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dLaboratoire de Tectonophysique, ISTEEM, Université Montpellier II, 34095 Montpellier cedex 05, France
Accepted 11 September 2003
Abstract

The Hirabayashi borehole (Awaji Island, Japan) was drilled by the Geological Survey of Japan (GSJ) 1 year after the Hyogo-

ken Nanbu (Kobe) earthquake (1995, MJMA= 7.2). This has enabled scientists to study the complete sequence of deformation

across the active Nojima fault, from undeformed granodiorite to the fault core. In the fault core, different types of gouge and

fractures have been observed and can be interpreted in terms of a complex history of faulting and fluid circulation. Above the

fault core and within the hanging wall, compacted cataclasites and gouge are cut by fractures which show high apparent

porosity and are filled by 5–50 Am euhedral and zoned siderite and ankerite crystals. These carbonate-filled fractures have been

observed within a 5.5-m-wide zone above the fault, but are especially abundant in the vicinity (1 m) of the fault. The log-normal

crystal size distributions of the siderite and ankerite suggest that they originated by decaying-rate nucleation accompanied by

surface-controlled growth in a fluid saturated with respect to these carbonates. These carbonate-filled fractures are interpreted as

the result of co-seismic hydraulic fracturing and upward circulation of fluids in the hanging wall of the fault, with the fast

nucleation of carbonates attributed to a sudden fluid or CO2 partial pressure drop due to fracturing. The fractures cut almost all

visible structures at a thin section scale, although in some places, the original idiomorphic shape of carbonates is modified by a

pressure-solution mechanism or the carbonate-filled fractures are cut and brecciated by very thin gouge zones; these features are

attributed to low and high strain-rate mechanisms, respectively. The composition of the present-day groundwater is at near

equilibrium or slightly oversaturated with respect to the siderite, calcite, dolomite and rhodochrosite. Taken together, this

suggests that these fractures formed very late in the evolution of the fault zone, and may be induced by co-seismic hydraulic

fracturing and circulation of a fluid with a similar composition to the present-day groundwater. They are therefore potentially

related to recent earthquake activity (<1.2 Ma) on the Nojima fault.
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1. Introduction

The role of fluid pressure in faulting processes has

been recognised for a long time (Secor, 1965). A more

recent status of our knowledge of involvement of fluids

in the seismic cycle has been summarised by Hickman

et al. (1995). At depth, hydrothermal veining or

cemented fault breccias are good evidence for fluid

circulation and seismic activity within or above the

seismogenic zone (Sibson et al., 1988; Cox, 1995;

Robert et al., 1995; Sibson and Scott, 1998; Eichhubl

and Boles, 2000; de Ronde et al., 2001). At the surface

level, hydrological changes occur after major earth-

quakes and are dependent on the style of faulting

(Muir-Wood and King, 1993). Tsunogai and Wakita

(1995) have reported chemical variations in ground

water composition just before the Hyogo-ken Nanbu

(Kobe) earthquake in Japan. Fluid flow through the

crust may be, therefore, seismically influenced and

faults may play an important role in redistributing

fluids in the shallow crust.

Boreholes through active faults offer a good oppor-

tunity to study both structures and physical character-

istics of faults zones, especially their fluid flow

properties. In order to better understand the relation-

ships between recent faulting and fluid transfer along

the active Nojima fault (Japan), the youngest carbon-

ate-filled fractures observed in the Hirabayashi drill

core samples have been studied in detail. In this paper,

we present the geometry and internal structures of these

carbonate-filled fractures, compare the chemical com-

position of their filling minerals with that of the

borehole groundwater, and attempt to interpret them

in terms of recent co-seismic fracturing and redistribu-

tion of fluids in the fault zone.
2. Geological setting

The 1995 Hyogo-ken Nanbu (Kobe) earthquake

(MJMA=7.2, MW=6.9) produced a 10.5-km-long sur-

face rupture with reverse dextral slip along the Nojima

fault on the northwest coast of Awaji Island, south of

Kobe (Awata and Mizuno, 1997). A total of 490–540

m vertical offset of the Kobe Group unconformity in

contact with Cretaceous granodiorite and porphyry

dikes (Fig. 1) has occurred during the last 1.2 My

(Murata et al., 2001).
In 1996, the Geological Survey of Japan drilled a

746.7-m subvertical borehole which encountered the

85j southeastward-dipping fault at 625 m depth (Fig.

