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Quartz/feldspar fragment (‘clast’) sizes were measured in thin sections of three types of fault zone rocks,
e.g., melting-dominated pseudotachylyte (M-Pt), crushing-dominated pseudotachylyte (C-Pt) and
cataclasite (Ct), from two well-studied Precambrian shear/fault zones in the Indian craton (e.g., the
Gavilgarh–Tan Shear zone in central India and the Sarwar–Junia Fault zone in western India). Logarithmic plots of clast area vs. cumulative frequency in the pseudotachylytes demonstrate a fractal clastsize distribution (c.s.d.) for the intermediate size range, whereas the Bner and coarser clast size fractions
clearly deviate from the fractal trend. Under-representation of the Bner size clasts in the pseudotachylyte
samples may be attributed to their preferential melting and removal from the clast population. The
relative paucity of coarse clasts, on the other hand, is possibly due to a sampling bias against coarse clasts.
The c.s.d of the cataclastic rock shows a multi-fractal character with two different slopes (i.e., lower
D-value for Bner clast sizes) and absence of the left-hand (Bner size) fall oA. This suggests less eDcient
crushing in the Bner clast size fraction. The proportion of clasts, compared to the matrix, is very small in
M-Pt, increases in C-Pt and is highest in Ct, suggesting that melting of rock/mineral fragments is a
dominant process in forming M-Pt, whereas it is less significant in C-Pt, and is absent in Ct, which
corroborates the microscopic observations.
Keywords. Pseudotachylyte; cataclasite; fragmentation; melting; clast size analysis; fractal.

1. Introduction
Fault zones are characterized by intense crushing
and milling of host rocks, forming a variety of fault
zone rocks, e.g., cataclasite, fault breccia and gouge
(Sibson 1977; Wise et al. 1984; Woodcock and Mort
2008). In addition, frictional heating along the fault
plane may lead to partial melting of the host rock
to generate pseudotachylyte (Pt) – a dark coloured
aphanitic rock in which lithic/mineral fragments
are dispersed within an ultraBne-grained, glassy
matrix (Sibson 1975; Maddock 1983). Presence of

