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Introduction

Geothermal fields in the world exist in various geological environments (Moeck 2014).
Although the production of geothermal fluids in high porosity is more economical,
high permeability reservoirs and geothermal resources can also exist in low porosity,
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low permeability formations. In tight formations, geothermal fluids are mainly pro-
duced from permeable fractures (Rowland and Sibson 2004; Tong et al. 2008; Yamada
et al. 2000). Permeable structures that can produce geothermal fluids are often associ-
ated with faults (Jolie et al. 2015; Taguchi and Nakamura 1991). Moreover, although sub-
surface permeable fractures often develop along faults, not all faults contain permeable
internal structures (Caine et al. 1996; Rowland and Sibson 2004; Faulkner et al. 2010;
Houwers et al. 2015). The existing permeable fractures within fault zones can transform
to impermeable fractures due to later mineral filling (Ameen 2014; Liotta et al. 2021) or
be closed due to stress changes (Barton and Zoback 2002). Therefore, to analyze geo-
thermal fields based on fracture conduits, the internal structures of subsurface fault
zones need to be understood.

At shallow depth, a brittle fault zone commonly contains three major internal com-
ponents: fault core, damage zone, and host rock (Caine et al. 1996). The host rock is
basically undamaged, while the damage zone is characterized by fractures and veins. The
fault core is typically characterized by geochemically altered and comminuted rocks.
Along with the faulting processes, damage zones and fault cores usually develop and
evolve within fault zones (e.g., Kuo et al. 2009, 2014, 2017). Therefore, fault cores and
fault zones commonly exhibit different physical and chemical properties in different geo-
logical setting (Bense et al. 2013; Caine et al. 1996; Faulkner et al. 2010). Fault cores and
fault damage zones exhibit distinct responses in geophysical logs and microresistivity
formation image (FMI) logs (Chen et al. 2021; Hamahashi et al. 2015; Jeppson et al. 2010;
Lyu et al. 2017). Geophysical logs are measurements of physical properties of rocks, such
as lithology and porosity, made in boreholes by wireline logging tools. Geophysical logs
and FMI logs are considered as two of the most common tools for observing subsurface
fault zones and their internal properties (Li et al. 2022). This study utilizes geophysi-
cal logs and FMI logs to determine the relationships between geothermal potentials and
fault zones.

Taiwan experiences high heat flow and is suitable for geothermal energy production
(Liu et al. 2015; Song and Lu 2019). The northern Central Range in northeastern Tai-
wan, comprising several known geothermal prospects, has been considered promising
for geothermal energy production (Song and Lu 2019; Tong et al. 2008). In the northern
Central Range, hot springs are mainly located in the tight slate belt; thus, open fractures
have long been considered efficient conduits for geothermal water production (Hsiao
and Chiang 1979; Tseng 1978). Geophysical surveys have suggested that geothermal
water circulations in this region is related to permeable fault zones (Chang et al. 2014;
Chiang et al. 2015; Tong et al. 2008). Thus, discovering permeable faults and under-
standing their permeability characteristics are crucial for geothermal exploration and
development in this region.

To determine the locations and characteristics of underground productive faults of
geothermal fluids, CPC Corporation Taiwan drilled two geothermal exploration wells,
JT-3 and JT-4, in the Jentse geothermal area in the North Central Range from 2018 to
2019. The drilling results of the JT-3 well show that a fault system with permeable frac-
tures was penetrated by the well (Chen et al. 2021). This study utilizes the geophysical
logs and FMI image logs of the JT-4 well to determine the location and permeability
characteristics of subsurface faults and fractures. Additionally, the data of this study
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provide more reliable information on the petrophysical characteristics of the slate belt of
Taiwan. The collected data and results will be beneficial for geothermal exploration and

development in northeastern Taiwan.

Geological background

Tectonic setting

The island of Taiwan was formed due to the collision between the Philippine Sea Plate
and the Eurasian Plate in the late Miocene (Angelier et al. 2009; Shen et al. 2020; Shyu
et al. 2005; Teng 1996; Teng and Lin 2004). Moreover, the tectonic collision formed
metamorphic rocks, compressional structures, and a high mountain landscape in the
northern Central Range. In northeastern Taiwan, the Philippine Sea Plate is submerg-
ing beneath the Eurasian Plate, leading to the development of the Ryukyu arc—trench
system. In this system, the Okinawa Trough is a back-arc basin that extends eastward
into northeastern Taiwan (Fig. 1). Since the late Pleistocene, the gradual eastward rifting
of the Okinawa Trough has caused the development of the Ilan plain and the regional
extension in northeastern Taiwan (Shen et al. 2020; Lai et al. 2009). Additionally, north-
ern Taiwan has experienced post-collisional extension since 2 Ma and has transformed
into an extensional tectonic environment (Hsu et al. 2009; Huang et al. 2012; Lai et al.
2009; Teng 2004, 1996). Furthermore, the past boundary thrust fault between the north-
ern Central Range and the Huseshan Range, the Lishan Fault, is believed to be a normal
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Fig. 1 Location of the Jentse geothermal area. a Geological setting of the study region (CRMC the
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fault (Lee et al. 1997; Su et al. 2018). Due to the recent regional extension, other normal
faults may have developed under and around the Ilan Plain (Shen et al. 2020; Shyu et al.
2005). Both compressional and extensional structures may be present in the northern
Central Range due to the early collision and recent extension.

The abundance of geothermal manifestations in the northern Central Range indicates
the high geothermal potential of this region (Liu et al. 2015; Song et al. 2019). To date,
three major geothermal prospects have been confirmed in the northern Central Range:
Chinshui, Tuchang, and Jentse (from north to south; Fig. 1). Recent geophysical and geo-
chemical studies indicated the possible presence of rifting-related heat sources in this
area (Lu et al. 2017; Tong et al. 2008). Additionally, the undissipated heat of the rapidly
uplifted metamorphic rock has been suggested as a possible geothermal heat source of
this region (Lin 2000; Chen 1985; Yu et al. 1993). Borehole temperature measurements
and geochemical thermometer show that the formation temperature is up to 200-230 °C
at depths of 2000-3000 m in this region (Huang et al. 2018; Liu et al. 2015).