1). Conventional geophysical logging (electrical resis-

tivity and natural gamma radioactivity) and other

logging tools were used in order to allow a complete

characterization of the borehole (Ito et al., 1996). Drill

cores were recovered corresponding to almost the

entire depth interval from 150.2 to 746.7 m within

Cretaceous granodiorite and porphyry dikes (Fig. 1).

The petrography, mineralogy (primary and alteration

assemblages) and structures along the whole borehole

have been described by Ito et al. (1996), Tanaka et al.

(2001), Fujimoto et al. (2001), and Ohtani et al. (2000,

2001). The fault architecture has been defined by

Ohtani et al. (2000) on the basis of alteration and

deformation features. Following the terminology pro-

posed by Caine et al. (1996), a fault core characterized

by gouges and cataclasites was intersected at the depth

range of 623.1–625.3 m. Considering the relative

orientation of the fault and borehole, the fault core is

0.3 m thick in a direction normal to the fault. The

damage zone, defined by small faults, breccias, veins

and alteration minerals, was encountered between

426.2 m and the bottom of the borehole (746.7 m).

The fault zone has undergone a complex history as

shown by various superimposed structures in the

samples. For example, fluid inclusions hosted by

pseudotachylytes in the fault core show that these

rocks have been formed at around 15 km depth during

large seismic events and have been subsequently

uplifted to 625 m below the present-day surface

(Boullier et al., 2001). This uplift occurred before

the deposition of the Iwaya Formation at the base of

the Kobe Group, which is middle to late Eocene in

age (Yamamoto et al., 2000).

Three stages of hydrothermal alteration are

reported by Ohtani et al. (2000) on the basis of

mineral assemblages and fluid inclusions: chloritiza-

tion at temperature higher than 200 jC, zeolite min-

eralization at temperature lower than 200 jC, and

carbonate mineralization related to recent fluid flow.

In this paper, we will focus on this third stage, and in

particular, on the latest carbonate veins which cut

almost all the previous structures. These veins are

filled by numerous idiomorphic, carbonate rhombs

(ankerite and siderite), a rare internal texture which

has only been described previously in a few instances



Fig. 1. Geological map of Awaji Island and sketch of the Hirabayashi borehole showing the relative orientations of the fault and borehole. The

shaded pattern represents the fault zone (i.e. damage zone). G.S.J.: Geological Survey of Japan.
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(see the review by Bons, 2000), and which may have

important significance for fluid circulation related to

seismic processes.
3. Description of structures

The carbonate veins have been studied at three

different scales: on a macroscopic scale of polished

slabs from the drill core samples, on a thin section

scale with a petrographical microscope, and on a

microscopic scale using a scanning electron micro-

scope (SEM).

3.1. Macrostructures

Polished slabs from the drill core samples were

studied from a depth interval between 553.39 and

718.20 m, and the results compared to data available

from thin sections. Two types of fine-grained car-
bonate veins are distinguished at the macroscopic

scale: (1) orange to red-brown carbonate veins (Fig.

2a), and (2) light brown to beige late carbonate

veins (Fig. 2 b to f). The two types of veins

generally cut breccias, compacted cataclasites and

gouges (Fig. 2). They are generally orientated at

high angles to the schistosity, but they may also be

locally parallel to it, resulting in an irregular saw-

tooth aspect to the fractures (Figs. 2e,f and 3). In

some places, the fine-grained carbonate crystals

constitute the cement of breccias and fill the voids

between the clasts (Fig. 2c). The maximum thick-

ness of the veins, as seen on the polished slabs, is

1–2 cm (see Fig. 2b).

3.2. Microstructures

3.2.1. Ankerite–siderite veins

The fractures have irregular shapes and sharp

walls which may be fitted together as in a jigsaw



Fig. 2. Photographs of polished drill core slabs. The depths of the upper and lower limits of the samples are specified in italics at the bottom of

each image (top always on the left side). The sample number (upper left corner) indicates the number of the drill core box and the number of the

sample within that box. SideriteFankerite filled fractures are shown by white or black arrows. The scale marker is 2.5 cm long.
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puzzle (Fig. 3). Near the fault core, the light brown

to beige carbonate infill is composed of numerous

siderite and ankerite rhombs, and the veins cut
structures such as compacted gouges or cataclasites,

