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During an earthquake, the physical and chemical transformations along a slip zone lead to alteration and formation of minerals within the gouge layer of a mature fault zone. The gouge contains ferromagnetic minerals, which could be formed under the combined action of friction heat and fluid. Thus, gouge has the capacity to behave as a magnetic recorder during an earthquake. This may constitute an efficient way to identify earthquakes slip zones. Besides, altered and neoformed magnetic minerals can be used as tracers of some earthquake processes. In this study, we investigate the rock magnetism and paleomagnetism of the Chelungpu Fault gouge that hosts the principal slip zone of the Chi-Chi earthquake (M w 7.6, 1999, Taiwan) using Taiwan Chelungpu-Fault Drilling Project (TCDP) hole-B core samples. We also took a Chelungpu fault outcrop sample for identification of nanoparticle, which associated with fracture energy estimation in fault gouge.

In the first part of this thesis, we studied the rock magnetism and paleomagnetism of the 0.16 m thick gouge at 1,136 m depth (labeled FZB1136). The rock magnetic investigation pinpoints precisely the location of the Chi-Chi mm-thick principal slip zone. A modern magnetic dipole of Earth magnetic field is recovered throughout this gouge but not in the wall rocks nor in the two other adjacent fault zones. This magnetic record resides essentially in two magnetic minerals; magnetite in the principal slip zone, and neoformed goethite elsewhere in the gouge. We propose a model where the magnetic record: 1) is preserved during inter-seismic time, 2) is erased during co-seismic time and 3) is imprinted during post-seismic time when fluids cooled down. We suggest that the identification of a stable magnetic record carried by neoformed goethite may be a signature of friction-heating processes in the seismic slip zone.

In the second part of the thesis, we investigate pyrite and magnetic minerals within the host Chinshui siltstone and the FZB1136 gouge. In the Chinshui siltstone, pyrite framboids of various sizes and euhedral pyrite are observed. The magnetic mineral assemblage comprises stoichiometric magnetite, greigite, and fine-grained pyrrhotite. The pyrite content is generally lower in the gouge compared to the wall rock. The magnetic mineral assemblage in the gouge consists of goethite, pyrrhotite, and partially oxidized magnetite. The pyrrhotite, goethite and some magnetite are neoformed. Pyrrhotite likely formed from high temperature decomposition of pyrite (>500°C) generated during co-seismic slip of repeated earthquakes. Goethite is ! !

x inferred to have formed from hot aqueous co-seismic fluid (>350°C) in association with the 1999 Chi-Chi seismic event. Elevated fluid temperatures can also explain the partial alteration of magnetite and the retrograde alteration of some pyrrhotite to pyrite. We suggest that characterization of neoformed magnetic minerals can provide important information for studying earthquake slip zones in sediment-derived fault gouge.

In the third part of the thesis, we aimed to model the observed 40 mm shift between the maximum of magnetic susceptibility and the maximum of magnetic remanence. The result of the model suggests that the maximum of the concentration of magnetite and goethite correspond to the maximum of magnetic susceptibility and magnetic remanence, respectively. By modeling the concentrations of these two magnetic minerals, we explain satisfactorily the profiles of magnetic susceptibility and remanence. This modeling indicates that ~300 ppmv of magnetite formed in the principal slip zone and its main contact area. Similarly, ~1% of goethite is formed in the center of the gouge, where the fluids are more enriched in iron. We propose that the magnetite and goethite are formed and altered during successive seismic cycles.

In the fourth part of the thesis, we determined the ultrafine nano-scale grains of the Chelungpu fault gouge. The particle size range was analyzed using the synchrotron X-ray diffraction and observed through transmission electron microscopy.

The minerals of gouge are predominantly composed of quartz, plagioclase, smectite, illite, chlorite, and kaolinite. The mineral association of <100 nm particles are quartz, smectite, and illite. However, there are only smectite and illite without quartz in the 1 to 25 nm fractions. We propose that quartz is the index mineral associated with co-seismic fracture and the minimum grain size is 25 nm. The smectite and illite nano-particles may be associated with weathering process of gouge at shallow or surface conditions.

In the fifth part of this thesis, we show the preliminary results of magnetic analysis of FZB1194 and FZB1243. These two fault zones have a very dark centimeter black material disk (BMD) that is not present in the FZB1136. In both fault zone, the paleomagnetic record indicates the presence of stable components with normal and reverse polarities. However, these components appear to result from an overlap of several contributions, which the analysis did not separate properly. The identification of opposite polarity, could have serveral origins: 1) an age of Chelungpu fault greater than 780 ka, 2) earthquake occuring during paleomagnetic excursion, 3) self-reversal processes of magnetic mineral. There are similarities ! ! xi between these two fault zones and FZB1136. A shift between the peak of remanence and susceptibility is observed, which may reflect varying concentrations of magnetic minerals in the gouge. Magnetite and goethite are found ubiquitously in both fault zones. However, three observations mark a fundamental difference with FZB1136: 1) the absence of a homogeneous single component paleomagnetic throughout the gouge,

2) the preservation of magnetic nano-grains in FZB1194 and FZB1243, 3) the absence of pyrrhotite, which could be an indicator of high temperature transformation. We suggest that seismic events recorded in these two fault zones had a magnitude lower than that recorded in the FZB1136 (Chi-Chi, M w 7.6).

In first, I would like to thank God. He created this beautiful Earth, which is complex and mysterious for human to understand. We are infinitesimal in this Dans la première partie de cette thèse, nous étudions l'enregistrement paléomagnétique dans la zones de gouges, dont la gouge de 0.16 m d'épaisseur portant la zone de glissement sismique de Chi-Chi à 1,136 m de profondeur (étiqueté FZB1136). Les paramètres magnétiques ont permis de localiser précisément la zone de glissement sismique de Chi-Chi. Une composante parallèle au dipôle magnétique moderne du champ magnétique terrestre est identifiée dans FZB1136 mais pas dans les roches encaissantes, ni dans les deux autres zones de failles adjacentes.

L'enregistrement de cette composante est porté essentiellement par deux minéraux magnétiques; la magnétite dans la zone de glissement principale, et la goethite néoformée ailleurs dans la gouge. Nous suggérons que l'identification d'un enregistrement magnétique stable porté par la goethite néoformée pourrait être une signature de friction liée au processus de chauffage dans la zone de glissement sismique.

Dans la deuxième partie de la thèse, nous étudions la pyrite et les minéraux magnétiques dans la gouge FZB1136. Dans la formation Chinshui, qui est caractérisée ! ! vii par une alternance de silt et de grès fins, les framboïdes de pyrite de différentes tailles ainsi que des pyrites automorphes isolés sont observés. L'assemblage de minéraux magnétique comprend: la magnétite stoechiométrique avec une très forte proportion de minéraux nanométriques, la greigite, et probablement la pyrrhotite infra micrométrique. Dans la gouge, la concentration de la pyrite est beaucoup plus faible que dans la formation Chinshui. L'assemblage des minéraux magnétiques est constitué de la goethite, de la pyrrhotite supra micrométrique, et de la magnétite Dans la troisième partie de la thèse, nous tentons de comprendre le décalage de 40 mm entre le pic de susceptibilité magnétique et le pic de rémanence magnétique.

Nous précisons la distribution de la goethite et de la magnétite dans la gouge en analysant les paramètres magnétiques. La susceptibilité magnétique maximum est localisée le long de la zone de glissement principale de Chi-Chi. Les principaux minéraux magnétiques identifiés sont la magnétite et la goethite, qui possèdent des paramètres magnétiques différents. Une modélisation numérique nous permet de proposer que les maximums de la concentration de la magnétite et de la goethite correspondent au maximum de la susceptibilité magnétique et de la rémanence magnétique, respectivement. En modélisant les concentrations de ces deux minéraux magnétiques, nous expliquons de façon satisfaisante les profils de la susceptibilité magnétique et de la rémanence magnétique. Cette modélisation indique que ~300 ppmv de magnétite sont formés dans la zone de glissement principale et sa surface de contact principale. De même, ~1% de goethite est formé dans le centre de la gouge, où les fluides sont plus riches en fer. Nous proposons que la magnétite et la goethite sont formés et modifiés au cours des cycles sismiques.

Dans la quatrième partie de cette thèse, nous proposons de déterminer les grains nanométriques dans une gouge de faille de Chelungpu. Des fractions ! ! viii granulométriques ont été analysées par diffraction des rayons X au synchrotron et par microscopie électronique à transmission. Les minéraux les plus importants de gouge sont le quartz, le plagioclase, la smectite, l'illite, la chlorite et la kaolinite. La composition minérale des particules <100 nm sont le quartz, la smectite, et l'illite.

Cependant, il y a seulement de la smectite et de l'illite sans quartz dans les fractions Chapter 1. Introduction
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Taiwan Chelungpu fault and 1999 Chi-Chi earthquake

The Taiwan Island is located at the convergent boundary between the Eurasian Continent Plate and the Philippine Sea Plate (Fig. 1-1). Taiwan is also located at the join between the Ryukyu trench and the Luzon arc system. The Philippine Sea Plate is moving with a speed of 56~82 mm/year in the N306°E~N322°E azimuth and is colliding with the Eurasian Plate margin [START_REF] Yu | Velocity field of GPS stations in the Taiwan area[END_REF]. Taiwan is divided into several geological regions, from west to east; the Costal Plain, the Western Foothills, the Central Range, the Longitudinal Valley, and the Coastal Range (Ho, 1988). Along the belt between the Costal Plain and the Western Foothills, several fault systems occur around this active seismic region, including the Shuilikeng, Shuangtung, Chelungpu, and Changhua faults, which are the most active regions in Taiwan.

The Chelungpu thrust fault zone is one of the major active faults in the western Taiwan thrust belt. Originally, it was characterized as the Chinshui Formation thrusting on the Toukashan Formation in the Taichung Basin [START_REF] Chang | Subsurface geologic study of the Taichung basin[END_REF]. This fault is considered as an active fault due to its distinct geomorphic feature (Bonilla, 1977).

The largest earthquake (M w 7.6) during the last 100 years in Taiwan took place on 21 September 1999, near the town of Chi-Chi in central Taiwan (Fig. 1-2, hypocenter 120.81°E, 23.86°N, depth ~10 km, Ma et al., 1999;Kao and Chen, 2000), which caused many casualties (2,321 deaths, ~10,000 injured) and destruction (more than 100,000 buildings were damaged or destroyed). During this earthquake, the surface rupture closely followed the ~85 km Chelungpu fault (Chen et al., 2002). In the northern part, the large slip velocity was observed about 3.0-4.5 m/s with 8-12 m displacements and low level of high-frequency radiation. But in the southern part, the slip velocity was 0.5-2 m/s with 3-4 m displacements by records of GPS data (Fig. Ma et al., 2003). The average slip duration (rise time) is 7.2 sec (Chen et al., 2003). According to elastohydrodynamic lubrication model [START_REF] Brodsky | Elastohydrodynamic lubrication of faults[END_REF], this kind of slip behaviour could be explained by fluid pressurization in a fluidized gouge during slip (Ma et al., 2003).
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Taiwan Chelungpu Fault Drilling Project (TCDP)

The Taiwan Chelungpu-fault Drilling Project (TCDP) started in 2004. The drilling site is located at 120.73916°E, 24.20083°N near the town of DaKeng, central Taiwan, 2 km east of the surface rupture of the Chi-Chi earthquake. Surface structures around the drilling site were constrained by high-resolution shallow seismic reflection. These investigations suggested that the Chelungpu fault was a bedding-parallel thrust in the Chinshui Formation and that the Chi-Chi rupture is at a depth of about 1,200 m below the drilling site (Wang et al., 2002(Wang et al., , 2004)). This project drilled two vertical holes 40 m apart, Hole-A to a depth of 2,003.0 m into the Kueichulin Formation (passing through the Sanyi fault zone) and Hole-B to a depth of 1,352.6 m (Yeh et al., 2007).

From Hole-A, three major fault zones were found within the Pliocene Chinshui

Formation at depths about 1,111, 1,153, and 1,222 m, respectively. From the Hole-B core, three major fault zones were also found within the Chinshui Formation at depths of about 1,136, 1,194 and 1,243 m, respectively (Hirono et al., 2007;Hung et al., 2007;Song et al., 2007;Yeh et al., 2007). The three major fault zones FZA1111

(fault zone in Hole-A, at depth 1,111 m), FZA1153, and FZA1222, may correspond to FZB1136 (fault zone in Hole-B, at depth 1,136 m), FZB1194, and FZB1243, respectively. By calculating the relative depth difference from the horizontal distance between the holes, the angle and dip of the fault zones are 35°, 45°, and 30° (Fig. 1234, Hirono et al., 2007a). On the basis of the correlation of fault zones in Hole A and Hole B, the Chelungpu fault system may display a duplex structure (Hirono et al., 2008).

FZB1136

The following subzones within FZB1136 were described from top to bottom: upper fracture-damaged zone (1,134.40 -1,134.93 m), upper breccia zone (1,134.93 -1,136.22 m), upper gray fault gouge (also called deformed sediments) ! ! 3 (1,136.22 -1,136.26 m), black fault gouge (1,136.26 -1,136.40 m), lower gray fault gouge (1,136.40 -1,136.46 m), lower breccia zone (1,136.46 -1,136.70 m), and lower fracture-damaged zone (1,136.70 -1,137.90 m) (Fig. 1-5A, after Hirono et al., 2007a).

The micro scale observation of FZB1136 reveals a complex architecture, with the stack of tens of slip zones (Boullier et al., 2009). A detailed SEM analysis shows a 3 mm-thick layer of very fine-grained ultracataclasite that is not fractured (Fig.

1-5B, C

). It is located at 2 cm above the bottom of black gouge zone, and was considered as the principal slip zone of Chi-Chi earthquake by Boullier et al. (2009).

The SEM observation underlines the nature of the 'gray gouge'. It is actually not a gouge, but a layer of deformed sediments where bedding can still be identified. For that reason, we decided to abandon the term 'gray gouge' and we use instead 'deformed sediments'. One of the most interesting features of Boullier's work is the discovery of clay-clast aggregates (CCAs) within the compacted gouge layers (Fig.

1-5B; after Boullier et al., 2009). The CCAs are believed to form with fluid pressurization within the gouge (Boutareaud et al., 2008[START_REF] Boutareaud | Clay clast aggregates in gouges: New textural evidence for seismic faulting[END_REF]. To date, no evidence of melting has been yet documented in the gouge.

FZB1194

The description of FZB1194 observed from top to bottom were upper fracture-damaged zone (1,194.00 -1,194.73 m), black material disk (1,194.73 -1,194.75 m), black fault gouge (1,194.75 -1,194.81 m), deformed sediments (1,194.81 -1,194.84 m), black fault gouge (1,194.84 -1,194.87 m), deformed sediments (1,194.87 -1,195.13 m), breccia zone (1,195.13 -1,195.50 m), and lower fracture-damaged zone (1,195.50 -1,197.25 m) (Fig. 1-6, after Hirono et al., 2007a).

It appears, therefore, that this 14-cm thick gouge hosts a 2 cm-thick layer of black material disk where evidence of partial melting has been suggested [START_REF] Otsuki | Analyses of pseudotachylyte from Hole-B of Taiwan Chelungpu Fault Drilling Project (TCDP); their implications for seismic slip behaviors during the 1999 Chi-Chi earthquake[END_REF]. The two layers of gouge are separated by a layer of 3 cm-thick deformed sediments. This fault zone, as a whole, differs notably from the FZB1136.

FZB1243

Similarities between this fault zone and FZB1194 are evident. Subdivisions observed from top to bottom are upper fracture-damaged zone (1,242.70 -1,243.33 ! ! m), upper deformed sediments (1,243.33 -1,243.38 m), black material disk (1,243.38 -1,243.40 m), black fault gouge (1,243.40 -1,243.50 m), lower deformed sediments (1,243.50 -1,243.60 m), and lower fracture-damaged zone (1,243.60 -1,244.30 m) (Fig. 1-7, after Hirono et al., 2007a). So again, a 2 cm-thick layer of black material disk is observed here.

Previous Research

The targets of fault zone investigation have been focused on the energy budget of an earthquake include heat contribution and estimate the fracture. In this study, we propose a short review of the magnetic properties and mineralogy of pseudotachylyte and gouge. Fault-related pseudotachylytes are dark fine-grained to glassy rocks, which form by frictional melting during seismic slip along fault planes as earthquake fossils (Fig. 12345678) (e.g., [START_REF] Philpotts | Origin of pseudotachylites[END_REF][START_REF] Sibson | Generation of pseudotachylyte by ancient seismic faulting[END_REF][START_REF] Spray | Artificial generation of pseudotachylite using friction welding apparatus: Simulation of melting on a fault plane[END_REF][START_REF] Magloughlin | Microstructural and chemical changes associated with cataclasis and frictional melting at shallow crustal levels: The cataclasitepseudotachylyte connection[END_REF][START_REF] Toro | Superheated friction-induced melts in zoned pseudotachylites within the Adamello tonalites (Italian Southern Alps)[END_REF][START_REF] Andersen | Fossil earthquakes recorded by pseudotachylytes in mantle peridotite from the Alpine subduction com-plex of Corsica[END_REF][START_REF] Lin | Fossil Earthquakes: The Formation and Preservation of Pseudotachylytes[END_REF][START_REF] Kirkpatrick | Pseudotachylytes: Rarely generated, rarely preserved, or rarely reported?[END_REF]. Several magnetic investigations of fault rocks focused on pseudotachylytes. The pseudotachylyte layer generally shows a high magnetic susceptibility (Fig. 123456789) and strong natural remanent magnetization (NRM) (typically >200 Am 2 /kg, Ferré et al., 2005). The NRM originates from single domain (SD) to pseudo single domain (PSD) ferromagnetic minerals (e.g., [START_REF] Piper | Palaeomagnetism of pseudotachylites from the Ikertôk shear belt, and their relationship to the kimberlite-lamprophyre province, central-west Greenland[END_REF][START_REF] Piper | Palaeomagnetic dating of pseudotachylyte formation in the Lewisian complex[END_REF][START_REF] Enomoto | Possible evidences of earthquake lightning accompanying the 1995 Kobe Earthquake inferred from the Nojima Fault Gouge[END_REF][START_REF] Enomoto | Hardened foliated fault gouge from the Nojima Fault zone at Hirabayashi: Evidence for earthquake lightning accompanying the 1995 Kobe earthquake?[END_REF]Nakamura and Nagahama, 2001;Nakamura et al., 2002;[START_REF] Fukuchi | Strong ferrimagnetic resonance signal and magnetic susceptibility of the Nojima pseudotachylyte in Japan and their implication for coseismic electromagnetic changes[END_REF]Ferré et al., 2005;[START_REF] Nakamura | Magnetic properties and paleointensity of pseudotachylytes from the Sudbury structure, Canada: Petrologic control[END_REF][START_REF] Molina Garza | An integrated magnetic and geological study of cataclasitedominated pseudotachylytes in the Chiapas Massif, Mexico: A snapshot of stress orientation following slip[END_REF]Ferré et al., 2012).

The magnetization acquisition processes could be 1) a thermal remanent magnetization (TRM) acquired during cooling of the pseudotachylyte melt (Fig. 1-10) (e.g., [START_REF] Piper | Palaeomagnetism of pseudotachylites from the Ikertôk shear belt, and their relationship to the kimberlite-lamprophyre province, central-west Greenland[END_REF][START_REF] Piper | Palaeomagnetic dating of pseudotachylyte formation in the Lewisian complex[END_REF]Nakamura et al., 2002;Ferré et al., 2005), 2) a chemical remanent magnetization (CRM) carried by neoformed magnetic minerals (Fig. 1-11) (e.g., [START_REF] Hailwood | Palaeomagnetic analysis of fault gouge and dating fault movement, Anglesey, North Wales[END_REF]Nakamura and Nagahama, 2001;[START_REF] Fukuchi | Strong ferrimagnetic resonance signal and magnetic susceptibility of the Nojima pseudotachylyte in Japan and their implication for coseismic electromagnetic changes[END_REF]Fukuchi et al., 2005;[START_REF] Molina Garza | An integrated magnetic and geological study of cataclasitedominated pseudotachylytes in the Chiapas Massif, Mexico: A snapshot of stress orientation following slip[END_REF], 3) an isothermal remanent magnetization (IRM) occurred by earthquake lightning (EQL) during ! ! earthquakes near the fault plane (Fig. 1-12) (e.g., [START_REF] Enomoto | Possible evidences of earthquake lightning accompanying the 1995 Kobe Earthquake inferred from the Nojima Fault Gouge[END_REF][START_REF] Enomoto | Hardened foliated fault gouge from the Nojima Fault zone at Hirabayashi: Evidence for earthquake lightning accompanying the 1995 Kobe earthquake?[END_REF]Ferré et al., 2005). In sediments-derived gouge, there are no published studies that report paleomagnetic record. However, [START_REF] Hailwood | Palaeomagnetic analysis of fault gouge and dating fault movement, Anglesey, North Wales[END_REF] used the paleomagnetic record to date the fault movement from clay-rich fault gouge, which originated from meta-sedimentary rocks. Besides, [START_REF] Nakamura | Anomalous magnetization of fault gouges recovered from Taiwan Chelungpu-fault Drilling Project (TCDP)[END_REF] studied the paleomagnetic record of fault gouges of TCDP boreholes. They observed stable components and attempted to relate them to EQL processes.

Magnetic mineralogy of TCDP

Several rock magnetic studies related to TCDP gouges have been published [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF][START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF]Tanikawa et al., 2007Tanikawa et al., , 2008;;Mishima et al., 2009). Continuous in situ and non-destructive measurement of the magnetic susceptibility in TCDP hole B has shown that three major fault zones are characterized by an increase in the magnetic susceptibility (Fig. 1-13, Hirono et al., 2006). The initial aim of these studies was to explain the origin of the peak of magnetic susceptibility. It was soon established that the main magnetic mineral is magnetite, more or less oxidized into maghemite. Tanikawa et al. (2007;2008) reported that thermally and mechanically induced formation of ferrimagnetic minerals might have caused a magnetic susceptibility anomaly as being due to the neoformed ferrimagnetic iron oxydes induced by frictional heat as experimentally reproduced during high-speed frictional test (Fig. 1-14) (e.g., Nakamura et al., 2002;Fukuchi et al., 2005). The most recent study by [START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF]Mishima et al. ( , 2009) ) is also the most complete, as it combined high-temperature investigation (>300K), low-temperature investigation (10K to 300K), and hysteresis loops. They proposed that formation of magnetite or maghemite by thermal decomposition of paramagnetic minerals could be the cause of the high magnetic susceptibility of the black material disks and fault gouge, which have experienced temperatures of at least 400°C.

However, in the following chapter, we have discovered the presence of goethite and pyrrhotite, while [START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF]Mishima et al. ( , 2009) ) didn't report. The main reason for this is that they did not used the monitoring of the cooling of an artificial magnetic remanence imparted at 300K. This procedure allowed us to detect goethite and pyrrhotite.

! !

Previous research of fracture energy estimation in TCDP

In order to better estimate fracture energy in the energy budget of earthquakes, Ma et al. (2006) calculated the grain-size distribution in the principal slip zone of FZA1111 by microscope observations. By comparison, they concluded that the contribution of gouge surface energy to the earthquake breakdown work is quantified to be 6 per cent, which is higher than the less than 1% value obtained on mature gouge of San Andreas Fault system by [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF] and [START_REF] Rockwell | Chemical and Physical Characteristics of Pulverized Tejon Lookout Granite Adjacent to the San Andreas and Garlock Faults: Implications for Earthquake Physics[END_REF].

Objectives and Importance

The three major fault zones of Chelungpu fault system in TCDP are not parallel in the bedding of Chinshui Formation. The dip angle of the first fault zone is 35°, the second is 45° and the third is 30° (Hirono et al., 2007a). The relationship and occasion of those three fault zones are still unknown. Different dip angle maybe point out that each fault zone was formed by different stress event or the rock character is disparity. Thus, it's important for us to analyze the rock properties. The magnetic properties of fault zones could give us some valuable information.

Identify the Chi-Chi slip zone

One of the most important target of TCDP is the finding of the 1999 Chi-Chi slip zone, however there are three major fault zones of Chelungpu fault system in borehole samples. It's difficult to distinguish which fault zone belong to 1999

Chi-Chi event from image observation or chemical/physical analyses. We could only conjecture that the first fault zone -FZA1111 (correlate to FZB1136) hosts the slip zone of the 1999 Chi-Chi earthquake from thermal anomaly (Kano et al., 2006), geophysical logging measurements (Ma et al., 2006;[START_REF] Hung | Subsurface structure, physical properties, and fault zone characteristics in the scientific drill holes of Taiwan Chelungpu-Fault Drilling Project[END_REF]Song et al., 2007a;Wu et al., 2007). However, we still don't have strong evidence of the answer.

The physical/chemical alteration (e.g. frictional heating, fluid interactions, etc.) of fault gouge during an earthquake could re-magnetize the magnetic minerals within gouge to attain new remanent magnetization of earth magnetic field (Figure 1-14).

The magnetic field direction of earth drifts with time. Thus, the most recent fault slip zone could record the 1999 earth magnetic field direction in central Taiwan. Perhaps, the paleomagnetic record of fault gouge acquired during earthquake could give us a ! ! chance to find the answer.

Identify magnetic minerals within fault gouge

Anomalous high magnetic susceptibilities were found in the three major fault zones (Figure 1-13) [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF]. The frictional heating (Hirono et al., 2007;Kano et al., 2007;[START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF]Mishima et al., , 2009;;Kuo et al., 2009[START_REF] Kuo | Temperature estimates of coseismic heating in clay-rich fault gouges, the Chelungpu fault zones, Taiwan[END_REF], thermal pressurization (Ishikawa et al., 2008;Boullier et al., 2009), and co-seismic hot fluid (Ishikawa et al., 2008) were reported within TCDP fault gouges. Those effects could cause rock-fluid interactions, also include magnetic minerals alterations; therefore, change the value of magnetic susceptibility. There are some researches of the magnetic properties [START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF](Mishima et al., , 2009;;Tanikawa et al., 2007), but the species of new produced mineral and the courses of magnetic mineral changes during earthquake are still unclear. The assemblage of magnetic minerals could also provide us tracks of physical/chemical alteration within fault gouge.