The surface of geothermal areas in the northern Central Range is dissected by a series
of NE-SW and N-E trending joints, faults, and folds (Hsiao and Chiang 1979; Lin,
1995; Tseng 1978). These studies indicated that the geothermal conduits in this region
are either faults or fractures. However, geophysical studies and drilling results have sug-
gested that only some faults are effective for the economic production of geothermal
fluids (Chang et al. 2014; Chiang et al. 2015; Tong et al. 2008). Several geophysical and
geochemical studies have been conducted in the northern Central Range to find subsur-
face geothermal productive faults (Chang et al. 2014, 2020; Chiang et al. 2015; Ho et al.
2014; Lu et al. 2018, 2020; Tong et al. 2008). However, verifying which faults are better
suited for geothermal production is difficult via surface surveys. To verify the locations
and properties of the subsurface faults, more geological data are required directly from
the subsurface. This study attempts to acquire the properties of the subsurface faults in
the Jentse geothermal area using the log data of the JT-4 well to reveal the characteristics
of geothermal conduit faults.

A series of NE-SW and N-E trending faults were observed on the surface of the Jentse
area (Fig. 1). Some of these faults are associated with the geothermal manifestation loca-
tions (Hsiao and Chiang 1979; Lin and Lin 1995; Tseng 1978). Although this needs to be
confirmed using subsurface data, these faults are believed to be the geothermal conduits
connected to the subsurface permeable faults. Due to the poor outcrop continuity, the
orientations and extents of these faults still need to be determined. In the absence of
drill holes penetrating the subsurface fault zones, verifying which of the observed faults
are effective geothermal migration paths is difficult.

Lithology

The western flank of the Central Range comprises the Miocene slate belt, the Lushan
Formation, which extends in a nearly N-S orientation for several hundred kilometers
with a width of at least 14 km in the E-W direction (Fig. 1). The Lushan formation is
mainly composed of slate and a small proportion of metasandstone (Lin, 1995). The
Lushan Formation is divided into the Kulu Member, Chinshuihu Member, and Jentse
Member from bottom to top according to the different ratios of the slate beds (Hsiao
and Chiang 1979). The Kulu Member and Chinshuihu Member primarily contain slate,
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whereas the Jentse Member contains higher proportions of metasandstone. In the Jentse
geothermal area, located in the Jentse Member, the formations strike at approximately
N30°-80°E and dip 30°-90°SE. Some strata are nearly vertical or steeply overturned
toward the NW with similar strikes (Hsiao and Chiang 1979; Chen et al. 2021).

Compared to other parts of the Lushan Formation, the Jentse Member exhibit a rela-
tively low degree of metamorphism (Chen et al. 2019). Most of their bed boundaries and
sedimentary structures did not deform during the metamorphic process, and cleavages
are only weakly developed. The low-grade metamorphic rocks of the Lushan Formation
were originally distal marine shale and sandstone. Therefore, the occurrence of rocks
resembles that of interbedded tight shale and sandstone strata. Thus, the geophysical log
data and FMI borehole images at Jentse should be similar to those of tight sandstone and
shale.

History of geothermal exploration at Jentse

The first geothermal explorations at Jentse and the nearby Tuchang area were conducted
in the 1970s and 1980s (Chang et al. 1986; Hsiao and Chiang 1979; Su 1978; Tseng 1978).
Then, the CPC Corporation, Taiwan drilled two deep geothermal exploration wells at
Jentse (the JT-1 and JT-2 wells) to depths of up to 2277 m in 1983 and 1984. In the well
JT-2, the highest static formation temperature of 218 °C was recorded at about 2000 m
measured depth (MD) (CPC 1984). No further drilling was undertaken as it was difficult
to find other flat ground areas to drill during this time. The JT-1 and JT-2 wells have
been used for producing hot water for tourism until now.

Drilling data of wells JT-1 and JT-2 have indicated that potentially permeable frac-
ture zones are passing through the boreholes below 800 m MD (Lee and Lee 1983; CPC
1984). These penetrated fracture zones have been hypothesized to be parts of under-
ground fault zones. However, at that time, the properties of the underground fractures
had been uncertain due to the lack of reliable modern log data. In 2018 and 2019, CPC
drilled JT-3 and JT-4 wells with 1475 m MD and 1500 m MD, respectively, using the well
pad of the JT-2 well. The JT-3 and JT-4 wells, which deviated to the south and north,
were designed to target the fracture zones that were penetrated by the previous JT-1 and
JT-2 wells. The production test of the JT-3 well showed that the production rate was 48
tons/h at the wellhead pressure of 3.3 bar, a wellhead temperature of 138 °C, and a static
bottom-hole temperature of about 180 °C (Chen et al. 2021). Data from the JT-3 well
showed that it penetrated a permeable fault system south of the well pad with an orien-
tation of N50°-70°E and dip of 70°~80° N'W (Chen et al. 2021).

This study utilizes the data from the JT-4 well to determine the characteristics of the
underground fractures north of the well pad. This study believes that if the location of
the fault system penetrated by the JT-3 well is reliable, the JT-4 well would also penetrate
the same fault system. By obtaining more data and observations, this study would pro-
vide a better understanding of the Jentse geothermal system.