blocky zeolite (laumontite) or calcite veins, and thin

siderite veinlets which are parallel to the schistosity



Fig. 3. (a) Photograph of thin section HR2-48 taken from slab 098-

31 slab (see Fig. 2f); (b) sketch of the detail area outlined by box

(b). Note the saw-tooth shape of the carbonate-filled fractures which

appear dark in the photograph. Locations of Figs. 4, 5, 9 and 10 are

also shown.
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(Fig. 4). All of these components from the host

rocks may be incorporated as fragments into the

fractures and cemented by small siderite and ankerite
crystals. The small siderite rhombs (7.1F Am aver-

age) often form inclusions in the larger crystals of

ankerite (15.9F Am average); the reverse relation-

ship has not been observed. The minimum thickness

of fractures is less than 10 Am, which corresponds

to the average size of a single rhomb of siderite.

Numerous voids remain between the rhombs sug-

gesting a high overall porosity of the fracture infill

(Fig. 5).

Siderite and ankerite rhombs are locally found in

variable proportions within a single fracture (Fig. 5).

The siderite crystals are apparently homogeneous in

composition or slightly zoned, as they appear darker

in the centre when observed in back-scattered elec-

tron mode on a scanning electron microscope (BSE-

SEM). The ankerite crystals display a very fine

oscillatory zoning, which in general corresponds to

a slightly darker rim visible on BSE-SEM images

(Figs. 5 and 6).

In order to understand the crystallization pro-

cesses of the siderite and ankerite minerals (Kile

et al., 2000), the long diagonals crystals were

manually measured on SEM images (Fig. 5) using

the public domain NIH image program (developed

at the U.S. National Institutes of Health and

available on the Internet at http://rsb.info.nih.gov/

nih-image/). More than 300 crystals were mea-

sured for each type of carbonate on isolated

crystals; siderite crystals forming inclusions within

ankerite were avoided. Both sets of measurements

follow log-normal distributions with a good ap-

proximation (Fig. 7). Both distributions display

similar shapes (same standard deviation over mean

value ratio).

3.2.2. Siderite veins

At 597.19 m depth, i.e. at 2.8 m away from the

fault plane within the hanging wall, the orange to

red-brown carbonate fractures (Fig. 2a) display dif-

ferent internal structures. The carbonate veins are

filled with fragments of the altered wall rock and by

small siderite crystals which appear to fill almost all

the voids. Thus, the apparent porosity is much lower

than in the siderite–ankerite-filled fractures located

closer to the fault core. Some idiomorphic siderite

rhombs are locally recognized in transmitted light or

with BSE-SEM (Fig. 8). In some places, the dense

siderite infill is cut by composite siderite–ankerite

 http:\\rsb.info.nih.gov\nih-image\ 


Fig. 4. BSE-SEM image of thin section HR2-48 in sample 098-31 showing the contact (discontinuous black line) between a carbonate-filled

fracture on the left, and compacted cataclasite. The fracture cuts a grey zeolite vein (Ze), a light grey calcite vein (Ca), and white siderite veinlets

(Sid) which are parallel or at high angle to the compaction plane of the cataclasite. Location of Fig. 6 is also shown.
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veins showing a blocky to faceted (open-space

filling) internal texture.
4. Chronology of structures

On the basis of cross-cutting relationships, the

succession of deformation textures in the fault core

from oldest to youngest is as follows (Tanaka et al.,

2001; Fujimoto et al., 2001; Ohtani et al., 2000,

2001): pseudotachylites, cataclasites and ultracatacla-

sites, zeolite veins, blocky carbonate veins, fibrous

siderite veinlets parallel to the foliation, fine-grained

carbonate-filled fractures, and very thin gouge zones.

Therefore, most of the carbonate-filled fractures are

not deformed and appear to be among the youngest

deformation textures in the fault zone. However, some

reworking of these veins has been locally observed in

close vicinity to the fault in samples 098-29, 098-30
and 098-31 (Fig. 2d, e and f, respectively), which

correspond approximately to a 12-cm-thick zone lo-

cated above the fault plane. Two types of reworked

textures can be recognized: (i) change in shape and

compaction, and (ii) fracturing and attrition in thin

gouge zones.

