Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

! l ! Volume 59, 1 October 2012 ISSN 1367-9120
ELSEVIER
Journal of

Asian Earth Sciences

{Formerly the Journal of Southeast Asian Earth Sciences)

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Journal of Asian Earth Sciences 59 (2012) 208-218

journal homepage: www.elsevier.com/locate/jseaes

Contents lists available at SciVerse ScienceDirect

Journal of Asian Earth Sciences

Clay mineralogy and geochemistry investigations in the host rocks of the Chelungpu
fault, Taiwan: Implication for faulting mechanism

Li-Wei Kuo **, Sheng-Rong Song?, En-Chao Yeh®, Huei-Fen Chen ¢, Jialiang Si¢

2 Department of Geosciences, National Taiwan University, Taiwan

b Department of Earth Sciences, National Taiwan Normal University, Taiwan
CInstitute of Applied Geosciences, National Taiwan Ocean University, Taiwan
dnstitute of Geology, Chinese Academy of Geological Sciences, China

ARTICLE INFO ABSTRACT

Article history:

Received 14 December 2011

Received in revised form 10 July 2012
Accepted 16 July 2012

Available online 4 August 2012

Keywords:

Clay minerals

Major elements
Chemical weathering
The Chelungpu fault

The Chelungpu fault, with northward propagating ruptures, was ruptured as a result of the M,, 7.6 earth-
quake which struck Central Taiwan on 21st September 1999. To understand the consequences of clays in
fault gouges, we examined the clay mineralogy and major element geochemistry of the “host rocks” of
the Chelungpu fault from four outcrops, shallow boreholes at Fengyuan (455.3 m in depth), Nantou
(211.9 m in depth), and a deep borehole of the Taiwan Chelungpu fault Drilling Project (2003 m in depth).
Results revealed different degrees of chemical weathering, the intensity, as documented by differences in
the smectite content, could be further understood through the relative clay percentage of smectite, illite
chemistry index, and illite crystallinity. These mineralogical proxies combined with the chemical index of
alteration (CIA) and the intensity of chemical weathering indicate that the degree of chemical weathering
is a function of depth, i.e., the most severe on the surface and the mildest in the TCDP samples. The min-
eralogical and geochemical data obtained in this study also suggest that chemical weathering, rather than
leaching, seems to be the main driving force for the phase changes of clays. The amount of smectite pro-
duced by chemical weathering varies with depth, and it suggests that the previous idea of weak-fault
caused by the presence of smectite in the fault zone will be risky without considering weathering pro-
cesses. The observations of clay mineralogy and major element geochemistry in this study indicate that
the presence of smectite in the outcrops may not play a significant role during faulting, and suggest that

fault-weakening as a result of the presence of smectite cannot be applied to the Chelungpu fault.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Clay gouges in faulted sedimentary rock are often described as
shales smear forming through the mechanical incorporation of
protolith rocks into a fault zone (Yielding et al., 1997; Jones and
Hillis, 2003). Moreover, several studies have described fault gouges
from a chemical point of view through characterization of fault-re-
lated clay mineralization for clay gouge formation (Vrolijk and van
der Pluijm, 1999; Solum et al., 2005). The factors controlling clay
genesis and transformation such as fluid, heat, strain energy, and
time are usually taken into account to investigate faulting behav-
iors (Whitney, 1990; Moore and Reynolds, 1997; Solum et al.,
2005; Isaacs et al., 2007; Kuo et al., 2009, 2011). Thus, many stud-
ies of clays in fault zones show the implications for fault mechanics
(Solum et al., 2003; Takahashi et al., 2007; Brantut et al., 2008;
Boutareaud et al., 2010; Di Toro et al., 2011). Observations of nat-
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ural faults and experimental results of fault gouges indicate that
they are mechanically weaker than predicted from Byerlee’s Law
(Mount and Suppe, 1987; Zoback, 2000; Han et al., 2007; Mizogu-
chi et al., 2009; Di Toro et al., 2011; Lockner et al., 2011). Elevated
fluid pressure and a corresponding reduction in effective stress is a
possible cause of weakening a fault (Sibson, 1990, 2003; Rice,
1992; Faulkner and Rutter, 2001). On the other hand, no indication
of elevated fluid pressure at San Andreas Fault Observatory at
Depth (SAFOD) was found for fault weakening (Lockner et al.,
2011). Generally speaking, changes in permeability along a fault
zone depend on the extent of clay minerals growth and their
mechanical incorporation in the fault core which may affect fault-
ing mechanism (Wang, 1984; Rice, 1992). The behavior of clay
minerals in a fault zone is obviously an important indicator for
investigating the faulting mechanism. However, very few quantita-
tive measurements of clay minerals in a fault zone have been made
to evaluate the influence of the chemical weathering process (So-
lum et al., 2003). The faulting mechanism and/or fault-related pro-
cesses for a fault might be incorrectly interpreted via discussing
clay mineral assemblages caused by chemical weathering. Thus, in-
stead of analyzing fault gouge and/or damaged rocks which have
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been influenced by physicochemical reactions during coseismic
events and/or aseismic periods, in this study we collected the fresh
and unweathered host rocks that contain original fabrics extracted
from different areas and at different depth along the Chelungpu
fault to explore the chemical weathering process.

