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Clay-rich fault gouge in the principal slip zones of faults stores abundant water within pores and between clay
interlayers. During the preparation of thin-sections and rock chips for microstructural observations, fault-gouge
samples are commonly air-dried at room temperature or in an oven. However, during the drying process,
remnant liquid water between gouge grains produces an inter-particle adhesion force (liquid-bridge force),
which rearranges the grain-to-grain structure, likely resulting in a disturbance of the original fabric. For this
study, we prepared gouge samples from the Itozawa fault, northeastern Japan, using a t-butyl alcohol freezedrying method that mitigates drying-induced fabric disturbance. We then compared the microstructure of our
samples with those prepared using the conventional air-drying method. The freeze-dried samples preserve a
smooth fault plane, clearly defined nanoparticles, and well-developed shear-sense indicators, including slickenlines and Riedel shear planes. In contrast, the air-dried samples underwent shrinkage during drying, which
distorted the geometry of the fault plane. These air-dried samples lack nanoparticles and display only a weak
shear fabric. We conclude that microstructural observations on samples prepared using the t-butyl alcohol
freeze-drying method, compared with conventional air-drying, could preserve more evidence for the retrieval of
fault information, including the kinematics, slip stability, and dynamic weakening mechanism of a fault.

1. Introduction
The principal slip zones of faults comprise fine-grained gouge that
commonly contains abundant clay minerals (e.g., Otsuki et al., 2003;
Bullock et al., 2014). Microstructural analysis of fault gouge using
scanning electron microscopes (SEMs) can constrain the deformation
processes associated with past slip events (Boullier et al., 2009). Until
the 1970s, incohesive fault rocks were assumed to exhibit random
fabrics (e.g., Sibson, 1977); however, more recent field and laboratory
investigations have recognized Riedel shear planes in such rocks (e.g.,
Logan et al., 1979; Chester et al., 1985; Rutter et al., 1986; Tanaka,
1992a). Slickensides with slickenlines and Riedel shear planes preserved in fault rocks can be used to determine the sense of shearing
during fault motion (e.g., Logan et al., 1979; Doblas, 1998). The degree
of development of such structures in fault gouge is closely related to the
stability of fault slip, which is associated with earthquake nucleation
(Beeler et al., 1996). As well as fault kinematics, shear-sense indicators
can be used to constrain paleostress tensors and tectonic activity around