Data and study methods

Background information of well JT-4

The JT-4 well is a directional well that deviates toward the north. From 0 to 700 m MD,
the angle of borehole inclination gradually increases from 2 to 20° toward the north.
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Then, to trace the possible permeable fault zones, from 720 to 1500 m MD (8.5-inch-
diameter interval), the angle of borehole inclination gradually decreases from 20 to 3°
toward the north. Fracture zones in the 720-1500 m MD well section elucidated by the
geophysical logs and FMI borehole images were selected for slotted liner placement.
Moreover, a 13-day flow test was conducted in the JT-4 well using the James lip pres-
sure method. The stable production rate of the well was 56 tons/h at 3.3 bar-g wellhead
pressure and 141 °C wellhead temperature. The static formation temperature, meas-
ured 92 days after the wellbore shut-in, was approximately 174-204 °C in the 700-
1480 m MD interval (Fig. 2).

This study utilized various log data of the JT-4 well to investigate the fault zone and
fracture characteristics. The studied log data were acquired from the 720 to 1480 m MD
well interval within the 8.5-inch-diameter interval. The employed logs include the tem-
perature logs, geophysical logs, and FMI borehole image log. The geophysical logs used
included caliper, gamma ray (GR), deep resistivity (RT), neutron porosity (NPHI), bulk
density (RHOB), and sonic slowness (DT) logs (Fig. 3). Three temperature logs were sur-
veyed in the borehole filled with drilling mud at 34, 51, and 61 h after the completion of
drilling (Fig. 2). The other temperature log (92D log) was surveyed after the well shut-in
for 92 days and was surveyed in the borehole filled with clean water.

Temperature (C)
00 130 140 150 160 170 180 190 200 210

AN N
750

o0 [ A\
850 H \ \ Fault
900 P\ Zone 1

950 ( \

B

I~

E o000 \ \ \
£ { \ Host rock
8‘ 1050 FOS roci
ault
© \ \ \ Zone 2
8 1100 \ \‘ \ _H°T(t
I
2 1150 fock
3 z \ Fault
% 1200 L \ Zone 3
1250 34H| > Host
1300 S1H AV" \5—64H +|92D |rock
1 | _ \
350 =
o Fault
1400 =~ \\\ Zone 4
1450 i
\\i‘ \
1500
Fault Damage Healed
core zone zone

Fig. 2 Temperature logs of the studied well section. The 34H, 51H, and 61H logs were surveyed in drilling
mud 34, 51,and 61 h after the end of drilling. The 92D log was surveyed after the mud in the well was
replaced by clean water and shut-in for 92 days. The drastic temperature changes in the 1334-1346 m MD
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Fig. 3 Geophysical logs used in this study and the interpreted results (CAL caliper, GR gamma ray, MD
measured depth, RT deep resistivity, DT sonic slowness, RHOB bulk density after reconstruction, NPHI neutron
porosity after reconstruction, PHIE effective porosity, 92D temperature log after shut-in for 92 days; and Vsh:
shale volume). The column (h) is the lithology interpreted by the cuttings description, and the column (i) is
the interpreted zones

Since subsurface fracture plane apertures are commonly at the millimeter scale,
the resolution of the current modern geophysical logs often could not detect a single
fracture plane (Crain 2023). However, the logs may still have responses to fracture
zones if overall changes in the petrophysical properties of the fractured zones are sig-
nificant enough (Hamahashi et al. 2015; Jarzyna et al. 2021; Jeppson et al. 2010; Lyu
et al. 2017; Townend et al. 2013). Furthermore, till date, FMI image logs have been an
efficient and reliable tool for continuously observing fractures in boreholes. There-
fore, this study utilized the FMI image logs to obtain reliable images of borehole sur-
faces to delineate the bedding and structural features of the studied borehole interval.
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Workflow of geophysical log data analysis
Quality check of the geophysical logs
Before interpretation, the geophysical logs were examined following the depth match-
ing and abnormal value checking procedures. Abnormal log values are usually caused by
electrical or mechanical engineering issues or borehole irregularities. After checking the
logs, there were no values that were considered unusual or outside of what was expected.
Therefore, there was no process conducted to remove any values before interpretation.
Due to the low degree of metamorphism, the occurrence of slate and metasandstone at
Jentse remains similar to that of tight shale and sandstone (Chen et al. 2019). Therefore,
the log interpretation workflow for sand/shale was performed during the geophysical log
interpretations. The procedures included shale volume (Vsk) calculation, lithology inter-
pretation, and effective porosity (PHIE) calculations. The water saturation value was set
as one as no hydrocarbons are present in this area.

Shale volume calculations and lithology interpretations

This study utilizes the GR logs to calculate Vsh and construct the lithology column. The
Vsh value represents the proportion of shale in a unit rock volume, and it can be calcu-
lated using Eq. (1) (Crain 2023):

GRlog — GRpin

Vsh= ——————
GRmax - GRmin

, (1)
where GR,, is GR log reading (API), GR,,;, is GR value assigned for pure metasandstone
(API), and GR,,, is GR value assigned for pure slate (API). In addition to the Vsh calcu-
lation by the GR log, cross-plotting of the NPHI and RHOB logs accompanied by GR log
values is also a common way for observing the log responses to lithology and porosity
(Crain 2023). In this study, a crossplot was generated to observe the relations among log
values, lithology, and porosity (Fig. 4).

Workflow of the FMI image log analysis

Effective porosity (PHIE) calculations

However, because shale volumes also affect the RHOB and NPHI log values, directly
using these two logs as porosity indicators would be biased by shale volumes. The PHIE
log calculated from the RHOB, NPHI and Vsh logs is commonly used to exclude the
responses of shale volumes in the RHOB and NPHI logs (Crain 2023). Thus, this study
believes that the PHIE log is a good indicator of fracture space development. The PHIE
log was generated using Egs. (2, 3, 4, 5) according to Crain (2023):

PHIE,, + PHIE,
2 )

PHIE = 2)

where PHIE,, is effective porosity derived from NPHI (v/v), and PHIE,, is effective poros-
ity derived from RHOB (v/v). The values of PHIE, and PHIE,; were derived by Egs. (3)
and (4), respectively:

