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Abstract

Geologic mapping, a magnetotelluric survey, well data, and earlier reports are inte-
grated to guide further development of the Fang geothermal system. The Fang Hot
Springs originally flowed ~ 20 | s~! of 90-99 °C water from a 10-hectare area of crystal-
line rocks presumed to be of Triassic age. Four wells 92-500 m deep now flow ~ 20 1 s~
of 110-115 °C water and generate 115-250 kWe from the 1989 Ormat binary power
plant. Wells are not pumped nor is the spent water re-injected. Temperatures of 130 °C
occur in some wells and water chemistry indicates reservoir temperatures of 150 °C.
The springs now flow ~ 10 I s~'. The Fang geothermal area is at the west end of the
active left-lateral strike-slip Mae Chan fault (MCF). MCF transitions to extensional fault-
ing along the western boundary of the Cenozoic Fang basin. The hot waters emanate
from crystalline rocks 0.7 km north of the MCF. Permeable fractures may be tensile
fractures at the right-stepping fault tip. The less permeable MCF fault core and Ceno-
zoic sediments of the Fang basin to the SW are not considered to be drilling targets.
Unrelated to the fracture system is the Doi Kia detachment fault which places Paleozoic
sediments over crystalline rock with a low-angle contact. Electrical resistivity surveys
detect low resistivity (< 60 Qm) only within the upper 50-100 m of the hot springs
area. Deeper crystalline rock is > 100 Qm. Low resistivity is caused mostly by conduc-
tive minerals of hydrothermal alteration, and not by the geothermal water of resistivity
5.6 Om. No deep resistivity anomaly is detected beneath the seeps or producing wells,
although resolution of past surveys would not have imaged narrow zones of alteration.
High-resolution resistivity surveys focused on detecting the deeper fracture system are
recommended over the hot well area and south over the area underlain by crystalline
rocks. Future development should focus on drilling wells (< 500 m) with diameters
large enough to install submersible pumps to increase flows. Development of several
MWe may be possible and should include a designed re-injection well system to sus-
tain pump levels.

Keywords: Fang geothermal system, Thailand, Structural geology, Strike-slip fault,
Crystalline rocks, Resistivity, Hydrology, Geothermal development
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Background

In northern Thailand, the 16 hot springs systems identified with surface temperatures
> 80 °C are mostly associated with granitic rocks and faults active during the Quaternary.
Only the Fang Hot Springs and San Kamphaeng Hot Springs have proven 130 °C water
flows from wells (Singharajwarapan et al. 2012; Wood and Singharajwarapan 2014). The
Fang Hot Springs geothermal system was drilled and developed for the generation of
electricity in 1989 (Ramingwong et al. 2000) and is being considered for further develop-
ment. Important to further development of the Fang Hot Springs geothermal area is an
understanding of the fault system geometry that conducts hot water to the surface. Ide-
ally, for future drilling, we would like to know the location, strike and dip, and width of
the main fracture conduits for hot water. In this paper we describe the structural geology
of the hot springs, incorporate results of direct current (DC) and magnetotelluric (MT)
resistivity surveys, document the wells and seeps, and make recommendations for fur-
ther development.

The geothermal system was initially investigated by EGAT (Electricity Generating
Authority of Thailand), Chiang Mai University Geological Sciences, and several foreign
research groups in the 1970s and 1980s. Successful wells that were drilled in the 1980s
and 1990s collectively produced 22 I/s of 125 °C water. A 300 kW binary organic Rankine
cycle (ORC) power plant was installed in 1989. A new round of exploration of northern
Thai geothermal resources was initiated in 2010 funded by the Thailand Department of
Alternative Energy Development and Efficiency (Singharajwarapan et al. 2012). ORMAT
Corporation examined the geothermal systems of northern Thailand for potential sit-
ing of power plants (Owens 2012). The Thailand Department of Groundwater Resources
funded investigations by Chiang Mai University, Mahidol University, and Panya Con-
sultants, Ltd. in 2013. Focus of these studies was to locate a site for drilling new wells for
electrical power generation. This paper presents a compilation of data, new geological
mapping in the Fang area, and recommendations for future exploration.

Non-magmatic geothermal systems in granitic rocks are common, but few systems are
reported with the high water temperatures and flows as those that occur at Fang (130 °C
and flow > 20 1 s™1). For example, the hottest springs in the Idaho batholith (Bonneville
Hot Springs and Boiling Springs) are < 88 °C and flows < 23 1s™! (Ross 1971; Mayo et al.
2014).

Geology and geothermal setting of the Fang Basin

Geology of the Fang Basin

Basement rocks of the Fang Basin are a part of the Inthanon zone, an accretionary com-
plex of Paleozoic Paleo-Tethys ocean rocks thrust westward over the eastern flank of the
Sibumasu block (Ridd 2015; Ridd et al. 2011) (Fig. 1). The hot springs at Fang emanate
from fractures in foliated granite of the basement rocks north of the active Mae Chan
fault. A number of geologic maps have been made of the area, but there was little agree-
ment on location and nature of contacts, and no discussion of evidence for faults (von
Braun and Hahn 1981; Chaturongkawanich et al. 1980; Imsamut and Krawchan 2005).
Detailed proprietary drilling and seismic information on the Cenozoic structure of the
Fang Basin oil fields has been obtained by the Defense Minerals Agency, some of which
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Fig. 1 Tectonic map of Thailand showing major terranes and structural provinces modified after Ridd et al.
(2011). Major tectonic lines shown in red are MYF Mae Yuam fault; MPFB Mae Ping fault belt; TPFB Three
Pagodas fault belt; TMF Tha Mai fault; CML Chiang Mai line. Cenozoic rift basins shown in outlined white color
after Uttamo et al. (2003). Bk Bangkok; Ch Chanthaburi; CK Chiang Khong; CM Chiang Mai; CR Chiang Rai; K

Kanchanaburi; Sk Sukhothai

is published by Settakul (2009) and Kongmongkhol and Chantraprasert (2015), but most
of the data are unavailable to the public.

West of the Fang Basin is an N-S trending belt of west-dipping, folded, Paleozoic sedi-
mentary rocks extending west beyond the Myanmar border (Figs. 2, 3). Imsamut and
Krawchan (2005) estimate a thickness of 2900 m for this Paleozoic section. This N-S
trending belt of Cambrian through Permian sediments is not cut or offset by the Mae
Chan fault (Figs. 2—4).

The Paleozoic sedimentary rocks are in fault contact with foliated granitic rocks and
gneiss. Cobbing (2011) called these rocks “northern Thai “S-type” granites of the central
province” Age is controversial. Some foliated crystalline rocks were earlier thought to be



Wood et al. Geotherm Energy (2018) 6:3 Page 4 of 51

20°00’

19°45'

99° 00’ 99°15’
Fig. 2 Geologic map of the Fang Basin area from von Braun and Hahn (1981) showing location of Fang Hot
Springs. Formation names from Imsamut and Krawchan (2005) and the Thailand Department of Mineral
Resources (2013). We recognize that mapping since 1981 has somewhat changed the outcrop areas and
assigned ages. Solid lines are faults related to Fang geothermal area, dotted lines are subsurface faults
mapped by Kongmongkhol and Chantraprasert (2015). Symbols explained in Fig. 3

emplaced during Carboniferous time (Imsamut and Krawchan 2005, p. 118) but are now
regarded as Permo-Triassic. Mapped on the north side of Fang Basin is unfoliated biotite
granite of Triassic age (Imsamut and Krawchan 2005, p. 109) containing either pendants
or fault slivers of early Paleozoic rocks. Crystalline rocks of Inthanon zone yield zircon
dates younger than Permian, and most are late Triassic or younger, emplaced or meta-
morphosed in the Indosinian orogeny (Cobbing 2011). The few earlier ages on zircon
cores are interpreted as protoliths of the granitic rocks of the Sibumasu terrane (Gar-
diner et al. 2016). Mylonitic textures within the stressed granite suggest that the Paleo-
zoic sediments resting on the foliated crystalline rocks may be low-angle detachments,
similar to those described in the Chiang Mai basin by Morley et al. (2011).
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Fig. 3 Legend for geologic map of Fig. 2 with explanation of geologic map units and symbols for oil fields
and wells

The east side of the Fang Basin is mostly Triassic unfoliated porphyritic granite intru-
sive into Carboniferous sediments and overlain by Jurassic continental sediments (von
Braun and Hahn 1981; Imsamut and Krawchan 2005). No new zircon ages have been
published for granitic rocks about the Fang Basin. Ages for unfoliated granite to the
north and south generally range 205-220 Ma, and are interpreted as magmatism associ-
ated with the Late Triassic closure of the Paleo-Tethys ocean, collision and suturing of
the Sibumasu block with the Indochina block along the “Chiang Rai line” (Gardiner et al.
2016).

Fang Basin is an NE-SW-trending basin, 60 km long and about 18 km wide at mid-
basin. The basin is a half-graben bounded on the west with an upward-concave, ~ 25°
east-dipping, normal fault (Morley and Racey 2011, p. 226; Settakul 2009; Nuntajun
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Fig. 4 Map showing fault relationships in the Fang basin at the west end of the Mae Chan fault

2009; Kongmongkhol and Chantraprasert 2015) (Fig. 5). Deposition in the basin is
thought to be late Oligocene through the Pliocene. Cenozoic sediment extends to 2800—
3000 m depth. Morley and Racey (2011) interpret folding of the Mae Fang Formation
(L. Miocene to Pliocene) along the western boundary fault as a basin inversion struc-
ture (Fig. 5). The western boundary fault occurs at the western edge of rolling foothills,
at the foot of rugged mountains of Paleozoic sedimentary rocks which lay to the west
(Fig. 6). The foothills are underlain by moderately deformed late Cenozoic sediment, the
Mae Fang Formation, or the younger deformed alluvial fan deposits, both of which are
mapped by von Braun and Hahn (1981) as Neogene sediments shown as “N” in Figs. 2, 3.
Oil seeps have been known for many years in the Fang Basin, near the present Chai
Prakarn field (Figs. 2, 3). Over 240 wells have explored the Cenozoic basin sediments for
petroleum. Principal producing reservoirs are fluvial and deltaic sands within dark gray
claystone and oil shale of the Miocene Mae Sot Formation (Fig. 7). The producing sands
of the Mae Soon field are mostly at 660—820 m depth. Total production from 5 main
fields has been about 7 million barrels of 30-40 API gravity, high paraffin oil (Settakul
2009).
Structure at the northwestern end of the basin must be affected by the east termina-
tion of the NE-SW-trending strike-slip Mae Chan fault and N-S trending normal faults
in the basin sediments (Fig. 4). Active left-lateral motion on the Mae Chan fault (Fenton
et al. 2003; Weldon 2015) suggests that the SE block (i.e., Fang Basin) is pulling apart,

moving to the northeast, thereby causing normal faulting.
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Fig. 6 Relief map of the northern Fang basin showing physiographic expression of the late Cenozoic faults

The Fang basin has similar geometry (i.e., the mirror image) to the La Tet right-lateral
fault and the Cerdanya basin in the eastern Pyrenees (Cabrera et al. 1988; Gabas et al.
2016). Mann (2007) has classified this type of basin bounded on one side by a single
strike-slip fault as a “fault termination basin” to distinguish it from classical pull-apart
basins which are confined by two sub-parallel strike-slip faults.