faults (e.g., Petit, 1987; Chorowicz et al., 1999). SEM observations have
revealed the micro-to nano-scale morphology and size distribution of
gouge grains, which can be used to constrain weakening mechanisms
during faulting (e.g., frictional melting, thermal pressurization, powder
lubrication and graphization of gouge; Hirono et al., 2006; Han et al.,
2007; Boullier et al., 2009; Han et al., 2010, 2014; Kuo et al., 2014b).
Prior to the preparation of thin-sections and rock chips for microstructural observations, clay-rich gouge samples are typically air- or
oven-dried to remove water in pores and adsorbed onto the surfaces of
clay minerals, which have large water storage capacities owing to their
high specific surface area. During these drying methods, the surface
tension force associated with water in the samples can potentially disrupt or destroy original fabrics (e.g., Gillott, 1969; Bennett and Hulbert,
1986). Several sample preparation methods have been developed over
the past few decades for soft sediments and soils containing abundant
clay minerals (i.e., similar to fault gouge), including the freeze-drying
method used for the preparation of SEM specimens (e.g., Gillott, 1969;
Bennett and Hulbert, 1986; Takizawa et al., 1995; Takizawa, 1997).
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This method preserves the grain-to-grain structural integrity of softsediment samples and has revealed a change in the fabric of submarine
sediments with increasing burial depth, from randomly oriented particles with edge-to-face contacts to highly oriented and densely packed
particles, corresponding to a decrease in void ratio (Bennett and
Hulbert, 1986). However, few studies have examined how drying affects the fabric of fault-gouge samples used to determine fault kinematics (Takagi and Kobayashi, 1996; Oohashi et al., 2008).
In this contribution, we used a t-butyl alcohol freeze-drying method
(Takizawa et al., 1995; Takizawa, 1997) to prepare samples of clay-rich
fault gouge for microstructural analysis. The samples were collected
from the Itozawa fault immediately after it ruptured during the Mw 6.6
Hamadoori earthquake in April 2011. We compare the microstructures
of samples prepared using freeze-drying and conventional air-drying
methods. We show that the drying process can result in the inaccurate
identification of kinematic markers and produce erroneous conclusions
on slip stability and weakening mechanisms during faulting. In section
2, we describe the theoretical background for drying-induced disturbance. In section 3, we describe the methods used for this study and
give details of the X-ray diffraction (XRD) and SEM techniques used for
microstructural analysis. The Itozawa fault is described in section 4,
and the microstructural results and a discussion are provided in section
5. Section 6 presents the conclusions of the study.
2. Inter-particle forces associated with dehydration: theoretical
background
Fault rocks comprise particles of various sizes, with several adhesion forces acting between the particles. The main adhesion forces are
van der Waals, electrostatic, and liquid-bridge forces. A liquid bridge
forms between two particles when liquid is present in the gap between
those particles (Fig. 1, central part), producing a force that has been
theoretically and experimentally analyzed (e.g., Iinoya and Muramoto,
1967; Endo and Kousaka, 1993). The magnitude of this force is proportional to the surface tension force of the liquid (e.g., Yamamoto and
Matsuyama, 1991; Masuda et al., 2006). Israelachvili (1991) showed
that the surface tension force of water (73 mN/m at 20 °C) is higher
than that of many other liquids (e.g., acetone, ethanol, and benzene,
which exhibit surface tension forces at 20 °C of 23.7, 22.8 and 28.8 mN/
m, respectively). Thus, the liquid-bridge force associated with water is
stronger than that of other liquids. For particles with diameters of <
1 mm, the liquid-bridge force is stronger than the van der Waals and
electrostatic forces. Furthermore, the dominance of the liquid-bridge
force is negatively correlated with particle diameter (e.g., Yamamoto
and Matsuyama, 1991; Masuda et al., 2006). Thus, clay particles, defined as having diameters of < 2 μm, are significantly affected by the
liquid-bridge force associated with water.
Water vaporization during air- or oven-drying results in the formation of liquid bridges, generating liquid-bridge forces that act on submillimeter particles, causing them to aggregate (Fig. 1). De Souza
(2007) and Payam and Fathipour (2011) found that the more hydrophilic the surfaces of particles connected by a liquid bridge, the greater
the magnitude of the liquid-bridge force. Among clay minerals frequently observed in fault gouge, smectite crystal surfaces are the most
hydrophilic (Kawamura, 2008). Therefore, when wet samples containing smectite are air- or oven-dried, smectite crystal aggregation is
enhanced, which changes the distribution of smectite crystals and the
overall rock fabric.

Fig. 1. Schematic diagram illustrating the mechanism of grain aggregation in
response to air- or oven-drying.

described in section 4. Samples A and B were prepared using the airdrying method. These two samples were completely dehydrated by allowing natural drying to occur for approximately one year, starting
immediately after sampling.
Samples C and D were prepared using the freeze-drying technique.
As samples containing abundant water begin to dehydrate when exposed to air, these samples were immediately packed into polypropylene bags filled with ethanol and bound with cotton yarn to
prevent sample collapse during transport to the laboratory (Fig. 2). Pure

3. Methods
Fig. 2. Photograph of a bagged gouge sample in the field.

We collected four gouge samples from the principal slip zone of the
Itozawa fault (samples A to D). The mineralogy of the gouge samples is
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a 40 mA current. The XRD was equipped with auto divergence and antiscatter slits as well as a 0.2 mm receiving slit.
3.1. Ethanol substitution
Water in samples C and D was replaced with ethanol as follows: (1)
The samples were immersed in ethanol for 7 days; (2) a mixture of
water and ethanol was removed from the samples and replaced with
ethanol; (3) steps (1) and (2) were repeated four times. To prevent rapid
dehydration, the samples were immersed in a 70% ethanol solution for
the first iteration of steps (1) and (2), followed by 100% ethanol
thereafter. Approximately one month was required to complete ethanol
substitution in the samples. Owing to the tight packaging of the samples, some parts were not in direct contact with ethanol. Therefore, we
wrapped the samples with paper towels to ensure that the entire surface
of the sample was in contact with ethanol (Fig. 3).