glass is not ubiquitous in pseudotachylyte as quite
often glass devitriBes and alters to secondary
phases (Kirkpatrick and Rowe 2013) or recrystallize to new mineral phases during subsequent
deformation and metamorphism of the host rock
(Lin 2008; Chattopadhyay et al. 2008; Price et al.
2012). The absence of glass phase in most of the
studied pseudotachylytes initially led to a major
controversy regarding their origin – whether these
rocks involve any melting at all at any stage, or are
produced by ultra-comminution of the rock/mineral clasts only (Wenk 1978; Spray 1995). Majority
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of the workers at present believe that melting is an
important mechanism for the formation of pseudotachylyte, as Pt-veins often exhibit textures and
microstructures typical of rapidly cooled melt-origin rocks, e.g., basalts (Maddock 1983; Magloughlin and Spray 1992; Lin 1994; Spray 1995; Di Toro
and Pennacchioni 2004). Rapid slip (C1 m/s) along
seismic faults generally produces enough frictional
heat to melt the crushed host rocks (McKenzie and
Brune 1972; Sibson 1975; Rice 2006). Pseudotachylyte is therefore considered as a reliable
indicator of past seismicity along the associated
fault (Cowan 1999).
A number of workers have attempted to address
the issue of crushing vs. melting origin of pseudotachylytes through grain size vs. frequency distribution of the relict host rock/mineral fragments
(henceforth called ‘clasts’) in optical photomicrographs (Shimamoto and Nagahama 1992; Ray
1999), in back-scatter electron (BSE) images taken
in a scanning electron microscope (SEM) (Tsutsumi 1999), or by numerical modelling (Ray 2004),
as described below.
Analysis of the clast size distribution (henceforth
called c.s.d.) in pseudotachylytes from WoodroA
thrust zone, Australia showed that the clast sizes
follow a Power-law relationship with the frequency
(number of clasts), but the number of clasts smaller
than a critical size (r \ 5 lm) is much less than
that predicted by the Power-law relationship
(Shimamoto and Nagahama 1992). These authors
also observed that the area occupied by clasts Bner
than 5 lm do not comprise more than 5% of the
total area of the rock observed in thin section, and
concluded that the Bner clasts are preferentially
removed from the matrix, possibly due to melting.
Therefore, the ultraBne grained matrix of pseudotachylyte cannot be solely attributed to crushing
mechanism, and melting must be a significant
process in the formation of pseudotachylytes.
Later, Tsutsumi (1999) found that clast size vs.
frequency in experimentally produced pseudotachylyte in monzodiorite samples show a modiBed
Power-law distribution, (e.g., N = N 0 (1 + r/
r0 )D, where N 0 and r0 are constants and D is the
fractal dimension, modiBed after the original
equation of Mandelbrot 1982). He supported the
idea of Shimamoto and Nagahama (1992) that the
Bner sized clasts are strongly aAected by melting
which is reCected in their anomalously low count in
the clast size distribution pattern. From the grain
size data and the proportion of glass in the matrix
determined from X-ray diAraction (XRD) analysis,
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Tsutsumi (1999) concluded that about 60–70%
area of the ultraBne grained matrix consists of
melt. Ray (1999) carried out clast size analysis of
pseudotachylytes from the Sarwar–Junia Fault
zone, Rajasthan, India, and showed that the clast
size vs. cumulative frequency data obey a modiBed
Power-law relationship. He concluded that initial
crushing of rocks along the fault created a Powerlaw size-frequency distribution. Pervasion of frictional melt into the crushed zone converted it to
pseudotachylyte which inherited the initial c.s.d.,
but the c.s.d. pattern was modiBed by melting
along the rims of clasts due to heat transfer from
the melt. Finer clasts (r \ 10 lm) were completely
melted and resulted in a ‘left-hand fall oA’ of the
size-frequency curve from the predicted Power-law
correlation, i.e., deviation from Power-law in the
Bner size, as was suggested by Shimamoto and
Nagahama (1992). Ray (2004) further advanced
this work by numerical modelling of c.s.d. assuming ‘uniform rim melting’ of initial (i.e., pre-melting) lithic fragments. According to this model, the
post-melting c.s.d. Bts a modiBed Power-law
similar to that proposed by Tsutsumi (1999).
In summary, these above-mentioned authors
have demonstrated that the size-frequency distribution of lithic clasts in pseudotachylytes generally
obeys a fractal (Power-law) relationship typically
found in a fault gouge (e.g., Sammis et al. 1986) for
the coarse and intermediate size ranges, but deviates from the Power-law relation in the Bnest clast
size range (*5 lm or smaller in optical photomicrograph measurements by Shimamoto and Nagahama 1992). This anomalous decrease in the
frequency of Bne clasts has been explained by the
complete disappearance of the Bner clast fragments
due to preferential melting in pseudotachylyte
(Shimamoto and Nagahama 1992; Ray 2004). On
the contrary, Lin (1996) reported a very similar
Power-law relationship between the clast size and
the cumulative clast frequency from cataclasites
and ‘crushing-origin’ pseudotachylytes of IidaMatsukawa fault in Japan, in which no textural
evidence of melting was found. He showed that
c.s.d. of cataclasite, fault gouge and pseudotachylyte – all show a similar deviation from the fractal
trend at the Bner size range (\10 lm) (e.g.,
Bgure 12 of Lin 1996), and argued that this deviation may not be a reliable criterion for melting in
pseudotachylyte. Clast size distribution (c.s.d.)
measured in a fault gouge or cataclasite has shown
deviation from a fractal distribution both in the
Bnest and the coarsest size ranges (Blenkinsop
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1991). Therefore, melting may not be the sole
explanation of the non-fractal size-frequency distribution of the clasts in pseudotachylyte.
Assumption of uniform thickness of a melting ‘rim’
around clasts of all sizes and at all positions within
a pseudotachylyte vein, as assumed in the numerical models (Ray 2004), is also fraught with problems as temperature is spatially heterogeneous
within a Pt-vein, and therefore clasts at different
positions within the same vein should melt
unequally (Bizzari 2014). Similarly, melt temperature changes rapidly during the quenching phase,
and should lead to heterogeneous thermal gradient
across the veins which also contradicts the uniform
melting hypothesis. Keeping in view all the above
issues, we attempted to compare and contrast the
clast size-frequency distribution in pseudotachylyte and cataclasite, using the same methodology,
to look at the similarity and contradictions in their
respective c.s.d. patterns and the implications of
such variations for the genetic processes (e.g.,
crushing and/or melting) involved in their formation. The results and interpretations of our clast
size analysis form the core theme of this
contribution.