Identify the smallest nano-metric grains within gouge which were formed by fracture during earthquake

During a fault slipping, gouge particles will be milling into smaller fractions and changing particle size distribution. The grain size of ultrafine fractions within fault gouge could approach the nanometer scale [START_REF] Wilson | Particle size and energetics of gouge from earthquake rupture zones[END_REF]. [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF] observed the finest particle size is 1.6 nm within Punchbowl fault gouge as the lower cut-off for estimation of fracture energy. Ma et al. (2006) observed the fault gouge of TCDP at depth 1,111 m in Hole-A. They used grain sizes larger than 50 nm as lower cut-off for estimation of fracture energy, cause of the TEM image of grain sizes less than 50 nm shows rounded shapes. Therefore, they considered those grains <50 nm might be formed by chemical precipitation rather than fracturing. However, the TEM image of [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF] also shows rounded shapes of ultrafine grains; the image of Ma et al. (2006) shows very fine grain around several nm in diameter (Fig.

1 -15). In addition, the very fine grains have larger surface area than coarse grains and could provide high percentage within total fracture energy significantly. Thus, to determine the lower cut-off grain sizes is important for fracture energy calculation.

The nanoparticles (<100 nm) within fault gouge could be the key point of fracture energy estimation.
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Scheme of this study

In chapter 1 of this study, an introduction of the 1999 Chi-Chi earthquake (M w 7.6), the Taiwan Chelungpu-fault Drilling Project (TCDP), the previous studies related to the earthquake and the fault zone researches will be briefly summarized.

Also the purpose and the scheme of this study are presented.

The major work on identifying the Chi-Chi slip zone is shown in chapter 2.

Fault gouge materials from three different fault zones of the core of TCDP Hole-B sampled by U-channels were subjected to analyze their paleomagnetic records and compare to the present day Earth magnetic dipole field in center Taiwan. In addition, some rock magnetic analyses were also analyzed for understanding the major magnetic carriers acquired the co-and/or post-seismic remanent magnetizations, which preserved in the Chi-Chi slip zone. And a simple model to explain the magnetic recording processes during a large earthquake was proposed.

A pyrite dissolution phenomenon has been reported (Hirono et al., 2008). Also different magnetic minerals within the Chi-Chi slip zone have been found and described in chapter 2. To further understand the chemical/physical alteration processes about the magnetic minerals, in chapter 3, microscope observations and some further magnetic analytical results were used and discussed.

Magnetic properties of the Chi-Chi slip zone showed an offset between magnetic susceptibility and saturated isothermal remanent magnetization (SIRM).

Generally, these two parameters all show the variation of the abundance of the magnetic minerals. Usually their variation trends are quite consistent, but why the offset occurred in our results is quite interesting. To figure out this offset, in chapter 4, a quantitative model of magnetic properties was developed after ruled out the affection of the superparamagnetic grains. The construction of the magnetic mineral assemblage thus was set up in the Chi-Chi slip zone. This method could also support us a new view of the neoformed magnetic minerals during post-seismic periods.

To estimate the energy budget of an earthquake is a very important topic and attracts the researchers to work on it. It is known that the fracturing processes during earthquake could ground the gouge materials, including magnetic minerals, to become much finer grain sizes. The much finer grains are found implies that the higher energy budget of the earthquake would have. Thus, in chapter 5, we tried to ! ! identify the smallest nano-metric grains within the fault gouge, which were formed by fracture during the Chi-Chi earthquake. But the rest fault gouge material from the two cores of the TCDP boreholes after distributed to several different studies is quite limited, which is not enough for our planning analyses. Therefore, an additional larger amount gouge sample taken from a surface outcrop of the Chelungpu fault slipped during the Chi-Chi earthquake was used for the purpose of identifying the possible cutoff limit of the nano-particles.

The major analyses of this study were focused on the Chi-Chi slip zone (FZB1136) of the TCDP Hole-B. However, some preliminary studies of the other two major fault zones, FZB1194 and FZB1243 were also carried out on their magnetic properties for the purpose of delimiting the major fault zone of the Chi-Chi earthquake. These results have shown many important points. Thus, in chapter 6, I prefer to present these obtained results and try to address some interesting topics for the future further studies.

Finally, in chapter 7, I will summarize all the important results of this study.

And in the chapter 8, I'll address several topics that I am interesting to study in near future. within the Chinshui Formation using core observations and physical property measurements (Hirono et al., 2007) (Fig. 2-1B). From an independent data set, it was proposed that the 16 cm thick gouge of FZB1136 contained the principal slip zone (PSZ) of the Chi-Chi earthquake at 1136.38 m (Boullier et al., 2009). The Chi-Chi PSZ accommodated a co-seismic displacement of ~8 m with a maximum 3 m/s velocity (Ma et al., 2006). To explain some characteristics of the low friction in the northern part of the fault rupture, several authors have inferred the role of fluids and thermal pressurization processes (Boullier et al., 2009;Ishikawa et al., 2008).
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Mishima et al. (2009) reported evidence of neoformed magnetite (Fe 3 O 4 ) in

Chelungpu gouges possibly due to temperature elevation >400 °C. Assuming that magnetite formed by nucleation-growth process, we expect that magnetite has the capability to record durably Earth's magnetic field. To check the existence of this record, we present a paleomagnetic and rock magnetic investigation of the three major fault zones within TCDP hole B. We identify for the first time a magnetic record that is directly related to a large-magnitude earthquake. This magnetic record is carried by magnetite within the PSZ and neoformed goethite in the entire gouge.

Methods

In 2008, U-channels (plastic boxes 2 cm ! 2 cm, ~20 cm long, Fig. 2-2) were used to contain core samples from the working half of TCDP hole B within the gouge layers of the three fault zones, FZB1136 (1,136.22-1,136.43 m), FZB1194 (1,194.67-1,194.89 m), and FZB1243 (1,243.33-1,243.51 m). One U-channel sample was from the wall rock of the Pliocene siltstones of the Chinshui Formation (1,133.55-1,133.69 ! ! m). The U-channels were oriented geographically, with an error <20°, using the bedding orientation (dip 30° toward N105°E; Wu et al., 2008;Yeh et al., 2007). The natural remanent magnetization (NRM) of each U-channel was analyzed in the automated stepwise alternating-field demagnetization process (up to 100 mT) using a 755 SRM cryogenic magnetometer manufactured by 2G Enterprises (Fig. 23). The residual field inside the shielded room was <500 nT. A principal component analysis was used to infer paleomagnetic components. The mean vector was averaged out using Fisher statistics (Fisher, 1953). The stable paleomagnetic components are characterized by declination (D), inclination (I), distribution parameter (!), and the angle of confidence at the 95% level (" 95 ). To obtain complementary information on the NRM, we performed thermal demagnetization of nonoriented core fragments (<5 mm). Each sample was put in an oriented glass container and was fixed by glass fiber.

The stepwise heating temperature is from 100ºC up to 600ºC by using MMTD80 thermal demagnetizer (Figure 234). The remenent magnetization was measured by 2G

Enterprises after each heating step. The S-ratio profile was measured along each U-channel. The S-ratio (IRM-0.3T/IRM+1T, where IRM is the isothermal remanent magnetization) is a proxy of magnetic coercivity (Thompson and Oldfield, 1986). The IRM of the samples was acquired by using a 2G cryogenic magnetometer (Fig. 2345).

It is measured at room temperature with a magnetic field applied first with 1 T, and second in the opposite direction with -0.3 T. In practice, an S-ratio close to 1 is an indication of magnetically soft minerals, such as magnetite. Its decrease points to the presence of magnetically hard minerals such as goethite and hematite. A transmission X-ray microscope image was obtained from a 15 µm thick gouge sample of FZB1136 using the Beamline 01B1 from the National Synchrotron Radiation Research Center (NSRRC) in Taiwan.

Results

Within the Chinshui Formation, the NRM carries multiple paleomagnetic components, with a main component of normal polarity (Fig. 2-1C). Its ~40° counterclockwise deviation from the modern dipole implies that this component is not a modern record. In comparison to the wall rock, the analysis of the FZB1136 gouge reveals a stable and single characteristic remanent magnetization of normal polarity, throughout its 16 cm thick layer (Fig. 2-1D). This component is close to the 1999 international geomagnetic reference field (IGRF) from central Taiwan (Fig. 2-1C). It resides essentially in hard coercive minerals because ~60% of the NRM remains after ! ! 100 mT alternating-field demagnetization (Fig. 2-1E). The thermal demagnetization of core fragments reveals a linear decrease of NRM without evidence of secondary components. This is confirmed by the analysis of directional data (not shown). The analysis of the FZB1194 and FZB1243 gouges revealed multiple paleomagnetic components with both normal and reverse magnetic polarities (Fig. 2-1C). These components are oriented in a southern direction and away from the 1999 IGRF magnetic dipole field. After comparing the paleomagnetic results within the three fault zones and the wall rock, it is proposed that the single component observed throughout the FZB1136 gouge is the most recent magnetic record, and more than likely contemporaneous with the 1999 Chi-Chi seismic event. Information is provided on the magnetic carriers of the FZB1136 gouge using the unblocking temperature spectrum of NRM (Fig. 2-6A), transmission X-ray microscope observations (Fig.

2-6B

), and the magnetic coercivity parameters (Fig. 2-6C). Within the gouge, the principal maximum unblocking temperature is close to 120°C (Fig. 2-6A) and is consistent with the Néel temperature of goethite (!-FeOOH, T N = 120°C), a magnetically hard antiferromagnet (Hunt et al., 1995). Transmission X-ray microscopy reveals the occurrence of scattered, elongated (<5 µm long) and dense grains in the gouge, which are likely goethite (Fig. 2-6B). Within the Chi-Chi PSZ (1,136.38 m;Boullier et al., 2009), the maximum unblocking temperature is close to 580°C (Fig. 2-6A), which is the Curie temperature of magnetite (Fe 3 O 4 ), a magnetically soft ferromagnet (Hunt et al., 1995). Thus, the single paleomagnetic component of Chi-Chi PSZ resides, essentially, in magnetite. The record of coercivity parameters (S-ratio) pinpoints the relative contribution of magnetite and goethite within the FZB1136 gouge (Fig. 2-6C). The S-ratio profile shows one relative minimum (magnetically hard) at 1,136.30 m and one maximum (magnetically soft)

within the Chi-Chi PSZ. The S-ratio profile is consistent with a larger distribution of goethite in the center of the gouge layer, and a larger distribution of magnetite in the Chi-Chi PSZ. It shows that the S-ratio profile is an index to identify the most recent PSZ in the Chi-Chi gouge.

Discussion and conclusions

From these observations, a model of the paleomagnetic record is proposed for FZB1136. We proffer three main types of magnetization that are acquired within the slip zones during an earthquake: (1) a thermoremanent magnetization (TRM) acquired post-seismically on the cooling of the slip zone (Ferré et al., 2005), ( 2) a chemical ! ! remanent magnetization (CRM) acquired post-seismically and carried by neoformed magnetic minerals (Nakamura et al., 2002), and (3) an isothermal remanent magnetization (IRM) acquired co-seismically during earthquake lightning (EQL) (Ferré et al., 2005). An EQL magnetization would be perpendicular to the fault plane (Ferré et al., 2005), which is not the case for the component of magnetization within the Chi-Chi gouge (Fig. 2-1C). Thus, we propose that EQL may be excluded as a magnetization process, and only thermal-related and chemical-related magnetic records are considered in the FZB1136 gouge. Because the magnetic carriers of the magnetic record are different, we have to distinguish scenarios in the Chi-Chi PSZ and in the rest of the gouge. A temperature elevation due to frictional heating is expected during a co-seismic slip [START_REF] Rice | Heating and weakening of faults during earthquake slip[END_REF]. Frictional heating depends on the fault slip rate, displacement, friction coefficient, normal stress, and physical properties of the fault rocks. The ultimate phase of this process involves melting, with the formation of pseudotachylytes (Di Toro et al., 2006). The temperature peaks in the gouge and the Chi-Chi PSZ are still being debated, but generally, a lower limit of 400°C is accepted (Boullier et al., 2009;Mishima et al., 2009). The PSZ cooling lasts only tens of seconds, and the thermal aureole extends less than the width of the PSZ (Kano et al., 2006). Upon cooling, a TRM is imprinted in the magnetic minerals contained in the PSZ and the baked contact. Within the 16 cm of gouge that carries the stable paleomagnetic component, only the millimeter-thick heated layers on both sides of the Chi-Chi PSZ have the potential to carry a friction-induced TRM.

Experimental heating of the FZB1136 gouge showed that magnetite formed above 400°C (Mishima et al., 2009). It is therefore proposed that the paleomagnetic record of the Chi-Chi PSZ and baked contact is partly a TRM carried by former magnetic minerals and partly a CRM carried by neoformed magnetite. The paleomagnetic record in the 16 cm gouge is essentially carried by goethite, and other processes of magnetization should be viewed apart from the Chi-Chi PSZ and baked contact. To date, this is the first time that goethite has been reported in the Chelungpu fault.

Nakamura and Nagahama (2001) observed similar, ~5 µm, goethite within the Nojima fault gouge (Japan). They suggested that the goethite growth postdates the grain alignment of silicate minerals. Within the FZB1136, scattered ~5 µm elongated goethite could be observed, which supports the theory that goethite growth postdates the broad texture of gouge (Fig. 2-6B). In order to crystallize, goethite requires water, temperature <200°C, and low pH and iron (Cornell and Schwertmann, 2003).

Therefore, the goethite attests to the presence of water in FZB1136. Recent ! ! geochemical investigations in the FZB1136 gouge suggest the presence of pore fluids with a minimum temperature of 350°C (Ishikawa et al., 2008). It is then possible that goethite formed upon the cooling of the pore fluids. The source of iron could possibly be brought about by the dissolution of iron sulfide in the FZB1136 gouge (Yeh et al., 2007). The dissolution of pyrite not only releases Fe 2+ and SO 4 2-ions but also decreases the fluid's pH (Nakamura and Nagahama, 2001). It is therefore suggested that goethite is formed post-seismically within a few days of the earthquake's occurrence. Upon growing larger than the ~1800 nm 3 blocking volume (minimum volume for recording remanent magnetization; Cornell and Schwertmann, 2003), the goethite acquires a CRM. The recovery of a single-component record from within the FZB1136 gouge, unlike adjacent fault zones, implies the partial or complete removal of the magnetic records of ancient slip zones. It remains to be proven whether this behavior is related to earthquakes of large magnitudes (e.g., M w > 7). The post-seismic magnetic record is instantaneous in the geological time scale, but it has the potential to survive for millions or even billions of years (Néel, 1955). Thus, the fault gouge can retain the magnetic record during inter-seismic time. It is suggested that the fault gouge magnetic record is a record of the latest earthquake event if only a single component is recovered, as in the case of the Chi-Chi gouge. If several components are detected, as in the fault zones FZB1194 and FZB1243, it is possible that the components overlap each other due to perturbation. Therefore, we propose the following scenario of a cycle of magnetic record during a large earthquake similar to Chi-Chi (Fig. 234567).

1. During inter-seismic periods, the magnetic record of the latest large earthquake is preserved within the fault gouge.

2. During the co-seismic period, the gouge acts essentially as a magnetic eraser.

Both the temperature elevation above the unblocking temperature of magnetic minerals and the chemical degradation of these minerals lead to the partial-to-complete demagnetization of the gouge. The exact mechanisms remain to be definitively determined, but in the Chi-Chi gouge, the >350°C hot fluids (Ishikawa et al., 2008) have probably demagnetized the former goethite.

3. During the post-seismic period, the gouge acts as a magnetic recorder. The cooling of the gouge and/or fluids leads to a TRM imprint. Similarly, neoformed minerals resulting from any form of chemical process have the potential to carry a CRM. If confirmed by further studies, this proposed ! ! seismic cycle of magnetic records opens new horizons for paleoseismology as well as for PSZ identification and dating. To identify a PSZ, methods based on microscopy (Boullier et al., 2009), geochemistry (Hirono et al., 2008), or physical properties (Wu et al., 2007) are not one-to-one because several PSZs may stack together in the gouge.

In this study, the Chi-Chi gouge layer was identified using the orientation of the magnetic record; the location of the millimeter-thick Chi-Chi PSZ was pinpointed using rock magnetism characteristics. This constitutes a new, fast, and nondestructive way to find the most recent PSZ. experiments have distinguishable textures and mineral characteristics (Nakamura et al., 2002;Fukuchi et al., 2005;Tanikawa et al., 2007;Boullier et al., 2009). In principle, characterization of slip zones may be relevant for assessing physical processes such as frictional heating, thermal pressurization, fracture energy, redox conditions, etc. In siliciclastic sedimentary environments, faults can develop within siltstones. These detrital rocks typically contain accessory minerals like siderite, iron oxides, and iron sulfides. Among these accessory minerals, pyrite (FeS 2 ) is worthy of study across slip zones for several reasons: 1) it is common within fine-grained sediments with a concentration of about 1% (Berner, 1984); 2) it is easy to identify using optical microscopy or electron microscopy; 3) it generally has a euhedral morphology with well-calibrated size distributions (Craig et al., 1998); 4) pyrite crystals often cluster in so-called framboids that are as large as tens of microns across (Craig et al., 1998); 5) it alters rapidly with temperature and in the presence of certain fluids; and releases SO 4 2-and Fe 2+ [START_REF] Jovanovi | Kinetics of thermal decomposition of pyrite in an inert atmosphere[END_REF]Music et al., 1992;Lambert et al., 1998;Pelovski and Petkova, 1999;Mayoral et al., 2002); 6) pyrite alteration lowers pH, which can result in dissolution of carbonate minerals that can then reprecipitate in the gouge (Liu and Liu, 2004).

In fault zones, magnetic minerals are of interest because magnetic susceptibility anomalies have been reported in gouge and pseudotachylites (Nakumara et al., 2002;Mishima et al., 2007;Tanikawa et al., 2007;Ferré et al., 2012). Similarly, et al. (2002) and Ferré et al. (2005) suggested that magnetic minerals form during frictional melting associated with fault displacement during earthquakes. Generally, magnetic minerals are difficult to observe using optical or electron microscopy because of their low concentration (<0.1%) and small grain size (<1 !m). However, it is relatively easy to determine the nature, size and concentration of magnetic minerals using rock magnetic methods (e.g., Hunt et al., 1995). Comparison between the magnetic mineral assemblage of wall rocks and fault gouge can help to determine the nature of neoformed magnetic minerals.

Nakamura
During the Chi-Chi earthquake (M w 7.6, 1999), a large ~80 km rupture occurred along the Chelungpu thrust (Ma et al., 1999). The Chelungpu thrust propagates through the siliciclastic early Pliocene Chinshui Formation where pyrite framboids are initially present in the undeformed sediment (Boullier et al., 2009). However, Hirono et al. (2008) reported a lack of pyrite in the gouge zone. Similarly, Hirono et al. (2007b) and Ishikawa et al. (2008) observed an abundance of SO 4 2-in the gouge zone and related it to pyrite dissolution. The gouge zone is also marked by a magnetic susceptibility peak due to the contribution of neoformed ferrimagnetic minerals (Mishima et al., 2009). There is, therefore, an apparent correlation between the lack of pyrite and neoformed magnetic minerals that we would like to elucidate. Using unaltered samples from the Taiwan Chelungpu-fault Drilling Project (TCDP) Hole B borehole (Hirono et al., 2007a;Song et al., 2007a;Yeh et al., 2007), we determined how pyrite alter with the gouge and established the magnetic mineralogy of the Chinshui Formation and the gouge that hosts the 1999 Chi-Chi principal slip zone.

The peak temperature reached in the gouge during the Chi-Chi earthquake is still debated; however, we show that identification of neoformed magnetic minerals provides additional evidence to estimate peak temperature and the presence of co-seismic fluids.

Geologic setting

In Taiwan, one of the largest inland earthquakes (M w = 7.6) took place on 21

September 1999, near the town of Chi-Chi (hypocentre 120.81° E, 23.86° N, depth ~10 km (Ma et al., 1999;Kao and Chen, 2000), which caused large-scale casualties (2,321 deaths, 10,000 injured) and destruction (more than 100,000 buildings were damaged or destroyed). During the 1999 Chi-Chi earthquake, the surface rupture closely followed the ~80 km Chelungpu fault, which is one of the most active faults in western Taiwan (Chen et al., 2002). The Chelungpu fault system is an out-of-sequence thrust (Fig. 3-1A), which is part of the ramp of a ~20 km fault-bend-fold that is now largely eroded (Yue et al., 2005;Yeh et al., 2007). The TCDP was designed to drill two cores in DaKeng, central Taiwan (Fig. 3-1A, B) (Yeh et al., 2007). Hole A (depth 2,003 m) and Hole B (depth 1,352.6 m) are separated by 40 m. At the location of the two boreholes, the estimated slip during the 1999 Chi-Chi earthquake is ~8 m (Ma et al., 2003). Three major fault zones were identified within the Chinshui Formation (Hirono et al., 2007a). From independent datasets, different authors proposed that the fault zone at 1,111 m depth and 1,136 m depth for Hole A and B, respectively, contains the principal slip zone (PSZ) of the Chi-Chi earthquake (Kano et al., 2006;Ma et al., 2006;Song et al., 2007a;Wu et al., 2007;Chou et al., 2012). Boullier et al. (2009) determined the location of the Chi-Chi PSZ by identifying a ~2 cm (Hole A) to 3 mm (Hole B) thick gouge layer. The PSZ differs from other ancient slip zones in that it has not been affected by any later compaction or deformation (veins, fractures, or shear zones). The PSZ at 1,136 m does not show evidence of melting (Boullier et al., 2009).

The lower Pliocene Chinshui Formation (also called the Chinshui Shale) consists of alternating siltstones and ~10-cm-thick sandstones. Minerals in the siltstones are quartz, clays, and accessory minerals (feldspar, calcite) (Isaacs et al., 2007). Clay minerals consist of an assemblage of illite, chlorite, and kaolinite with accessory smectite (Kuo et al., 2009). Organic matter is present at a concentration of ~1% in the sediments, but its quantity is less than 0.7% in the fault zone [START_REF] Ikehara | Low total and inorganic carbon contents within the Taiwan Chelungpu fault system[END_REF].

Iron sulfides are common in the undeformed and deformed sediments (Boullier et al., 2009). The Chinshui siltstones are unmetamorphosed with a recorded peak temperature due to modest burial of ~120°C based on vitrinite reflectance (Sakaguchi et al., 2007).

Sampling and Methods

For this study, we sampled the Chinshui Formation in TCDP Hole B across the ~20-cm-thick fault zone (from 1,136.22 m to 1,136.43 m) together with wall rocks at different depths (Fig. 3-2A, B; samples are listed in Table 3-1). In addition, we analysed ten (2.5 cm ! 2 cm) polished thin sections that were cut perpendicular to bedding within the fault plane (samples 1 to 10, Fig. 3-2C) that were thoroughly described by Boullier et al. (2009). These sections contain the boundaries between the gouge, the hanging wall, and the foot-wall deformed sediments. The deformed sediments were initially labelled 'grey gouge' principally because of their color (Hirono et al., 2007a). However, within the 'grey gouge', bedding is preserved and thus the 'grey gouge' cannot be genetically related to gouge formation. To avoid confusion, we abandon the name 'grey gouge' in favor of 'deformed sediments' and we call gouge the 'black gouge' horizon. The ~16-cm-thick gouge, which is surrounded by deformed sediments, constitutes a horizon of gouges where the bedding or other sedimentary structures are no longer preserved. Some gouges are reworked and are interpreted as ancient slip zones (Boullier et al., 2009). A 3-mm-thick level of gouge in thin section 8 (Fig. 3-2C) is not reworked and consists of alternating clay-rich and clast-rich layers. Boullier et al. (2009) proposed that this slip zone was generated during the 1999 Chi-Chi event. Hereafter, it is referred to as the PSZ. From the 10 thin sections, we made scanning electron microscope (SEM) observations coupled with energy dispersive spectrometry (EDS) measurements and reflected-light polarizing microscope observations. We also made transmission X-ray microscopy (TXM) observations on 17 polished thick sections from the working section of TCDP Hole B core (Table 3-1). From these polished thick sections, we cut a few millimeter-long pieces and impregnated them with resin. Then, we cut each section into ~15-µm-thick samples for TXM observation. We obtained fourteen 15-µm-thick samples from the fault zone, and three from the two parts of the hanging-wall and foot-wall deformed sediments (Fig. 3-2A, Table 3-1 We scanned each sample over an area of 2700 µm 2 .

We also conducted a non-destructive magnetic investigation at room temperature (300 K) and at low temperature (10 to 300 K) to characterize the magnetic mineral assemblage in the deformed sediments and gouge in the Chi-Chi fault zone. In a first set of experiments, we measured the low-temperature dependency of a saturation isothermal remanent magnetization (SIRM) using a Quantum Designs Magnetic Property Measurement System (MPMS) XL5 EverCool system at the Institute de Physique du Globe de Paris (IPGP), France. To impart an SIRM, a magnetic field of 2.5 T was applied, either at room temperature (RT-SIRM at 300 K) or at low temperature (LT-SIRM at 10 K). We monitored successively the cooling and the warming demagnetization curves of the RT-SIRM and the LT-SIRM. We refer to warming curves of LT-SIRM as ZFC (zero field cooled). During cooling of the RT-SIRM, a positive magnetic field of 5 !T (~1/10 of the Earth's magnetic field) was applied to enable detection of a potential Néel transition. For samples M3, M4, and M5 (Table 3-1), we cycled the RT-SIRM during cooling and warming (cycling RT-SIRM). For this procedure, we removed the 5 !T magnetic field, and the residual magnetic field in the MPMS was <0.1 !T. We measured ~400 mg of rock powder sealed in a gel-cap. In a second set of experiments, we measured first-order reversal curves (FORCs) (Pike et al., 1999;Roberts et al., 2000) using a Princeton Measurement Corporation vibrating sample magnetometer located at the Institute for Rock Magnetism (Minneapolis, USA). We measured FORCs using an averaging time of 0.5 s and processed the data using the FORCinel software (Harrison and Feinberg, 2008).

