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Abstract

We have analyzed mass transfer in the cataclasite samples collected from the Median
Tectonic Line, southwest Japan, in which the degree of fracturing is well correlated with
the bulk rock chemical compositions determined by the X-ray fluorescence (XRF) anal-
ysis. The results of “isocon” analysis indicate not only a large volume increase up to
110% but also the two-stage mass transfer during cataclasis. At the first stage from the
very weakly to weakly fractured rocks, the weight percents of SiO2, Na2O, and K2O
increase, while those of TiO2, FeO, MnO, MgO, and CaO decrease. At the second stage
from the weakly to moderately and strongly fractured rocks, the trend of mass transfer
is reversed. The principal component analysis reveals that the variation of chemical
compositions in the cataclasite samples can be mostly interpreted by the mass transfer
via fluids and by the difference in chemical composition in the protolith rocks to lesser
degree. Finally, the changes in the modal composition of minerals with increasing
cataclasis analyzed by the X-ray diffraction (XRD) with the aid of “RockJock” software
clearly elucidate that the mass transfer of chemical elements was caused by dissolution
and precipitation of minerals via fluids in the cataclasite samples.

Keywords: Median Tectonic Line, cataclasite, mass transfer, isocon analysis, dissolu-
tion and precipitation of minerals
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1. Introduction

In the Japanese islands, a various scale of faults in different orientations develop as shown by

the distribution of active faults (e.g., see [1]), and part of a significant amount strain rate as

measured with a global positioning system (GPS) [2] could be explained by a various

amount of displacement rate along these faults. Since a lower part of crust underneath the

Japanese islands arc is fairly ductile due to a high geothermal gradient, c. 30�C/km, it is only

sustained by a thin rigid upper crust of c. 10 km thick (i.e., thin-skinned plate [3]). Therefore,

it is very important to elucidate how high the strength (i.e., constitutive equations) along

faults is, and how fast the displacement occurs along them in the upper crust, which enables

us to discuss about the stain rate and differential stress in the crust, and hence dynamic

processes in it.

It has been interpreted that the fault zones, which are originally formed as relatively short

narrow segments, are linked to become long faults, and then widen to become mature and

weak fault zones [4, 5]. During the fault development, the fault zones formed at the wide depth

range above the brittle-ductile transition depth become weakened by frictional sliding along

mica or clay minerals with lower internal coefficients of friction accommodated by pressure

solution creep (e.g., see [6, 7]), the amount of which increases with increasing deformation

aided by alteration of fault rocks [8, 9]. As shown in the present study, new minerals which

have different chemical compositions from those of the dissolved minerals and stable under

new temperature and pressure conditions precipitate at the dilatant site caused by

microfracturing from the solution in cataclasite constituting a fault core (e.g., filling minerals

between amphibole microboudine, see [10]). These series of processes could be called dissolu-

tion-precipitation creep in a broad sense, in contrast to that in single-phase mineral aggregates

studied by many researchers (e.g., see [11]). Hence, to analyze dissolution and precipitation of

minerals based on element migration in cataclasite via fluids as conducted in the present study

may be equivalent to analyze dissolution-precipitation creep in the broad sense.

In the present research, element migration via fluids in the Cretaceous granitoid cataclasite

core samples from the borehole drilled through the Median Tectonic Line (MTL) in Mie

Prefecture, southwest Japan [12], has been analyzed. We have first quantified the degree of

cataclasis, based on the fracture density (number/cm) measured on the thin sections. Then, we

have analyzed altered minerals in both plagioclase and fine-grained materials (ultracataclasite)

in the cataclasite samples mostly using a scanning electron microscopy with energy dispersive

X-ray spectrometry (SEM-EDS). We further analyzed the bulk rock compositions with an X-ray

fluorescence (XRF) and modal composition of minerals constituting the cataclasite samples

with an X-ray diffraction (XRD) with the aid of the software “RockJock” [13] as a function of

degree of cataclasis. Further, the “isocon” method [14] is employed to analyze the mass

transfer in the cataclasite, and further the origin of large variation in chemical composition

has been analyzed with the method of principal component analysis (PCA, e.g., see [15]).

Finally, we discussed the development of the cataclasite zone along the MTL based on chemical

reaction and mass transfer which occurred in this zone.
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2. Geological setting and sample description

The MTL (Figure 1) was originally formed as the boundary normal fault between the Creta-

ceous Ryoke granitic and low-P/T type metamorphic rocks, and Cretaceous high-P/T

type Sambagawa metamorphic rocks during exhumation of the latter rocks in the earliest

Paleogene (c. 60 Ma, e.g., see [16]). In the upper plate consisting of the Ryoke rocks, a shear

zone consisting of the so-called the Kashio mylonite was formed in the latest Cretaceous, along

which a large amount of sinistral displacement is inferred to have occurred [17–19]. As the

time passed, the mylonite zone in the Ryoke rocks, which was developed into the MTL, was

overprinted by cataclastic deformation during exhumation and cooling. The Ryoke granitoid

cataclasite samples of drill core analyzed in this study are from a borehole drilled by the