2. Materials and methodology of clast-size
analysis of fault rocks
2.1 Material used
To compare the c.s.d. in crushed and/or melted
rock material, we used three types of natural faultzone rocks: (1) melting-dominated pseudotachylyte
(M-Pt) which shows characteristic melt-origin
microstructures indicating a significant role of frictional melting; (2) crushing-dominated pseudotachylyte (C-Pt) which has a dominantly cataclastic
texture, but shows presence of a very thin melt layer
along the clast boundaries under SEM; (3) fault-related cataclasite (Ct) which is produced solely by
crushing along the fault zone, and shows no textural
evidence of melting. Outcrop and microstructural
characters of each rock type is elaborated in the next
section. M-Pt was collected from the Sarwar–Junia
Fault zone in western India, whereas the C-Pt and
Ct came from the Gavilgarh–Tan shear zone in
central India, as described below (Bgure 1a). We
have used rocks (M-Pt, C-Pt and Ct) from two different, unrelated fault zones, as our objective is to
compare the c.s.d. of genetically different fault rocks
irrespective of their regional geological setting.
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Similar fault rock materials from these two shear
zones were earlier used by us for testing the roundness of survivor clasts/mineral fragments in pseudotachylyte and/or cataclasite as a discriminator for
melt-origin rocks (Sarkar et al. 2019).

2.2 Geological background of the samples
The Sarwar–Junia Fault zone (SJFZ) is a 25 km
long, E–W trending brittle shear zone in the Aravalli–Delhi mobile belt (ADMB) in Rajasthan,
western India. ADMB consists of a multi-component
gneissic basement called Banded Gneissic Complex
(BGC) (i.e., Mangalwar Complex of Gupta et al.
1980) unconformably overlain by metasedimentary
packages of the Aravalli and the Delhi Supergroups
(Heron 1953; Gupta et al. 1980). A variety of rocks
constitute the BGC (or Magalwar Complex), e.g.,
biotite gneiss, augen-gneiss and amphibolite. Biotite
gneiss is the dominant lithology of BGC in the study
area, whereas augen-gneiss, along with amphibolite
enclaves, is exposed to the south of this area.
Development of granulites has been reported from
the west of Sarwar (Swaminath and Mukherjee
1987). Later generations of intrusive rocks, e.g.,
granites, pegmatite and dolerite are found at many
places. At least three generations of folding have
been reported in the kyanite-bearing biotite gneisses
(e.g., Adhikari and Pyne 1981; Sarkar 2018).
In the study area, SJFZ runs through the biotite
gneiss and kyanite–garnet schist of the BGC, with
NNE–SSW striking, moderate to steeply dipping
foliation (Bgure 1b). Brittle crushing of these
gneissic rocks within the fault zone has produced
fault breccia and cataclasite (Sarkar et al. 2019).
Dark-coloured veins of pseudotachylyte (M-Pt)
occur within these crushed rocks, exposed in isolated outcrops near Sarwar, Bhatalao, Hingonia,
Rampura-Dhawalia, and Naiki villages (Bgure 1b).
Presence of fragments of pseudotachylyte (M-Pt)
veins within the fault breccia, and displacement of
one set of Pt-veins by later fractures at a few places
suggests multiple phases of brittle fault movement
(Sarkar 2018). However, Pt-veins intruding the
host rock do not show any cataclastic margin.
Fault veins of pseudotachylyte cut across the host
rock (BGC) foliation. Injection veins emanating
from the generation zones often intrude the host
rock parallel to the gneissic foliation, but occasionally they cross-cut the foliation both in plan
and in the dip-section (Bgure 2a, b). Pt veins are
usually dark grey in colour, sometimes with very
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Figure 1. (a) Map of India showing the two study areas in the context of large-scale tectonic setting. ADMB: Aravalli–Delhi
Mobile Belt, GTSZ: Gavilgarh–Tan Shear Zone (the political boundary of India is traced from the Survey of India published
map 2019); (b) SimpliBed geological map of Sarwar–Junia Fault zone (SJFZ) in Rajasthan, Western India, showing location of
pseudotachylyte outcrops; (c) SimpliBed map of Gavilgarh–Tan Shear Zone (GTSZ), Central India showing outcrops of
pseudotachylyte and cataclasite (modiBed after Chattopadhyay et al. 2014; Sarkar et al. 2019).

dark coloured margins (Bgure 2a) possibly formed
due to rapid chilling along the melt vein-host rock
contact (e.g., Lin 2008, p. 57). Under optical
microscope, these pseudotachylyte samples show
the following evidences of melting and melt Cow. A
sheath fold like structure is occasionally observed
in these Pt-veins (Bgure 3a) which is explained as a
product of Cow of viscous melt within a narrow
zone (e.g., Berlenbach and Roering 1992). Presence
of melt-clast reaction rims (or haloes) around relict
clasts of quartz (Bgure 3b) and presence of crossshaped skeletal microlites of ilmenite in the Ptmatrix (Bgure 3c) also suggest melting of the host
rocks during formation of the Pt-veins (e.g., Lin