Results

Reflected-light polarizing microscopy

Inspection of thin sections using reflected-light polarizing microscopy indicates the presence of numerous framboids in the undeformed and deformed sediments.

Complete extinction is observed for most of the framboids under polarized reflected-light, which suggests that they are isotropic minerals. The number of framboids decreases considerably from the deformed sediments to the gouge, where only a few reflective minerals (<25 µm) are observed. We did not observe magnetic minerals such as magnetite at the >1 µm scale.

SEM observations

In the deformed sediments close to the gouge, as well as in sediments from the hanging-wall and foot-wall, numerous large iron sulfide aggregates include framboids of various sizes (1-5 µm) (Fig. 3-3A). EDS analysis reveals that euhedral crystals within the framboids consist of pyrite (FeS 2 ). The size of pyrite crystals (~1 µm) is homogenous within framboids (Fig. 3-3A). Isolated euhedral pyrite grains, with variable sizes, are also observed. Small framboids (~5 µm) consist of aggregates of ~100 nm iron monosulfide grains (FeS) (Fig. 3-3A). FeS framboids are commonly observed from similar sediments in Taiwan and elsewhere and are interpreted as greigite (Fe 3 S 4 ) framboids (Jiang et al., 2001;Roberts and Weaver, 2005;Rowan and Roberts, 2006). In deformed sediments close to the gouge, some iron sulfide aggregates have been dismembered by shearing (Fig. 3-3B). From the pattern of shear planes, we identified a sense of shear that is consistent with the thrust orientation on the Chelungpu fault (Fig. 3-3B).

In the gouge (thin sections 2 to 9), we observed framboids of two types. Some framboids, with diameter of 5 to ~25 µm, have a FeS core surrounded by a 1~10 µm FeS 2 rim (Fig. 3-3C). Under reflected-light microscopy, the core remains bright and the rim is black (Fig. 3-3C inset). This observation suggests that the FeS core is not cubic, which excludes the possibility that it is greigite. The second type of framboid is observed 1 mm from the PSZ (thin section 8). It consists of ~100 µm clusters of irregular-shaped pyrite crystals (Fig. 3-3D). This resembles intensely deformed overgrown sedimentary sulfides. Within the 1999 Chi-Chi PSZ (thin section 8), we never observed framboids. Instead, small overgrown sulfide aggregates (<25 µm) are identified (Fig. 3-3H). We also observed fine (<3 µm) pyrite grains scattered within the quartz and clay matrix (Fig. 3-3G, H). 3-4A). Framboids are generally grouped in high concentrations in some parts of siltstones. This is probably a result of remineralization of large pieces of organic matter during early diagenesis (Roberts and Weaver, 2005). Typically, the diameter of the framboids is larger than 10 µm, and the grain size of each pyrite crystal within the framboids is close to 1 µm.

Transmission X-ray

At a depth of 1,136.24 m in the borehole (thin section 2), a ~1-cm-thick layer of foliated gouge was identified by Boullier et al. (2009) (Fig. 3-2C). There, TXM observations reveal the occurrence of numerous framboids together with dense spherical or cubic minerals (Fig. 3-4B). The framboids are not aggregates and are scattered throughout the gouge. Within the gouge and near the 1999 Chi-Chi PSZ (Fig.

3-4C, D), framboidal clusters are not observed. Instead, we observed 5 to 25 µm individual spherical-like mineral aggregates (Fig. 3-4C) that probably correspond to the pyrite that we described in the gouge using SEM (Fig. 3-3C, D).

Magnetic properties

Magnetic properties are comparable for the undeformed sediments (sample M1)

and deformed sediments (sample M2) (Fig. 3-5A, B). A Verwey transition at 120 K is detected in RT-SIRM demagnetization curves (see derivatives in inset, Fig. 345) and in ZFC demagnetization curves. The Verwey transition indicates the occurrence of stoichiometric magnetite (Özdemir and Dunlop, 1999). An additional magnetic transition is detected near 35 K for both ZFC and RT-SIRM demagnetization curves.

This ~35 K transition is marked by a drop of one to two orders of magnitude of the LT-SIRM. The ~35 K transition is less evident in RT-SIRM demagnetization curves, with a break in slope at about 80 K followed by an enhancement of remanence (Fig.

3-5A, B; see derivative). This behavior is similar to the P-behavior described by Aubourg and Pozzi (2010) and Kars et al. (2011). The nature of P-behavior will be discussed later. We calculated the maximum concentration of magnetite by assuming that only magnetite contributes to the RT-SIRM at room temperature (300 K). The RT-SIRM at 300 K is less than 10 -3 Am 2 /kg for the different sediments that we measured. Taking the SIRM of magnetite as ~10 Am 2 /kg (Maher et al., 1999), we infer a maximum concentration of magnetite of 100 ppmv (concentration in parts per million by volume = 1 x 10 6 x RT-SIRM/SIRM magnetite ). FORC diagrams are noisy due to the small concentration of ferrimagnetic grains with respect to the paramagnetic contribution (Fig. 3-5F, G), so high values of the smoothing factor (SF)

were needed. The FORC diagrams are consistent with a distribution of weakly interacting single domain to superparamagnetic (SP) particles (e.g., Pike et al., 2001;Rowan and Roberts, 2006).

Gouge samples M3-M5 (Table 3-1) have different magnetic properties (Fig.

3-5C-E).

From 300 K to 150 K, there is a regular increase of up to ~10% of the RT-SIRM. This increase is diagnostic of goethite (!-FeOOH) (Dekkers, 1989;Maher et al., 1999;Liu et al., 2006). To check for the presence of goethite, we imparted a RT-SIRM at 300 K, and warmed it up to 400 K (Fig. 3456), which is close to Néel temperature of goethite (120 °C, e.g., Özdemir and Dunlop (1996)). About ~50% of the RT-SIRM is then lost at 400 K, which indicates that goethite contributes a large part of the artificial remanence. In the host sediments, by comparison, the increase of RT-SIRM from 300 K to 150 K is limited to 1 to 2% and the drop from 300 K to 400 K is less than 25%. In the gouge, the Verwey transition is much less pronounced and is observed only during cooling of the RT-SIRM (Fig. 3-5D, E). The most notable difference is observed near 35 K. The ZFC curves do not undergo the one to two order magnitude remanence decrease at 35 K that is observed in host rock sediments.

In addition, there is no P-behavior during cooling of the RT-SIRM. Instead, a ~35 K transition is characterized by a remanence drop despite application of a +5 !T magnetic field in the MPMS. This transition is similar to the magnetic transition for >1 !m pyrrhotite (Dekkers et al., 1989;Rochette et al., 1990). According to Dekkers et al. (1989), the degree of reversibility of this transition is an indication of grain size.

When cycling the RT-SIRM for sample M5 (Fig. 34567), we observed a reversible magnetic transition at 35 K, which indicates that pyrrhotite is fine-grained and close to 1 !m in size (h/c ratio 0.96). We calculated the maximum concentrations of goethite, pyrrhotite, and magnetite in the studied samples. At room temperature, the RT-SIRM is < 10 -2 Am 2 /kg for the different measured gouges. We assume that the contribution of goethite is about half of this value. Taking the SIRM of goethite as 0.05 Am 2 /kg (Maher et al., 1999), we obtain a maximum concentration of several percent goethite (RT-SIRM/SIRM goethite ). Assuming that the other half of the remanence is carried by pyrrhotite or magnetite, and assuming the SIRM of pyrrhotite as ~4.5 Am 2 /kg and of magnetite as ~10 Am 2 /kg (Maher et al., 1999), we obtain a maximum concentration of pyrrhotite of less than 0.1% (concentration% = 100 x RT-SIRM/2SIRM pyrrhotite ) and a maximum concentration of magnetite of less than 500 ppmv (concentration ppmv = 1 x 10 6 x RT-SIRM/2SIRM magnetite ). This suggests that there is an enhanced concentration of ferrimagnetic minerals in the gouge. FORC diagrams for gouge (M3) and PSZ (M5) have a significant high-coercivity contribution (Fig. 3-5H, I). A coercivity peak at 90 mT is consistent with the presence of magnetically interacting pyrrhotite (Wehland et al., 2005;Roberts et al., 2006).

Although goethite is identified using low-temperature remanence properties, we did not observe evidence of high-coercivities up to 500 mT in the FORC diagrams (data are not shown). We infer that the coercivity of this goethite is too high to contribute to the FORC distribution. Rochette et al. (2005) showed that natural goethite may not saturate even at fields up to 57 T.

Discussion

Iron sulfides

Iron sulfide minerals are common in organic matter rich sedimentary rocks (Reimer, 1984;Tribovillard et al., 2002;Maclean et al., 2008). This is particularly true within Plio-Pleistocene sediments from Taiwan (Horng et al., 1992(Horng et al., , 1998;;Jiang et al., 2001) and within the Chinshui Formation, as confirmed by our observations. In these sediments, the iron sulfides typically form as framboids (Fig. 3-3A, 3-3B, 3-4A), but they can also appear as individual euhedral crystals. TXM inspection indicates that the framboids are not randomly scattered but are grouped as packs of tens of framboids in the sediments (Fig. 3-3A, 3-3B, 3-4A). SEM observations coupled with EDS analyses indicate that the framboids consist essentially of pyrite aggregates.

However, small framboids (<0.1 µm) have an 'FeS' composition, and are likely greigite (Fe 3 S 4 ). Greigite often forms during early (Rowan et al., 2009) or late (Rowan and Weaver, 2005) diagenesis and is probably preserved in the unmetamorphosed Chinshui Formation. In deformed sediments, the only form of alteration of pyrite that we observed is the development of shear planes (Fig. 3-3B). This is the first type of alteration of framboids that we detected in the deformed sediments. In the gouge, all micro-scale observations confirm the absence of well-preserved framboids.

The pyrite content decreases drastically from the host sediments to the gouge. release sulfate and would lower the pH of the immediately surrounding sediment (Roberts and Weaver, 2005). Low pH conditions in turn would favor dissolution of carbonate minerals. This could be an alternative explanation for the low inorganic carbon content in the gouge (Hirono et al., 2008;Hamada et al., 2009;Mishima et al., 2009). Hirono et al. (2008) reported a lack of pyrite in the gouge based on X-ray diffraction spectroscopy. Our observations contradict this view. In the gouge, we observe: 1) unusual small framboids (<25 µm) with FeS 2 as a rim and FeS as a core (Fig. 3-3C), 2) detrital pyrite with irregular shapes (Fig. 3-3D, F), and 3) individual <2 µm pyrite grains (Fig. 3-3G). Individual pyrite grains are observed within the whole gouge, including the Chi-Chi PSZ (Fig. 3-3E-H). However, framboids have not been observed in the Chi-Chi PSZ.

For the first time, we identified pyrrhotite in the gouge. This is based on the drop in remanence at ~35 K in the RT-SIRM demagnetization curves (Fig. 34567) which is a diagnostic signature of >1 µm pyrrhotite (Dekkers et al., 1989;Rochette et al., 1990).

The quasi-reversible path of the pyrrhotite transition indicates that the size of pyrrhotite grains is close to 1 !m (Dekkers et al., 1989). The distribution of coercivities around ~90 mT (Fig. 3-5H, I) suggests that strongly interacting pyrrhotite dominates the magnetic assemblage of the gouge (Wehland et al., 2005;Roberts et al., 2006). Our magnetic observations along with SEM observations reveal the occurrence of unusual framboids with rims of FeS 2 (pyrite) and cores of FeS (Fig. 3-3C). The FeS phase included in framboids is likely pyrrhotite, which is detected magnetically,

because it has grain sizes between 0.5 and 1 !m and is not cubic (Fig. 3 our observations. We therefore argue that the coarser >1 µm pyrrhotite is not derived from the host rocks and that it was neoformed in the fault gouge.

The preservation of iron sulfides like pyrite and the neoformation of pyrrhotite in the fault gouge are consistent with several observations. First, iron sulfide neoformation attests to a reducing environment in the gouge. This is in agreement with geochemical observations in the gouge from FZB1136 (Ishikawa et al., 2008).

Second, the association of pyrite and pyrrhotite may imply heating and cooling during co-seismic and post-seismic processes. We assume that pyrrhotite formation is related to alteration of pyrite grains. [START_REF] Chin | Synthesis of FeS 2 and FeS nanoparticles by high-energy mechanical milling and mechanochemical processing[END_REF] observed that mechanical milling of pyrite under CO 2 -rich conditions triggered pyrrhotite formation. This process is feasible in a gouge where milling is a common process. However, we infer the presence of large pyrrhotite grains (~1 !m) grains in the FZB1136 gouge, which is supported by direct observations of framboid relics that have not been completely crushed (Fig. 3-3C). Therefore, we conclude that an additional process occurred. Wang et al. (2008) demonstrated that oxidation of pyrite to pyrrhotite or hematite can occur during short-term exposure to temperatures up to 700°C (heating rate:

11°C/minute). With a similar heating rate, Bhargava et al. (2009) observed that heating of pyrite yields pyrrhotite at 500°C under inert conditions (pure N 2 or Ar gas). This is consistent with the heating experiments of Mayoral et al. (2002) at 500°C with a higher heating rate (80°C/minute). When extrapolating these experimental results to our study, we suggest that elevated temperatures of >500°C in the gouge triggered pyrrhotite formation at the expense of pyrite. The gouge is a stack of numerous slip zones, and within each slip zone elevated temperatures are likely due to frictional processes (Boullier et al., 2009). Even if there is no evidence of melting in the FZB1136 gouge (Hirono et al., 2008;Boullier et al., 2009), temperatures above 500°C are nevertheless possible in parts of the gouge, including the 1999 Chi-Chi PSZ. Therefore, we suggest that pyrrhotite formed at temperatures >500°C associated with repeated earthquakes.

A temperature above 350°C in the gouge has been proposed by several authors, based on geochemistry (Ishikawa et al., 2008), carbonate alteration (Hirono et al., 2008), vaporization of water during thermal pressurization (Boullier et al., 2009), and formation of magnetic minerals [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF]Tanikawa et al., 2008;Mishima et al., 2009). 

Magnetite

Magnetite is present in the Chinshui Formation, and recognition of the Verwey transition (~120 K; Fig. 3-5A) implies the occurrence of stoichiometric magnetite with a maximum concentration of 100 ppmv. Mishima et al. (2009) also reported a low concentration of magnetite in the Chinshui siltstones. The marked ~35 K magnetic transition observed from ZFC demagnetization curves (Fig. 3-5), also observed by Mishima et al. (2009), could be explained by superparamagnetic (SP) grains, monoclinic pyrrhotite, siderite (FeCO 3 ), and rhodochrosite (MnCO 3 ) (Housen et al., 1996;Kars et al., 2011). It is well known that magnetite nanoparticles carry a remanence at low temperature (typically 10 K), and that they lose this remanence on warming (Hunt et al., 1995). Mishima et al. (2009) (Aubourg and Pozzi, 2010;Abdelmalak et al., 2011). This is consistent with a burial temperature of about 120°C, inferred from vitrinite reflectance data (R0~0.8%) (Sakaguchi et al., 2007).

The magnetic properties of gouge differ from those of the host sediments. In particular, we observe a weakening of the Verwey transition (Fig. 3-5C-E), which suggests that magnetite is partially oxidized (Özdemir et al., 1993;Cui et al., 1994;Özdemir et al., 2002). The presence of co-seismic hot fluids in the gouge (Ishikawa et al., 2009) constitutes a possible explanation for the partial alteration of magnetite, where magnetite could be oxidized to maghemite thereby causing weakening of the Verwey transition (Özdemir et al., 1993;Cui et al., 1994;Özdemir et al., 2002). The absence of a large remanence drop between 10 K and 40 K in the ZFC demagnetization curves (Fig. 3-5A, B) implies that the grain size fraction of magnetite is essentially above the SP threshold size (~20 nm). Paradoxically, ultrafine-grained magnetic minerals present in the Chinshui Formation do not exist in the gouge, where grain size reduction by a milling process is likely. We interpret that the ultrafine fraction is altered chemically during repeated earthquakes. Aubourg and Pozzi (2010) showed that moderate heating up to 250°C promotes drastic reduction of the 35 K magnetic transition. We suggest, therefore, that the increased temperature in the gouge alters the ultrafine-grained fraction of magnetic minerals.

A fraction of magnetite could have been inherited from the Chinshui Formation.

However, detrital magnetite is probably unlikely in sediments that have been extensively pyritized (Rowan et al., 2009). Magnetite can form at elevated temperatures, by precipitation from frictional melts as observed in natural pseudotachylites (Ferré et al., 2005(Ferré et al., , 2012) ) or in experimental pseudotachylites (Nakamura et al., 2002). Similar to pyrrhotite, we suggest that some magnetite formed during repeated earthquakes within the gouge.

Goethite

The evolution of remanence on heating and cooling (Fig. 3-5C-E) also suggests the occurrence of goethite (!-FeOOH) in the gouge. Recognition of goethite is important because it demonstrates the presence of fluid in the gouge. In a companion paper, we provided additional evidence for the occurrence of goethite (Chou et al., 2012) and showed that the natural remanent magnetization in the gouge is carried essentially by goethite. We suggest that this magnetization record is contemporaneous with the 1999 Chi-Chi event. TXM tomography identified scattered 5 "m goethite grains within the gouge. The remanence and TXM observations led Chou et al. (2012) to propose that goethite formed from cooling of co-seismic fluids within the gouge.

Low pH conditions associated with pyrite alteration would favor goethite formation (Schwertmann and Murad, 1983;Murad and Rojik, 2003). In addition, Nakamura and Hagahama (2001) also observed 5 "m goethite in the Nojima fault gouge from Japan.

We therefore suggest that study of goethite in fault gouge is important to detect evidence of co-seismic fluids and could be an indicator of thermal pressurization.

Implications for identification of earthquake slip zones

In sediment-derived fault gouge, endothermic dehydration reactions and the phase change from liquid water to steam can efficiently buffer the temperature within a fault [START_REF] Brantut | Fast slip with inhibited temperature rise due to mineral dehydration: Evidence from experiments on gypsum[END_REF]. This is consistent with the scarcity of melts in sediment-derived fault gouge, as was observed in the FZB1136 gouge (Boullier et al., 2009). Generally, recognition of clay-clast aggregates (CCA) (Boullier et al., 2009) is good evidence of thermal pressurization processes, and, in turn, as a signature of earthquakes (Boutareau et al., 2008). Identification of neoformed minerals can be an alternative indicator of limited temperature elevation and fluid interaction. In this regard, we suggest that at the time of pyrrhotite formation in the FZB1136 gouge, this implies a temperature above 500°C. Similarly, we suggest that goethite formation is an indication of thermal pressurization processes. In fold-and-thrust belts, thrusts similar to the Chelungpu fault are common and likely developed within clay-rich rocks. If pyrrhotite and goethite exist in the gouge, and not in the host rocks, then it can be inferred that temperature enhancement took place and that fluids infiltrated the gouge.

Conclusions

The 16-cm-thick gouge zone intersected in the TCDP drill holes is a product of repeated earthquakes, including the Chi-Chi earthquake (M w 7.6, 1999), and has had a Figure 2C). (E) Small pyrite grains (bright back-scattered grains, smaller than 5 µm, one is ~20 µm) and quartz grains within the Chi-Chi PSZ (S8 in Figure 2C). (F)

Detail of Figure 3E: fractured pyrite grain within the PSZ (S8 in Figure 2C). (G)

Image of the Chi-Chi PSZ (S8 in Figure 2C). (H) Pyrite grain (3 µm) within the Chi-Chi PSZ (S8 in Figure 2C). !" 
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2012).

It was soon established that this gouge shows a distinguishable peak of magnetic susceptibility with respect to the surrounding Chinshui siltstone Formation. The Chinshui Formation has a background magnetic susceptibility ~300 !SI while the gouge can reach up to ~600 !SI [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF]. The origin of this peak is still debated. It was first proposed that the increase in magnetic susceptibility might be related to mechanical reduction of grain [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF]. Other hypotheses proposed the formation of magnetic minerals due to the chemical transformation of paramagnetic minerals [START_REF] Mishima | Thermal history estimation of the Taiwan Chelungpu fault using rock-magnetic methods[END_REF]Tanikawa et al. 2008;Mishima et al. 2009), the alteration of pyrite (Chou et al., 2012b), or the precipitation during cooling of iron rich hot fluid (Chou et al. 2012). All of these hypotheses require modest to high temperature elevation in the range 350-500°C. In this paper, we propose a new series of magnetic measurements to clarify the distribution of goethite and magnetite in the gouge FZB1136. To reflect a ~4 cm offset between the peak of magnetic susceptibility and remanence to saturation along the 16 cm gouge, we propose a quantitative model that confirms that goethite and magnetite have a separate distribution within the gouge.

! !

Sampling and methods

FZB1136 consists of a 16-cm-thick gouge zone framed by deformed sediments.

The gouge derived from the alteration of the Pliocene Chinshui Formation, which consists of an alternating formation of sandstones, claystones and marls (Song et al. 2007;Yeh et al. 2007;Boullier et al. 2009). The gouge is composed of fine-grained fragments and rounded clasts (Boullier et al. 2009) and the major components are, by importance: quartz, plagioclase, feldspar, and clay minerals (Kuo et al. 2009). More than ten slip zones were identified within the FZB1136 gouge, including the We followed the cooling of a RT-SIRM (room temperature saturated isothermal remanent magnetization) acquired at 300 K and with the application of a magnetic field of 2.5T. On cooling, we applied a small magnetic field of 50 "T applied upward.

This procedure has been proposed by Aubourg & Pozzi (2008) in order to better elucidate a behavior <50 K named the P-behavior. Then a LT-SIRM (low temperature saturated isothermal remanent magnetization) is imparted at 10 K and its evolution is monitored on warming. We present the warming and cooling curves of ~0.5 g of discrete samples sealed in gel caps (Fig. 4-3). Finally, we performed thermal demagnetization of natural remanent magnetization and RT-SIRM of discrete ! ! 65 samples.

Rock Magnetism

The magnetic susceptibility profile of the U-channel sample displays 3 bumps at (2012b) (Fig. 4-3A). The Verwey transition (120 K) is well identified in the deformed sediments, and is not visible in the gouge. The most relevant feature is the huge drop of LT-SIRM between 10 K and 35 K (>99%) for the deformed sediments while this drop is limited (<1%) for the gouge samples. The large drop of LT-SIRM is the signature of abundant superparamagnetic (SP) minerals (Hunt et al. 1995).

The cooling curves of RT-SIRM provide additional information (Fig. 4-3B). The deformed sediments present a well-developed Verwey transition (120 K) and a subtle Morin transition (~240 K). Respectively, this indicates the occurrence of stoichiometric magnetite and some occurrence of hematite (Fe 2 O 3 ). Two additional observations deserve attention: 1) the RT-SIRM upon cooling increases at about 20% ! ! from room temperature to 150 K. This behavior is generally attributed to the presence of goethite (Dekkers, 1989). 2) Similarly, the RT-SIRM increases at about 90% from 100 K to 10 K. This trend is favored by the application of a small magnetic field upon cooling. Aubourg & Pozzi (2008) and Kars et al. (2011) refer this as a P-behavior. It is possibly diagnostic of SP pyrrhotite (Fe 7 S 8 , <1 !m). Within the gouge, the RT-SIRM cooling curve is different. The Verwey transition is strongly attenuated, meaning that magnetite is partial oxidized (Özdemir et al. 1993;Cui et al. 1994;Özdemir et al. 2002). A Besnus transition at 35 K develops. This attests for the presence of monoclinic pyrrhotite (Dekkers et al. 1989;Rochette et al. 1990). The RT-SIRM increase from 300 K to 200 K supports the occurrence of goethite.

We show the thermal demagnetization of natural remanent magnetization of gouge samples, which carry the ChRM (Fig. 4-4A). As already pointed out by Chou et al. (2012), the unblocking spectrum temperature is different between the sample localized near the IRM 1T peak and the sample within the PSZ. For Sample A, the 80% drop of natural remanent magnetization is consistent with a large contribution by goethite for which Néel temperature is ~120°C. For Sample B, the main contributor to natural remanent magnetization is magnetite for which Curie temperature is ~575°C.

In the deformed sediments (Sample C), the maximum unblocking temperature is near 600°C (Fig. 4-4A). This indicates that the major magnetic carrier is magnetite. Note the remaining ~5% portion of NRM at 600°C for all samples. This suggests a minor contribution of hematite (Néel temperature ~675°C). The gouge samples which are located near the deformed sediments exhibit a little contribution of goethite, because only 20% of natural remanent magnetization is destroyed at 150°C (Fig. 45). The thermal demagnetization reveals that goethite has a maximum concentration near the center of the gouge and minimum concentration in the margin of the gouge. The magnetite concentration is maximum near the PSZ.

When monitoring the acquisition of IRM, we note that the deformed sediments (Sample C) is almost saturated at 300 mT (Fig. 4-4B), suggesting a major contribution of the magnetically soft magnetite. In contrast, samples of the gouge (Sample A and Sample B) reach a near saturation at 2 T. This confirms that the high coercivity goethite concentration is more predominant in the gouge.

Model

! !

The ~4 cm offset between the magnetic susceptibility peak and the IRM 1T peak (Fig. 4-1) will provide the ground of our model. We propose a model where we assume the contribution of hematite and pyrrhotite is negligible.

We calculate the magnetic susceptibility (!) using:

! = C M (x).C M .! M + C G (x). C G .! G + C O (x). ! O
Where M and G are magnetite and goethite, respectively. C(x) is the relative concentration along the profile (values between 0 and 1) and C M is the concentration.

