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Abstract

We examine the roundness (Rd) of clasts derived from fault rocks and discuss its possible application as an indicator for

fracturing and chipping or frictional melting. The roundness of quartz and feldspathic clasts derived from four frictional
melting-originated pseudotachylytes and one crushing without melting-originated pseudotachylyte as well as three cataclastic
rocks was measured. Between 230 and 270 clasts >10 mm in size were measured for each sample. The analyses show that Rd is

lower than 0.4 in all the clasts included in the cataclastic rocks and crushing-originated pseudotachylyte, whereas it varies from
0.1 to 1.0 and 35±90% of clasts have a roundness >0.4 in the melting-originated pseudotachylyte. It is suggested that the clasts
having a roundness >0.4 were rounded by frictional melting rather than by fracturing or chipping in pseudotachylytes, and that

the roundness of clasts may be used as a special index of disintegration attributed to attrition and melting. # 1999 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Fault-related pseudotachylytes found as simple veins

and injected networks in fault zones are widely con-

sidered to be earthquake `fossils' recording the events

of seismic slip. These rocks generally comprise an

ultra®ne-grained and generally dark matrix containing

various sizes of comminuted lithic clasts (i.e. Philpotts,

1964; Sibson, 1975; Magloughlin, 1992; Lin, 1994a, b).

The melting origin of pseudotachylyte has been

demonstrated by ®eld and petrologic studies (i.e.

Sibson, 1975; Maddock, 1983; Spray, 1987; Lin, 1991,

1994a, b). Experimental results also show that melt-

originated pseudotachylyte can be generated by fric-

tional heating at depths as shallow as several tens of

metres (Spray, 1987, 1992, 1995; Lin, 1991; Lin and

Shimamoto, 1999). However, it has also been reported,

recently that some pseudotachylytes are dark and
aphanitic and show the occurrences of simple veins
and complex networks injected in the wallrocks have
an origin by crushing, not melting (Lin, 1996, 1997;
Lin et al., 1998). There is a general character between
the melting- and crushing-originated pseudotachylytes,
in that these rocks consist of ultra®ne-grained matrix
and various sizes and shapes of lithic clasts and occur
as simple veins and injected networks. The rounded
and embayed clasts set in matrices in pseudotachylytes
are generally considered to be indicative of melting
rather than crushing origin (e.g. Shand, 1916;
Philpotts, 1964; Sibson, 1975; Wallace, 1976; Allen,
1979; Maddock, 1983; Lin, 1991, 1994a, b, 1996;
Magloughlin, 1992). Rounded clasts have also been
documented in ultracataclasites (e.g. Chester et al.,
1993). However, the roundness and embayment of
clasts were only described qualitatively and not evalu-
ated quantitatively as evidence of melting.

The aim of this study is to analyze the roundness of
lithic clasts included in several of the better-studied
pseudotachylytes and cataclastic rocks in order to de-
rive quantitative index relationships between pseudota-
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chylytes and cataclastic rocks for understanding the
process and mechanism of pseudotachylyte formation.

2. Measurement of clast roundness

2.1. Samples

Two types of samples (Table 1) are used for analysis
of roundness of clasts in this study: one is the well-
known melting-originated pseudotachylytes (Sibson,
1975; Shimamoto and Nagahama, 1992; Lin, 1994a, b;
Fabbri et al., 1997); the other is the crushing-origi-
nated pseudotachylytes and cataclastic rocks (Lin,
1996, 1997; Lin et al., 1998). The fault gouge samples
were taken from drill core from the Nojima fault
along which surface rupture occurred during the 1995
Southern Hyogo Prefecture Earthquake (M7.2), Japan
(Lin and Uda, 1996). The host rocks of all samples
analyzed in this study are granitic, which are mainly
composed of quartz and feldspar crystals. The
measurements of roundness were performed on the
quartz and feldspar clasts for avoiding the e�ect of
hardness of di�erent minerals on the roundness and
also for convenience.