2008, pp. 105–120; Kirkpatrick and Rowe 2013).
SEM-BSE images show radial growth of biotite
(Bgure 4a), and of biotite + ilmenite (Bgure 4b)
around quartz clasts, forming typical spherulites,
which suggest crystallization from a melt (Lin
2008; Price et al. 2012; Kirkpatrick and Rowe
2013). These samples are therefore considered as
representatives of melting-dominated pseudotachylyte (M-Pt) for the clast size analysis described later.
Gavilgarh–Tan Shear Zone (GTSZ) is an
ENE–WSW trending brittle-ductile shear zone
(Bgure 1c) within unclassiBed basement gneisses of
the Central Indian Tectonic Zone – a Proterozoic
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Figure 2. (a) Field photograph of melting-dominated pseudotachylyte (M-Pt) vein with dark colour at the vein-host rock
contact indicating chilled margin, from SJFZ (marker pen 13 cm long); (b) M-Pt vein cross-cutting the foliation plane in gneissic
host rock, SJFZ (coin diameter 2.7 cm); (c) Crushing-dominated pseudotachylyte (C-Pt) fault vein and injection veins in K
feldspar-rich granitic mylonite from GTSZ; (d) Outcrop image of Bamniya Nala fault in GTSZ. The coarse-grained siliciBed fault
breccia is bordered by darker cataclasite (Ct) zone. Length of the vertical wooden scale is 1 m.

crustal-scale mobile belt in the central Indian
craton (Golani et al. 2001; Chattopadhyay and
Khasdeo 2011). Detailed Beld and microscopic
studies of sheared granitoids from the GTSZ
(Chattopadhyay et al. 2008) have established that
ductile shearing at the amphibolite facies metamorphic condition (T [ 500C, at [ 15 km depth)
produced granitic mylonites with sinistral shear
sense (Bgure 1c). This was followed by a dextral
sense brittle-ductile shearing at intermediate
depth (T & 300–400C, depth 11–15 km) which
produced pseudotachylyte that was later sheared
and mylonitized. Finally, a fully brittle shearing
took place at shallow depth (T \ 300C,
depth \ 10 km), in which a network of Pt-veins
was produced (Chattopadhyay et al. 2008)
(Bgure 1c). These latest set of pseudotachylyte
veins show no evidence of further deformation or
fabric development and are associated with cataclasis of the host rock (for the detailed geological history of GTSZ, please see Chattopadhyay
et al. 2008). This last type of pseudotachylyte
was taken up for grain size analysis in the

present study as samples of crushing-dominated
pseudotachylyte (C-Pt) for the following reasons.
In the Beld, these C-Pt vein networks comprise a
fault vein, usually parallel to the host rock foliation, and a number of injection veins that
originate from the fault vein and criss-cross the
adjacent host rock (Bgure 2c). Under optical
microscope, C-Pt shows angular fragments of
quartz, feldspar and also of the host rock
(granitic mylonite), Coating in a dark green/
brown coloured matrix (Bgure 3d). Some of the
quartz clasts show a tail-like structure, possibly
produced by granular Cow of Bnely crushed
fragments from the quartz clast margins. SEMBSE images show that C-Pt comprises angular to
sub-rounded clasts of quartz and feldspar set in a
very Bnely crushed matrix (Bgure 4c). Melt-origin microstructures, typical of the M-Pt as discussed above, are not observed in the C-Pt.
However, a very thin Blm of dark-coloured melt
occurs along the boundaries of the clasts in some
C-Pt samples, which has occasionally intruded
the clasts forming embayment (Bgure 4d). The
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Figure 3. Optical photomicrograph of the fault rocks. (a) Sheath fold-like structure in M-Pt, possibly formed by Cow of melts
with different viscosities in a narrow channel; (b) Silica-rich reaction rim/halo around a relict quartz clast within dark coloured
matrix; (c) Skeletal structure of newly grown ilmenite (Ilm) microlites; (d) C-Pt vein with dark green colour matrix, replete with
a large number of relict clasts; (e) Fault-related cataclasite (Ct) showing very angular fragments of widely different size;
(f) Photomicrograph showing central (core) and boundary regions of a M-Pt vein, host rock is seen on the left side. All
photographs (a–f) taken under PPL.

C-Pt therefore indicates a dominantly crushing
origin with limited melting restricted to the
grain-boundary domains.
It may be noted here that instead of the earlier
used terms like ‘melt-origin’ or ‘crush-origin’
pseudotachylytes, we are using the names ‘meltingdominated’ and ‘crushing-dominated’, as the M-Pt
shows evidences of grain fragmentation prior to
melting, and the dominantly cataclastic C-Pt
shows textural evidence of very small amount of
melting (only detected in SEM-BSE images), as
described above. Same terminology was used by us
earlier (Sarkar et al. 2019), except that here we are
referring to fault-related cataclasite (F-Ct: Sarkar
et al. 2019) as simply cataclasite (Ct) in this
publication.

