion, the geothermal reservoir is deep and directly below the C2
nomaly. If it agrees with the second interpretation, the geother-
al reservoir is the C2 zone itself which is less depth. Thus the C2

nomaly is possibly an important target for the future drilling loca-
ion for the geothermal power plant expansion. Drilling over the
2 anomaly will clearly help reveal the geology of Fang geothermal
ystem. We  wish to know whether it is a clay-rich semi-consolidate
errace deposit or just a geothermal reservoir. Since the land above
2 lies just outside the Doi Pha Hom Pok national park where the
ang hot spring and the demonstration Fang geothermal power
lant are part of, the proposed drilling location above the C2 is pos-
ible. In addition, if the fluid rises directly through the MCF  from
he deep source, its temperature can be expected to be higher than
hat at the Fang hot spring if it does not mix  with the underground
ater.

. Conclusion

A  geothermal system with potential to generate electricity com-
ercially is the Fang hot spring which currently hosts the only

eothermal power plant in Thailand with a power of 0.3MW.  The
xpansion project was halted due to the failure to access a greater
ow of hot fluid. In the 2010s, the Fang geothermal project was
esumed starting with a magnetotelluric survey. The goal was to
ain more understanding about the geothermal system of the Fang
ot spring. Thirty-three MT  stations covering southern region of
he Fang hot spring (northern part is inaccessible as it belongs to
he national park) were then installed for 2–3 weeks. A remote site
bout 600 km south of the study area was also installed during the
ame period of time to improve the acquired data quality. After the
ata processing, the data was inverted to produce the 3-D resistivity
odel.
The obtained 3-D resistivity model is consistent with the geol-

gy of the area at the surface. There are many interesting features
n the 3-D resistivity model. (1) The high resistive zone R observed
n the north of the study area before dipping southward at great

epths covers the whole area of study. The high resistivity is con-
istent with the crystalline granite rocks. It covers a large area and
epth. The radiogenic heat from the granite rock may  heat the
rapped fluid at great depth. Outside of the resistive zone, (2) an
ics 64 (2016) 516–526 525

intermediate  resistive zone (M)  is found in the topmost few kilo-
meters. It is interpreted as the Fang sedimentary basin. (3) The
resistivity contrast between the high and lower resistivities also
matches well with major and minor faults in the area. The resistivity
contrasts in the northwest shows that the Doi Kia Fault (DKF) dips
southward at a shallow angle and terminates at the major Mae  Chan
Fault (MCF) in the south. The resistivity contrast between the high
resistivity R zone and the intermediate resistivity M zone does not
appear until around a depth of 500 m.  This contrast is in agreement
with the MCF  in which the region near the surface was  covered
with the high conductivity zone.

The focus of this study was  mainly on (4) the two conductors:
C1 beneath the Fang hot spring and shallow, and C2 about 1 km
south of the Fang hot spring and deeper. Based on the evidence of
the hot fluid found at the surface, both of them appear related to
surface flows of hot water. C1 is a shallow fracture reservoir stor-
ing the hot fluid coming from the C2 zone using the DKF and the
MJF as a passageway to rise to the surface. C2 is more interesting
as it is interpreted as either the clay-rich semi-consolidate terrace
deposit on top of the geothermal reservoir or the fracture geother-
mal reservoir. Either case may  be a response to a larger geothermal
system that leaked warm water through the MCF  at the bottom of
the fluorspar mine about 1 km south of the hot springs. The mine
is currently filled with drainage water from the power plant and
cannot be examined.

Our  study is in agreement with the past drilling during 1990s in
the vicinity of Fang hot spring above the C1 conductor. The shallow
bore holes have been used to draw the hot fluid stored in the C1
conductor to produce electricity for the past few decades. Since C1
has been explored before, this study recommends the exploration
and drilling over the C2 conductor which is deeper and might be
larger in volume. If C2 is really the geothermal fluid reservoir, the
drilled well can be shallow. However, if it is the clay-rich semi-
consolidate terrace deposit, drilling may  have to be made deeper
below the C2 anomaly in order to reach the hot fluid. Both inter-
pretations of the C2 conductor demonstrate that the expansion of
the geothermal power plant in the Fang area is possible.
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