2.2. Analysis method

The shape of solid particles or clasts is often used as
an indicator to evaluate the transfer process and sedi-
ment environment in sedimentology (Wadell, 1932;
Research Group of Sedimentary Rocks of Japan,
1983) and to evaluate the deformation process in fault-
related rocks (e.g. Lin, 1991). In order to quantitat-
ively evaluate the shape of clasts, we measure round-
ness of clasts. Roundness (Rd) is de®ned by Wadell
(1932) in one plane (Fig. 1) as

Rd �
X
�ri=R�=n �1�

where ri is the radius of curvature of the corner, R is
the radius of the maximum inscribed circle in the
plane of measurement, and n is the number of the cor-
ners of clasts in the given plane. The maximum value
for roundness achieved by this formula is 1.0. Images
of the clast roundness (Krumbein, 1941) is shown in
Fig. 2. The roundness of clasts measured and calcu-
lated in this study is also checked by comparing with
this image.

Measurements of roundness were conducted on
photomicrographs of the samples taken under plane
polarized light and in SEM (Fig. 3). The matrix of the
melting-originated pseudotachylytes is light to dark
brown, whereas the quartz and feldspathic clasts
appear white to colourless under plane polarized light
(Fig. 3a±d). The quartz and feldspathic clasts in the
cataclastic rocks and the crushing-originated pseudota-
chylyte can also be distinguished easily with other min-
eral clasts on the photomicrographs (Fig. 3e±h). It is
di�cult to distinguish completely the quartz and felds-
pathic clasts on the photomicrographs; thus, the
measurements were performed on both minerals. The
measurement precision of the radius of curvature of
the corner is usually a�ected by the size of clasts. In
order to avoid such measurement error caused by size,
the measurements were performed on a wide area for
all clasts larger than 10 mm in diameter. The roundness
of clasts was calculated by the formula (1) and also

Table 1

Samples of pseudotachylytes (Pt) and cataclastic rocks used in this study

Sample location Sample type References

Outer Hebrides Thrust, Scotland Melting-originated Pt Sibson (1975)

Musgrave range, Australia Melting-originated Pt Shimamoto and Nagahama (1992)

Fuyun fault zone, China Melting-originated Pt Lin (1991, 1994a, b)

Osumi Shear zone, Japan Melting-originated Pt Fabbri et al. (1997)

Iida±Matsukawa fault, Japan Cataclasite Lin (1996, 1997)

Iida±Matsukawa fault, Japan Fault breccia±Microbreccia Lin (1996, 1997)

Iida±Matsukawa fault, Japan Crushing-originated Pt Lin (1996, 1997)

Nojima fault, Japan Fault gouge Lin et al. (1998)

Fig. 1. Illustration of the roundness (Rd) of clasts, where r is the

radius of curvature of the corner and R is the radius of the maxi-

mum inscribed circle in the plane of measurement.
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checked by comparing with the image graph (Fig. 2)
to avoid biased measurements.

2.3. Results

The results were plotted as roundness±frequency
diagrams (Fig. 4). The roundness varies from 0.0 to
1.0 (Fig. 4a±d). From 35 to 90% of the clasts included
in the melting-originated pseudotachylytes have a
roundness >0.4, whereas all the clasts included in the
crushing-originated pseudotachylytes (Fig. 4g) and the
cataclastic rocks (Fig. 4e, f, h) have a roundness <0.4,
in which 80±95% of the clasts have a roundness <0.3.
It is clear that there is a di�erence in roundness
between the melting-originated pseudotachylytes and
the cataclastic rocks.

3. Discussion

Rounded and embayed clasts were considered one
of the characteristics due to melting in pseudotachy-
lytes (e.g. Shand, 1916; Philpotts, 1964; Sibson, 1975;
Maddock, 1983; Lin, 1991, 1994a, b; Magloughlin,
1992). The clasts that occur within fault zones provide
primary evidence for the deformation process that
occurs there. Thus, the roundness of clasts included in
the fault rocks is one of the indicies of the process,
and a high degree of roundness is, therefore, probably
an indication of general conditions of wear or melt
relative to size and hardness of the clasts. The round-
ness of clasts included in the fault zone is probably

a�ected by fracturing, chipping, and melting during

faulting and also probably by chemical solution of

groundwater.