The cataclasite (Ct) sample was taken from the
Bamniya Nala fault in the eastern part of GTSZ,
between Barighat and Nonchhapar villages
(Bgure 1c). This is a late (post-Cretaceous) fault
which cross-cuts the mylonitic fabric of the GTSZ,
and also displaces the overlying Cretaceous-age
basaltic lava Cows (Deccan Trap) (Chattopadhyay
et al. 2008). The fault zone is represented by a fault
breccia, comprising large angular fragments of
granitic mylonite set in a secondary siliceous
matrix (Bgure 2d). Within the fault core, narrow
zones of more intensely crushed and cemented
cataclasite are observed. This cataclasite (Ct)
shows angular fragments of quartz, feldspar as well
as Bne pieces of the host mylonite in hand specimens as well as in thin sections. The intervening
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Figure 4. SEM-BSE images of fault rocks. (a) Spherulitic growth of biotite grains around a relict quartz clast (dark central
grain); (b) Growth of biotite and ilmenite microlites around a relict quartz clast; (c) C-Pt vein matrix shows dominance of
crushed mineral fragments; (d) Dark-coloured ultraBne grained matrix (possibly melt) with a mixed biotite–feldspar composition
surrounds the embayed margins of quartz clasts in C-Pt.

spaces of the angular large fragments are occupied
by smaller angular mineral fragments and possibly
some clay minerals (Bgure 3e). No evidence of
melting is found in the Ct samples. These samples
were therefore used in our analysis as the representative material for a pure crush-origin fault
rock.
2.3 Method of clast size measurement
Clast size measurements were carried out on
photomicrographs of the above-mentioned fault
rock samples. The rationale of using optical photomicrographs taken under plane polarized light,
rather than using electron microscope images, was
to cover a larger area of the pseudotachylyte/cataclasite sample, which increased the statistical
validity of the measured data. Initially those samples were chosen for study where the host rock was
observed on the margin of a pseudotachylyte vein
(e.g., Bgure 3f). Photomicrographs were taken at
two different magniBcations, i.e., 2.59 and 209, to
test whether the size distribution of clasts is similar
at different scales of observation. Lithic (mostly

quartz/feldspar) clasts were easily identiBed as
white/light coloured angular grains within a dark,
nearly opaque matrix of the fault rocks. Large
clasts were avoided at higher magniBcations for
their huge area occupancy in the image frame (e.g.,
Sammis et al. 1987). Size analysis was carried out
using ArcGISTM software. Margins of all the
observed clasts were digitized manually on a photomicrograph imported into ArcGIS, to create
polygons with unique identiBcation numbers (as
demonstrated in Bgure 3f). The area of each polygon was calculated in pixel values by ArcGIS. A
scale factor, calculated by comparing the pixel
value of the scale in each photomicrograph with its
actual length, was then multiplied by the area pixel
values to get the area of each polygon (clast) in real
dimension (i.e., lm2). Equivalent radius was calculated as the radius of a circular clast with an area
equivalent to the measured area of any given clast,
by the formula radius (r) = [Area (A)/p]1/2. Using
the area data, cumulative frequency of the grains
less than a particular size (area) was determined.
The cumulative frequency of clasts was plotted
against the clast size (area in lm2) in log–log
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graphs for M-Pt, C-Pt and Ct (Bgure 5). The
relevant data are given in table 1. The size and
number of clasts were visibly different in the central part and near the boundary (i.e., near the Pt
vein-host rock contact) of an M-Pt vein in some
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thin sections (e.g., Bgure 3f). Therefore, we measured the c.s.d. of the central and boundary
domains of an M-Pt vein separately from different
thin sections made from the central and boundary
parts of a vein, and plotted the data in an area

Figure 5. Log–log graphs of clast size (area in lm2) vs. cumulative frequency of clasts in different types of fault rocks. (a) Log–log
graph at 2.59 magniBcation (M-Pt); (b) Log–log graph at 209 magniBcation (M-Pt); (c) Log–log graph at 2.59 magniBcation
(C-Pt); (d) Log–log graph at 209 magniBcation (C-Pt); (e) Log–log graph at 2.59 magniBcation (Ct); (f) Log–log graph at 209
magniBcation (Ct). Best-Bt slope lines with R2-values are shown for different plots of pseudotachylyte veins and best Bt lines of
segmented portions of Ct are also mentioned in graphs as discussed in the text.
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Table 1. Clast size measurement data used in the graphs.
Sample
M-Pt
M-Pt
C-Pt
C-Pt
Ct
Ct