The Chelungpu thrust fault is an active fault that ruptured on
21st September 1999 with M,, 7.6 near the town of Chi-Chi of cen-
tral Taiwan (Fig. 1). The Chi-Chi earthquake produced northward
propagating ruptures with a ~90 km long north-south trending
rupture surface (Ma et al.,, 2000; Chen et al., 2001; Lee et al,,
2001). The coseismic slip and rupture velocity increased northward
along the fault, which led to a much larger horizontal displacement
(5-9 m) in the northern segment compared to that (2 m) in the
southern part (Ma et al., 2000; Chen et al., 2001; Lee et al., 2001;
Yue et al., 2005). Strong ground motion of high-frequency acceler-
ation was found to decrease from south to north (Lin et al., 2001).
This NS-trending thrust dipped eastward at about 30°, and was
nearly pure thrust slip near the epicenter, and changed to oblique
thrust with a strong left-lateral component during the Chi-Chi
event (Chen et al., 2001).

After the Chi-Chi earthquake, we collected host rock samples
surrounding the Chelungpu fault zones at Yichiang Bridge (site 1),
Kungfu elementary school (site 2), Nantou Dapi (site 3), and Tungtou
Bridge (site 4) (hereafter YCB, KF, NT, and TTB, respectively), from
north to south, to explore the fault-related clay mineralization
(Fig. 1). Besides, two shallow drillings across the Chelungpu fault
were also carried out at Fengyuan (Fig. 1, shown as northern drill
site; the depth of borehole is 455.3 m) and at Nantou (Fig. 1, shown
as southern drill site; the depth of borehole is 211.9 m) to investi-
gate the difference in seismic slip mechanisms between northern
and southern fault segments (Tanaka et al., 2002). To obtain more
advanced and comprehensive physical and chemical details of the
Chelungpu fault zone, Taiwan Chelungpu fault Drilling Project
(TCDP) was conducted in 2005. Two holes, namely Hole-A and

Hole-B, were drilled with side-track coring 6 km south of the Fengy-
uan site and 2 km east of the surface rupture of the Chelungpu fault
(Fig. 1; the depth of borehole-A is 2003 m).

The presence of smectite has long been thought to be weaken-
ing material in fault (Byerlee, 1970; Wang, 1984; Rice, 1992). Thus,
the assemblages of clay minerals from the sites mentioned above
have been used to investigate the fault-related processes (Liao,
2003; Isaacs et al., 2007; Chen et al., 2007; Hirono et al., 2008;
Kuo et al., 2009, 2011), and the reaction of smectite to illite is uti-
lized to interpret the presumable faulting mechanisms and/or
fault-related processes of the Chelungpu fault. These previous
studies have concluded that the clays along the Chelungpu fault
were related to the faulting processes (Liao, 2003; Chen et al.,
2007; Isaacs et al., 2007). Liao (2003) analyzed samples from the
shallow borehole of Fengyuan, and suggested that smectite in the
gouges converts into a mixed layer of illite/smectite with heat pro-
duced by coseismic events. Chen et al. (2007) examined the sam-
ples from the shallow borehole of Nantou, and presented the
data of major elements and clay mineral assemblages to demon-
strate the acid fluid-rock interactions during coseismic events.
[saacs et al. (2007) analyzed materials from the surface of the fault
outcrops, and suggested that smectite along the Chelungpu fault
was formed by weathering, and might have been influenced by
co-seismic fluid flow to activate the reaction of illite-smectite.
Kuo et al. (2009) discovered that the smectite-rich black gouge
devitrified from pseudotachylyte might be related to the 1999
Chi-Chi earthquake. Moreover, rock mechanics experiments with
outcrop samples have also been attempted for investigating the
faulting behavior (Lin et al., 2000). In summary, the presence of
smectite in their samples provides a low friction for the Chelungpu
fault and/or has been suggested to explain the weakening behavior
and/or fault-related processes during coseismic events.

However, smectite is well known as a common weathering prod-
uct at shallow depths (Pédro, 1981), and the presence of smectite
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Fig. 1. Geological map of the central part of western Taiwan showing the distribution of formations and major faults. The four outcrops are shown as blue squares. The TCDP
site is indicated by a red star. The two shallow boreholes of Fengyuan and Nantou are marked as purple circles. The focal mechanism of the Chi-Chi main shock is located at
the hypocenter of the Chi-Chi earthquake. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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caused by chemical weathering should be considered while discuss-
ing fault-related process with the illite-smectite reaction (Solum
et al.,, 2005). In this study, clay mineralogy and major element geo-
chemistry were investigated for the first time on the host rocks from
three formations (Cholan Formation, Chinshui shale, and Kueichulin
formation) along the Chelungpu fault in order to evaluate the chem-
ical weathering process. To obtain information on the degree of
weathering, chemical index of alteration (CIA) was combined with
clay mineralogical data (clay mineral composition, illite chemistry
index, and illite crystallinity). The results from these investigations
provide a qualitative description on weathering process and provide
important insights before approaching real faulting mechanism
and/or fault-related processes of the Chelungpu fault.