Fig. 3. Photograph of a sample undergoing ethanol substitution in preparation
for the t-butyl alcohol freeze-drying method.

3.2. t-Butyl alcohol freeze-drying method for SEM observations

ethanol is highly miscible with water and is commonly used as a dehydrating agent (e.g., Tanaka, 1992b). Therefore, we used a 70%
ethanol solution to prevent the aggregation of grains due to the rapid
dehydration of water.
Samples C and D were dehydrated by replacing water in the samples
with ethanol, before employing the t-butyl alcohol freeze-drying
method. Ethanol substitution is commonly used during the pre-treatment of samples; however, as ethanol is highly volatile, care must be
taken to prevent air-drying of samples during the ethanol substitution
process. The t-butyl alcohol freeze-drying method was performed as
follows: (1) Ethanol in the samples was replaced with t-butyl alcohol;
(2) the samples were frozen, and the t-butyl alcohol was sublimated. tButyl alcohol is miscible with ethanol (Tanaka, 1992b) and exhibits a
high freezing point (25.5 °C; Tanaka, 1992b) and a high vapor pressure
(40.7 mm Hg at 25 °C; U.S. National Library of Medicine, 2014), allowing it to be quickly and easily frozen and sublimated.
The ethanol substitution and t-butyl alcohol freeze-drying methods
are described in detail in sections 3.1 and 3.2, respectively, and the
effects of the air-drying and t-butyl alcohol freeze-drying methods on
pure smectite samples are presented in section 3.3. We examined the
microstructures of samples A to D using an SEM. SEM observations on
samples A and C were conducted on specimens cut along the XZ plane
(i.e., parallel to slickenlines and perpendicular to the fault plane). For
samples B and D, SEM observations were performed on specimens oriented normal to the fault plane. Microstructural observations were
conducted using a JSM-7001F SEM at the Central Research Institute of
Electric Power Industry (CRIEPI), Chiba, Japan. The mineralogy of the
samples was determined using an X'Pert MRD Pro PW3040 XRD with
CuKα radiation at the CRIEPI. XRD measurements were conducted from
2° to 70° 2θ with a 2°/min scan speed, a 45 kV accelerating voltage, and

This procedure was conducted used t-butyl alcohol, liquid nitrogen,
and a freeze dryer.

Fig. 5. Schematic diagram illustrating the mechanism of smectite crystal aggregation in response to air-drying.

Fig. 4. SEM photomicrographs of (a) air-dried and (b) t-butyl alcohol freeze-dried pure smectite samples collected from the Tsukinuno bentonite mine in Yamagata
Prefecture, Japan.
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Fig. 6. Simplified map of the Itozawa and Yunodake faults that slipped during the 2011 Hamadoori earthquake. The solid star indicates the epicenter of the
earthquake.

3.2.1. t-Butyl alcohol substitution
Ethanol in dehydrated samples C and D was replaced by t-butyl
alcohol as follows: (1) The samples were immersed in t-butyl alcohol for
one week; (2) a mixture of ethanol and t-butyl alcohol was removed
from the samples and replaced with t-butyl alcohol; (3) steps (1) and (2)
were repeated five times. During t-butyl alcohol substitution, the samples were kept above the freezing point of t-butyl alcohol (25.5 °C).
3.2.2. Freeze-drying
Following t-butyl alcohol substitution, samples C and D were frozen
and the t-butyl alcohol was then sublimated as follows: (1) The samples
were frozen rapidly using liquid nitrogen; (2) the frozen t-butyl alcohol
was sublimated under vacuum using a HITACHI ES-2030 freeze dryer.
The samples were kept below 25.5 °C during freeze-drying to avoid
melting of t-butyl alcohol. Freezing was conducted rapidly to prevent
the formation of large crystals that may damage faulting-related microstructures.