In the thin section HR2-48 (sample 098-31),

both undeformed (see descriptions above) and com-

pacted carbonate filling coexist. Two thin (50 Am)

zones of very fine-grained (1–10 Am) gouge paral-

lel to the main fault orientation cut sharply all of

the previous deformation structures, carbonate-filled

fractures included (Fig. 9). Between these two

gouge zones, the carbonate grains display serrated

grain boundaries and truncated oscillatory zonation

due to indentation of original idiomorphic rhombs

by particles of silicate fragments (Fig. 10). Some

ankerite crystals are penetrated by smaller siderite

ones, and one siderite crystal is indented by an illite



Fig. 5. BSE-SEM image of thin section HR2-48 in sample 098-31 showing a large fracture mostly filled by siderite rhombs (white) at the top

and by ankerite (medium grey) plus siderite (white) rhombs at the bottom. Crystal size distribution has been determined on this BSE-SEM

image.
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flake (Fig. 10). The average flattening plane of the

crystals is oblique to the orientation of the gouge

zones. This relationship is indicative of an apparent

reverse movement on these shear planes, which is

compatible with the reverse dextral displacement on

the Nojima fault during the Hyogo-ken Nanbu

earthquake.
5. Composition of the carbonate crystals

The composition of the carbonate rhombs has

been determined using electron microprobe and

BSE-SEM. These techniques show that both types

of rhombs are solid solutions combining the ele-

ments Ca, Mg, Fe and Mn in different proportions

(Table 1).

These results confirms the ankeritic and sideritic

nature of these carbonates by comparison with chem-
ical analyses given by Chang et al. (1996). Both types

of carbonate rhombs also contain a small quantity of

Mn (up to 1.1% MnO, Table 1).

Analyses by BSE-SEM along a profile show the

variations in Ca, Mg, Fe, and Mn concentrations

within the ankerite rhombs (Fig. 6). These varia-

tions—higher Ca and Mg contents but lower Fe

content—are consistent with the slightly darker rim

of the ankerite rhombs on BSE-SEM images. Zona-

tion of the siderite rhombs could not be studied

because of their small size and due to interference

from surrounding minerals.
6. Composition of the groundwater

The Hirabayashi borehole was completed with a

casing that is perforated in the 630 and 650 m depth

interval, just below the main fault plane within the



Fig. 6. BSE-SEM image of thin section HR2-48 in sample 098-31 of the ankerite rhomb located in the lower left corner of Fig. 4. Note that the

rhomb is a composite crystal made of several agglomerated rhombs, and that some siderite crystals are included in the ankerite crystal. Analyses

by BSE-SEM are located and reported below.
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Fig. 7. Crystal size distributions for 317 ankerite and 327 siderite crystals as manually measured on the BSE-SEM image of Fig. 5. The major

axes of crystals have been measured (NIH image program). Below each histogram, individual measurements are reported as dots. Two best-

fitting log-normal distributions are also drawn (continuous curves) on the respective histograms for comparison. They have been determined

through a simple fit in the ‘‘normal score’’ vs. ‘‘log of size’’ diagrams shown as insets; their respective parameters are: l = 2.61, r = 0.50 for

ankerite, and l = 1.90, r = 0.41 for siderite.
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footwall. Pumping tests were performed and the

vertical hydraulic diffusivity was estimated to be 0.5

m2/s (Roeloffs and Matsumoto, 1999). Water has been

sampled in the borehole 1 year after the Hyogo-ken
Nanbu earthquake in 1996 during the pumping test

(pumping rate was 50 l/min).

Electric conductivity and pH were measured on-

site with electrodes after sampling. The borehole



Fig. 8. BSE-SEM image of thin section HR2-8 in sample 094-10 (see Fig. 2a) showing zoned euhedral siderite rhombs within a fracture. Note

that only a few voids remain and that almost the entire vein is cemented by siderite.
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water was immediately filtered through a 0.45-Am
membrane, acidified, and stored in plastic bottles for

subsequent chemical analysis. The analyses were

conducted by Mitsubishi Materials.

Total iron and Fe+3 were analyzed using spectro-

photometric techniques. The samples were pretreated

by addition of aliquots of 1,10-phenanthroline, HCl

and ammonium acetate solutions for Fe+3 determina-

tions. For total iron determinations, HCl, hydrochloric

hydroxylamine solution, 1,10-phenanthroline and am-

monium acetate solution were added to water samples.

Ferrous ion was calculated from the difference be-

tween total iron and Fe+3.