2. Geological setting and sampling

The Chelungpu thrust fault is part of the fold and thrust belt of
the western Taiwan orogen that cuts shallow marine upper Mio-
cene and Pliocene siltstones, shales, and sandstones of the Kueich-
ulin (0.8-2 km thick shallow marine sandstones and shales),
Chinshui (~300 m thick shales and siltstones), and Cholan Forma-
tions (1.5-2.5 km thick monotonous alternating sandstones and
siltstones) (Fig. 1; Covey, 1984; Ho, 1988). The stratigraphic forma-
tions define the boundary between the western foothills and fore-
land basin (Chiu, 1971; Suppe, 1981; Heermance et al., 2003)
(Fig. 1). The fault dips to the east at an angle of 52-60° in the north-
ern segment and places siltstones of the Cholan, Chinshui and
Kueichulin Formations on those of the Cholan Formation (Lee
et al., 2001; Heermance et al., 2003). The Chelungpu fault flattens
to the east with a dip of approximately of 25-35° in the southern
segment (Kao and Chen, 2000; Heermance et al., 2003), and places
siltstones of the Chinshui and Kueichulin Formations on Pleisto-
cene Toukoshan gravels (Heermance, 2002; Tanaka et al., 2002).
All samples collected in this study came from the Cholan Forma-
tion, the Chinshui Shale, and the Kueichulin Formation.

Four outcrops, namely YCB, KF, NT, and TTB, were investigated
for field and chemical compositions after 1999 Chi-Chi earthquake
(Fig. 2). Thirteen, ten, eleven, and eleven host rock samples were
collected from YCB, KF, NT, and TTB, respectively. These samples
belong to the Chinshui Shale at YCB, and KF, and from the Cholan
Formation at NT, and from the Kueichulin Formation at TTB
(Table 1). The host rocks collected from the outcrops were fresh
and were almost unweathered. Moreover, the weathering rind of
outcrop samples was removed before chemical analyses to display
a large-scale geologic process instead of a cm-scale surface weath-
ering reaction.

We also integrated our analyses with the literature data of clays
and major elements of host rocks from both shallow and deep
boreholes. The shallow borehole data (455.3 m deep) of the north-
ern site at Fengyuan which drilled through the Chinshui and
Kueichulin Formations are mainly derived from Liao (2003). The
data from the southern site at Nantou (211.9 m deep) that deal
with the Chinshui Shale are derived from Chen et al. (2007). One
hundred data of host rocks of TCDP at Dakeng which were recov-
ered from the Cholan, Chinshui, and Kueichulin Formations (600-
2003 m) were extracted from Kuo et al. (2009) (Fig. 2).

3. Analytical methods

In our study, a PANalytical X'Pert PRO X-ray diffractometer was
used under the conditions of filtered Cu Kot (1.540 A) radiation at
45 kV and 40 mA, 1.0° min~! scanning speed, and 5-40° of 20 inter-
val. For identifying and quantifying clay minerals of the <2 pm
grain-size fraction, glass slides of oriented clay samples were
made. All samples were disaggregated in distilled water by using
an ultrasonic bath. After centrifugation, suspensions of <2 pum frac-
tion were deposited on glass slides. Two XRD runs were performed,
following air-drying and ethylene-glycol solvation for 72 h to
identify swelling clays (smectite and mixed layered clay minerals
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Table 1

Average clay mineral assemblages of various regions in outcrops, the Fengyuan northern drill site, TCDP, and the Nantou southern drill site. N is the number of host rock samples

analyzed with XRF.

Sample Sample (N) Formation Illite (%) Smectite (%) Chlorite (%) Kaolinite (%) Illite crystallinity (°A20) [llite chemistry index ~ XRF (N)
YCB 13 Chinshui 40 18 21 21 0.33 0.65 3
KF 10 Chinshui 38 22 20 20 0.39 0.71 3
NT 11 Cholan 44 15 22 19 0.31 0.45 5
TTB 11 Kueichulin 46 21 20 13 0.35 0.41 5
Fengyuan 17 Chinishui 53 4 33 10 0.33 0.64 4
Kueichulin
Nantou 36 Chinshui 60 11 17 12 0.35 0.65 36
TCDP 100 Cholan 54 2 29 15 0.25 0.50 100
Chinshui
Kueichulin
such as illite/smectite and chlorite/smectite). Identification of clay 4. Results

minerals was made mainly according to the position of the (001)
series of the basal reflections on the air-dried and glycolated XRD
diagrams. In this study we utilize the most common approach for
semi-quantitative analysis of clay minerals in powders, involving
peak intensity ratios and mineral intensity factors (MIFs) (Kahle
et al.,, 2002). This approach simplifies the general relationship be-
tween the integrated intensity of a diffraction peak area and the
weight fraction of the mineral in a mixture. Peak areas of illite
(10 A), kaolinite (7 A), and chlorite (14 A) were divided based on
their own reflection factors, which were calculated on the glycolat-
ed curve. Mixed-layer phases of chlorite/smectite 001/001
(x> 14.3 A) and illite/smectite 001/001 (x > 10 A) upon glycolation
were determined (Biscaye, 1965; Fagel et al., 2003; Solum et al.,
2003). Relative proportions of kaolinite and chlorite were deter-
mined on the basis of the ratio at the 3.57/3.54 A peak area (Liu
et al., 2007).