Fig. 8. Photographs of a surface rupture (a) and the fault zone (b and c) of the
Itozawa fault. Red arrows indicate the slip direction. Locations of the photographs are shown in Fig. 7. . (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Simplified geological map of the Itozawa fault.
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3.3. Effects of the air-drying and t-butyl alcohol freeze-drying methods on
pure smectite samples

fault has ruptured at least three times during the last 50,000 years
(Kurosawa et al., 2012; Tsutsumi and Toda, 2012; Niwa et al., 2013;
Toda and Tsutsumi, 2013). The Itozawa fault transects Early Cretaceous
schist, which is widespread in the Hamadoori area (Kubo et al., 2007)
(Fig. 7).
The earthquake surface rupture (Site 1 in Fig. 7; Fig. 8a) was
identified during a field survey conducted immediately after the 2011
earthquake. The Itozawa fault zone was also observed at two sites located to the SSE of Site 1 (Sites 2 and 3 in Fig. 7). Gouge from the fault
zone is clay-rich and contains abundant water (Fig. 8b). Maximum
displacement at Site 3 occurred along a fault plane that strikes N27°W,
dips 75°W, and separates loose surface soil from a 4-cm-thick gouge
zone derived from Early Cretaceous schist (Mizoguchi et al., 2012,
Fig. 8c). Slickenlines on the fault plane trend N60°E and plunge 68°SW.
Samples A to D were collected from the principal slip zone along the
fault plane immediately following the 2011 earthquake. XRD analysis
indicates that the sampled gouge comprises smectite, quartz, and plagioclase (Fig. 9).

Edge-to-face contacts between clay crystals form in unconsolidated
sediments deposited in pure water (e.g., Bennett and Hulbert, 1986).
However, this contact structure is extremely fragile and can be destroyed by air- and oven-drying. Smectite-bearing fault rocks occur in
many faults (e.g., Otsuki et al., 2003; Kuo et al., 2009; Noda and
Shimamoto, 2009; Casciello et al., 2011; Holdsworth et al., 2011;
Haines and van der Pluijm, 2012). To determine the effect of air-drying
and t-butyl alcohol freeze-drying methods on smectite-bearing samples,
we compare our samples with those collected from the Tsukinuno
bentonite mine in Yamagata Prefecture, Japan. For SEM observations,
smectite samples were mixed with pure water to allow edge-to-face
contacts to be observed. The air-dried sample of Tsukinuno bentonite
was prepared by placing mixed smectite crystals on an SEM sample
mount and then air-drying for one day. This sample does not display
clearly defined smectite crystals and includes several “crumbs” (i.e.,
smectite crystal aggregates) with various shapes and sizes (Fig. 4a). In
contrast, individual euhedral smectite crystals were recognized in the tbutyl alcohol freeze-dried sample of Tsukinuno bentonite (Fig. 4b), and
lamellar smectite crystals exhibit edge-to-face contacts. Thus, we conclude that the t-butyl alcohol freeze-drying method can suppress the
aggregation of fine-grained clay minerals during dehydration. Smectite
crystals in the air-dried sample were subjected to strong liquid-bridge
forces during dehydration, resulting in the aggregation of crystals
(Fig. 5), which prevented the identification of individual smectite
crystals.

5. Results and discussion
SEM photomicrographs on the XZ plane of sample A (prepared using
the air-drying method) reveal a substantially distorted fault plane
(Fig. 10a) and a lack of clear Riedel shear planes close to the fault plane
(Fig. 10b and c). In contrast, sample C (prepared using the t-butyl alcohol freeze-drying method) displays a smooth fault plane (at
100 × magnification; Fig. 10d) that contains step structures due to the
presence of Riedel shear planes (Fig. 10e and f).
As our samples were collected from the fault plane that slipped
during the 2011 earthquake, we expected them to preserve Riedel shear
planes indicating normal slip. However, in contrast to sample C, sample
A does not contain Riedel shear planes. Smectite crystals in sample A
were likely aggregated during air-drying, similar to the air-dried
smectite sample collected from the Tsukinuno bentonite mine. We
therefore conclude that any Riedel shear planes that were present in
sample A were destroyed during smectite crystal aggregation and an
associated change in the distribution and morphology of smectite