Geothermal gradients

Of interest are the regional geothermal gradients in crystalline rocks of the Fang area
that might be extrapolated to depth, to understand the depth of circulation of the
130 °C hot water. Temperature profiles in the hot springs area are from shallow wells in

Page 7 of 51



Wood et al. Geotherm Energy (2018) 6:3

gamma long-normal resistivity
(APl units) ~ (ohm-meters)
Depth N N o - 2
(meters) N O D Zo S . . o
=} o So o°S &3 Lithologic description
O —
| | Mae Taeng Fm.: silt, clay, sand and gravel of the
| | floodplain and terraces Recent
|| ———————————
1064 At Al
é— Mae Fang Fm.: coarse arkosic sand interbedded
| s with brown to reddish-brown shale - deposited LMate
= in a braided river, alluvial plain, or alluvial fan Plle‘z)i(s:?gge_ne
41 environment.
300
g A
L i ——— T
460 TScasmg break —
560 2 < Upper Mae Sot Fm.: shale and claystone, dark
grey to black, carbonaceous claystone, deltaic
sandstone, lignitic clay and coal, fossiliferous
600 :5 = — limestone(with Viviparous bed), oil shale, non-
marine fossil remains - deposited in a lacustrine Middle-
basin. Late
P Miocene
700 e { —
ii =
<
200 p.d
fejv vy —808-
§ 3
-960 E ? a0
5
o = K
H00 "' 1696-
M i B B Late
g Lower Mae Sot Fm.: shale, brown-grey siltstone, |  Oligocene-
E- - -3 RS sandstone, conglomerate, coal - deposited in Early
1 — = -:“\:—_- —iz06- | ashallow lacustrine or fluvial environment. Miocene
Pre-Cenozoic: limestone, quartzite, shale. Paleozoic
extensively folded and faulted
Fig. 7 Geophysical logs and stratigraphy of the Cenozoic basin sediment in well FA-HM-50-03 in the south-
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crystalline rock (Fig. 8), clearly heated by convective flows and are not useful for predict-
ing the depth of circulation. High gradients (74—133 °C/km) are measured in shallow
petroleum wells in the of the Fang basin sedimentary rocks and these measurements are
often cited as the regional gradient. These high gradients are not observed in the one
available deep well (FA-HM-50-03) measurement of 32.8 °C/km and this discrepancy
prompts this review of the temperature-depth profiles for the area (Fig. 8).

Crystalline rock geothermal gradients

Temperature profiles of the shallow geothermal wells (FGTE-6, FGTE-8, and FGTE-
10) in crystalline rocks are reported by Wanakasem and Takabut (1986). These profiles
(Fig. 8) show temperature inversions caused by shallow, high-temperature, fracture
flows. Below these peaks in temperature the temperatures decrease. Inversion profiles
are common in geothermal wells (Bodvarsson 1973; Ziagos and Blackwell 1986). These
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Fig. 8 Temperature-Depth plot showing reported geothermal gradients of petroleum exploration wells in
Fang basin sediments and an inset figure showing the only available temperature logs of geothermal wells
in crystalline rocks. Large plot: Solid lines connect measurement points (solid dots) of Barr et al. (1979) from
wells which are located in oil fields shown in Figs.2, 3 (detailed locations were not published). Dashed lines
are gradients in wells (locations in Figs. 2, 3) published by Thienprasert and Raksaskulwong (1984), which we
extrapolate upward to an assumed surface temperature of 26 °C. (Because these authors did not publish tem-
peratures, we attempt to reconstruct a profile using their published gradients.) Drill-stem test temperature of
66.5 °C at 1240 m in well FA-HM-50-03 is from Giao et al. (2011). Bottomhole temperature of well IF-12(27) is
an unpublished log considered low because it was probably logged shortly after drilling. Selected tempera-
tures of producing geothermal wells shown by symbols on upper right margin (symbols placed at depths of
producing fractures) (see Table 1). Inset plot: Temperature logs of geothermal wells (locations shown in Fig. 23
and in Table 1) made 1-150 days after drilling (from Wanakasem and Takabut (1986)) and detail of profiles
from wells in sedimentary rocks duplicating those shown in upper left of large plot. Temperature inversions in
the geothermal wells are discussed in text

wells, affected by convection, do not provide information on the regional conductive
gradient in crystalline rocks at Fang. We know of only one deep measurement in biotite
granite reported by Wood et al. (2016) for a borehole at Muang Rae, 120 km southwest of
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Fang. The lower part (850-1000 m depth) of that borehole shows a gradient of 23.3 °C/
km. A heat flow of 70 m Wm™2 is calculated for the Muang Rae field, assuming a granite
conductivity of 3.0 W m™! °C™1,

Fang sedimentary basin geothermal gradients

High geothermal gradients (74—133 °C/km) and high heat flow (68—168 mWm™2) are
reported over much of the Fang basin in the shallow sediments (< 500 m) (Barr et al.
1979; Thienprasert and Raksaskulwong 1984), and these high values are commonly cited
in recent literature (Racey 2011; Petersen et al. 2006). Very few measurements have been
made available from deeper wells, but a drill-stem-test temperature recorded on the FA_
HM_50-03 well in the southern Fang basin (Figs. 2, 3) is considered reliable (not affected
by drilling). That temperature at depth 1240 m is 66.5 °C (Giao et al. 2011) which indi-
cates a much lower gradient (32.8 °C/km) than reported in earlier publications. Thien-
prasert and Raksaskulwong (1984) report gradients without temperature values on
five wells in Fang basin sediments. In order to represent their data in Fig. 8, we have
extrapolated their gradient values to an assumed mean annual surface temperature of
26 °C. Locations of their 5 wells are shown in Figs. 2, 3. They generally show gradients of
~ 87 °C/km. Barr et al. (1979) measured gradients in two wells at the Mae Soon and the
Chai Prakarn oil fields (Fig. 8). For the deeper parts of their ~ 200-m-deep wells, the gra-
dients are 74—133 °C/km. They reported surface temperatures higher than 26 °C, and
low temperature inversions ~ 20 °C in the upper 50—100 m on the two wells, presumably
caused by hot summer days and by cool, shallow groundwater flow, respectively. Because
of the discrepancy between high gradients in the shallow sedimentary section, and lower
gradients in the deep well, we examine the sources of heat flow that may contribute to
the geothermal areas of northern Thailand.

Heat flow to estimate the geothermal gradient in crystalline rock

Heat flow (mW m~?) is a calculated value: g = k-(AT/Az), where k is thermal conduc-
tivity (W m~! °C™1) and AT/Az is the geothermal gradient (°C m™!). Thermal conduc-
tivity of granite is typically 2.9-3.2 W m™! °C~!. Geothermal gradients are typically
high in sedimentary basins because of the low thermal conductivity of sediments (1.3—
1.7 W m~! °C™!). Thus for the same heat flow value, the gradient in crystalline rocks will
be about 1/2-2/3 of that of the gradient in sediments. Heat flow is anomalously high
(78-101 mW m™2) in the extensional basins of northern and central Thailand and in
the Gulf of Thailand (Morley and Westaway 2006; Madon 1997). These high values are
in comparison to a lower regional heat flow over much of Thailand of 42-63 mW m™>
(Thienprasert and Raksaskulwong 1984). The heat source for Fang geothermal area is
from radioactive decay of naturally occurring K, Th, and U in the crustal rocks of the
area and lesser amounts of those elements in the earth’s mantle. The northern Thai geo-
thermal systems are not associated with volcanic or underlying magma systems. Using
measured heat generation from crystalline rocks of the area (Table 2) from Kawada et al.
(1987) and estimated amounts from the lower crust, mantle lithosphere, and the asthe-
nosphere. We estimate surface heat flow in Table 3 between 48 and 109 mW m~2, and
a value of 75 mW m™2 using average values of each contribution. These estimates show
reasonable agreement, but are somewhat lower than the values of heat flow measured in
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Table 2 Heat production of crystalline rocks at Fang

Sample no. Rock type Th (ppm) U (ppm) K (%) Heat production (uW m)~3
KK-FANG-1 Orthogneiss 175 33 2.14 2.26
KK-FANG-2 Mylonite 276 6.5 3.30 3.89
MS-82Y2501 Mylonite 15.1 114 4.31 4.38
[T-FANG-1 Foliated biotite granite 19.9 6.5 3.60 338
[T-FANG-4 Biotite granite 324 89 3.67 4.87
Average 375

Sample numbers and analysis are from Kawada et al. (1987)

Heat production (A, uWW m~) calculation uses the formula from Jaupart et al. (2016): A = 0.257[U] + 0.069[Th] + 0.094[K],
where U and Th are in ppm, and Kis in % by weight

the sediments (discussed below). The most uncertainty in these estimates is contribution
from the lower crust and heat flow from the top of the asthenosphere. Also uncertain are
transient effects on asthenosphere heat flow from lithosphere thinning related to the late
Oligocene—Pliocene extension of the Fang basin (e.g. Morley et al. 2011).

For the deeper sections of the five temperature-profiled wells in basin sediments
(Figs. 2, 3, 8), Thienprasert and Raksaskulwong (1984) calculated heat flow values
94-150 mW m ™2 (mean value of 114 & 23, #n = 5), using measured core conductivities of
1.19-1.70 W m~! °C™L, For the deeper sections of the two wells profiled in the sediments
by Barr et al. (1979), heat flow values of 93 and 168 mW m~2 were calculated using an
assumed conductivity of 1.26 W m ™! °C™!. These values are higher than those from esti-
mates of lithospheric parameters (Table 4) and much higher than 39 or 56 mW% m~? cal-
culated from the temperature gradient of the 1200-m-deep well (32.8 °C/km) using either
a conductivity of 1.19 or 1.70 W m ™' °C~L. Thus there is some uncertainty on the regional
heat flow, but values in excess of 90 mW m™2 are reasonable. If we use the lower values
of measured heat flow (~ 94 mW m™2), and estimate the crystalline rock conductivity of
3.0 W m™! °C™}, the calculated temperature gradient in the crystalline rock is 31 °C/km.
From this we estimate a maximum depth to which 130 °C water circulates in crystalline
rock at ~ 3 km, but allow that higher heat flow would indicate shallower depths.