MagniBcation

Total no. of grains
measured

R2 value of
best-Bt line

2.59
209
2.59
209
2.59
209

1576
528
823
867
1416
444

0.98
0.97
0.99
0.99
0.99 and 0.98
0.98 and 0.99

D value (slope of
best-Bt line)
1.14
0.97
1.52
1.02
0.95 and 2.14
0.56 and 1.24

Figure 6. Log–log graphs of clast size (area in lm2) vs. cumulative frequency of clasts in melting-dominated pseudotachylyte
(M-Pt). (a) Central domain and (b) boundary domain of M-Pt veins at 2.59 magniBcation.

vs. cumulative frequency graph for a direct
comparison (Bgure 6).
To further test the eAect of melting on the clast
size distribution, we plotted the cumulative percent area occupied by the clasts (i.e., cumulative

area of all the clasts as a percentage of the total
area occupied by clasts and matrix together within
the observation window) against the clast size
(area), for M-Pt, C-Pt and Ct (Bgure 7). Results of
the above analyses are discussed in detail below.
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3. Results of the clast-size analysis

Figure 7. Graphs of clast size (area in lm2) vs. cumulative
percent area (total percentage area occupied by clasts) in
(a) M-Pt, (b) C-Pt, and (c) Ct. These graphs helped us
extrapolate the expected total area of clasts in M-Pt, C-Pt and
Ct, as discussed in the text.

Visual examination of the logarithmic sizefrequency graphs of the fault rocks shows that they
are not rectilinear over the whole range of measured clast sizes (Bgure 5). We have tried to Bt the
size-frequency data of each graph into a best-Bt
straight line (keeping regression coefBcient R2 [
0.95) to identify the best-constrained linear
(fractal) size range. In all the graphs for pseudotachylytes (M-Pt and C-Pt), the intermediate clast size
range shows a good linear Bt, whereas the Bner and
the coarser size ranges significantly deviate from
the best-Bt fractal line (Bgure 5a, b). The clast size
ranges of the linear Bt, however, change slightly
with the magniBcation. The D-value obtained from
the slope of the best-Bt line is a 2D fractal (e.g.,
Mandelbrot 1982), and we have mentioned the 2Dfractal values only in the following discussion. It
may be mentioned here that two-dimensional clast
size analysis, carried out from rock thin sections,
gives a 2D fractal parameter (D-value) and it can
be extrapolated to 3D by adding 1, i.e., D3D
= D2D + 1 (Sammis et al. 1987). The D-values of
the c.s.d curves for M-Pt veins are in the range of
0.97–1.14, while it increases slightly for the C-Pt
(D = 1.02–1.57) (Bgure 5, table 1). A visual
examination of the c.s.d graphs of Ct samples show
that they have two separate straight portions
which can be Bt with two fractal dimensions.
Accordingly, we tried to Bt two straight lines
(keeping R2 [ 0.95) with different slopes for these
two different portions (Bgure 5e, f). At 2.59 magniBcation, the c.s.d. of Ct shows two fractal Bts
(D = 0.99 and D = 2.14, table 1), but the coarsest
clasts (area [ 100,000: radius C 178 lm) show a
deviation from the fractal trend line (Bgure 5e).
Under higher magniBcation also, a multi-fractal
character of c.s.d is observed (D & 0.56 and 1.24),
with the coarser size range showing a ‘fall oA’ from
the best-Bt fractal trend (Bgure 5f). At both magniBcations, the Bnest size has almost no such
deviation, i.e., there is almost no ‘left-hand fall oA’
in Ct. The comparative plot of the c.s.d. of the
central and boundary parts of M-Pt vein (Bgure 6),
shows that frequency of survivor clasts is more in
the boundary domain, especially in the Bner size
range (\ 100 lm2 area), implication of which is
discussed later.
The plot of cumulative area (percent) of clasts
vs. clast size (Bgure 7) shows that the cumulative
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area occupied by all the clasts in M-Pt is only
about 5% of the total area. The rest is therefore
occupied by matrix (i.e., mostly microlite/
spherulite-rich recrystallized melt). If we extend
the cumulative percent area curve to the left to
extrapolate the trend to the Bner size range, it
becomes clear that even if the smallest possible
clasts are taken into account, the clast area cannot
exceed 6–7% in M-Pt (Bgure 7a). Similarly, in
C-Pt, the cumulative area of clasts does not exceed
*43%, even if we extrapolate the curve towards
the Bnest size range (Bgure 7b). In case of Ct, the
cumulative area of clasts increases to more than
60% (Bgure 7c), the rest may possibly be the clay
minerals and/or very Bnely crushed grains which
were not optically detected by colour contrast in
the plane-polarized light photomicrographs.