4. Itozawa fault
The April 2011 Hamadoori earthquake (Mw 6.6) occurred in
Fukushima Prefecture, northeastern Japan (Fig. 6). The NNW-striking
Itozawa and NW-striking Yunodake faults ruptured during the earthquake, and a maximum westward/normal-slip displacement of about
2 m occurred along the Itozawa fault (Mizoguchi et al., 2012). Borehole
and trench surveys following the earthquake revealed that the Itozawa

Fig. 9. Whole-rock XRD pattern for a fault-gouge sample from the Itozawa fault. Qtz = quartz; Pl = plagioclase; Sm = smectite. The fault gouge was sampled from
the outcrop shown in Fig. 8c (Site 3 in Fig. 7).
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Fig. 10. SEM photomicrographs of the XZ plane of (a–c) sample A and (d–f) sample C. Samples A and C were prepared using air-drying and t-butyl freeze-drying
methods, respectively. Red arrows indicate the slip direction. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

crystals.
Gouge from the Itozawa fault comprises three distinct minerals:
smectite, quartz, and plagioclase (Fig. 9). As the liquid-bridge force is
dependent on mineralogy (Kawamura, 2008), the degree of particle
aggregation (and volume reduction) will vary across the samples.
Therefore, we infer that the fault plane in sample A, which was likely
smooth prior to air-drying, was distorted as a result of non-uniform
shrinkage during air-drying. Furthermore, a non-uniform distribution of
pore water (e.g., due to heterogeneous particle size) will also induce
non-uniform shrinkage during air-drying, resulting in the distortion of
sample surfaces (Fig. 11). However, monomineralic samples with
homogeneous particle size and pore water distribution may not undergo surface distortion during air-drying. A large (∼200 μm) quartz/
plagioclase grain is observed beneath a convex segment of the distorted
fault plane in sample A (lower-left corner of Fig. 10a).
SEM photomicrographs of sample B (prepared using the air-drying

method) taken normal to the fault plane reveal weak slickenlines on a
rough fault plane (Fig. 12a; 200 × magnification). The fault plane
comprises a variety of “crumbs” with various shapes and sizes
(Fig. 12b). The surfaces of these crumbs are characterized by nanoscale
“nubs” (Fig. 12c). No nanoparticles were observed on the fault-plane
surface or along the edges of voids.
In contrast, SEM images of sample D (prepared using the t-butyl
alcohol freeze-drying method) display abundant slickenlines on a
smooth fault plane at 200 × and 2500 × magnifications (Fig. 12d and
e). Nanoparticles (diameter = 100–200 nm) occur on the fault plane
(Fig. 12f) and along the edges of voids on the fault plane.
Slickenlines are formed when particles sandwiched between fault
surfaces erode the surfaces during fault slip (Doblas, 1998). Therefore,
the presence of slickenlines indicates that the surfaces have undergone
brittle slip in the shallow crust (i.e., faulting, such as the 2011 Hamadoori and the 1999 Chi-Chi earthquakes; Hashimoto et al., 2015). Thus,
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between them during air-drying would have been especially strong.
As shown in section 3.3, particle aggregation during air-drying can
restrict the identification of particles. Moreover, surfaces in sample D
host nanoscale nubs. Therefore, the lack of individual nanoparticles in
sample B may indicate that pre-existing nanoparticles were aggregated
during air-drying to form the variably sized and shaped crumbs on the
fault plane; nubs on these crumbs might represent original nanoparticles.
During laboratory friction experiments at sub-seismic slip rates,
grains on rough slip surfaces aggregate during slip (Han et al., 2011;
Aretusini et al., 2017). As the rough fault plane in sample B comprises
grain aggregates, it may be misidentified as having formed at subseismic slip rates. Therefore, the air-drying of fault-rock samples, which
affects the morphology of fault planes and causes aggregation of nanoparticles, can obscure fault-weakening mechanisms and lead to the
misidentification of sub-seismic faults, which may, in reality, be
seismic. Previous laboratory friction experiments have investigated the
causal relationship between the formation of smooth slip planes and
seismic/aseismic slip rates (e.g., Han et al., 2010, 2011; Oohashi et al.,
2011; Tisato et al., 2012; Chen et al., 2013; Fondriest et al., 2013; Sagy
et al., 2017; Orellana et al., 2018). However, our results indicate that
the method of sample preparation can affect the smoothness of slip
planes. Therefore, sample preparation methods should be carefully
considered to allow accurate observations to be made of fault-plane
morphology.
Nanoparticles have been observed in faults within carbonate rocks
(e.g., Siman-Tov et al., 2013; Smeraglia et al., 2017a, 2017b); however,
few have been reported from smectite-rich faults (Kuo et al., 2014a). If
nanoparticles in smectite-rich faults are small smectite crystals, aggregation of such particles may have restricted their identification.
Therefore, the application of the t-butyl alcohol freeze-drying sample
preparation method may lead to the identification of nanoparticles in
smectite-rich faults, and thus allow the fault-weakening mechanisms of
such faults to be constrained.