Geological Survey of Japan, AIST, at the Matsusaka–Iitaka observatory (ITA), Mie Prefecture,

Japan. This borehole was drilled through the Median Tectonic Line in Mie Prefecture, south-

west Japan, at the depth of 473.9 m and further drilled through the Sambagawa metamorphic

rocks down to the depth of 600 m (Figures 1 and 2, see [12]). The positions of the MTL at both

outcrops and borehole reveal a fault plane orientation of the MTL as N86�E56�N, which is

consistent with the attitude of planar fabrics in the gouge zone in direct proximity to the

MTL [12, 20]. The protolith of the Ryoke granitoids distributed in this area is mostly tonalite,

called Hatai tonalite or Arataki granodiorite [21, 22].

Figure 1. Index map of the Ryoke and Sambagawa belts with the MTL and locality of the Matsusaka-Iitaka (ITA) borehole.
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3. Results

3.1. Fracture density in the cataclasite

Based on observations of the cataclasite samples by naked eyes, they can be divided into four

groups in terms of the degree of cataclasis: very weakly, weakly, moderately and strongly

fractured cataclasites (Figure 2). Further, based on observations of some of the cataclasi-

te samples under an optical microscope, the fracture density (FD) is determined to vary

for one very weakly (W14; FD ¼ 4.8/cm), seven weakly (K13, K14, K7, K5, K4, K11, W3;

FD ¼ 15.7–25.6/cm), three moderately (K6, K3, W12; FD ¼ 30.1–37.7/cm) and two strongly

(W2, K2; FD ¼ 43.9–59.2/cm) fractured cataclasite (Table 1). It should be noted that non-

fractured rocks cannot be found near the cataclasite zone constituting the upper plate of the

MTL (Figure 1), and hence the very weakly fractured cataclasite samples collected at the depth

of 87, 88, 317 and 358 m should be only considered as a relatively fracture-free samples among

the analyzed cataclasite samples.

Microphotographs of these cataclasite samples with different degree of cataclasis are shown

in Figure 3. As seen in this figure, in the very weakly fractured cataclasite sample (W14), a

mylonite foliation consisting of elongate quartz aggregates is still well preserved, although the

plagioclase grains are pervasively sericitized (Figure 3a, b). In the weakly fractured cataclasite

sample (W10), although anastomosing fractures alongwhichwhite mica is grown are pervasively

Figure 2. (a) Sample localities of the cataclasite samples in a lithology column of the Matsusaka-Iitaka (ITA) borehole. (b)

Cross section of the ITA borehole. Modified after Ref. [12].
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developed, the original clasts consisting of stretched quartz aggregates are still preserved

(Figure 3c, d). In the strongly fractured sample (W4), plagioclase and quartz clasts become very

fine grained by strong comminution, and not only white mica, but also chlorite are grown in the

fine-grained part (ultracataclasite, Figure 3e, f).

3.2. Mineral phases grown in altered plagioclase and fine-grained aggregates

(ultracataclasite)

From the observations of thin sections of the cataclasite samples under an optical microscope,

it is quite clear that the increase of fracture density (i.e., the degree of cataclasis) is accompa-

nied by the increase of the degree of alteration (i.e., growth of new minerals by metamorphic

reaction via fluids, Figure 3). Since the comminuted minerals and newly grown minerals are

very fine grained, it is very difficult to identify these mineral phase under an optical micro-

scope. Therefore, analysis of microstructures and identification of these fine-grained mineral

phases are mostly conducted with a SEM (JSM-5310) and EDS (Oxford-7068). As mentioned

below, in weakly to strongly fractured rocks, white mica (phengite, here referred to as musco-

vite) is grown either replacing original plagioclase altered to albite (weakly fractured Sample

K14, Figure 4a), or as fracture-filling minerals (i.e., veins, weakly fractured samples W10,

Figure 3c, d). The existence of white mica is shown by a large amount of both K and Al

(Figure 4a). In the former sample, prehnite is also grown replacing albite, shown by a large

amount of both Ca and Al (Figure 4a).

In a strongly fractured cataclasite samples (K2), the fragments of albite and quartz are identi-

fied by a large amount of Na, and that of Si alone, respectively (Figure 4b). Chlorite shown

by a large amount of both Mg and Fe makes an anastomosing network surrounding the

fractured plagioclase and quartz. Further, the presence of fine-grained sphene is shown by a

large amount of both Ti and Ca. In this sample, both long axis of fractured clasts and grown

minerals are aligned in the top-down direction, forming a foliated cataclasite [23].