The "O" stands for the contribution of other magnetic minerals like paramagnetic and SP minerals. Similarly, we calculate the saturated isothermal remanent magnetization using:

SIRM = C M (x).C M . SIRM M + C G (x). C G . SIRM G
! and SIRM are averaged using a sliding window filter of 4 cm to simulate the measurement with the U-channel. We take intrinsic magnetic parameters of magnetite and goethite from Maher et al. (1999). The intrinsic SIRM are 9 and 0.05 Am 2 /kg for magnetite and goethite, respectively. The intrinsic ! are 560 and 0.7 "m 3 /kg for magnetite and goethite, respectively. The ratio of !/SIRM is ~62 for magnetite and ~14 for goethite. The magnetic susceptibility profile of other minerals (! O ) was based on Mishima's data (2009) where it is reported a constant paramagnetic susceptibility within the gouge, and a steady decrease of ~30% of this value in the deformed sediments. We assume that the monotonous IRM 1T curve mimics the distribution of goethite concentration, with a maximum value close to the center of gouge. The SIRM at this depth is ~1#10 -2 Am 2 /kg. We assume that magnetite concentration is homogenous in the gouge, except in the PSZ and the presumed baked contact. The width of the PSZ is about 3 mm (Boullier et al. 2009) and the baked contact is about the thickness of the PSZ (Hamada et al. 2009). The best fit of our model consists in a linear decrease in concentration of magnetite for a thickness of 4 cm including PSZ and baked contact. For the maximum value of magnetic susceptibility, we used the value of 600 "SI, inferred from discrete sample measurement within the PSZ.

We fit the concentration of goethite, magnetite, and ! O and compare the model with U-channel results to find the best fit by calculating minimum residual. Within the gouge, we have chosen at first a paramagnetic susceptibility (! O ) of about half the maximum value observed at the PSZ. However, we never succeed in a good fit of magnetic susceptibility data. To fit the data, we had to take ! O as a quarter of the ! ! maximum magnetic susceptibility (150 µSI), which is about half of the high-field magnetic susceptibility deduced from the hysteresis loops (Mishima et al. 2009). The difference with Mishima's data ( 2009) is probably due to the fact that the gouge has a significant portion of magnetically hard minerals like goethite. The high susceptibility of the magnetic field is probably more sensitive to hard minerals that weak magnetic field susceptibility can be. In the deformed sediments, by contrast, we take ! O at 485

"SI, which is very close to the low-field magnetic susceptibility measured from the borehole (Hirono et al. 2007). Mishima et al. (2009) found lower values of high-field magnetic susceptibility (<300 µSI), but it ignores the contribution of SP minerals. In This model allows calculating the concentration of magnetite and goethite. We plot the absolute concentration inferred from our model in Fig. 456. At the remanence peak, we infer a concentration of goethite of ~20% using either magnetic susceptibility data or remanence. Such a high concentration of goethite is unlikely because XRD investigation failed to reveal this mineral (Hirono et al. 2007). This means that the concentration is near 1%. It is possible that pyrrhotite or hematite contribute in a significant way to the magnetic remanence. Therefore, we tested the contribution of goethite by performing a thermal demagnetization of the SIRM (Fig.

4-5)

. More than 90% of the SIRM is demagnetized below 150°C, indicating unambiguously that goethite is the major contributor to the magnetic remanence.

Therefore, there is a need to reassess the intrinsic magnetic susceptibility and the magnetic remanence of the goethite. To account for the maximum concentration of ! ! about 1% of the goethite, we must increase the initial magnetic parameters by an order of magnitude. The new values are SIRM = 0.5 Am 2 /kg and ! = 7 "m 3 /kg for the micrometric elongated goethite of the gouge. When comparing these values to those reported by [START_REF] Peters | Selected room temperature magnetic parameters as a function of mineralogy, concentration and grain size[END_REF] for a variety of natural goethites, it seems that the ! deduced from our model is close to the largest measured values, but that the SIRM is higher for a factor of 5 "m 3 /kg. Taking these new values, the maximum concentration of goethite is 1.6 to 2.5% when using the magnetic susceptibility and magnetic remanence to saturation, respectively (Fig. 4-7B).

To calculate the maximum concentration of magnetite, we use the magnetic record along the PSZ. The maximum concentration is 180 to 267 ppmv when using the magnetic susceptibility and the magnetic remanence at saturation (Fig. 4-7A).

These concentrations are close to the range of values proposed by Mishima et al. (2009). Elsewhere in the gouge, the concentration of magnetite is less than 30 ppmv, suggesting a decrease of one order of magnitude in concentration. In the deformed sediments, we make the distinction between magnetite above and below the blocking volume (SD-MD and SP, respectively). The SD-MD magnetite concentration is below 2 ppmv in the deformed sediments. By contrast, The SP magnetite concentration is about ~400 ppmv when assuming the SP susceptibility (~200 "SI) is dominantly carried by magnetite. We take the intrinsic susceptibility of SP magnetite at about 2 SI according to experimental data of [START_REF] Heider | Magnetic susceptibility and remanent coercive force in grown magnetite crystals from 0.1 !m to 6 mm[END_REF]. Note that contribution of greigite (Fe 3 O 4 ) or fine pyrrhotite may complicate the calculation of this concentration.

Discussion and conclusions

We propose a model which satisfactorily explains the shift of ~4 cm from the peak of magnetic susceptibility and remanence peak. We demonstrate this by taking different concentration profiles for goethite and magnetite. From our best fit, we infer three order of magnitude of magnetite concentration between the Chi-Chi PSZ (~200 ppmv), the gouge (~20 ppmv), and the deformed sediments (~2 ppmv) (Fig. 4-7A).

This demonstrates the presence of neoformed magnetite in the gouge, and particularly within the PSZ and its baked contact. Mishima et al. (2009) and Chou et al. (2012b) suggested that magnetite formed during frictional processes. If it seems clear that the friction can cause new magnetic minerals, it is surprising that there is a concentration ! ! gradient between the PSZ and the rest of the gouge. Boullier et al. (2009) reported the existence of tens of slip zone within the 16 cm gouge. If the magnetite was produced during friction, it makes sense to find a rather homogeneous concentration of magnetite in the gouge, rather than more localized on a single slip zone. We suggest two hypotheses. 1) Magnetite formed principally during large earthquakes. In this case, the Chi-Chi PSZ is probably unique and there is no other slip zone associated with large magnitude earthquakes in the FZB1136 gouge. 2) Magnetite formed during successive earthquakes has been altered during inter-seismic periods. We prefer the latter case because the analysis at low temperature (Fig. 4-3) shows a severe attenuation of Verwey transition, which might be an indication of partial oxidation of magnetite (Özdemir et al.1993;Cui et al. 1994;Özdemir et al. 2002). The distribution of magnetite as shown in our model indicates that the maximum magnetic susceptibility marks the location of the most recent seismic slip zone in a gouge.

In the deformed sediments, the concentration of magnetite whose grain size is larger than the volume of blocking is very low (~2 ppmv). However, the concentration of SP magnetic minerals is larger by two orders of magnitude (~200 ppmv). Identification of SP minerals in sediments and not in the gouge was also observed by Mishima et al. (2009). The SP minerals come from sediments are probably altered during the earthquake and are no longer present in the gouge.

However, the grinding process is likely to produce ultra-fine magnetic minerals, and it is rather surprising that no SP is observed in the gouge. We propose two hypotheses to explain this absence. 1) Hyper-fine minerals for products during milling are oxidized, just like sediments-derived SP. 2) Grain crushing is not sufficient to produce SP minerals. Ma et al. (2006) suggested that minerals <50 nm of the gouge are produced probably by chemical precipitation processes. If we stick to Ma et al.

(2006) study, it is unlikely that SP minerals formed during the earthquake, since the sizes of these minerals are generally <50 nm.

The occurrence of goethite in the FZB1136 gouge was first discovered by Chou et al. (2012). According to these authors, the goethite was formed shortly after the Chi-Chi earthquake, probably due to the cooling of hot fluids. According to our model, the concentration of goethite reached about 1% in the middle of the gouge and has a V-shaped distribution (Fig. 4-7B). During the Chi-Chi earthquake, several studies (Ishikawa et al. 2008;Boullier et al. 2009) have suggested that the phenomena of ! ! thermal pressurization had limited friction in the gouge. The presence of goethite confirms that fluids were present in the gouge in the earthquake. Our model suggests that these fluids were richer in iron in the center of the gouge on the edges.

From this study, it is concluded that the major constituents of magnetic minerals in FZB1136 gouge resides in magnetite and goethite. Our quantitative model of magnetic mineral assemblage simulates very well the profile of magnetic susceptibility and remanence, while explaining the shift of ~4 cm between the maximum of these values. The magnetic susceptibility maximum corresponds to the maximum concentration of the magnetite and suggests that this maximum may mark the location of the most recent seismic slip zone. Similarly, the maximum remanence is associated with a higher concentration of goethite, and precise location of iron-rich fluids. We propose that the magnetite and goethite form, but also deteriorate during 

Introduction

For studying the physical and chemical process of earthquake, gouge is a key to investigate the faulting mechanism. The total energy releases of fault zone during an earthquake are still unknown clearly [START_REF] Heaton | Evidence for and implications of self-healing pulses of slip in earthquake rupture[END_REF][START_REF] Kanamori | Mechanics of Earthquakes[END_REF][START_REF] Kanamori | GeoComplexity and the Physics of Earthquakes[END_REF]. Fracture energy calculation has been reported from seismological and experimental rock deformation data [START_REF] Wong | Shear fracture energy of westerly granite from post-failure behavior[END_REF][START_REF] Okubo | Effects of physical fault properties on frictional instabilities produced on simulated faults[END_REF][START_REF] Guatteri | Inferring rate and state friction parameters from a rupture model of the 1995 Hyogo-ken Nanbu (Kobe) Japan earthquake[END_REF][START_REF] Rice | Off-fault secondary failure induced by a dynamic slip pulse[END_REF][START_REF] Abercrombie | Can observations of earthquake scaling constrain slip weakening?[END_REF]. In the past, numerous studies reported that analysis of particle size distribution within ultrafine gouge to calculate total grain surface area by optical and electron microscopies, then to estimate the fracture energy associated with gouge formation [START_REF] Wilson | Particle size and energetics of gouge from earthquake rupture zones[END_REF][START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF]Ma et al., 2006). During a fault slipping, gouge particles will be milling into smaller fractions to the nanometer scale [START_REF] Wilson | Particle size and energetics of gouge from earthquake rupture zones[END_REF]. However, the TEM image of [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF] also shows rounded shapes in their ultrafine grains for calculation; the image of Ma et al. (2006) shows very fine grain around several nm in diameter, which did not consider for fracture energy. In addition, the very fine grains have larger surface area than coarse grains and could provide high percentage of total fracture energy significantly. Thus, to determine the lower cut-off grain sizes is important for fracture energy calculation.

In order to investigate the smallest grain sizes formed by fracture within ultrafine gouge, analysis of the finest mineral composition and grain size distribution are requisites. Nevertheless, nanoparticles generally aggregate to each other quickly or cling to large grain surface because of their surface reactivity at the nanometer scale and their relatively large surface area. Hence, how to collect nanoparticles in natural materials with high efficiency and in large quantities for analyses is a challenge. Tsao et al. (2009a, b) developed an automated ultrafilteration device (AUD) for high efficient collection of nanoparticles, which had been proved to be more efficient than the conventional ultracentrifugation and syringe filtration methods. This device provides us a solution to nanoparticle collection from ultrafine gouge for further analysis.

In this study, we present a grain size separation of gouge sample from the 1999

Chi-Chi earthquake surface rupture. First, we separate different particle size ranging from 50 µm to 1 nm by centrifuge and AUD. Second, we focus on the mineralogy by using synchrotron X-ray diffraction (XRD) and TEM. Lastly, we propose quartz is the index mineral associated with gouge formation and the low cut-off grain size is 25 nm.

The smectite and illite nanoparticles could be associated with weather process of gouge at outcrop.

Geological setting and sampling

Taiwan is located at the boundary between the Eurasian Plate and the Philippine Sea Plate. The Philippine Sea Plate is moving toward W54°N at a speed around 80 mm per year [START_REF] Yu | Velocity field of GPS stations in the Taiwan area[END_REF] and is impacting with the Eurasian continental margin.

This substantial collision and uplifting between two subduction systems result in active faulting, enhance the development of numerous earthquakes and crustal deformation within Taiwan Island. Taiwan is generally subdivided into some geological regions, from west to east; they are the Coastal Plain, the Western Foothills, the Central Range, the Longitudinal Valley, and the Coastal Range [START_REF] Ho | A synthesis of the geologic evolution of Taiwan[END_REF]. The most active region within Taiwan is along the belt between the Coastal Plain and the Western Foothills. There are several fault zones around this active seismic region, include Shuilikeng, Shuangtung, Chelungpu, and Changhua faults.

The Chelungpu fault zone was described as the Chinshui Formation overthrusting the Toukashan Formation in the southern Taichung Basin [START_REF] Chang | Subsurface geologic study of the Taichung basin[END_REF]. This fault is a thrust fault of over 85 km in length and is a main boundary between the Plio-Pleistocence fold-and-thrust belt to the east and late Quaternary basin to the west. The fault is reasoning to have formed at the beginning of the Mid-Pleistocene, 0.7-0.5 Ma [START_REF] Chen | Stratigraphic architecture, magnetostratigraphy, and incised-valley systems of the Pliocene-Pleistocene collisional marine foreland basin of Taiwan[END_REF].

The Chi-Chi earthquake (M w 7.6) took place to the central Taiwan on 21 September 1999. The hypocenteris was located near Chi-Chi town (120.81° E, 23.86° N, depth ~10 km, Ma et al., 1999;Kao and Chen, 2000). The surface rupture was along the Chelungpu fault zone at about 85 km in length with large surface deformation (Ma et al., 1999;[START_REF] Lee | Geometry and structure of northern surface ruptures of the 1999 Mw=7.6 Chi-Chi Taiwan earthquake: influence from inherited fold belt structures[END_REF]Angerlier et al., 2003). The surface deformation provides us a good opportunity to sample outcrop fault gouge of recent earthquake.

Our gouge sample was caught from the Chelungpu fault branch of the 1999

Chi-Chi earthquake surface rapture passes though Wu-Feng downtown in center Taiwan (Fig81.5-1). The hanging wall raised a height about 2.5 m in the campus of Kuang-Fu junior high school during the Chi-Chi earthquake. The sample investigated in this study is from the outcrop of Chi-Chi fault gouge, which is located at riverbed behind campus. The fault black gouge zone is up 15 cm wide and 60° in dip within the Chinshui Formation (siltstone). A block of black gouge was sampled for nanoparticle analyses (Fig. 5-2).

Methods

Separation of Fault Particles in Different Particle Size

The sample was shattered into powder and put in room for air dry 2 weeks. After, the gouge powder was passed through a 300-mesh sieve (aperture 50 µm) to remove coarse fraction (>50 µm). Then the <50 µm size fraction (about 100 mg) was removed organic matter by H 2 O 2 under 70°C. Next, the <50 µm size fraction was divided into <2 µm size fracture by sedimentation according to Stokes' Law [START_REF] Tanner | Nomographs of sedimentation times for soil particles under gravity or centrifugal acceleration[END_REF][START_REF] Williams | The theory of sedimentation analysis[END_REF][START_REF] Jackson | Soil chemical analysis. Advanced course[END_REF]. The <2 µm size fracture was separate into different range by using centrifugation. The centrifugation time required to separate this fraction into the size range was calculated by the modified Stokes' [START_REF] Puretz | Centrifugal particle size analysis and the Joyce-Loebl disc centrifuge[END_REF][START_REF] Ross | Colloidal systems and interfaces[END_REF][START_REF] Mcfadyen | High-resolution particle size analysis from nanometres to microns[END_REF][START_REF] Laidlaw | Introduction to differential sedimentation[END_REF]. d is the particle diameter (cm), ! is the viscosity coefficient of the liquid (g cm -1 s -1 ), !" is the density of the liquid (g cm -3 ), ! s is the particle density (g cm -3 ), R 1 is the radius from the centrifugal center to the sample height inside the tube (cm), R 2 is the radius from the centrifugal center to the sample bottom inside the tube (cm), " is angular velocity (rpm), and t is the ultracentrifugation time (sec). The fault gouge density was measured by pycnometer method; the average gouge density is 2.58 g cm -3 .
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The centrifugal steps was using a Hitachi CR21 refrigerated centrifuge (Fig. 5-3, Hitachi High-Technologies Corp., Tokyo, Japan), which had a R12A3 rotor with polycarbonate tubes (250 ml " 6) and settling sample height of 10 cm. For collecting the 450-to-2000 nm size fractions, the suspension (<2000 nm size fractions) was centrifuged at 980 ! g (3370 rpm) for 5 min by ultracentrifugation at 4°C. The settled particles were re-suspended in double deionized water (DDW) and were using ultrasonic dispersion at 170 W and 60 kHz for 1 min by NEY 300 Ultrasonic. The dispersed suspension was then repeatedly centrifuged and washed ten times by the same centrifugation and dispersion methods to rarefy the 450-to-2000 nm size fractions. We used the same process with different centrifuged speed and time for separating different particle size range (100-to-450 and 50-to-100) by using higher centrifugation velocity and time.

To collect the 25-to-50 nm fractions, <50 nm suspension was filtered by the AUD (Fig. 5-4) using 25 nm pore size Millipore membrane filter to separate <25 nm size fraction. After, the <25 nm suspension was filtered by the AUD using the Sigma ultrafiltration disk membrane (NMWL: 1000 Da-equivalent to 1 nm in diameter) to collect the size of 1-to-25 nm fractions.

The flow chart of separation methods, centrifuge velocity, and time for different particle size fracture collection is shown in Fig. 5-5.

XRD and TEM analysis

The synchrotron XRD could provide higher X-ray counts and a small size X-ray beam for a few samples. The synchrotron powder XRD patterns were analyzed at Wiggler Beamline BL17A W20 XRD with " = 1.334431 Å of the National Synchrotron Radiation Research Center, Taiwan. It was operated at 1.5 GeV with a ring current of 300 mA using the top-up injection mode. The suspension was treated by frozen dry for collecting powder (non-orientated) for synchrotron XRD measurement. For observing the occurrence of the particle <100 nm fractures, images were taken by using a FEI Tecnai G2 T20TEM with energy dispersive X-ray spectrometer (EDX), which was operated accelerating voltage at 200 keV in the Department of materials science and engineering, National Taiwan University.

Results

This study focuses on observing the smallest particle-size fractions for understanding the mineralogy of nano-particles within the Chelungpu fault gouge, which were formed from fractured or precipitation by faulting process. In addition, to know the finest grain size of fractured particle by faulting.

Synchrotron XRD

The synchrotron XRD within the NSRRC provides higher resolution diffraction patterns; the analysis patterns of different particle size fractions are shown in Fig. 56.

These diffraction patterns indicate the major minerals are quartz, plagioclase, smectite, illite, chlorite, and kaolinite. From results, we found quartz, plagioclase, smectite, illite, chlorite, and kaolinite in the 2-50 µm; quartz, plagioclase, smectite, illite, chlorite, and kaolinite in the 450~2000 nm; quartz, plagioclase, smectite, and illitein the 100~450 nm; quartz, smectite, and illite in the 50~100 nm; smectite, illite, and quartz in the 25~50 nm; smectite and illite in the 1~25 nm. The mineral categories of these different grain size intervals are listed in Table 5-1. Among, quartz is dominant mineral within the coarse grains (>450 nm); however, clay minerals are major components within fine grains (<100 nm). The peak intensity of clay increases largely as the reduction of grain size. Besides, chlorite, kaolinite and plagioclase were not found within the fractions <450 nm. The 3.34 Å diffraction peak could be an overlap of illite d( 003) and quartz d( 101).

TEM

We concentrate on the fractures of grain size <100 nm which contain minerals of quartz, illite and smectite. The TEM images of <100 nm grains are shown in Fig. 567.

Platy pieces, lath-like fractions, and rounded grains are observed (Fig. 5 (2009) within fault gouge. The rounded grain could be as quartz cause of hexagonal electron diffraction and the EDX analysis result shows that the Si and O are major components (Fig. 5-7C). Some ultrafine grains (<10 nm) could be found.

Discussion

The very fine grains formed by grinding have been reported in nature fault zones (~10-50 nm; [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF][START_REF] Reches | Gouge formation by dynamic pulverization during earthquake rupture[END_REF][START_REF] Wilson | Particle size and energetics of gouge from earthquake rupture zones[END_REF]Ma et al., 2006), in mining induced fault zone (40 nm; [START_REF] Olgaard | The microstructure of gouge from a mining-induced seismic shear zone[END_REF], and in deformation experiments on granite (10-30 nm; [START_REF] Yund | Amorphous Material in High Strain Experimental Fault Gouges[END_REF][START_REF] Heilbronner | Grain size and grain shape analysis of fault rocks[END_REF]. In this study, the particles being smaller than 10 nm could also be found within nature fault gouge by TEM. The efficiency of nanoparticle collection technique by AUD provides us a new view to identify those very fine grains.

The mineral compositions of our gouge sample are coincidence with the gouge sample from TCDP deep-drilled core Hole-A fault zone at depth 1,111 m (Kuo et al., 2009), by importance: quartz, plagioclase, illite, smectite, and kaolinite. For clay mineral analysis, Hirono et al. (2008) reported the black gouge of TCDP Hole-B at depth 1,136 m with the disappearance of kaolinite, lower relative abundances of smectite and chlorite, and large abundances of illite. They also suggested that the dehydrooxylation of kaolinite and illitization of smectite occurred during co-seismic frictional heating within the gouge (Hirono et al. (2008)). Kuo et al. (2009) reported anomalies of clay mineral assemblage within the principal slip zone of the Chelungpu fault gouge as decline of illite, disappearance of kaolinite and chlorite, and increasing of smectite. Kuo et al. (2009) considered the pseudotachylyte has been occurred due to strong shear heating during the earthquake within the principal slip zone of gouge and altered to smectite quickly. In the Chelungpu fault gouge outcrop, we found the similar state as Kuo et al. (2009) rather than Hirono et al. (2008). Moreover, we could observe that the relative abundances of smectite and illite increases as grain size reduced, which were still found in the 1-25 nm fractions (Fig. 845-6). However, we don't have any evidence of pseudotachylyte exist in our gouge sample. Furthermore, because our gouge sample locates at surface outcrops and closes to riverbank, the weathering process could be another way to influence the clay mineral formation [START_REF] Kuo | Clay mineralogy and geochemistry investigations in the host rocks of the Chelungpu fault, Taiwan: Implication for faulting mechanism[END_REF]. Plagioclase is easy to alter as illite by weathering process [START_REF] Bétard | Illite neoformation in plagioclase during weathering: Evidence from semi-arid Northeast Brazil[END_REF] and could not be found in fine grains. Although clay minerals could also be grinded into small pieces during co-seismic time, we suggest that ultrafine grain clay minerals formed by chemical process rather than fracturing process.

Eliminating clay minerals, quartz is the most important target mineral. Gibbs (1967) reported that the minimum grain size of quartz is ~1 mm within the suspended solids at the mouth of Amazon River. The sedimentary environment of Chinshui Formation (siltstone) is shallow marine; the original grain size of quartz within the Chelungpu fault gouge could be around 1 mm. [START_REF] Kendall | The impossibility of comminuting small particles by compression[END_REF] illustrated that a grain size limitation was ~1 mm occurred for particles under grinding in nature. Particles smaller than the grinding limitation were observed to deform plastically and change their shape and the grinding limitation of quartz is 0.9 mm for quartz [START_REF] Prasher | Crushing and Grinding Process Handbook[END_REF].

Some experiences showed that quartz could be grinding to 30-50 nm in a stirred-media mill (Chao et al., 1996;[START_REF] Wang | Production of carbonate and silica nano-particles in stirred bead milling[END_REF]. Grain size reduction in the fault zone is cause of cracked grains result from original fragmentation by rupturing [START_REF] Heilbronner | Grain size and grain shape analysis of fault rocks[END_REF]Keulen et al., 2007, Sammis and[START_REF] Sammis | Mechanical origin of power law scaling in fault zone rock[END_REF]. In this study, we observe rounded quartz grain of <50 nm in the gouge sample from both results of synchrotron XRD analysis and TEM observation (Fig. 5-6 and 5-7). Ma et al. (2006) considered grain sizes less than 50 nm in fault gouge shows rounded shapes as formed by chemical precipitation. Quartz is easy to precipitate under lower pH (<6) [START_REF] Knauss | The dissolution kinetics of quartz as a function of pH and time at 70°C[END_REF]; the overgrowths of authigenic quartz in different sediments and diagenetic environments have been reported (e.g., [START_REF] Williams | Silica diagenesis; I, Solubility controls[END_REF][START_REF] Evans | Quartz dissolution during shale diagenesis implications for quartz cementation in sandstones[END_REF][START_REF] Jakobsen | Precipitation and flocculation of spherical nano-silica in North Sea chalk[END_REF][START_REF] Oelkers | Making diagenesis obey thermodynamics and kinetics: the case of quartz cementation in sandstones from offshore mid-Norway[END_REF].

However, we exclude the quartz precipitation in this study under lower pH cause of 1)

the shallow marine sedimentary environment of Chinshui Formation, and 2) location at riverbank. CCAs grains (Fig. 567) could an evidence of large slip at co-seismic velocity with thermal pressurization (Boutareaud et al., 2008). The absence of pesudotachylyte exist in the study gouge sample also indicates the temperature not higher than 900°C [START_REF] Kuo | Temperature estimates of coseismic heating in clay-rich fault gouges, the Chelungpu fault zones, Taiwan[END_REF]. Although we don't have any evidence about the experienced temperature in the gouge, we consult the estimated temperature in the range of 550-680°C by vitrinite reflectance analysis result in shallow hole sample of Chelungpu fault gouge (Sakaguchi et al., 2007). Evan at the highest temperature of 680°C, a 10 nm quartz particle will double its size around 20 minutes. Thus, we exclude temperature effect to influence the grain size of nanometer quartz in the gouge.