To compare the variation of chemical compositions in different
samples, X-ray Fluorescence (XRF) was conducted in this study.
The percentage of ten major and minor oxides, namely SiO,,
Al,03, Fe,03, K;0, MnO, MgO, Ca0, Na,O, TiO,, and P,0s, were
determined by using a Rigaku RIX 2000 X-ray fluorescence at the
Department of Geosciences, National Taiwan University. Analytical
reproducibility for most oxides was less than 2% relative error, ex-
cept for Na,O with an error of about 5% (Yang et al., 1996).

The illite chemistry index and illite crystallinity have been also
calculated from the X-ray diffraction patterns after background
subtraction. Illite chemistry index (Esquevin-indices) refers to the
ratio of the 5-10 A peak areas (Esquevin, 1969). Illite composition
indicates the degree of weathering and can be used to trace the
source of illites (e.g., Liu et al., 2007). Illite chemistry index vary be-
tween 0 and 1, and in general, ratios below indicate 0.5 represent
Fe, Mg-rich unweathered illites reflecting physically eroded rocks
whereas ratios above 0.5 indicate Al-rich illites that form under
string hydrolysis (Esquevin, 1969; Gingele, 1996; Gingele et al.,
2001; Wan et al., 2010). In the 1970s, illite crystallinity was devel-
oped to estimate the relative maturity or state of diagenesis of illite
mixed-layer clay minerals in sedimentary rocks. Weaver (1960)
introduced the concept of the Sharpness Ratio (Weaver index,
WI) determining the ratio of the height of the 001 illite peak at
10 A to the height at 10.5 A. Later illite crystallinity obtained from
the Full Width at Half Maximum (FWHM) of the 10 A peak defined
was introduced by Kiibler (1964, 1967) (Kiibler index, KI) and the
unit of illite crystallinity is used to express as mm and °A20 (e.g.,
Buchovecky and Lundberg, 1988; Dorsey et al., 1988). While funda-
mentally related, the WI and KI may vary due to the influence of
hydroxyl Al-interlayered vermiculite or smectite on the width of
the illite peak. After carefully check the glycolation and air-dried
X-ray diffraction data, it suggests that there is no great difference
between each other. Thus, in this study we utilize KI as determining
the value of illite crystalinity and followed the procedure described
by Kisch (1991) and use °A20 as the unit for illite crystallinity.

4.1. Clay minerals

Mixed-layer phases of clays in our samples were determined
through the XRD data of air-dried and glycolated condition and it
suggests that smectite-rich illite were dominant (Fig. 3). Here we
follow the definition for the illite provided by Meunier and Velde
(2004) and simply call smectite-rich illite mixed-layer as smectite
hereafter. The four kinds of clay minerals found in the YCB, KF, NT
and TTB outcrops are illite, smectite, chlorite and kaolinite (Fig. 2,
left pie diagrams). The relative abundance of each mineral varies
significantly in a given outcrop. Overall, illite is the most abundant
phase among the four clay minerals, with an average abundance of
38-46%. Chlorite and kaolinite are roughly of equal abundance
(~20%), and smectite is the least abundant clay mineral, with an
average percentage ranging from 15% to 21% (Table 1). However,
it should be pointed out that TTB has more smectite (~21%) than
kaolinite (~13%).

In the northern shallow borehole of Fengyuan, illite, smectite,
chlorite, and kaolinite were found (Fig. 2; on the right top; Liao,
2003). Similar to the four outcrops mentioned above, illite (41—
82%) is the dominant clay mineral with an average of 52%; chlorite
(10-46%) and kaolinite (2-15%) are less abundant with an average
content of about 34% and 10%, respectively. Smectite (1-7%) has
the lowest weight percent with an average content of 4% (Table 1).

In the TCDP case, illite, smectite, chlorite and kaolinite were rec-
ognized in one hundred host rock samples (Fig. 2; on the right
middle; Kuo et al.,, 2009). The relative abundances of the four
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Fig. 3. X-ray diffraction patterns of the samples for identifying illite-smectite
mixed-layer. Black and red lines are the results from air-dried and glycolated
samples, respectively. Gray areas are the identified peak of smectite-rich illite. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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phases are similar to those found in the northern borehole sam-
ples, in the order of illite (37-81%), chlorite (12-41%), kaolinite
(6-20%) and smectite (0-6%) (Table 1).