Methods

The 40-year history of investigations of the Fang geothermal area have not been com-
piled into an integrated review since the 1980s. We document temperature and flows
from seeps and wells, and established their location in UTM (Universal Transverse Mer-
cator, WGS84 datum) coordinates. Waters from selected seeps and wells were analyzed
for chemistry and geothermometry. Geology of the area was re-mapped and re-inter-
preted with emphasis on structure as a guide to locating the permeable fracture sys-
tem. MT and DC resistivity surveys of Amatyakul et al. (2016) and Coothungkul and
Chinapongsanond (1985) were reviewed for understanding structural geology and the
geothermal system. We attempt to understand the permeable fracture system as a fault
damage zone in the crystalline rocks related to the active Mae Chan fault. This review
does not precisely locate the important fractures, but we establish a conceptual model
and make recommendations on geophysical surveys that may be useful in siting new
wells. We further make recommendations on potential drill sites based on existing data,
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data that should be taken during drilling, the importance of production-well diameters

sufficient for pump settings, and the importance of re-injection wells.

Geologic mapping at the geothermal area

Geologic framework

The hot springs lie about 1 km north of the NE-SW-trending Mae Chan fault, the
obvious large structure with physiographic expression (Figs. 4, 6, 9). The fault trace is
expressed as edges of hilly topography and as aligned saddles along ridges in the hills
(Fig. 6). The fault forms a steeply dipping contact (based on MT data) of the Paleozoic
sedimentary rocks with Cenozoic alluvial fan deposits and the underlying coarse-clastic
sediments of the Mae Fang Formation. Contact of the Paleozoic sedimentary rocks with
the foliated granite and mylonite (presumably of Triassic age) also trends NE-SW simi-
lar to the Mae Chan fault, however, the v-shape contact pattern indicates a shallow SE
dip showing that the contact is a low-angle normal fault, or a detachment fault (Figs. 9,

10). The Mae Chan fault trace has right-stepping segments at its western end (Fig. 4).
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Fig.9 Geologic map of the Fang

ang Mai University (Ensol Co,, Ltd.
rocks is interpreted as a low-angle normal fault, called the Doi Kia fault. FX-2 is the geothermal well south of

the hot springs. Limestone outcrops in purple color. Coordinates are UTM, WGS-84

geothermal area based on mapping by the authors (2014-15) and by Chi-
2015). The irregular contact of Paleozoic sedimentary rock with crystalline
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Lithology found in the early geothermal drilling was mostly granitic and cataclastic
rocks; however, wells FTGE-2, BH-3, and BH-5 drilled into quartzite (Ratanasthien et al.
1985, p. 19). We have been unable to obtain records of lithology for wells drilled since
1982 (wells since FTGE-5). The cataclastic nature of the foliated granite and gneiss is con-
firmed by Chiang Mai University geologists (Ensol Co., Ltd. 2015) who mapped much of
the exposed rock as mylonitic gneiss and schist. We have tried to reconcile these litholo-
gies with the regional stratigraphy shown by Imsamut and Krawchan (2005) (Fig. 11).

Paleozoic sediments

A band of Paleozoic sedimentary rocks forms the hills between the crystalline rocks of the
high mountains, and the rolling foothills underlain by Cenozoic sediment (Figs. 2, 3, 9). Con-
tact with the crystalline rocks is a low-angle (15°) normal fault. Contact with the Cenozoic
sediments is a high-angle strike-slip Mae Chan fault. The sediments observed in outcrop are
mostly thick-bedded quartz sandstone with interbeds of shale, and massive limestone: lith-
ologies similar to the descriptions by Imsamut and Krawchan (2005) for the lower 1000 m of

strata (Ordovician—Silurian Hod Formation) of their composite section (Fig. 11).

Quartz sandstone

Much of the Paleozoic sedimentary rock is thick-bedded quartz sandstone and quartz-
ite, in which bedding is rarely observed. This rock covers most slopes as abundant frag-
ments, but ledges with indistinct bedding occur in places. The sandstone is composed
of interlocking quartz grains, 0.3—0.6 mm, well sorted, but without observable porosity
(Fig. 12a). The Paleozoic quartzite is described in thin section by Ensol Co., Ltd. (2015)
as a quartz arenite with subround grains less than 0.6 mm. In outcrop the sandstone is
yellowish in color, and the fresh rock is gray. In many places, the sandstone is laced with
white quartz veinlets. Folded shale and thin-bedded sandstone are exposed in road cuts
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see Fig. 7 for description of Cenozoic sediments.
3,000 - unconformity. Jurassic Fm. (Jurassic) mapped only on the east side of the Fang basin.
: continental deposits: cycles of conglomerate,
sandstone, siltstone and mudstone, red,
brownish red, medium to thick bedded.

unconformity

Pha Huat Fm. (middle Permian)
upper. massive limestone, dolomitic limestone,
light gray, pinkish gray, thick bedded to massive, [ upper: tuffaceous shale,
with fusilinid and brachiopods. phyllite, volcanic rocks
lower: shale, argillaceous limestone, dark gray, lower: graywacke,
gray, thin bedded. tuffaceous sandstone,
———— Kiu Lom Fm. (Ngao Gr.) (E. Permian) sitstone, shale, phyllite.

Ban Luang Fm. (Mae Tha Gr.) (L. Carboniferous)
upper: ribbon chert, shale, dark gray with radiolaria.
lower. red siltstone, mudstone, slaty shale with light gray shale.
Khob Dang Fm. (Mae Tha Gr.) (Carboniferous)
lithic, arkosic and quartzitic sandstone, fine-medium
grained, thin to very thick bedded, interbedded
with shale and mudstone, greenish gray to dark
gray, thin to thick bedded with plant remains

thickness (meters)

unconformity

Fang Fm. (Devonian-Carboniferous)
laminated shale, phyllite, schist, very thin bedded.
Hod Fm. (Ordovician-Silurian)
shale facies:
upper: argillaceous limestone,
and phyllite with limestone lens.
lower: slaty shale interbedded
with argillaceous limestone.

1,000

limestone facies:
upper: limestone, dolomitic limestone
thick bedded, pink gray, with conodont
and primitive brachiopod.
lower: slaty shale interbedded with
argillaceous limestone, gray to dark
gray, thin bedded.

Pha Bong Fm. (L.Cambrian-E.Ordovician)
upper: siltstone, light brown, thin bedded.
lower: quartzitic sandstone, light brown,

fine grained, medium bedded, intercalated
with laminated siltstone.

Fig. 11 Stratigraphic column of Paleozoic rocks from Imsamut and Krawchan (2005) based on their mapping
of the Amphoe Fang (4848 IV) and Doi Pha Wok (4748 ) map sheets

in the Huai Hian valley (Fig. 12b, c). Faulted quartz sandstone crops out on the east bank
of the Mae Chai River (Fig. 12d). West of the Mae Chai River (on Doi Liam) sandstone lies
directly upon crystalline rocks. In the bed of the Mae Chai River, south of the hot springs
(0516700E, 2206650N), the base of the sandstone unit is a black quartzite breccia, and
similar black breccia also occurs near the contact with crystalline rocks in Huai Hian.

The lithology of this quartz sandstone, siltstone, and shale unit best matches the
description of the Late Cambrian Pha Bong Formation (Fig. 11); however, thick-bedded
sandstones in the Carboniferous Mae Tha Group are of similar lithology (Imsamut and
Krawchan 2005). Because of poor exposure and lack of fossils one cannot be certain of

the correlation of this rock type to the Late Cambrian sandstone.

Gray limestone

Scattered large (up to 2 m in size) blocks of gray limestone occur in some areas west of
the hot springs (Fig. 12e), and in the valley of Huai San (creek). Limestone outcrop areas
are shown in the map (Fig. 9). Largest blocks are about 7 m, which may be the thick-
ness of an individual bed. Shawe (1984) noted large blocks of limestone embedded in
deformed shale at the Huai San Fluorite Mine. Thicker beds occur on the east side of
Huai Hian near the contact with crystalline rocks. The limestone at the Huai Bon Cave
is at least 50 m thick. It is recrystallized and zones of calcite-cemented breccia occur in
places. At Huai Bon Cave, where the limestone rests directly upon crystalline rocks, we

interpret that contact as the Doi Kia fault.
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Fig. 12 a Close-up photo of orthoquartzite (quartz arenite) showing interlocking grains of ~ 0.6 mm. b
Outcrop of interbedded sandstone and hard shale, fold axis plunges 21° in the 120°direction, upper limb
beds dip 46° SW, and strike 102° (outcrop face oriented 068°, located at 518940E, 2208249N). ¢ Outcrop
of medium-bedded hard siltstone, near vertical dip, 122° strike, bedding shown by white lines (located at
518173E, 2208558N). d Outcrop of fault in the bed of the Nam Mae Chai River at 516585E, 2207275N), show-
ing normal fault striking 020° dip 80°NW, with drag on the thin-bedded shale and sandstone. Photo is looking
south. e Outcrop of gray limestone at 514850E, 2207100N
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Occurrences of limestone in the Fang area are conspicuous boulder fields, ledges,
and cliffs. If limestone occurs within the otherwise deeply weathered sediment, lime-
stone always crops out. The limestone here best matches the description of the lime-
stone facies of the upper Silurian Hod Formation (Fig. 11). These limestone occurrences
should not be confused with the well exposed high cliffs and karst towers of the early
Permian Ngao Group (Doi Chiang Dao limestone) which lie to the west and south of
Fang Basin. We believe the limestones in the hot springs area are those of Silurian age.
No macrofossils were found, as much of the limestone is recrystallized.

Dark gray claystone

Gray shale is exposed in the east wall of the water-filled pit of the Huai San fluorite
mine and contains disseminated fine pyrite and black carbonaceous particles. Shawe
(1984) observed large limestone blocks embedded in the deformed shale near a fault in
the mine pit (Fig. 13). Dark gray shale lies directly on crystalline rocks in the draw at
0515290E, 2207500N.

N

warm water
ri5vin 2 From
Flue rspar e 00 5/ 7

4 100 200 J00 m
[ 258 | 1 DO |

Cg Carboniferous gneissic granite (Triassic)
Cls Carboniferous limestone and shale (Paleozoic)
gtz quartzite (Paleozoic)

contact

Ts Tertiary sedimentary rock \\\ fault zone
\

g fluorite

Fig. 13 Sketch map of the Huai San fluorite mine made by Shawe (1984) showing location of warm springs
in the mine. Carboniferous ages assumed at the time are now considered early Paleozoic sediments and Trias-
sic granite
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Just above the contact with crystalline rocks, a 12-m-deep-reservoir was excavated in
2016 into a massive, dark gray, gummy claystone with chunks of gray sheared quartzite,
with no discernible stratification (Fig. 14). In thin section, the quartzite is composed of
granulated angular quartz grains less than 0.1 mm. Location of reservoir is shown in
Fig. 9. We are uncertain whether this excavation is in a shale bed or in gouge of the Doi
Kia fault. Observed thicknesses of shale are limited to excavation exposures which are
no greater than 12 m. Hills which cover much of the area of Paleozoic sediment without
outcrops may be entirely shale. These gray clayey rocks may be the shale facies of the
Ordovician-Silurian Hod Formation (Fig. 11).