PHIE, = NPHI|og — Vsh x NPHI,, (3)

where NPHI,,, is NPHI log reading (v/v), and NPHI, is NPHI log value of pure slate (v/v),
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Fig. 4 Crossplot of the NPHI and RHOB log values with the colors representing the GR log values. Based on
the GR values, the upper left side of the thick blue dashed line comprises metasandstone and sandy slate and
the lower right side of the blue dashed line comprises slate. The unfractured rocks have low NPHI and high
RHOB and are present to the left side of the red dashed line. The fractured porous rocks mainly have high
NPHI and low RHOB and are present to the right side of the red dashed line

PHIE,; = PHID — Vsh x PHIDg, (4)

where PHID is total density porosity derived from the RHOB log reading (v/v) and
PHID,, is total density of pure slate derived from the RHOB value (v/v). PHID was calcu-
lated from RHOB as follows:

RHOByny — RHOBjoq

PHID = ,
RHOB,,g — RHOBy

(5)

where RHOB,, is RHOB value of pure metasandstone (g/cm?), RHOB,,, is RHOB log
reading (g/cm?®), and RHOB is RHOB value of formation fluid (g/cm?).

Raw data processing and image data quality

The raw FMI borehole image data were processed before data interpretation. The pro-
cedures included inclinometry checking, depth matching, image equalization, and nor-
malization (Schlumberger 2015). The quality of the processed images was good. The
images well displayed the clear planar features of the bed boundaries and natural frac-

ture planes, with the exception of a few short intervals with poor data quality. Overall,
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the quality of the processed FMI image of the studied well interval was reliable for inter-
preting the fractures and bedding structures.

Procedures of the FMI image interpretations

Since bed boundaries are key reference features in the FMI interpretation, we selected
bed boundaries every 1-2 m and analyzed the changes in the bedding orientation. Sys-
tematic smooth rotations of the bed orientations over a long well interval were used as
indicators of the large-scale trends of the structural features. Abrupt drastic changes in
bed orientations over a short interval often indicate severe shear/faulting.

In addition to beddings, fracture planes are common features in FMI images. Since
almost no clay minerals precipitated within the fracture planes, the dark-colored frac-
ture planes are regarded as natural open fracture planes herein because of the invasion
of low-resistivity water-based drilling mud. In contrast, sealed fracture planes often
appear as bright-colored sinusoids because of the filled high-resistivity mineral cements.
In addition to the natural fracture planes, other fracture features, such as fault breccia,
were identified.

The most common two drilling-related fracture features on borehole surfaces are drill-
ing-induced tensile fractures and borehole breakouts. Generally, drilling-induced ten-
sile fractures are parallel to the direction of the maximum horizontal principal stress. In
contrast, the strike direction of borehole breakouts is usually parallel to the orientation
of the minimum horizontal principal stress. These features are good indicators for veri-
fying the local stress field directions (Barton and Zoback 2002; Peska and Zoback 1995;
Zoback 2007).

Fracture density, fracture aperture, and fracture porosity
Using the picked open fracture planes, 1) fracture density (number of fractures per
meter), 2) fracture aperture (apertures of fracture planes), and 3) fracture porosity (vol-
ume within the apertures of fracture planes per unit borehole volume) are calculated.
These parameters are often used as indicators of fluid productivity of fractured reser-
voirs (Ameen 2014; Crain 2023; Schlumberger 2015).

In this study, the fracture density was calculated by the average number of fractures
in 1-m sliding window length. As the angle between the fracture and borehole orienta-
tions increases, the number of fractures in the formations is increasingly underestimated
(Priest 1993; Schlumberger 2015). Therefore, the fracture densities were corrected for
the relations between the fracture and borehole orientations using the Terzaghi correc-
tion method (Terzaghi 1965). The maximum angle between the poles to the fractures
and borehole was set as 85°. The fracture apertures were estimated using the resistivity
values contained in the FMI borehole image log and the mud resistivity (Luthi and Sou-
haite 1990; Schlumberger 2015).

Image interpretations of breccia zones

In addition to the different types of fracture planes, fault breccia is another type of frac-
ture structure in the studied well section. The porous fault breccia zones in the stud-
ied well section primarily comprise rock fragments (bright color) and void spaces (dark
color). The porous breccia zones all exhibit extremely high PHIE log values, confirming
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their porous nature. If the rock fragments are filled with quartz or calcite, the image of
the fractures would be in bright color. In this case, the intervals were categorized into

the internal structures of healed fault zones.

Data integration and zonation

After fracturing or faulting by the geologic processes, some intervals of host rocks may
remain intact while others may be severely fractured. These fractured rocks can be fault
gouges, angular rock fragments, or rocks dissected by discrete fracture planes. On the
basis of interpreting and integrating of geophysical logs and FMI borehole image logs,
the studied well section was divided into distinct zones based on the fracture charac-
teristics. The fracture intensities of the different zones were recognized as the possible
productive intervals of geothermal fluids for further exploitation.

Results

Results of geophysical log interpretations

The crossplot of GR, RHOB, and NPHI shows that the unfractured tight metasandstone
has low GR, high RHOB, and low NPHI log values and the unfractured tight slate has
high GR, high RHOB, and high NPHI log values (Fig. 4). Both the fractured metasand-
stone and slate have lower RHOB and higher NPHI log values than the unfractured ones.
Note that the GR log values did not change due to fracturing, signifying that the frac-
tured rocks do not contain many altered clay minerals.

The GR log values of the studied well section were mainly between 80 and 110 APIL
The Vsh log was compiled using Eq. (1) and the GR log values. Based on the calculated
Vsh values, three rock types were classified: 1) metasandstone (0 < Vsh <0.3), 2) sandy
slate (0.3< Vsh <0.7), and 3) slate (0.7 < Vsh <1) (Fig. 3). The interpreted lithology shows
that the studied well section is mainly slate with a relatively small amount of metasand-
stone. Comparison of the rock types defined by Vsk with the lithology interpreted by
drill cuttings showed that the Vsh log generated using the GR log is a reliable indicator of
lithology.