3.3. Bulk rock composition in the cataclasite samples

Bulk rock composition in the cataclasite samples determined with an XRF analysis is

shown in Table 2, and also the stratigraphic changes (Figure 5) are shown with different

colors defined by the different degree of fracturing in the cataclasite samples. Although

the compositions in the cataclasite samples with different degree of cataclasis greatly vary,

there is a general tendency of variation in the composition with increasing cataclasis, as

mentioned below. It is noted, however, that the composition of the protolith tonalite

mylonite is not well constrained, because it was not possible to obtain samples free from

fractures.

W14# W3$ K13$ K14$ K7$ K5$ K4$ K1$ W12% K6% K3% W2& K2&

4.83 15.65 17.69 19.83 22.75 23.25 25.58 25.61 30.14 33.92 37.74 43.92 59.19

Table 1. Results for fracture densities in the cataclasite samples. Degree of cataclasis: #, very weak; $, weak; %, moderate; &,

strong.
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Figure 3. Microphotographs of the cataclasite samples. (a, b) Very weakly fractured sample (W14). (c, d) Weakly

fractured sample (W10). (e, f) Strongly fractured sample (W4). (a), (c) and (e) are taken with plane polarized light, while

(b), (d) and (f) with crossed polarized light. Scale bars are all 0.4 mm. Abbreviation: Qtz, quartz; Pl, plagioclase; Cal,

calcite; Ms, muscovite; Chl, chlorite.
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Figure 4. SEM-BSE image and EDS mapping for the cataclasite samples of different degree. See text for explanations. (a)

Sample K14 (weakly fractured). (b) Sample K2 (strongly fractured). Abbreviation: Qtz, quartz; Pl, plagioclase; Cal, calcite;

Ms, muscovite; Chl, chlorite; Prh, prehnite; Rt, rutile; Spn, sphene.
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Oxide

(wt%)

W15
#

W14
#

W13
$

W12
%

W10
$

W9
$

W8
$

W7
$

W6
&

W5
&

W4
&

W2
&

W1
$

SiO2 63.81 70.88 72.83 61.82 76.38 69.98 72.90 75.28 50.76 50.16 50.89 55.65 70.85

TiO2 0.68 0.30 0.02 0.99 0.11 0.21 0.20 0.09 0.65 0.61 0.63 0.37 0.28

Al2O3 17.15 14.70 12.16 15.70 12.53 13.62 13.75 13.23 17.04 17.72 17.90 16.19 14.07

FeO* 4.57 2.40 0.74 4.75 1.15 2.20 2.15 1.13 6.45 5.79 5.95 3.88 2.51

MnO 0.09 0.05 0.02 0.10 0.02 0.05 0.05 0.03 0.14 0.12 0.12 0.10 0.04

MgO 1.86 0.85 0.13 2.38 0.29 0.56 0.46 0.23 6.73 5.39 5.39 4.12 0.84

CaO 4.73 2.52 2.43 5.03 1.46 3.59 1.93 1.43 7.25 7.07 7.29 8.49 2.47

Na2O 3.98 4.19 3.90 3.40 4.09 3.37 3.96 4.07 2.39 2.76 2.79 2.36 4.26

K2O 0.89 2.47 2.81 1.76 2.50 3.15 2.53 3.11 1.61 2.18 2.23 2.03 2.09

P2O5 0.17 0.08 0.02 0.17 0.03 0.06 0.06 0.02 0.13 0.12 0.13 0.09 0.08

L.O.I 2.07 1.55 4.95 3.89 1.44 3.20 2.01 1.39 6.84 8.08 6.68 6.72 2.51

Zr 134.545 117.519 77.11 114.205 92.154 121.429 141.781 95.541 66.156 75.547 76.008 67.056 177.51

Total 100.95 100.47 100.85 100.81 99.19 101.01 101.14 101.99 100.70 101.49 100.07 100.48 100.48

Oxide

(wt%)

K1
$

K2
&

K3
%

K4
$

K5
$

K6
%

K7
$

K88
#

K87
#

4-6
$

4-4
$

4-1
$

3B-4
$

SiO2 74.98 59.06 49.42 62.12 63.16 49.44 70.49 58.61 72.12 61.65 62.57 54.00 61.76

TiO2 0.11 0.62 0.60 0.60 0.64 0.62 0.15 0.77 0.34 0.63 0.68 0.88 0.62

Al2O3 12.81 15.73 15.88 17.00 16.73 17.66 13.41 16.74 14.11 16.49 16.51 17.97 15.56

FeO* 1.36 5.03 6.11 4.18 4.22 5.82 1.33 6.43 2.77 4.58 4.48 6.48 4.45

MnO 0.03 0.11 0.14 0.08 0.08 0.13 0.04 0.15 0.05 0.10 0.09 0.15 0.08

MgO 0.30 3.88 6.29 1.79 1.78 5.69 0.70 3.54 0.75 2.20 2.06 3.71 2.11

CaO 1.93 5.78 8.51 4.29 4.56 7.33 3.99 6.06 2.56 5.28 5.25 7.11 5.08

Na2O 4.05 2.86 1.98 3.53 3.90 1.74 3.56 3.07 3.23 3.19 3.50 3.38 3.13

K2O 2.12 1.41 1.80 2.23 1.91 2.68 2.13 1.42 2.81 1.54 1.16 0.92 2.07

P2O5 0.04 0.12 0.12 0.16 0.16 0.09 0.05 0.17 0.09 0.15 0.17 0.17 0.15

L.O.I 2.27 5.40 9.15 4.02 2.85 8.79 4.14 3.05 1.17 4.19 3.53 5.24 5.00

Zr 100.969 94.352 75.156 122.799 123.296 71.647 106.766 133.586 175.7 111.26 135.92 104.55 115.46