Crystalline rocks (Presumably of Triassic age)

Crystalline rocks in the geothermal area are a group of foliated granite, augen gneiss,
minor schist, and mylonite. These foliated or “stressed” granites” yield late Permian to
Triassic ages throughout northern Thailand using a variety of isotopic geochronometers
(Compilation by Crow 2011). Similar gneissic basement rocks in the Inthanon Zone to
the south are regarded as Sibumasu basement that has been metamorphosed during the
Indosinian Orogeny of late Permian to late Triassic age (Ridd et al. 2011; Gardiner et al.
2016). No stratigraphic contacts between these “basement crystalline rocks” and Paleo-
zoic cover have been identified (Barber et al. 2011, p. 515), and many contacts are inter-
preted as low-angle detachment faults.

Foliated crystalline rocks

Best exposed along the bed of the Nam Mae Chai (river), east of the hot springs, are
mylonite and augen gneiss and granite gneiss (Fig. 15a, c, f). Biotite and feldspar- augen
(typically 5 x 2 mm) are the visible foliation. Rarely, very elongate dark inclusions are
observed. Porphyroclasts occur sparsely (Fig. 16a), but rotation directions have not
been evaluated. Foliation strike observed in outcrops along the Nam Mae Chai (river) is

o fa b & 3 WIS it e

Fig. 14 Photograph during January, 2016 excavation of pit into dark-gray sheared quartzite, sheared pieces
embedded in gray gummy clay. Resulting reservoir is ~ 12 m deep. This clayey material apparently lies within
or beneath the quartzite just east of the hot springs. No bedding planes observed (clean exposure is left side
of photo). No pyrite or visible mineralization observed in the clay or rock. Location is 0516550E, 2207200N
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FTGE-15
60 m deep

Fig. 15 Photos of gneiss and mylonite: a foliated granite with sheared porphyroclasts at the hydroelectric
plant bridge (516237E, 2208078N) (pencil diameter is 9 mm). b ultra-fine-grained mylonite on the west side
of Huai Hian (creek) (0518528E, 2208928N) showing foliation striking 108° and dipping 11°SW (coin diameter
is 25 mm). € photo showing foliated (178°strike, 28° W dip) mylonite, with quartz veins showing strike-
parallel lineation at bridge (516449E, 2207718N). d coarse grained, weakly foliated biotite granite (weathered
to brown color) in cut on road to Haui Born Cave (519819E, 2209366N). @ photo looking west at the hot
springs area and steam plume from the FTGE-7 well. Hot springs area is studded with corestones of foliated
granite. f photo showing fractures in foliated granite filled with brownish veinlets of chalcedony (?) (515300E,
2207520N)

generally N-NE, and foliation dip is 24—50°E, although some west dips occur. Lineation
is near horizontal directed along N-NE strike of the foliation. Mylonite is best seen in
the river bed just north of the bridge (0516500E, 2207675N) (Fig. 15¢) and one outcrop
of a fine mylonite on the west side of Huai Hian valley (0518528E, 2208928N) (Fig. 15b).

Slightly foliated coarse-crystalline biotite granite
Coarse-crystalline biotite granite was mapped by Imsamut and Krawchan (2005) in the
hot springs area, and to the east, however we noted that all the crystalline rocks are
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somewhat foliated. Along the road to Huai Born Cave, the granite is coarse crystalline
and less foliated than elsewhere, and this may be the lithology that they noted (Fig. 15d).

Hydrothermally altered crystalline rock

The cuttings from FTGE-7 (53 m total depth) were sampled, and the clay minerals of
3 zones, determined by X-ray diffraction analysis (Ratanasthien et al. 1985, p. 94-96).
At 5.25 m the dominant clay is montmorillonite with other minerals, quartz, illite, and
feldspar present. Below this is a zone with montmorillonite-mordenite. The upper mont-
morillonite—mordenite zone is generally beneath boulders of foliated granite in the area
of hot spring manifestation (Fig. 15¢). Below that zone at 23.5 m depth the dominant
clay-mica mineral is chlorite associated with illite, quartz, feldspars, and calcite. Unfor-
tunately, quantitative data are not available nor is mineralogical examination reported
for the other wells. Boulders of foliated granite in the hot springs area do not appear
altered, perhaps because they are resistant core stones within the clay-altered granite.

Cenozoic basin sediments

Maximum basin fill is 2800-3000 m. The beginning of basin formation is late Oligocene,
in common with other extensional basins in Northern and Central Thailand (Morley
etal. 2011).

Mae Sot Formation, lower Miocene

The early basin fill rocks (Mae Sot Formation) crop out within the basin south of Fang,
and extensively on the southeast margin of the basin (Imsamut and Krawchan 2005).
No outcrop areas are shown along the northwest margin near the hot springs. Stratigra-
phy of Mae Sot Formation is known from petroleum exploration wells (Fig. 7). Overly-
ing the pre-Cenozoic bedrock is > 500 m of fluvial sandstone and lacustrine claystone
of the Mae Sot Formation, the top of which contains up to 22 m of coal. The overlying
sequence of the formation is lacustrine coal and oil shale, > 700 m thick. Age is early-
mid-Miocene. Within the Mae Sot Formation is a local angular unconformity associated
with an uplift of the eastern margin of the basin, probably marking an inversion event in
the Middle Miocene (Morley and Racey 2011).

Mae Fang Formation, upper Miocene—Pliocene

Unconformably overlying the Mae Sot Formation is a > 700-m-thick unit of coarse arko-
sic sandstone with minor interbedded shale and sandy conglomerate, some containing
coalified wood (Fig. 16a), designated the Mae Fang Formation. Exposures of these sedi-
ments that have been deformed by faulting or moderate folding (Fig. 16) are regarded
as Mae Fang Formation, whereas gravels with moderate dip or horizontal are believed
to be the overlying alluvial fan unit. The Mae Fang Formation (map unit labeled “N’} in
Figs. 2, 3) occurs as rolling hills out in the middle of the basin, north of Fang, hills that
rise to 500 m elevation above the surrounding 460 m elevation floodplain. We observed
an excavation exposure of the unit along Highway 107 (0520446E, 2203790N), where
the unit is composed of gravelly angular sand and clayey sand, with irregular scour-fill
boundaries. The layers dip 15°W, strike 000°, and are cut by a 70° NW, 015° strike, with

apparent high-angle reverse, up to east displacement of about 2 m (Fig. 9). Some of the
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Fig. 16 Photos of Cenozoic Mae Fang Formation sediment. Photos (a-c) are located 100 m west of the
national park check station on the road to Doi Pha Hom Pok at (520495E, 2207547N). a Clayey, sandy gravel
with lenses of coalified wood dipping 44°SE. b Reverse fault (strike of 070°, dip of 61°NW) in sandy gravel.
Footwall sediments dip 44°SE. Digging hoe, 1 m long, for scale. € Close-up photo of sandy gravel of photo
(a). Clasts are entirely dark gray to white quartzite with white quartz veinlets. d Sandstone and conglomerate
(strike 310°, dip 45°SW in the bed of the Nam Mae Chai (river), on the immediate SE side of the Mae Chan
fault (516790E, 2206410N)). @ Normal fault (strike 025°, dip 39°NW, 2 m offset) in pebbly sandstone of the
Mae Fang Formation striking 001° to 335°, and dipping 25° to 34°. Base of section (lower right) is 2 m of gray
silt with coalified plant detritus. Excavation is 11 m high. Location is 700 m west of Ban Hua Na School at
(513584E, 2203193N)

areas mapped as “Quaternary terrace deposits” by Imsamut and Krawchan (2005) are
faulted and moderately dipping, so that we regard most of the rolling hills as Mae Fang
Formation. Imsamut and Krawchan (2005) map three different units of late Tertiary and
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Quaternary age: the alluvial fan unit (Qaf), the terrace unit (Qt), and the colluvial unit
(Qc). We are uncertain of the mapping of the undeformed Quaternary alluvial fan and
terrace deposits, for they cannot be distinguished from one another by lithology or clast
content.

The Mae Fang Formation is interpreted as having been deposited in braided river and
alluvial fan environments. Inversion anticlines along the east-dipping boundary fault
have eroded crests and are unconformably overlain by deposits of Quaternary gravels,
sand, and clay, locally at least 100 m thick (Morley and Racey 2011).

Coarse alluvium of the Mae Fang Formation indicates that alluvial river systems flowed
through the Fang basin, over the previously deposited swampy deposits of the Mae Sot
Formation. Outlet of the basin was presumably controlled by downcutting of the Kok
River and its capture of the Fang drainage basin. Confluence where the Fang River now
flows into the Kok River is now 444 m elevation. Gorge of the Kok River on its course
to Chiang Rai cuts through hills rising to 800 m elevation above the ~ 430-m elevation
channel; therefore the river has incised about 370 m, during which time coarse alluvium
accumulated in the basin.

Undeformed alluvial fan and colluvial deposits

Alluvial fan and colluvial deposits are mapped separately along the west side of Fang
basin by Imsamut and Krawchan (2005). We see no mappable difference between these
two units. Where exposed, both are comprised of thick-bedded, boulder alluvium with
several thick beds of moderately well-sorted sand. The unit mapped as the alluvial
fan deposits is well exposed on an 18-m-high quarry face, over a distance of 120 m at
(0516371 E, 2204641N) on the north side of Huai Ton Pheung (Fig. 17). The deposit is
mostly sandy, subround, cobble-and-boulder gravel. A conspicuous white, coarse, sand

Fig. 17 Horizontal clayey, sandy gravel of the Mae Taeng Formation. Subround clasts are entirely quartzitic
sandstone with veinlets of quartz up to 40 cm diameter. Quarry wall is ~60 m high, comprised of a lower 4 m
of clayey sandy boulder gravel, 1.5 m of sand, 4 m of fining upward sandy boulder gravel with a sandy top,
and 8 m of clayey boulder gravel. Upper 40 m poorly exposed clayey, sandy gravel. Location is along the Huai
Ton Pheung Road, 0.5 km NW of Ban Ton Pheung, (516322E, 2204677N)
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bed 1.5 m thick, fining upward to a 0.5 m dark gray-red mottled clay lies within the
gravel. Clasts here are predominantly sandstone. No gneissic or granitic clasts occur, and
lithology is similar to the underlying Mae Tang Formation. Deposits of subround boul-
der gravel, grain-supported in a red sandy clay matrix occur in hills to south, observed at
elevation 620 m, and apparently much higher on the flanks of Kao Mon Pin, up to about
800 m elevation (Fig. 9). At the very top of Kao Mon Pin, elevation 862 m, Imsamut and
Krawchan (2005) show an outcrop of Carboniferous sandstone (Khop Dong Formation)
(22014600E, 0504700N). Coarse, bouldery alluvial fan sediment apparently filled around
the earlier hilly topography of Paleozoic rock up to ~ 800 m elevation. Similarly, at hill
“750 m” near Ban Mai Hua Na, south of the Mae Nam Mao (22013100E, 0501650N)
is bouldery sediment up to 700 m elevation. The main flood plain of the Fang River is
now at 460 m elevation, beneath which are 700 + m of coarse alluvium of the Mae Fang
Formation. Hills of the same coarse alluvium form these outcrop areas which rise 240 to
340 m above the plain to 800 m elevation, on the west side of the western boundary fault
indicating up to 1040 m of Mae Fang Formation fill the basin.