In the clay fraction of the southern shallow borehole of Nantou,
illite, smectite, chlorite, and kaolinite were identified in 36 clay
samples (Fig. 2; on the right bottom; Chen et al., 2007). Illite, chlo-
rite, kaolinite and smectite have a relative percentage of 53-66%,
12-27%, 2-22% and 5-16%, respectively.

The XRD results of host rocks suggest that the mineral assem-
blages and similar abundance of clays are in good agreement with-
in the Cholan Formation, Chinshui Shale, and Kueichulin Formation
except the presence of smectite.

4.2. Major elements

Sixteen host rock samples from the four outcrops and one hun-
dred host rock samples from the TCDP were analyzed by XRF for
major elements determination (Table 1). Literature data of three
host rock samples from Fengyuan and 36 host rock samples from
Nantou are taken from Liao (2003) and Chen et al. (2007) for com-
parison. The bulk samples from surface outcrops and cores are
characterized by high contents of SiO,, and Al,03, and by low con-
centrations of Fe,03, Ca0O, K,0, MgO, MnO, Na,O, P,0s, and TiO,
(Fig. 4). The chemical trends in major and minor elements within

the Cholan Formation, the Chinshui Shale, and the Kueichulin For-
mation are similar to each other. Generally, shales and siltstones
usually contain higher Al,03, Fe;03, MgO, K30, and TiO, and lower
SiO, than sandstones because of higher clay contents. The strong
positive trends with between Al,03 and Fe,03, MgO, K0, TiO,
and strong negative trend between Al,03; and SiO, presumably
suggest it is mainly mineralogical control on Al;0s, Fe;03, MgO,
K50, TiO; and SiO, contents among three sedimentary formations.
However, the strong positive correlations between Al,03; and
Fe,03, MgO, and TiO,, respectively, also suggest the enrichment
of immobile elements Fe, Mg, and Ti take place during chemical
weathering. The leaching of the mobile element K is not found;
therefore it is suggested that the concentration of K is dominantly
controlled by abundance of illite as we mentioned above. Moderate
to poor negative trend is also found between Al,03; and Na,O in our
samples, suggesting the slight leaching of the mobile element Na
during the formation of clay minerals. The great dispersions in
the Al,03-MnO and Al,05-P,05 diagrams are probably caused by
the rarity of MnO and P,0s.

4.3. Illite chemistry index and illite crystallinity

Wide scatters of illite chemistry index and illite crystallinity are
observed in samples from the outcrops and the boreholes. In short,
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the average values of illite chemistry index are dispersed from 0.41
to 0.71 in the samples of the outcrops and 0.5-0.65 in the samples
of the boreholes (Table 1). The average values of illite crystallinity
are distributed from 0.31°A20 to 0.39°A20 in all locations except
the one of TCDP with the lowest value of 0.25°A20. We will com-
bine the data of illite chemistry index and illite crystallinity with
mineralogical and chemical proxies and discuss in detail later.

5. Discussion
5.1. Mineralogical changes

Fresh rocks and minerals are seldom in equilibrium with near-
surface waters, temperatures, and pressures (Velde and Meunier,
2008). In the presence of water, rocks and minerals can be chemi-
cally modified towards a phase that is more stable in the near-sur-
face environment, e.g., clay minerals. The differences in the clay
mineral distributions can be related to weathering, sedimentation,
burial, diagenesis, hydrothermal alterations, and tectonic processes
(Velde and Meunier, 2008; Vrolijk and van der Pluijm, 1999). In
general, the smectite formed by the reaction of the clay fractions
in sediments turn transforms as diagenetic processes and yielded
illite (e.g., illite-smectite transition observed in the Miocene in
the Gulf of Mexico). Whereas, it seems that illite-smectite transi-
tion within burial, and diagenetic processes do not result in a dra-
matic variation on clay mineral assemblages in this study.
Moreover, the variety of clay minerals produced by hydrothermal
alteration and tectonic processes (fault) can be significant, but is
confined to very local areas; whereas, weathering could cause a
widespread and high-degree variation in clay minerals (Chamley,
1989; Kuo et al., 2009). To minimize the effect of tectonic pro-
cesses, we analyzed the host rocks that essentially remained
undamaged during faulting. Moreover, to investigate the influ-
ences of burial, and diagenesis, relative percentages of illite and
smectite of the outcrops, Fengyuan and TCDP versus depth were
plotted (Fig. 5). The illite-smectite reaction driven by the processes
of burial and diagenesis is not obvious with comparing the
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abundance of illite and smectite with depth (Fig. 5). Thus, the sig-
nificant differences of clay minerals among these materials seem to
be due to the weathering.