Total 102.42 101.41 101.02 100.51 100.97 101.40 101.56 100.01 99.65 101.46 101.25 101.28 101.63

Oxide (wt%) 3B-2
$

2C-5
$

2C-3
$

2C-1
$

2B-1
$

2A-3
$

2A-1
$

1B-2
$

1A-3
$

1A-1
$

SiO2 60.30 58.43 61.63 58.92 56.23 58.51 59.05 64.58 63.18 64.05

TiO2 0.68 0.79 0.59 0.70 0.79 0.75 0.74 0.57 0.54 0.57

Al2O3 15.73 17.72 16.58 16.10 16.81 15.71 16.50 15.61 15.99 16.47

FeO* 5.23 5.40 4.15 5.14 6.34 5.74 5.71 3.90 3.74 3.81

MnO 0.09 0.11 0.08 0.11 0.14 0.14 0.13 0.08 0.08 0.08
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SiO2 wt.% greatly varies with increasing degree of cataclasis. First, it increases from 58.6 to 72.1

wt.% in the very weakly fractured rocks to 54.0–76.4 wt.% in the weakly fractured rocks, and

then decreases to 49.4–62.8 wt.% and 50.2–59.1 wt.% in the moderately and strongly fractured

rocks, respectively (Table 2). Associated with this change in SiO2 wt.%, there is a general

tendency that the wt.% of FeO, MgO, and CaO first decreases from the very weakly to weakly

fractured rocks, and then increases from the weakly to the moderately and strongly fractured

rocks. On the other hand, the wt.% of Na2O and K2O first increases and then decreases with

increasing degree of cataclasis.

As shown in the compositional changes of major elements in the stratigraphic column

(Figure 5), the compositional changes are quite abrupt at some horizons, in particular, at two

horizons where the depth from the surface is 463.0 and 468.5 m, respectively. Perhaps, these

sudden changes in the composition of cataclasite, which are also shown for cataclasites along

the San Andreas Fault by [24], indicate the fault zone defined by very strong cataclasis and

chemical alteration in the whole cataclasite zone.

3.4. Modal composition of minerals in the cataclasite measured by an XRD

Modal composition of minerals in the cataclasite samples is measured by an XRD (Table 3).

It is generally clear that the modes of minerals constituting the protolith tonalite mylonite

such as albite, quartz, K-feldspar, amphibole, and rutile decrease, while those of newly

grown minerals, mostly clay and mica minerals (i.e., chlorite and white mica), and calcite,

prehnite, and sphene increase with increasing cataclasis in the analyzed cataclasite samples.

However, it should be noted that chlorite, which is normally abundant only in the moder-

ately and strongly fractured cataclasite, is already abundant in some of the very weakly

fractured samples (W15 and K88), where the mode of quartz is lower and that of plagio-

clase is higher than the respective modes in the other very weakly fractured samples (W14

and K87).

Oxide (wt%) 3B-2$ 2C-5$ 2C-3$ 2C-1$ 2B-1$ 2A-3$ 2A-1$ 1B-2$ 1A-3$ 1A-1$

MgO 2.49 2.40 1.90 2.33 2.91 2.71 2.76 1.67 1.61 1.64

CaO 4.79 3.91 4.09 5.15 5.31 5.07 4.53 4.59 5.22 4.29

Na2O 3.06 3.61 3.39 3.93 3.11 3.10 3.37 3.79 3.87 3.77

K2O 2.27 2.68 2.68 1.93 2.29 2.22 2.01 1.45 1.50 1.62

P2O5 0.16 0.19 0.14 0.17 0.17 0.17 0.16 0.14 0.14 0.14

L.O.I 5.20 4.76 4.77 5.51 5.91 5.90 5.04 3.61 4.13 3.56

Zr 121.53 138.35 123.87 118.34 117.95 117.17 105.65 114.16 116.39 114.16

Total 100.72 101.45 101.60 101.08 101.31 101.32 101.81 101.59 100.97 101.62

Table 2. Results for bulk rock compositions determined with the X-ray fluorescence analysis in the cataclasite samples.

Degree of cataclasis: #, very weak; $, weak; %, moderate; &, strong.
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Therefore, the facts suggest that there are already large variations in the composition of

the protolith tonalite mylonite, which could follow their own changes in the modal

composition of minerals during cataclasis and alteration. This possibility will be explored

in the following section using the principal component analysis (PCA), following which

the more refined results of modal composition of minerals in the cataclasite samples will

be presented.