These elevations have implications for incision of basin by the Fang River, tributary to
the Kok River. In order to provide gradient for deposition of coarse gravel, the base level
of the Kok-Fang River confluence junction must have been below 800 m, perhaps 650 m.
The confluence of these rivers at Thaton is now 460 m elevation suggesting incision of
Fang basin sediment of at least 200 m.

Virtual lack of gneissic or granitic clasts in any of the gravel outcrops (except those in
the modern stream deposits) indicates that the crystalline rocks have only recently been
exposed to drainages feeding the northern Fang basin.

Geophysical surveys

DC resistivity surveys-1985

Several DC electrical resistivity surveys, both Schlumberger soundings and transverse
profiling, have been run over the area, but the only geophysical reports available to us are
Ramingwong et al. (1980), Ratanasthien et al. (1985,) and Coothungkul and Chinapong-
sanond (1985). Ramingwong et al. (1980) made Schlumberger soundings at 50 points
spaced 0.7 to 2 km over a 30 km? area between Huai Ton Phueng on the west, and Huai
Bon on the east. For AB/2 = 250 m, they found low values (< 50 Qm) over a 1.5 km? area
about the hot springs (AB is the separation distance of the current electrodes, and AB/2
indicates the approximate depth of investigation). Coothungkul and Chinapongsanond
(1985) made Schlumberger soundings at 20 locations (Fig. 18) and the apparent resistiv-
ity curves of these soundings are shown in Fig. 19. On six of the soundings they show
low apparent resistivity (5-12 Qm) at depths of 2-50 m (Fig. 19). The soundings values
are contoured on 5 maps in their report for AB/2 = 5, 25, 50, 80, 100 m. We show their
AB/2 =100 m map in Fig. 18. The < 60-Qm contour contains many of the hot wells. This
EW to NE trending pattern of low resistivity is on all five maps.

Coothungkul and Chinapongsanond (1985) ran six lines of lateral resistivity profiling,
using a fixed separation of current and potential electrodes, and an electrode spacing of
20 m, except Line H-1 which was 10 m. Lines H-2, H-3, and H-4 (not shown) are outside
the area of hot springs (Fig. 18) and generally have high values (60 to > 200 Qm). H-2
shows a low of 42 Qm at station 320 and rises sharply to > 200 Qm to the east on the
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Fig. 18 Map showing Schlumberger sounding points of Fig. 19, locations of lateral DC resistivity profiles H1,
H5, H6 (shown on Fig. 20), and contoured anomalously low apparent resistivity (AB/2 = 100 m) areas from
Coothungkul and Chinapongsanond (1985)

AB/2 = 50 m electrode spacing. H-3 shows a low value of 52 Qm at stations 280-300.
H-4 show high values > 200 Qm, except for low values to 85 Qm centered at station 280
and then abruptly lower (~ 60 QQm) east of station 490.

Lines H-1, H-5, and H-6 run through the hot springs area (Fig. 18). Line H-1 shows
low resistivity (20-30 QQm) between stations 195-290 on the AB/2 = 50 m profile about
20 Qm lower than that on the AB/2 = 100 m profile (Fig. 20). These low resistivities are
along the line of hot wells, FTGE-9, -7, and -14. It is significant that at the south end of
line H-1, station 420 exhibits low resistivities of 30 Qm on the AB/2 = 50 profile. That
area to the south contains hot well FTGE-8 and producing well FX-2. Line H-5 shows
mostly moderate resistivities > 40 QQm, except for low values of 15-25 Qm between sta-
tions 240-260. These low values also correspond to hot well FTGE-16. Line H-6 shows
low values < 40 Om from stations 160—340, corresponding to hot wells FTGE-6, -11, and
producing well FX-2. A low value is also at station 475.

Location of 7 E-W trending resistivity survey lines, spaced 100 m apart, is shown in a
map in Wanakasem and Takabut (1986), but no copy of that resistivity data is available.
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Fig. 19 Schlumberger array resistivity soundings from Coothungkul and Chinapongsanond (1985). Low
apparent resistivity (< 60 Qm) occurs in a zone 9-60 m depth on most soundings. Location of soundings
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Fig. 20 DC lateral resistivity transects (Lines H1, H5, and H6) of AB/2 = 50 m, and AB/2 = 100 m, locations
shown in Fig. 18 from Coothungkul and Chinapongsanond (1985)
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One concludes from Coothungkul and Chinapongsanond’s report that the low resistiv-
ity zone (< 45 Qm) is shallow, 9-60 m, over the geothermal area and that the deeper rock
is > 80 Qm. Considering the relatively high resistivity of the thermal water (5.6 Qm),
they concluded that these low resistivity zones are caused by hydrothermal alteration of
the crystalline rocks. Depth resolution of their surveys is unable to detect deeper frac-
ture systems, but the precision of these lateral surveys to locate sharp boundaries indi-
cates that dense surveys such as line H-1 with 5-m electrode spacing, and longer AB
spreads, would be useful in further exploration. DC resistivity surveys can be deployed
rapidly with modern equipment, and processed to produce 2D and 3D tomographies
(e.g., Revil et al. 2015).

Magnetotelluric (MT) survey

MT measurements were made at 25 points spaced 250—1000 m apart over a ~ 20 km?
area south of the hot springs by Amatyakul et al. (2016) (Fig. 21). Their paper presents
MT slices at depth levels of 0, 50, 200, 400, 600, and 1000 m. We show additional levels at
25 and 300 m depths (Fig. 21) from an earlier data report by Siripunvaraporn (2015). The
3D MT inverted data (Figs. 21, 22) show the high resistivity (> 300 Qm, colored blue)
crystalline rock overlain by low resistivity (< 30 Qm, colored yellow and orange) mate-
rial. Station numbers discussed on profiles are length in meters from the NW end of
profile. The profile (Fig. 22a) shows the top of the crystalline rock dipping south at about
15° beneath low resistivity material from station 500 to 1350. The geologically mapped
Doi Kia fault that places Paleozoic quartzite and shale over crystalline rock dips at a sim-
ilar angle along this profile (Fig. 10). At station 1350 this shallow layer appears faulted
up to the SE about 100 m. This shallow (< 200 m deep) low resistivity zone from stations
500-1600, labeled C1 in Fig. 22, is not over the geothermal area, and is not believed to
be a drilling target as originally suggested in Amatyakul et al. (2016). This shallow zone
is interpreted by us as shaly rock of the Paleozoic sediments. Between stations 1600 and
2000, the crystalline rock interface steepens to ~ 36°, and the Paleozoic rock thickens to
~ 500 m. At station 2100 is the mapped trace of the Mae Chan fault southeast of which
is the C2 anomaly in Cenozoic sediment. The Mae Chan fault appears as a vertical struc-
ture which offsets the sediment of hundreds of meters. The sloping contact (~ 36°) from
500 to 1500 m depth may indicate another structure at the west end of the Mae Chan
fault related to the western boundary fault of the basin.

The profile (Fig. 22b) traverses the geothermal area from stations 400 to 900. The pro-
file shows a nearly horizontal zone from stations 500—1600 of material < 30 Qm, about
100 m thick. This traverse is underlain by crystalline rock, and not Paleozoic sediment.
The very low resistivity zone (< 20 Qm) from stations 400—900 is exactly over the geo-
thermal area and is ~ 80 m thick. We are certain from geologic mapping that crystal-
line rock extends along this profile to station 1550 southeast of which it is covered by
Paleozoic sediment, and at station 2550 faulted against Cenozoic sediment by the Mae
Chan fault. Between stations 1650 and 2400, a 36° SE dipping contact similar to Fig. 21a
occurs between the high resistivity crystalline rock (> 300 Qm) and within the overlying
Paleozoic sediments, shown by the contrast of material (> 40 Qm, colored green) over-
lain by lower resistivity material colored yellow and orange. The zone from station 2000
to 2400 is within the stepover zone of the Mae Chan fault, and we are uncertain how the
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Fig. 21 Map view slices at 25 m and 300 m depths of the final inverted 3D-Magnetotelluric resistivity survey
of Amatyakul et al. (2016). These slices are from an earlier report on that data by Siripunvaraporn (2015).
Traces of faults from geologic mapping of Fig. 9 are dashed black lines. Map a (25 m depth) shows the small
area of the shallow, low resistivity (< 30 Qm, colored orange) anomaly at Fang Hot Springs. Deeper slices
show only high resistivity beneath the geothermal area. The map shows low resistivity (colored orange)
which is associated with the Paleozoic sedimentary rock overlying the crystalline rock (> 300 Qm, colored
blue) between the Doi Kia fault and the Mae Chan fault. Low resistivity rock south of the Mae Chan fault is
the shaly Cenozoic basin fill. Map b (300 m) shows the crystalline rock is beneath the hot springs, and low
resistivity Cenozoic basin fill southeast of the Mae Chan fault. The white line shows N-NE trending boundary
between crystalline rock to the west and sedimentary rock to the east. This feature is not evident in geologic
mapping, and appears only on slices deeper than 200 m. The boundary shows up clearly in cross section on
the vertical slice, where it appears to dip 55°SE (Fig. 22a). The structure suggests uplifted crystalline rock to
the west and may account for the isolated Paleozoic quartzite outcrop in the basin shown in the map
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Fig. 22 Cross-sectional (vertical slices) from the 3D-magnetotelluric survey (final inverted model) of

Amatyakul et al. (2016). Stations discussed in text refer to length in meters from the northwest end of profiles.

Label “R"is interpreted as crystalline rock. Label “M"is interpreted as Cenozoic basin fill sediments. Profile a

is 1 km west of the hot springs. The shallow (< 200 m) low resistivity anomaly “C1” was interpreted earlier in
Amatyakul et al. (2016) as a manifestation of the hot springs. Because it lies west of the geothermal area, it

is now believed to be the shaly Paleozoic sediment and perhaps the cataclastic clayey rock at the base of
the Doi Kia fault. Southeast of the Mae Chan fault, the “C2"anomaly is in the shaly Cenozoic sediment. The
C2 low resistivity anomaly may be caused by clay and not by hot pore water. The white line, below 400 m
depth, corresponds to the N-NE trending deep structure indicated in Fig. 21b, and shows an apparent dip of
50°SE. Profile b is through the hot springs area and shows the flat lying, shallow (< 80 m deep) low resistivity
anomaly at the geothermal area, labeled “C1." Because Profile b crosses only crystalline rocks from stations

1 to 1600, we believe “C1"on Profile (b) is caused by shallow hydrothermal alteration zones along fractures
in the crystalline rocks. To the southeast, Profile b crosses through the stepover zone between segments of
the Mae Chan fault from stations 1650-2400. The apparent 36°SE dip between those stations also occurs on
profile a and may be a tilted structure within the stepover zone

Page 35 of 51



Wood et al. Geotherm Energy (2018) 6:3 Page 36 of 51

MT imaging resolves this zone, except that crystalline rock contact (blue color) appears
to dip more steeply from 500 to 1200 m depth over this distance. The line shown as the
MCEF is from Amatyakul et al. (2016) paper and coincides with the northern segment of
the Mae Chan fault.