Conclusion

The ultrafine nanoparticle is the key point to determine the low cut-off for seismic fracture energy estimating from the slip fault gouge. The gouge sample from the Chelungpu fault branch of the 1999 Chi-Chi earthquake (M w 7.6) surface rapture was separated into different particle sizes ranging from 50 µm to 1 nm by centrifuge and AUD. The mineral results suggested that the formation of <100 nm nanoparticles of smectite and illite could be associated with weathering process. The quartz could be the index mineral associated with earthquake fracture and the finest grain size is around 25 nm. In the chapter 2~4, FZB1136 has been investigated substantially. At the same time, the other two fault zones have also the subject of paleomagnetic and rock magnetism investigation. In this chapter, we show some preliminary results of magnetic analyses of FZB1194 and FZB1243.

Analyses of FZB1194

The 22 cm-long U-channel of FZB1194 (1,194.67-1,194.89 m) contains upper fracture-damaged zone (1,194.67 -1,194.73 m), black material disk (1,194.73 -1,194.75 m), black fault gouge (1,194.75 -1,194.81 m), deformed sediments (1,194.81 -1,194.84 m), black fault gouge (1,194.84 -1,194.87 m), deformed sediments (1,194.87 -1,194.89 m).

The paleomagnetic record of ~15 cm-thick gouge FZB1194 is shown in Fig. 2 records. We suggest that FZB1194 is a composite gouge and maybe record distinct seismic events within gouge zone. The magnetic cleaning was not as efficient as performed for gouge FZB1136, and magnetic components are not correctly separated, in particular the component of normal polarity. However, it is quite evident that reverse component, with correct inclination is depicted.

We measured magnetic properties of FZB1194 U-channel (Fig. 6-1). The magnetic susceptibility curve shows two humps trend with maximum values found at 1,194.79 m and at 1,194.87 m within each black gouge layer. However, the susceptibility value is ~60% less within black material disk layer. The IRM 1T curve of U-channel also shows two humps trend with maximum values found at 1,194.75 m and at 1,194,845 m. Note the shift between the maximum of remanence and magnetic susceptibility. The S-ratio value of upper deformed sediments and black material disk is lower (~0.93) than gouge and deformed sediments (0.97-0.98). This indicates that a hard coercive mineral is present in the black material disk.

The warming curves of LT-SIRM (Fig. 6-2) show that the Verwey transition (120 K) is well identified in all samples. The drop of LT-SIRM between 10 K and 35 K is large (>99%) for deformed sediments and is smaller for gouge. But this drop is ! ! limited (<1%) for black material disk. This variation of drop of LT-SIRM shows an abundance decreasing of SP minerals from deformed sediments, gouge to black material disk.

The cooling curves of RT-SIRM (Fig. 6-3) also provide obvious Verwey transition (120 K) and subtle Morin transition (240 K) in all samples. The cooling increasing at about 10% from 300 K to 150 K is attributed to the presence of goethite, this increasing is found within upper deformed sediments and black material disk. The RT-SIRM increases from 100 K to 10 K as the P-behavior of SP pyrrhotite signature (Aubourg and Pozzi, 2010;Kars et al., 2011) could be found in all samples. However, for black material disk, the P-behavior is weak and the 35 K transition is not obvious.

The TXM observation result of FZB1194 black material disk also shows numerous elongated dense minerals (aspect ratio 2:25; maximum length 5 µm). These elongated minerals are likely goethite (Fig. 6-4).

In summary, the FZB1194 gouge is composite, with two gouge layers. The paleomagnetic record is different from one gouge to the other gouge. Though the components are poorly resolved, the reverse polarity is present in the record.

Similarly to FZB1136, we have detected goethite in abundance within the black material disk. However some discrepancies can be listed:

-The FZB1194 gouge, when excluding the black material disk hosts SP magnetic mineral. This suggests that processes (thermal, fluid) are different, and do not destroyed the SP.

-We do not have detected pyrrhotite within the FZB1194 gouge. We interpreted the pyrrhotite as resulting from the high temperature alteration of pyrite.

We think therefore that the gouge of FZB1194 did not reached elevated temperature as FZB1136. The black material disk, however, behaves differently, and presumably, higher temperature is recorded.

Analyses of FZB1243

The 18 cm-long U-channel of FZB1243 (1,243.33-1,243.51 m) contains upper deformed sediments (1,243.33 -1,243.38 m), black material disk (1,243.38 -1,243.40 m), black fault gouge (1,243.40 -1,243.50 m), lower deformed sediments (1,243.50 -1,243.51 m).

The paleomagnetic record of FZB1243 is shown in Fig. 2 components are also found. The declination of both components is the same, but the inclination is opposite and is abnormally low. Clearly AF demagnetization is not appropriate to depict the components. However, we suggest that FZB1243 record two seismic events, with dual polarities within the gouge zone.

The magnetic properties of FZB1243 U-channel are shown in Fig. 6 to note that the S-ratio is much lower than S-ratio from FZB1136 and FZB1194.

The warming curves of LT-SIRM (Fig. 6-6) show that the Verwey transition (120 K) is well identified in deformed sediments and some black gouge samples, but is not visible in black material disk and some black gouge samples. The drop of LT-SIRM between 10 K and 35 K is large (>99%) for deformed sediments and is smaller for black gouge samples (<6%). But this drop is limited (<1%) for black material disk.

The cooling curves of RT-SIRM (Fig. 67) provide subtle Morin transition (240 K) in all samples. The Verwey transition (120 K) is like LT-SIRM, which is not visible in black material disk and some black gouge samples. The cooling increasing at about 10% from 300 K to 150 K is attribute to the presence of goethite, this increasing is found within all samples. The RT-SIRM increases from 100 K to 10 K as the P-behavior of SP pyrrhotite signature (Aubourg and Pozzi, 2010;Kars et al., 2011) could be found in gray gouge and some black gouge samples. However, for black material disk and some black gouge samples, the P-behavior is weak and the 35 K transition is not obvious.

In summary, this gouge resembles to the gouge FZB1194. We have detected dual polarities, though the components are not cleaned in a proper manner. The black material disk contains less SP magnetic grains than the surrounding gouges, and goethite is detected.

Discussion and Conclusion

Paleomagnetic records

! !

In the two fault gouges (FZB1194, FZB1243), we observed dual polarities record, but the record is here complex and the magnetic cleaning not efficient. The reverse polarity deserves important comment. The youngest geomagnetic reversal is the Bruhnes-Matuyama dated at 780 ka [START_REF] Kent | Correlation of paleointensity variation records in the Brunhes/Matuyama polarity transition interval[END_REF]. However, the TCDP drilling site is located at the North Chelungpu Chinshui detachment, which has a total slip of only ~0.3 km (Fig. 6-8, Yue et al., 2005). Consequently, the age of the fault is young (46~100 ka) [START_REF] Heermance | Fault Structure Control on Fault Slip and Ground Motion during the 1999 Rupture of the Chelungpu Fault, Taiwan[END_REF]Isaacs et al., 2007). It has to be verified that the paleomagnetic record is not the record of short-term paleomagnetic excursion (<2 ky) (e.g., Mono Lake, Laschamp; [START_REF] Valet | The Laschamp-Mono lake geomagnetic events and the extinction of Neanderthal: a causal link or a coincidence?[END_REF]. This is rather unlikely because this means that two earthquakes in each gouge took place during a paleomagnetic excursion, and the inclination should be really abnormal. A second hypothesis which has to be verified is the self-reversal processes [START_REF] Mcelhinny | Paleomagnetism: Continents and Oceans[END_REF].

Large magnitude vs. small magnitude?

When comparing the two gouges FZB1194 and FZB1243 to the M w 7.6 Chi-Chi gouge, it appears that there are common behaviors, and significant differences.

Common behavior:

-We observe a paleomagnetic record in all gouges.

-We observe the presence of neoformed magnetic minerals such as goethite.

This goethite is neoformed and developed within the ultrafine matrix of the gouge.

Difference:

-Ultrafine magnetic minerals are preserved in the gouge, while they have been altered in the FZB1136 gouge.

-Dual polarities within distinct stripes of gouge are identified.

-The black material disk has a low magnetic susceptibility, while the highest magnetic susceptibility is observed along the Chi-Chi principal slip zone.

All these observations lead us to consider that the gouges result from different processes. It is commonly accepted that a gouge layer stacks tens of earthquake slip zone (e.g. Boullier et al., 2009). So in theory, we must have a quite complex record.

In chapter 2, we have suggested that a large magnitude earthquake erased the previous magnetic information.

In the FZB1136, only one paleomagnetic component is recovered throughout the entire gouge. This component is a ChRM (characteristic remanent magnetization)

! ! 100
which means that it is rather unlikely that a reverse polarity overlaps this one. By contrast, in the two other gouges, dual polarities are observed, and each component results from a probable overlapping. We hypothesize that these two gouges record smaller magnitude earthquakes, where heat generation and fluid circulation are not sufficient to erase the previous magnetic signal.

Therefore, we suggest that 1) the identification of a single paleomagnetic component, 2) the alteration of hyperfine fraction throughout the gouge, including the principal slip zone may be a diagnostic evidence for large magnitude earthquake. K and 35 K is large (>99%) for deformed sediments and is smaller for gouge. But this drop is limited (<1%) for black material disk.
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However, for black material disk and some black gouge samples, the P-behavior is weak and the 35 K transition is unclear. samples, but is not visible in black material disk and some black gouge samples. The drop between 10 K and 35 K is large (>99%) for deformed sediments and is smaller for black gouge samples (<6%). But this drop is limited (<1%) for black material disk. disk and some black gouge samples. The cooling increasing at about 10% from 300 K to 150 K is found within all samples. The increases from 100 K to 10 K as the P-behavior of SP pyrrhotite signature could be found in gray gouge and some black gouge samples. However, for black material disk and some black gouge samples, the P-behavior is weak and the 35 K transition is unclear. Chapter 7. Conclusions
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The ensemble of mineralogy and magnetic analyses from this thesis leads us to provide a view of physical/chemical alteration of minerals within fault gouge during seismic events. Here we give a summary of the key results:

1. For the first time, we identified a magnetic record in a modern gouge, which is directly related to a large-magnitude earthquake. Generally, the paleomagnetic community tried to track earthquake lightning record (e.g. Ferré et al., 2005).

Here, we show that this record of the Chi-Chi gouge is due to the combination of fluid circulation and temperature elevation.

2. We discovered two magnetic minerals in the gouge that are not present in the host rock. The pyrrhotite is an iron sulfide and forms at the expense of pyrite during high temperature elevation (>500°C). The micron-size goethite forms on cooling of fluids that percolated within the gouge. The magnetite is oxidized in the gouge, and probably neoformed along the principal slip zone.

3. We have found that the magnetic record in the gouge is carried by magnetite within the principal slip zone and goethite in the rest of the gouge. We propose a model where magnetic record: 1) is preserved during inter-seismic time, 2) is erased during co-seismic time and 3) is imprinted during post-seismic time when fluids cooled down.

4. While the peak anomaly of magnetic susceptibility in a gouge was early identified (Hirono et al., 2006a), we precised considerably this view because we correlate the maximum susceptibility to the mm-thick Chi-Chi principal slip zone within the 16 cm-thick gouge. This constitutes a potential, fast, and nondestructive way to find the most recent principal slip zone in thick gouge.

5

. By using simple model of the magnetic mineral concentrations in Chi-Chi gouge, we explained satisfactorily the profiles of magnetic parameters. This modeling indicates that ~300 ppmv of magnetite formed in the principal slip zone and its main contact area. Similarly, ~1% of goethite is formed in the center of the gouge, where the fluids are more enriched in iron. This model provides us a new way to quantify magnetic mineral concentration.

6. More generally, we think that making U-channel within fault gouge is of great values because nondestructive magnetic measurement can help to focus on ! ! 110 specific horizons, and to estimate broadly the concentration of neoformed sediments.

7. By identification of nano-particles in Chelungpu fault outcrop gouge sample, we propose that quartz is the index mineral associated with co-seismic fracture and the minimum grain size is ~25 nm. The smectite and illite nano-particles could be associated with weathering process of gouge at shallow or surface conditions. This provides a low-cut of grain size distribution for fracture energy estimation.

8. In the FZB1194 and FZB1243, we observed dual polarities record, but the record is here complex and the magnetic cleaning not efficient. We suggest that each fault zone records two seismic events The reverse polarity deserves important comment, the two hypotheses are: 1) record of reverse polarity period, 2) the self-reversal processes of magnetic minerals. 9. All observations of three major fault zones in TCDP hole-B lead us to consider that the gouges result from different processes. From paleomagnetic records and magnetic properties, we hypothesize that FZB1194 and FZB1243 gouge record smaller magnitude earthquakes than FZB1136 gouge, where heat generation and fluid circulation are not sufficient to erase the previous magnetic signal.

! !

Chapter 8. Perspectives

In this study, we reported the paleomagnetic record of FZB1136, which was acquired during 1999 Chi-Chi earthquake. For investigating the chemical/physical alteration process of Chi-Chi earthquake, we analyzed thoroughly mineralogy and rock magnetism of FZB1136. In addition, the other two major fault zones are worth to further study for understanding the Chelungpu fault system. Therefore, there are still some interesting issues that could be brought out for future research. Some issues are specific to the Chelungpu fault; some issues are of broader interest.

1) We have shown that dual polarities exist in fault zones FZB1194 and FZB1243. We propose to document better this reverse polarity by analysing for example additional samples from Hole A or Hole C. A particular attention is required to check whether this reverse polarity is due to a self-reversal process or is contemporaneous of magnetic excursion. If these possibilities are ruled out, the reverse polarity would indicate that the age of Chelungpu fault is older than 0.78 My. This is in contradiction by one order of magnitude with the total slip of ~0.3 km of this segment of the Chelungpu fault (Fig. 6-7, Yue et al., 2005) and the proposed age of 46-100 ky [START_REF] Heermance | Fault Structure Control on Fault Slip and Ground Motion during the 1999 Rupture of the Chelungpu Fault, Taiwan[END_REF]Isaacs et al., 2007).

2) We observe that some rock magnetic parameters (peak of magnetic susceptibility, S-ratio, paleomagnetic record) are located precisely within the most recent earthquake principal slip zone of FZB1136. In the two other fault gouges, FZB1194 and FZB1243, a peak of magnetic susceptibility is shifted from the most evident layer: the black material disk. Thus, it is interesting to investigate the thin section where the peak of magnetic susceptibility is observed to check about possible recent earthquake record.

3) The findings of pyrrhotite and goethite deserve additional studies, as it may document the physical and chemical conditions in the gouge. Some experiments like flash-heating or iron-rich fluid cooling can be settled out.

4) The magnetic properties of FZB1194 show a higher S-ratio value (~0.95) than FZB1136 (0.75~0.85) and FZB1243 (~0.8). The MPMS results of ! !

INTRODUCTION

The Chi-Chi earthquake (M w 7.6, 21 September 1999) is the largest inland earthquake to hit Taiwan during the past century. The ~85 km rupture along the Chelungpu thrust extends from the north to the south (Fig. 1A). Five years after the earthquake, two boreholes (holes A and B, 40 m apart, Taiwan Chelungpu-fault Drilling Project [TCDP]; http://www.rcep.dpri.kyoto-u. ac.jp/~mori/ChelungpuDrilling/) were drilled through ~2 km of alternating sandstones and siltstones of early Pliocene age. The boreholes provided fresh and unaltered material suitable for paleomagnetic investigation. In hole B, three fault zones, labeled FZB1136, FZB1194, and FZB1243 have been identifi ed within the Chinshui Formation using core observations and physical property measurements (Hirono et al., 2007) (Fig. 1B). From an independent data set, it was proposed that the 16-cm-thick gouge of FZB1136 contained the principal slip zone (PSZ) of the Chi-Chi earthquake at 1136.38 m (Boullier et al., 2009). The Chi-Chi PSZ accommodated a co-seismic displacement of ~8 m with a maximum 3 m/s velocity (Ma et al., 2006). To explain some characteristics of the low friction in the northern part of the fault rupture, several authors have inferred the role of fl uids and thermal pressurization processes (Boullier et al., 2009;Ishikawa et al., 2008). Mishima et al. (2009) reported evidence of neoformed magnetite (Fe 3 O 4 ) in Chelungpu gouges possibly due to temperature elevation >400 °C. Assuming that magnetite formed by nucleationgrowth process, we expect that magnetite has the capability to record durably Earth's magnetic fi eld. To check the existence of this record, we present a paleomagnetic and rock magnetic investigation of the three major fault zones within TCDP hole B. We identify for the fi rst time a magnetic record that is directly related to a large-magnitude earthquake. This magnetic record is carried by magnetite within the PSZ and neoformed goethite in the entire gouge.

METHODS

In 2008, U-channels (plastic boxes 2 cm × 2 cm, ~20 cm long) were used to contain core samples from the working half of TCDP hole B within the gouge layers of the three fault zones, FZB1136 (1136.22-1136.43 m), FZB1194 (1194.67-1194.89 m), and FZB1243 (1243.33-1243.51 m). One U-channel sample was from the wall rock of the Pliocene siltstones of the Chinshui Formation (1133.55-1133.69 m). The U-channels were oriented geographically, with an error <20°, using the bedding orientation (dip 30° toward N105°E; Wu et al., 2008;Yeh et al., 2007). The natural remanent magnetization (NRM) of each U-channel was analyzed in the automated stepwise alternatingfi eld demagnetization process (up to 100 mT) using a 755 SRM cryogenic magnetometer manufactured by 2G Enterprises. The residual fi eld inside the shielded room was <500 nT. A principal component analysis was used to infer paleomagnetic components. The mean vector was averaged out using Fisher statistics (Fisher, 1953). The stable paleomagnetic components are characterized by declination (D), inclination (I), distribution parameter (κ), and the angle of confi dence at the 95% level (α 95 ). To obtain complementary information on the NRM, we performed thermal demagnetization of nonoriented core fragments (<5 mm). The S-ratio profi le was measured along each U-channel. The S-ratio (IRM -0.3T / IRM +1T , where IRM is the isothermal remanent magnetization) is a proxy of magnetic coercivity [START_REF] Thompson | Environmental magnetism[END_REF]. It is measured at room temperature with a magnetic fi eld applied fi rst with 1 T, and second in the opposite direction with -0.3 T. In practice, an S-ratio close to 1 is an indication of magnetically soft minerals, such as magnetite. Its decrease points to the presence of magnetically hard minerals such as goethite and hematite. A transmission X-ray microscope image was obtained from a 15-µm-thick gouge sample of FZB1136 using the Beamline 01B1 from the National Synchrotron Radiation Research Center (NSRRC) in Taiwan.

RESULTS

Within the Chinshui Formation, the NRM carries multiple paleomagnetic components, with a main component of normal polarity (Fig. 1C). Its ~40° counterclockwise deviation from the modern dipole implies that this component is not a modern record. In comparison to the wall rock, the analysis of the FZB1136 gouge reveals a stable and single characteristic remanent magnetization of normal polarity, throughout its 16-cm-thick layer (Fig. 1D). This component is close to the 1999 international geomagnetic reference fi eld (IGRF) from central Taiwan (Fig. 1C). It resides essentially in hard coercive minerals because ~60% of the NRM remains after 100 mT alternatingfi eld demagnetization (Fig. 1E). The thermal demagnetization of core fragments reveals a linear decrease of NRM directed straight to the origin without evidence of secondary components. This is confi rmed by the analysis of directional data (not shown). The analysis of the FZB1194 and FZB1243 gouges revealed multiple paleomagnetic components with both normal and reverse magnetic polarities (Fig. 1C). These components are oriented in a southern direction and away from the 1999 IGRF magnetic dipole fi eld. After comparing the paleomagnetic results within the three fault zones and the wall rock, it is proposed that the single component observed throughout the FZB1136 gouge is the most recent magnetic record, and more than likely contemporaneous with the 1999 Chi-Chi seismic event.

Information is provided on the magnetic carriers of the FZB1136 gouge using the unblocking temperature spectrum of NRM (Fig. 2A), transmission X-ray microscope observations (Fig. 2B), and the magnetic coercivity parameters (Fig. 2C). Within the gouge, the principal maximum unblocking temperature is close to 120 °C (Fig. 2A) and is consistent with the Néel temperature of goethite (α-FeOOH, T N = 120 °C), a magnetically hard antiferromagnet (Hunt et al., 1995). Transmission X-ray microscopy reveals the occurrence of scattered, elongated (<5 µm long) and dense grains in the gouge, which are likely goethite (Fig. 2B). Within the Chi-Chi PSZ (1136.38 m;Boullier et al., 2009), the maximum unblocking temperature is close to 580 °C (Fig. 2A), which is the Curie temperature of magnetite (Fe 3 O 4 ), a magnetically soft ferromagnet (Hunt et al., 1995). Thus, the single paleomagnetic component of Chi-Chi PSZ resides, essentially, in magnetite. The record of coercivity parameters (S-ratio) pinpoints the relative contribution of magnetite and goethite within the FZB1136 gouge (Fig. 2C). The S-ratio profi le shows one relative minimum (magnetically hard) at 1136.30 m and one maximum (magnetically soft) within the Chi-Chi PSZ. The S-ratio profi le is consistent with a larger distribution of goethite in the center of the gouge layer, and a larger distribu-tion of magnetite in the Chi-Chi PSZ. It shows that the S-ratio profi le is an index to identify the most recent PSZ in the Chi-Chi gouge.

DISCUSSION AND CONCLUSIONS

From these observations, a model of the paleomagnetic record is proposed for FZB1136. We proffer three main types of magnetization that are acquired within the slip zones during an earthquake: (1) a thermoremanent magnetization (TRM) acquired post-seismically on the cooling of the slip zone (Ferré et al., 2005), (2) a chemical remanent magnetization (CRM) acquired post-seismically and carried by neoformed magnetic minerals (Nakamura et al., 2002), and (3) an isothermal remanent magnetization (IRM) acquired co-seismically during earthquake lightning (EQL) (Ferré et al., 2005). An EQL magnetization would be perpendicular to the fault plane (Ferré et al., 2005), which is not the case for the component of magnetization within the Chi-Chi gouge (Fig. 1C). Thus, we propose that EQL may be excluded as a magnetization process, and only thermalrelated and chemical-related magnetic records are considered in the FZB1136 gouge. Because the magnetic carriers of the magnetic record are different, we have to distinguish scenarios in the Chi-Chi PSZ and in the rest of the gouge. A temperature elevation due to frictional heating is expected during a co-seismic slip [START_REF] Rice | Heating and weakening of faults during earthquake slip[END_REF]. Frictional heating depends on the fault as doi:10.1130/G32864.1 Geology, published online on 19 April 2012 slip rate, displacement, friction coeffi cient, normal stress, and physical properties of the fault rocks. The ultimate phase of this process involves melting, with the formation of pseudotachylytes (Di Toro et al., 2006). The temperature peaks in the gouge and the Chi-Chi PSZ are still being debated, but generally, a lower limit of 400 °C is accepted (Boullier et al., 2009;Mishima et al., 2009). The PSZ cooling lasts only tens of seconds, and the thermal aureole extends less than the width of the PSZ (Kano et al., 2006). Upon cooling, a TRM is imprinted in the magnetic minerals contained in the PSZ and the baked contact. Within the 16 cm of gouge that carries the stable paleomagnetic component, only the millimeter-thick heated layers on both sides of the Chi-Chi PSZ have the potential to carry a friction-induced TRM. Experimental heating of the FZB1136 gouge showed that magnetite formed above 400 °C (Mishima et al., 2009). It is therefore proposed that the paleomagnetic record of the Chi-Chi PSZ and baked contact is partly a TRM carried by former magnetic minerals and partly a CRM carried by neoformed magnetite.

The paleomagnetic record in the 16 cm gouge is essentially carried by goethite, and other processes of magnetization should be viewed apart from the Chi-Chi PSZ and baked contact. To date, this is the fi rst time that goethite has been reported in the Chelungpu fault. Nakamura and Nagahama (2001) observed similar, ~5 µm, goethite within the Nojima fault gouge (Japan). They suggested that the goethite growth postdates the grain alignment of silicate minerals. Within the FZB1136, scattered ~5 µm elongated goethite could be observed, which supports the theory that goethite growth postdates the broad texture of gouge (Fig. 2B).

In order to crystallize, goethite requires water, temperature <200 °C, and low pH and iron (Cornell and Schwertmann, 2003). Therefore, the goethite attests to the presence of water in FZB1136. Recent geochemical investigations in the FZB1136 gouge suggest the presence of pore fl uids with a minimum temperature of 350 °C (Ishikawa et al., 2008). It is then possible that goethite formed upon the cooling of the pore fl uids. The source of iron could possibly be brought about by the dissolution of iron sulfi de in the FZB1136 gouge (Yeh et al., 2007). The dissolution of pyrite not only releases Fe 2+ and SO 4 2-ions but also decreases the fl uid's pH (Nakamura and Nagahama, 2001). It is therefore suggested that goethite is formed post-seismically within a few days of the earthquake's occurrence. Upon growing larger than the ~1800 nm 3 blocking volume (minimum volume for recording remanent magnetization; Cornell and Schwertmann, 2003), the goethite acquires a CRM. The recovery of a single-component record from within the FZB1136 gouge, unlike adjacent fault zones, implies the partial or complete removal of the magnetic records of ancient slip zones. It remains to be proven whether this behavior is related to earthquakes of large magnitudes (e.g., M w > 7).

The post-seismic magnetic record is instantaneous in the geological time scale, but it has the potential to survive for millions or even billions of years (Néel, 1955). Thus, the fault gouge can retain the magnetic record during inter-seismic time. It is suggested that the fault gouge magnetic record is a record of the latest earthquake event if only a single component is recovered, as in the case of the Chi-Chi gouge. If several components are detected, as in the fault zones FZB1194 and FZB1243, it is pos-sible that the components overlap each other due to perturbation.

Therefore, we propose the following scenario of a cycle of magnetic record during a large earthquake similar to Chi-Chi (Fig. 3).

1. During inter-seismic periods, the magnetic record of the latest large earthquake is preserved within the fault gouge.

2. During the co-seismic period, the gouge acts essentially as a magnetic eraser. Both the temperature elevation above the unblocking temperature of magnetic minerals and the chemical degradation of these minerals lead to the partial-to-complete demagnetization of the gouge. The exact mechanisms remain to be defi nitively determined, but in the Chi-Chi gouge, the >350 °C hot fl uids (Ishikawa et al., 2008) have probably demagnetized the former goethite.