Figure 5. Spatial variation of the bulk rock compositions in the direction of the borehole in the cataclasite samples. Red

dashed lines indicate inferred faults.
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4. Interpretation

4.1. Principal component analysis (PCA)

In order to investigate why the amount of these chemical elements varies in the cataclasite

samples, we have conducted the principal component analysis (PCA) using the free software

Easy PCA [15] for the bulk chemical compositions determined for the samples W1, 2, 4, 5, 6, 7,

8, 9, 10, 12, 13, 14, and 15 and K1, 2, 3, 4, 5, 6, 7, 87, and 88. Based on the results of PCA, it has

been found that the contribution rates of the first and second principal components are 76 and

15%, respectively, the sum of which exceeds 90%. Hence, only the first and second principal

components are considered to interpret the net results. The calculation of factor loadings

shows that for the first principal component all the chemical compositions have a similar

value, and SiO2, Na2O, and K2O, and the other chemical compositions show opposite sign for

Mineral (weight%) W14 W15 K1 K2 K3 K4 K5 K6 K7 K87 K88

Quartz 34.23 26.75 39.05 27.10 18.86 25.85 24.71 18.29 37.36 36.48 19.70

Kspar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15.97 0.27

Plagioclase 46.85 54.15 37.60 32.93 20.64 43.93 44.01 17.08 32.59 35.74 46.15

Calcite 1.80 1.24 3.24 6.52 12.87 4.32 1.40 12.03 6.23 0.43 1.64

Amphibole 0.00 0.00 0.00 0.00 0.45 0.00 0.00 0.00 0.00 0.00 3.06

Pyrite 0.00 0.00 0.00 0.11 0.07 0.00 0.16 0.00 0.00 0.06 0.34

Sphene 1.81 0.86 0.29 0.16 0.56 0.00 2.09 0.00 0.00 1.07 1.61

Anatase 0.21 0.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00

Rutile 0.24 0.00 0.13 0.00 0.00 0.00 0.16 0.00 0.00 0.44 0.00

Epidote 0.17 0.36 0.34 2.67 1.18 0.00 2.27 0.39 0.00 0.62 1.34

Zircon 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00

Chabazite 0.00 0.15 0.09 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.71

Prehnite 0.69 0.00 0.00 0.69 1.02 0.00 3.21 1.01 0.26 0.81 2.16

Total non-clay and non-mica 86.00 83.92 80.74 70.18 55.65 74.10 78.31 48.80 76.44 91.70 76.98

Kaolinite 0.00 0.44 0.22 0.93 2.19 0.00 0.00 1.76 0.00 0.00 1.48

Muscovite 4.83 1.69 12.12 9.58 13.16 14.28 5.89 19.64 13.73 1.07 0.69

Glauconite 0.08 1.83 1.47 0.00 0.00 0.00 0.00 0.00 1.49 0.00 0.75

Talc 0.00 0.00 0.08 1.76 3.76 0.37 0.00 1.54 0.00 0.00 2.00

Chlorite 5.64 13.02 3.22 18.20 24.06 11.83 13.32 23.61 2.65 6.27 18.64

Smectite 0.00 0.49 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00

Total clay and mica 10.55 17.47 17.11 30.47 43.20 26.48 19.21 46.55 17.87 7.34 23.56

Total 96.55 101.39 97.85 100.65 98.85 100.58 97.52 95.35 94.31 99.04 100.54

Table 3. Results of analyses of modal compositions of minerals measured with an XRD in the cataclasite samples.

Alteration Reaction and Mass Transfer via Fluids with Progress of Fracturing along the Median Tectonic Line…
http://dx.doi.org/10.5772/68112

127



the contribution to the first principal component (Figure 6a). On the other hand, for the second

principal component, Na2O, K2O, P2O5 and LOI (loss of ignition) have larger factor loadings

than the other chemical compositions, and hence greatly contribute to it (Figure 6b). It should

be noted that the second principal component increases with the increasing amount of K2O,

while it decreases with the increasing amount of Na2O. Finally, the values of the first and

second principal components of the analyzed bulk chemical compositions from the cataclasite

samples with the different fracture densities are plotted in the X-Y coordinates, where the

horizontal and vertical axes show the values of first and second principal components, respec-

tively (Figure 7). According to this diagram, it has been found that for those samples where the

values of the second principal component are mostly positive and greater than �0.1, the values

of the first principal component decrease with increasing fracture density, although the very

weakly and weakly fractured, and moderately and strongly fractured samples cannot be

distinguished in terms of the value of the first principal component, respectively. This group

Figure 6. Principal component analysis. (a) Factor loading for the first principal component and (b) factor loading for the

second principal component.
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of samples is called Group 1. On the other hands, the plots of those samples where the values

of the second principal component are mostly negative and smaller than �1.0 except for K2 are

clustered, and they are grouped into Group 2 here.