Because the low resistivity anomalies occur in the Paleozoic and Cenozoic sediments
we interpret them as shale bodies. We have no independent information on the resistiv-
ity of Paleozoic sediments, but we mapped numerous localities of shaly rock in addition
to the predominant quartzite. We know from geophysical logs that shale in the Cenozoic
Mae Sot Formation typically has a resistivity of 5-10 QOm, and is 400 or more meters
thick in the southern Fang basin (Fig. 7).

The hot springs area, underlain by crystalline rocks, shows moderately low resistiv-
ity at the 25 m depth slice (< 40 Qm) over an 150,000 m? area, and < 20 Qm over a
40,000 m? area. This anomaly disappears at 50 m depth, and the deeper levels generally
have high resistivity (100—-300 Qm). That thin layer of low resistivity material must be
the hydrothermally altered crystalline rock as observed by Ratanasthien et al. (1985, p.
94-96) in the upper 23 m of well FTGE-7 and inferred from the DC resistivity surveys
discussed above.

Interpretation of low resistivity in geothermal areas

In order to interpret resistivity surveys, it is important to understand the basic petro-
physics of rock resistivity in geothermal areas. Needing explanation are the low resistivi-
ties (< 30 Qm) determined by DC and MT resistivity surveys at Fang. Resistivity values
of the rocks are due to electrolyte conduction in the formation water residing in the
pores and fractures, and by conduction paths through clay minerals or metallic minerals.
Water produced from 130 °C wells at Fang is quite low in electrolytes. The specific con-
ductance (EC) of the water is 550 uS cm™! (resistivity of 18.2 Qm) at 25 °C. Resistivity of
water decreases with temperature. The resistivity of water (R,,) occupying the pores and
fractures of the 130 °C Fang geothermal reservoir has been temperature corrected with
Arp’s equation of Sen and Goode (1992) to 5.6 Qm.

Resistivity of the rock due to conduction in water through the tortuous pore paths in
rocks is predicted by some form of Archie’s Law, and for crystalline rock it is approxi-
mately, R, ~ (1/¢, ™) R, where m ~ 2.0 (Brace et al. 1965). Resistivity due to conduction
through water in fractures generally has the form, R, ~ (1/¢; ™) R,,, where m is 1.1-1.6
(Aguilera 1976). Porosity of pores and fractures are ¢, and ¢y, respectively. The exponent
on pore porosity is > 2.0, and the exponent on fracture porosity is ~ 1.0, so that frac-
ture porosity is far more conductive because the current paths are less constricted and
tortuous. If we assume a relatively large fracture porosity of 15% (i.e., a total of 15 cm of
fracture openings per linear meter of rock), then the lowest calculated resistivity of such
a rock mass is R, = (5.6 Qm) - (0.15) ! = 45 Om (conductivity of 0.022 S m™?), which
does not approach the low values (< 30 QOm) at Fang.

A fractured reservoir with hot fluid can have the same resistivity signature as clay-
bearing rock, especially in the presence of the smectite clays common in hydrothermal
alteration zones (Revil et al. 2015; Komori et al. 2013). Smectite has a large surface area
and develops a conductive electrical double layer on its surface. Conduction on this path
is called “surface conductivity” (C,) which can greatly dominate electrolyte conductivity
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of water in pores (C,) and fractures (Cy). Resistivity is the reciprocal of conductivity:
R, = 1/C,. Conductivities by these paths are assumed to be parallel and are additive, so
that resistivity of rock (C,) containing clay can be approximated as (C, = C, + C; + C).
Komori et al. (2013) measured high surface conductivity of ~ 107! S m™" from hydro-
thermally altered rocks. A 10% smectite content can raise the surface conductivity of a
rock matrix to 1071 S m™! (Revil et al. 2002; Komori et al. 2013) which easily accounts
for low resistivity values in the Fang geothermal area. Because electrolyte conductivity
of water in the fractures (calculated above) is < 1/4 the surface conductivity and the con-
ductivity contributions are additive (0.022 Sm™ + 0.10 Sm™) = 0.122 Sm™! (8.2 Qm),
the electrolyte contribution of the hot water in fractures is small and would not be
detected in the presence of clay-bearing rock.

Within the temperature range 100-150 °C rock minerals are most susceptible to
hydrothermal alteration and formation of high surface conductivity smectite. From
150 to 200 °C, the clay changes to a less conductive mixed phase of illite and smectite
(Komori et al. 2013). Smectite is not observed in rocks > 200 °C, as it transitions to less
conductive illite and chlorite (Essene and Peacor 1995). In the only well lithology record
available from Fang, the FTGE-7 well, Ratanasthien et al. (1985) found montmorillonite
(smectite) in the upper 23.5 m, and below that the dominant clay is illite and chlorite.
Smectite is, therefore, the likely cause of low resistivity in the geothermal area and is
probably associated with alteration about the main fracture systems and in the shallow
zone of widespread seeps.

Pyrite is a common conductive mineral in geothermal areas and disseminated scarce
pyrite is observed in gray shale at the Huai Han fluorite mine. Nelson and Van Voorhis
(1983) and Rider (2002) show that disseminated pyrite > 5% significantly lowers rock
resistivity from 50 to 100 Qm to 2-20 Qm. It is unknown if it is important in lower-
ing the resistivity of rock in the Fang area because we do not have descriptions of well
lithology.

Location, natural flow, and temperature of seeps and soil

Flow of the collective hot seeps was estimated by Nathan (1976) to be 30 1 s prior to
development wells. Ramingwong et al. (1980) accurately monitored the natural thermal
water discharge 1974—1979, and determined an average discharge of 20 1 s~ and fluc-
tuations of about 5 1 s71. The highest discharge of about 28 1 s~ occurred in the latter
part of the rainy season. In February 2015, seeps were located with hand-held GPS units,
temperatures measured, and individual seep flows were estimated (Fig. 23). The high-
est temperature seeps are distributed along a zone, 200 m long, trending with azimuth
340-350° (Fig. 15e). The zone is located 50 m west of the producing wells, FTGE-15, -7,
sand-14. Seep temperatures in this zone range from 95.7 to 98.6 °C. The boiling point
of the geothermal water at this elevation of 600 m is 99.3 °C. Another broader zone of
77-89 °C seeps trends 120 m to the east of this hot zone. Five small seeps 55.7-71.2 °C
are scattered in a broad group 450 m to the NE of the hottest zone. A warm springs of
40 °C previously flowed from the N 40°W fault of the Huai San Fluorspar Mine, ~ 1.1 km
SE of the main seep area (Shawe 1984; Hirukawa et al. 1987) (Table 3 and Fig. 13).
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Our estimates of the largest individual seep flows ranged 0.1-0.3 1 s7%, at eight loca-

tions. Collectively, the warm water outflow of the hot springs stream at 0516150E,
2207550N was estimated at 10 1s™! in February, 2015.
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A soil temperature survey was made in 1980 at points spaced 100 m apart (Fig. 24).
This simple inexpensive survey efficiently mapped the area of hot seeps and wells, and
indicates that it could be extended with 50 m spacing to the unexplored area to the
southwest beyond the FX-2 well. The 25 °C contour appears to identify the areas under-
lain by hot seeps and may serve as a guide to locating extensions of the fracture system

to the southwest.

Structural geology

Tectonic framework

The Fang geothermal area lies at the west end of the active left-lateral Mae Chan fault
where the strike-slip motion transfers to extension along N-S trending normal faults
of the Fang basin. Morley (2007) discusses the late Cenozoic history of reversals in slip
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direction on the Mae Chan fault and inversions recorded in the sediments and struc-
tures of the basin. The present tectonic state appears to be a hybrid of strike-slip and
extension (Morley et al. 2011).

Because of deep weathering and thick vegetation, exposures of faulted rocks are scarce.
Faults recognized in geological mapping are shown in Figs. 9, 12d, 25. None of these
faults relate simply to the locations of hot springs in the crystalline rocks. The following
discussion describes the observed structural features and how studies of fault architec-

ture relate to the permeability of the crystalline rocks.

Mae Chan fault

The NE-SW-trending Mae Chan fault trends SW of the hot springs area. This active,
left-lateral, strike-slip fault extends 200 km to the NE into Laos, but terminates to the
southwest in the Fang basin (Uttamo et al. 2003, p. 96—99). Where exposed by a trench
near Mae Ai, 12 km northeast of Fang, the fault dips 75°S and clearly offsets Quater-
nary sediment (Kosuwan et al. 2000). Offset streams and shutter ridges occur along the
trace to the northeast (Fenton et al. 2003; Weldon 2015). In the Fang area, the fault is
expressed physiographically as the linear edge of mountainous steep terrain to the
northwest, with rolling hills to the southeast, and locally as saddles in ridges (Fig. 6).
That change in topography is the contact between Paleozoic sedimentary rocks to the
northwest and Cenozoic basin sediments to the southeast (Fig. 9). The fault contact is
accurately located, but not exposed, in the bed of the Nam Mae Chai (river) at 0516800E,
2206480N, where black quartzite breccia associated with the base of the detachment is
juxtaposed with sandy conglomerate (dipping 45° SW) of the Miocene Mae Fang For-
mation. The fault is clearly exposed as a vertical fault plane at the Huai Hian Reservoir
(Fig. 25). The physiographic expression and these exposures show that the fault is com-
posed of right-stepping segments at it western termination. The segments are 3—-5 km
long and the stepover zones are 0.5 km wide (Fig. 4). West of the hot springs, the MT
profiles indicate a steeply dipping fault at depth (Fig. 22).

Doi Kia fault

Along the northwest basin margin, in the hot springs area, Paleozoic sedimentary rocks
lie upon gneiss, foliated granite and mylonite believed to be Triassic in age. The con-
tact generally strikes NE-SW, and dips 12° SE. Paleozoic rocks are not metamorphosed,
and we find no evidence for an intrusive contact. A black quartzite breccia is commonly
observed near the base of the Paleozoic rock, and is best exposed in the bed of the Nam
Mae Chai (river) (0516750E, 2206660N). Also in the valley of the river, a 12-m-deep res-
ervoir was excavated in 2015 into a massive, dark gray, gummy claystone with chunks of
gray sheared quartzite (Fig. 14). In thin section, the quartzite is composed of granulated
angular quartz grains less than 0.1 mm. We believe the claystone is a fault gouge near
the base of the Paleozoic rocks. The dilemma of older rocks lying on younger rocks can
be interpreted as a detachment fault that has displaced Paleozoic rocks on a low-angle
normal fault over the younger crystalline rocks of Triassic age. Foliations of the lower
plate granite and mylonite have moderately steep dips (28-50°), mostly to the west,
and do not parallel the contact, indicating that the ductile deformation of the crystal-
line rock is not related to the detachment fault. Chaturongkawanich et al. (1980) named
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area. Photo looking north from 0519800F, 2207300N

this irregular contact trace the Doi Kia fault, but did not interpret it as a detachment.
Age of the detachment fault is uncertain, but Upton et al. (1997) interpret from apatite
fission-track analysis that a massive unroofing of crystalline rocks of northwestern Thai-
land occurred in the late Oligocene. Late Oligocene is a reasonable age for the Doi Koi
detachment.