After generating the Vsh and lithology logs, the NPHI, RHOB, and Vsh logs were used
to calculate the PHIE values. According to the core measurements, the porosity of the
slate at Jentse is less than 0.01 (Chen et al. 2021). The tight slate in the JT-4 well also
shows high RHOB log values and low NPHI log values indicating the low porosity. How-
ever, the void spaces generated by rock fracturing can yield low RHOB values and high
NPH]I values of the strata.

The results of PHIE values were below 3% in some intervals, such as 1025-1050 and
1225-1300 m MD, regardless of the rock types (Fig. 3). Such low values are typical of
intact host rock in this region, including both metasandstone and slate. In some short
intervals, the PHIE values were higher than 5% (e.g., 754—800 and 1075-1100 m MD)
and were sometimes even higher than 10% in some short intervals (e.g., 872—-874 and
1334-1339 m MD) (Fig. 3). The high PHIE values primarily signify porous fractured
rocks. The developments of fractured rocks observed on the PHIE log were confirmed
by the interpretation of the FMI images in this study.
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Results of FMI images interpretations

Orientations of the bedding planes

In the studied well interval, the boundaries of the formation beds were clearly visible
and were picked in the FMI image. In some short intervals, the beds abruptly rotated
(e.g., 860—870, 1205, and 1334—1346 m MD). Such abrupt changes in bedding angles are
regarded as local small-scale faulting. In addition to these abrupt changes in the orienta-
tions of the bed boundaries, the formation attitudes also shift in a smooth and general
trend (Figs. 5 and 6). The trend is as follows:
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Fig.5 Interpretation results of the FMI image. The interpretation results include the orientation of beddings,
orientations of fracture planes, values of fracture aperture, fracture density, and fracture porosity. The 92D
temperature log, PHIE, and lithology log are also shown for comparison with the FMI interpretation results
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Fig. 6 Orientations of the bed boundaries. From 720 to 1480 m MD, the dominant strike of the strata rotated
from N60-80°E (subfig.(a)) to N40-60°E (subfig. (b) to (c)), and the dominant dip direction rotated from the SE
to the NW (subfig. (c) to (d)) near the well bottom

1) 720-840 m MD: N60—80°E/40—80°SE;

2) 840-1190 m MD: N50-70°E/50—90°SE;

3) 1190-1330 m MD: N40-60°E/60—90°SE to 60—90°N'W; and
4) 1330-1480 m MD: N50-60°E/80—90°SE to 70-90°NW.

On the land surface in this area, the formation is mainly NE-SW trending and dips at
a large angle to the SE. In the JT-4 well, the dominant attitudes of beds above 840 m MD
are N60—80°E/40—80°SE similar to most formations in this region. The attitudes of for-
mations below 840 m MD slowly rotate to N40—60°E/70-90°NW. At Jentse, mesoscale
folds are developed only in conjunction with large fault zones. Therefore, herein, the
beds are interpreted as being rotated by faulting mechanisms.

Image interpretations of fracture planes

Drilling-induced tensile fractures, four types of natural open fracture planes, and two
types of natural sealed fractures were observed in the studied well interval. The strikes
of the drilling-induced tensile fractures observed are mainly N40—50°E and the dips are
mainly near vertical (Fig. 7). Borehole breakouts were rare and unclear on the FMI image
within the studied well interval. Thus, borehole breakouts were not analyzed in this
study.
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(a) Drilling-induced tensile fracture (b) Bedding fracture
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The four types of natural open fracture planes include bedding fractures, conductive
fractures, conductive faults, and fissures. These four types of natural fracture planes all
appear as dark-colored sinusoids in the FMI images. They are usually correlated with
high PHIE and low Vsh values, denoting that most of the dark-colored fracture planes
are open but not clay filled.

Bedding fracture planes were present at bed boundaries, which are also electrically
conductive. Bedding fractures were usually wider and more irregular or distorted than
bed boundary surfaces. The orientations of most of the bedding fractures are N50—
70°E/50—80°SE (Fig. 7). Since the development of the bedding fracture planes can be
controlled by weak bedding planes, this study separated them from other conductive
fracture planes. With the exception of bedding fracture planes, most other conductive
fractures strike parallel to their adjacent formation beds and dip toward the opposite
direction of the dip of the adjacent formation beds (Figs. 7 and 8). Additionally, open
fracture planes that show clear offsets between the two sides of the planes are defined as
conductive fault planes in this study. The dominant strikes of the conductive fractures
and conductive faults are mostly N30-50°E and the dips are 30—90° toward NW or SE

(Fig. 7). Compared to the conductive fractures and faults, fissures have poorer continuity
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Fig. 8 Key geophysical logs and the FMI image of the 872-882 m MD fault core. The geophys

ical logs denote

the lithology (GR and Vsh logs) and porosity (PHIE, RHOB, NPHI, and RT logs). The two most fractured intervals
within the fault core are 872-874 and 881-882 m MD. These two intervals developed in the metasandstones
(low GR) with high porosity (low RT, low RHOB, and high NPH/ values). The attitude of the bounding fault

planes at 872 and 882 m MD is around N40-50°E/45-55°NW
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and weaker color contrasts to the background rock matrix. In contrast the other three
types of open fractures with dominant orientations, the orientations of fissures were
more widely distributed in the studied interval.