We have now plotted the modal composition of minerals determined with an XRD analysis in

the cataclasite samples K1, K2, K3, K4, K5, K6, K7, K87, K88, andW14 andW15 as a function of

fracture densities separately for Group 1 and 2 to interpret the principal components (Figure 8).

From this figure, it should be first noted that K-feldspar is only contained in one of the very

weakly fractured samples of Group 1 (K87). It should be also noted that the amount of quartz

in the very weakly fractured samples is higher in Group 1 than Group 2 sample, while the

amount of plagioclase in them is higher in Group 2 than Group 1 sample. These results are

consistent with the results of principal component analysis that the second principal compo-

nent increases with increasing amount of K2O (major component of K-feldspar) toward Group

1, while it decreases with increasing amount of Na2O (major component of plagioclase) toward

Group 2. The amount of muscovite increases with increasing degree of fracturing for both

Groups of samples. The amount of chlorite increases with increasing degree of fracturing in

Group 1 samples, while it shows a constant and high value in the very weakly to strongly

fractured samples in Group 2 samples. Finally, the amount of calcite increases with increasing

degree of fracturing in the cataclasite samples for both Groups.

It has now become clear that the difference between Groups 1 and 2 can be attributed to the

difference in modal composition of minerals constituting the protolith. Group 1 samples are

derived from more felsic, while Group 2 samples are derived from more mafic protoliths. The

interpretation is consistent with the fact that these cataclasite samples from Group 2 contain a

large amount of chlorite even at the initial stage of fracturing (in the very weakly and weakly

Figure 7. Plots of the first and second principal component values in the X-Y coordinates.
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fractured samples), which is in accord with the fact that a large amount of biotite and amphi-

bole altered to chlorite is observed in the cataclasite samples W15, K4, K5, and K88 belonging

to Group 2 under an optical microscope. Therefore, the second principal component represents

Figure 8. Plots of modal compositions of minerals with increasing fracture densities measured with an XRD in the

cataclasite samples. (a) Group 1 and (2) group 2.
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the difference in protolith (i.e., mafic vs. felsic). On the other hand, the value of the first principal

component for Group 1 samples changes with changing fracture densities. Therefore, the first

principal component perhaps represents the degree of element migration via fluid (i.e., dissolu-

tion and precipitation), which is essentially controlled by the fracture densities in the cataclasite

samples. The inference is consistent with the facts that while the modal ratios of plagioclase and

quartz clasts gradually decrease due to dissolution, those of muscovite and chlorite increase due

to precipitation with the increasing density of fractures for Group 1 samples.

4.2. Isocon diagram

In order to analyze the mass changes with increasing cataclasis, we applied the isocon method

by [14]. In the isocon diagram, the mass of each major chemical element in the protolith (X)

and cataclasite (Y) is plotted as a point in the X-Y coordinate. If there is no mass change in the

cataclasite and transfer for any particular chemical element during cataclasis, the slope of the

straight line connecting the point (X, Y) and origin is 1. However, the slope is not 1 for most of

the chemical elements, which is changed by both mass change in the cataclasite and mass

transfer for any particular element during cataclasis. First, we will analyze the mass change

during cataclasis based on the slope of the straight line for an immobile element (i.e., immobile

isocon). If the slope is less than 1, mass is inferred to increase (i.e., the concentration is

decreased). On the other hand, if the slope is more than 1, mass is inferred to decrease (i.e.,

the concentration is increased). Further, if there is no change in density of rocks, this mass

increase or decrease can be treated as volume increase or decrease. In this paper, the mass

increase or decrease is rephrased as volume increase or decrease assuming no density change

in the cataclasite samples. These mass increase and decrease can be expressed using the slope

of immobile isocon (S) by the following equation.

Mass increase ¼
1

S

� �

� 1

� �

ð1Þ

In this analysis, we use Zr as an immobile element (e.g., see [25]), because at the temperature

conditions (<300�C) where the cataclasite samples experienced chemical reactions via fluids, it

is considered that zircon cannot be dissolved into fluids [26]. In this study, although we

measure the weight percents of other trace elements, we only plot the ones of ZrO2 and TiO2

determined by the XRF analysis. Further, the mass transfer of any particular chemical element

can be inferred by comparing the slope of straight line for any particular element with that of

the immobile isocon. If the slope for any particular element is larger than that of the immobile

isocon, the element flows into the system and its mass increases. On the other hand, if the slope

for any particular element is smaller than that of the immobile isocon, the element flows out

the system and its mass decreases.

In the present study, we have analyzed the mass change and transfer for the following three

cases: the very weakly versus weakly fractured samples, the weakly versus moderately frac-

tured samples, the weakly versus strongly fractured samples (Figure 9). Since both moderately

and strongly fractured samples show the same trend in terms of the mass change and transfer

relative to the weakly fractured samples as mentioned below, both chemical compositions are

compared with those of the weakly fractured samples. From these analyses, it has been
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inferred that there is 28% mass increase from the very weakly to weakly fractured samples

during cataclasis. Further, there could be 56 and 61% mass increase from the weakly to

moderately and strongly fractured samples, respectively.