Generally, weathering is classified as either physical or chemi-
cal processes (Weaver, 1989). Physical weathering involves many
processes, such as in situ fragmentation, comminution, uploading,
thermal expansion, colloidal plucking, and the activity of plants or
animals. Illite and chlorite are considered as primary minerals,
which reflect low hydrolytic processes in continental weathering
and increasing direct rock erosion (Liu et al., 2007, 2009). Consid-
ering the maximum depth of burial and correspondingly, temper-
ature, illite and chlorite in our study area presumably have been
derived from the erosion of micas and chlorite of metamorphic
rocks, mainly derived from the western orogeny belt at high uplift
rate (Yue et al., 2005). In contrast, the weathering environment fre-
quently represents a chemical system where pressure is constant,
and many chemical elements are mobile and enter the solution
from the ambient rocks (Velde and Meunier, 2008). For example,
during hydrolysis, subtraction of ions from minerals in parent
rocks statistically concerns primarily more mobile ions, like Na,
K, Ca, and Mg. This hydrolytic weathering process results in the
formation of 2:1 layer clays (the assemblage of two tetrahedral
sheets with one octahedral sheet, e.g., smectite) (Pédro, 1981).
Transitional elements tend to be depleted later (Mn, Fe), and are
followed by Si. This process results in the formation of 1:1 layer
clays (the assemblage of one tetrahedral sheet with one octahedral
sheet, e.g., kaolinite). Al is the less mobile element through the
hydrolytic process. The final process of hydrolytic weathering re-
sults in the formation of Al hydroxides (e.g., gibbsite). An increase
in chemical weathering intensity and ions substraction in parent
rocks produces secondary minerals that become more and more
depleted in cations, especially the more mobile elements.

Based on what we discussed above, two end members of chem-
ical weathering (smectite and kaolinite) and one end member of
physical weathering (illite + chlorite) are plotted as ternary dia-
grams (Fig. 6). It should be noted that smectite-rich samples, which
avoid collecting a cm-scale surface weathering reaction from the
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214 L.-W. Kuo et al./Journal of Asian Earth Sciences 59 (2012) 208-218

Illite+Chlorite Illite+Chlorite

Kaolinite

/A Fengyuan N. drill site
[ Tcop
¢ Nantou S. drill site
& Outcrops
=== Cholan Formation
mmm Chinshui Shale
=== Kueichulin Formation

Smectite

Smectite

Fig. 6. Comparison between clay mineral ternary diagrams of host rocks from the
four outcrops, the two shallow boreholes of Fengyuan and Nantou, and the deep
borehole (TCDP).

outcrops, skew and widen the weathering rind in Fig. 6. Thus, sig-
nificantly different distributions of clay mineral assemblages in
Fig. 6 were observed from the four surface outcrops, northern
and southern boreholes, and TCDP. Micro-observations such as
Scanning Electron Microscopy and Transmission Electron Micros-
copy are probably needed to characterize the occurrence of smec-
tite from the surface to deep depths (Solum et al., 2003) and thus
further experiments should be conducted to capture the relevant
processes in the future. For the above reason, we conclude that
the decreasing abundances of smectite from the surface to deep
depth (TCDP) are related to the intensity of chemical weathering.
This makes diagenesis as a cause for the decrease in smectite abun-
dance less likely. If such an explanation for the change in smectite
abundance is true, the weight percent of smectite along depth in
Fig. 5 should gradually become less instead of dramatically
decreasing. Thus, the existence of smectite can be used as an indi-
cator for chemical weathering in this study.

5.2. Mineralogical changes versus illite chemistry index and illite
crystallinity

Assuming presumably that there is no important diagenesis for
illite—smectite reaction in our samples, we select illite chemistry
index as an indicator for the intensity of chemical weathering
(Esquevin, 1969) and illite crystallinity as a proxy for continental
sources. Present studies have shown that transition to illite is
accompanied by a number of parallel temperature-dependent min-
eral reactions and crystallographic transformations such as conver-
sion of smectite to mixed-layer smectite/illite to well crystallized
illite (muscovite) and increasing illite crystallinity (Hoffman and
Hower, 1979; Velde and Meunier, 2008). Thus, the characteristics
of illite crystallinity were correlated with metamorphic zones such
as anchizone which is exposed under low temperature metamor-
phism (Kisch, 1980, 1990). The range of anchizone correlated with
illite crystallinity was defined in 0.38°A20 to 0.21°A20 by Kisch
(1990) and 0.38°+0.01°A26 to 0.22° +0.01°A260 by Chen (1984)
and we utilize the value of 0.38°A20 to 0.21°A20 as the range of
anchizone in this study (Figs. 5 and 7). Besides, lower values of
FWHM of illite also represent higher crystallinity, which is charac-
teristic of weak hydrolysis in continental sources (Chamley, 1989;
Krumm and Buggisch, 1991).

To determine the correlation between the illite chemistry index
and illite crystallinity with sedimentary formations and/or diagen-
esis, the illite chemistry index and illite crystallinity versus depth
were plotted in Fig. 5. The values of illite chemistry index among

these sedimentary formations are widely distributed and it seems
that the distribution of illite chemistry index of the outcrop sam-
ples are the widest. The values of illite crystallinity are also widely
scattered among the Cholan, Chinshui, and Kueichulin Formations
and present a trend that are slightly increasing with decreasing
depth (Fig. 5). It is worth pointing out that the reverse trend of illite
crystallinity, named “unroofing” by Dorsey et al. (1988) and Buc-
hovecky and Lundberg (1988), is not observed in the profile. This
is presumably because of the complex source of sediments includ-
ing metamorphic lithic-fragments from western Taiwan orogeny
and granitic fragments from eastern passive continental edge.
Thus, the abundance of clay minerals and mineral assemblages
(Fig. 5) are presumably similar in each given formation, the varia-
tion of illite chemistry index and illite crystallinity suggests that
materials were exposed more severe chemical weathering in the
shallow depth.