Titration method was used for carbonate species

determinations. Anions were measured by ion chro-

matography and cations were determined by ICP-

AES. Analytical uncertainties are typically about 5–

10% for trace components and better than 5% for

major components.
The chemical composition of the groundwater is

shown in Table 2 (Sato and Takahashi, 1997, 1999). A

gas-tight sampling apparatus was used in 1999 during

other pumping tests. The chemistry (major ions and

elements) was almost the same as the groundwater

sampled during the 1996 pumping test (Fujimoto,

unpublished data).

The geochemical speciation model PHREEQC-2

(Parkhurst and Appelo, 1999) was used to calculate the

distribution of different ionic species in groundwater.

PHREEQC-2 is based on an ion-association aqueous

model and has capabilities for speciation and satura-

tion index (SI = log10(IAP/Ksp)) calculations (see

http://www.brr.cr.usgs.gov/projects/GWC_coupled/

phreeqc/index.html). The results of these calculations

indicate that the present-day groundwater is at near

equilibrium (SI = 0) or slightly oversaturated (SI > 0)

with respect to aragonite (SI = 0.5), calcite (0.64),

chalcedony (0.54), dolomite (1.18), quartz (0.95),

 http:\\wwwbrr.cr.usgs.gov\projects\GWC_coupled\phreeqc\index.html 


Fig. 9. BSE-SEM image of thin section HR2-48 in sample 098-31 (see Fig. 2f) showing a zone rich in carbonate rhombs and delimitated by

two very thin gouge zones (Gg) in the upper right corner of Fig. 3a. The black arrow points to the top of the borehole. The flattening plane

of the rhombs (solid black line) is oblique to the gouge zones, which are themselves parallel to the orientation of the main Nojima fault

plane. This geometry is consistent with a reverse component on the gouge zones and is compatible with the last 1995 Hyogo-ken Nanbu

earthquake.
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rhodochrosite (0.29) and siderite (0.96), but is super-

saturated to highly supersaturated with respect to

amorphous iron hydroxide (2.88), goethite (8.77) and

hematite (19.47). Some of these minerals (e.g., calcite,

dolomite, siderite, rhodochrosite) are present as solid

solutions in the carbonate rhombs, while others (e.g.,

quartz, clays) occur as very small wall-rock fragments

in the carbonate-filled fractures or within the catacla-

sites as shown by X-ray diffraction analyses (Ohtani et

al., 2000).

The SiO2 content of the groundwater may be used

also to calculate the reservoir temperature (Fournier,

1985). Our calculations suggest a temperature of

97 jC, with the reservoir situated at approximately 4

km depth using a geothermal gradient estimated to be

24 jC/km from the measurements of the thermal

conductivity of drill core samples and the temperature
logging data in the borehole (Kitajima et al., 1998;

Yamaguchi et al., 1999).
7. Discussion and interpretation

The internal structures of the fractures and the

idiomorphic shape of the carbonate rhombs suggest

that numerous, small carbonate crystals grew in open

spaces, nucleated almost simultaneously, and that

significant subsequent growth has been limited and

restricted to the ankerite rhombs. Nucleation and

growth mechanisms may be discussed more precisely

on the basis of the log-normal crystal size distribu-

tions of siderite and ankerite crystals which indicate

that these crystals originated by decaying-rate nucle-

ation accompanied by surface-controlled growth in a



Fig. 10. BSE-SEM image of thin section HR2-48 in sample 098-31 (see Fig. 2f) showing details of the carbonate-rich compacted zone (see Fig.

3 for location). Siderite and ankerite rhombs show dissolution features due to indentation by harder particles, such as fragments of silicate

minerals or ultracataclasites.
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fluid saturated with respect to these carbonates (Kile

et al., 2000). The slight departure of the two sets of

measurements from a best-fitted theoretical log-nor-

mal distribution (Fig. 7) can be attributed to a statis-
Table 1

Oxides by weight percent of the carbonate rhombs measured with a Ca

carbonate components

Sample

(depth, m)

Point Mineral FeO MnO CaO MgO

619.8 #12 siderite 49.67 1.10 2.98 7.06

619.8 #31 siderite 42.23 0.92 5.15 8.60

619.8 #13 ankerite 11.87 0.64 29.76 9.92

619.8 #32 ankerite 10.03 0.48 29.52 10.86

622.6 #51 siderite 47.20 0.88 2.97 6.79

622.6 #70 siderite 41.08 1.01 5.87 9.08

622.6 #72 siderite 43.53 0.89 3.23 11.46

622.6 #52 ankerite 9.31 0.47 31.42 11.98

622.6 #69 ankerite 12.34 0.69 31.51 10.29

622.6 #71 ankerite 12.26 0.68 32.22 9.60
tical sampling effect. The similar shape (asymmetry

and standard deviation over mean value ratio) of both

distributions is interpreted in terms of similar nucle-

ation and growth processes of ankerite and siderite.
meca SX100 electron probe and recalculated in terms of principal