4. Discussion
From the overall non-linear pattern of clast-sizefrequency distribution (c.s.d.) of our pseudotachylytes (both M-Pt and C-Pt) in logarithmic plots
(Bgure 5), it is clear that they do not follow a
simple fractal (Power-law) relationship over the
whole size range. The Bnest size clasts are underrepresented, leading to a ‘left-hand fall oA’ of the
c.s.d., which may be caused by one of the following
reasons: (a) the Bner clasts fall below the detection
limit (resolution) of the optical microscopy; or
(b) Bner fraction of clasts are totally removed from
the clast population due to preferential melting
during the formation of pseudotachylyte (e.g.,
Shimamoto and Nagahama 1992; Tsutsumi 1999;
Ray 2004). Detection limit constraint cannot fully
explain the left-hand fall oA of c.s.d. in our M-Pt
and C-Pt samples, as significant left-hand fall oA is
observed at 2.59 magniBcation as well as at 209
magniBcations, although the detection limit is
increased by eight times. It may be noted that the
equivalent radius of the Bnest clast measured in our
M-Pt sample at 2.59 is 5.6 lm which is above the
usual detection limit of optical microscopy (*2
lm: Keulen et al. 2007). Still we can see a significant left-hand fall oA in this size range. Another
interesting observation is that the fractal dimension (D) of c.s.d. decreases with increasing magniBcation for both M-Pt and C-Pt (Bgure 5a–d),
whereas, it should actually increase, as more and
more Bner clasts should be observed and measured
at higher magniBcation, thereby increasing the
cumulative frequency in the left hand side of the
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c.s.d. curve. This cannot be explained by optical
detection limit problem. Therefore, the relative
paucity of Bne clasts in the pseudotachylyte samples is most likely due to their preferential melting
and removal from the measured clast size population as interpreted by earlier workers (e.g., Shimamoto and Nagahama 1992; Ray 2004). For the
Ct, the c.s.d. curve is multi-fractal (or bi-fractal) in
nature. The Bner size range has a lesser D-value
than the relatively coarser part of c.s.d. (Bgure 5e,
f). Kuelen et al. (2007) also reported two fractal
slopes in the c.s.d of their fault-gouge samples, and
explained that the change in slope is a result of
decreased eDciency of crushing below a critical
clast size (r \ 1 lm) which is below the grinding
limit of quartz/feldspar clasts. In our Ct samples,
the change of slope of the fractal line occurs at
r & 97 lm, and cannot be explained by the
grinding limit. If we look at the texture of our Ct
sample (Bgure 3e), it appears that many small
clasts occupy the inter-granular spaces between the
larger clasts which are in mutual grain contact and
form a stress-supporting framework. Therefore, the
small clasts may have been partly protected from
crushing to further Bner sizes. This may explain the
relatively less eDcient crushing in the Bner size
range, which leads to a smaller fractal slope in the
Bner size range of the c.s.d. The ‘left-hand fall oA’
of the Bnest clast size range is almost negligible
in the Ct sample (Bgure 5e, f) compared to the
pseudotachylytes (Bgure 5a–d), and can be considered insignificant, keeping in mind the errors in
size measurement and the uncertainty in mathematical Btting of the best-Bt lines.
There is a ‘right-hand fall oA’ of c.s.d. from the
best-Bt fractal line in the coarser clast fraction
(Bgure 5) of all the fault rocks studied by us. This
deviation is very significant for M-Pt and C-Pt, but
relatively small in Ct samples (Bgure 5). Obviously, optical resolution is not an issue here. The
simplest explanation for this deviation is a ‘sampling bias’, because very coarse grains were wilfully
avoided while taking photomicrographs as they
occupy too much area of view (e.g., Sammis et al.
1987). Blenkinsop (1991) suggested that sampling
bias may cause both left-hand (Bne size) and righthand (coarse size) deviation from fractal c.s.d. in
his fault gouge samples. However, we argue that
the left-hand fall oA in our Pt samples was not due
to sampling bias, as we have actually measured
more number of Bner grains at higher magniBcation, but the ‘fall oA’ could not be avoided. Moreover, our Ct samples have no significant left-hand
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fall oA, which was there in the analysis of Blenkinsop (1991).
The comparative c.s.d. patterns of the central
and the vein boundary domains of M-Pt (Bgure 6)
clearly shows that number of Bner size clasts is
more in the boundary domain than in the central
part of the Pt-vein. Such a spatial difference in the
c.s.d. patterns within a pseudotachylyte vein has
never been reported earlier. It suggests greater
survival of Bner clasts in the boundary domain
than in the central domain of pseudotachylyte
veins, and has genetic implications for a melt-clast
system. Numerical modelling of melt-clast interaction in pseudotachylyte (Di Toro and Pennacchioni 2004; Bizzari 2014) has demonstrated that
temperature in the central part of a pseudotachylyte vein remains higher than the melting temperature of the clasts for a longer time period than the
temperature at the vein margin, as heat is lost
rapidly from the Pt-vein margin to the colder host
rocks. As a result, melting is more pronounced in
the central part of a pseudotachylyte vein than
near the vein margin, leading to a lesser chance of
survival of Bner clasts in the central part of the
vein. There is another possible explanation: the
clasts found near the vein-host rock boundary are
relatively freshly broken fragments which had less
residence time in the melt than the clasts in the
central part of the vein which have had a more
prolonged residence within the hot melt. Therefore, the Bner clasts in the central domain were
melted completely, but those in the boundary
domain did not melt to that extent. However,
this is mostly true for fault veins where the active
crushing and fragmentation of the wall rock takes
place. Many of our samples were from injection
Pt-veins where possibility of fresh fragmentation
of wall rock is less. Homogeneous degree of
melting across the Pt-vein, as assumed by some
earlier workers to explain melting pattern of
clasts in pseudotachylytes (e.g., Ray 1999, 2004),
cannot explain this spatial difference in c.s.d.
within a single Pt-vein.
From the cumulative clast area percentage vs.
clast size graph (Bgure 7), it is clear that in M-Pt,
clasts occupy a maximum of 6–7% area. The rest of
the optically darker matrix must be a product of
melting and cannot be explained solely as a crush
product. The percentage of clasts increases in C-Pt,
suggesting increasing dominance of crushing. The
cataclasite (Ct), which is a truly crush-origin rock,
has a much higher clast percentage than the
pseudotachylytes. Therefore, the difference in the
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percentage cumulative area of clasts between
M-Pt, C-Pt and Ct clearly demonstrate the variable dominance of melting and crushing in the
studied fault rocks.
A number of earlier studies are available on clast
size analyses of fault gouge and pseudotachylyte
separately, as discussed in section 1, but a comparative study involving both the types of fault
rocks is not known to us. There is also no known
study that compares the c.s.d. of fault rocks with
different degree of melting (e.g. M-Pt and C-Pt). If
melting really aAects the grain size distribution of
initially crushed rocks, then the size distribution
should reCect the extent of melting. This is in fact
observed in the present study, if we compare c.s.d.
of M-Pt and C-Pt, as discussed before, eventhough
the difference is small. More extensive clast-size
analyses, involving pseudotachylyte samples from
different sources, may give a better-constrained
model of melting vis-a-vis clast size distribution,
which we intend to take up in future.
It is now well accepted that pseudotachylyte is
produced by a combination of cataclasis and
melting in a seismic fault zone (e.g., Magloughlin
and Spray 1992; Spray 1995). Earlier work on clast
size-frequency analysis of pseudotachylyte (e.g.,
Shimamoto and Nagahama 1992; Tustsumi 1999;
Ray 1999) suggested that pseudotachylytes initially develop a fractal clast size distribution
through cataclasis, which is followed by frictional
melting and preferential removal of Bne clasts,
leading to a left-hand fall oA in the c.s.d. But our
clast size analysis of cataclastic rock (i.e., Ct)
shows that crushed rocks can have a multi-fractal
c.s.d. which is quite dissimilar to that of the
pseudotachylytes. The c.s.d. of pseudotachylytes
may not necessarily be a modiBcation of the c.s.d.
of a cataclasite/gouge.