It seems that the abundance of smectite and the illite chemistry
index and illite crystallinity are correlated with the process of
chemical weathering. The smectite indicator versus illite chemistry
index and illite crystallinity are shown in Fig. 7. The diagrams of il-
lite chemistry index and illite crystallinity show similar patterns,
suggesting that the state of physical and chemical weathering
could be determined with these three mineralogical parameters
in our samples. More than half of the samples from TCDP are ob-
served with low values of illite chemistry index and low values
of illite crystallinity, and it suggests that detrital well-crystallized
illite might keep the original composition and the crystal structure
in depth during physical weathering. On the other hand, most
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and (b) illite crystallinity in the host rock samples from the four outcrops, the two
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samples from the outcrops and the shallow boreholes of Fengyuan
and Nantou display high values of illite chemistry index and high
values of illite crystallinity. The observation suggests that illite
might have been weathered chemically near the surface. It is worth
pointing out that the value of illite chemistry index and illite crys-
tallinity is not directly proportional to the relative percentage of
smectite. It means that illte converts to illite/smectite mixed-layers
by chemical weathering and its composition and crystal structure
is not completely changed with the process of solid solution. These
results support that the degree of chemical weathering decreases
with depth.

5.3. Chemical mobility and weathering trends

The major element compositions can be used to assess the state
of chemical weathering and to determine their geochemical pro-
cesses (Vital and Stattegger, 2000; Singh et al., 2005; Liu et al.,
2007, 2009). The chemical compositions of weathering products
are expected to demonstrate a well-established concept on mobil-
ity of various elements during weathering (Nesbitt and Young,
1982; Singh et al., 2005; Liu et al., 2007, 2009). Here we use ele-
mental ratios calculated with respect to the least mobile element
Al to identify and evaluate the major element mobility. All major
elements show similar chemical mobility, albeit with little differ-
ence from the surface to the deep depth (Fig. 4). In general, shales
with high clay-fraction contains abundant immobile elements,
such as Al and Ti, and are depleted in mobile element, especially
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in SiO,, Ca0, K0, Na,0, MnO, and MgO. In contrast, the constitu-
ents of sandstones are more variable than those of shales, and they
may contain high percentage of quartz and other sediments sup-
plying SiO, and other minor elements as CaO, K,0, Na,O, MnO,
and MgO (arkoses and greywackes are not included). Thus, the dif-
ferences of lithology among three sedimentary formations could be
used to explain why there is a widespread distribution of all major
elements among our study materials. Although the leaching of mo-
bile elements K, Na and Ca, and less mobile element Si, Mn, and Mg
during the formation of clay minerals under an intense chemical
weathering condition on the surface, for sediments, appears to be
true (Liu et al., 2007, 2009), it seems that the solid rocks are not
seriously affected by leaching. Thus, the similar trends of chemical
mobility with little differences observed in our samples confirm
that the Cholan Formation, Chinshui Shale, and Kueichulin Forma-
tion have a similar average chemical composition and/or the inten-
sity of chemical weathering from the surface to the deep depth.

The degree of chemical weathering can be estimated by the
chemical index of alteration (CIA) defined as:

CIA = [AL,O5/(Al,05 + Ca0" + Na,O + K,0)] x 100

where CaO* represents CaO associated with the silicate fraction of
the sample (Nesbitt and Young, 1982; Liu et al., 2007, 2009). For
example, for primary minerals (non-altered minerals), all feldspars
have a CIA value of 50, and the mafic minerals, such as biotite, horn-
blende, and pyroxenes, have CIA values between of 50-55, 10-30,
and 0-10, respectively. Feldspar and mica weathering to smectite

/\ Fengyuan N. drill site

(a)1.0 -
TCDP
Nantou S. drill site
08 J &> Outcrops
' mmmm Cholan Formation

g s Chinshui Shale

£ mmmm Kueichulin Formation
E‘ 0.6 4 1 ¥

% X . i S Chemical weathering
5 N | [T Physical weathering

g 044 ! :

*
0.2
T M T 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

( ) 0.5 4 Diagenesis

g 0.4

Jd .

= { Anchizone

£

.=9 0.3 A

L

[}

3

£ 02 1Epizone

0.1 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

CIA

Fig. 8. Comparison between chemical index of alteration (CIA) and (a) illite chemistry index and (b) illite crystallinity of host rocks from the four outcrops, the two shallow
boreholes of Fengyuan and Nantou, and the deep borehole (TCDP). The graphs show similar correlations of mineralogical and element geochemical proxies of chemical

weathering.