Fig. 11. Schematic diagram illustrating the mechanism of sample surface distortion in response to non-uniform sample shrinkage.

the fault plane of sample D records faulting in the shallow crust,
whereas that of sample B does not. Moreover, sample D contains nanoparticles on a smooth fault plane. A similar, smectite-rich sample
from the Tsukinuno bentonite (prepared using the t-butyl alcohol
freeze-drying method) does not contain nanoparticles. If the nanoparticles in sample D formed as a result of chemical contamination
during the t-butyl alcohol freeze-drying method, nanoparticles would
also have formed in the sample from the Tsukinuno bentonite mine.
Therefore, we conclude that nanoparticles in sample D were derived
from smectite crystals and were not formed via chemical contamination.
Previous laboratory and field studies have attributed the formation
of nanoparticles in clay-bearing faults to the (1) thermal decomposition
and (2) hydrothermal alteration of clay minerals, and (3) grain comminution (e.g., Ujiie et al., 2011; Hirono et al., 2014; Smeraglia et al.,
2017a). Han et al. (2010) identified nanoparticles on a fault plane
produced in a laboratory friction experiment performed at seismic slip
rates and suggested that fault weakening occurs in response to powder
lubrication due to nanoparticle rolling. Although the formation mechanism of nanoparticles in sample D was not investigated in the present study, the presence of nanoparticles would have facilitated slip
propagation during the April 2011 Hamadoori earthquake rupture.
Sample B displays only weak slickenlines and a rough fault plane.
The weak slickenlines do not definitively indicate that the fault plane
underwent brittle slip. No nanoparticles were observed in sample B, and
the fault plane comprises several crumbs of various shapes and sizes.
Chen et al. (2011) showed that the magnitude of the liquid-bridge force
between two particles of different size increases with decreasing size
difference. The nanoparticles in sample D display a relatively uniform
size (diameter = 100–200 nm; Fig. 12f) and would therefore have been
highly susceptible to the liquid-bridge force during air-drying. Furthermore, if the nanoparticles were small, highly aggregable smectite
crystals (e.g., formed by grain comminution), the liquid-bridge force

6. Summary and conclusions
We used SEM examinations of clay- and water-rich fault-gouge
samples from the Itozawa fault in northeastern Japan to compare the
effects of two different sample dehydration methods (air-drying and tbutyl alcohol freeze-drying) on microfabrics. We are able to draw the
following conclusions.
(1) Air-dried gouge samples preserve distorted and rough fault planes
with only weak slickenlines and no clear shear-sense indicators or
nanoparticles. We conclude that the microstructural signatures of
faulting were disturbed as a result of particle aggregation during
air-drying.
(2) In contrast to the air-dried samples, samples prepared using the tbutyl alcohol freeze-drying method preserved microstructural
faulting signatures, such as a smooth fault plane hosting nanoparticles, slickenlines, and Riedel shear planes.
Our results indicate that air-drying can greatly affect the microstructure of unconsolidated fault rocks. In contrast, water-saturated and
clay-rich fault-gouge samples prepared using the t-butyl alcohol freezedrying method can preserve microstructural faulting signatures.
Investigations of such samples should improve our understanding of
kinematics, slip stability, and weakening mechanisms during faulting.
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Fig. 12. SEM photomicrographs taken normal to the fault plane of (a–c) sample B and (d–f) sample D. Samples B and D were prepared using air-drying and t-butyl
freeze-drying methods, respectively. Red arrows indicate the sense of motion of material above the fault plane. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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