Shape fabrics of clasts are often reported from natu-

ral cataclastic rocks (e.g. Anderson et al., 1983; Mitra,

1984; Chester and Logan, 1986; Sammis et al., 1987;

Evans, 1988; Chester et al., 1993; Evans and Chester,

1995). By comparing the shape of clasts derived from

cataclastic rocks (plate IIa in Anderson et al., 1983;

®g. 5d in Chester and Logan, 1986; ®gs. 4±8 in

Sammis et al., 1987; ®g. 1a in Evans, 1988) and from

the crushed grains generated by triaxial compression

experiment (®gs. 5±6 in Menendez et al., 1996) with

Fig. 2, it is estimated that all these clasts >10 mm
have a roundness <0.4, although the roundness can-

not be exactly measured. This means that roundness

>0.4 of clasts is di�cultly formed by fracturing or

chipping.

The measurements of the roundness were performed

on quartz and feldspathic clasts >10 mm in diameter

in all the samples as stated above. Surface textures of

clasts included in fault gouges are generally a�ected by

groundwater (Kanaori, 1983). Based on the surface

smoothness of quartz grains from 250 fault gouge

samples derived from 14 main faults in Japan,

Kanaori (1983) categorized quartz grains into four

groups from I to IV. These were suggested to be

formed by the progressive corrosion and solution of

groundwater during the periods of fault movement

from the Late Pleistocene to the Miocene which are

estimated from geological evidence. Similar surface

shapes of quartz grains derived from fault gouges of

Fig. 2. Image graph of the roundness (Rd) of fragments. Value of Rd varies from 0.1 to 1.0.
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Fig. 3. Photomicrographs showing the textures of rounded clasts included in the melting-originated pseudotachylytes (Pt) (a±d) and cataclastic

rocks (e±h). (a) Fuyun Pt, China. (b) Outer Hebrides Pt, Scotland. (c) Musgrave Pt, Australia. (d) Osumi Pt, Japan. (e) Iada±Matsukawa catacla-

site, Japan. (f) Iida±Matsukawa fault breccia±microbreccia, Japan. (g) Iida±Matsukawa crushing-originated Pt, Japan. (h) Nojima fault gouge,

Japan. (a±f) Plane polarized light. (g) SEM. (h) Crossed polarized light.
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several main active faults in China were also reported
in Yang (1986). The shapes of these grains included in
the four groups were compared with Fig. 2 in this
study. All these quartz grains have a roundness <0.3.
Thus, it is impossible that the clasts having a round-
ness >0.4 were formed by the corrosion and solution
of groundwater in fault zones.

The measured results in this study show that 35±
90% of the clasts included in the well-known melting-
originated pseudotachylytes have a roundness >0.4,
whereas all those with a roundness <0.4 originated by
cataclasis. This strongly suggests that clasts with a
roundness >0.4 were formed by melting rather than

fracturing or chipping. The rounded clasts in pseudo-
tachylytes can be explained to be formed by frictional
melting. Sibson (1975) suggested that the rounding of
clasts in pseudotachylytes was formed by marginal
decrepitation of angular clasts in a liquid phase. By
simple conduction theory, he explained that the iso-
thermal surface of angular clasts, while in general sub-
parallel to cooling surface or contacts, will tend to be
`rounded o�' adjacent to sharp angular projections
and corners (®g. 5 in Sibson, 1975).

By the documentation above, it is suggested that the
lithic clasts included in pseudotachylytes having a
roundness >0.4 were rounded by melting rather than

Fig. 4. Roundness±frequency diagram showing the roundness of clasts. Parts (a±d) melting-originated pseudotachylyte (Pt). Parts (e±h) cataclas-

tic rocks. (a) Fuyun Pt, China. (b) Outer Hebrides Pt, Scotland. (c) Musgrave Pt, Australia. (d) Osumi Pt, Japan. (e) Iida±Matsukawa cataclasite,

Japan. (f) Iida±Matsukawa fault breccia±microbreccia, Japan. (g) Iida±Matsukawa crushing-originated Pt, Japan. (h) Nojima fault gouge, Japan.
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fracturing or chipping, and that the roundness can be
used as an index for evaluating the formation process
of pseudotachylytes.
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