The two types of natural sealed fracture planes are resistive fracture planes and resis-
tive fault planes. They appear as bright-colored sinusoids in the FMI image. In the FMI
images, the sealed fracture planes are considerably thinner and less clear than the open
fracture planes. The dominant orientations of the resistive fracture planes are NW-SE
in strike and they dip toward NE and SW with low to high angles. Additionally, resistive
fault planes have clear fault offsets and no dominant orientation (Fig. 7). Two most brec-
ciated zones were identified in the study interval, which are the 872—882 m MD interval
and the 1334-1346 m MD interval (Figs. 8 and 9). The characteristics of porous fault

breccia are clear on the FMI image log in these two intervals.
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denote the lithology (GR and Vsh logs) and porosity (PHIE, RHOB, NPHI, and RT logs). The two most fractured
intervals within the fault core are 1334-1339 and 1343-1346 m MD. The 1334-1339 m interval developed
in the metasandstones (low GR) with extremely high porosity (low RT, low RHOB, and high NPHI values). This
interval is the most permeable interval in the studied well section. The attitude of the bounding fault planes
at 1334 and 1338 m MD is about N50E/75-80°NW
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Summaries of values of open fracture density, fracture aperture, and fracture porosity

To determine the possible hydraulic potentials of open fracture planes, the fracture
parameters of the four types of open fracture planes were analyzed. The density of the
open fracture planes varied between 0 and 15 trace/m. The fracture aperture ranged
from 0 to 3.0 mm, and the fracture porosity ranged from 0 to 0.5% (Fig. 5). The data
show that the fracture intensity is unevenly distributed in the studied well section.

Log zonation results based on fracture characteristics
The locations and intervals of fault zones may be indicated by the following criteria:

1) Abrupt changes in bed orientations,
2) Appearance of breccia zones or fracture planes,
3) Values of fracture density, fracture aperture, and fracture porosity.

Based on the above criteria, four fault zones were classified. Each discrete fault zone
is separated by intact host rocks (Fig. 5). The FMI image shows that the four fault zones
have different internal structures. Three types of internal structures were identified. The
fault cores comprise porous fault breccia. The fault damage zones exhibit a high density
of open fracture planes. These two types of internal structures are porous and permea-
ble. The third type is the healed zones, which comprise sealed fracture planes and sealed
breccia zones (Fig. 5).

According to the zoning criteria, Fault Zone 1 (754—1021 m MD) comprises one fault
core and two fault damage zones. Fault Zone 2 (1054—1096 m MD) comprises only one
fault damage zone. Fault Zone 3 (1146-1215 m MD) comprises one short fault dam-
age zone and one long healed zone. Fault Zone 4 (1305-1480 m MD) comprises three
fault cores, four fault damage zones, and three healed zones (Fig. 5). Figure 10 displays
the values of average Vsh, PHIE, fracture density, and fracture porosity of three kinds
of internal structures within fault zones and host rock. The figure and summaries in
Table 1 show that the average values of the faulted rocks are distinctly different from
those of non-faulted rocks.

Discussion

Internal structures and characteristics of fault zones

This study confirmed the development of Fault Zones 1-4 in the studied well section by
the abrupt tilting and rotation of the strata. Moreover, the fault zones are separated by
intact host rock (Figs. 3 and 5). Based on the temperature log, geophysical log, and FMI
borehole images, Zones 1, 2, and 4 have good permeability, while Zone 3 mainly com-
prises sealed fractures and should be an almost healed fault zone. Because Fault Zones
1-4 are in close proximity and have similar fracture characteristics, this study suggests
that they constitute a major permeable fault system in the Jentse area.

As identified herein, there is one breccia zone in Fault Zone 1 and three breccia zones
in Fault Zone 4. These breccia zones are classified as fault cores. The non-brecciated
intervals containing fracture planes are categorized as damage zones. Fault zone 3 com-
prised few open fracture planes and mainly sealed fracture planes; therefore, Fault Zone
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Fig. 10 Average Vsh, PHIE, fracture density, and fracture porosity values of the fault cores, fault damage
zones, host rock, and healed zones. Fault cores are less shaly (subfig. (a)) and on an average comprise have
high PHIE (subfig. (b)), high fracture density (subfig. (c)) and high fracture porosity (subfig. (d)). The healed
zones and host rocks are tight comparing to fault cores and damage zones estimated by PHIE, fracture
density, and fracture porosity

3 is considered a tight fault zone that the fractures are almost sealed by cements. Based
on the temperature log and geophysical logs, the fault cores are the most permeable
intervals of the fault zones followed by fault damage zones (Figs. 2 and 10).

Many low-resistivity (dark color) fractures were observed in the studied well interval.
The low resistivity may indicate high porosity or the existence of electrically conductive
clay minerals (Chen et al. 2021). Since low-resistivity fracture zones do not correspond
to high Vsh (low GR) values (Figs. 3, 8 and 9), such low resistivity does not stem from
the presence of conductive clay minerals but stems from the development of fracture
porosity.

Because calcite and quartz are the most common minerals in the sealed fractures
in the northern Central Range (Lu et al. 2018; Song and Lu 2019), the high resistance
fractures were probably caused by calcite or quartz filling. Small amounts of calcite and
quartz were observed in the cuttings of this well, further supporting the observations
from the FMI borehole image.

Factors controlling the development of permeable fault zones
This study finds that fracture intensity in the studied well section is highly related to the
corresponding lithology. Metasandstones tend to produce fault breccia, and the slates
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Table 1 The summary of the average important log values of different fault zones, including each
damage zone, fault core within the fault zones, and host rock between two fault zones

Zone name Depth Avg. Vsh Avg. PHIE Avg.
fracture
density

Unit (m MD) (%) (%) (1/m)

Fault zone 1 754-1021

Damage zone 754-872 619 35 0.44

Fault core 872-882 30.1 7.3 1.6

Damage zone 882-1021 62.2 34 0.57

Host rock 1021-1054 68.9 1.6 042

Fault zone 2 1054-1096

Damage zone 1054-1096 66.9 4.6 0.76

Host rock 1096-1146 712 24 0.29

Fault zone 3 1146-1215

Damage zone 1146-1154 61.5 33 045

Healed zone 1154-1215 68.6 24 0.87

Host rock 1215-1305 64.3 24 0.19

Fault zone 4 1305-1480

Healed zone 1305-1314 56.5 5 036

Damage zone 1314-1334 418 43 1.08

Fault core 1334-1346 40.6 12.7 1.33

Damage zone 1346-1375 448 43 1.24

Fault core 1375-1385 48 11.2 1.06

Damage zone 1385-1394 56.1 59 1.58

Healed zone 1394-1407 61 36 0.63

Fault core 1407-1417 40.4 5.4 0.68

Damage zone 1417-1447 504 5 0.38

Healed zone 1447-1480 714 29 0.36

It shows that fault cores usually have lower average Vsh, higher PHIE, and higher fracture density
We modify the Damage zone and Healed zone to be normal fonts in order to be clearer
Bold normal fonts are the interval of each fault zone

Bold Italic fonts are the interval of fault core within different fault zones

with higher shale volumes tend to produce fracture planes. Not only in Jentse, other
studies have shown similar results (i.e., Bense et al. 2013; Sibson 1994; Wallis et al. 2012).