3. During the post-seismic period, the gouge acts as a magnetic recorder. The cooling of the gouge and/or fl uids leads to a TRM imprint. Similarly, neoformed minerals resulting from any form of chemical process have the potential to carry a CRM. If confi rmed by further studies, this proposed seismic cycle of magnetic records opens new horizons for paleoseismology as well as for PSZ identifi cation and dating. To identify a PSZ, methods based on microscopy (Boullier et al., 2009), geochemistry (Hirono et al., 2008), or physical properties (Wu et al., 2007) are not one-to-one because several PSZs may stack together in the gouge.

In this study, the Chi-Chi gouge layer was identifi ed using the orientation of the magnetic record; the location of the millimeter-thick Chi-Chi PSZ was pinpointed using rock magnetism characteristics. This constitutes a new, fast, and nondestructive way to fi nd the most recent PSZ. as doi:10.1130/G32864.1 Geology, published online on 19 April 2012 1. Introduction [2] High-friction fault slip zones formed during earthquakes or laboratory experiments have distinguishable textures and mineral characteristics [Nakamura et al., 2002;Fukuchi et al., 2005;Tanikawa et al., 2007;Boullier et al., 2009]. In principle, characterization of slip zones may be relevant for assessing physical processes such as frictional heating, thermal pressurization, fracture energy, redox conditions, etc. In siliciclastic sedimentary environments, faults can develop within siltstones. These detrital rocks typically contain accessory minerals like siderite, iron oxides, and iron sulfides. Among these accessory minerals, pyrite (FeS 2 ) is worthy of study across slip zones for several reasons: 1) it is common within finegrained sediments with a concentration of about 1% [Berner, 1984]; 2) it is easy to identify using optical microscopy or electron microscopy; 3) it generally has a euhedral morphology with well-calibrated size distributions [Craig et al., 1998]; 4) pyrite crystals often cluster in so-called framboids that are as large as tens of microns across [Craig et al., 1998]; 5) it alters rapidly with temperature and in the presence of certain fluids; and releases SO 4 2À and Fe 2+ [START_REF] Jovanović | Kinetics of thermal decomposition of pyrite in an inert atmosphere[END_REF]Music et al., 1992;Lambert et al., 1998;Pelovski and Petkova, 1999;Mayoral et al., 2002]; 6) pyrite alteration lowers pH, which can result in dissolution of carbonate minerals that can then reprecipitate in the gouge [Liu and Liu, 2004]. [3] In fault zones, magnetic minerals are of interest because magnetic susceptibility anomalies have been reported in gouge and pseudotachylites [Nakamura et al., 2002;Mishima et al., 2009;Tanikawa et al., 2007;Ferré et al., 2012]. Similarly, Nakamura et al. [2002] and Ferré et al. [2005] suggested that magnetic minerals form during frictional melting associated with fault displacement during earthquakes. Generally, magnetic minerals are difficult to observe using optical or electron microscopy because of their low concentration (<0.1%) and small grain size (<1 mm). However, it is relatively easy to determine the nature, size and concentration of magnetic minerals using rock magnetic methods [e.g., Hunt et al., 1995]. Comparison between the magnetic mineral assemblage of wall rocks and fault gouge can help to determine the nature of neoformed magnetic minerals.

[4] During the Chi-Chi earthquake (M w 7.6, 1999), a large $80 km rupture occurred along the Chelungpu thrust [Ma et al., 1999]. The Chelungpu thrust propagates through the siliciclastic early Pliocene Chinshui Formation where pyrite framboids are initially present in the undeformed sediment [Boullier et al., 2009]. However, Hirono et al. [2008] reported a lack of pyrite in the gouge zone. Similarly, Hirono et al. [2007b] and Ishikawa et al. [2008] observed an abundance of SO 4 2À in the gouge zone and related it to pyrite dissolution. The gouge zone is also marked by a magnetic susceptibility peak due to the contribution of neoformed ferrimagnetic minerals [Mishima et al., 2009]. There is, therefore, an apparent correlation between the lack of pyrite and neoformed magnetic minerals that we would like to elucidate. Using unaltered samples from the Taiwan Chelungpu-fault Drilling Project (TCDP) Hole B borehole [Hirono et al., 2007a;Song et al., 2007a;Yeh et al., 2007], we determined how pyrite alter with the gouge and established the magnetic mineralogy of the Chinshui Formation and the gouge that hosts the 1999 Chi-Chi principal slip zone. The peak temperature reached in the gouge during the Chi-Chi earthquake is still debated; however, we show that identification of neoformed magnetic minerals provides additional evidence to estimate peak temperature and the presence of co-seismic fluids.

Geologic Setting

[5] In Taiwan, one of the largest inland earthquakes (M w = 7.6) took place on 21 September 1999, near the town of Chi-Chi (hypocenter 120.81 E, 23.86 N, depth $10 km [Ma et al., 1999;Kao and Chen, 2000], which caused large-scale casualties (2,321 deaths, 10,000 injured) and destruction (more than 100,000 buildings were damaged or destroyed). During the 1999 Chi-Chi earthquake, the surface rupture closely followed the $80 km Chelungpu fault, which is one of the most active faults in western Taiwan [Chen et al., 2002]. The Chelungpu fault system is an out-of-sequence thrust (Figure 1a), which is part of the ramp of a $20 km fault-bend-fold that is now largely eroded [Yue et al., 2005;Yeh et al., 2007]. The TCDP was designed to drill two cores in DaKeng, central Taiwan (Figures 1a and1b) [Yeh et al., 2007]. Hole A (depth 2,003 m) and Hole B (depth 1,352.6 m) are separated by 40 m. At the location of the two boreholes, the estimated slip during the 1999 Chi-Chi earthquake is $8 m [Ma et al., 2003]. Three major fault zones were identified within the Chinshui Formation [Hirono et al., 2007a]. From independent data sets, different authors proposed that the fault zone at 1,111 m depth and 1,136 m depth for Hole A and B, respectively, contains the principal slip zone (PSZ) of the Chi-Chi earthquake [Kano et al., 2006;Ma et al., 2006;Song et al., 2007a;Wu et al., 2007;Chou et al., 2012]. Boullier et al. [2009] determined the location of the Chi-Chi PSZ by identifying a $2 cm (Hole A) to 3 mm (Hole B) thick gouge layer. The PSZ differs from other ancient slip zones in that it has not been affected by any later compaction or deformation (veins, fractures, or shear zones). The PSZ at 1,136 m does not show evidence of melting [Boullier et al., 2009].

[6] The lower Pliocene Chinshui Formation (also called the Chinshui Shale) consists of alternating siltstones and $10-cm-thick sandstones. Minerals in the siltstones are quartz, clays, and accessory minerals (feldspar, calcite) [Isaacs et al., 2007]. Clay minerals consist of an assemblage of illite, chlorite, and kaolinite with accessory smectite [Kuo et al., 2009]. Organic matter is present at a concentration of $1% in the sediments, but its quantity is less than 0.7% in the fault zone [START_REF] Ikehara | Low total and inorganic carbon contents within the Taiwan Chelungpu fault system[END_REF]. Iron sulfides are common in the undeformed and deformed sediments [Boullier et al., 2009]. The Chinshui siltstones are unmetamorphosed with a recorded peak temperature due to modest burial of $120 C based on vitrinite reflectance [Sakaguchi et al., 2007].

Sampling and Methods

[7] For this study, we sampled the Chinshui Formation in TCDP Hole B across the $20-cm-thick 2a and2b; samples are listed in Table 1). In addition, we analyzed ten (2.5 cm  2 cm) polished thin sections that were cut perpendicular to bedding within the fault plane (samples 1 to 10, Figure 2c) that were thoroughly described by Boullier et al. [2009]. These sections contain the boundaries between the gouge, the hanging wall, and the footwall deformed sediments. The deformed sediments were initially labeled 'gray gouge' principally because of their color [Hirono et al., 2007a]. However, within the 'gray gouge', bedding is preserved and thus the 'gray gouge' cannot be genetically related to gouge formation. To avoid confusion, we abandon the name 'gray gouge' in favor of 'deformed sediments' and we call gouge the 'black gouge' horizon. The 16-cmthick gouge, which is surrounded by deformed sediments, constitutes a horizon of gouges where the bedding or other sedimentary structures are no longer preserved. Some gouges are reworked and are interpreted as ancient slip zones [Boullier et al., 2009]. A 3-mm-thick level of gouge in thin section 8 (Figure 2c) is not reworked and consists of alternating clay-rich and clast-rich layers. Boullier et al. [2009] proposed that this slip zone was generated during the 1999 Chi-Chi event. Hereafter, it is referred to as the PSZ. From the 10 thin sections, we made scanning electron microscope (SEM) observations coupled with energy dispersive spectrometry (EDS) measurements and reflected-light polarizing microscope observations. We also made transmission X-ray microscopy (TXM) observations on 17 polished thick sections from the working section of TCDP Hole B core (Table 1). From these polished thick sections, we cut a few millimeter-long pieces and impregnated them with resin. Then, we cut each section into 15-mm-thick samples for TXM observation. We obtained fourteen 15-mm-thick samples from the fault zone, and three from the two parts of the hanging wall and footwall deformed sediments (Figure 2a and Table 1). For magnetic property measurements, we sampled hundreds of milligrams of rock powder within the 20-cm-thick fault zone, including deformed sediments and gouge. [8] We used a LEO Stereoscan 440 SEM equipped with EDS (Analyzer EDX KEVEX SYGMA) for elemental analysis. The SEM was operated at 15 keV with 4 nA current. For TXM observation, we used the BL01B Beamline with 60 nm tomographic resolution at the National Synchrotron Radiation Research Center (NSRRC), Taiwan [Yin et al., 2006;Song et al., 2007b]. A superconducting wavelength shifter source provides a measured photon flux of 4.5  10 11 photons/s/0.1% bw in the energy range 5-20 keV. X-rays generated by a wavelength shifter are primarily focused at a charge-coupled detector by a toroidal focusing mirror with a focal ratio of nearly 1:1. A double crystal monochromator that exploits a pair of Ge (111) crystals selects X-rays of energy 8-11 keV. After the focusing mirror and double crystal monochromator, a capillary condenser further shapes the X-ray beam. The condenser intercepts the impinging X-rays and further focuses them onto the sample. The image of the sample is magnified with a zone plate. The field of view of the image is 15  15 mm 2 for the first-order diffraction mode of the zone plate. The phase term can be retrieved by the Zernike's phase contrast method for imaging light materials. The phase ring positioned at the back focal plane of the zone plate results in a recording of the phase contrast images at the detector. By acquiring a series of two-dimensional (2-D) images with the sample rotated stepwise, three-dimensional (3-D) tomography data sets are reconstructed from 141 images from À70 to +70 . We scanned each sample over an area of 2700 mm 2 .

[9] We also conducted a non-destructive magnetic investigation at room temperature (300 K) and at low temperature (10 to 300 K) to characterize the magnetic mineral assemblage in the deformed sediments and gouge in the Chi-Chi fault zone. In a first set of experiments, we measured the low-temperature dependency of a saturation isothermal remanent magnetization (SIRM) using a Quantum Designs Magnetic Property Measurement System (MPMS) XL5 EverCool system at the Institute de Physique du Globe de Paris (IPGP), France. To impart an SIRM, a magnetic field of 2.5 T was applied, either at room temperature (RT-SIRM at 300 K) or at low temperature (LT-SIRM at 10 K). We monitored successively the cooling and the warming demagnetization curves of the RT-SIRM and the LT-SIRM. We refer to warming curves of LT-SIRM as ZFC (zero field cooled). During cooling of the RT-SIRM, a positive magnetic field of 5 mT ($1/10 of the Earth's magnetic field) was applied to enable detection of a potential Néel transition. For samples M3, M4, and M5 (Table 1), we cycled the RT-SIRM during cooling and warming (cycling RT-SIRM). For this procedure, we removed the 5 mT magnetic field, and the residual magnetic field in the MPMS was <0.1 mT. We measured $400 mg of rock powder sealed in a gel-cap. In a second set of experiments, we measured first-order reversal curves (FORCs) [Pike et al., 1999;Roberts et al., 2000] using a Princeton Measurement Corporation vibrating sample magnetometer located at the Institute for Rock Magnetism (Minneapolis, USA). We measured FORCs using an averaging time of 0.5 s and processed the data using the FORCinel software [Harrison and Feinberg, 2008].

Results

Reflected-Light Polarizing Microscopy

[10] Inspection of thin sections using reflected-light polarizing microscopy indicates the presence of numerous framboids in the undeformed and deformed sediments. Complete extinction is observed for most of the framboids under polarized reflected-light, which suggests that they are isotropic minerals. The number of framboids decreases considerably from the deformed sediments to the gouge, where only a few reflective minerals (<25 mm) are observed. We 2c). Some parts of the aggregate are greigite (Fe 3 S 4 ). (b) Large iron sulfide aggregates that contain framboidal pyrite with micro-fractures and shears in the deformed sediments (S2 in Figure 2c). (c) Pyrite grain in the gouge (S3 in Figure 2c). The framboidal FeS core (pyrrhotite, which is a replacement of a framboidal pyrite) has an FeS 2 rim. The photos on the right were obtained using reflected-light microscopy (P: polarized reflected; L: light reflected); pyrite is dark and pyrrhotite is light under polarized light. (d) Large cluster of pyrite grains mixed with quartz (S4 in Figure 2c). (e) Small pyrite grains (bright backscattered grains, smaller than 5 mm, one is 20 mm) and quartz grains within the Chi-Chi PSZ (S8 in Figure 2c). (f) Detail of Figure 3e: fractured pyrite grain within the PSZ (S8 in Figure 2c). (g) Image of the Chi-Chi PSZ (S8 in Figure 2c). (h) Pyrite grain (3 mm) within the Chi-Chi PSZ (S8 in Figure 2c). did not observe magnetic minerals such as magnetite at the >1 mm scale.

SEM Observations

[11] In the deformed sediments close to the gouge, as well as in sediments from the hanging wall and footwall, numerous large iron sulfide aggregates include framboids of various sizes (1-5 mm) (Figure 3a). EDS analysis reveals that euhedral crystals within the framboids consist of pyrite (FeS 2 ). The size of pyrite crystals (1 mm) is homogenous within framboids (Figure 3a). Isolated euhedral pyrite grains, with variable sizes, are also observed. Small framboids (5 mm) consist of aggregates of 100 nm iron monosulfide grains (FeS) (Figure 3a). FeS framboids are commonly observed from similar sediments in Taiwan and elsewhere and are interpreted as greigite (Fe 3 S 4 ) framboids [Jiang et al., 2001;Roberts and Weaver, 2005;Rowan and Roberts, 2006]. In deformed sediments close to the gouge, some iron sulfide aggregates have been dismembered by shearing (Figure 3b). From the pattern of shear planes, we identified a sense of shear that is consistent with the thrust orientation on the Chelungpu fault (Figure 3b).

[12] In the gouge (thin sections 2 to 9), we observed framboids of two types. Some framboids, with diameter of 5 to 25 mm, have a FeS core surrounded by a 110 mm FeS 2 rim (Figure 3c). Under reflected-light microscopy, the core remains bright and the rim is black (Figure 3c, inset). This observation suggests that the FeS core is not cubic, which excludes the possibility that it is greigite. The second type of framboid is observed 1 mm from the PSZ (thin section 8). It consists of 100 mm clusters of irregular-shaped pyrite crystals (Figure 3d). This resembles intensely deformed overgrown sedimentary sulfides. Within the 1999 Chi-Chi PSZ (thin section 8), we never observed framboids. Instead, small overgrown sulfide aggregates (<25 mm) are identified (Figure 3h). We also observed fine (<3 mm) pyrite grains scattered within the quartz and clay matrix (Figures 3g and3h).

Transmission X-Ray Microscopy

[13] TXM provides three-dimensional (3-D) images of framboids that complement our two-dimensional (2-D) SEM and reflected-light microscopy observations. Within hanging wall (at a depth of 1,133.04 m) sediments, footwall (1,138.48 m) sediments, and deformed sediments (1,135.83 m) (Figure 2a), framboids are common (Figure 4a). Framboids are generally grouped in high concentrations in some parts of siltstones. This is probably a result of remineralization of large pieces of organic matter during early diagenesis [Roberts and Weaver, 2005]. Typically, the diameter of the framboids is larger than 10 mm, and the grain size of each pyrite crystal within the framboids is close to 1 mm. [14] At a depth of 1,136.24 m in the borehole (thin section 2), a $1-cm-thick layer of foliated gouge was identified by Boullier et al. [2009] (Figure 2c). There, TXM observations reveal the occurrence of numerous framboids together with dense spherical or cubic minerals (Figure 4b). The framboids are not aggregates and are scattered throughout the gouge. Within the gouge and near the 1999 Chi-Chi PSZ (Figures 4c and4d), framboidal clusters are not observed. Instead, we observed 5 to 25 mm individual spherical-like mineral aggregates (Figure 4c) that probably correspond to the pyrite that we described in the gouge using SEM (Figures 3c and3d).

Magnetic Properties

[15] Magnetic properties are comparable for the undeformed sediments (sample M1) and deformed sediments (sample M2) (Figures 5a and5b). A Verwey transition at 120 K is detected in RT-SIRM demagnetization curves (see derivatives in insets in Figure 5) and in ZFC demagnetization curves. The Verwey transition indicates the occurrence of stoichiometric magnetite [Özdemir and Dunlop, 1999]. An additional magnetic transition is detected near 35 K for both ZFC and RT-SIRM demagnetization curves. This $35 K transition is marked by a drop of one to two orders of magnitude of the LT-SIRM. The $35 K transition is less evident in RT-SIRM demagnetization curves, with a break in slope at about 80 K followed by an enhancement of remanence (Figures 5a and5b; see derivative). This behavior is similar to the P-behavior described by Aubourg and Pozzi [2010] and Kars et al. [2011]. The nature of P-behavior will be discussed later. We calculated the maximum concentration of magnetite by assuming that only magnetite contributes to the RT-SIRM at room temperature (300 K). The RT-SIRM at 300 K is less than 10 À3 Am 2 /kg for the different sediments that we measured. Taking the SIRM of magnetite as $10 Am 2 /kg [Maher et al., 1999], we infer a maximum concentration of magnetite of 100 ppmv (concentration in parts per million by volume = 1 Â 10 6 Â RT-SIRM/ SIRM magnetite ). FORC diagrams are noisy due to the small concentration of ferrimagnetic grains with respect to the paramagnetic contribution (Figures 5f and5g), so high values of the smoothing factor (SF) were needed. The FORC diagrams are consistent with a distribution of weakly interacting single domain to superparamagnetic (SP) particles [e.g., Pike et al., 2001;Rowan and Roberts, 2006].

[16] Gouge samples M3-M5 (Table 1) have different magnetic properties (Figures 5c-5e). From 300 K to 150 K, there is a regular increase of up to $10% of the RT-SIRM. This increase is diagnostic of goethite (a-FeOOH) [Dekkers, 1989;Maher et al., 1999;Liu et al., 2006]. To check for the presence of goethite, we imparted a RT-SIRM at 300 K, and warmed it up to 400 K (Figure 6), which is close to Néel temperature of goethite (120 C [e.g., Özdemir and Dunlop, 1996]). About $50% of the RT-SIRM is then lost at 400 K, which indicates that goethite contributes a large part of the artificial remanence. In the host sediments, by comparison, the increase of RT-SIRM from 300 K to 150 K is limited to 1 to 2% and the drop from 300 K to 400 K is less than 25%. In the gouge, the Verwey transition is much less pronounced and is observed only during cooling of the RT-SIRM (Figures 5d and5e). The most notable difference is observed near 35 K. The ZFC curves do not undergo the one to two order magnitude remanence decrease at 35 K that is observed in host rock sediments. In addition, there is no P-behavior during cooling of the RT-SIRM. Instead, a $35 K transition is characterized by a remanence drop despite application of a +5 mT magnetic field in the MPMS. This transition is similar to the magnetic transition for >1 mm pyrrhotite [Dekkers et al., 1989;Rochette et al., 1990]. According to Dekkers et al. [1989], the degree of reversibility of this transition is an indication of grain size. When cycling the RT-SIRM for sample M5 (Figure 7), we observed a reversible magnetic transition at 35 K, which indicates that pyrrhotite is fine-grained and close to 1 mm in size (h/c ratio 0.96). We calculated the maximum concentrations of goethite, pyrrhotite, and magnetite in the studied samples. At room temperature, the RT-SIRM is <10 À2 Am 2 /kg for the different measured gouges. We assume that the contribution of goethite is about half of this value. Taking the SIRM of goethite as 0.05 Am 2 /kg [Maher et al., 1999], we obtain a maximum concentration of several percent goethite (RT-SIRM/ SIRM goethite ). Assuming that the other half of the remanence is carried by pyrrhotite or magnetite, and assuming the SIRM of pyrrhotite as $4.5 Am 2 /kg and of magnetite as $10 Am 2 /kg [Maher et al., 1999], we obtain a maximum concentration of pyrrhotite of less than 0.1% (concentration% = 100 Â RT-SIRM/2SIRM pyrrhotite ) and a maximum concentration of magnetite of less than 500 ppmv (concentration ppmv = 1 Â 10 6 Â RT-SIRM/ 2SIRM magnetite ). This suggests that there is an enhanced concentration of ferrimagnetic minerals in the gouge. FORC diagrams for gouge (M3) and PSZ (M5) have a significant high-coercivity contribution (Figures 5h and5i). A coercivity peak at 90 mT is consistent with the presence of magnetically interacting pyrrhotite [Wehland et al., 2005;Roberts et al., 2006]. Although goethite is identified using low-temperature remanence properties, we did not observe evidence of high-coercivities up to 500 mT in the FORC diagrams (data are not shown). We infer that the coercivity of this goethite is too high to contribute to the FORC distribution. Rochette et al. [2005] showed that natural goethite may not saturate even at fields up to 57 T.

Discussion

Iron Sulfides

[17] Iron sulfide minerals are common in organic matter rich sedimentary rocks [Reimer, 1984;Tribovillard et al., 2002;MacLean et al., 2008]. This is particularly true within Plio-Pleistocene sediments from Taiwan [Horng et al., 1992[Horng et al., , 1998;;Jiang et al., 2001] and within the Chinshui Formation, as confirmed by our observations. In these sediments, the iron sulfides typically form as framboids (Figures 3a,3b,and 4a), but they can also appear as individual euhedral crystals. TXM inspection indicates that the framboids are not randomly scattered but are grouped as packs of tens of framboids in the sediments (Figures 3a,3b,and 4a). SEM observations coupled with EDS analyses indicate that the framboids consist essentially of pyrite aggregates. However, small framboids (<0.1 mm) have an 'FeS' composition, and are likely greigite (Fe 3 S 4 ). Greigite often forms during early [Rowan et al., 2009] or late [Roberts and Weaver, 2005] diagenesis and is probably preserved in the unmetamorphosed Chinshui Formation. In deformed sediments, the only form of alteration of pyrite that we observed is the development of shear planes (Figure 3b). This is the first type of alteration of framboids that we detected in the deformed sediments. In the gouge, all micro-scale observations confirm the absence of well-preserved framboids.

[18] The pyrite content decreases drastically from the host sediments to the gouge. Hirono et al. [2007b] and Ishikawa et al. [2008] reported an 2À in the gouge zone and related it to pyrite dissolution. Pyrite dissolution would release sulfate and would lower the pH of the immediately surrounding sediment [Roberts and Weaver, 2005]. Low pH conditions in turn would favor dissolution of carbonate minerals. This could be an alternative explanation for the low inorganic carbon content in the gouge [Hirono et al., 2008;Hamada et al., 2009;Mishima et al., 2009].

[19] Hirono et al. [2008] reported a lack of pyrite in the gouge based on X-ray diffraction spectroscopy. Our observations contradict this view. In the gouge, we observe: 1) unusual small framboids (<25 mm) with FeS 2 as a rim and FeS as a core (Figure 3c), 2) detrital pyrite with irregular shapes (Figures 3d and3f), and 3) individual <2 mm pyrite grains (Figure 3g). Individual pyrite grains are observed within the whole gouge, including the Chi-Chi PSZ (Figures 3e-3h). However, framboids have not been observed in the Chi-Chi PSZ.

[20] For the first time, we identified pyrrhotite in the gouge. This is based on the drop in remanence at $35 K in the RT-SIRM demagnetization curves (Figure 7) which is a diagnostic signature of >1 mm pyrrhotite [Dekkers et al., 1989;Rochette et al., 1990]. The quasi-reversible path of the pyrrhotite transition indicates that the size of pyrrhotite grains is close to 1 mm [Dekkers et al., 1989]. The distribution of coercivities around $90 mT (Figures 5h and5i) suggests that strongly interacting pyrrhotite dominates the magnetic assemblage of the gouge [Wehland et al., 2005;Roberts et al., 2006]. Our magnetic observations along with SEM observations reveal the occurrence of unusual framboids with rims of FeS 2 (pyrite) and cores of FeS (Figure 3c). The FeS phase included in framboids is likely pyrrhotite, which is detected magnetically, because it has grain sizes between 0.5 and 1 mm and is not cubic (Figure 3c). In addition, the strong magnetic interactions suggested by FORC diagrams can be explained by the tight grouping of pyrrhotite minerals enclosed in framboids. We never detected coarser >1 mm pyrrhotite in the Chinshui siltstones. Additional low-temperature magnetic experiments performed by Humbert et al.

[2012] confirm our observations. We therefore argue that the coarser >1 mm pyrrhotite is not derived from the host rocks and that it was neoformed in the fault gouge.