For the element transfer, from the very weakly to weakly fractured rocks the weight percents of

SiO2, Na2O, K2O, Al2O3, and LOI increase, while those of TiO2, FeO*, MnO, MgO, and CaO

decrease (Figure 9a). The increase of K2O can be interpreted by alteration of plagioclase to white

mica, which is evidenced by both microstructural observations with a SEM-EDS (Figure 4) and

modal analysis of constitutive minerals by an XRD (Figure 8) in the differently fractured

cataclasite samples. The increase of white mica is accompanied by the increase of LOI. The

increase of SiO2 is caused by the formation of quartz veins, which are observed in both core

samples and thin sections. The increase of Na2O is perhaps caused by the formation of albite

from oligoclase constituting the protolith tonalite partly mylonitized, which is not completely

albitized.

Figure 9. Isocon diagram for the Group 1 cataclasite samples with different degree of cataclasis. (a) Very weakly versus

weakly fractured, and (b) weakly versus strongly fractured samples. The isocon diagram for weakly versus moderately

fractured samples is not shown.
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From the weakly to moderately and strongly fractured rocks, the weight percents of FeO*, MgO,

CaO, TiO2, MnO, Al2O3, and LOI increase, while those of SiO2, Na2O and K2O are nearly constant

(Figure 9b). This is interpreted by both further alteration of albite and increase of volume fraction

of the ultracataclasite, where the rocks are not only comminuted, but also new minerals precipi-

tated from the solution in the open space formed by fracturing. The increase of CaO is interpreted

by not only the precipitation of laumontite and sphene in the ultracataclasite part, but also the

replacement of albite by prehnite. The increase of FeO* is interpreted by the precipitation of

chlorite and iron sulfide (e.g., pyrite). The increase of MgO, MnO, and LOI is interpreted by the

precipitation of chlorite, that of Al2O3 by the precipitation of chlorite and laumontite, and that of

TiO2 by the precipitation of sphene from rutile (Figure 4) in the ultracataclasite part.

4.3. Dissolution and precipitation reaction of minerals via fluids in the cataclasite

Based on the identification of minerals in plagioclase porphyroclast and ultracataclasite, the

analyses of change of modal composition of minerals with an XRD and mass transfer using

isocon diagrams with increasing cataclasis, we have inferred that the following dissolution and

precipitation reactions occurred via fluids during cataclasis in the analyzed samples.

Anorthite ! Albite

CaAl2Si2O8 þNaþ þ Si4þ ! NaAlSi3O8 þ Ca2þ þAl3þ
ð2Þ

Albite ! Muscovite ½8�

3NaAlSi3O8 þ Kþ þ 2Hþ ! KAl3Si3O10ðOHÞ2 þ 6SiO2 þ 3Naþ
ð3Þ

Anorthite ! Muscovite ½8�

3CaAl2Si2O8 þ 2Kþ þ 4Hþ ! 2KAl3Si3O10ðOHÞ2 þ 3Ca2þ
ð4Þ

Orthoclase ! Muscovite ½8�

3KAlSi3O8 þ 2Hþ ! KAl3Si3O10ðOHÞ2 þ 6SiO2 þ 2Kþ
ð5Þ

Plagioclase ! Prehnite

2NaAlSi3O8 þ 2CaOþH2O ! Ca2Al2Si3O10ðOHÞ2 þNa2Oþ 3SiO2

ð6aÞ

CaAl2Si2O8 þ CaOþ SiO2 þH2O ! Ca2Al2Si3O10ðOHÞ2 ð6bÞ

Rutile ! Sphene

TiO2 þ CaOþ SiO2 þH2O ! CaTiSiO4ðOHÞ2
ð7Þ

5. Discussion

5.1. Two-stage mass transfer during cataclasis

As mentioned earlier, two-stage mass transfer during cataclasis could be identified based on

the isocon diagrams in the analyzed cataclasite samples. The elements analyzed can be divided

into three groups from the viewpoint of mass transfer: SiO2, Na2O, and K2O (the first group of

elements), which increase at the first stage, and then do not change very much at the second

stage; FeO*, MgO, CaO, TiO2, and MnO (the second group of elements) which decrease at first
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stage, and then increase at the second stage; Al2O3 and LOI which increase at both stages.