This study assumes that to maintain permeability of the fractures, this area needs
to be in a critically stressed tectonic environment. The open fractures should have a
tendency to move. The reason is that open fractures could be supported and main-
tained by the tectonic stresses in a critically stressed tectonic environment (Barton
and Zoback 2002; Jolie et al. 2021; Zoback 2007). However, long fault displacements
may eventually cause permeable fault breccias to become thick impermeable fault
gauges (Gray et al. 2005; Holland et al. 2006; Micarelli et al. 2006), which are not
observed in the studied interval. Thus, recent short fault displacement may be a rea-
son for the presence of permeable fault cores in Fault Zones 1, 2, and 4.
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Unlike Fault Zones 1, 2, and 4, the Fault Zone 3 would be an impermeable fault
zone. Although it exhibits abrupt bedding rotations and fracture developments,
most of the fractures therein are impermeable and exhibit high resistivity (Fig. 3).
Geophysical logs also indicate that the petrophysical properties of the most parts
of Fault Zone 3 are similar to those of the intact host rock. Thus, this study believes
that the permeability of the most parts of Fault Zone 3, an almost healed fault zone,

should be as low as the intact host rock of this area.
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Fig. 11 Subfig (a) shows the conceptual model of the major permeable fault system in Jentse. By fault
dragging, the beds rotated to be parallel to the fault system. The metasandstone within the fault system tend
to break into rock fragments. The slates tend to develop fracture planes. Subfig (b) shows the orientation and
width of the fault system. The areas between the two blue and red dashed lines are the possible location
of the fault system at 1000 and 1500 m below wellpad, respectively (the elevation of the well pad is 550 m
above sea level). The fault system shifts to the northwest from shallow to deep. The conceptual locations of
blue and red areas in subfig (b) are also showed in subfig (a)
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Structural heterogeneity within fault zones

The Jentse geothermal area is composed of thin brittle metasandstones interlayered with
thick slate beds. In this area, the faults and strata are cross-cutting. Therefore, the highly
fractured brittle metasandstone beds could be truncated by slate and deformed into dis-
crete disc- or pipe-shaped porous rock bodies (Fig. 11). Such structural heterogeneity
stems from a combination of lithological and tectonic factors. We suggest good fracture
porosity and permeability is not present over the entire fault system, but there is strong
heterogeneity. When the geothermal well penetrates a fault system with good fracture
porosity, it is possible that the fluid flow within the fault system would be blocked by
tight rock bodies in a distance from the borehole and a stable production rate cannot be
maintained.

The deflections of the temperature logs

This study attempted to observe whether the temperature logs reasonably reflect the
fault development. Generally, the borehole temperature represents the temperature of
its lateral strata in the vicinity of the borehole. However, shortly after the end of drilling,
the well temperature generally steeply increases at 25—50 m above the bottom of the well
because of the upward heat transfer from the strata below the well bottom. After shut-
ting in the well for 92 days, the 92D log shows the high temperature near the bottom
of the well disappeared indicating the temperature equilibrium near the bottom of the
borehole (Fig. 2).

The formation temperature near the borehole decreased due to the drilled mud cir-
culation during the drilling. In the JT-4 well, the 34H, 51H and 64H logs show that the
temperature increases through time and that some temperature fluctuations are consist-
ent with the locations of the open fractures. Such small temperature spikes may stem
from small-scale circulation adjacent to the borehole, and these spikes may not maintain
in the long-term temperature logs (Vidal et al. 2019).

The 1334—1346 m MD fault core of Fault Zone 4 has the most significant temperature
anomalies on the four different temperature logs. The temperature anomalies are all neg-
ative deflections on the 34H, 51H, and 64H logs in this major fault core and are a posi-
tive deflection in the 92D log. The magnitude and the directions of deflections denote
the combined responses of the flow rate and fluid temperature into the borehole from
the fault zones (Vidal et al. 2019). Negative temperature anomalies imply that colder
fluid flows within the fault zone. The cold fluids may be the drilling mud filtrates or the
formation fluid from colder formations. Positive temperature anomalies mean that hot-
ter water flows into the borehole from deep strata along the planer fault zone.

The negative anomalies of 34H, 51H, and 64H temperature logs may suggest that
water from shallow and cold strata flowed into the 1334—1346 m MD fault core during
the period of tens of hours after the end of well drilling. Another reason for the nega-
tive anomalies may be there were huge volume of cold drilling mud filtrate flowed into
the fault zone during drilling. It took longer time for the drilling mud filtrate to heat up
because its higher heat capacity comparing to the formation rocks.

After 92 days from the end of well drilling, the geothermal water from deep and hot
strata gradually flowed into the borehole along the 1334—1346 m MD fault core shown
in the 92D log. The study results denote that the deflections of the temperature curves
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may to some extent reflect the permeability of fault zones in this region. The tempera-
ture value anomalies in the 1334—1346 m MD denote that the flow direction of geother-
mal fluid would change within a few tens of days in highly permeable zones.

Characteristics of the permeability fault system in the Jentse area

Possible location of the permeability fault system

The identified Fault Zones 1-4 are considered to be one major regional fault system
due to their close proximity and similar nature. For further geothermal exploration, this
study used the dragging directions of the strata and the orientations of the open frac-
tures to determine the possible subsurface attitude of the fault system.