[21] The preservation of iron sulfides like pyrite and the neoformation of pyrrhotite in the fault gouge are consistent with several observations. First, iron sulfide neoformation attests to a reducing environment in the gouge. This is in agreement with geochemical observations in the gouge from FZB1136 [Ishikawa et al., 2008]. Second, the association of pyrite and pyrrhotite may imply heating and cooling during co-seismic and post-seismic processes. We assume that pyrrhotite formation is related to alteration of pyrite grains. [START_REF] Chin | Synthesis of FeS 2 and FeS nanoparticles by high-energy mechanical milling and mechanochemical processing[END_REF] observed that mechanical milling of pyrite under CO 2 -rich conditions triggered pyrrhotite formation. This process is feasible in a gouge where milling is a common process. However, we infer the presence of large pyrrhotite grains ($1 mm) grains in the FZB1136 gouge, which is supported by direct observations of framboid relics that have not been completely crushed (Figure 3c). Therefore, we conclude that an additional process occurred. Wang et al. [2008] demonstrated that oxidation of pyrite to pyrrhotite or hematite can occur during shortterm exposure to temperatures up to 700 C (heating rate: 11 C/minute). With a similar heating rate, Bhargava et al. [2009] observed that heating of pyrite yields pyrrhotite at 500 C under inert conditions (pure N 2 or Ar gas). This is consistent with the heating experiments of Mayoral et al. [2002] at 500 C with a higher heating rate (80 C/minute). When extrapolating these experimental results to our study, we suggest that elevated temperatures of >500 C in the gouge triggered pyrrhotite formation at the expense of pyrite. The gouge is a stack of numerous slip zones, and within each slip zone elevated temperatures are likely due to frictional processes [Boullier et al., 2009]. Even if there is no evidence of melting in the FZB1136 gouge [Hirono et al., 2008;Boullier et al., 2009], temperatures above 500 C are nevertheless possible in parts of the gouge, including the 1999 Chi-Chi PSZ. Therefore, we suggest that pyrrhotite formed at temperatures >500 C associated with repeated earthquakes.

[22] A temperature above 350 C in the gouge has been proposed by several authors, based on geochemistry [Ishikawa et al., 2008], carbonate alteration [Hirono et al., 2008], vaporization of water during thermal pressurization [Boullier et al., 2009], and formation of magnetic minerals [START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF]Tanikawa et al., 2008;Mishima et al., 2009]. Ishikawa et al. [2008] suggested that the chemical characteristics of the gouge were produced by interaction with co-seismic aqueous fluids derived from sediment pore waters with temperatures up to 350 C. We calculated Eh-pH diagrams using the Geochemist's Workbench software and considered the stability of pyrite and pyrrhotite in an aqueous fluid within the gouge (Figure 8). The pyrite stability field increases from 300 to 100 C at lower Eh conditions. The gouge appears to have formed under anoxic conditions based on microbial observations at 1,000 m depth in TCDP core Hole A [Wang et al., 2007]. We suggest that pyrite formed as a result of retrograde metamorphism. The presence of pyrite rims on pyrrhotite cores in the framboids (Figure 3c) supports the retrograde metamorphism hypothesis. Only pyrrhotite on the surface of framboids will be affected by retrograde metamorphism, and the core of pyrrhotite will be preserved. If correct, this suggests that most pyrite in the gouge (Figures 3e-3h) resulted from retrograde metamorphism during cooling of co-seismic fluids from above 350 C. [START_REF] Humbert | Magnetic inference of in situ open microcracks in sandstone samples from the Taiwan Chelungpu Fault Drilling Project (TCDP)[END_REF] Magnetite is present in the Chinshui Formation, and recognition of the Verwey transition ($120 K; Figure 5a) implies the occurrence of stoichiometric magnetite with a maximum concentration of 100 ppmv. Mishima et al. [2009] also reported a low concentration of magnetite in the Chinshui siltstones. The marked $35 K magnetic transition observed from ZFC demagnetization curves (Figure 5), also observed by Mishima et al. [2009], could be explained by superparamagnetic (SP) grains, monoclinic pyrrhotite, siderite (FeCO 3 ), and rhodochrosite (MnCO 3 ) [Housen et al., 1996;Kars et al., 2011]. It is well known that magnetite nanoparticles carry a remanence at low temperature (typically 10 K), and that they lose this remanence on warming [Hunt et al., 1995]. Mishima et al. [2009] attributed this 35 K transition to SP grains in the Chinshui Formation. Although we agree with Mishima et al. [2009], from the same samples we observed development of a magnetic transition with a break-in-slope at $35 K on RT-SIRM demagnetization curves (Figure 5). Aubourg and Pozzi [2010] and Kars et al. [2011] observed the same behavior in unmetamorphosed claystones. They proposed that this magnetic transition, referred to as P-behavior, is due to a combination of a fine-grained pyrrhotite transition and an induced magnetization of unknown origin. We support this interpretation because of the strong similarity of low-temperature demagnetization curves (ZFC, RT-SIRM) of Chinshui Formation sedimentary rocks with those reported by Aubourg and Pozzi [2010] and Kars et al. [2011]. If correct, the presence of stoichiometric fine-grained magnetite and fine-grained pyrrhotite of the Chinshui Formation is diagnostic of modest burial below 5 km [Aubourg and Pozzi, 2010;Abdelmalak et al., 2012]. This is consistent with a burial temperature of about 120 C, inferred from vitrinite reflectance data (R0$0.8%) [Sakaguchi et al., 2007].

Magnetite

[24] The magnetic properties of gouge differ from those of the host sediments. In particular, we , a ClÀ = 10 À2 , a Fe2+ = 10 À4 (higher iron concentration). The pressure used is 30 MPa, which is equivalent to lithostatic pressure at a depth of 1,100 m. Note that at higher temperatures the pyrrhotite field exists at strong reducing conditions in a pH range of 5.3-8.2. As temperature decreases, the pyrite field expands and pyrrhotite alters to pyrite. observe a weakening of the Verwey transition (Figures 5c-5e), which suggests that magnetite is partially oxidized [Özdemir et al., 1993;Cui et al., 1994;Özdemir et al., 2002]. The presence of coseismic hot fluids in the gouge [Ishikawa et al., 2008] constitutes a possible explanation for the partial alteration of magnetite, where magnetite could be oxidized to maghemite thereby causing weakening of the Verwey transition [Özdemir et al., 1993;Cui et al., 1994;Özdemir et al., 2002]. The absence of a large remanence drop between 10 K and 40 K in the ZFC demagnetization curves (Figures 5a and5b) implies that the grain size fraction of magnetite is essentially above the SP threshold size (20 nm). Paradoxically, ultrafinegrained magnetic minerals present in the Chinshui Formation do not exist in the gouge, where grain size reduction by a milling process is likely. We interpret that the ultrafine fraction is altered chemically during repeated earthquakes. Aubourg and Pozzi [2010] showed that moderate heating up to 250 C promotes drastic reduction of the 35 K magnetic transition. We suggest, therefore, that the increased temperature in the gouge alters the ultrafine-grained fraction of magnetic minerals.

Geochemistry

[25] A fraction of magnetite could have been inherited from the Chinshui Formation. However, detrital magnetite is probably unlikely in sediments that have been extensively pyritized [Rowan et al., 2009]. Magnetite can form at elevated temperatures, by precipitation from frictional melts as observed in natural pseudotachylites [Ferré et al., 2005[Ferré et al., , 2012] ] or in experimental pseudotachylites [Nakamura et al., 2002]. Similar to pyrrhotite, we suggest that some magnetite formed during repeated earthquakes within the gouge.

Goethite

[26] The evolution of remanence on heating and cooling (Figures 5c-5e) also suggests the occurrence of goethite (a-FeOOH) in the gouge. Recognition of goethite is important because it demonstrates the presence of fluid in the gouge. In a companion paper, we provided additional evidence for the occurrence of goethite [Chou et al., 2012] and showed that the natural remanent magnetization in the gouge is carried essentially by goethite. We suggest that this magnetization record is contemporaneous with the 1999 Chi-Chi event. TXM tomography identified scattered 5 mm goethite grains within the gouge. The remanence and TXM observations led Chou et al. [2012] to propose that goethite formed from cooling of co-seismic fluids within the gouge. Low pH conditions associated with pyrite alteration would favor goethite formation [Schwertmann and Murad, 1983;Murad and Rojik, 2003]. In addition, Nakamura and Nagahama [2001] also observed 5 mm goethite in the Nojima fault gouge from Japan. We therefore suggest that study of goethite in fault gouge is important to detect evidence of co-seismic fluids and could be an indicator of thermal pressurization.

Implications for Identification of Earthquake Slip Zones

[27] In sediment-derived fault gouge, endothermic dehydration reactions and the phase change from liquid water to steam can efficiently buffer the temperature within a fault [START_REF] Brantut | Fast slip with inhibited temperature rise due to mineral dehydration: Evidence from experiments on gypsum[END_REF]. This is consistent with the scarcity of melts in sediment-derived fault gouge, as was observed in the FZB1136 gouge [Boullier et al., 2009]. Generally, recognition of clay-clast aggregates (CCA) [Boullier et al., 2009] is good evidence of thermal pressurization processes, and, in turn, as a signature of earthquakes [Boutareaud et al., 2008]. Identification of neoformed minerals can be an alternative indicator of limited temperature elevation and fluid interaction. In this regard, we suggest that at the time of pyrrhotite formation in the FZB1136 gouge, this implies a temperature above 500 C. Similarly, we suggest that goethite formation is an indication of thermal pressurization processes. In fold-andthrust belts, thrusts similar to the Chelungpu fault are common and likely developed within clay-rich rocks. If pyrrhotite and goethite exist in the gouge, and not in the host rocks, then it can be inferred that temperature enhancement took place and that fluids infiltrated the gouge.

Conclusions

[28] The 16-cm-thick gouge zone intersected in the TCDP drill holes is a product of repeated earthquakes, including the Chi-Chi earthquake (M w 7.6, 1999), and has had a complex mechanical and thermal history. The wall rocks are made up of the Chinshui Formation, which contains several percent pyrite. The magnetic mineral assemblage of this formation is typical of unmetamorphosed sediments and consists essentially of nanometric stoichiometric magnetite. Micro-scale observations indicate that the concentration of pyrite framboids decreases considerably from the wall rock into the gouge. Pyrite alteration would cause a lowering of pH, and, in turn, would promote carbonate mineral dissolution. Beside pyrite alteration, we identify for the first time the occurrence of micrometric pyrrhotite in the fault gouge. The pyrrhotite likely formed at high temperatures (>500 C) at the expense of pyrite. Magnetite, which is also present in the gouge, is partially altered. We propose that pyrrhotite and some of the magnetite formed at elevated temperatures during frictional heating along the slip zones. The total concentration of pyrrhotite and magnetite is therefore a result of numerous earthquakes. In the gouge, we also identify neoformed goethite, which implies the presence of hot fluids (>350 C). On cooling, these hot fluids altered pyrrhotite into pyrite and magnetite into partially altered magnetite. Our results demonstrate that characterization of magnetic minerals provides a useful means of studying earthquake processes in faults.

  universe! In my life, I have to thank my parents! They support and encourage me to pursue my dream, let me finish my PhD degree without disturbance. I LOVE YOU! I would like to thank Pr. Sheng-Rong Song and Pr. Charles Aubourg as my co-supervisors. They gave me a right direction and a lot of suggestions for my research. I also thank Pr. Kuo-Fong Ma and Pr. Eric Ferré as my reporters of thesis, Pr. Christian David, Dr. The-Quei Lee, Dr. Yen-Fang Song, and Pr. Chao-Song Lin as juries of defense. I thank Pr. Anne-Marie Boullier, Pr. En-Chao Yeh, Pr. Ming-Kuan Wang, Pr. Jean-Pierre Pozzi, Dr. France Lagroix, Pr. Laurent Louis, Dr. Fabien Humbert, Dr. Li-Wei Kuo, Dr. Tung-Ming Tsao, Dr. Chun-Jay Wang, Mr. Chao-Chi Chen, Mr. Kung-Chen Yeh, and Mr. Yi-Ming Chen helped me to accomplish my lab measurements and thesis writing. I would like to thank all the members in Pr. Song's laboratory and the members in Cergy. Thanks for accompany with me during the long trip of PhD study. The National Science Council of Taiwan under grants NSC 96-2627-M-002-011 and NSC 97-2627-M-213-001 with a TEC contribution number supported this research. Eiffel excellence scholarship program (EGIDE, France) and the Graduate Student Study Abroad Program (NSC, Taiwan) also supported me for my finance in France. un tremblement de terre, les transformations physiques et chimiques qui surviennent le long d'une zone de glissement vont conduire à l'altération et à la formation de minéraux. Les feuille zones de glissement seismique contient des minéraux ferromagnétiques, qui peuvent être hérités ou bien formés sous l'action combinée de la chaleur frictionnelle et par l'action chimique des fluides. Ainsi, la gouge a le potentiel d'enregistreur le champ magnétique local pendant un tremblement de terre. Il s'agit là d'une nouvelle méthode pour identifier les zones de glissement de tremblements de terre. En outre, les minéraux magnétiques initiaux, altérés, et néoformés peuvent être utilisés comme traceurs de certains processus physico-chimique répétitions. Dans cette étude, nous étudions le magnétisme des roches et l'enregistrement paléomagnétique de la gouge de faille active de Chelungpu qui contient, entre autres, la principale zone de glissement du tremblement de terre de Chi-Chi (M w 7.6, 1999, Taiwan). Nous avons bénéficié pour cette étude d'échantillons non altérés provenant des carottes du forage B Taiwan Chelungpu-Fault Drilling Project (TCDP). Nous avons également échantillonné la faille de Chelungpu à l'affleurement pour une caractérisation des nanoparticules. Cette caractérisation vise à estimer l'énergie de fracture dans la gouge de faille.

  partiellement oxydée. La pyrrhotite et la goethite sont néoformées. Nous proposons que la pyrrhotite se forme à partir d'une décomposition à haute température de la pyrite (>500°C) lors de la production de chaleur frictionnelle co-sismique. Nous suggérons que la goethite, se forme à partir de fluides chauds (>350°C) chaude co-sismiques en liaison avec le séisme de Chi-Chi en 1999. Les températures de fluide élevées peuvent aussi expliquer la modification partielle de la magnétite et l'altération rétrograde de certaine pyrrhotite en pyrite. Nous suggérons que la caractérisation de minéraux néoformés magnétiques peut fournir des informations importantes pour l'étude des zones de glissement du tremblement de terre dans les sédiments dérivés de gouge de faille.
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 121112 Fig. 1-1. Schematic block-diagram illustrating the lithospheric structure of Taiwan (Figure from Angelier et al., 2001). .................................................................. 10 Fig. 1-2. Map of active faults and background seismicity distribution in Taiwan. The hypocentre of 1999 Chi-Chi earthquake is located at centre Taiwan (120.81°E, 23.86°N) (Modified from Ma et al., 1999). ...................................................... 11 Fig. 1-3. GPS records of 1999 Chi-Chi earthquake show that the large slip velocity was observed about 3.0-4.5 m/s with 8-12 m displacements and low level of high-frequency radiation in the northern part of Chelungpu fault. But in the southern part, the slip velocity is 0.5-2 m/s with 3-4 m displacements (Figure from Ma et al., 2003). ....................................................................................... 12 Fig. 1-4. Correlation of three major fault zones within Chelungpu fault system between TCDP Hole A and Hole B (Figure from Hirono et al., 2007). ........... 13 Fig. 1-5. (A) Fault zone description, X-ray CT images, and photos of FZB1136. The white frame corresponds to the locations of polished sections. (B) In the collage of SEM images from the polished sections, two yellow lines are the boundaries between gray gouge zone (GGZ) and the black gouge zone (BGZ). The yellow asterisks indicate clay-clast aggregates (CCAs). The double green dashed line is the Chi-Chi principal slip zone (PSZ). (C) The SEM image of the 3 mm-thick Chi-Chi PSZ shows very fine-grained ultracataclasite (after Boullier et al., 2009; Hirono et al., 2007a). ........................................................................................ 14 Fig. 1-6. Fault zone description, X-ray CT images, and photos of FZB1194 (Figure from Hirono et al., 2007a). ............................................................................... 15 Fig. 1-7. Fault zone description, X-ray CT images, and photos of FZB1243 (Figure from Hirono et al., 2007a). ............................................................................... 16 Fig. 1-8. Photo of pseudotachylytes, which is found in an exposure of the Skeeter fault, USA (Figure from Kirkpatrick et al., 2009). ........................................... 17
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 11231121 Fig. 1-9. Examples of pseudotachylytes in granite and pattern of magnetic susceptibility (Figure from Ferré et al., 2012). ................................................ 18 Fig. 1-10. 2-D thermal conductivity model for a pseudotachylite vein(Peacock, 1990; Figure from Ferré et al., 2005). A 20 mm-thick pseudotachylyte vein and thermal
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 1112111111111 Fig. 1-1: Schematic block-diagram illustrating the lithospheric structure of Taiwan (Figure from Angelier et al., 2001).
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 1111 Fig. 1-13: Continuous in situ and non-destructive measurement, which were by using the Multi-Sensor Core Logger (MSCL) system in TCDP hole B has shown that three major fault zones are characterized by an increase in the magnetic susceptibility (Figure from Hirono et al., 2006).
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 21 Fig. 2-1: Locations, major fault zones and paleomagnetic records. (A) A geological map showing the epicenter of Chi-Chi earthquake (M w 7.6, 1999) and the Taiwan Chelungpu-fault Drilling Program (TCDP) drilling site at 120.73916°E, 24.20083°N (Modified from Ma et al., 2006). FZB stands for Fault Zone of hole B. (B) A Schematic log of the borehole showing the three major fault zones of the Chelungpu fault within the Chinshui Formation. (C) Equal-area stereo-plot displaying the Chelungpu fault plane and the mean paleomagnetic components recorded in the three fault zones and wall rock. Due to the orientation of the borehole B, there is an error of ± 20° in declination for all paleomagnetic component. This error is indicated for the FZB1136 gouge component. We plot the orientation of an expected earthquake lightning (EQL) according to the model of Ferré et al. (2005) with 20° error in orientation. The black (open) symbols correspond to the downward (upward) hemisphere. The cross indicates the 1999 international geomagnetic reference field (IGRF) dipole magnetic vector (D = 0.2°, I = 29.7°). The wall rock's main component lies away from the modern magnetic field (D = 322°, I = 48°, ! = 99, " 95 = 4°; range 10-80 mT). The FZB1136 gouge component (D = 348°, I = 48°, ! = 140, " 95 = 2°) is the closest to the modern magnetic field and statistically different from a hypothetic EQL. Within the FZB1194 gouge, normal and reverse components are southerly oriented (D = 235°, I = 27°, ! = 110, " 95 = 8° and D = 154°, I = -52°, ! = 144, " 95 = 5°), respectively. Within the FZB1243 gouge, normal and reverse components are also oriented southerly (D = 125°, I = 11°, ! = 189, " 95 = 4° and D = 125°, I = -10.0°, ! = 280, " 95 = 3°), respectively. (D) The natural remanent magnetization (NRM) orthogonal plot of FZB1136 gouge (depth 1,136.33 m). Open (black) circles represent projection of the vector along the vertical (horizontal) plane. (E) Curves of normalized NRM intensity of FZB1136 and wall rock.
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 2222222 Fig. 2-2: Photo of one U-channel in this study. The U-channel is a plastic box of 2 cm ! 2 cm with ~20 cm long.

  fault slip zones formed during earthquakes or laboratory

  photons/s/0.1% bw in the energy range 5-20 keV. X-rays generated by a wavelength shifter are primarily focused at a charge-coupled detector by a toroidal focusing mirror with a focal ratio of nearly 1:1. A double crystal monochromator that exploits a pair of Ge (111) crystals selects X-rays of energy 8-11 keV. After the focusing mirror and double crystal monochromator, a capillary condenser further shapes the X-ray beam. The condenser intercepts the impinging X-rays and further focuses them onto the sample. The image of the sample is magnified with a zone plate. The field of view of the image is 15 ! 15 µm 2 for the first-order diffraction mode of the zone plate. The phase term can be retrieved by the Zernike's phase contrast method for imaging light materials. The phase ring positioned at the back focal plane of the zone plate results in a recording of the phase contrast images at the detector. By acquiring a series of two-dimensional (2-D) images with the sample rotated stepwise, three-dimensional (3-D) tomography datasets are reconstructed from 141 images from " 70º to + 70º.

  Microscopy TXM provides three-dimensional (3-D) images of framboids that complement our two-dimensional (2-D) SEM and reflected-light microscopy observations. Within hanging-wall (at a depth of 1,133.04 m) sediments, foot-wall (1,138.48 m) sediments, and deformed sediments (1,135.83 m) (Fig. 3-2A), framboids are common (Fig.

  Hirono et al. (2007b) andIshikawa et al. (2008) reported an enhanced abundance of SO 42-in the gouge zone and related it to pyrite dissolution. Pyrite dissolution would

  -3C). In addition, the strong magnetic interactions suggested by FORC diagrams can be explained by the tight grouping of pyrrhotite minerals enclosed in framboids. We never detected coarser >1 µm pyrrhotite in the Chinshui siltstones. Additional low-temperature magnetic experiments performed by Humbert et al. (2012) confirm

  Ishikawa et al. (2008) suggested that the chemical characteristics of the gouge were produced by interaction with co-seismic aqueous fluids derived from sediment pore waters with temperatures up to 350°C. We calculated Eh-pH diagrams using the Geochemist's Workbench software and considered the stability of pyrite and pyrrhotite in an aqueous fluid within the gouge (Fig.3-8). The pyrite stability field increases from 300 to 100°C at lower Eh conditions. The gouge appears to have formed under anoxic conditions based on microbial observations at 1,000 m depth in TCDP core Hole A(Wang et al., 2007). We suggest that pyrite formed as a result of retrograde metamorphism. The presence of pyrite rims on pyrrhotite cores in the framboids (Fig.3-3C) supports the retrograde metamorphism hypothesis. Only pyrrhotite on the surface of framboids will be affected by retrograde metamorphism, and the core of pyrrhotite will be preserved. If correct, this suggests that most pyrite in the gouge (Fig.3-3E-H) resulted from retrograde metamorphism during cooling of co-seismic fluids from above 350°C.

  attributed this 35 K transition to SP grains in the Chinshui Formation. Although we agree withMishima et al. (2009), from the same samples we observed development of a magnetic transition with a break-in-slope at ~35 K on RT-SIRM demagnetization curves (Fig.3-5).Aubourg and Pozzi (2010) andKars et al. (2011) observed the same behavior in unmetamorphosed claystones. They proposed that this magnetic transition, referred to as P-behavior, is due to a combination of a fine-grained pyrrhotite transition and an induced magnetization of unknown origin. We support this interpretation because of the strong similarity of low-temperature demagnetization curves (ZFC, RT-SIRM) of Chinshui Formation sedimentary rocks with those reported byAubourg and Pozzi (2010) andKars et al. (2011). If correct, the presence of stoichiometric fine-grained magnetite and fine-grained pyrrhotite of the Chinshui Formation is diagnostic of modest burial below 5 km

  complex mechanical and thermal history. The wall rocks are made up of the Chinshui Formation, which contains several percent pyrite. The magnetic mineral assemblage of this formation is typical of unmetamorphosed sediments and consists essentially of nanometric stoichiometric magnetite. Micro-scale observations indicate that the concentration of pyrite framboids decreases considerably from the wall rock into the gouge. Pyrite alteration would cause a lowering of pH, and, in turn, would promote carbonate mineral dissolution. Beside pyrite alteration, we identify for the first time the occurrence of micrometric pyrrhotite in the fault gouge. The pyrrhotite likely formed at high temperatures (>500°C) at the expense of pyrite. Magnetite, which is also present in the gouge, is partially altered. We propose that pyrrhotite and some of the magnetite formed at elevated temperatures during frictional heating along the slip zones. The total concentration of pyrrhotite and magnetite is therefore a result of numerous earthquakes. In the gouge, we also identify neoformed goethite, which implies the presence of hot fluids (>350°C). On cooling, these hot fluids altered pyrrhotite into pyrite and magnetite into partially altered magnetite. Our results demonstrate that characterization of magnetic minerals provides a useful means of studying earthquake processes in faults.

Fig. 3- 1 :

 1 Fig. 3-1: Geological setting of the TCDP borehole (modified from Yeh et al. [2007]). (A) Schematic geological map of western Taiwan with the location of the TCDP site (red star, 120.73916°E, 24.20083°N) on the northern part of the Chelungpu fault. The focal mechanism of the Chi-Chi main shock is located at the hypocentre of the 1999 Chi-Chi earthquake (128.81°E, 23.86°N). (B) Geological cross-section through the TCDP site. The Chelungpu fault is located within the Chinshui Formation.
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 32 Fig. 3-2: Images of the cores and samples from TCDP Hole B. (A) Half-core image for the depth interval from 1,133.33 to 1,138.63 m. The blue arrows and frame indicate the sample locations. (B) Half-core image of the FZB1136 fault zone at a depth of 1,136.22~1,136.43 m; the white frame corresponds to the locations of polished sections. The green dashed line frames the Chi-Chi principal slip zone (PSZ) [Boullier et al., 2009]. (C) Collage of SEM images from the polished sections. Red circles indicate sample positions for TXM analysis. The yellow lines are the boundaries between deformed sediments (DFS) and the gouge zone (BGZ). The yellow stars indicate clay-clast aggregates (CCAs, see Boullier et al. [2009]). The double yellow dashed line is an ancient slip zone (ASZ) and the double green dashed line is the Chi-Chi PSZ (after Boullier et al. [2009]).

Fig. 3

 3 Fig. 3-3: Back-scattered SEM images with EDS results. (A) Large iron sulfideaggregates that contain framboidal pyrite (FeS 2 ) within the deformed sediments (S1 in Figure2C). Some parts of the aggregate are greigite (Fe 3 S 4 ). (B) Large iron sulfide aggregates that contain framboidal pyrite with micro-fractures and shears in the deformed sediments (S2 in Figure2C). (C) Pyrite grain in the gouge (S3 in Figure2C). The framboidal FeS core (pyrrhotite, which is a replacement of a framboidal pyrite) has an FeS 2 rim. The photos on the right were obtained using reflected-light microscopy (P: polarized reflected; L: light reflected); pyrite is dark and pyrrhotite is light under polarized light. (D) Large cluster of pyrite grains mixed with quartz (S4 in

Fig. 3

 3 Fig. 3-4: 2-D and 3-D images acquired for TXM observations. (A) Sediment at a depth of 1,134.04 m in TCDP hole B (M1 in Figure 2A). (B) Deformed sediment at a depth of 1,136.25 m (S10 in Figure 2C). (C) Gouge at a depth of 1,136.33 m (S11 in Figure 2C). (D) Gouge close to the PSZ at a depth of 1,136.38 m (S12 in Figure 2C).