216 L.-W. Kuo et al./Journal of Asian Earth Sciences 59 (2012) 208-218

Fengyuan
® . grill site
TCDP
Nantou
S. drill site
Yichiang Bridge
(Site 1)
Kungfu elementary school
(Site 2)
Nantou Dapi
(Site 3)
Tungtou Bridge
(Site 4)

E N EE 0>

Depth (Km)

Fig. 9. Relative percentage of smectite with depth for host rocks of the four outcrops, the two shallow boreholes of Fengyuan and Nantou, and the deep borehole (TCDP). The
variation of the weathering trend is signified along depth. Bull indicates the candidate of principal slip zone of future large earthquake. In China, it was once believed that a

giant bull lived underground and caused earthquakes when it turns its own body over.

and kaolinite result in a net loss of K and Na in weathering profiles,
whereas Al is resistant and is enriched in weathering products (Nes-
bitt and Young, 1982). This induces an increase of CIA values to
about 100 for kaolinite and 70-85 for smectite. The CIA value is
to quantify the chemical weathering of the rocks by considering
the loss of labile elements, such as Na, Ca, and K. CIA values are
64-80 for the surface outcrop samples, 55-70 for the northern
borehole of Fengyuan samples, 35-77 for the southern borehole
of Nantou samples, and 61-83 for the deep borehole of TCDP sam-
ples (Fig. 8). Such high CIA values suggest that all samples should
have been weathered or altered (Nesbitt and Young, 1982), but it
is not in agreement with the mineralogical results on clays
(Fig. 6). Moreover, similar grouping of CIA values within different
sedimentary formations are obviously observed in the TCDP case
(Fig. 8). Therefore, we argue that the high CIA values are controlled
by high clay fractions in shales and/or sandstones, instead of the
leaching of elements, and this argument is also supported by the
major elements (Fig. 4).

The correlation between CIA and the illite chemistry index and
crystallinity could be also used to demonstrate the degree of chem-
ical weathering (Liu et al., 2007, 2009; Fig. 8). The values of CIA
along with the significantly variable values of illite chemistry index
and illite crystallinity among the samples from the surface to the
deep depth imply that, for solid rocks, chemical weathering domi-
nantly changes clay mineral structures and/or clay mineral assem-
blages without loss of major elements.

5.4. Formation of smectite and its implication for faulting mechanism

The formation of smectite in the host rocks is interpreted as the
product of chemical weathering which took place near the surface
(Fig. 9), and the geochemical data in this study suggest that chem-
ical weathering, rather than leaching of major elements, triggers
the phase change of clay minerals. It suggests that the presence

of smectite is neither related to the faulting, nor the weakening
of the Chelungpu fault during coseismic events. Therefore, to dis-
tinguish the presence of smectite between the host rocks and fault
gouges close to the surface is critical, but difficult. This makes the
variation of clay minerals a unreliable parameter for understanding
the fault behavior unless characteristics of clay mineral phases
were exceptionally approached for a fault (e.g., Solum et al., 2003).

Smectite is of extremely low abundance or absent in the TCDP
case. Such a low percentage of smectite indicates that smectite
should not be responsible for weakening the Chelungpu fault dur-
ing coseismic events. Whereas, Kuo et al. (2009) examined the
characteristics of clay minerals from TCDP, and interpreted that
the smectite-rich (devitrified from pseudotachylyte) black gouge
(the relative clay percentage of smectite is 85%) as the primary slip
zone of the Chelungpu fault (Fig. 9). Ikari et al. (2009) conducted
conventional biaxial testing under true-triaxial condition tests
with simulated gouge of quartz, illite, chlorite, and montmorillon-
ite (a type of smectite), and provided an extremely low friction
coefficient in montmorillonite-rich gouge. On the other hand, con-
ventional triaxial compression test was conducted with binary and
ternary mixtures of quartz, montmorillonite (a type of smectite),
and illite and the trend was a decrease in strength with increasing
smectite content (Tembe et al., 2010). Thus, although smectite may
not play important role in the past coseismic events, the presence
of smectite-rich black gouge of the Chelungpu fault, in the TCDP
case, might be relatively critical which is a possible candidate to
trigger the Chelungpu fault for future seismic events.

6. Conclusion

The clay mineralogical and geochemistry results from this study
of the Chelungpu fault demonstrate that the degree of chemical
weathering in the host rocks varies depth. Clay mineralogical indi-
cators (the relatively percentage of smectite, illite chemistry index,
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and illite crystallinity) and major elemental indexes (chemical
mobility, CIA index), indicate that the intensity of chemical weath-
ering decreases from the surface to the deep borehole in TCDP. For
the solid host rocks, chemical weathering makes rocks and
minerals transform towards smectite, which is more stable in the
near-surface environment, without severely leaching the major
elements. Therefore, the presence of smectite in the outcrops
may not play a significant role during faulting, and the clay
mineralogical data suggest that fault-weakening mechanism
within smectite cannot be applied to the Chelungpu fault during
coseismic events.
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