Here, the first stage denotes the cataclasis from the very weakly to weakly fractured

cataclasites, and the second stage that from the weakly to moderately and strongly fractured

cataclasites. This kind of two-stage mass transfer was also observed for the cataclasites derived

from leucogranite, where K-feldspar is abundant [8], although the trend of mass transfer is

different for some elements between the cataclasites originated from leucogranite and tonalite

analyzed in the present study. In the case of the cataclasites derived from leucogranite, K2O

decreases during the cataclasis from leucogranite to ultracataclasite (first stage), and then

increases from ultracataclasite to fault phyllonites (second stage), while CaO increases at the

first stage, and then decrease at the second stage. For other elements, the trend of mass transfer

at both stages is similar to that of the present case. The difference in the trend of mass transfer

between the leucogranite and tonalite protoliths results from the facts that for the case of

leucogranite protolith the clay mineral ultimately formed is muscovite, while for the case of

tonalite the clay mineral ultimately formed is chlorite, and Ca-phases such as prehnite,

laumontite, sphene, calcite are abundant in the moderately and strongly fractured rocks.

However, the two-stage alteration and mass transfer for both cases could imply that mass

transfer is internally balanced (cf. [27]), so that the first group of elements (CaO belongs to the

first group, while K2O belongs to the second group for the case of leucogranite protolith)

migrated from the moderately and strongly fractured cataclasites to the weakly fractured

cataclasites, while vice versa for the second group of elements. On the other hand, a large

amount of mass increase is inferred in the cataclasite zone as a whole, and hence the mass

transfer from the outside of the system is not precluded as mentioned in the subsequent text.

5.2. A large mass increase during cataclasis

In the present study, it has been inferred that there is 28% mass increase from the very weakly

to weakly fractured samples during cataclasis. Further, there could be 56 and 61% mass

increase from the weakly to moderately and strongly fractured samples, respectively. So,

considering that the strongly fractured samples are derived from the weakly fractured

samples, which themselves are derived from the very weakly fractured sample, there could

be c. 110% mass increase in the strongly fractured cataclasite samples caused by mass transfer,

which occurred during the entire period of fracturing. The origin of this large amount of mass

increase in the cataclasite samples will be discussed in the subsequent text.

First of all, the inference of mass changes is greatly dependent on the selection of immobile

elements. In the present study, although we select Zr as an immobile element, other studies

used Ti [28], both Ti and Zr [24, 27] as immobile elements, or take the average slope of isocons

of relatively immobile elements for the slope of immobile isocon [29]. However, we did not use

Ti as an immobile element because a large amount of sphene is grown from rutile by chemical

reaction aided by the presence of fluids. In fact, the slopes of isocons of TiO2 and ZrO2are

greatly different. However, if we take the average slope of isocons of relatively immobile

elements as the slope of immobile isocon, the present results could be greatly modified. We

currently do not know how we should choose an immobile element or how we could infer the

slope of isocon of immobile element. Hence, the mass change in the cataclasite samples during

cataclasis remains to be investigated.
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Nevertheless, we will discuss the origin of this large volume increase in the present cataclasite

sample, referring to previous studies. Most of the studies on the volume changes caused by

mass transfer during cataclasis reported a significant amount of volume loss for granite

protolith (37 � 10% volume loss, see, e.g., [28]). This is reasonable because a large amount of

silica dissolved from quartz into fluids by pressure solution is expelled from cataclasites. In

fact, microstructures such as solution seams indicating pressure solution are ubiquitous in the

present cataclasites. However, a few studies indicate a significant amount of volume increase

for granite protolith [27] and for protolith of mafic igneous rocks (gabbro) [29]. Ref. [27] argues

that the volume change in phyllonite zones is so valuable ranging between �35 and þ95% at a

meter scale in the extensional stress field. Ref. [29] argues that extension fractures in hard rocks

such as metabasite are sustained yielding volume increase, while these are easily compressed

in soft rocks such as paragneiss yielding volume decrease caused by mass transfer during

cataclasis. For the present case of tonalite protolith, since the strength could be between those

of granite and gabbro, the volume loss could have been prohibited due to the relatively high

strength. Also, the tectonic setting such as extensional stress field, which has not been fully

known, may have favored the significant amount of volume increase in the cataclasites.

However, the origin of the significant amount of volume increase inferred in the present study

remains to be investigated, including the problem if this estimate of volume change is correct

or not.

6. Summary

Based on microstructural, and bulk chemical and microchemical analyses of the cataclasite

samples collected from the Median Tectonic Line, Mie Prefecture, southwest Japan, we have

summarized the present work as mentioned below. In the present cataclasite samples, the

progress of cataclasis, which is quantified by the fracture densities (FD, number/cm), is

accompanied by the change in bulk chemical compositions determined by the XRF analysis.

Both principal component and isocon analyses for the bulk rock compositions in the

cataclasite samples reveal the origin of variation of chemical compositions, which mostly

results from two-stage mass transfer during cataclasis. Further, a SEM-EDS analysis of altered

plagioclase and ultracataclasite (i.e., fine-grained materials by comminution) and XRD analy-

sis with the aid of “RockJock” software delineate that the mass transfer in these cataclasite

samples is indeed caused by dissolution and precipitation of minerals, which occurred during

cataclasis.
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