Total FeCO3 MnCO3 CaCO3 MgCO3 Total

60.81 81.69 1.81 4.89 11.61 100.00

56.90 74.22 1.61 9.05 15.12 100.00

52.20 22.74 1.23 57.02 19.01 100.00

50.88 19.71 0.94 58.01 21.34 100.00

57.84 81.61 1.52 5.13 11.73 100.00

57.04 72.02 1.77 10.29 15.93 100.00

59.11 73.65 1.51 5.46 19.39 100.00

53.18 17.51 0.88 59.08 22.53 100.00

54.83 22.50 1.26 57.48 18.76 100.00

54.76 22.39 1.24 58.84 17.54 100.00
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The difference between mean values (and proportion-

ally standard deviations) may be attributed to the

chemistry of the solution.

Jimenez-Lopez et al. (2001) describe precipitation

of calcite during experiments performed at 25 jC and

1 atm in a supersaturated solution. They first obtained

small spherulites of monohydrocalcite which were

progressively replaced in time by 15 Am crystals

displaying the characteristic rhombohedral habit of

calcite. After 300 min, which is a geologically short

time frame, only well-faceted rhombohedra were

detected. Thus, the carbonate filling of the fractures

in the Nojima sample may have also precipitated very

quickly in a supersaturated solution with respect to

siderite and ankerite and at low temperature.

Siderite and ankerite are common minerals in

sedimentary rocks. Morad (1998) proposes diagrams

of temperature-dependent equilibrium relationships

among the principal carbonates (calcite, ankerite, do-

lomite, magnesite, siderite) as functions of the ratios of

the ionic activities of Ca2+, Mg2+ and Fe2+ in ground-

water. These activities have been calculated for the

Hirabayashi groundwater and they fall within the

stability field of siderite on log(aFe2+/aCa2+) and

log(aFe2+/aMg2+) vs. temperature diagrams, and with-

in the stability field of dolomite in the log(aMg2+/

aCa2+) vs. temperature diagram. As pointed out by

Morad (1998), the precipitation conditions and equi-

librium relationships of carbonate are controlled by

several inter-related parameters such as water chemis-

try (ionic activities, pH, alkalinity), kinetics and tem-

perature; equilibrium thermodynamics may not apply

to precipitation processes in geological contexts where

these parameters vary rapidly in time.

Solution supersaturation and precipitation of car-

bonates may have originated by a fluid pressure

drop as already suggested by Eichhubl and Boles

(2000). The same process has been invoked by

Robert et al. (1996) for fine-grained gold-bearing

quartz veins, by Herrington and Wilkinson (1993)

for colloidal gold and silica in mesothermal vein

systems, and by Coulon and Frizon de Lamotte

(1988), Labaume et al. (1997), and Evans et al.

(1998) for fine-grained carbonate fillings of hydrau-

lic fractures in chalk, clays and sandstones, respec-

tively. Such a fluid pressure drop may have been an

immediate consequence of co-seismic hydraulic

fracturing as proposed by Sibson et al. (1988) in
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their fault-valve model and as suggested in the

scenario of Fig. 11. Before an earthquake, the pore

fluid pressure in cataclastic fault rocks may be

higher than the hydrostatic value as a result of

compaction and reduction of permeability by pres-

sure solution (Gratier et al., 2003). Therefore, as

soon as the earthquake occurs, fluid pressure drops

to hydrostatic value due to fractures which form

highly permeable channel ways for fluid flow (Sib-

son et al., 1988). The solubility of calcite in water

strongly depends on the temperature (retrograde

solubility), the partial pressure of CO2, and pH.

The lower the temperature, the greater the decrease

in calcite solubility induced by a decrease in partial

pressure of CO2 (review in Fyfe et al., 1978). For

example, a slight decrease in partial pressure of

CO2 (from 12 to 4 bar) at 100 jC is sufficient to

induce a decrease of calcite solubility from 0.6 to

0.4 g CaCO3/kg solution. Therefore, the fast ascent

of a fluid from a 4 km depth at 100 jC to
Fig. 11. Interpretative sketch depicting the formation of the carbonate-fille
shallower levels would probably induce a strong

decrease in partial pressure of CO2, and in calcite

solubility, and thus the nucleation and precipitation

of numerous rhombs in open fractures.