Alignment of the hottest seeps in the hot springs area

The hottest seeps just west of well FTGE-15 are distributed over a distance of 100
meters, and align on a 165° azimuth (Figs. 15e, 23). Apparently this is a fracture trend
in the crystalline rocks, different from the Mae Chan fault orientation and may be a
deep conduit for upward percolating hot water. Another group of seeps align in an E-W
direction with the low resistivity zone mapped by Coothungkul and Chinapongsanond
(1985) (Fig. 18).

Huai San Mine fault

One km south of the hot springs area is the Huai San Fluorspar Mine. The mine pit is
filled with water, and features described by Shawe (1984, p. 113-114) cannot now be
observed. His report contains a sketch map of a N-NW fault that projects into the
hot springs area (Fig. 13). The fault trends N 40° W, and forms a ~ 50-m-wide zone of
sheared and brecciated Carboniferous shale and limestone bearing fluorspar. Dip of the
fault and ore body are not stated in the report. Wall rocks on the NE side of the ore body
are characterized by huge blocks of limestone embedded in deformed shale. The south-
east wall of the ore body consists of deformed, clay-altered, fine-grained sedimentary
rock that may be Cenozoic in age. Nearly horizontal grooves and slicken sides were con-
spicuous on the numerous shear surfaces in the open pit, indicating significant strike-
slip movement along the fault zone. Shawe (1984) further notes that warm water is
issued from a spring in the southeast part of ore body. Hirukawa et al. (1987) measured
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slip surfaces, and the surrounding damage zone (after Aydin and Berrymore 2010); € Angular relations of
fracture patterns along a left-lateral fault oriented with a 060° strike of the Mae Chan fault. Extensional (open)
fractures should parallel the maximum principle stress, o;. The intermediate stress o, is vertically down. The
least principle stress is 0. Diagram is from Christie-Blick and Biddle (1985). d Zone of “tensile fractures” (open
extensional fractures or cracks) expected at the tip of a left-lateral fault. Kim and Sanderson (2006) call this a
zone of “wing cracks” because of the pattern over which they splay near the tip of the fault. For a system that
propagates some distance from the fault, the term “wing fractures”may be more appropriate. Diagram based
on concepts of fault tips in Gudmundsson (2000), Kim et al. (2004), Kim and Sanderson (2006), and Curewitz
and Karson (1997). Pattern of tensile stress at the tip of a left-slip fault is from Reches and Lockner (1994)

the temperature of this spring at 40 °C and sampled the water for chemistry (Table 4).
Limestone blocks were observed by us near the mine area. Exposed at the south end
of the water-filled mine pit is a dark gray carbonaceous shale, with disseminated pyrite.
Irregular vertical fractures strike 135° through this outcrop at 0516500E, 2206550N.

Normal fault east of hot springs
A high-angle normal fault is exposed in the east bank of the Nam Mae Chai (Fig. 12d).
Black shale with silt lenses are drag folded down to the west. The fault plane is oriented

with strike of 012°, and a dip of 83° to the west. Vertical slickenlines are on the down-
dropped sandstone hanging-block face.

Deep (200 m +) crystalline rock boundary trending N-NE on MT images

In Figs. 21b, 22a, we show a white line bounding resistive crystalline rock from less resis-
tive sedimentary rock to the east. The boundary dips about 50° SE and is observed on all
MT model slices 200-1500 m deep, but not observed as a surface feature. The feature is
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unexplained except that it may be an older structure related to the western termination
of the Mae Chan fault. Below ~ 1500 m depth the boundary appears to be vertical.

Ban Hua Fai fault

About 4 km south of the hot springs is a prominent N-S linear escarpment that appears
to offset a terrace level of the Nam Mae Mao (river) 15 m, from the active floodplain to
the east. The escarpment continues as a physiographic feature for another 7 km to the
south. We name this feature the Ban Hua Fai fault after the village that sits upon the
upthrown terrace level. The fault is believed to have Quaternary-aged displacement, but
the fault plane is not exposed. Orientation is similar to the Mae Soon fault which forms
the western boundary of the Fang basin (Figs. 2, 3, 4, 9). The scarp coincides with a nor-
mal fault observed on 3D seismic by Kongmongkhol et al. (2015). The Ban Hua Fai fault
appears to be a normal fault and an expression of the termination of the Mae Chan fault
as transtensional motion changes to the extensional boundary fault to the west.

Nam Mae Chai lineament

Previous publications show a N-NW fault through crystalline rock aligned with the
Nam Mae Chai (river) north of the hot springs, which was called the Mae Chai fault
(Chaturongkawanich et al. 1980; Amatyakul et al. 2016) (Fig. 6). No features, other than
river alignment, have been found for this fault. Sound hard crystalline rock occurs in the
river bed over a distance of 2 km north of the hot springs, with no observed breccia or
fracture zones. The stream alignment does generally parallel the N-NW alignment of
hottest seeps (Fig. 23) and also the NW striking fault observed by Shawe (1984) in the
fluorspar mine (Fig. 13), but its significance is uncertain.

Fault architecture studies and permeability along faults

Faults and fractures are the permeable pathway for hydrothermal flow (Curewitz and
Karson 1997; Micklethwaite et al. 2015; Faulds and Hinz 2015). The hot spring emana-
tions and hot wells at Fang do not lie on an observed fault trace. Instead the geothermal
manifestations are from crystalline rocks ~ 0.7 km north of the Mae Chan fault trace
(Fig. 4). Fault zone architecture studies define fault core materials typically acting as low
permeability barriers to flow, flanked by the damage zone of fractured permeable rock
(Fig. 26b) (Mitchell and Faulkner 2009; Caine et al. 1996; Caine and Forster 1999; Aydin
and Berryman 2015; Choi et al. 2016). The geothermal manifestation must be in a dam-
age zone of high permeability and not in the fault core (i.e., not along the master fault
trace: the Mae Chan fault).

The right-stepping segments of a left-slip fault indicates “restraining oversteps”
Restraining steps show compression and uplift in the zone between the segments (Bid-
dle and Christie-Blick 1985; Wakabayashi et al. 2004). A restraining stepover zone (in
compression) does not indicate a zone of open extensional fractures needed to explain
the upward flow of geothermal water. The Huai San fluorite mine fault has the NW-
SE orientation of strike-slip movement consistent with an antithetic shear (Fig. 26¢) in
the restraining zone. The past history of the Mae Chan fault (Morley 2007) allows that
fluorite mineralization may have occurred during a previous time of right-lateral motion
when NW-oriented fractures were extensional rather than shear.
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The Anderson (1951) model of fractures indicates that extension fractures should
develop as oblique (40° counter-clockwise) to the master strike-slip fault, parallel to
the maximum principle stress (Fig. 26¢). Of interest here are open extensional fracture
zones, called tensile fractures by Gudmundsson (2000), that propagate away from the
fault core. En echelon extensional fractures form in the wall damage zone (Kim et al.
2004). Fault tips develop a damage zone of extensional fractures systems called wing
fractures or cracks that curve away from the termination of a strike-slip fault (Kim
and Sanderson 2006). We show a diagram of the zone of extensional wing fractures
that might develop from the NE tip of the Mae Chan fault segment which lies 700 m
south of well FX-2 (Fig. 26d). This geometry is a plausible explanation for open frac-
tures in the crystalline rocks to the north. Earthquake aftershock distributions and the
vertical extent of some mineral deposits show that fault damage zones have widths of
several kilometers and typically extend to depths of several to 10 km providing perme-
able pathways for geothermal water (Micklethwaite et al. 2010). If wing fractures are the
open fracture system, their dip may be 70-90° characteristic of high-angle normal faults
shown as “secondary faults” of strike-slip faults by Price and Cosgrove (1990, Fig. 6. 27).

The normal fault exposed in the bank of the Nam Mae Chai (Fig. 12d) has a strike of
010° approximately consistent with 025° orientation of expected extension faulting. The
mapped zone of low resistivity containing hot wells FTGE-7, -9, -14, -12, -6, and FX-4
(Fig. 18) trends 040° to 070° and may be the alignment of an open fracture system, but
does not perfectly align with the expected 025° orientation. The 165° orientation of the
zone containing the hottest seeps and the FX-2 and FGTE-8 hot wells (Fig. 23) is clearly
oblique to the 060° strike of the Mae Chan fault, and does not align with the expected
extension fault strike of 025° (Fig. 26c). These field observations and previous geophysics
are too widely scattered to conclude the location of the fractures systems but we hope
this structure discussion will help in interpreting future geophysical and drilling results.
We do not believe the geothermal system percolates through the clayey sedimentary
rock along and south of the Mae Chan fault or through the fault core itself. Rather, the
crystalline rock north of the fault is the fault damage zone likely to hold open fractures
necessary for deep permeability.

Geochemistry of the geothermal water

Ion chemistry of water sampled from the flowing wells and seeps is dominated with Na
and HCO; (~ 120 ppm, ~ 100 ppm, respectively). pH values are high, ~ 9.1. Total dis-
solved solid values are relatively low 440 mg/L (EC is 550 uS cm™?). Silica concentration
is high at 170 mg 17!, Fluoride concentration is 20 mg/L (Table 4). Singharajwarapan
et al. (2012) calculated temperatures of 146 °C using conductive-cooling chalcedony
geothermometry. Somewhat higher temperatures are obtained using other methods.
Using the Giggenbach et al. (1994) plots of (log(Na/K) vs. log(SiO,) and log(K*/Mg) vs.
log(SiO,), Apollaro et al. (2015) obtain apparent equilibrium temperatures of 150 & 5 °C.
They further estimate the volume of the geothermal reservoir at Fang using ;H-based
residence time and the natural flow rate. Evaluation of the geochemistry indicates that
higher temperatures may be encountered in deeper drilling. The highest water tempera-
tures measured are 131 °C in the 60-m deep FTGE-15 well (Table 1).
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Locations of wells, drilling history, and power plant operation

In February, 2015 we obtained UTM coordinates on most of the early wells with the
help of EGAT staff: Khun Pitak and Khun Inton (Table 1 and Fig. 23). Available maps
showing locations of early wells are in publications by Wanakasem and Takabut (1986)
and Coothungkul and Chinapongsanond (1985). Locations on those maps differ slightly
(some are £ ~ 70 m) from the UTM Coordinates we establish. A number of wells could
not be located: FGTE-2, FTGE-6, FTGE-10, BH-8, BH-11, FX-1, and FX-3. We hope to
eventually obtain locations and well information from EGAT, as past drilling informa-
tion is important to any further exploration.