Fig. 3

 3 Fig. 3-5: Low temperature magnetic measurements (inset: relative values of RT-SIRM) from 10 to 300 K and FORC diagrams. (A) Wall rock sample (M1 in Figure 2A). (B) Deformed sediment sample (M2 in Figure 2C). (C) Gouge sample (M3 in Figure 2C). (D) ASZ sample (M4 in Figure 2C). (E) PSZ sample (M5 in Figure 2C). (F) FORC diagram for wall rock sample (field 0-100 mT). (G) FORC diagram for deformed sediment sample (field 0-100 mT). (H) and (I) FORC diagrams for samples from fault gouge (field 0-100 mT).
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 3 Fig. 3-6: Warming-cooling RT-SIRM cycle from 300 to 400 K (127°C), which is close to the Néel temperature of goethite (120°C). (A) For a wall rock sample, less than 25% of the RT-SIRM is lost at 400 K. (B) For a gouge sample, about ~50% of the RT-SIRM is lost at 400 K. This indicates neoformation of a significant concentration of goethite in the fault gouge.

  Fig. 3-7: Cooling-warming RT-SIRM cycle from 10 to 50 K. A reversible magnetic transition at 35 K for the PSZ sample indicates that pyrrhotite is fine-grained and close to 1 !m in size (h/c ratio = 0.96) (seeDekkers et al. [1989]).

Fig. 3

 3 Fig.3-8: Eh-pH diagrams for fluid temperatures of 300°C and 100°C. The model parameters are: a SO42-= 10 -2 , a Cl-= 10 -2 , a Fe2+ = 10 -4 (higher iron concentration). The pressure used is 30 MPa, which is equivalent to lithostatic pressure at a depth of 1,100 m. Note that at higher temperatures the pyrrhotite field exists at strong reducing conditions in a pH range of 5.3-8.2. As temperature decreases, the pyrite field expands and pyrrhotite alters to pyrite.

  -order reversal curve, MPMS: Magnetic property measurement system, RFM: Reflected-light microscope, SEM: Scanning electron microscope, TXM: Transmission X-ray microscope.Chou et al. (2012) reported for the first time a stable paleomagnetic record parallel to the modern geomagnetic field in a sedimentary-derived gouge. As this 16 cm gouge hosts the 3-mm-thick principal slip zone (PSZ) of the 1999 Chi-Chi earthquake (M w 7.6),Chou et al. (2012) proposed that the paleomagnetic record took place during, or soon after the 1999 Chi-Chi earthquake. The discovery of co-to-post seismic magnetic record brings a possible way to provide dating constraints of active fault, as magnetic record is stable at the scale of geological time. Yet, the exact origin of magnetic minerals that carry this magnetization remains to demonstrate.Thanks to the Taiwan Chelungpu-fault Drilling Project (TCDP), km-long boreholes drilled in 2005 provide fresh and unaltered continuous section of gouges within the active Chelungpu fault(Song et al. 2007; Yeh et al. 2007). This fault zone, labeled FZB1136 (fault zone in hole B, at depth 1,136 m), has been the matter of intense investigation, including geochemistry(Hirono et al. 2007; Ishikawa et al. 2008), petrophysics(Boullier et al. 2009;[START_REF] Otsuki | Analyses of pseudotachylyte from Hole-B of Taiwan Chelungpu Fault Drilling Project (TCDP); their implications for seismic slip behaviors during the 1999 Chi-Chi earthquake[END_REF], physical properties(Mizoguchi et al. 2008;[START_REF] Tanikawa | Transport properties and dynamic processes in a fault zone from samples recovered from TCDP Hole B of the Taiwan Chelungpu Fault Drilling Project[END_REF], and paleomagnetism(Chou et al. 

  Mishima et al. (2009) proposed a detailed rock magnetic study of FZB1136 ! ! gouge and wall rocks. In particular, they used for the first time the low-temperature monitoring of remanence. Their studies revealed the occurrence of Verwey transition at 120 K in the Chinshui Formation, which is diagnostic of stoichiometric magnetite (Fe 3 O 4 ). In addition, they observed a huge drop of remanence between 10~35 K. These two signatures are not encountered in the sample gouge, which make them recognizable.Mishima et al. (2009) also indicated that the paramagnetic susceptibility, deduced from hysteresis curves, is stable (~300 !SI) through the entire gouge. They also observed that the magnetic susceptibility of Chinshui Formation is almost entirely carried by paramagnetic and superparamagnetic (SP) minerals, indicating therefore a minute amount of magnetite. Chou et al. (2012) observed for the first time the presence of goethite (!-FeOOH) in relative abundance within the gouge. The identification of goethite was making possible because of the predominance of unblocking of temperature near 120°C, the Néel temperature of goethite. In addition, they observed elongated 5 !m goethite using transmission X-ray microscopy. The euhedral shape of goethite is a clear indication of late growth within the gouge. A similar observation of neoformed goethite has been done by Nakamura & Nagahama (2001) in the Nojima fault, Japan.Of particular interest, the goethite carries a large portion of the characteristic remanent magnetization (ChRM).Chou et al. (2012) have suggested this goethite formed in response to post-seismic cooling of hot fluids (<350°C,Ishikawa et al. 2008). Within the 3-mm-thick PSZ,Chou et al. (2012) observed that the ChRM is carried by magnetite and not by goethite. Magnetite is a magnetically soft mineral while goethite is a magnetically hard mineral. The dual distribution of goethite and magnetite within the gouge was confirmed by the analysis of the S-ratio, a proxy of magnetic hardness. From the profile of S-ratio,Chou et al. (2012) proposed that the maximum concentration of goethite takes place within the center of the gouge, while concentration of magnetite is maximum near the PSZ.

3

  -mm-thick Chi-Chi earthquake PSZ (Fig.4-1A)(Boullier et al. 2009).U-channels (plastic box of ~20 cm long and 2 ! 2 cm large) were used as core samples from the working half of TCDP hole-B within the 16 cm gouge and deformed sediments of the FZB1136(1,136.22-1,1336.43 m). We collected discrete samples (several grams) to the following depths: 1136.34 m (Sample A, gouge), 1136.38 m (Sample B, PSZ), and 1136.41 m (Sample C, deformed sediments).Magnetic susceptibility of the U-channel sample was first measured continuously every 0.5 cm with a Bartington MS3 magnetic susceptibility system mounted on an ASC auto-tracking rail (Fig.4-2). Additional measurements of magnetic susceptibility have been performed on discrete samples with the MS3. The isothermal remanent magnetization (IRM) at 950mT (named IRM 1T ) was performed on U-channel using an impulse magnetizer (MMPM-10) and measured by a 755 SRM cryogenic magnetometer manufactured by 2G Enterprises. In addition, we performed stepwise acquisition of IRM up to 2.5 T of discrete samples by using a Magnetic Property Measurement System (MPMS) XL5 Ever Cool system at the Institute de Physique du Globe de Paris (IPGP), France.

1 ,

 1 136.26 m, 1,136.32 m, and 1,136.38 m, the latest being the most developed (Fig.4-1B). Interestingly, the highest value (600 !SI from discrete sample) is localized along the Chi-Chi PSZ.[START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF] reported higher susceptibility values (~700 !SI) but the peak is localized at about the middle of the gouge, while here we observed the maximum in the lowest part. The two profiles however cannot be compared. Here, we measured the gouge on a 2 " 2 cm sample. By contrast,[START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF] measured the bulk half-borehole (~10 cm of diameter). As the gouge has an angle of ~30° with respect to the horizontal(Yeh et al. 2007), and the measurement was done with a ring-probe, the localization of the magnetic susceptibility peak is not well constrained in the profile presented by[START_REF] Hirono | High magnetic susceptibility of fault gouge within Taiwan Chelungpu fault: Nondestructive continuous measurements of physical and chemical properties in fault rocks recovered from Hole B, TCDP[END_REF].The IRM 1T curve shows a monotonous 'hill' trend with a maximum value (~1"10 -2 Am 2 /kg) found at 1,136.34 m (Fig.4-1C). IRM 1T varies by a factor of 5:1 as also reported byMishima et al. (2009). When comparing the remanence and magnetic susceptibility profiles, it appears that the peak values are shifted by ~4 cm. As the two magnetic parameters are proxies of grain concentration (e.g.Hunt et al. 1995), the shift deserves attention, and this will be the main goal of our numerical modeling.The analysis of low temperature on the remanence of discrete samples provides additional information on the nature of magnetic minerals. The warming curves of LT-SIRM are similar to those presented byMishima et al. (2009) andChou et al. 

  the deformed sediments, the large drop of LT-SIRM (Fig.4-3A) indicates that a large portion of magnetic minerals is SP.Our best model is shown in Fig.4-6. The R 2 value of normalized magnetic susceptibility (!) model is 0.981 and of SIRM is 0.986. The calculation is provided in supplementary material. We model a shift of ~3 cm between the peak of SIRM and !, which is close to the ~4 cm shift observed in U-channel record. Our model indicates the presence of a break-in-slope in the magnetic susceptibility profile that marks the goethite maximum concentration. A break-in-slope is also observed in the U-channel record, although shifted by about ~1 cm. This model fits satisfactorily with U-channel observation, and we thus conclude that the dual magnetic assemblage magnetite and goethite dominates the magnetic remanence and the magnetic susceptibility within the gouge.

2 :

 2 Fig. 4-1: (A) SEM image observation of FZB1136. The yellow line indicates the boundary of deformed sediments (DFS) and gouge, and dash red lines show the range of the 1999 Chi-Chi earthquake PSZ. (B) Normalized magnetic susceptibility and (C) normalized IRM 1T of FZB1136 U-channel measurements. The blue arrow line at 1,136.34 m is the location of Sample A at the IRM 1T peak (~1!10 -2 Am 2 /kg). The red arrow line at 1,136.38 m (PSZ) is the location of Sample B at the magnetic susceptibility peak (600 "SI). The green arrow line at 1,136.41 m is the location of Sample C at the deformed sediments.

  [START_REF] Chester | Fracture surface energy of the Punchbowl fault, San Andreas system[END_REF] observed the finest particle size being 1.6 nm within the Punchbowl fault gouge as the lower cut-off for fracture energy estimation.Ma et al. (2006) observed the gouge in the fault zone of Taiwan Chelungpu-fault Drilling Project (TCDP) at depth about 1 km. They used grain sizes larger than 50 nm as lower cut-off to estimate fracture energy, because the transmission electron microscope (TEM) image of grain sizes less than 50 nm shows rounded shapes. Therefore, they considered those grains <50 nm might be formed by chemical precipitation rather than fracturing.

  -7A, B). Platy pieces and lath-like fractions could be clay minerals as illite or smectite. Rounded grains seem be swathed by a cortex of clays. This kind of grains are likely clay-clast aggregates (CCA) which were reported byBoutareaud et al. (2008) andBoullier et al. 

  [START_REF] Sammis | Mechanics of grain-size reduction in fault zones[END_REF] discussed the limitation of the smallest nanoparticle size in fault zone rock is derived from the healing effect of nanoparticles by amplitude and duration of the temperature pulse during large earthquake. They showed the time required to double the grain size of quartz as a function of the original grain size for a range of temperature. Because the study sample is located at surface condition with low normal stress, the co-seismic temperature elevation could be not very high. The

Fig. 5- 1 :

 1 Fig. 5-1: Geological setting of sampling location in Wu-Feng, center Taiwan (Modified from Huang et al., 2001). (A) Geological map of Wu-Feng with Chelungpu fault and the Chi-Chi earthquake fault rapture. (B) Geological cross section passing the sampling location.
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 52 Fig. 5-2: Block black gouge sample of Chelungpu fault outcrop. It contains very fine grains.

Fig. 5

 5 Fig. 5-3: Photo of Hitachi CR21 refrigerated centrifuge (Hitachi High-Technologies Corp., Tokyo, Japan).

Fig. 5

 5 Fig. 5-4: Schematic diagram of an automated ultrafilteration device (AUD) for nanoparticle separation(Tsao et al., 2009a).

Fig. 5

 5 Fig. 5-5: Flow chart for dispersion and separation of fault gouge nanoparticles.

Table 5- 1 :

 1 Synchrotron XRD results of different grain size fractions. Q: Quartz, P: Plagioclase, S: Smectite, I: Illite, C: Chlorite, K: Kaolinite.

  -1, normal (D = 235°, I = 27°, ! = 110, " 95 = 8°) and reversal (D = 154°, I = -52°, ! = 144, " 95 = 5°) components are found. The normal record is oriented southerly, the reversal record is approximately antipodal to present day magnetic field. The deformed sediments layer between two black gouge layers separates normal and reversal

  -1, normal (D = 125°, I = 11°, ! = 189, " 95 = 4°) and reversal (D = 125°, I = -10.0°, ! = 280, " 95 = 3°) ! !

  -5. The magnetic susceptibility curve shows two humps trend with maximum values found at 1,243.40 m (black material disk) and at 1,243.49 m within gouge layer. The susceptibility value of black material disk layer is ~60% of maximum value. The IRM 1T curve of U-channel also shows two humps trend with maximum values found at 1,243.39 m and at 1,243,47 m. Note that the maximum of the remanence and the magnetic susceptibility curves are shifted. S-ratio value of upper deformed sediments is 0.8~0.85 and from black material disk to whole black gouge is 0.8~0.82. It is worth

1 :

 1 Fig. 6-1: The magnetic properties of FZB1194 U-channel show the shift between the maximum of remanence and magnetic susceptibility. The S-ratio value of upper deformed sediments and black material disk is lower (~0.93) than gouge and deformed sediments (0.97-0.98).

  Fig. 6-4: The TXM image of FZB1194 black material disk shows numerous elongated dense minerals (aspect ratio 2:25; maximum length 5 µm).

  Fig. 6-7: RT-SIRM cooling curves of FZB1243 samples show subtle Morin transition (240 K) in all samples. The Verwey transition (120 K) is not visible in black material

  Fig. 6-8: Range and total slip (~0.3 km) of Chelungpu Chinshui detachment. (after Yue et al., 2005).

FZB1194

  Fig. 8-1: SEM photo of pyrite alteration from a creep gouge from the Jura mountain (Azaruk & Aubourg, unpublished work).

  Figure 1. A: Geological map showing the epicenter of Chi-Chi earthquake (M w 7.6, 1999) and the Taiwan Chelungpu-fault Drilling Project (TCDP) drilling site at 120.73916° E, 24.20083° N (modifi ed from Ma et al., 2006). B: Schematic log of borehole showing the three major fault zones of Chelungpu fault within the Chinshui Formation. FZB-fault zone of hole B. C: Equal-area stereoplot displaying the Chelungpu fault plane and the mean paleomagnetic components recorded in the three fault zones and wall rock. Due to the orientation of hole B, there is an error of ±20° in declination for all paleomagnetic components. This error is indicated for the FZB1136 gouge component. We plot the orientation of an expected earthquake lightning (EQL) according to the model of Ferré et al. (2005) with 20° error in orientation. Solid symbols correspond to the downward hemisphere, open symbols to the upward hemisphere. Cross indicates the 1999 international geomagnetic reference fi eld (IGRF) dipole magnetic vector (D = 0.2°, I = 29.7°). The wall rock's main component lies away from the modern magnetic fi eld (D = 322°, I = 48°, κ = 99, α 95 = 4°; range 10-80 mT). The FZB1136 gouge component (D = 348°, I = 48°, κ = 140, α 95 = 2°) is closest to the modern magnetic fi eld, and statistically different from a hypothetical EQL. Within the FZB1194 gouge, normal and reverse components are oriented southerly (D = 235°, I = 27°, κ = 110, α 95 = 8°, and D = 154°, I = -52°, κ = 144, α 95 = 5°, respectively). Within the FZB1243 gouge, normal and reverse components are also oriented southerly (D = 125°, I = 11°, κ = 189, α 95 = 4°, and D = 125°, I = -10.0°, κ = 280, α 95 = 3°, respectively). D: Natural remanent magnetization (NRM) orthogonal plot of FZB1136 gouge (depth 1136.33 m). Open circles represent projection of the vector along the vertical plane, solid circles along the horizontal plane. E: Curves of normalized NRM intensity of FZB1136 and wall rock.

Figure 2 .

 2 Figure 2. Natural remanent magnetization (NRM) thermal demagnetization, transmission X-ray microscope photo, and S-ratio. A: NRM thermal demagnetization for a gouge sample (depth of 1136.34 m) and the Chi-Chi principal slip zone (PSZ) (depth of 1136.38 m) within FZB1136. In the gouge, there is a break in slope near 150 °C where ~80% of the NRM is lost. The remaining part of the NRM has a maximum unblocking temperature close to 580 °C. In the Chi-Chi PSZ, the maximum unblocking temperature is close to 580 °C. B: Transmission X-ray microscope photo from a 15 µm thick polished section collected from a gouge within FZB1136. Scattered elongated dense minerals with a low aspect ratio of 2:25 and maximum length of 5 µm are likely to be goethite (arrows). C: S-ratio profi le along the U-channel. The lowest value of the S-ratio (magnetically hard) is located at a depth of 1136.30 m, near the center of the gouge, and corresponds to the highest concentration in goethite. The Chi-Chi PSZ is marked by an enhancement of the S-ratio, which is consistent with a larger contribution of magnetite.

Figure 1 .

 1 Figure 1. Geological setting of the TCDP borehole (modified from Yeh et al. [2007]). (a) Schematic geological map of western Taiwan with the location of the TCDP site (red star, 120.73916 E, 24.20083 N) on the northern part of the Chelungpu fault. The focal mechanism of the Chi-Chi main shock is located at the hypocenter of the 1999 Chi-Chi earthquake (128.81 E, 23.86 N). (b) Geological cross-section through the TCDP site. The Chelungpu fault is located within the Chinshui Formation.

Figure 2 .

 2 Figure 2. Images of the cores and samples from TCDP Hole B. (a) Half-core image for the depth interval from 1,133.33 to 1,138.63 m. The blue arrows and frame indicate the sample locations. (b) Half-core image of the FZB1136 fault zone at a depth of 1,136.221,136.43 m; the white frame corresponds to the locations of polished sections. The green dashed line frames the Chi-Chi principal slip zone (PSZ) [Boullier et al., 2009]. (c) Collage of SEM images from the polished sections. Red circles indicate sample positions for TXM analysis. The yellow lines are the boundaries between deformed sediments (DFS) and the gouge zone (BGZ). The yellow stars indicate clay-clast aggregates (CCAs [seeBoullier et al., 2009]). The double yellow dashed line is an ancient slip zone (ASZ) and the double green dashed line is the Chi-Chi PSZ[after Boullier et al., 2009].

aFORC:Figure 3 .

 3 Figure3. Backscattered SEM images with EDS results. (a) Large iron sulfide aggregates that contain framboidal pyrite (FeS 2 ) within the deformed sediments (S1 in Figure2c). Some parts of the aggregate are greigite (Fe 3 S 4 ). (b) Large iron sulfide aggregates that contain framboidal pyrite with micro-fractures and shears in the deformed sediments (S2 in Figure2c). (c) Pyrite grain in the gouge (S3 in Figure2c). The framboidal FeS core (pyrrhotite, which is a replacement of a framboidal pyrite) has an FeS 2 rim. The photos on the right were obtained using reflected-light microscopy (P: polarized reflected; L: light reflected); pyrite is dark and pyrrhotite is light under polarized light. (d) Large cluster of pyrite grains mixed with quartz (S4 in Figure2c). (e) Small pyrite grains (bright backscattered grains, smaller than 5 mm, one is 20 mm) and quartz grains within the Chi-Chi PSZ (S8 in Figure2c). (f) Detail of Figure3e: fractured pyrite grain within the PSZ (S8 in Figure2c). (g) Image of the Chi-Chi PSZ (S8 in Figure2c). (h) Pyrite grain (3 mm) within the Chi-Chi PSZ (S8 in Figure2c).

Figure 4 .

 4 Figure 4. 2-D and 3-D images acquired for TXM observations. (a) Sediment at a depth of 1,134.04 m in TCDP hole B (M1 in Figure 2a). (b) Deformed sediment at a depth of 1,136.25 m (S10 in Figure2c). (c) Gouge at a depth of 1,136.33 m (S11 in Figure2c). (d) Gouge close to the PSZ at a depth of 1,136.38 m (S12 in Figure2c).

Figure 5 .

 5 Figure 5. Low temperature magnetic measurements (inset: relative values of RT-SIRM) from 10 to 300 K and FORC diagrams. (a) Wall rock sample (M1 in Figure 2a). (b) Deformed sediment sample (M2 in Figure 2c). (c) Gouge sample (M3 in Figure 2c). (d) ASZ sample (M4 in Figure 2c). (e) PSZ sample (M5 in Figure 2c). (f) FORC diagram for wall rock sample (field 0-100 mT). (g) FORC diagram for deformed sediment sample (field 0-100 mT). (h and i) FORC diagrams for samples from fault gouge (field 0-100 mT).

Figure 7 .

 7 Figure 7. Cooling-warming RT-SIRM cycle from 10 to 50 K. A reversible magnetic transition at 35 K for the PSZ sample indicates that pyrrhotite is fine-grained and close to 1 mm in size (h/c ratio = 0.96) [see Dekkers et al., 1989].

Figure 6 .

 6 Figure6. Warming-cooling RT-SIRM cycle from 300 to 400 K (127 C), which is close to the Néel temperature of goethite (120 C). (a) For a wall rock sample, less than 25% of the RT-SIRM is lost at 400 K. (b) For a gouge sample, about 50% of the RT-SIRM is lost at 400 K. This indicates neoformation of a significant concentration of goethite in the fault gouge.

Figure 8 .

 8 Figure8. Eh-pH diagrams for fluid temperatures of 300 C and 100 C. The model parameters are: a SO42À = 10 À2 , a ClÀ = 10 À2 , a Fe2+ = 10 À4 (higher iron concentration). The pressure used is 30 MPa, which is equivalent to lithostatic pressure at a depth of 1,100 m. Note that at higher temperatures the pyrrhotite field exists at strong reducing conditions in a pH range of 5.3-8.2. As temperature decreases, the pyrite field expands and pyrrhotite alters to pyrite.
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Table 3 -

 3 1: Sample depths and measurements made in this study.

	Depth (m)	Location	Number	Measurements
	1134.04	hanging wall rock	S9 M1	MPMS, FORC, TXM
	1135.83	damaged zone		TXM, RFM
	1136.22	deformed sediment	S1 M2	TXM, RFM, SEM, MPMS,
				FORC
	1136.25	black gouge	S10	TXM, RFM, SEM
	1136.27	black gouge		TXM, RFM
	1136.29	black gouge	M3	TXM, RFM, SEM, MPMS,
				FORC
	1136.31	black gouge		TXM, RFM
	1136.33	black gouge	S3 S11	TXM, RFM, SEM
	1136.35	ASZ	M4	TXM, RFM, SEM, MPMS,
				FORC
	1136.37	black gouge	S4	TXM, RFM, SEM
	1136.38	PSZ	S5 S7 M5	TXM, SEM, RFM, MPMS,
				FORC
	1136.39	black gouge	S12	TXM, RFM, SEM
	1136.41	deformed sediment		TXM, RFM, SEM

Table 1 .

 1 Sample Depths and Measurements Made in This Study a

	Depth (m)	Location	Number	Measurements
	1134.04 hanging wall	S9 M1	MPMS, FORC, TXM
		rock		
	1135.83 damaged zone		TXM, RFM
	1136.22 deformed	S1 M2	TXM, RFM, SEM,
		sediment		MPMS, FORC
	1136.25 black gouge	S10	TXM, RFM, SEM
	1136.27 black gouge		TXM, RFM
	1136.29 black gouge	M3	TXM, RFM, SEM,
				MPMS, FORC
	1136.31 black gouge		TXM, RFM
	1136.33 black gouge	S3 S11	TXM, RFM, SEM
	1136.35 ASZ	M4	TXM, RFM, SEM,
				MPMS, FORC
	1136.37 black gouge	S4	TXM, RFM, SEM
	1136.38 PSZ	S5 S7 M5 TXM, SEM, RFM,
				MPMS, FORC
	1136.39 black gouge	S12	TXM, RFM, SEM
	1136.41 deformed		TXM, RFM, SEM
		sediment		
	1138.48 footwall rock S2	TXM
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ABSTRACT

During an earthquake, the physical and the chemical transformations along a slip zone lead to an intense deformation within the gouge layer of a mature fault zone. Because the gouge contains ferromagnetic minerals, it has the capacity to behave as a magnetic recorder during an earthquake. This constitutes a conceivable way to identify earthquake slip zones. In this paper, we investigate the magnetic record of the Chelungpu fault gouge that hosts the principal slip zone of the Chi-Chi earthquake (M w 7.6, 1999, Taiwan) using Taiwan Chelungpu-fault Drilling Project core samples. Rock magnetic investigation pinpoints the location of the Chi-Chi millimeter-thick principal slip zone within the 16 cm thick gouge at ~1 km depth. A modern magnetic dipole of Earth's magnetic fi eld is recovered throughout this gouge, but not in the wall rocks nor in the two other adjacent fault zones. This magnetic record resides essentially in two magnetic minerals: magnetite in the principal slip zone, and neoformed goethite elsewhere in the gouge. We propose a model where the magnetic record ( 1) is preserved during interseismic time, ( 2) is erased during co-seismic time, and (3) is imprinted during post-seismic time when fl uids cooled down. We suggest that the identifi cation of a stable magnetic record carried by neoformed goethite may be a signature of a frictional heating process in a seismic slip zone.