The attitude of the strata between 840 and 1480 m MD of the JT-4 well is clearly
rotated by fault dragging. According to previous studies, the attitudes of strata adjacent
to or within the fault zone tend to be parallel or subparallel to the fault zones after fault
dragging (Bengtson 1981; Hesthammer and Fossen 1998; Schlumberger 1986). The con-
ceptual idea is shown in Fig. 11. This study concludes that the attitude of strata between
840 and 1480 m MD, N50-70°E/70—-80°NW, should be approximately parallel to the per-
meable fault system encountered by the JT-4 well. Additionally, the attitude of the fault
system encountered in the JT-3 well is also N50-70°E/70—-80°N'W (Chen et al. 2021). By
integrating the independent results of the JT-3 and JT-4 wells, the two wells were drilled
to encounter the same subsurface fault system of the Jentse geothermal area. The strike
of this fault system subsurface is parallel to the “I” and “K” faults exposed on the surface
(Fig. 1). However, whether the subsurface fault system is connected to the “I” or “K” fault
at the surface still needs to be confirmed.

The true thickness of the fault system encountered in a borehole can be calculated
based on the apparent thickness and attitude of the fault system as well as the borehole
trajectory (Tearpock et al. 2003). Since the wellbore trajectory intersects the fault system
at a small angle, the true width of each fault zone is only 1/3—1/4 the apparent thickness
penetrated in the JT-4 well. The interval of the main fault system in the JT-4 well is 754—
1480 m MD, and the true width of the fault system in this well section would be approxi-
mately 200 m by calculation. Based on the results of this study and Chen et al. (2021), the
possible location of the permeable fault system subsurface is plotted in Fig. 11. However,
the horizontal continuation of the permeable fault system and the changes of its internal
structures need to be verified in future studies.

In addition, because there are many faults and small folds in Jentse, it is still difficult
to fully reveal the subsurface structure only by the JT-3 and JT-4 well data. Furthermore,
there is still a lack of credible geophysical data in this area. In the future, the integration
of geophysical data, surface geological surveys, and well data are needed to establish a
reliable 3-D subsurface geothermal structural model.

Relation among open fractures, permeable fault system, and regional tectonics

Generally, the orientation of the drilling-induced tensile fractures coincides with the
orientation of the maximum horizontal principal stresses in vertical wells or wells with
small deviation angles (Zoback et al. 2003). This study examined the orientations of
drilling-induced tensile fractures in the 720—-1480 m MD section of the JT-4 well and
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determined that the strike of the fractures is mainly N40—50°E and the dips are nearly
vertical. Based on the orientation of the drilling-induced tensile fractures, the orienta-
tion of the maximum horizontal principal stress should also be NE-SW. The direction of
the maximum horizontal principal stress derived herein is similar to the results of GPS
studies, other geophysical studies, and well data in the northern Central Range (Chen
et al. 2021; Hsu et al. 2009; Huang et al. 2012; Yeh et al. 2013). The consistency of the
direction of the open faults and the direction of the local tectonic stress field is in agree-
ment with the assumption that the open fracture can usually be maintained in a critically
stressed state. (Zoback 2007). This phenomenon has been observed in hydrocarbon and
geothermal reservoirs (Hennings et al. 2012; Jolie et al. 2015).

Even though this study and other studies (i.e., Chen et al. 2021; Hsu et al. 2009; Huang
et al. 2012; Yeh et al. 2013) suggest that the northern Central Range had been affected by
recent regional rifting extending from northeastern edge of Taiwan, most of the NE-SW
trending faults found in Jentse were formed by the early stage of tectonic collision. These
faults have poorly permeable internal structures. This study suggests that younger faults,
which are the result of recent regional rifting, would be more permeable and productive
for geothermal fluids in Jentse. Based on the study results, future geothermal exploration
in this area should focus on fault zones that have tended to be critical stressed, such as

the Fault Zone 1 and 4 found in this study, in recent geological time.

Conclusion

This study analyzed geophysical logs and FMI borehole images between 720 and 1475 m
MD of the JT-4 well to determine the characteristics of fault zones and fault-related frac-
tures in the Jentse geothermal area. The orientations of the open fractures and drilling-
induced tensile fractures identified in JT-4 well are similar and strongly concentrated
toward N50-70°E. In addition, analysis of the formation faulting in the JT-3 and JT-4
wells indicates that the main permeable fault system at Jentse is a normal fault oriented
N50-70°E/70—-80°NW. The similar orientations of fractures and the fault system suggest
that permeable fractures and geothermal system developments in northeastern Taiwan
is related to the present-day tectonic extension caused by the Okinawa Trough rifting
offshore the northeastern Taiwan.

Notably, the permeable zones in the studied well intervals tend to concentrate in Fault
Zones 1, 2, and 4. Fault Zone 3 is a fault zone that almost healed and is devoid of high
porosity and permeability. The internal structures of the permeable fault zones com-
prise fault cores and damage zones. Fault cores are primarily fault breccias, and fault
damage zones comprise numerous fracture planes. Based on the integration of borehole
temperature, geophysical logs, and borehole images, the most permeable interval is the
1433-1446 m MD fault breccia zone in Fault Zone 4. The healed zones comprise sealed
fracture structures are non-permeable and should be of the same quality as intact host
rocks.

The geophysical logs acquired herein could be used to separate metasandstone and
slate. Since no apparent hydrothermal alteration was observed, only small amounts of
clay minerals formed in the fault zones. Because there are few altered clay minerals,
the metasandstone and slate could be separated by the GR log. If the rocks are highly
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fracturing, other geophysical logs excluding the GR log would exhibit certain responses
indicating higher porosity. The understanding of the subsurface permeable fault proper-
ties ascertained in this study will be useful for future geothermal exploration and devel-
opment in northeastern Taiwan.
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