Drilling of the geothermal system was started about 1982 in a cooperative agreement
between the Electricity Generation Authority of Thailand (EGAT) and the Bureau de
Recherches Geologiques et Minieres (BGRM) and Geowatt of France (Wanakasem and
Takabut 1986). Twelve shallow wells with target depths of 100 m were drilled in the area
of relatively low electrical resistivity (FTGE 1 through 12, Table 1). Eight slim holes were
drilled by EGAT in 1984 to confirm the productive area of the shallow fractured reser-
voir. Productive flows were obtained from BH-3, BH-4, and BH-8 (Table 1). In late 1985
to early 1986, FTGE-14 and FTGE-15 were drilled to 73 m and 60 m, respectively, and
obtained a combined flow of 22 I/s at 125 °C (Table 1). Production testing confirmed a
reliable flow, and in December, 1989 the 300 kWe ORMAT power plant was put into
operation (Korjedee 2000).

Further geological, electrical geophysics, and geochemistry studies were done in
1990 in cooperation with the French Environment and Energy Management Agency
(ADEME) (Korjedee 2000), but we have not located those reports. These studies led to
drilling of 4 wells: FX-1 through FX-4 wells with targets 500 m deep, currently the deep-
est wells in the system. FX-1 and FX-3 were non-productive and had bottomhole tem-
peratures of 108 and 113 °C, respectively. Locations of these two wells are not known
at time of writing. The FX-2 well was completed into as fracture at 270 m depth, and
produced 7.0 1 s} of 125 °C water. The FX-4 well was drilled to 500 m and completed
into fractures at depths 268, 337, and 417 m and a bottomhole temperature of 130 °C
(Korjedee 2000). The well produced 10 1 s} (Ramingwong et al. 2000). FX-2 and FX-4
were connected to the power plant supply in 1996, and now produce 120 °C water (Khun
Inton, personal communication, 2015). We have been unable to obtain logs, temperature
profiles, or production tests from the wells. Table 1 is compiled from all information
available at this time.

The FTGE-7 well was engineered to produce a 30-m-high “geyser” as a tourist attrac-
tion. The natural well flow is shut in every 30 min and the opened for 3 min to produce
the spout that declines in height until shut in.

As of 2015, the generating system produced from 4 wells, FTGE-14, FTGE-15, FX-2,
and FX-4 (original test flows and temperatures shown in Table 1). On a 2-week cycle,
three wells flow to the power plant at any one time. One well is reamed and its flow,
while reaming, is spilled to a stream to clean scaling. The collective flow from three wells
is ~ 20 1s7! of 110-115 °C water, somewhat less than earlier tests (Table 1) on account
aging wells, perhaps cold-water leakage and transmission losses. Each well has a steam
separator, and the steam released to the atmosphere without using the steam energy. The
flow goes to the ORMAT binary plant rated at 300 kWe, and the spent geothermal water
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at 71-80 °C goes to a cooling pond, where it cools to ~ 27 °C, and then flows to the
Nam Mae Chai (river), a stream that has a typical base flow of ~ 1500 1/s. Cool water
(15-30 °C) is drawn from the river at a rate of up to 97 /s to cool the working fluid in
the cooling condenser. The cooling tower originally installed has not operated for many
years. The power plant generates 115-250 kWe which varies with season.

Recommendations for future exploration and development

Further exploration of the Fang geothermal area

Good spatial resolution of the low resistivity area about the hot springs and producing
wells is needed to determine if the hydrothermal alteration zones of fracture systems
can be imaged. Detailed lateral DC resistivity profiles or a 3D resistivity survey should
explore for deeper (50—200 m) hydrothermal alteration zones as indicators of the main
fractures. The 500-m FX-2 well was drilled 200 m south of the known seepage area. We
do not know the strategy of that 1995 FX-2 location, but it is at the south edge of the
1985 resistivity survey coverage, where low apparent resistivity (30-50 Qm) is shown
at the south ends of lines H-1 and H-6 (Fig. 20). Schlumberger sounding at R2 showed
resistivity of ~ 30 Qm below 30 m depth to a depth of about 100 m (Fig. 19). It should
be relatively inexpensive to obtain detailed 2D profiling, or 3D coverage to a depth of
200 m, and interpret this survey with respect to seepage areas and previous drilling. DC
methods can be employed rapidly and inexpensively with modern equipment and pro-
cessing. MT and DC data can be integrated for a complete 3D model (W. Siripunvara-
porn written communication, 2016). The survey should include the known geothermal
area and be continued south to examine more closely anomalies detected by the MT
survey.

The 1-m depth temperature survey of 1980 outlined the seep and producing well areas
with the 25 °C contour (Fig. 24). This inexpensive survey method could be extended
to the unexplored area to the southwest with 50 m spacing. Much of the productive
geothermal area is outlined by existing wells (Fig. 23, Table 1), but drilling of shallow
(< 100 m) temperature gradient wells will also be useful in exploring to the southwest of
existing wells. It will be important to obtain good lithology logs and geophysical logs of
future exploration wells. Although geochemistry indicates that higher reservoir temper-
atures > 146 °C may exist at depth, we have no guidance on location for a deep explora-
tory well, other than to drill into the known geothermal area over crystalline rocks,
north of the Mae Chan fault.

Ways to increase water flows from wells and recommendation for further drilling

The wells, mostly 6-inch (14.3 ¢cm) diameter, currently produce by natural flow. Some
energy potential is lost by venting the steam. Greater flow could be obtained by pumping
the wells and capturing hot fluids before fluid flash. These wells have never been pump
tested, but could possibly be pumped at 30 I s™*. The existing wells are old (> 20 years),
have accumulated scale, and the casings have presumably partly deteriorated. Replace-
ment wells may be necessary in the future. Pumping wells of 120 °C water at 55 1 s™*
could produce ~2MWe with an upgraded modern power plant (Ormat Technologies,
Inc., 2016).
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Many successful exploratory wells in the past (temperatures > 110 °C) are shallow
(< 150 m), so the cost of new shallow wells is not great. The problem has been to drill
into a fracture system that will produce > 6 1/s. The area underlain by fracture systems
bearing hot water appears to be overlain by low-resistivity altered granite to a depth of
25-50 m, as shown by past geophysical surveys and the recent MT survey of Amatyakul
et al. (2016). Reports from past wells are not detailed, but fractures from 18 m to 417 m
are reported from wells FTGE-14, FTGE-15, FX-2, and FX-4 (Table 1). A simple strategy
is to drill new wells into the low-resistivity areas to depths less than 300 m, and obtain
good information from cuttings, to temperature and caliper logs to locate the frac-
ture systems. Well design should case and cement off cold-water inflows. A budget for
multiple wells is necessary because these wells are exploring for steeply dipping open
fractures capable of producing water, and some wells may not encounter a producing
fracture. The wells are to some extent exploratory, but they should be drilled so that they
can be reamed and completed as production wells. Diameter of wells should be large
enough to set a > 6 1 s~ submersible pump. A 6-inch (14.3 cm) well will accommodate
a high-temperature submersible pump with a capacity of ~ 30 I s™%. An 8-inch (20.3 cm)
well is preferred for casing-off colder flows and for working room.

It is recommended that the producing well system be designed for re-injection of the
spent geothermal water in order to sustain pressure levels and temperature. Further-
more, the high fluoride content of this water (Table 4) may be a minor health hazard (c.f.
Chuah et al. 2016), particularly if increased geothermal flows are discharged to the Nam
Mae Chai (river) during seasonal low flows of ~ 2501571,

Conclusions

1. The Fang geothermal waters emanate from crystalline rocks 0.7 km north of the
active, left-lateral, strike-slip Mae Chan fault. The permeable fractures are believed to
be extensional “wing fractures” in crystalline rock related to the right-stepping seg-
ments at the west end of the Mae Chan fault. The Mae Chan fault core may have low
permeability. The fault and Cenozoic sediments to the southeast of the fault are not
considered to be drilling targets for further development.

2. At the hot springs, the Doi Kia detachment fault places Paleozoic sediments over
crystalline rocks presumed to be Triassic in age, but the detachment is unrelated to
the fracture system of the geothermal system.

3. Cenozoic sediments of the Fang basin lie SE of the Mae Chan fault. The near surface
sediments are mostly coarse-clastic alluvial fan and fluvial sediment. Deeper rocks
of the basin are the petroliferous shaly Mae Sot Formation which are a cause of low
resistivity imaged by geophysical surveys.

4. The Fang geothermal heat is derived from the natural radioactive decay of K, Th,
and U in the upper crustal crystalline rocks combined with heat flow from the lower
crust and upper mantle. Northern Thailand geothermal systems are not associated
with underlying magmatic systems. We estimate a heat flow of 94 mW m™? using
average values for measured heat flow from the sedimentary basin. This value of heat
flow combined with a crystalline rock conductivity of 3.0 W m™! °C™! suggests that
the 130 °C temperatures arise from a depth of ~ 3 km depth.
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5. DC and MT surveys indicate that the developed ~ 10-hectare geothermal area is
underlain by a shallow zone (< 90 m deep) of low resistivity (< 30 Qm) below which
is resistive (> 100 QQm) crystalline rock. Because the geothermal water at 130 °C has a
relatively high resistivity of 5.6 Qm, most of this low resistivity is caused by conduc-
tive clays of a hydrothermal alteration zone. Geophysical surveys should test their
ability to image deeper fracture systems in the crystalline rock that may have similar
conductive alteration zones.

6. Water from geothermal wells have low total dissolved solids of 440 mg/l (EC is
550uS cm™Y). Silica concentration is high at 170 ppm. Geothermometer calculations
from water chemistry indicate reservoir temperatures of 140-150 °C, but hottest
temperature from wells is 130 °C.

7. Hot seeps and wells cover a 10 hectare area. Temperatures of 130 °C have been meas-
ured in some wells 53—-120 m deep. Success of the most southern 1995 well (FX-2),
flow of 7 1 s71, 125 °C water suggests that geophysical surveys and drilling should
explore this southern area.

8. The Fang geothermal system currently flows ~ 20 1 s~ of 115-120C° water from
3 wells and generates 115-250 kWe from the 1989 ORMAT binary plant, rated at
300 kWe. Water is produced by natural flow, and some energy is lost by venting the
steam. Flow could be increased by pumping and capturing hot fluids at depth before
flashing. A flow of 55 1s™ of 120°C water should produce ~2 MWe with an upgraded
power plant.

9. All wells produce from fractures shallower than 417 m, so that new production wells
need not be deeper than 500 m. New wells should be drilled to allow for a high-
temperature-rated submersible pumps capable of 30 1 s~ Production water from a
generating facility should be re-injected to maintain temperature and pressure, and
to minimize high fluoride (20 mg 17*) outflow into surface waters.
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