5. Conclusions
• Clast size measurements carried out in samples
of
pseudotachylytes
(melting-dominated:
M-Pt, and crushing dominated: C-Pt) from
two Precambrian fault zones of India demonstrate a 2D Power-law relationship between
clast size (area measured from thin section)
and cumulative frequency, only for a restricted
clast size range.
• The c.s.d. curves of pseudotachylyte show lefthand and right-hand ‘fall oA’ patterns suggesting
lesser number of both the Bnest and the coarsest
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clast size fractions than that expected from a
general fractal comminution model (cf. Sammis
et al. 1986). The c.s.d. of a cataclasite, on the
other hand, shows a multi-fractal nature with
two fractal slopes for coarser and Bner clast
fractions.
• The relative scarcity of Bner size clasts is
attributed to the preferential melting of Bner
clasts and their removal from the measured clast
population. The absence of coarsest clasts is
likely due to a sampling bias against coarse size
clasts. The multi-fractal c.s.d of Ct suggests less
eDcient crushing/grinding of Bner sized clasts
during cataclasis, possibly due to protection by
the neighbouring large clasts.
• The clast-size-frequency distribution of pseudotachylyte and cataclasite are quite dissimilar,
and therefore the c.s.d of pseudotachylyte
may not be considered as a modiBcation of the
c.s.d. of a crushed rock due to pervasion of melt
only.
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