After crystallization, the ankerite and siderite

rhombs have suffered some deformation. The changes

in crystal shapes in between the two gouge zones

(Figs. 9, 10) are very similar to textures described in

sandstones from subsiding sedimentary basins (Bjør-

kum, 1996; Renard et al., 1997). We interpret their

textures as a result of pressure solution indentation of

soluble crystals (ankerite and siderite) by less soluble

particles (fragments of cataclasite, illite included). The

carbonate crystals were also affected by brecciation or

attrition in very thin low angle gouge zones (Figs. 9

and 11). Similar thin gouge zones are also observed

below the main fault plane, at a 625–635 m depth

interval. Indentation and compaction by pressure

solution are low strain-rate processes occurring during

the aseismic stage, and brecciation and attrition are
d fractures and their subsequent evolution. Explanations in the text.
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high strain-rate processes occurring during the seismic

stage (Gratier and Gamond, 1990). The width of the

gouge zones (<1 mm) suggests that the corresponding

seismic events were of low magnitude, although there

is no established scale relationship between the thick-

ness of the seismic slip zones and the magnitude of

the seismic events due to localisation of co-seismic

shearing (Sibson, 2003). As the carbonate fractures

have probably formed at low temperatures and shal-

low depths, the narrow gouge zones are probably also

the expression of shallow slip zones. We may con-

strain the maximum depth of formation of both the

carbonate veins and the thin gouge zones when

considering the recent 490–540 m vertical offset of

the Kobe Group on the Nojima fault plane and the 625

m depth where these textures are actually observed.

Therefore, they probably formed at a depth less than

1100 m.

Very finely crystallized veins are rarely described

in the literature and we believe that they may

represent transient geological microstructures (see

Robert et al., 1996; Herrington and Wilkinson,

1993; Coulon and Frizon de Lamotte, 1988; Lab-

aume et al., 1997; Evans et al., 1998). These fine-

grained veins may later become entirely recrystal-

lized due to the action of circulating fluids; this is

probably the case of the siderite veins observed in

other sections of the Hirabayahi borehole (see Figs.

2a and 8) where all the void spaces between wall-

rock fragments have been filled by siderite. On the

other hand, these microstructures may dissolve via a

pressure-solution process, as described in sample

098-31 (Fig. 2f), and thereby making their obser-

vation impossible. Therefore, only observation of

very young faults and associated veins may allow

for the observation of transient, primary fine-grained

textures.
8. Conclusions

We have shown that co-seismic hydraulic fractur-

ing occurred in the hanging wall of the Nojima fault,

as evidenced by the distribution of carbonate fractures

on an approximately 1-m-thick zone above the fault

plane. These fractures are filled by small euhedral

ankerite and siderite crystals that have been inter-

preted as having been derived from decaying-rate
nucleation and surface-controlled growth in a super-

saturated fluid with respect to these carbonates. A

slight decrease in fluid or CO2 partial pressure may

have been the cause of the carbonate oversaturation of

the circulating fluid, which could have been similar in

composition to the present-day groundwater sampled

in the borehole.

The carbonate fractures occur very late in the

evolution of the Nojima fault but do not represent

the last event since they are cut by thin gouge zones

and have been subjected to pressure solution process-

es. They have suffered at least one seismic cycle

represented by low strain-rate deformation (pressure

solution) during the interseismic stage, and high

strain-rate deformation (slip in gouge zones) during

the subsequent seismic stage. These carbonate frac-

tures seems to be present only above the fault plane

and, therefore, are consistent with preferential fluid

circulation and intense alteration within the hanging

wall, as observed by Ohtani et al. (2000).

Internal textures of veins or fractures displaying

fine-grained euhedral crystals are rarely described in

the literature and this may be explained by their

transient nature subject to rapid modification by recrys-

tallization or by dissolution–precipitation processes.

In conclusion, the drilling of active faults gives

scientists the opportunity to observe transient tex-

tures due to recent earthquakes, which otherwise

are impossible to observe on exhumed faults, and

to integrate and combine all of the textural, miner-

alogical, and chemical data with logging measure-

ments so as to yield a real-time snapshot of the

fault.
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